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PREFACE 

Since the publicat ion of the first edition nearly 30 years ago, 
well over one million students have used Microbiology: All 
llltroduction at colleges and un iversities around the world, mak
ing it the leading textbook for non-majors microbiology. The 
tenth edition cont inues to be a comprehensive beginning text, 
assum ing no previous study of biology or chemistry. The text is 
appropriate for students in a wide \'aricty of programs, including 
the allied health sciences, biological science, environmental sci
ences, animal science, forest ry, agriculture, home economics, and 
the liberal arts. 

HALLMARKS OF MICROBIOLOGY: 
AN INTRODUCTION 
We have retained in this new edition features that made the 
previous editions so popular: 

• An appropriate balance between microbiological funda 
mentals and applications. and between medical applica
tions and other applied areas of microbiology. As in 
previous editions, basic microbiological principles are given 
greater emphasis than are applications, and health-related 
applications are featured. 

• Straightforward presentation of complex topics. Each sec
tion of the text has been wrinen with the student in mind. 
Our book is known for its dear explanations and consistent 
pedagogy. 

• Clear, accurate, and pedagogically effective illustrations and 
photos. Step-by-step diagrams that closely coordinate with 
narrative descriptions aid student comprehension of concepts. 
Clear and accurate renderings of processes and structures focus 
students on what they need to learn. The quantity and quality 
of electron and light micrographs is unmatched in the market. 

• Flexible organization. We have organized the book in what 
we think is a useful fash ion while recognizing that the mate
rial might be effectively presented in a number of other 
sequences. For instructors who wish to use a differen t order, 
we have made each chapter as independent as possible and 
have included numerous cross- references. The Instructor's 
Guide, written by Ch ristine Case, provides detailed guide
lines for organizing the material in several other ways. 

NEW TO THE TENTH EDITION 
Please see pages x-xviii for a visual introduction to the new 
tenth edition . 

The changes in this edition address instructors' biggest chal
lenge in the introductory microbiology course: the wide range of 
student levels, including student under-preparedness. The tenth 

edition meets all students at their respective levels of skill and 
understanding. 

The highlights of the tenth edition can be seen in the new 
Foundation Figures, the new features that help studen ts check 
their understanding as they progress through each chapter, and 
the improved boxes that prepare students to start thinking like a 
clinician. Content and currency have also been substantia lly 
updated. 

Foundation Figures 
In order to help students focus on and master the core concepts 
of microbiology, the authors have integrated lext and visuals in to 
twenty specially designed Foundation Figures. These Foundation 
Figures include both a key concept statement that ensures stu
dents understand the cent ral concept of the figure and an expla
nation of how each figure is foundational to further learning in 
the course. In addition, throughout the entire book the illustra
tion program has been dramatically revised and updated with 
new art styles and a brighter color palette that has more con
trasting colors and more dimensionality. 

Features that Help Students Check Their 
Understanding 
New Check Your Understanding questions encourage students to 
engage interactively with the material and self-assess their under
stand ing of the Learning Objectives as they progress through 
each chapter. New Draw It questions are now included in the 
end-of-chapter Review Questions, asking students to sketch a 
rough diagram or fill in missing parts of a figu re or graph. The 
popular Figure Legend Questions have been retained and 
im proved. 

Support for Students to Start Thinking like 
a Clinician 
Revised and redesigned Applications of Microbiology boxes 
describe current and practical uses o f microbiology. New and 
updated Clinical Focus boxes contain data from the Morbidit), and 
Mortality Weekly Report modified into clinical problem-solving 
questions that help students develop their critical thinking skills 
and give them an active role while reading. Diseases in Focus boxes 
replace disease comparison tables, organizing comparative infor
mation about similar diseases in a discovery-o riented and visually 
interesting format that provides a helpful study tool for students. 

Updates in Content and Currency 
Antimicrobial resistance, biot1lms, bioterrorism, and evolution 
receive special attention and increased emphasis. The immunity 
chapters-Chapters 16 and 17-have received a careful and sig-



nificant update for increased currency, clarity, and accuracy. with
out an increase in the level of detail. Taxonomy. nomenclature, 
and disease incidence data are current through August 2008. 

Cutting-Edge Media Supplements 
Turn to the inside front cover of this book for an overview of the 
new MyMicrobiologyPlace website with its simple three-step 
approach to learning. Pages xiv-xv provide more details about 
the exciting new student and instructor media, including the 
MP3 Tutor Sessions, the 3D MicroFlix an imations, and the 
Instructor's Resource DVD/CD -ROM. 

CHAPTER-BY-CHAPTER REVISIONS 
Every chapter in this edition has been thoroughly revised, and 
data in the text, tables, and figures have been updated through 
August 2008 where possible. The main changes for each chapter 
are summarized below. 

Part One 
Fundamentals of Microbiology 

Chapter 1: The Microbial World and You 
• The table "Making Scientific Names Familiar" has been 

moved to this chapter from Chapter 10. 
• Biofilms are introduced. 
• Discussion of emerging infectious diseases has been updated, 

including a section on antibiotic-resistant bacteria. 

Chapter 2: Chemical Principles 
• Definitions have been expanded, including definitions of cis 

and trails fatty acids. 
• Figure 2.16 is now a Foundation Figure. 

Chapter 3: Observing Microorganisms through a Microscope 
• Two-photon microscopy is included. 
• Severa! new photos illustrate microscopic images. 
• Figure 3.2 is now a Foundation Figure. 

Chapter 4: Functional Anatomy of Prokaryotic 
and Eukaryotic Cells 
• Figure 4.6 is now a Foundation Figure. 
• The discussion of flagella, fimbriae, and pili has been revised, 

as has the discussion of the lipopolysaccharide. 
• The discussion of facili tated diffusion has been revised, and a 

new figure compares types of diffusion across membranes, 
including aquaporins. 

Chapter 5: Microbial Metabolism 
• The section on biochemical tests has been expanded. 
• New renditions of enzymes are more realistic. 
• Figure 5.11 is now a Foundation Figure. 
• A new Clinica! Focus box illustrates the use of biochemical 

tests to identify slow-growing mycobacteria . 

Chapter 6: Microbial Growth 
• The discussion ofbiofilms previously appearing in Chapter 27 

has been moved to this chapter and been significantly npdated 
and expanded. 

PREFACE 

• Discussion of anaerobic growth media and methods has 
been updated. 

• A discussion of Biosafety Levels has been added, including a 
figure illustrating Biosafety Leve! 4. 

• A new figure showing differentia! medium is included. 
• Figure 6.15 is now a Foundation Figure. 
• A new Clinica! Focus box illustrates the role of biofilms in 

causing nosocomial infections. 

Chapter 7: The Control of Microbial Growth 
• The definition of sterilization has been updated and qualified 

in consideration of the existence of prions. 
• Figure 7.1 is now a Foundation Figure. 
• Discussion of ultra-high temperature (UHT) has been 

clarified. 
• New products and newly approved uses are included. 
• A new Clinica! Focus box illustrates the relationship between 

improper disinfection and nosocomial infection. 

Chapter 8: Microbial Genetics 
• Figure 8.2 is now a Foundation Figure. 
• Discussion of genetic combination by crossing over has been 

revised for clarity. 
• snRNPs are defined. 
• Inducible and repressible operons are explained and com-

pared in separate figures . 

Chapter 9 : Biotechnology and Recombinant DNA 
• Figure 9.1 is now a Foundation Figure. 
• Gene silencing, reverse genetics, and real-time PCR are 

discussed. 
• A new Clinca! Focus box describes using reverse-transcription 

PCR to track a norovirus outbreak. 

Part Two 
A Survey of the Microbial World 

Chapter 10: Classification of Microorganisms 
• Figure iO.1 is now a Foundation Figure. 
• Photos of fossil and living stromatolites are included. 
• The use of transport media is explained. 

Chapter 11 : The Prokaryotes: Domains Bacteria and Archaea 
• Severa! new bacterial groups are discussed: Pelagibacler, 

AciIJetobacter ballnJallii, P!anctomycetcs, Gemmtlttl 
obsCZlrigloblls. 

• Discussion of the theoretical minimal size of a bacterium 
and its genetic requirements has been revised. 

Chapter 12: The Eukaryotes: Fungi, Algae, Protozoa, 
and Helminths 
• Examples of new uses of fungi as pesticides are listed. 
• Discussion of the oomycotes is expanded to include 

introduction of PhytophlllOra into the United States. 
The oomycote life cycle is illustrated in a new figure . 

• Heartworm is included. 
• A new Clinica! Focus box highlights cryptosporidia! 

diarrhea, the most common pathogen associated with 
. . 

sWlmmmg. 



vi PREFACE 

Chapter 13: Viruses, Viroids, and Prions 
• The chapter begins with the use of retroviridae to genetically 

modify cells. 
• Figure 13.15 is now a Foundation Figure. 
• Bee colony collapse is mentioned. 
• The Clinical Focus box on the evolution and occurrence of 

avian flu has been updated. 

Part Three 
Interaction Between Microbe and Host 

Chapter Ill : Principles of Disease and Epidemiology 
• Figure 14.3 is now a Foundation Figure. 
• Statistics on notifiable infectious diseases have been updated. 
• A new Clinical Focus box illustrates the emergence of 

hospital-acquired and community-acquired MRSA. 

Chapter 15: Microbial Mechanisms of Pathogenicity 
• Discussion of A-B toxins has been expanded an d clarified . 
• Figure 15.5, action of an exotoxin , has been revised and 

expanded. 
• Figures 15.4 and 15.9 are now Foundation Figures. 
• A new Clinical Focus box illustrates role of biofilms and 

endotoxins in postoperative infections. 

Chapter 16: Innate Immunity: Nonspecific Defenses 
of the Host 
• Treatment of several topics has been expanded and/or 

reorganized and clarified: physical and chemical factors in 
the first line of defense; formed elements in blood; the lym
phatic system (including additional illustrations); adherence, 
acute-phase proteins, complement, iron-binding proteins, 
and antimicrobial peptides. 

• The role of biofilms in evadi ng phagocytosis is included. 
• Figures 16.7 and Figure 16.9 are now Foundation Figures. 
• The Applications of Microbiology box on serum collection has 

been revised 10 include testing fo r complement to monitor 
immune complex diseases in patients. 

Chapter 17: Adaptive Immunity: Specific Defenses 
of the Host 
• A new photo depicts actual antibody morphology shown by 

atomic force microscopy. 
• Several important figures have been extensively revised for 

accuracy and clarity: 
• Figure 17.5. Clonal selection and differentiation of 

B cells 
• Figure 17.10. Activation ofCD4 + T cells 
• Figure 17.11. Killing of virus-infected target cell by 

cytotoxic T lymphocyte 
• Figure 17.19. The dual nature of the immune system 

(now a Foundation Figure) 
• A new photo and illustration (Figure 17.9) show M cells 

found within Peyer's patches. 
• Discussion of the major histocompatibility complex (M HC) 

has been revised and improved. 
• Nomenclature conventions have been updated fo r T cells 

(for exam ple, T helper cell, CD4 + T cell). 

• The discussions ofT cells, dendri tic cells, and cytokines have 
been completely revised . 

• A new Applications of Microbiology box describes the possi-
ble use of IL-12 to treat psoriasis. 

Chapter 18: Practical Applications of Immunology 
• Figure 18.2 is now a Foundation Figure. 
• Discussions of DNA vaccines and adjuvants have been 

updated and revised . 
• The tables of vaccine schedules have been updated. 
• A new Clinical Focus box illustrates the success of vac

cination in eliminating measles in the u.s. and highlights the 
importance of measles as a cause of death in developing 
countries. 

Chapter 19: Disorders Associated with the Immune System 
• Coverage of blood groups includes a discussion of the rela

tionship between certain blood groups and their relative 
resistance or susceptibility to certain diseases. 

• A discussion of the autoimmune disease psoriasis and its 
associated arthritis has been introduced, along with the 
current treatments with monoclonal antibodies. 

• The discussion of stem cells has been updated, and a new 
figure (Figure 19.10) the derivation of stem cells and stem 
cell lines. 

• The discussion of HIV and AIDS has been revised and 
updated. Especially important is the complete revision of 
Figure 19.13, which shows the sequence of attachment , 
fusion, and enlry of the virus into the target CD4+ T cell. 

• Figure 19.16 is now a Foundation Figure. 

Chapter 20: Antimicrobial Drugs 
• Figure 20.2 is now a Foundation Figure. 
• The h istorical importance of the sulfa drugs is given more 

promInence. 
• The curren t methods used fo r the discovery of new 

antibiotics are d iscussed, including rapid throughput 
methods. 

• The discussion of antibiotics has been updated to admit 
new antibiotics. The discussion of antivirals for the treatment 
of HIV I AIDS has been especially updated and revised to 
include the latest developments in this constantly changing 
area. 

• The discussion of resistance to antibiotics has been com
pletely revised and expanded, and a new Foundation Figure 
(Figure 20.20) illustrates the most important target areas for 
resistance. 

• The concluding discussion on the future of antibiotic devel
opment and the prospect for unconventional antibiotics has 
been com pletely revised and updated. 

Part Four 
Microorganisms and Human Disease 

Chapter 21 : Microbial Diseases of the Skin and Eyes 
• The discussion of Stapllylococcus aureus has been completely 

rewritten to emphasize the imporlance of MRSA. 



• The discussion of impetigo and scalded skin syndrome has 
been revised, and discussion of a new disease, Buruli ulcer, 
has been added . 

• Some of the newer treatments for acne now have an expanded 
discussion. 

Chapter 22: Microbial Diseases of the Nervous System 
• A new figure (Figure 22.4) illustrates a spinal tap. 
• The discussion of cryptococcosis has been revised to include 

a newer pathogen. 
• A brief description of prions has been included to 

supplement that given in Chapter 13. 
• The discussion of chronic disease syndrome has been 

completely revised and now includes the CDC's diagnos
tic definition and the alternative name of myalgic 
encep halo m yel it is. 

Chapter 23: Microbial Diseases of the Cardiovascular 
and lymphatic Systems 
• The definitions of the similar terms septicemia and sepsis 

have been revised. 
• Discussions of brucellosis and rat-bite fever have been 

completely rewritten. 
• The discussion of ehrlichiosis has been revised to include the 

new terminology of anaplasmosis. 
• Discussion of the disease chikungunya fever has been added 

because of its current spread into temperate climates. 
• The discussion of malaria has been revised completely to 

better differen tiate between prophylaxis and therapy. 

Chapter 24: Microbial Diseases of the Respiratory System 
• The discussion of pertussis has been revised to better 

describe some of the latest developments, especially the 
recent increase in cases. 

• The discussion of tuberculosis has been updated and revised 
to include more on extensively resistant strains of the 
pathogen and some of the more recent testing methods. 

PREFACE vii 

• Discussion of influenza has been thoroughly revised and 
updated, especially the means by which mutants arise and 
the infectiveness of the avian flu virus. 

Chapter 25: Microbial Diseases of the Digestive System 
• The discussion of traveler's diarrhea has been rewritten to 

include the important pathogen enteroaggregative E. coli. 
• Recent therapeutic drugs for HBV have been included. 
• The discussion of noroviruses has been updated with special 

attention to decontamination methods available to deal with 
outbreaks. 

Chapter 26: Microbial Diseases of the Urinary 
and Reproductive Systems 
• The discussion of vaginal microbiota has been extensively 

revised. 
• The introductory discussion of syphilis, especially relating 

to recent genetic analysis on its probable origin in the New 
World, has been revised. 

• The discussion of testing for syphilis has been revised. 
• The TORC H panel of tests is included. 

Part Five 
Environmental and Applied Microbiology 

Chapter 27: Environmental Microbiology 
• The sulfur cycle figure (Figure 27.7)has been completely 

redrawn. 
• The discussion of biodegradable plastics has been revised 

and updated. 

Chapter 28: Applied and Industrial Microbiology 
• The discussion of biofuels has been expanded. 
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A visual approach to teaching ... 

, 

Foundation Figures 
core concepts in microbiology 

and give students the foundation they 
need to succeed in the course. 

In its Tenth Edition, this best-selling textbook 
addresses the #1 challenge of the microbiology 
course: the wide variance in student levels, including 
the under-preparedness of many students. New and 
highly visual Foundation Figures get students to 
focus on and engage with core microbiology content. 

• • • • • • • 

The introductory text explains how the 
figure is foundational to other concepts 
students wilileam later. 

• 

.... shows typical structures thai may be fouod In boetena Eactl of the labeled 
structures WIll be dlSC\lSS :d indMdually In thiS cnapler As you will see in later chapters. some 0' these 
structures contnbute to bactenal wulence. play 8 role ,n bactenal I(\enIJliCII\JOf1. and are Ulrge\.S of 
8I11imicrobial agenlS. 

" 

Key Concept 

, 
' iii . 

, d 7 

• • 
• • 

__ 0" 

" 

• " 

The Key Concept box presents the big picture, helping to ensure 
students understand the central concept presented by the figure. 

Clear and consistent TEM/SEM/lM icons appear for all 
micrograph images, showing at a glance which type of 
microscope was used. 



... the foundations of microbiology 

A small ver510fl of this OYeMeW figure WIll be included in olher figUres througnoul Ihe 
chapter to indicate the relationships 01 different reactions to the 0\IeftI11 procMses 01 
respiration and fermentatIOn. 

RUPIRATION FERMeNTATION o GI',coIt'!e pmdo or F 7 A TP 
I NACt 10 NADH 

• oxIIlaIg gluu.11 10 
pyruvic acid In responllion. the 
WwIc acid Ie conve.1ed 10 the 
:1\nI reactanlin Ih& Krebs cycle. 

I-------/- 0 QI 7 , . ' , 

• 

• • • • • • • • • • • • • • • • • 
• 
• while IJM"V 011 CO:z. 

PO'" C8fTY eledrlll'l$ 

o In the electron ..... pOtI 
q.a;n. hi enetg1 01 ... 
I used 10 produce a deal 
• : 01 ATP. 

• • • • • • • • • • • • • • • • • • 

EIKuons 

Easy-Io-find blue step numbers guide the eye through 
complex processes, breaking them down into clear, manageable 
pieces that make concepts easier to teach and understand. 

For a complete list of Foundation Figures, turn to page xxxi. 

..... " .. 

• • 

OMCI. 

FOnT " ,., 01 
"'lia' '71 ..... 

In f,rmel'llation. the 
pyruvic IICkI and ... 
eledrons carried by 
NADH lrom r;, :1Qj,., 
_Inc:o<poraled lnIo ,--....... 
Key Concept 
To pooduce _ ..., 1--.. 
fIo'C_ ...... lWeI 

.In".' po o< • It .. , 
'1', ' .. don ...cl 
801fT u ..... .., with 

b.1I 101'_ .... _, 
. ' t .Iq ... nt plllI .... , .. 

Consistent use of symbols and colors enables students 
to progress from familiar parts of illustrated processes to 
unfamiliar ones with confidence. Molecules such as ATP 
are the same color and shape throughout the book. 



Frequent opportunities for students 
to check their understanding. 

: --

Flgu,.. 22.1 The IMHIuIn ___ ..... n..v.ewtho"11 the 
oennlno! peo'II>"1eo1ll tm'''' 

Q 10 2. I'" ... ' 'i "In 7 '" .... CfOIS ....... PII$? • • • 
Figure-legend questions ask students 
to apply concepts presented in the texL 

Check Your Understanding 
questions appear at the ends of major chapter sections, 
encouraging students to engage interactively with the 
text and self-assess their understanding of the section. 

• 
n' cdium o f the same composition. onl y those colo 
o' ganisms capable of using phenol should grow. A rem 

Draw It questions give students an opportunity 
to ;;;;;;;;;ct with figures and develop a deeper understanding 
of the content. Suggested answers to the Draw It questions are 
provided in the Answers section at the back of the book and 
replicate how an actual student's work might look. 

• • • 
3. DRAW IT I .. ,bel the parts of the compound light microscope 

in the figure below, and th.::n draw the path of light fTOllllhe 
illuminator to your eye. 

o 

LEARNING OBJECTIVES 
6·' DISbngUlSh chemcally defll'll!d 80d complex media. 
6·9 the use of e&Ch 01 the following: 8n&efOt)IC techniques . 

'IrMg host cells. candle ,ars. selectNe aod dlffe.-en\l81 media. 
e"fJnchment medIUm . 

• 
6-10 Differentiate btosafety levels 1. 2. 3. aod 4 

• 
of this particular technique is that phenol is norma y • • 

to most bacteria. • • • • • • 
•• :. Shared numbering between Learning 

CHECK YOUR UNDERSTANDING .. ' . .. ' Objectives and Check Your Understanding . ' . 
•• • • • • questions helps students determine which . ' .. ' • • 

• • objectives they have achieved and which require .r Could humans exist on chemiC1l,lJy defined media, at least under 
.a" further study. laboratory conditions? 6-8 

.r Could louis Pasteur, in the 1800s, have grown rabies viruses in 
cell culture instead of in living animals? 6-9 

.r What BSL is your laboratory? 6-10 

xii 

• • 



•• .and think like a clinician 

Delayed Bloodstream Infection 
Following Catheterization 

• Clinical Focus boxes contain 
Morbidity and Mortality Weekly 
Report data from the Centers for 
Disease Control and Prevention 
(CDC) modified into clinical prob-
lem-solving scenarios and questions 
to help students develop their criti-
cal thinking skills. 

........ ... 
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Diseases in Focus ••• 
boxes organize comparative 
information about similar 
diseases and encourage 
students to think like a 
clinician. 

Disease tables are organized •••• 
around similar symptoms, 
chunking information in a 
way that is relevant to clinical 
situations, 

There are 23 Diseases in 
Focus boxes in this edition, 
17 of them new, For a 
complete listing of topics. 
see page xxxi, 

-- .. -. '"" .. _ ........ d' ';.5 5 .IM 
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• •••••••••••• "- 2 • • __ £ 2 ,-. ••••• 1, , .. .' .... -..,,' .... Students are asked to stop and try to 

answer questions as they walk 
through each clinical case, putting 
themselves in the place of the health care 
professional, 
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Unsurpassed online resources • • • 
iology 

place will help students get ready for tests with its 
simple three-step approach: 

Foundation Figure quizzes 
-;';;;;'e"," extra practice with core concepts. 

Each gradable quiz includes multiple choice 
questions based on the figure as well as an 
essay question. o Take a Pre-Test and obtain a personalized study plan. e Learn and Practice with animations, tutoria ls, and 

MP3 Tutor Sessions. 
.. Test Yourself with quizzes and a chapter post-test. 

See the inside front cover of this book for details. 

.. .. 
i tutor sessions i 

MP3 Tutor Sessions are downloadable 
study guides for each chapter of the textbook, 

allowing students to study on the go. They include mini· 
lectures about the toughest topics together with audio 
Quizzes so students can self-assess their understanding. 

VARIOUS DIATOMS -

xiv 

• 
• FOUNOATION FIGURE OVIZ 

Ii •• __ - ' ._-.... _ .. -_ ....... -

o 
7 I _ 

{ I. , "_,,,_ - _. _,, __ • "I ••• . -. 
o _ .... _ ... _. _ ..... .--.._. _ ....... - .. 

._-.-::::::' . , .... <--,-- -.. .,.. ---__ • , ... " ..... __ ,_._ I ",_, " •• ,_, __ ... 

. __ .. ' ' .. ", ..... _-_ ... , : .......... ,.'.--_ ..... , ... _ ...... 

25 Microbiology Videos .J 
feature live-action footage of 
microorganisms as they move 
and interact with their 
environments. 

Microbe Reviews- . • • • 
gradable multiple-choice 
quizzes about micrographs 
from the textbook-give 
students extra practice 
with the organisms they 
are studying. 

c c .... ,' . ..... 
c -C -C -C .. -

- I I _ 100_ 



... for additional 
practice and assessment 

fp "" ..... ""'" _ NADII __ ,e '00 ...... 
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.... __ 01_ -.,' ,-_ .... '" 
'" , 
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• 
MicroFlbc 

MicroFlix are 3D, 
movie-quality animations with 
self-paced tutorials and grad able 
quizzes that help students master 
the three toughest topics in 
microbiology: metabolism, DNA 
replication, and immunology. 
Students can review the fundamentals 
by viewing the animations, completing 
the tutorial, printing a personal review 
sheet, and taking the quiz. Students 
also have access to BioFlix animation-
stha! help them review relevant con-
cepts from general biology_ 

• 115 multi-step Microbiology Animations 
explain and visually demonstrate core concepts, 
providing an additional chance for students to learn. 
They are accompanied by gradable quizzes. References to 
the Microbiology Animations appear throughout the 
chapters of the book. 

A gradebook feature allows instructors to track and record their students' 
performance on website quizzes and tests. 



Get Ready for Microbiology 
quickly prepares your students for the 
microbiology course, helping them brush up 
on the skills they need to succeed. 

CONTENTS 
Chapter 1 Study Skills 
Chapter 2 Math Basics 
Chapter 3 Tenninology 
Chapter 4 Chemistry Basics 
Chapter 5 Biology Basics 
Chapter 6 Cell Biology 
Chapter 7 Microbiology Basics 

• • • • 
• 

• 
• 

Your Starting Point 
pre-tests students' grasp 
of chapter content before 
they start the chapter. 

• • Microbiology 
Your Starting Point 

Answer the (ollowing questions 10 assess yourchemistr')' 

1. The most basic unit of a chemical substance is the _____ _ 

2. What the three SialH of maner? __________ _ 

3. An atom is made: orwh,1t three wb'llomic 

• Chapters include textbook quality 
photographs and illustrations . 

T I"" TO T il' 

"""mont thfft drawonp Mlow. ones that you 
ar. crlls. 

Engaging features like Time to Try •• 
provide a simple experiment or quick 
question that gives students a chance 

xvi 

to practice what they just learned. 

The MyMicrobiologyPlace website includes additional practice and assessment material 
for Get Ready for Microbiology. including a Diagnostic Test to get students started. 



And for the 

microbiology lab • • • 
,UOUTOIY UPU, .. INTS IN 

MICROBIOLOGY 
TnIInsr.r of Bact.rta: 
AHpHc TKhnlqu. --_._--_. 
.::;;=,.=.=. • 
• 

_ .. 
... '", ... '--____ a ----_ .. 
, ---_ .. --

NOW IN FULL COLOR 
Laboratory Experiments 
in Microbiology, Ninth Edition 
by Ted R. Johnson I Christine L. Case 

-1- ...... The new full-color design makes each lab exercise easier to navigate. 
The quick reference sections (Objectives, Materials, Cultures, Techniques 
Required) are clearly distinguished from the instructive and procedural 
sections (Background. Procedure) through colored headings . 
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Rich, vibrant micrographs and other 
photographs now appear within the · .. •• .... •· 
relevant exercise, right next to the narrative. 
allowing students to easily view the images in 
the context of the exercise and to better inter· 
pret their results, 

Clear, colorful, and realistically rendered 
stepobyostep diagrams walk students through 
each procedure, providing visual instructions in 
addition to narrative ones. 

xvii 



The best support for instructors and students 
INSTRUCTOR SU PPLEM ENTS 
Instructors Resource OVDI 
CD-ROM (with TestGen ' 
Computerized Test Bank CD) 
978-0-321-58190-7/0-321-58190-3 

This media tool has been overhauled to 
make planning and presenting media easier. 
It includes: 
• All figures from the book with and without 

labels in JPEG format 
• All figures from the book with the Label Edit feature 

in format 
• Select "process" figures from the book with the Step Edit feature 

in PowerPoint format 
• All tables from the book 
• Multimedia, including the Microbiology Animations, Microbiology 

Videos, and MicroFlix Animations 
• PowerPoint lecture outlines, including figures and tables from the 

book and links to multimedia 
• PRS-enabled Active lecture Clicker Questions 
• PRS-enabled Quiz Show Clicker Questions 
• The Instructor's Guide and Testbank as editable Microsofti' Word files 
• A CD-ROM of the Test Bank in format 

Instructor's Visual Guide 
978-0-321-58191-4 1 0-321-58191-1 

Instructor's GuidelTest Bank by Christine L. Case 
978-0-321-58187-7/0-321-58187-3 

Transparency Acetates 
978-0-321-58189-1/0-321-58189-X 

CourseCompass™/ WebCT I Blackboard 
Pre-loaded book-specific content and test item files accompanying 
the text are available in several course management formats. 
Contact your local Benjamin Cummings sales representative for 
more information. To locate your rep, use the '"Find Your Rep" 
search feature at: www.pearsonhighered.com/educator 

FORTHE LAB 
Laboratory Experiments in 
Microbiology, Ninth Edition 
by Ted R. Johnson and Christine L. Case 
978-0-321-56028-5 / 0-321-56028-0 
Containing 57 thoroughly class-tested exercises, 
the ninth edition features a new full-color design 
and art program. (See previous page for details.) 

xviii 

STUDENT SUPPLEMENTS 
MyMicrobiologyPlace Website 
www.microbiologyplace.com 
For a full description of the website, see the inside front cover of this book. 

Get Ready for Microbiology 
by Lori K Garrett and Judy Meier Penn 
978-0-321-59250-7/0-321-59250-6 
This new brief primer saves classroom time 
and frustration by helping students quickly 
prepare for their microbiology course. 
(See page xvi for details). 

Study Guide by Berdell R. Funke 
978-0-321-58195-2 1 0-321-58195-4 
Students can master key concepts and earn a better grade with the 
help of the clear writing and thought-provoking exercises found in this 
Study Guide. which includes concise explanations of key conceps. art 
labeling exercises. and a variety of self-test questions with answers. 

Study Card 
978-0-321-58196-9 1 0-321-58196-2 
This six-panel. full-color study card provides students with a quick 
reference to the three most challenging topics in microbiology: 
metabolism. genetics, and immunology. 

The Microbe Files: Cases in Microbiology 
for the Undergraduate by Marjorie K Cowan 
With answers: 978-0-8053-4927-61 0-8053-4927-8 
Without answers: 978-0-8053-4928-3 I 0-8053-4928-6 
The Microbe Files provides microbiology students with a fascinating 
series of short cases that help them apply what they have learned 
in the course. 

Scientific American: Current Issues 
in Microbiology 
Vol.l: 978-0-8053-4623-7 / 0-8053-4623-6 
Vo1.2: 978-0-3215-3816-1/ 0-3215-3816-1 
Accessible, dynamic. and relevant articles from Scientific American 
magazine present key issues in microbiology, and end-of-article 
questions help students check their comprehension and make 
connections between science and society. 

Techniques in Microbiology: 
A Student Handbook 
by John M. Lammert 
978-0-13-224011-6/0-13-224011-4 
This vivid, full-color handbook guides students 
in manipulations and preparations needed in 
the microbiology laboratory. The techniques 
are the ones that are used frequently for study-
ing microbes in the laboratory and include 
those identified by the American Society for 
Microbiology (ASM) in its recommendations 
for the Microbiology Lab Core Curriculum. 
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The Microbial World 
and You 

The overall theme of this textbook is the relationship between microbes (very small organisms 
that usually require a microscope to be seen) and our lives. This relationship involves not only 
the familiar harmful effects of certain microorganisms. such as disease and food spoilage, 
but also their many beneficial effects. In this chapter we introduce you to some of the many 
ways microbes affect our lives. They have been fruitful subjects of study for a number of years, 
as you will see in the short history of microbiology that opens the chapter. We then discuss 
the incredible diversity of microorganisms and their ecological importance in maintaining 
balance in the environment by recycling chemical elements such as carbon and nitrogen 

between the soil, organisms, and the atmosphere. We will also examine how 
microbes are used in commercial and industrial applications to 

produce foods, chemicals, and drugs (such as antibiotics) and to 
treat sewage, control pests, and clean up pollutants. Finally, 

we will discuss microbes as the cause of such diseases as 
avian (bird) flu, West Nile encephalitis, mad cow disease, 
diarrhea, hemorrhagic fever, and AIDS. 

Q 
Advertisements tell you that bacteria and viruses 
are all over your home and that you need to buy 
antibacterial cleaning products. Should you? 
Look for the answer in the chapter. 



2 PART ONE Fundamentals of Microbiology 

Microbes in Our lives 
LEARNING OBJECTIVE 
1-1 list several ways in which microbes affect our lives. 

For many people, the words germ and microbe bring to mind a 
group of tiny creatures that do not quite fit into any of the cate-
gories in that old question, "Is it animal, vegetable, or mineral?" 
Microbes, also called microorganisms, are minute living things 
that individually are usually too small to be seen with the unaided 
eye. The group includes bacteria (Chapter II), fungi (yeasts and 
molds), protozoa, and microscopic algae (Chapter 12). It also 
includes viruses, those noncellular entities sometimes regarded as 
straddling the border between life and nonlife (Chapter 13) . You 
will be introduced to each of these groups of microbes shortly. 

We tend to associate these small organisms only with major 
diseases such as AIDS, uncomfortable infections, or such com -
mon inconveniences as spoiled food. However, the majority of 
microorgan isms make crucial contributions by helping to main-
tain the balance of living organisms and chemicals in our envi-
ronment. Marine and freshwater microorganisms form the basis 
of the food chain in oceans, lakes, and rivers. Soil microbes help 
break down wastes and incorporate nitrogen gas from the air 
into organic compounds, thereby recycling chemical elements 
between the soil, water, life, and air. Certain microbes play 
im portant roles in photosynthesis, a food- and oxygen-generating 
process that is critical to life on Earth. Humans and many other 
animals depend on the microbes in their intestines for d igestion 
and the synthesis of some vitamins that their bodies require, 
including some B vitamins for metabolism and vi tamin K for 
blood clotting. 

Microorganisms also have many commercial applications. 
They are used in the synthesis of such chemical products as 
vitami ns, organic acids, enzymes, alcohols, and many drugs. The 
process by which microbes produce acetone and butanol was 
discovered in 1914 by Chaim Weizmann, a Russian -born 
chemist working in England. With the outbreak of World War I 
in August of that year, the production of acetone became very 
important for making cordite (a smokeless form of gunpowder 
used in munitions). Weizmann's discovery played a significant 
role in determining the outcome of the war. 

The food industry also uses microbes in producing vinegar, 
sauerkraut, pickles, alcoholic beverages, green olives, soy sauce, 
buttermilk, cheese, yogurt, and bread. In addit ion, enzymes from 
microbes can now be manipulated to cause the microbes to pro-
duce substances they normally do not synthesize. These sub-
stances include cellulose, digestive aids, and drain cleaner, plus 
im portant therapeutic substances such as insulin. Microbial 
enzymes may even have helped produce your favorite pair of 
jeans (see the box on the facing page) . 

Though only a minority of microorganisms are pathogenic 
(disease-producing), practical knowledge of microbes is necessary 

for medicine and the related health sciences. For example, hospi tal 
workers must be able to protect patients from common microbes 
that are normally harmless but pose a threat to the sick and injured. 

Today we understand that microorganisms are found almost 
everywhere. Yet not long ago, before the invention of the micro-
scope, microbes were unknown to scientists. Thousands of 
people died in devastating epidemics, the causes of which were 
not understood . Entire families died because vaccinations and 
antibiotics were not available to fight infections. 

We can get an idea of how our current concepts of microbiology 
developed by looking at a few historic milestones in microbiology 
that have changed our lives. First, however, we will look at the major 
groups of microbes and how they are named and classified. 

CHECK YOUR UNDERSTANDING 

..r Describe some of the destructive and beneficial actions of 
microbes. 1-1 " 

Naming and Classifying 
Microorganisms 
LEARNING OBJECTIVES 
1-2 Recognize the system of scientific nomenclature that uses 

two names: a genus and a specific epithet. 
1-3 Differentiate the major characteristiCS of each group 

of microorganisms. 
1-4 List the three domains. 

Nomenclature 
The system of nomenclature (naming) for organisms iO use 
today was established in 1735 by Carolus Linnaeus. Scientific 
names are latinized because Latin was the la nguage trad itionally 
used by schola rs. Scientific nomenclature assigns each organism 
two names-the genus (plural: genera) is the fi rst name and is 
always capitalized; the specific epithet (species name) follows 
and is not capitalized . The organism is referred to by both the 
genus and the specific epithet, and both names are underlined or 
italicized. By custom, after a scientific name has been mentioned 
once, it can be abbreviated with the initial of the genus followed 
by the specific epithet. 

Scientific names can, among other things, describe an organ-
ism, honor a researcher, or identify the habitat of a species. 
For example, consider Stapllylococcus aurCllS (staf-i-lo-kok'kus 
6 ' re-us), a bacterium commonly found on human skin. 
Staphylo- describes the clustered arrangement of the cells; coccus 
indicates that they are shaped like spheres. The specific epithet, 
aurCIIS, is Latin fo r golden, the color of many colonies o f this 

'Orange numbers following Check Your Understanding queslions refer back 10 the 
corresponding Learning Objeclives. 



Designer Jeans: Made by Microbes? 
Denim blue jeans have become 
increasingly popular ever since levi 
Strauss and Jacob Oavis fi rst made them for 
Cali fornia gold miners in 1873. Now, compa-
nies that manufacture blue jeans are turning 
to microbiology to develop environmentally 
sound production methods that minimize 
toxic wastes and the costs associated with 
treating IOllie wastes. Moreover. microbio-
logical methods can provide abundant. 
renewable raw materials. 

Stone Washing? 
A softer denim, caUed was 
introduced in the 19805. The fabric is nol 
really washed with rocks. Enzymes, called 
cellulases, from Trichoderma fungus are 
used to digest some of the cellulose in the 
cotton, thereby softening it Unlike many 
chemical reactions, enzymes usually operate 
at safe temperatures and pH. Moreover. 
enzymes are proteins, so they are readily 
degraded for removal from wastewater. 

Fabric 
Colton production requires large tracts of 
land, pesticides, and ferti l izer. and the crop 
yield depends on the weather. However. 
bacteria can produce both colton and 
polyester with less environmental impac\. 

Gluconacetobacter xylinus bacteria make 
cellulose by attaching glucose units to sim-
ple chains in the outer membrane of the 
bacterial cell wall . The cellulose microfibri ls 
are extruded through pores in the outer 
membrane. and bundles of microfibri ls then 
twist into ribbons. 

Bleaching 
Peroxide is a safer bleaching agent than 
chlorine and can be easily removed from 
fabric and wastewater by enzymes. 
Researchers at Novo Nordisk Biotech cloned 
a mushroom peroxidase gene in yeast and 
grew the yeasts in washing machine condi-
tions. The yeast that survived the washing 
machine were selected as the peroxidase 
producers. 

Indigo 
Chemical synthesis of indigo requires a high 
pH and produces waste that explodes in 
contact with air. However, a California 
biotechnology company, Genencor, has 
developed a method to produce indigo 
by using bacteria. In the Genencor labs, 
researchers put the gene for conversion of 
the bacterial by-product indole to indigo 
from a soil bacterium, Pseudomonas putida, 
into Escherichia coli bacteria, which then 
turned blue. 

Plastic 
Microbes can even make 
plastic zippers and packag-
ing material for the jeans. 
Over 25 bacteria make 
polyhydroxyalkanoate 
(PHA) inclusion granules 
as a food reserve. PHAs 
are similar to common 
plastics, and because they 
are made by bacteria, 
they are also readily 
degraded by many 
bacteria. PHAs could 

E. coli bactena produce 
Indigo from trytophan. 

provide a biodegradable 
alternative to conventional plastic. 
which is made from pet roleum. 

Indigo-producing E. cob bacteria 

I I 

bacterium. Table 1.1 contains more examples. The genus of the 
bacterium £Sc/lcricllia coli (esh-e-rik '-e-ii k6'1! o r k6'le) is named 
for a scientist, Theodor Escherich , whereas its specific epithet, 
coli, rem inds us that E. coli live in the colon, or large intestine. 

Types of Microorganisms 

CHECK YOUR UNDERSTANDING 

./ Distinguish a genus from a speci fi c epi thet. 1-2 

The classification and identification of microorganisms is d is-
cussed in Chapter 10. Here is an overview of the major groups. 

Bacte ria 
Bacteria (singular: bacterium) are relatively simple, single-celled 
(u nicellular) organisms. Because their genetic material is 
not enclosed in a special nuclear membrane, bacterial cells are 
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Table 1.1 Making Scientific Names Familiar 

Use the word roots guide in Appendix E to find out what the name means. The name will not seem so strange if you translate it. When you 
encounter a new name, practice saying it out loud. The exact pronunciation is not as important as the familiarity you will gain. Guidelines for 
pronunciation are given in Appendix D. 
Following are some examples of microbial names you may encounter in the popular press as well as in the lab. 

Pronunciation Source of Genus Name 
Source of 
Specific Epithet 

Salmonella Iyphimurium 
(bacterium) 

sal-mOn-el'la ti-fi-mur'e-um Honors public health microbiologist 
Daniel Salmon 

Causes stupor (typh-) in mice 
(muri- ) 

Streptococcus pyogenes 
(bacterium) 

strep-t6-kok'kus pHij'en-ez Appearance of cells in chains 
(slreplo-) 

Forms pus (pyo-) 

Saccharomyces 
cerevisiae (yeast) 

sak-il-r6-mi'ses se-ri-vis'e-i Fungus (-myces) that uses sugar 
(saccharo-) 

Makes beer (cerevisia) 

Penicillium chrysogenum 
(fungus) 

pen-i-sii'le-um krT-so'jen-um Tuftlike or paintbrush (penicill-) 
appearance microscopically 

Produces a yellow (chryso-) 
pigment 

Trypanosoma cruzi 
(protozoan) 

lri-pa-no-so'ma kruz ' i! Corkscrew- (trypano-, borer; 
soma-, body) 

Honors epidemiologist 
Oswaldo Cruz 

called prokaryotes (pro-kar'e-ots), from Greek words meaning 
prenucleus. Prokaryotes include both bacteria and archaea. 

Bacterial cells generally appear in one of several shapes. 
Bacillus (bit-sil'lus) (rodli ke), illustrated in Figure 1.la, mcClls 
(kok'kus)(spherical or ovoid), and spiral (corkscrew or curved) 
are among the most common shapes, but some bacteria are star-
shaped or square (see Figures 4.1 through 4.5, pages 78- 79). 
Individual bacteria may form pairs, chains, clusters, or other 
groupings; such formations are usually characteristic of a partic-
ular genus or species of bacteria. 

Bacteria are enclosed in cell walls that are largely composed 
of a carbohydrate and protein complex called peptidoglycan. (By 
contrast, cellulose is the main substance of plant and algal cell 
walls.) Bacteria generally reproduce by dividing into two equal 
cells; this process is called binary fission. For nutrition, most bac-
teria use organic chemicals, which in nature can be derived from 
either dead or living organisms. Some bacteria can manufacture 
their own food by photosynthesis, and some can derive nutrition 
from inorganic substances. Many bacteria can "swim" by using 
moving appendages called flagella. (For a complete discussion of 
bacteria, see Chapter 11. ) 

Archaea 
Like bacteria, archaea (ar'ke-a) consist of prokaryotic cells, but if 
they have cell walls, the walls lack peptidoglycan. Archaea, often 
found in extreme environments, are divided into three main 
groups. The methanogens produce methane as a waste product 
from respiration. The extreme /Ia/op/tiles (halo = salt; philic = 

loving) live in extremely salty environments such as the Great Salt 
Lake and the Dead Sea. The extreme t/termophiles (therm = heat) 
live in hot sul furous water, such as hot springs at Yellowstone 
National Park. Archaea are not known to cause disease in humans. 

Fungi 
Fungi (singular: fungus) are eukaryotes (yO.-kar'e-ots), organisms 
whose cells have a distinct nucleus containing the cell's genetic 
material (DNA), surrounded by a special envelope called the 
nuclear membrane. Organisms in the Kingdom Fungi may be uni -
cellular or multicellular (see Chapter 12, page 330). Large multicel -
lular fungi, such as mushrooms, may look somewhat like plants, 
but they cannot carry out photosynthesis, as most plants can. True 
fung i have cell walls composed primarily of a substance called 
chitin. The unicellular forms of fungi, yeasts, are oval microorgan-
isms that are larger than bacteria. The most typical fungi are molds 
(Figure l _lb). Molds fOfm visible masses called mycelia, which are 
composed of long filaments (hyphae) that branch and intertwine. 
The cottony growths sometimes found on bread and fruit are mold 
mycelia. Fungi can reproduce sexually or asexually. They obtain 
nourishment by absorbing solutions of organic material from their 
environment- whether soil, seawater, fresh water, or an animal or 
plant host. Organisms called slime molds have characteristics of 
both fungi and amoebas. They are discussed in detail in Chapter 12. 

Protozoa 
Protozoa (singular: protozoan) are unicellular eukaryotic 
microbes (see Chapter 12, page 345). Protozoa move by 
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Figure 1.1 Types of microorganisms. Note: Throughout the 
book, a red icon under a micrograph mdicates that the micrograph has 
been artificial ly colored. (a) The rod-shaped bacterium Haemophr/us 
mfiuenzae, one of the bacterial causes of pneumonia. (b) Mucor, a 
common bread mold, is a type of fungus. When released from 
sporangia, spores that land on a favorable surface germ mate into a 
network of hyphae (filaments) that absorb nutrients. ee) An amoeba, a 
protozoan, approaching a food particle. Cd) The pond alga, Volvox. 
Ce) Several human immunodeficiency viruses (HIVs) . the causative agent 
of AI DS, budding from a CD4 + T cel l. 

Q How are bacteria, archaea, fungi , protozoa, algae, and viruses 
distinguished on the basis of cellular structure? 

(b) 

• 

(d) 

(. ) 
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pseudopods, flagella, or cilia. Amoebas (Figure 1.lc) move by using 
extensions of their cytoplasm called pseudopods (false feet). Other 
protozoa have long flagella or numerous shorter appendages for 
locomotion called cilia. Protozoa have a variety of shapes and live 
either as free entities or as parasites (organisms that derive nutrients 
from living hosts) that absorb or ingest organic compounds from 
their environment. Protozoa can reproduce sexually or asexually. 

Algae 
Algae (singular: alga) are photosynthetic eukaryotes with a wide 
variety of shapes and both sexual and asexual reproduct ive forms 
(Figure 1.1 d). The algae of interest to microbiologists are usually 
unicellular (see Chapter 12, page 340). The cell walls of ma ny 
algae, are composed of a carbohydrate called cellulose. Algae are 
abundant in fresh and salt water, in soil, and in association with 
plants. As photosynthesizers, algae need light, water, and carbon 
dioxide for food production and growth, but they do not gener-
ally require organic compounds from the environment. As a 
result of photosynthesis, algae produce oxygen and ca rbohy-
drates that are then utilized by other organisms, including ani-
mals. Thus, they play an important role in the balance of natu re. 

Viruses 
Viruses (Figure l.le) are very different from the other microbial 
groups mentioned here. They are so small that most can be seen 
only with an electron microscope, and they are acellular (not cel-
lular). Structurally very simple, a virus particle contains a core 
made of only one type of nucleic acid, either DNA or RNA. This 
core is surrou nded by a protein coat. Sometimes the coat is 
encased by an additional layer, a lipid membrane called an enve-
lope. All living cells have RNA and DNA, can carry out chemical 
reactions, and can reproduce as self-sufficient units. Viruses can 
reproduce only by using the cellular machinery of other organ-
isms. Thus, viruses are considered to be living when they multiply 
within host cells they infect. In this sense, viruses are parasites of 
other forms of life. On the other hand, viruses are not considered 
to be living because outside living hosts, they are iner t. (Viruses 
will be discussed in detail in Chapter 13.) 

Multicellular Animal Parasites 
Although multicellu lar animal parasites are not strictly microor-
ganisms, they are of medical importance and therefore will be 
discussed in this text. Animals are eukaryotes. The two major 
groups of parasitic worms are the fla tworms and the round-
worms, collectively called hehninths (see Chapter 12, page 352). 
During some stages of their li fe cycle, helminths are microscopic 
in size. Laboratory identification of these organisms includes 
many of the same techniques used for identifying microbes. 

CHECK YOUR UNDERSTANDING 

'" Which groups of microbes are prokaryotes? Which are 
eukaryotes? 1-3 

Classification of Microorganisms 
Before the existence of microbes was known, all o rganisms were 
grouped into either the animal kingdom or the plant kingdom. 
When microscopic organisms with characteristics of animals and 
plants were d iscovered late in the seventeenth century, a new sys-
tem of classification was needed. Still, biologists could not agree 
on the criteria for classifying the new organisms they were seeing 
until the late 1970s. 

In 1978, Carl Woese devised a system o f classification based 
on the cellular organization of organisms. It groups all organisms 
in three domains as follows: 

I. Bacteria (cell walls contain a protein-carbohydrate complex 
called peptidoglycan) 

2. Archaea (cell walls, if present, lack pept idoglycan) 
3. Eukarya, which includes the following: 

• Protists (slime molds, protozoa, and algae) 
• Fungi (unicellular yeasts, multicellular molds, and 

mushrooms) 
• Plants (includes mosses, ferns, conifers, and flowering 

plants) 
• Animals (includes sponges, worms, insects, and vertebrates) 

Classification will be discussed in more detail in Chapters 10 
through 12. 

CHECK YOUR UNDERSTANDING 

'" What are the three domains? 1-4 

A Brief History of Microbiology 
LEARNING OBJECTIVES 
1-5 Explam the Importance of observations made by Hooke and van 

Leeuwenhoek. 
1-6 Compare spontaneous generation and biogenesis. 
1-7 Identify the contributions to microbiology made by Needham. 

Spalianzani. Vi rchow. and Pasteur. 
1-8 Explam how Pasteur"s work influenced Lister and Koch. 
1-9 Identify the importance of Koch·s postulates. 

1-10 Identify the importance of Jenner"s work. 
1-11 Identify the contributions to microbiology made by Ehrlich and 

Fleming. 
1-12 Define bacteriology. mycology. parasitology. immunology. and 

Virology. 
1-13 Explam the importance of microbial genetics and molecular biology. 

The science of microbiology dates back only 200 years, yet the 
recent discovery of Mycobacterium tuberCillosis (mi -ko-ba k-
ti're-um lli-bcr-ku-Io'sis) DNA in 3000-year-old Egyptian 
mummies reminds us that microorganisms have been around 
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G --... ""' .. (a) Van leeuwenhoek using his microscope (b) Microscope replica 
JiJ· B b d3 . 

Figure 1.2 Anton van Leeuwenhoek's microscopic observations. 
(a) By holding his brass microscope toward a source of light. van Leeuwenhoek 
was able to observe living organisms too small to be seen with the unaided eye. 
(b) The specimen was placed on the tiP of the adjustable point and viewed from 
the other side through the tiny. nearly sphencallens. The highest magnification 
possible with hiS microscopes was about 300x (times). (c) Some of van 
Leeuwenhoek's drawings of bacteria. made in 1683. The letters represent 
various shapes of bacteria. C- O represents a path of motion he observed. 

Q What was van leeuwenhoek's major contribution to microbiology? 

for much longer. In fact, bacterial ancestors were the first living 
cells to appear on Earth. Although we know relatively little 
about what earlier people thought about the causes, transmis-
sion, and treatment of disease, the history of the past few 
hundred years is better known. Let's look now at some key 
developments in microbiology that have spurred the field to its 
current h igh-technology state. 

The First Observations 
One of the most important discoveries in the history of biol-
ogyoccurred in 1665 with the help of a relatively crude mi-
croscope. After observing a thin slice of cork, an Englishman, 
Robert Hooke, reported to the world that life's smallest struc-
tural units were "little boxes," or "cells," as he called them. Using 
his improved version of a compound microscope (one that uses 
two sets of lenses), Hooke was able to see individual cells. 
Hooke's discovery ma rked the beginning of the cell theory-
the theory that all living things are composed of cells. Subsequent 

(c) Drawings 01 bacteria 

investigations into the structure and funct ions of cells were 
based on this theory. 

Though Hooke's microscope was capable of showing large 
cells, he lacked the resolution that would have allowed him to 
see microbes clea rly. The Dutch merchant and amateur scien-
tist Anton van Leeuwenhoek was probably the first actually to 
o bserve live microo rganisms through the magnifying lenses of 
more than 400 microscopes he constructed. Between 1673 and 
1723, he wrote a series of letters to the Royal Society of 
Lo ndon describing the "animalcules" he saw through his sim-
ple, single-lens microscope. Van Leeuwenhoek made detailed 
drawings of "animalcules" in rainwater, in his own feces, and 
in material scraped from his teeth. These drawings have since 
been identified as representations of bacteria and protozoa 
(Figure 1.2). 

CHECK YOUR UNDERSTANDING 

'" What is the cell theory? 1-5 
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The Debate over Spontaneous Generation 
After van Leeuwenhoek discovered the previously "invisible" world 
of microorganisms, the scien tific communit y of the time became 
interested in the origins of these tiny living things. Until the sec-
ond half of the nineteenth century, many scientists and philoso-
phers believed that some forms of life could arise spontaneously 
from nonliving mailer; they called this hypothet ical process 
spontaneous generation. Not much more than 100 yea rs ago, 
people commonly believed that toads, snakes, and m ice could 
be born of moist soil; that flies could emerge from manure; and 
that maggots, the larvae of fli es, could arise from decaying 
corpses. 

Evidence Pro and Can 
A strong opponent of spontaneous generation, the Italian physician 
Francesco Redi set out in 1668 (even before van Leeuwenhoek's dis-
covery of microscopic life) to demonstrate that maggots did not 
arise spontaneously from dcaaying meat. Redi filled two jars with 
decaying meat. The first was left unsealed; the flies laid their eggs on 
the meat, and the eggs developed into larvae. The second jar was 
sealed, and because the flies could not lay their eggs on the meat, 
no maggots appeared. Still , Redi's antagonists were not convinced; 
they claimed that fresh air was needed for spontaneous genera -
tion. So Redi set up a second experim ent, in which he covered a 
jar with <l fine net instead of sealing it. No larvae appeared in 
the gauze-covered jar, even though air was present. Maggots ap-
peared only when flies were allowed to leave their eggs on the 
meat. 

Red i's results were a serious blow to the lo ng-held belief that 
large fo rms of life could arise from nonlife. However, many scien-
tists still believed that small organisms, such as van Leeuwenhoek's 
"a nimalcules," were simple enough to be generated fro m nonliving 
materials. 

The case fo r spontaneous generation of microorgan isms 
seemed to be strengthened in 1745, when John Needham, an 
Englishman, found that even after he heated nu trient fluids 
(chicken broth and corn broth) before pouring them into cov-
ered flasks, the cooled solu tions were soon teeming wit h 
microorganisms. Needham claimed that microbes developed 
spon taneously fro m the fluids. Twenty years later, Lazzaro 
Spallanzani, an Italian scien tist, suggested that microorganisms 
from the air probably had entered Needham's solutions after they 
were boiled. Spallanzani showed that nutrient fluids heated after 
being sealed in a flask did not develop microbial growth. 
Needham responded by claiming the "vital force" necessary for 
spon taneous generat ion had been destroyed by the heat and was 
kept out of the flasks by the seals. 

This inta ngible "vital force" was given all the more credence 
shortly after Spallanzani 's experimen t, when Anton Laurent 
Lavoisier showed the importance of oxygen to life. Spallanzani's 
observat ions were criticized on the grounds that there was not 
enough oxygen in the scaled flasks to su pport microbial life. 

The Theory of Biogenesis 
The issue was still unresolved in 1858, when the German scientist 
Rudolf Virchow challenged the case for spontaneous generation 
with the concept of biogenesis, Ihe claim that living cells can 
arise only from preexisti ng livin g cells. Arguments about sponta-
neous generation con tinued until 1861, when the issue was 
resolved by the French scientist Louis Pasteur. 

With a series of ingenious and persuasive experi ments, 
Pasteur demonstrated that microorganisms arc present in the 
air and can contaminate sterile solutions, but that air itself docs 
not create microbes. He filled several shorl-necked fla sks with 
beef brolh and then boiled their con tents. Some were then left 
open and allowed to cool. In a few days, these flasks were found 
to be contam inated with microbes. The other flasks, scaled after 
boiling, were free of microorganisms. From these results, 
Pasteu r reasoned that microbes in the air were the agen ts 
responsible for contaminat ing nonliving matter such as the 
broths in Needham's flasks. 

Pasteur next placed broth in open-ended, long-necked fla sks 
and ben t the necks into S-shaped curves (Figure 1.3). The con -
tents of these flasks were then boiled and cooled. The broth in 
the fl asks did not decay and showed no signs of life, even after 
mon ths. Pasteur's unique design allowed air to pass into the fla sk, 
but the curved neck trapped any airborne microorganisms that 
mi ght contaminate the brOlh. (Some of these original vessels are 
stilt on display at the Pasteur Institute in Paris. They have been 
sealed but, like the flask shown in Figure 1.3, show no sign of 
contamination more than 100 years later.) 

Pasteur showed that microorganisms ca n be present in non-
living matter-on solids, in liquids, and in the air. Furthermore, 
he demonstrated concl usivel y that m icrobia l life can be 
destroyed by heat and that methods can be devised to block the 
access of airborne microorgan isms to nutrient environments. 
Th ese d iscoveries form the basis of aseptic techniques, tech-
niques that prevent contamination by unwanted microorgan-
isms, which are now the standard practice in laboratory and 
many medical procedures. Modern aseptic techniques arc among 
the first and most important things that a begi nning microbiol-
ogist learns. 

Pasteur's work provided evidence that microorganisms 
ca nnot originate from mystical forces present in nonliving 
materials. Rather, any appearance of "spontaneous" life in non -
livi ng solutions ca n be att ribut ed to microorganisms that were 
already present in the air o r in the fluids themselves. Scient ists 
now believe tha t a form of spon taneous generation probably did 
occur on the primitive Earth when life fi rst began, but they 
agree that this does not happen under today's environmen tal 
condi tions. 

CHECK YOUR UNDERSTANDING 

to/' \oVhat evidence supported spontaneous generation? 1-6 
to/' How was spontaneous generation disproved? 1-7 
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Figure 1.3 Pasteur's experiment disproving the theory of spontaneous 
generation. 0 Pasteur first poured beef broth Into a long-necked flask. 0 Next he 
heated the neck of the flask and bent it into an S-shaped CUNe; then he boiled the broth 
for several minutes. 0 Microorganisms did not appear in the cooled solution, even after 
long periods, as you can see In this recent photograph of an actual flask Pasteur used In 
a similar expenment 

Q What are aseptic techniques, and how did Pasteur contribute to their development? 

The Golden Age of Microbiology 
For about 60 years, beginning with the work of Pasteur, there was 
an explosion of discoveries in microbiology. The period from 1857 
to 1914 has been appropriately named the Golden Age of 
Microbiology. During this period, rapid advances, spearheaded 
mainly by Pasteur and Robert Koch, led to the establishment 
of microbiology as a science. Discoveries during these years 
included both the agents of many diseases and the role of immu-
nity in preventing and curing d isease. During this productive 
period, microbiologists studied the chemical activities of microor-
ganisms, improved the techniques for performing microscopy and 
culturing microorgan isms, and developed vaccines and surgical 
techniques. Some of the major events that occurred during the 
Golden Age of Microbiology arc listed in Figure 1.4. 

Fermentation and Pasteurization 
One of the key steps that establ ished the relationship between 
microorganisms and disease occurred when a group of French 
merchants asked Pasteur to find out why wine and beer soured. 
They hoped to develop a method that would p revent spoilage 
when those beverages were shipped long distances. At the time, 
many scien tists believed that air converted the sugars in these flu -
ids into alcohol. Pasteur found instead that microorganisms called 
yeasts convert the sugars to alcohol in the absence of air. This 
process, called fermentalion (see Chapter 5, page 132), is used to 
make wine and beer. Souring and spoilage are caused by different 
microorganisms called bacteria. In the presence of air, bacteria 
change the alcohol in the beverage into vinegar (acetic acid). 

Pasteu r's sol ution to the spoilage problem was to heat the 
beer and wine just enough to kill most of the bacteria that caused 
the spoilage. The process, called pasteurization, is now com -
monly used to reduce spoilage and kill potentially harmful bac-
teria in milk as well as in some alcoholic drinks. Showing the 
connect ion between spoilage of food and microorganisms was a 
major step toward establ ishing the relationship between disease 
and microbes. 

The Germ Theory of Disease 
As we have seen, the fact that many kinds of d iseases are related to 
microorganisms was unknown until re latively recently. Before the 
time of Pasteur, effective treatments for many diseases were d iscov-
ered by trial and error, but the causes of the diseases were unknown. 

The realizatio n that yeasts playa crucial role in fermentation 
was the first link behveen the activity of a microorganism and 
physical and chemical changes in organic materials. This discov-
ery alerted scientists to the possibility that microorganisms 
might have si milar relationships with plants and animals-
specifically. that microorganisms might cause disease. This idea 
was known as the germ theory of disease. 

The germ theory was a d ifficult concept for many people to 
accept at that time because for centuries disease was believed to 
be punishment for an individual 's crimes or misdeeds. When the 
inhabitants of an entire village became ill, people often blamed 
the disease on demons appearing as foul odors from sewage or 
on po isonous vapo rs from swamps. Most people bo rn in 
Pasteur 's time found it inconceivable that " invisible" microbes 
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1665 Hooke-First observation of cells 
1673 van leeuwenhoek- First observation of live microorganisms 

1735 LJnnaeus- Nomenclature for organisms 
1798 Jenner- First vaccine 

1835 Bassi- Silkworm fungus 
1840 Semmelweis---Childbirth fever 
1653 DeBary- Fungal plant disease 

1857 Pasteur-Fermentation 
1861 Pasteur-Disproved spontaneous generation 
18&\ Pasteur-Pasteurization 

1867 Lister-Aseptic surgery 
1876 'Koch-Germ theory of disease 

1879 Neisser-Neisseria gonorrfloeae 
1881 'Koch-Pure cultures 

Finley-Yellow fever 
1882 ' Koch-Mycobacterium tuberculosis 

Hess-Agar (solid) media 
1883 ' Koch-Vibrio cholerae 

GOLDEN 1884 'Metchnikoff-Phagocytosis 
Gram-Gram'staining procedure 

Escherich-Escherichia coli 
AGE OF 
MICROBIOLOGY 

1887 
1889 

Petri-Petri dish 
Kitasato-C/ostridium tetani 

1890 ' von Behring-Diphtheria antitoxin 
' Ehrlich-Theory 01 immunity 

1892 Winogradsky-Sullur cycle 
1898 Shiga-Shigella dysenteriae 
1908 ' Ehrlich-Syphilis 

Chagas-Trypanosoma cruzi 
• Rous-Tumor-causing virus (1966 Nobel Prize) 

' Fleming, Chain. Florey-Penicillin 
Griffith-Translormation in bacteria 

Lancefield--Streptococcal antigens 
' Stanley, Northrup. Sumner---Crystallized virus 

Beadle and Tatum-Relationship between genes and enzymes 
' DelbrOck and luria-Viral infection of bacteria 

Avery. Macleod, McCarty-Genetic material is DNA 
lederberg and Tatum-Bacterial conjugation 

'Watson and Crick-DNA structure 
1957 'Jacob and Monad-Protein synthesis regulation 

Stewart-Viral cause 01 human cancer 
' Edelman and Porter-Antibodies 

Epstein. Achong, Barr-Epstein·Barr virus as cause 01 human cancer 
' Nathans. Smith, Arber-Restriction enzymes (used for recombinant DNA technology) 

Berg, Boyer, Cohen--Genetic engineering 
Dulbecco, Temin. Baltimore-Reverse transcriptase 

' Mitchell---Chemiosmotic mechanism 
Margulis-Qrigin of eukaryotic cel ls 

' Klug-Structure 01 tobacco mosaic virus 
' McClintock-Transposons 

'Deisenhofer. Huber. Michel-Bacterial photosynthesis pigments 
1994 Cano-Reported to have cultured 40,mill ion·year·old bacteria 
1997 'Prusiner- Prions 

Figure 1.4 Milestones in microbiology, highlighting those that occurred 
during the Golden Age of Microbiology. An asterisk C') indicates a Nobel laureate. 

Q Why was the Golden Age of Microbiology so named? 

Louis Pasteur (1822- 1895) 
Demonstrated that life 
did not arise spontaneously 
from nonliving maner. 

Robert Koch (1843-1910) 
Established experimental 
steps for directly linking a 
specific microbe to a specific 
disease. 

Rebecca C. Lancefield (1895-1981 ) 
Classified streptOCOCCi according 
to serotypes (variants within a species) 



could travel through the air to infect plants and animals or 
remain on clothing and bedding to be transmitted from one per-
son to ano ther. But gradually scientists accumulated the info r-
mation needed to support the new germ theory. 

In 1865, Pasteur was called upon to help fight silkworm dis-
ease, wh ich was ruining the silk industry throughout Europe. 
Years earlier, in 1835, Agostino Bassi, an amateur microscopist, 
had proved that another silkworm disease was caused by a fun -
gus. Using data provided by Bassi, Pasteur fo und that the more 
recent infection was caused by a protozoan, and he developed a 
method for recognizing afflicted silkworm moths. 

In the I 86Os, Joseph Lister, an English surgeon, applied the 
germ theory to medical procedures. Lister was aware that in the 
1840s, the Hungarian physician Ignaz Semmelweis had demon-
strated that physicians, who at the time did not disi nfect their 
hands, routinely transmitted infections (puerperal, or child -
birth, fever ) from one obstetrical patient to another. Lister had 
also heard of Pasteur's work connecting microbes to animal dis-
eases. Disinfectan ts were not used at the time, but Lister knew 
that phenol (carbolic acid) kills bacteria, so he began treating 
surgical wounds with a phenol solution. The practice so reduced 
the incidence of infections and deaths that other surgeons 
quickly adopted it. Lister's technique was one of the earliest 
medical attempts to control infections caused by microorgan-
isms. In fact, his fi ndings proved that microorganisms cause 
surgical wou nd infections. 

The first p roof that bacteria actually ca use d isease came 
from Robert Koch in 1876. Koch, a German physician, was 
Pasteur's young rival in the race to discover the cause of 
anthrax, a disease that was destroying cattle and sheep in 
Europe. Koch discovered rod -shaped bacteria now known as 
Bacillus anthracis (ba-sil'lus an-thra'sis) in the blood of cattle 
that had died of anthrax. He cult ured the bacteria on nutrients 
and then injected samples o f the culture into healthy anima ls. 
When these animals became sick and died, Koch isolated the 
bacteria in their blood and compared them with the bacteria 
origina lly iso lated . He found that the two sets of blood cultures 
contained the same bacteria . 

Koch thus established a sequence of experimental steps for 
directly relating a specific microbe to a specific disease. These 
steps are known today as Koch's postulates (see Figure 14.3, page 
405). During the past 100 years, these same criteria have been 
invaluable in investigations proving that specific microorganisms 
cause many diseases. Koch's postulates, their limitations, and 
their application to disease will be discussed in greater detail in 
Chapter 14 . 

Vaccination 
Often a treatment o r preventive procedure is developed before 
scientists know why it works. The smallpox vaccine is an exam-
ple. On May4, 1796, almost 70 years before Koch established that 
a specific microorganism causes anthrax, Edward Jenner, a young 
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British physician, embarked on an experiment to fi nd a way to 
protect people from smallpox. 

Smallpox epidemics were greatly feared . The disease periodi-
cally swept through Europe, kill ing thousands, and it wiped out 
90% of the American Indians on the East Coast when European 
settlers fi rst brought the infection to the New World. 

When a young milkmaid informed Jenner that she couldn't 
get smallpox because she already had been sick from cowpox-a 
much milder disease- he decided to put the girl's story to the test. 
First Jenner collected scrapings from cowpox blisters. Then he 
inoculated a healthy 8-year-old volunteer with the cowpox mate-
rial by scratching the person's arm with a pox-contaminated 
needle. The scratch turned into a raised bump. In a few days, the 
volunteer became mildly sick but recovered and never again 
contracted either cowpox or smallpox. The process was called 
vaccination, from the Latin word vacca, meaning cow. Pasteur 
gave it this name in honor of Jenner 's work. The protection from 
disease provided by vaccination (or by recovery from the disease 
itself) is called immunity. We will d iscuss the mechanisms of 
immunity in Chapter 17. 

Years after Jenner's experiment, in about 1880, Pasteur dis-
covered why vaccinations work. He found that the bacterium 
that causes fowl cholera lost its ability to cause disease (lost its 
virulence, or became avirulent) after it was grown in the labora-
tory for long periods. However, it- and other microorganisms 
with decreased virulence-was able to induce immunity against 
subsequent infections by its virulent counterparts. The discovery 
of this phenomenon provided a clue to Jen ner's successful exper-
iment with cowpox. Both cowpox and smallpox are caused by 
viruses. Even though cowpox virus is not a laboratory-produced 
derivative of smallpox virus, it is so closely related to the small-
pox virus that it can induce immunity to both viruses. Pasteur 
used the term vaccine for cultures of avirulent microorganisms 
used for prevent ive inoculation. 

Jenner's experiment marked the first time in a Western cul-
ture that a living viral agent- the cowpox virus-was used to 
produce immunity. Physicians in Chi na had immunized 
patients by removing scales from drying pustules of a person 
suffering from a mild case of smallpox, grinding the scales to a 
fine powder, and inserting the powder into the nose of the per-
son to be protected. 

Some vaccines are still produced from avirulent microbial 
strains that stimulate immunity to the related virulent strain. 
Other vaccines are made from killed virulent microbes, from iso-
lated components of virulent microorganisms, or by genet ic 
engineering techniques. 

CHECK YOUR UNOERSTANOING 

..r Summarize in your own words the germ theory of disease. 1-8 

..r What is the importance of Koch's postulates? 1-9 

..r What is the significance of Jenner's discovery? 1-10 
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growth 
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Figure 1.5 The discovery of penicillin. Alexander Fleming took this 
photograph in 1928. The colony of Penicillium mold accidentally 
contaminated the plate and inhibited nearby bacterial growth. 

Q What are some of the problems associated with antibiotics? 

The Birth of Modern Chemotherapy: Dreams 
of a "Magic Bullet" 
After the relationship between microorganisms and disease was 
established, medical microbiologists next focused on the search 
for substances that could destroy pathogenic microorganisms 
without damaging the infected animal or human. Treatment of 
disease by using chemical substances is called chemotherapy. 
(The term also commonly refers to chemical treatment of non -
infectious diseases, such as cancer.) Chemicals produced 
naturally by bacteria and fungi to act against other microorgan-
isms are called antibiotics. Chemotherapeutic agents prepared 
from chemicals in the laboratory are called synthetic drugs. The 
success of chemotherapy is based on the fact that some chemicals 
are more poisonous to microorganisms than to the hosts 
infected by the microbes. Antimicrobial therapy will be discussed 
in further detail in Chapter 20. 

The First Synthetic Drugs 
Paul Ehrlich, a German physician, was the imaginative thinker 
who fired the fi rst shot in the chemotherapy revolution. As a 
medical student, Ehrlich speculated about a bullet" that 
could hunt down and destroy a pathogen without harming the 
infected host. Ehrlich launched a search for such a bullet. In 
1910, after testing hundreds of substances, he found a 
chemotherapeutic agent called salvarsan, an arsenic derivative 
effective against syphilis. The agent was named salvarsan because 
it was considered to offer salvation from syphilis and it contained 
arsenic. Before this discovery, the only known chemical in 
Europe's medical arsenal was an extract from the bark of a South 

American tree, quinine, which had been used by Span ish con-
quistadors to treat malaria. 

By the late 1930s, researchers had developed several other 
synthetic drugs that could destroy microorganisms. Most of 
these drugs were derivatives of dyes. This came about because the 
dyes synthesized and manufactured for fabrics were routinely 
tested for antimicrobial qualit ies by microbiologists looking for a 
"magic bullet." In addition, S11lfonamides (sulfa drugs) were syn-
thesized at about the same time. 

A Fortunate Accident-Antibiotics 
In contrast to the sulfa drugs, which were deliberately developed 
from a series of industrial chemicals, the first antibiotic was dis-
covered by accident. Alexander Fleming, a Scottish physician and 
bacteriologist, almost tossed out some culture plates that had 
been contaminated by mold. Fortunately, he took a second look 
at the curious pattern of growth on the contaminated plates. 
Around the mold was a clear area where bacterial growth had 
been inhibited (Figure 1.5). Fleming was looking at a mold that 
could inhibit the growth of a bacterium. The mold was later 
identified as Penicillium lIotatum (pen-i-sil'lc-um nO-Hi'tum), 
later renamed Penicillium chrysogeTlum (kri-so'jen -um), and in 
1928 Fleming named the mold's active inhibitor penicillin. Thus, 
penicillin is an antibiotic produced by a fungus. The enormous 
usefulness of penicillin was not apparent until the 1 940s, when it 
was finally tested clinically and mass produced . 

Since these early discoveries, thousands of other antibiotics 
have been discovered. Unfortunately, antibiotics and other 
chemotherapeutic drugs are not without problems. Many 
antimicrobial chemicals are too toxic to humans fo r practical 
use; they kill the pathogenic microbes, but they also damage the 
infected host. For reasons we will discuss later, toxicity to 
humans is a particular problem in the development of d rugs for 
treating viral diseases. Viral growth depends on life processes of 
normal host cells. Thus, there are very few successful antiviral 
drugs, because a drug that would interfere with viral reproduc-
tion would also likely affect uninfected cells of the body. 

Another major problem associated with antimicrobial drugs 
is the emergence and spread of new strains of microorganisms 
that are resistant to antibiotics. Over the years, more and more 
microbes have developed resistance to antibiotics that at one time 
were very effective against them. Drug resistance results from 
genetic changes in microbes that enables them to tolerate a cer-
tain amount of an antibiotic that would normally inhibit them 
(see the box in Chapter 26, page 751). These changes might 
include the production by microbes of chemicals (enzymes) that 
inactivate antibiotics, changes in the surface of a microbe that 
prevent an antibiotic from attaching to it, and prevention of an 
antibiotic from entering the microbe. 

The recent appearance of vancomycin-resistant Staphylococcus 
aureus and EtrterococCIIs faecalis (en-te-ro-kok'kus fe-kii.'lis) has 
alarmed health care professionals because it indicates that some 



previously treatable bacterial infections may soon be impossible to 
treat with antibiotics. 

CHECK YOUR UNOERSTANOING 

..r What was Ehrlich's bullet"? 1-11 

Modern Developments in Microbiology 
The quest to solve drug resistance, identify viruses, and develop 
vaccines requires sophisticated research techniques and correlated 
studies that were never dreamed of in the days of Koch and 
Pasteur. 

The groundwork laid during the Golden Age of Microbiology 
provided the basis for several monumental achievements during 
the twentieth century (Table 1.2). New branches of microbiology 
were developed, including immunology and virology. Most 
recently, the development of a set of new methods called recom-
binant DNA technology has revolutionized research and pract i-
cal applications in all areas of microbiology. 

Bacteriology, Mycology, and Parasitology 
Bacteriology. the study of bacteria, began with van 
Leeuwenhoek's first examination of tooth scrapings. New patho-
genic bacteria are still d iscovered regula rly. Many bacteriologists, 
like their predecessor Pasteur, look at the roles of bacteria in food 
and the environment. One intriguing discovery came in 1997, 
when Heide Schulz discovered a bacterium large enough 10 be 
seen with the unaided eye (O.2 mm wide). Th is bacterium, which 
she named Tlliomargarita namibiellsis (thi 'o-ma-gar-e-ta 
na'mib -e- en -sis), lives in the mud on the African coast. 
Tlliomargarita is unusual because of its size and its ecological 
niche. The bacterium consumes hydrogen sulfide, which would 
be IOxic 10 mud-dwell ing animals (Figure 11.28, page 326). 

Mycology, the study of fungi, includes medical, agricultural, 
and ecological branches. Recall that Bassi's work leading up 
10 the germ theory of disease was o n a fungal pathogen. 
Fungal infection rates have been ris ing during the past decade, 
accounting for \0% of hospital -acquired infections. Climatic 
and environmental changes (severe drought) are thought to 
account for the tenfold increase in Coccidioides immitis 
(kok-sid-e-oi'dez im'mi -tis ) infections in California. New 
techniques for d iagnosing and treating fungal infections are 
currently being investigated. 

Parasitology is the study of protozoa and parasitic worms. 
Because many parasitic worms are large enough to be seen with 
the unaided eye, they have been known for thousands of years. It 
has been speculated that the medical symbol, the caduceus, rep-
resents the removal of parasitic guinea worms (Figure 1.6). 

The clearing of rain forests has exposed laborers to previously 
undiscovered parasites. Previously unknown parasitic diseases are 
also being found in patients whose immune systems have been 
suppressed by organ transplants, cancer chemotherapy, and AIDS. 
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(a) The caduceus, the symbol 
of the medical profession, may 
have been designed after the 
procedure for removing parasitic 
guinea worms. 

(b) A dOCIor removes a guinea worm (Dracunculus medinensisl from the 
subcutaneous tissue of a patient by winding it onlO a stick. 

Figure 1.6 Parasitology: the study of protozoa and parasitic 
worms. 

Q How do bacteriology, mycotogy, and pamsilology differ? 

Bacteriology, mycology, and parasitology are currently going 
through a "golden age of classification ." Recent advances in 
genomic.s, the study of all of an organism's genes, have allowed 
scientists to classify bacteria and fungi according to their genetic 
relationships with other bacteria, fungi, and protozoa. Previously 
these microorganisms were classified according to a limited 
number of visible characteristics. 

Immunology 
Immunology, the study of immun ity, actually dates back in 
Western culture to )enner's first vaccine in 1796. Since then, 
knowledge about the immune system has accumulated steadily 
and expanded rapidly during the twentieth cen tury. Vaccines are 
now available for numerous diseases, including measles, rubella 
(German measles), mumps, chickenpox, pneumococcal pneu-
monia, tetanus, tuberculosis, influenza, whooping cough, polio, 
and hepatitis B. The smallpox vaccine was so effective thai the 
disease has been eliminated. Public health officials estimate that 
polio will be eradicated within a few years because of the polio 
vaccine. In 1960, interferons, substances generated by the body's 
own immune system, were discovered . Interferons inhibit 
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Table 1.2 Selected Nobel Prizes Awarded for Research in Microbiology 

Year of Country of 
Nobel Laureates Plesentadon .. "" Contrtbudon 

Emil A von Behring 1901 Germany Developed a diphtheria antitoxin 

Ronald Ross 1902 England Discovered how malaria is transm itted 

Robert Koch 1905 Germany Cu ltured tuberculosis bacteria 

Paul Ehrtich 1908 Germany Developed theories on immunity 

Elie Metchnikoff 1908 Russia Described phagocytosis. the intake 01 solid materials by cells 

Alexander Fleming, 1945 Scotland Discovered penicillin 
Ernst Chain, and England 
Howard Florey England 

Selman A Waksman 1952 Ukraine Discovered streptomycin 

Hans A Krebs 1953 Germany Discovered chemical steps 01 the Krebs cycle in carbohydrate 
metabolism 

John F. Enders. 1954 United States Cu ltured poliovirus in cell cultures 
Thomas H. Weller, and 
Frederick C. Robbins 

Joshua Lederberg, 1958 United Stales Described genetic control 01 biochemical reactions 
George Beadle, and 
Edward Tatum 

Frank Macfarlane Burnet and 1960 Australia Discovered acquired immune tolerance 
Peter Brian Medawar Great Britain 

James D. Watson. 1962 United States Identified the physical structure of DNA 
Frances H. C. Crick, and England 
Maurice A F. Wilkins New Zealand 

Fran90is Jacob, 1965 France Described how protein synthesis is regulated in bacteria 
Jacques Monad, and 
Andre Lwoll 

Peyton Rous 1966 United States Discovered cancer-causing viruses 

Max Delbruck, 1969 Germany Described the mechanism 01 viral infection of bacterial cells 
Allred D. Hershey, and United States 
Salvador E. Luria Italy 

Gerald M. Edelman and 1972 United States Described the nature and structure of antibodies 
Rodney R. Porter England 

Renato Dulbecco. 1975 United States Discovered reverse transcriptase and described how RNA viruses 
Howard Temin. and could cause cancer 
David Baltimore 

Daniel Nathans, 1978 United States Described the action of restrict ion enzymes (now used in recombi-
Hamilton Smith, and United States nant DNA technology) 
Werner Arber Switzerland 

Peter Mitchell 1978 England Described the chemiosmotic mechanism for ATP synthesis 

Paul Berg 1980 United States Performed experiments in gene splicing 



Table 1.2 (continued) 

Nobel Laureates 

Aaron Klug 

Barbara McClintock 

Cesar Milstein. 
Georges J.F. KOhler. and 
Niels Kai Jerne 

Susumu Tonegawa 

Johann Deisenhofer. 
Robert Huber. and 
Hartmut Michel 

J. Michael Bishop and 
Harold E. Varmus 

Joseph E. Murray and 
E. Donnall Thomas 

Edmond H. Fisher and 
Edwin G. Krebs 

Richard J. Roberts and 
Phillip A. Sharp 

Kary B. Mullis 

Peter C. Doherty and 
Rolf M. Zinkernagel 

Stanley B. Prusiner 

Peter Agre and 
Roderick MacKirron 

Aaron Ciechanover, 
Avram Hershko. and 
Irwin Rose 

Barry Marshall and 
J. Robin Warren 

Andrew Fire and 
Craig Mello 

Harald zur Hausen 

Fram;oise Barre-Sinoussi 
and Luc Montagnier 

Year of 
Pleaentatfon 

1982 

1983 

1984 

1987 

1988 

1989 

1990 

1992 

1993 

1993 

1996 

1997 

2003 

2004 

2005 

2006 

2008 

2008 

Country of 
81 ... 

South Africa 

United States 

Argentina 
Germany 
Denmark 

Japan 

Germany 

United States 

United States 

United States 

Great Bri tain 
United States 

United States 

Australia 
Switzerland 

United States 

United States 

Israel 
Israel 
United States 

Australia 

United States 

Germany 

France 
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Contribution 

Described the structure of tobacco mosaic virus (TMV) 

Discovered transposons (smal l segments of DNA that can move 
from one region of a DNA molecule to another) 

Developed a technique for producing monoclonal antibodies 
(single pure antibodies) 

Described the genetics of antibody production 

Described the structure of bacterial photosynthetic pigments 

Discovered cancer-causing genes called oncogenes 

Performed the first successful organ transplants by using immuno-
suppressive agents 

Discovered protein kinases, enzymes that regulate cell growth 

Discovered that a gene can be separated onto different segments 
of DNA 

Discovered the polymerase chain reaction to amplify (make 
multiple copies 01) DNA 

Discovered how cytotoxic T cells recognize virus-infected cells 
prior to destroying them 

Discovered and named proteinaceous infectious particles (prions) 
and demonstrated a relationship between prions 
and deadly neurological diseases in humans and animals 

Discovered water and ion channels in plasma membranes 

Discovered how cells dispose of unwanted proteins in proteasomes 

Discovered that Helicobacler pylori causes peptic ulcers 

Discovered RNA interference (RNAi), or gene silencing. by 
double-stranded RNA 

Discovered that human papilloma viruses cause cervical cancer 

Discovered human immunodeficiency virus (HIV) 
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replication of viruses and have triggered considerable research 
related to the treatment of viral diseases and cancer. One of 
today's biggest challenges for immunologists is learning how the 
immune system might be stimulated to ward off the virus 
responsible for AIDS, a disease that destroys the immune system. 

A major advance in immunology occurred in 1933, when 
Rebecca Lancefield proposed that streptococci be classified 
according to serotypes (variants within a species) based on cer-
tain components in the cell walls of the bacteria . Streptococci are 
responsible for a variety of diseases, such as sore throat (strep 
throat), streptococcal toxic shock, and septicemia (blood poison -
ing) . Her research permits the rapid identification of specific 
pathogenic streptococci based on immunological techniques. 

Virology 
The study of viruses, virology, actually originated during the 
Golden Age of Microbiology. In 1892, Dmitri Iwanowski report-
ed that the organism that caused mosaic disease of tobacco was 
so small that it passed through filters fine enough to stop all 
known bacteria . At the time, Iwanowski was not aware that the 
organism in question was a virus in the sense that we now under-
stand the term . In 1935, Wendell Stanley demonstrated that 
the organism, called tobacco mosaic virus (TMV), was funda -
mentally different from other microbes and so simple and 
homogeneous that it could be crystallized like a chemical com-
pound. Stanley's work facilitated the study of viral structure and 
chemistry. Since the development of the electron microscope in 
the 1940s, microbiologists have been able to observe the struc-
ture of viruses in detail, and today much is known abou t their 
structure and activity. 

Recombinant DNA Technology 
Microorganisms can now be genetically modified to manufac-
ture la rge amounts of human hormones and other urgently 
needed medical substances. In the late 1960s, Paul Berg showed 
that fragments of human or animal DNA (genes) that code for 
important proteins can be attached to bacterial DNA. The result-
ing hybrid was the firs t example of recombinant DNA. When 
recombinant DNA is inserted into bacteria (and other 
microbes), it can be used to make large quantities of the desired 
protein . The technology that developed from this technique is 
called recombinant DNA technology, and it had its origins in 
two related fields. The first, microbial genetics, studies the 
mechan isms by which microorganisms inherit traits. The sec-
ond, molecular biology, specifically studies how genetic infor-
mation is carried in molecules of DNA and how DNA directs the 
synthesis of proteins. 

Although molecular biology encompasses all organisms, 
much of our knowledge of how genes determine specific traits 
has been revealed through experiments with bacteria . Until the 
1930s, all genetic research was based on the study of plant and 
an imal cells. But in the 1940s, scientists turned to unicellular 

organisms, primarily bacteria, which have several advantages for 
genetic and biochemical research. For one thing, bacteria are less 
complex than plants and animals. For another, the life cycles of 
many bacteria require less than an hour, so scientists can culti-
vate very large numbers of individuals for study in a relatively 
short time. 

Once science turned to the study of unicellular life, progress 
in genetics began to occur rapidly. In 1941, George W. Beadle and 
Edward L. Tatum demonstrated the relationship between genes 
and enzymes. DNA was established as the hereditary material in 
1944 by Oswald Avery, Colin MacLeod, and Maclyn McCarty. In 
1946, Joshua Lederberg and Edward L. Tatum discovered that 
genetic material could be transferred from one bacterium to 
another by a process called conjugation . Then, in 1953, James 
Watson and Francis Crick proposed a model for the structure 
and replication of DNA. The early 1960s witnessed a further 
explosion of discoveries relating to the way DNA controls pro-
tein synthesis. In 1961, Jacob and Jacques Monod dis-
covered messenger RNA (ribonucleic acid), a chemical involved 
in protein synthesis, and later they made the fi rst major d iscov-
eries about the regulation of gene function in bacteria . During 
the same period, scientists were able to break the genetic code 
and thus understand how the information for protein synthesis 
in messenger RNA is translated into the amino acid sequence for 
making proteins. 

CHECK YOUR UNDERSTANDING 

..r Define bacteriology, mycology, parasitology, immunology. and 
virology. 1-12 

..r Differentiate microbial genetics from molecular biology. 1-13 

Microbes and Human Welfare 
LEARNING OBJECTIVES 
1-14 List at least fou r beneficial activities of microorganisms, 
1-15 Name two examples of biotechnology that use recombinant DNA 

technology and two examples that do not. 

As mentioned earlier, only a minority of all microorganisms are 
pathogenic. Microbes that cause food spoilage, such as soft spots 
on fru its and vegetables, decomposition of meats, and rancidity 
of fats and oils, are also a minority. The vast majority of microbes 
benefit humans, other animals, and plants in many ways. The fol -
lowing sections outline some of these beneficial activities. In later 
chapters, we will discuss these activities in greater detail. 

Recycling Vital Elements 
Discoveries made by two microbiologists iO the 1880s have 
formed the basis for today's understanding of the biogeochemical 
cycles that support life on Earth. Martinus Beijerinck and Sergei 
Winogradsky were the first to show how bacteria help recycle 



vital elements between the soil and the atmosphere. Microbial 
ecology, the study of the relationship between microorganisms 
and their environment, originated with the work of Beijerinck 
and Winograd sky. Today, microbial ecology has branched 
out and includes the study of how microbial populations inter-
act with plants and animals in various environments. Among the 
concerns of m icrobial ecologists are water pollution and toxic 
chemicals in the environment. 

The chemical elements carbon, nitrogen, oxygen, sulfur, and 
phosphorus are essential for life and abundant, but not necessa r-
ily in forms that organisms can use. Microorganisms are pri-
marily responsible for converting these elements into forms that 
plants and animals can use. Microorganisms, primarily bacteria 
and fungi, playa key role in return ing carbon dioxide to the 
atmosphere when they decompose organ ic wastes and dead 
plants and animals. Algae, cyanobacteria, and higher plants use 
the carbon dioxide during photosynthesis to produce carbohy-
drates for animals, fungi, and bacteria. Nitrogen is abundant in 
the atmosphere but in that form is not usable by plants and ani -
mals. Only bacteria can naturally convert atmospheric nitrogen 
to a form available to plants and animals. 

Sewage Treatment: Using Microbes to 
Recycle Water 
Our society's growing awareness of the need to preserve the envi-
ronment has made people more conscious of the responsibility 
to recycle precious water and prevent the pollution of rivers and 
oceans. One major pollutant is sewage, which consists of human 
excrement, waste water, industrial wastes, and surface runoff. 
Sewage is about 99.9% water, with a few hundredths of 1% sus-
pended solids. The remainder is a variety of dissolved materials. 

Sewage treatment plants remove the undesirable materials 
and harmful microorganisms. Treatments combine various 
physical processes with the action of beneficial microbes. 
Large solids such as paper, wood, glass, gravel, and plastic are 
removed from sewage; left behind are liquid and organic materi -
als that bacteria convert into such by-products as ca rbon d i-
oxide, nitrates, phosphates, sulfates, ammonia, hydrogen sulfide, 
and methane. (We will d iscuss sewage treatment in detail in 
Chapter 27.) 

Bioremediation: Using Microbes to 
Clean Up Pollutants 
In 1988, scientists began using microbes to clean up pollutants and 
toxic wastes produced by various industrial processes. For exam-
ple, some bacteria can actually use pollutants as energy sources; 
others produce enzymes that break down toxins into less harmful 
substances. By using bacteria in these ways-a process known as 
bioremediation- toxins can be removed from underground 
wells, chemical spills, toxic waste sites, and oil spills, such as the 
Exxon Valdez disaster of 1989 (see the box in Chapter 2, page 33). 
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In addition, bacterial enzymes are used in drain cleaners to remove 
clogs without adding harmful chemicals to the environment. In 
some cases, microorganisms indigenous to the environment are 
used; in others, genetically modified microbes are used. Among 
the most commonly used microbes are certain species of bacteria 
of the genera Pseudomonas (su-do-mo'nas) and Bacillus (ba-
sil'lus). Bacillus enzymes are also used in household detergents to 
remove spots from clothing. 

Insect Pest Control by Microorganisms 
Besides spreading diseases, insects can cause devastating crop 
damage. Insect pest control is therefore important for both agri-
culture and the prevention of human disease. 

The bacterium Bacill/is thl/rillgiellsis (thur-in-jc-en'sis) has 
been used extensively in the United States to control such pests 
as alfalfa caterpillars, bollworms, corn borers, cabbageworms, 
tobacco budworms, and fruit tree leaf rollers. It is incorporated 
into a dusting powder that is applied to the crops these insects 
eat. The bacteria produce protein crystals that arc toxic to the 
digestive systems of the insects. The toxin gene has been inserted 
into some plants to make them insect resistant. 

By using microbial rather than chem ical insect control, farm -
ers can avoid harming the environment. Many chemical insecti-
cides, such as DDT, remain in the soil as toxic pollutants and are 
eventually incorporated into the food chain. 

Modern Biotechnology and Recombinant 
DNA Technology 
Earlier, we touched on the commercial use of microorganisms to 
produce some common foods and chemicals. Such practical 
applications of microbiology are called biotechnology. Although 
biotechnology has been used in some form for centuries, tech -
niques have become much more sophisticated in the past few 
decades. In the last several years, biotechnology has undergone a 
revolution through the advent of recombinant DNA technology 
to expand the potential of bacteria, viruses, and yeast cells and 
other fungi as miniature biochemical fac tories. Cultured plant 
and animal cells, as well as intact plants and animals, are also used 
as recombinant cells and organisms. 

The applications of recombinant DNA technology are 
increasing with each passing year. Recombinant DNA techniques 
have been used thus far to produce a number of natural proteins, 
vaccines, and enzymes. Such substances have great potential for 
medical use; some of them are described in Table 9.1 on page 249. 

A very exciting and important outcome of recombinant DNA 
techniques is gene therapy- inserting a missing gene or replac-
ing a defective one in human cells. This technique uses a harmless 
virus to carry the missing o r new gene into certain host cells, 
where the gene is picked up and inserted into the appropriate 
chromosome. Since 1990, gene therapy has been used to treat 
patients with adenosine deaminase (ADA) deficiency, a cause of 
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severe combined immunodeficiency disease (SCID), in which 
cells of the immune system are inactive or missing; Duchenne's 
muscular dystrophy, a muscle-destroying disease; cystic fibrosis, a 
disease of the secreting portions of the respiratory passages, 
pancreas, salivary glands, and sweat glands; and LDL-receptor 
deficiency, a condition in which low-density lipoprotein (LDL) 
receptors are defective and LDL cannot enter cells. The LDL 
remains in the blood in high concentrations and increases the risk 
of atherosclerosis and coronary artery disease because it leads to 
fatty plaque formation in blood vessels. Results are still being 
evaluated. Other genetic diseases may also be treatable by gene 
therapy in the future, including hemophilia, an inability of the 
blood to clot normally; diabetes, elevated blood sugar levels; sick-
le cell disease, an abnormal kind of hemoglobin; and one type of 
hypercholesterolemia, high blood cholesterol. 

Beyond medical applications, recombinant DNA techniques 
have also been applied to agriculture. For example, genetically 
altered strains of bacteria have been developed to protect fruit 
against frost damage, and bacteria are being modified to control 
insects that damage crops. Recombinant DNA has also been used 
to improve the appearance, flavor, and shelf life of fruits and veg-
etables. Potential agricultural uses of recombinant DNA include 
drought resistance, resistance to insects and microbial diseases, 
and increased temperature tolerance in crops. 

CHECK YOUR UNDERSTANDING 

..r Name two beneficial uses of bacteria. 1-14 

..r Differentiate biotechnology from recombinant 
DNA technology. 1-15 

Microbes and Human Disease 
LEARNING OBJECTIVES 
1 -16 Define normal microblota and resistance. 

1-17 Define biofilm. 

1-18 Define emerging infectiOUS disease. 

Normal Microbiota 
We all live from birth until death in a world filled with microbes, 
and we all have a variety of microorganisms on and inside our 
bodies. These microorganisms make up our normal microbiota, 
or flora' (Figure 1.7). The normal microbiota not only do us no 
harm, but also in some cases can actually benefit us. For example, 
some normal microbiota protect us against disease by preventing 
the overgrowth of harmful microbes, and others produce useful 
substances such as vitamin K and some B vitamins. Unfortunately, 

'At one time, bacteria and fungi were thought to be plants, and thus the term f10m 
was used. 

Figure 1.7 Severnl types of bacteria found as pa rt of the norma l 
microbiota on the s urface of the human tongue. 

Q How are normal microbiota beneficial? 

under some circumstances normal microbiota can make us sick 
o r infect people we contact. For instance, when some normal 
microbiota leave their habitat, they can cause disease. 

When is a microbe a welcome part of a healthy human, and 
when is it a harbinger of disease? The dis tinction between health 
and disease is in large part a balance between the natural defenses 
of the body and the d isease-producing properties of microorgan-
isms. Whether our bodies overcome the offensive tactics of a par-
ticular microbe depends on our resistance-the ability to ward off 
diseases. Important resistance is provided by the barrier of the 
skin, mucous membranes, cilia, stomach acid, and antimicrobial 
chemicals such as interfero ns. Microbes can be destroyed by 
white blood cells, by the inflammatory response, by fever, and by 
specific responses of our immune system. Sometimes, when our 
natural defenses are not strong enough to overcome an invader, 
they have to be supplemented by antibiotics or other drugs. 

Biofilms 
In nature, microorganisms may exist as single cells that float or 
swim independently in a liquid, or they may attach to each other 
and/or some usually solid surface. This latter mode of behavior 
is called a bioftlm, a complex aggregation of microbes. The slime 
covering a rock in a lake is a biofilm. Usc your tongue to feel the 
biofilm on your teeth. Biofilms can be beneficial. They protect 
your mucous membranes from harmful microbes, and biofilms 
in lakes arc an important food for aquatic animals. Biofilms can 
also be harmful. They can clog water pipes, and on medical 
implants such as joint prostheses and catheters (Figure 1.8), 
they can cause such infec tions as endocard itis (inflammation of 



the hear!.) Bacteria in biofilms are often resistant to antibiotics 
because the biofilm offers a protective barrier. See the box in 
Chapter 3 on page 57. Biofilms will be discussed in Chapter 6. 

Infectious Diseases 
An infectious disease is a disease in which pathogens invade a 
susceptible host, such as a human or an an imal. In the process, 
the pathogen carries out at least part of its life cycle inside the 
host, and disease frequently results. By the end of World War II, 
many people believed that infectious diseases were under con-
trol. They thought malaria would be eradicated through the use 
of the insecticide DDT to kill mosquitoes, that a vaccine would 
prevent diphtheria, and that improved sanitation measures 
would help p revent cholera transmission. Malaria is far from 
eliminated. Since 1986, local outbreaks have been identified in 
New Jersey, California, Florida, New York, and Texas, and the dis-
ease infects 300 million people worldwide. In 1994, diphtheria 
appeared in the Un ited States, brought by travelers from the 
newly independent states of the former Soviet Union, which 
were experiencing a massive diphtheria epidemic. The epidemic 
was brought under control in 1998. Cholera outbreaks still occur 
in less-developed parts of the world. 

Emerging Infectious Diseases 
These recent outbreaks point to the fact that infectious diseases 
not only are not disappearing, but seem to be reemerging and 
increasing. In addition, a number of new diseases- emerging 
infectious diseases (EIDs)- have cropped up in recent years. 
These are d iseases that are new or changing and are increasing or 
have the potential to increase in incidence in the near future. 
Some of the factors that have contributed to the development of 
EIDs are evolutionary changes in existing organisms (Vibrio 
cholerae 0 139; vib're-6 kol' -er-i); the spread of known diseases 10 

new geographic regions or populations by modern transporta -
tion (West Nile virus); and increased human exposure to new, 
unusual infectious agents in areas that are undergoing ecologic 
changes such as deforestation and construction (e.g., Venezuelan 
hemorrhagic virus). EIDs also develop as a result of antimicro-
bial resistance (vancomycin-resistant S. Ill/reus). An increasing 
number of incidents in recent years highlights the extent of the 
problem. 

Avian influenza A (USNl ). o r bird Ou, caught the attention 
of the public in 2003, when it killed millions of poultry and 24 
people in eight count ries in southeast Asia. Avian influenza 
viruses occur in birds worldwide. Cerlain wild birds, particularly 
waterfowl, do not get sick but carry the virus in their intestines 
and shed it in saliva, nasal secretions, and feces . Most often, the 
wild birds spread influenza to domesticated birds, in which 
the virus causes death. 

Influenza A viruses are found in many different animals, 
including ducks, chickens, pigs, whales, horses, and seals. 
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Figure 1.8 Biofilm on a catheter. Staphylococcus bactena stick to 
solid surfaces, forming a slimy layer, Bacteria that break away from this 
biofllm can cause infections, 

Q Why don't antibiotics kill these bacteria? 

Normally, each subtype of influenza A virus is specific to certain 
species. However, influenza A viruses normally seen in one species 
sometimes can cross over and cause illness in another species, and 
all subtypes of influenza A virus can infect pigs. Although it is 
unusual for people to get influenza infections directly from ani-
mals, sporadic human infections and outbreaks caused by certain 
avian influenza A viruses and pig influenza viruses have been 
reported. As of 2008, avian influenza had sickened 242 people, and 
about half of them died. Fortunately, the virus has not yet evolved 
to be transmitted successfully among humans. 

Human infections with avian influenza viruses detected since 
1997 have not resulted in sustained human -to-human transm is-
sion. However, because influenza viruses have the potent ial to 
change and gain the ability to spread easily between people, mon -
itoring for human infection and person- to-person transmission is 
important (see the box in Chapter 13 on page 370). The U.S. Food 
and Drug Administration (FDA) approved a human vaccine 
against the avian influenza virus in April 2007. 

Antibiotics are critical in treating bacterial infections. 
However, years of overuse and misuse of these drugs have created 
environments in which antibiotic-resistant bacteria thrive. 
Random mutations in bacterial genes can make a bacterium 
resistant to an antibiotic. In the presence of that antibiotic, this 
bacterium has an advantage over other, susceptible bacteria and is 
able to proliferate. Antibiotic-resistant bacteria have become a 
global health crisis. 

Staphylococcus aurells causes a wide range of human infections 
from pimples and boils to pneumonia, food poisoning, and 
surgical wound infections, and it is a significant cause of hospital-
associated infections. After penicillin's initial success in treating 
S. aureus infection, penicillin-resistant S. al/rellS became a major 
threat in hospitals in the 1950s, requiring the use of methicillin. 
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In the 19805, methicillin-resistant S. aureus, called MRSA, 
emerged and became endemic in many hospitals, leading to 
increasing usc of vancomycin . In the late 1990s, S. alirellS 
infections that were less sensitive to vancomycin (vancomycin-
intennediate S. aureus, or VISA) were reported. In 2002, an 
infection caused by vancomycin-resistant S. aureus (VRSA) in a 
patient in the United States was reported. 

A The antibacterial substances added to various 
household cleaning products are similar to antibi-

otics in many ways. When used correctly, they inhibit bacterial 
growth. However, wiping every household surface with these 
antibacterial agents creates an environment in which the resis-
tant bacteria survive. Unfortunately, when you really need to 
disinfect your homes and hands-for example, when a family 
member comes home from a hospital and is still vulnerable to 
infection- you may encounter main ly resistan t bacteria. 

Routine housecleaning and hand-washing are necessary, 
but standard soaps and detergents (without added antibac-
terials) are fine for these tasks. In addition, quickly evaporat-
ing chemicals, such as chlorine bleach, alcohol, ammonia, an d 
hydrogen peroxide, remove potentially pathogenic bacteria 
but do not leave residues that select for the growth of resistant 
bacteria. 

West Nile enuphalitis (WNE) is inflammation of the brain 
caused by West Nile virus. WNE was first diagnosed in the West 
Nile region of Uganda in 1937. [n 1999 the vi rus made its first 
North American appearance in humans in New York City. [n 
2007, West Nile virus infected over 3600 people in 43 states. West 
Nile virus is now established in nonmigratory birds in 47 states. 
The virus, which is carried by birds, is transmitted between 
birds-and to horses and humans- by mosquitoes. West Nile 
virus may have arrived in the United States in an infected traveler 
or in migratory birds. 

In 1996, countries worldwide were refusing to import beef 
from the United Kingdom, where hundreds of thousands of cat-
tle born after 1988 had to be killed because of an epidemic of 
bovine spongiform encephalopathy (en-sef-a-Iop'a-the), also 
called BSE or mad cow disease. BSE first came to the attention of 
microbiologists in 1986 as one of a handful of diseases caused by 
an infectious protein called a priml. Studies suggest that the 
source of disease was cattle feed prepared from sheep infected 
with their own version of the disease. Cattle are herbivores (plant-
eaters), but adding protein to their feed improves their growth 
and health. Creutzfeldt-Iakob disease (kroits'felt ya'kob), o r 
CID, is a human disease also caused by a prion. The incidence 
of CJD in the United Kingdom is similar to the incidence in 
other countries. However, by 2005 the United Kingdom reported 
154 human cases of C/O caused by a new variant related to the 
bovine d isease (see Chapter 22). 

Eschericllia coli is a normal in habitant of the large in testine of 
vertebrates, including humans, and its presence is beneficial 

because it helps produce certain vitamins and breaks down oth-
erwise undigestible foodstuffs (see Chapter 25 ). However, a 
strain called E. cofj OIS7:H7 causes bloody diarrhea when it 
grows in the intestines. This strain was first recognized in 1982 
and since then has emerged as a public health problem. It is now 
one of the leading causes of diarrhea worldwide. In 1996, some 
9000 people in Japan became ill, and 7 died, as a result of infec-
tion by E. coli OI57:H7. The recent outbreaks of E. coli 0157:H7 
in the United States, associated with contamination of under-
cooked meat and unpasteurized beverages, have led public health 
officials to call for the development of new methods of testing for 
bacteria in food. 

In 1995, infections of so-called Oesh-eating bacteria were 
reported on the front pages of major newspapers. The bacteria 
arc more correctly named invasive group A Streptococcus (strep -
to-kok'kus), or IGAS. Rates of IGAS in the United States, 
Scandinavia, England, and Wales have been increasing. 

In 1995, a hospital laboratory techn ician in Democratic 
Republic of Congo (DROC ) who had fever and bloody diar-
rhea underwent surgery for a suspected perforated bowel. 
Afterward he started hemorrhaging, and his blood began clot-
ting in his blood vessels. A few days later, health care workers in 
the hospital where he was staying developed sim ilar symptoms. 
One of them was transferred to a hospital in a d ifferent city; 
personnel in the second hospital who cared for this patient also 
developed symptoms. By the time the epidemic was over, 315 
people had contracted Ebola hemorrhagic fever (hem -or-
raj'ik), or EHF, and over 75% of them died . The epidemic was 
controlled when microbiologists instituted training on the use 
of protective equipment and educational measures in the com -
munity. Close personal contact with infectious blood or other 
body fluids or tissue (see Chapter 23) leads to human -to-
human transmission. 

Microbiologists first isolated Ebola viruses from humans 
during earlier outbreaks in DROC in 1976. (The virus is named 
after Congo's Ebola River. ) In 2008, an Ebola virus outbreak 
occurred in Uganda with 149 cases. In 1989 and 1996, outbreaks 
among monkeys imported into the United States from the 
Philippines were caused by another Ebola virus but were not 
associated with human disease. 

Recorded cases of Marburg virus, another hemorrhagic fever 
virus, are rare. The first cases were laboratory workers in Europe 
who handled African green monkeys from Uganda . Four out-
breaks were identified in Africa between 1975 and 1998, involving 
210 154 people with 56% mortality. In 2004, an outbreak killed 
227 people. Microbiologists have been studying many animals but 
have not yet discovered the natural reservoir (source) of EHF and 
Marburg viruses. 

In 1993, an outbreak of cryptosporidiosis (krip-to-spo-rid -c-
o/sis) transmitted through the public water supply in Milwaukee, 
Wisconsin, resulted in diarrheal illness in an estimated 403,000 



persons. The microorganism responsible for this outbreak was the 
protozoan Cryptosporidilllll (krip-to-sp6-ri'de-um). First report -
ed as a cause of human disease in 1976, it is responsible for up to 
30% of the diarrheal illness in developing countries. In the United 
States, transmission has occurred via drinking water, swimm ing 
pools, and contaminated hospital supplies. 

AIDS (acquired immunodeficiency syndrome) first came 
to public attention in 1981 with reports from Los Angeles that a 
few young homosexual men had died of a previously rare type of 
pneumonia known as Pncllmocysris (nii-mo-sis'tis) pneumonia. 
These men had experienced a severe weakening of the immune 
system, which normally fights infectious diseases. Soon these 
cases were correlated with an unusual number of occurrences of 
a rare form of cancer, Kaposi's sarcoma, among young homosex-
ual men . Similar increases in such rare diseases were found 
among hemophiliacs and intravenous drug users. 

Researchers quickly discovered that the cause of AIDS was a 
previously unknown virus (see Figure l.le) . The virus, now 
called human immunodeficiency virus (HIV), destroys CD4 + 
T cells, one type of white blood cell important to immune system 
defenses. Sickness and death result from microorganisms or can-
cerous cells that might otherwise have been defeated by the 
body's natural defenses. So fa r, the disease has been inevitably 
fata l once symptoms develop. 

By studying disease patterns, medical researchers found that 
HIV could be spread through sexual intercourse, by contaminated 
needles, from infected mothers to their newborns via breast milk, 
and by blood transfusions-in short, by the transmission of body 
fl uids from one person to another. Since 1985, blood used for 
transfusions has been carefully checked for the presence of HIV, 
and it is now quite unlikely that the virus can be spread by this 
means. 

By the end of2007, over I million people in the United States 
had been d iagnosed with AIDS, and over 50% of them had died 
as a result of the disease. A great many more people had tested 
positive for the presence of HIV in their blood . As of2007, health 
officials estimated that 1.2 million Americans have HIV infec-
tion . In 2007, the World Health Organization (WHO) estimated 
that over 30 million people worldwide are living with H IV I AIDS 
and that 14,000 new infect ions occur every day. 

Since 1994, new treatments have extended the life span of 
people with AIDS; however, approximately 40,000 new cases 
occur annually in the United States. The majority of individuals 
with AIDS are in the sexually active age group. Because hetero-
sexual partners of AIDS sufferers are at h igh risk of infection, 
public health officials are concerned that even more women and 
minorities will contract AIDS. In 1997, HIV d iagnoses began 
increasing among women and minorities. Among the AIDS cases 
reported in 2005, 26% were women, and 49% were African 
American . 

In the months and years to come, scientists will continue to 
apply microbiological techniques to help them learn more about 
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the structure of the deadly HIV, how it is transmitted, how it 
grows in cells and causes disease, how drugs can be directed 
against it, and whether an effective vaccine can be developed. 
Public health officials have also focused on prevention through 
education . 

AIDS poses one of this century's most formidable health 
th reats, but it is not the first serious epidemic of a sexually trans-
mitted disease. Syphilis was also once a fatal epidemic disease. As 
recently as 1941, syphilis caused an estimated 14,000 deaths per 
year in the United States. With few drugs available for treatment 
and no vaccines to prevent it, efforts to control the disease 
focused mainly on altering sexual behavior and on the use of 
condoms. The eventual development of drugs to treat syphilis 
contributed significantly to preventing the spread of the disease. 
According to the Centers for Disease Control and Prevention 
(CDC), reported cases of syphilis dropped from a record high of 
575,000 in 1943 to an all-time low of 5979 cases in 2004 . Since 
then, however, the number of cases has been increasing. 

Just as microbiological techniques helped researchers in the 
fight against syphilis and smallpox, they will help scientists dis-
cover the causes of new emerging infectious diseases in the 
twenty-first century. Undoubtedly there will be new diseases. 
Ebola virus and JlljlllellZaviTlls are examples of viruses that may 
be changing their abilities to infect different host species. 
Emerging infectious diseases will be discussed further in Chapter 
14 on page 416. 

Infectious d iseases may reemerge because of antibiotic 
resistance (see the box in Chapter 26 on page 751) and through 
the use of microorganisms as weapons. (See the box in 
Chapter 23 on page 644 .) The breakdown of public health 
measures for previously controlled infections has resulted in 
unexpected cases of tuberculosis, whooping cough, and diph-
theria (see Chapter 24). 

CHECK YOUR UNDERSTANDING 

./ Differentiate normal microbiota and infectious disease. 1-16 

./ Why are biofilms important? 1-17 

./ What factors contribute to the emergence of an infectious 
disease? 1-18 

, .. 
The diseases we have mentioned are caused by viruses, bacteria, 
protozoa, and prions- types of microorganisms. This book 
introduces you to the enormous variety of microscopic o rgan-
isms. It shows you how microbiologists use specific tech niques 
and procedures to study the microbes that cause such diseases as 
AIDS and diarrhea-and diseases that have yet to be discovered. 
You will also learn how the body responds to microbial infection 
and how certain drugs combat microbial diseases. Finally, you 
will learn about the many beneficial roles that microbes play in 
the world around us. 
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STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: 
O take a pre-test and obtain a personal ized study plan. e learn 
and practice with animations, tutorials, and MP3 tutor sessions, and e test yourself with quizzes and a chapter post-test 

Microbes in Our lives (p.2) 

I. Living things too small to be seen with the unaided eye are called . . mlcroorgamsms. 
2. Microorganisms are important in maintaining Earth's ecological 

balance. 
3. Some microorganisms live in humans and other animals and are 

needed to maintain good health. 
4. Some microorganisms are used to produce foods and 

chemicals. 
5. Some microorganisms cause disease. 

Naming and Classifying 
Microorganisms (pp.2-6) 

Nomenclature (p.2) 
I. In a nomenclature system designed by Carolus Linnaeus (1735), 

each living organism is assigned two names. 
2. The two names consist of a genus and a specific epithet, both of 

which are underlined or italicized. 

Types of Microorganisms (pp.3-6) 
Bacteria (pp. 3-4) 

3. Bacteria are unicellular organisms. Because 
they have no nucleus, the cells are described as 
prokaryotic. 

4. The three major basic shapes of bacteria are 
bacillus, coccus, and spiral. 

5. Most bacteria have a peptidoglycan cell wall; they divide by binary 
fission, and they may possess flagella . 

6. Bacteria can use a wide range of chemical substances for their 
nutrition. 

Archaea (po 4) 

7. Archaea consist of prokaryotic cells; they lack peptidoglycan in 
their cell walls. 

8. Archaea include methanogens, extreme halophiles, and extreme 
thermophiles. 

Fungi (p. 4) 

9. Fungi (mushrooms, molds, and yeasts) have eukaryotic cells (cells 
with a true nucleus). Most fungi are multicellular. 

10. Fungi obtain nutrients by absorbing organic material from their 
environment. 

Protozoa (pp. 4, 6) 
II. Protozoa are unicellular eukaryotes. 
12. Protozoa obtain nourishment by absorption or ingestion through 

specialized structures. 

Algae (p.6) 
13. Algae are unicellular or multicellular 

eukaryotes that obtain nourishment by 
photosynthesis. 

14. Algae produce oxygen and carbohydrates that 
are used by other organisms. 

Viruses (p. 6) 
15. Viruses are noncellular entities that are parasites of cells. 
16. Viruses consist of a nucleic acid core (DNA or RNA) surrounded 

by a protein coat. An envelope may surround the coat. 

Multicellular Animal Parasites (p.6) 
17. The principal groups of multicellular animal parasites are 

flatworms and roundworms, collectively called helminths. 
18. The microsco pic stages in the life cycle of helminths are identified 

by traditional microbiological procedures. 

Classification of Microorganisms (p. 6) 
19. All organisms are classified into Bacteria, Archaea, and Eukarya. 

Eukarya include protists, fungi, plants, and animals. 

A Brief History of Microbiology (pp.6-16) 
The First Observations (p. 7) 

I. Robert Hooke observed that cork was composed of boxes"; 
he introduced the term cell (1665). 

2. Hooke's observations laid the groundwork for development of the 
cell theory, the concept that all living things are co mposed of cells. 

3. Anton van Leeuwenhoek, using a simple microscope, was the first 
to observe microorganisms (1673). 

The Debate over Spontaneous Generation (p.8) 
4. Until the mid-1880s, many people believed in spontaneo us 

generation, the idea that living organisms could arise from 
nonliving matter. 

5. Francesco Redi demonstrated that maggots appear on decaying 
meat only when flies are able 10 lay eggs on the meat (1668). 

6. John Needham claimed that microorganisms co uld arise sponta-
neously from heated nutrient broth (1745). 

7. Lazzaro Spallanzani repeated Needham's experiments and suggested 
that Needham's results were due to microorganisms in the air 
entering his broth (1765). 

8. Rudolf Virchow introduced the concept of biogenesis: living cells 
can arise only from preexisting cells (1858). 

9. Louis Pasteur demonstrated that microorganisms are in the air 
everywhere and offered proof of biogenesis (1861). 

10. Pasteur's discoveries led to the development of aseptic techniques 
used in laboratory and medical procedures to prevent contamina-
tion by microorganisms. 

The Golden Age of Microbiology (pp. 9-11) 
II. The science of microbiology advanced rapidly between 1857 

and 191 4. 



Fennentation and Pasteurization (p. 9) 
12. Pasteur found that yeast fe rment sugars to alcohol and that 

bacteria can oxidize the alcohol to acetic acid. 
13. A heating process called pasteurization is used to kill bacteria in 

some alcoholic beverages and milk. 

The Genn Theory of Disease (pp. 9, 11) 
14. Agostino Bassi (1835) and Pasteur (1865) showed a causal rela-

tionship between microorganisms and disease. 
15. Joseph Lister in troduced the use of a disinfectant to dean 

surgical wounds in order to control infections in 
humans (1860s). 

16. Robert Koch proved that microorganisms cause disease. He used a 
sequence of procedures, now called Koch's postulates (1876), that 
are used today to prove that a particular microorganism causes a 
particular disease. 

Vaccination (p. 11) 
17. In a vaccination, immunity (resistance to a particular disease) is 

conferred by inoculation with a vaccine. 
18. In 1798, Edward Jenner demonstrated that inoculation with cow-

pox material provides humans with immunity to smallpox. 
19. About 1880, Pasteur discovered that avirulent bacteria 

could be used as a vaccine fo r fowl cholera; he coined the 
word VIIC(inr. 

20. Modern vaccines are prepared from living avirulent microorgan-
isms or killed pathogens, from isolated components of pathogens, 
and by recombinant DNA techniques. 

The Birth of Modern Chemotherapy: 
Dreams of a "Magic Bullet" (pp.12-13) 
21. Chemotherapy is the chemical treatment of a disease. 
22. Two types of chemotherapeutic agents are synthetic drugs 

(chemically prepared in the laboratory) and antibiotics (sub-
stances produced naturally by bacteria and fungi to inhibit the 
growth of other microorganisms). 

23. Paul Ehrlich introduced an arsenic-containing chemical called sal-
varsan to treat syphilis (1910) . 

24. Alexander Fleming observed that the Penicillium fungus inhibited 
the growth of a bacterial culture. He named the active ingredient 
penicillin (1928) . 

25. Penicillin has been used clinically as an antibioti;; since the 
1940s. 

26. Researchers arc tackling the problem of drug-resistan t 
microbes. 
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Modern Developments in Microbiology (pp.13- 16) 
27. Bacteriology is the study of bacteria, mycology is the study of fungi, 

and parasitology is the study of parasitic protozoa and worms. 
28. Microbiologists arc using genomics, the study of all of an organ-

ism's genes, to classify bacteria, fungi, and protoma. 
29. The study of AIDS, analysis of the action of interferons, and the 

development of new vaccines are among the current research 
interests in immunology. 

30. New te;;hniques in molecular biology and ele;; tron microscopy 
have provided tools for advancing our knowledge of virology. 

31. The development of recombinant DNA technology has helped 
advance all areas of microbiology. 

Microbes and Human Welfare [pp.16-18) 

I. Microorganisms degrade dead plants and animals and recycle 
chemical elements to be used by living plants and animals. 

2. Bacteria are used to decompose organi;; matter in sewage. 
3. Bioremediation processes use bacteria to clean up toxic wastes. 
4. Bacteria that cause diseases in insects are being used as biological 

controls of insect pests. Biologi;;al controls are specific for the pest 
and do not harm the environment. 

5. Using microbes to make products such as foods and chemi;;als is 
called biotechnology. 

6. Using recombinant DNA, bacteria can produce important sub-
stances such as proteins, vac;;ines, and enzymes. 

7. In gene therapy, viruses are used to carry replacements for defec-
tive or missing genes into human cells. 

8. Geneti;;ally modified bacteria are used in agriculture to protect 
plants from frost and insects and to improve the shelf life of produce. 

Microbes and Human Disease [pp.18-21) 

I. Everyone haS microorganisms in and on the body; these make up 
the normal microbiota, or flora. 

2. The disease-produ;;ing properties of a species of microbe and the 
host's res istance are important facto rs in determining whether a 
person will contract a disease. 

3. Bacterial communities that form slimy layers on surfaces are called 
biofilms. 

4. An infectious disease is one in which pathogens invade a suscepti-
ble hos t. 

5. An emerging infectious disease (EIO) is a new or changing disease 
showing an increase in incidence in the recent past or a potential 
to increase in the near future. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
1. How did the idea of spontaneous generation come about? 

2. Briefly state the role mi<:roorganisms play in ea;;h of the following: 
a. biological wntrol of pests 
b. re;;ycling of elements 
c. normal microbiota 
d. sewage treatment 
e. human insulin produ;;tion 
f. va;;;;ine produ;;tion 
g. biofilms 
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3.lnto which field of microbiology would the following scientists 
best fit? 

Researcher Who Field 

•• Studies biooegradation of toxic wastes 1 . Biotechnology 
b. Studies the causative agent of 2. Immunology 

Ebola hemorrhagic fever 3. Microbial ecology ,. Studies the production of human 4. Microbial genetics 
proteins by bacteria 

5. Microbial physiology 
d. Studies the symptoms of AIDS 

6. Molecular biology 
•• Stud;es the production of toxin by E coli 

7. Mycology 
f. Studies the life cycle of 

Cryplospon'dium •• Virology 

g. Develops gene therapy for a disease 
h. Studies the fungus Candida almcans 

4. Match the microorganisms in column A to their descriptions in 
column B. 

Column A Column B 

•• Archaea 1. Not composed of cells 
b. Algae 2. Cell wall made of chit in 
,. Bacteria 3. Cell wall made of peptidoglycan 
d. Fungi 4. Cell wall made of cellulose; photosynthetic 

•• Helminths 5. Unicellular, complex cell structure lacking a 
f. Protozoa cell wall 

g. Viruses 6. Multicellular animals 
7. Prokaryote without peptidoglycan cell wall 

5. Match the people in column A to their contribution toward the 
advancement of microbiology, in column B. 

Column A 

•• Avery. Macleod, 
and McCarty 

b. Beadle and 
Ta tum 

,. Berg 
d. Ehrlich 

•• Fleming 
I. Hooke 
g. Iwanowski 
h. Jacob and 

Monod 
i. Jenner 
j. Koch , lance field 
I. Lederberg and 

Ta tum 
m. Lister 

". Pasteur 
o. Stanley 
p. 

Leeuwenhoek 
q. Virchow 
,. Weizmann 

Column B 

1. Developed vaccine against smallpox 
2. Discovered how DNA controls protein 

synthesis in a cell 
3. Discovered penicillin 
4. Discovered that DNA can be transferred 

from one bacterium to another 
5. Disproved spontaneous generation 
6. First to characterize a virus 
7. First to use disinfectants in surgical 

procedures 
8. First to observe bacteria 
9. First to observe cells in plant material 

and name them 
10. Observed that viruses are filterable 
11. Proved that DNA is the hereditary material 
12. Proved that microorganisms can cause 

disease 
13. Said living cells arise from preexisting 

living cells 
14. Showed that genes code for enzymes 
15. Spliced animal DNA to bacterial DNA 
16. Used bacteria to produce acetone 
17. Used the first synthetic 

chemotherapeutic agent 
18. Proposed a classification system for 

streptococci based on antigens in their 
cell walls 

6. The genus name of a bacterium is «erwinia," and the specific 
epi thet is «amylovora." Write the scientific name of this organism 
correctly. Using this name as an example, explain how scientific 
names are chosen. 

7. It is possible to purchase the following microorganisms in a retail 
store. Provide a reason for buying each. 
a. Bacillus thurillgiclIsis 
b. Sacciwromyccs 

8. DRAW IT Show where airborne microbes ended up in Pasteur's 
experiment. 

I 
r 

Multiple Choice 
I. Which of the following is a scientific name? 

a. Mycobacterium tuberculosis 
b. Tubercle bacillus 

2. Which of the following is IlOt a characteristic of bacteria? 
a. are prokaryotic 
b. have peptidoglycan cell walls 
c. have the same shape 
d. grow by binary fission 
e. have the ability to move 

3. Which of the following is the most important element of 
Koch's germ theory of disease? The animal shows disease 
symptoms when 
a. the animal has been in contact with a sick animal. 
b. the animal has a lowered resistance. 
c. a microorganism is observed in the animal. 
d. a microorganism is inoculated into the animal. 
e. microorganisms can be cultured from the animal. 

4. Recombinant DNA is 
a. DNA in bacteria. 
b. the study of how genes work. 
c. the DNA resulting when genes of two different organisms arc 

mixed. 
d. the use of bacteria in the production of foods . 
e. the production of proteins by genes. 

5. Which of the following statements is the best definition of 
biogenesis? 
a. Nonliving matter gives rise to living organisms. 
b. Living cells can only arise from preexisting cells. 
c. A vi tal force is necessary for life. 
d. Air is necessary for living organisms. 
e. Microorganisms can be generated from nonliving matter. 



6. Which of the following is a beneficial activity of microorganisms? 
a. Some microorganisms are used as food for humans. 
h. Some microorganisms use carbon dioxide. 
c. Some microorganisms provide nitrogen for plant growth. 
d .Some microorganisms are used in sewage treatment processes. 
e. all of the above 

7. It has been said that bacteria are essential for the existence of life 
on Earth. Which of the following would be the essential function 
performed by bacteria? 
a. control insect populations 
h. directly provide food for humans 
c. decompose organic material and recycle elements 
d. cause disease 
e. produce human growth hormones such as insulin 

8. Which of the following is an example of bioremediation? 
a. application of oil-degrading bacteria to an oil spill 
h. application of bacteria to a crop to prevent frost damage 
c. fixation of gaseous nitrogen into usable nitrogen 
d . production by bacteria of a human protein such as interferon 
e. all of the abolle 

9. Spallanzani's conclusion about spontaneous generation was chal-
lenged because Lavoisier had just shown that oxygen was the vital 
component of air. Which of the following statements is true! 
a. All life requires air. 
h. Only disease-causing o rganisms require ai r. 
c. Some microbes do not require air. 
d. Pasteur kept air out of his biogenesis experiments. 
e. Lavoisier was mistaken. 

10. Which of the following statements about E. coli is not true? 
a. E. coli was the first disease-causing bacterium identified 

by Koch. 
b. E. coli is parI of the normal microbiota of humans. 
c. E. coli is beneficial in human intestines. 
d. A disease-causing strain of E. coli causes bloody diarrhea. 
e. none of the above 
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Critical Thinking 
I . How did the theory o f biogenesis lead the way for the germ theory 

of disease? 
2. E\'en though the germ theory of disease was not demonstrated 

until 1876, why did Semmelweis ( 1840) and Lister ( 1867) argue 
for the use of aseptic techniques? 

3. Find at least three supermarket products made by microorgan-
isms. (Hillt: The label will state the scientific name of the organ-
ism or include the word (II/ture, fermented, or brewrd. ) 

4. People once belielled all microbial diseases would be controlled by 
the twenty-first century. Name one emerging infectious disease. 
List three reasons why we are identifying new dist'ases now. 

Clinical Applications 
I . The prevalence of arthritis in the United States is 1 in 100,000 

children. However, 1 in 10 children in Lyme, Connecticut, devel-
oped arthritis between June and September in 1973. Allen Steere, a 
rheumatologist at Yale University, investigated the cases in Lyme 
and found that 25% of the patients remembered hailing a skin 
rash during their arthritic episode and that the disease was trt'at-
able with penicillin. Sleere concluded that this was a new inft'c-
tious disease and did not have an environmental, genetic, or 
immunologic cause. 
a. What was the factor tha t caused Steert' to reach his conclusion? 
b. What is the disease? 
c. Why was the disease more prevalent between June and 

September! 
2. ln 1864, Lister observed that patients recovered completdy from 

simple fractures, but that compound fractures had 
He knew that the application of pht'nol (carbolic 

acid) to fields in the town of Carlisle prevented caltlt' disease. In 
1864, Lister trt'ated compound fractures with phenol, and his 
patients recovered without complications. How was Lister influ-
enced by Pasteur's work? Why was Koch's work still needed? 



Chemical Principles 

We can see a tree rot and smell milk going sour, but we might not realize what is happening 
on a microscopic level. In both cases, microbes are conducting chemical operations. The tree 
rots when microorganisms decompose the wood. Milk turns sour from the production of lactic 
acid by bacteria. Most of the activities of microorganisms are the result of a series of chemical 
reactions. 

like all organisms, microorganisms use nutrients to make chemical building blocks for growth 
and other functions essential to life. For most microorganisms, synthesizing these building 
blocks requires th em to break down nutrient substances and use the energy released to 

assemble the resulting molecular fragments into new substances. 

Th e chemistry of microbes is one of the most important concerns 
of microbiologists. Knowledge of chemistry is essential to 

understanding what roles microorganisms play in nature, how 
they cause disease, how methods for diagnosing disease are 
developed, how the body's defenses combat infection, and 
how antibiotics and vaccines are produced to combat the 
harmful effects of microbes. To understand the changes that 
occur in microorganisms and the changes microbes make in 
the world around us, we need to know how molecules are 

formed and how they interact. 

Q 
Salmonella release a regulatory molecule 
containing amino acids and phosphate that 
causes a human cell 's cytoskeleton to change 
shape, thereby allowing the bacterium to 
enter the cell. What type of chemical is this 
regulatory molecule? 
Look for the answer in the chapter. 



The Structure of Atoms 
LEARNING OBJECTIVE 

2-1 Describe the structure of an atom and its relation to the physical 
properties of elements_ 

All matter- whether air, rock, or a livi ng organism- is made up 
of small units called atoms. An atom is the smallest component of 
a pure substance that exhibits physical and chemical properties 
of that substance; an atom cannot be subdivided into smaller 
substances without losing its properties. Atoms interact with each 
other in certain combinations to form molecules. Living cells 
are made up of molecules, some of which are very complex. The 
science of the interaction between atoms and molecules is called 
chemistry. 

Atoms are the smallest units of matter that en ter into chemi -
cal reactions. Every atom has a centrally located nucleus 
and particles called electrons that move around the nucleus in 
patterns known as electronic configurations (Figure 2.1 ). The 
nuclei of most atoms are stable- that is, they do not change 
spontaneously- and nuclei do not participate in chemical reac-
tions. The nucleus is made up of positively (+) charged particles 
called protons and uncharged (neutral) particles called 
neutrons. The nucleus, therefore, bears a net positive charge. 
A charge is a property of some subatomic particles that produces 
an attractive or repulsive force between them; particles of oppo-
site charge attract each other, and particles of the same charge 
repel each other. Neutrons and protons have approximately the 
same weight, which is about 1840 times that of an electron. The 
charge on electrons is negative ( - ), and in all atoms the number 
of electrons is equal to the number of protons. Because the total 
positive charge of the nucleus equals the total negative charge of 
the electrons, each atom is electrically neutral. 

The number of protons in an atomic nucleus ranges from 
one (in a hydrogen atom) to more than 100 (in the largest atoms 
known). Atoms are often listed by their atomic number, the 
number of protons in the nucleus. The total number of protons 
and neutrons in an atom is its approximate atomic weight. 

Chemical Elements 
All atoms with the same number of protons behave the same way 
chemically and are classified as the same chemical element. 
Each element has its own name and a one- or two-letter symbol, 
usually derived from the English or Latin name for the element. 
For example, the symbol for the element hydrogen is H, and the 
symbol for carbon is C. The symbol for sodium is Na- the first 
two letters of its Latin name, natri1lm- to distinguish it from 
nitrogen, N, and from sulfur, S. There are 92 naturally occurring 
elements. However, only about 26 elements are commonly found 
in living things. Table 2.1 lists some of the chemical elements 
found in living organisms, including their atomic numbers 
and weights. The elements most abundant in living matter are 
hydrogen, carbon, nitrogen, and oxygen. 
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Electron shells 

• • 
• / 

" Electron (e-)------•• • 
Figure 2.1 The structure of an atom. In this simplified diagram 
of a carbon atom. note the central location of the nucleus. The nucleus 
contains six neutrons and six protons. although not all the protons are 
visible in this view. The six electrons move about the nucleus in regions 
cal led electron shel ls. shown here as circles. 

Q What is the atomic number of this atom? 

Most elemen ts have several isotopes- atoms with different 
numbers of neutrons in their nuclei. All isotopes of an element 
have the same number of protons in their nuclei, but their 
atomic weights differ because of the difference in the number of 
neutrons. For exam ple, in a natural sample of oxygen, all the 
atoms contain eight protons. However, 99.76% of the atoms 
have eight neutrons, 0.04% contain nine neutrons, and the 

Table 2.1 The Elements of Life· 

Atomic Approximate 
Element Symbol Number Atomic Weight 

Hydrogen H 1 1 

Carbon C 6 12 

Nitrogen N 7 .. 
Oxygen 0 8 16 

Sodium N, 11 23 

Magnesium Mg 12 " 
Phosphorus P 15 31 

Sulfur S 16 32 

Chlorine Cl 17 35 

Potassium K 19 39 

Calcium C, 20 40 

Iron F, 26 56 

Iodine 53 127 

"Hydrogen. carbon. nitrogen. and oxygen are the most abundant chemical 
elements in lIVIng organisms. 
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remammg 0.2% contain ten neutrons. Therefore, the three 
isotopes composing a natural sample of oxygen have atomic 
weights of 16, 17, and 18, although all will have the atomic 
number 8. Atomic numbers are written as a subscript to the left 
of an element's chemical symbol. Atomic weights are wri tten as 
a su perscript above the atomic number. Thus, natural oxygen 
isotopes are represented as and Isotopes of 
certain elements are ext remely useful in biological research, 
medical diagnosis, the treatment of some disorders, and some 
forms of sterilization. 

Electronic Configurations 
In an atom, electrons are arranged in electron shells, which are 
regions corresponding to different energy levels. The arrange-
ment is called an electronic configuration. Shells are layered out-
ward from the nucleus, and each shell can hold a characteristic 
maxim um number of electrons-two electrons in the innermost 
shell (lowest energy level), eight electrons in the second shell, and 
eight electrons in the third shell, if it is the atom's outermost 
(valence) shell. The fourth, fifth, and sixth electron shells can each 
accommodate 18 electrons, although there are some exceptions to 
this generalization. Table 2.2 shows the electronic configurations 
for atoms of some elements found in living organisms. 

The outermost shell tends to be filled with the maximum 
number of electrons. An atom can give up, accept, or share elec-
trons with other atoms to fill this shell. The chem ical properties 
of atoms are largely a function of the number of electrons in the 
outermost electron shell. When its outer shell is filled, the atom is 
chem ically stable, or inert: it does not tend to react with other 
atoms. Helium (atomic number 2) and neon (atomic number 10) 
are examples of atoms of inert gases whose outer shells are filled . 

When an atom's outer electron shell is only partially filled, the 
atom is chemically unstable. Such an atom reacts with other atoms, 
and this reaction depends, in part, on the degree to which the outer 
energy levels are filled. Notice the number of electrons in the outer 
energy levels of the atoms in Table 2.2. We will see later how the 
number correlates with the chemical reactivity of the elements. 

CHECK YOUR UNOERSTANOING 

..r How does l:e differ from lJe? What is the atomic number of 
each carbon atom? The atomic weight? 2-1 

How Atoms Form Molecules: 
Chemical Bonds 
LEARNING OBJECTIVE 
2-2 Define Ionic bond covalent bond hydrogen bond, molecular weight 

and mole. 

When the outermost energy level of an atom is not completely 
filled by electrons, you can think of it as having either unfilled 
spaces or extra electrons in that energy level, depending on 

whether it is easier for the atom to gain or lose electrons. For 
example, an atom of oxygen, with two electrons in the firs t energy 
level and six in the second, has two unfilled spaces in the second 
electron shell; an atom of magnesium has two extra electrons in its 
outermost shell. The most chemically stable configuration for any 
atom is to have its outermost shell filled, as do the inert gases. 
Therefore, for these two atoms to attain that state, oxygen must 
gain two electrons, and magnesium must lose two electrons. All 
atoms tend to combine so that the extra electrons in the outermost 
shell of one atom fill the spaces of the outermost shell of the other 
atom; for example, oxygen and magnesium combine so that the 
outermost shell of each atom has the full complement of eight 
electrons. 

The valence. or combining capacity, of an atom is the num-
ber of extra or missing electrons in its outermost electron shell. 
For example, hydrogen has a valence of I (one unfilled space, or 
one extra electron), oxygen has a valence of 2 (two unfilled 
spaces), carbon has a valence of 4 (four unfilled spaces, or four 
extra electrons), and magnesium has a valence of 2 (two extra 
elect rons). 

Basically, atoms achieve the full complement of electrons in 
their outermost energy shells by combin ing to form molecules, 
which are made up of atoms of one or more elements. A mole-
cule that contains at least two different kinds of atoms, such as 
H 20 (the water molecule), is called a compound. In H20, the 
subscript 2 indicates that there are two atoms of hydrogen; the 
absence of a subscript indicates that there is o nly one atom of 
oxygen . Molecules hold together because the valence electrons of 
the combining atoms form attractive forces, called chemical 
bonds, between the atomic nuclei. T herefore, valence may also 
be viewed as the bonding capacity of an element. Because ener-
gy is required for chemical bond formation, each chemical bond 
possesses a certain amount of potential chemical energy. 

In general, a toms form bonds in one of two ways: by either 
gaining or losing electrons from their outer electron shell, or by 
sharing outer electrons. When atoms have gained or lost outer 
electrons, the chemical bond is called an ionic bond. When outer 
electrons are shared, the bond is called a covalent bond. 
Although we will d iscuss ionic and covalent bonds separately, the 
kinds of bonds actually found in molecules do not belong entire-
ly to either category. Ins tead, bonds range from the highly ionic 
to the highly covalent. 

Ionic Bonds 
Atoms are electrically neutral when the number of positive charges 
(protons) equals the number of negative charges (electrons) . But 
when an isolated atom gains or loses electrons, this balance is upset. If 
the atom gains electrons, it acquires an overall negative charge; if the 
atom loses electrons, it acquires an overall positive charge. Such a neg-
atively or positively charged atom (or group of atoms) is called an ion. 

Consider the following examples. Sodium (Na) has II protons 
and II electrons, with one electron in its outer electron shell. 
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Table 2.2 Electronic Configurations for the Atoms of Some Elements Found in living Organisms 

Number 
Flnt Second Third of Valence Number Maximum 
Electron Electron Electron (Outennost) of Unfilled Number of 

Element Shell (2)" Shell (8)" Shell (8)" Diegram Shell Electrons Space. Bond. Fonned 

• 
Hydrogen I I I I 

0 

o • •• 
Carbon 2 4 • .- 0 4 

0 • 
• 0 

Nitrogen 2 5 5 3 5 

Oxygen 2 6 6 2 2 

Magnesium 2 8 2 2 6 2 

•• •• •• 
Phosphorus 2 8 5 •• .0 5 3 5 o. • • 

•• • 0 

Sulfur 2 8 6 6 2 6 

"Numbers In parentheses Indicate the maximum number of electrons in their respective shells. 
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Sodium atom 
(electron donor) 

Loss of 
electron 

Sodium ion 
(Na+) 

•• •• •• -
.. 

•• • • •• o. •• •• II • • •• • • 
•• •• 

Chlorine atom 
(electron acceptor) 

• • • • 
Chloride ion 

(Cr-) 

• • •• 

(a) A sodium atom (Na) loses one electron to an electron acceptor and forms a sodium ion (Na+). A chlorine 
atom (CI) accepts one electron from an electron donor to become a chloride ion (CI). 

- •• •• •• 
•• • • • • 

+ •• •• •• _--+. •• • • • • •• 
•• •• 

Chloride ion 
(CI) , 

• • • • 
Sodium chloride molecule 

• NaCI 
, 

(b) The sodium and chloride ions are attracted because of their opposite charges and are held together by 
an ionic bond to form a molecule 01 sodium chloride. 

Figure 2.2 Ionic bond formation. 

Q What is an ionic bond? 

Sodium tends to lose the single outer electron; it is an electron 
donor (Figure 2.2a). When sodium donates an electron to another 
atom, it is left with II protons and only iO electrons and so has an 
overall charge of + I. This positively charged sodium atom is called 
a sodium ion and is written as Na +. Chlorine (Cl) has a total of 
17 electrons, seven of them in the outer electron shelL Because 
this outer shell can hold eight electrons, chlorine tends to pick 
up an electron that has been lost by another atom; it is an 
electron acceptor (see Figure 2.2a). By accepting an electron, 
chlorine totals 18 electrons. However, it still has only 17 protons in 
its nucleus. The chloride ion therefore has a charge of - I and is 
written as Cl- . 

The opposite charges of the sodium ion (Na +) and chloride 
ion (Cl - ) attract each other. The attraction, an ionic bond, holds 
the two atoms together, and a molecule is formed (Figure 2.2b). 
The formation of this molecule, called sodium chloride (NaCl) 
or table salt, is a common example of ionic bonding. Thus, an 
ionic bond is an attraction between ions of opposite charge that 
holds them together to form a stable molecule. Put another way, 
an ionic bond is an attraction between atoms in which one atom 
loses electrons and another atom gains electrons. Strong ionic 
bonds, such as those that hold Na + and Cl - together in salt crys-
tals, have limited importance in living cells. But the weaker ionic 

bonds formed in aqueous (water) solutions are important in 
biochemical reactions in microbes and other organisms. For 
example, weaker ionic bonds assume a role in certain 
antigen- antibody reactions-that is, reactions in which mole-
cules produced by the immune system (antibodies) combine 
with foreign substances (antigens) to combat infection . 

In general, an atom whose outer electron shell is less than half-
filled will lose electrons and form positively charged ions, called 
cations. Examples of cations are the potassium ion (K+) , calcium 
ion (CaH ), and sodium ion (Na +) . When an atom's outer elec-
tron shell is more than half-filled, the atom will gain electrons and 
form negatively charged ions, called anions. Examples are the 
iodide ion (1 - ), chloride ion (Cl - ), and sulfide ion (52- ). 

Covalent Bonds 
A covalent bond is a chemical bond formed by two atoms shar-
ing one o r more pairs of electrons. Covalent bonds are stronger 
and far more common in organisms than are true ionic bonds. 
In the hydrogen molecule, H2, two hydrogen atoms share a pair 
of electrons. Each hydrogen atom has its own electron plus one 
electron from the other atom (Figure 2.3a ). The shared pair of 
electrons actually orbits the nuclei of both atoms. Therefore, 
the outer electron shells of both atoms are filled. Atoms that 
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Diagram 01 Atomic Structure Structural Formula Molecular Formula 

+ • •• H- H H, 

Hydrogen atom Hydrogen atom Hydrogen molecule 
(8) A Single covalent bond between two hydrogen aloms 

/ : • H 
I • • + • •• H- C - H CH, 
I • • H 

• 
Carbon alom 

Hydrogen atoms Methane molecule 
(b) Single covalent bonds between four hydrogen atoms and a carbon atom. forming a methane molecule 

Figure 2 .3 Covalent bond formation. On the right are simpler ways to represent molecules. In 
structural formulas. each covalent bond IS wntten as a strnlght line betweeo the symbols for two 
atoms. In molecular formulas. the number of atoms in each molecule IS noted by subscripts. 

Q What is a covalent bond? 

share only one pair of electrons form a sil/gle covale,u bo,ul. For 
simplicity, a single covalent bond is expressed as a single line 
between the atoms (H- H ). Atoms that share two pairs of elec-
trons form a double coyalellt bond, expressed as two single lines 
(=). A triple coyalcnt boud, expressed as three single lines (=), 
occurs when atoms share th ree pairs of electrons. 

The principles of covalent bonding that apply to atoms of the 
same element also apply to atoms of different elements. Methane 
(CH4l is an example of covalent bonding between atoms of dif-
ferent clements (Figure 2.3b). The outer electron shell of the car-
bon atom can hold eight electrons bUI has only four; each hydro-
gen atom can hold two electrons bu t has only one. Consequently, 
in the methane molecule the carbon atom gains four hydrogen 
electrons 10 complete its outer shell, and each hydrogen atom 
completes its pair by sharing one electron from the carbon atom. 
Each outer electron of the carbon alom orbits both the carbon 
nucleus and a hyd rogen nucleus. Each hydrogen electron orbi ts 
both its own nucleus and the carbon nucleus. 

Elements such as hydrogen and carbon, whose outer electron 
shells arc half· filled , form covalent bonds quite easily. In fac t, in 
living organisms, carbon almost always forms covalent bonds; it 
almost never becomes an ion. Remember: Covalent bonds are 
formed by the sitarillg of electrons between atoms. Ionic bonds 
arc formed by attraction between atoms that have lost or gained 
electrons and arc therefore positively or negatively charged. 

Hydrogen Bonds 
Another chemical bond of special importance to all organisms is 
the hyd rogen bond. in which a hydrogen atom that is covalently 
bonded to one oxygen or nitrogen atom is attracted to another 
oxygen or ni trogen atom. Such bonds are weak and do not bi nd 
atoms into molecules. However, they do serve as bridges between 
differen t molecules or between various portions of the same 
molecule. 

When hydrogen combines with atoms of oxygen o r ni trogen, 
the relat ively large nucleus of these larger oxygen o r nit rogen 
atoms has more protons and att racts the hydrogen electron more 
st rongly than does the small hydrogen nucleus. Thus, in a mole· 
cule of water (H20). all the electrons tend to be closer to the oxy· 
gen nucleus than 10 the hydrogen nuclei. As a result. the oxygen 
portion of the molecule has a slightly negative charge, and the 
hydrogen portion of the molecule has a slightly positive charge 
(Figure 2.4a). When the positively charged end of one molecule is 
attracted to the negatively charged end of another molecule, a 
hydrogen bond is fo rmed (Figure 2.4b). This attraction can also 
occur between hydrogen and other atoms of the same molecule, 
especially in large molecules. Oxygen and nitrogen arc the ele· 
ments most freque ntly involved in hydrogen bonding. 

Hydrogen bonds arc considerably weaker than either ionic 
or covalent bonds; they have only about 5% of the st rengt h of 
covalent bonds. Consequent ly. hydrogen bonds arc formed and 
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bond 

• 
(.) (b) 

Figure 2.4 Hydrogen bond formation in water. (a) In a water 
molecule. the electrons of the hydrogen atoms are strongly attracted to 
the oxygen atom. Therefore. the part of the water molecule containing the 
oxygen atom has a slightly negative charge, and the part containmg 
hydrogen atoms has a slightly positive charge. (b) In a hydrogen bond 
between water molecules. the hydrogen of one water molecule is attracted 
to the oxygen of another water molecule. Many water molecules may be 
attracted to each other by hydrogen bonds (black dots) . 

Q Which chemical elements are usually involved in hydrogen 
bonding? 

broken relatively easily. This property accounts for the tempo-
rary bonding that occurs between certain atoms of large and 
complex molecules, such as proteins and nucleic acids. Even 
though hydrogen bonds are relatively weak, large molecules 
containing several hundred of these bonds have considerable 
strength and stability. 

Molecular Weight and Moles 
You have seen that bond formation results in the creation of 
molecules. Molecules are often discussed in terms of units of 
measure called molecular weight and moles. The molecular 
weight of a molecule is the sum of the atomic weights of all its 
atoms. To relate the molecular level to the laboratory level, we 
use a unit called the mole. One mole of a substance is its molec-
ular weight expressed in grams. For example, I mole of water 
weighs 18 grams because the molecular weight of H20 is 18, or 
[(2 X I ) + (61. 

CHECK YOUR UNDERSTANDING 

..{" Differentiate an ionic bond from a covalent bond. 2-2 

Chemical Reactions 
LEARNING OBJECTIVE 
2-3 Diagram three basic types of chemical reactions. 

As we said earlier, chemical reactions involve the making or 
breaking of bonds between atoms. After a chemical reaction, 
the total number of atoms remains the same, but there are new 
molecules wi th new properties because the atoms have been 
rearranged. 

Energy in Chemical Reactions 
Some change of energy occurs whenever bonds between atoms 
are fo rmed or broken during chemical reactions. This energy is 
called chemical energy. All chemical bonds require energy 
when they are broken and release chemical energy when they are 
formed. A chemical reaction that absorbs more energy than it 
releases is called an endergonic reaction (elldo = within), 
meaning that energy is directed inward. A chemical reaction 
that releases more energy than it absorbs is called an exergonic 
reaction (exo = out), meaning that energy is directed outward. 

In this section we will look at three basic types of chemical 
reactions common to all living cells. By becoming familiar with 
these reactions, you will be able to understand the specific chem-
ical reactions we will discuss later, particularly in Chapter 5. 

Synthesis Reactions 
When two or more atoms, ions, or molecules combine to form 
new and larger molecules, the reaction is called a synthesis 
reaction. To synthesize means to put together, and a synthesis 
reaction forms new bonds. Synthesis reactions can be expressed 
in the following way: 

A + B 
Atom, ion, Atom, ion, 

or molecule A or molecule B 

Combine 
to form 

AB 
New molecule 

AB 

The combining substances, A and B, are called the reactants; 
the substance formed by the combinat ion, AB, is the product. The 
arrow indicates the direction in which the reaction proceeds. 

Pathways of synthesis reactions in living organisms are 
collectively called anabolic reactions, or simply anabolism (an -
ab' o -lizm). The combining of sugar molecules to form starch and 
of amino acids to form proteins are two examples of anabolism. 

Decomposition Reactions 
The reverse of a synthesis reaction is a decomposition reaction. 
To decompose means to break down into smaller parts, and in a 
decomposition reaction bonds are broken. Typically, decomposi-
tion reactions split large molecules into smaller molecules, ions, 
or atoms. A decomposition reaction occu rs in the following way: 

AB 
Molecule AB 

Breaks 
down into 

A 
Atom, ion, 

or molecule A 

+ B 
Atom, ion, 

or molecule B 

Decomposition react ions that occur in living organisms are 
collectively called catabolic reactions, or simply catabolism (ka-
tab'o -lizm ). An example of catabol ism is the breakdown of 
sucrose ( table sugar) into sim pler sugars, glucose and fructose, 
during digestion . Bacterial decomposition of petroleum is dis-
cussed in the box on the facing page. 



Bioremediation-Bacteria Clean Up Pollution 
Although many bacteria have 
dietary requirements similar 10 ours-
that's why they cause food spoilage-others 
metabohze (or chemically process) sub-
stances thaI are toxic to most plants and 
animals: heavy metals, sulfur, nitrogen gas, 
petroleum, and mercury. 

Bacteria that can degrade many pollu-
tants are naturally present in soil and waler 
but in such small numbers that they cannot 
deal with large-scale contamination effi-
ciently. Scientists are now working to 
improve the efficiency of natural pollution 
fighters. Using bacteria to degrade pollu-
tants is called bioremediation. 

One of the most promising successes for 
bioremediation occurred on an Alaskan 
beach following the Exxon Valdez oil spill. 
Several naturally occurring Pseudomonas 
bacteria are able to degrade oil for their 
carbon and energy requirements. In the 
presence of air, they remove two carbon 
atoms at a time from a large petroleum 
molecule (see the figure). 

The bacteria degrade the oil too slowly 
to clean up an oil spill. However, scientists 

hit on a very simple way to speed up the 
process-with no need for recombinant 
DNA They simply dumped ordinary nitrogen 
and phosphorus plant fenilizers (bioen-
hancers) onto a test beach. The number of 
oil-degrading bacteria increased compared 
with that on unfertilized control beaches, 
and oil was quickly cleared from the test 
beach. 

Another group 01 bacteria is being 
investigated for its ability to clean up mercury 
contamination. Mercury is present in such 
common substances as discarded paint and 
fluorescent bulbs and can leach into soil 
and water from garbage dumps. Desulfovibrio 
desulfuricans bacteria actually make the mer-
cury more dangerous by adding a methyl 
group. convening it into highly tOlCic methyl 
mercury. Methyl mercury in ponds or marshes 
sticks to smal1 organisms such as plankton, 
which are eaten by larger organisms, which in 
tum are eaten by fish. Fish and human poi-
sonings have been attributed to the ingestioo 
of methyl mercury. 

However. other bacteria. such as species 
of Pseudomonas, may offer the solution. To 

Typical saturated hydrocarbon lound in petroleum Two-carbon unit can 
be metabolized in cell 

Exchange Reactions 
AB +CD 

avoid mercury poisoning, these bacteria first 
convert methyl mercury to mercuric ion: 

CHlHg - CH. + Hg2+ 
Methyl Methane Mercuric: 
mercul)l ion 

Many bacteria can then convert the 
positively charged mercuric ion to the rela-
tively harmless elemental form by adding 
electrons, which they take from hydrogen 
atoms: 

HgH + 2H - Hg 
Mercuric Hydrogen Elemental 

Ion atoms mercul)I 

+ H' 
Hydrogen 

ions 

Unlike some forms of environmental 
cleanup. in which dangerous substances are 
removed from one place only to be dumped 
in another. bacterial cleanup eliminates the 
toxic substance and often returns a harm-
less or useful substance to the environmenl 

Recombine 
to form 

AD + BC All chemical reactions are based on synthesis and decomposi-
tion. Many reactions. such as exchange reactions, are actually 
part synthesis and part decomposition. An exchange reactio n 
works in the follow ing way: 

First , the bonds between A and B and between C and 0 are 
broken in a decomposition process. New bonds arc then form ed 
between A and D and between Band C in a synthesi s process. For 

33 
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example, an exchange reaction occurs when sodium hydroxide 
(NaOH ) and hydrochloric acid (HCI) react to form table salt 
(NaCI) and water (H 20 ), as follows: 

NaOH + NaCi + H20 

The Reversibility of Chemical Reactions 
All chemical reactions are, in theory, reversible; that is, they can 
occur in either direction. In p ractice, however, some reactions do 
this more easily than others. A chemical reaction that is readily 
reversible (when the end product can revert to the original mol-
ecules) is termed a reversible reaction and is indicated by two 
arrows, as shown here: 

Combines to form 
A + B AB 

Breaks down into 

Some reversible reactions occur because nei ther the reactants 
nor the end prod ucts are very stable. Other reactions reverse only 
under special conditions: 

Heat 
A+B AB 

Waler 

Whatever is written above or below the arrows indicates 
the special condition under which the reaction in that direc-
tion occurs . In th is case, A and B react to produce AB only 
when heat is applied, and AB breaks down into A and B only 
in the presence of water. See Figure 2.8 on page 39 for another 
example . 

In Chapter 5 we will examine the various factors that affect 
chemical reactions. 

CHECK YOUR UNOERSTANOING 

..r This chemical reaction below is used to remove chlorine from 
water. What type of reaction is it? 2-3 

IMPORTANT BIOLOGICAL MOLECULES 
Biologists and chemists divide compounds into two principal 
classes: inorganic and organic. Inorganic compounds are 
defined as molecules, usually small and structurally simple, 
which typically lack carbon and in which ionic bonds may play 
an important role. Inorganic compounds include water, molecu-
lar oxygen (0 2) ' carbon dioxide, and many salts, acids, and bases. 

Organic compounds always con tain carbon and hydrogen 
and typically are structurally complex. Carbon is a unique 
element because it has four electrons in its outer shell and four 
unfi lled spaces. It can combine with a variety of atoms, includ -
ing other carbon atoms, to form straight or branched chains 
and rings. Carbon chains form the basis of many organic 
compounds in living cells, including sugars, amino acids, and 
vitamins. O rganic compounds are held together mostly or 
entirely by covalent bonds. Some o rganic molecules, such as 
polysaccharides, proteins, and nucleic acids, are very large and 
usually contain thousands of atoms. Such giant molecules are 
called macromolecules. In the following section we will discuss 
inorganic and organic compounds that are essential for cells. 

Inorganic Compounds 
LEARNING OBJECTIVES 
2-4 List several properties of water that are important to livlllg systems. 
2-5 Define aCid, base. salt. and pH. 

Water 
All living organisms require a wide variety o f inorganic com-
pounds for growth, repair, maintenance, and reproduct ion. Water 
is one of the most important, as well as one of the most abundant, 
of these compounds, and it is particularly vital to microorgan-
isms. Outside the cell, nutrients are dissolved in waler, which 
facilitates their passage through cell membranes. And inside the 
cell, water is the medium for most chemical reactions. In fact, 
water is by far the most abundant component of almost all living 
cells. Water makes up at least 5- 95% of every cell, on average 
between 65% and 75%. Simply stated, no organism can survive 
without water. 

Water has structural and chemical properties that make it 
particu larly suitable for its role in living cells. As we discussed, 
the total charge on the water molecule is neutral, but the oxy-
gen region of the molecule has a slightly negative charge, and 
the hydrogen region has a slightly positive charge (see Figure 
2.4a). Any molecule having such an unequal distribution of 
charges is called a polar molecule. The polar nature of water 
gives it four characteristics thai make it a useful med ium for 
living cells. 

First, every water molecule is capable of forming four 
hydrogen bonds with nearby waler molecules (see Figure 2.4b). 



This property results in a strong attraction between water mole-
cules. Because of this strong attraction, a great deal of heat is 
required to separate water molecules from each other to form 
water vapor; thus, water has a relatively high boiling point (100°C). 
Because water has such a high boiling point, it exists in the liquid 
state on most of the Earth's surface. Furthermore, the hydrogen 
bonding between water molecules affects the density of water, 
depending on whether it occurs as ice or a liquid. For example, the 
hydrogen bonds in the crystalline structure of water (ice) make ice 
take up more space. As a result, ice has fewer molecules than an 
equal volume of liquid water. This makes its crystall ine structure 
less dense than liquid water. For this reason, ice floats and can serve 
as an insulating layer on the surfaces of lakes and streams that har-
bor living organisms. 

Second, the polarity of water makes it an excellent dissolv-
ing medium, or solvent. Many polar substances undergo 
dissociation, or separation, into individual molecules in 
water- that is, they dissolve. The negative pa rt of the water 
molecules is attracted to the positive part of the molecules in 
the solute. or d issolving substance, and the positive part o f the 
water molecules is attracted to the negative part of the solute 
molecules. Substances (such as salts) that are composed of 
atoms (or groups of atoms) held together by io nic bonds tend 
to dissociate into separate cations and anions in water. Thus, 
the polarity of water allows molecules of many different sub-
stances to separa te and become surrounded by water molecules 
(Figure 2.5). 

Third, polarity accounts for water's characteristic role as a 
reactant or product in many chemical reactions. Its polarity facil-
itates the splitting and rejoining o f hydrogen ions (H +) and 
hydroxide ions (OH-). Water is a key reactant in the digestive 
processes of o rganisms, whereby larger molecules are broken 
down into smaller ones. Water molecules are also involved in syn-
thetic reactions; water is an important source of the hydrogen and 
oxygen that are incorporated into numerous organic compounds 
in living cells. 

Finally, the relatively strong hydrogen bonding between water 
molecules (see Figure 2.4b) makes water an excellent tempera-
ture buffer. Compared with many other substances, a given 
quanti ty of water requires a great gain of heat to increase its tem-
perature and a great loss of heat to decrease its temperature. 
Normally, heat absorption by molecules increases their kinet ic 
energy and thus increases their rate of motion and their reactiv-
ity. In water, however, heat absorption first breaks hydrogen 
bonds rather than increasing the rate of motion. Therefore, 
much more heat must be applied to raise the temperature of 
water than to raise the temperature of a non- hydrogen-bonded 
liquid . The reverse is true as water cools. Thus, water more easi-
ly maintains a constant temperature tha n other solvents and 
tends to protect a cell from fluctuat ions in environmental tem-
peratures. 
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Sodium chloride crystal 

(II) Sodium ion 
dissolved in waler 

(b) Chloride ion 
dissolved in water 

Chloride ion 

• Sodium ion 

• Oxygen 

Hydrogen 

Figure 2.5 How water acts as a solvent for sodium chloride 
(NaCI). (a) The positively charged sodium ion (Na+) IS attracted to the 
negative part of the water molecule. (b) The negatively charged chloride 
ion (CI-) IS attracted to the positive part of the water molecule. In the 
presence of water molecules. the bonds between the Na+ and CI- are 
disrupted, and the NaCI dissolves in the water. 

Q What happens during ionization? 

Acids, Bases, and Salts 
As we saw in Figure 2.5, when inorganic salts such as sodium 
chloride (NaCl) are d issolved in water, they undergo ionization 
or dissociation; that is, they break apart into ions. Substances 
called acids and bases show similar behavior. 

An acid can be defined as a substance that dissociates into one 
or more hydrogen ions (H+) and one or more negative ions 
(anions). Thus, an acid can also be defined as a proton (H+) 
donor. A base dissociates into one or more positive ions (cations) 
plus one or more negatively charged hydroxide ions (OH-) that 
can accept, or combine with, protons. Thus, sodium hydroxide 
(NaOH) is a base because it dissociates to release OH -, which has 
a strong attraction for protons and is among the most important 
proton acceptors. A salt is a substance that dissociates in water into 
cations and an ions, neither of wh ich is H+ or OH-. Figure 2.6 
shows common examples of each type of compound and how they 
dissociate in water. 

Acid-Base Balance: The Concept of pH 
An organism must maintain a fairly constant balance of acids and 
bases to remain healthy. For example, if a particular acid or base 
concentration is too high or too low, enzymes change in shape 
and no longer effectively promote chemical reactions in a cell. In 
the aqueous environment within organisms, acids dissociate into 
hydrogen ions (H+) and anions. Bases, in contrast, dissociate 
into hydroxide ions (OH-) and cations. The more hydrogen ions 
that are free in a solution, the more acid ic the solution is. 
Conversely, the more hydroxide ions that are free in a solution, the 
more basic, or alkaline, it is. 
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Hel NaOH NaCI 

(a) Acid (b) Base (c) Sail 

Figure 2.6 Acids, bases, and salts. Cal In water, hydrochloric acid 
(HCI) dissociates into H-l- and CI- (b) Sodium hydroxide (NaOH). a base. 
dissociates into OH- and Na - in water. (e) In water. table salt (NaCI) 
dissociates into positive ions (Na -l-) and negative ions (CI-). neither of 
which are H-l- orOH- . 

Q How do acids and bases differ? 

Hiochemical reactions-that is, chemical reactions in living 
systems-are extremely sensitive to even small changes in the acid-
ity or alkalinity of the environments in which they occur. In fact, 
H -l- and OH - are involved in almost all biochemical processes, and 
any deviation from a cell's narrow band of normal H+ and OH -
concentrations can dramatically modify the cell's functions. For 
this reason, the acids and bases that are continually formed in an 
organism must be kept in balance. 

[t is convenient to express the amount of H+ in a solution by 
a logarithmic pH scale, which ranges from 0 to 14 (Figure 2.7 ). 
The term pH means potential of hydrogen. On a logarithmic 
scale, a change of one whole number represents a tenfold change 
from the previous concentration. Thus, a solution of pH [ has 
ten times more hydrogen ions than a solution of pH 2 and has 
100 times more hydrogen ions than a solution of pH 3. 

A solution's pH is calcu[ated as - loglO] H +], the negative log-
arithm to the base 10 of the hydrogen ion concentration (denot-
ed by brackets), determined in moles per liter [H+]. For exam-
pie, if the H+ concentration of a solution is 1.0 X 10- 4 

moles/liter, or 10- 4, its pH equals -log\OIO- 4 = - (-4) = 4; this 
is about the pH value of wine (see Appendix BJ. The pH values 
of some human body fluids and other common substances are 
also shown in Figure 2.7. In the laboratory, you will usu-
ally measure the pH of a solution with a pH meter or with chem-
ical test papers. 

Acidic solutions contain more H+ than OH - and have a pH 
lower than 7. If a solution has more OH - than H+, it is a basic, 
or alkaline, solution. [n pure water, a small percentage of the 
molecules are dissociated into H+ and OH- , so it has a pH of7. 
Because the concentrations of H+ and OH - are equal, this pH is 
said to be the pH of a neutral solution. 

Acidic solution 

Neutral solution 

Basic solution 

Figure 2.7 The pH scale. 

pH scale 

o 

1 
Stomach acid 

2 l emon juice 

3 Grapefruil juice 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Wine 
Tomato juice 

Urine 

Milk 
Pure water 
Human blood 

Seawater 

Milk of magnesia 

Household ammonia 

Household bleach 

Oven cleaner 
limewater 

As pH values decrease from 14 to O. the H-l- concentration increases. 
Thus. the lower the pH. the more acidic the solution: the higher the pH. 
the more basic the solution. If the pH value of a solution is below 7. the 
solution is acidic: if the pH is above 7. the solution is basic (alkaline). 
The approximate pH values of some human body fiuids and common 
substances are shown next to the pH scale. 

Q At what pH are the concenlr.llions of H-l- and OH- equal? 

Keep in mind that the pH of a solution can be changed. We 
can increase its acidity by adding substances that will increase the 
concentration of hydrogen ions. As a living organism takes up 
nutrients, carries out chemical reactions, and excretes wastes, its 
balance of acids and bases tends to change, and the pH fluctuates. 
Fortunately, organisms possess natural pH buffers, compounds 
that help keep the pH from changing drastically. But the pH in 
our environment's water and soil can be altered by waste products 
from organisms, pollutants from industry, or fertilizers used in 
agricultural fie lds or gardens. When bacteria are grown in a labo-
ratory medium, they excrete waste products such as acids that can 
alter the pH of the medium. If this effect were to continue, the 
medium would become acidic enough to inhibit bacterial 



enzymes and kill the bacteria. To prevent this problem, pH buffers 
are added to the culture medium . One very effective pH buffer for 
some culture media uses a mixture of K2HP04 and KH2P04 (see 
Table 6.3, page 166). 

Different microbes func tion best within different pH ranges, 
but most organ isms grow best in environments with a pH value 
between 6.5 and 8.5 . Among microbes, fungi arc best able to 
tolerate acidic conditions, whereas the prokaryotes called cyano-
bacteria tend to do well in alkaline habitats. Propionibacterium 
ames (pro-pe-on-e-bak-ti're-um ak'ncr), a bacterium that causes 
acne, has as its natural environment human skin, which tends 
to be slightly acidic, with a pH of about 4. Thiobacilills ferrooxi -
dans (thi-o-ba-sil'lus fer-ro-oks'i -danz) is a bacterium that 
metabolizes elemental sulfur and produces sulfuric acid 
(H 2S0 4 ) , Its pH range for optimum growth is from 1 to 3.5. The 
sulfuric acid produced by this bacterium in mine water is impor-
tant in dissolving uranium and copper from low-grade ore (see 
Chapter 28). 

CHECK YOUR UNOERSTANOING 

..r Why is the polarity of a water molecule important? 2-4 

..r Antacids neutralize acid by the following reaction. 
Mg{OHh + 2HCI ...... MgCI2 + H20 
Identify the acid, base, and salt. 2-5 

Organic Compounds 
LEARNING OBJECTIVES 
2-6 Distmguish organic and inorganic compounds. 
2-7 Define functional group. 

2-8 Identify the buildmg blocks of carbohydrates. 
2-9 Differentiate Simple lipids, complex lipids. and steroids. 
2-10 Identify the bUilding blocks and structure of proteins. 
2-11 Identify the bUilding blocks of nucleic acids. 
2-12 Describe the role of ATP in cellular activities. 

Inorganic compounds, exclud ing water, constitute about 1- 1.5% 
of living cells. These relatively simple components, whose 
molecules have only a few atoms, cannot be used by cells to 
perform complex biological funct ions. Organic molecules, 
whose carbon atoms can combine in an enormous variety of 
ways with other carbon atoms and with atoms of other elements, 
are relatively complex and thus are capable of more complex 
biological funct ions. 

Structure and Chemistry 
In the formation of organic molecules, carbon's four outer elec-
trons can participate in up to four covalent bonds, and carbon 
atoms can bond to each other to form straight-chain, branched-
chain, or ring structures. 
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In addition to carbon, the most common elements in organic 
compounds are hydrogen (which can form one bond), oxygen 
(two bonds), and nitrogen (three bonds) . Sulfur (two bonds) and 
phosphorus (five bonds) appear less often. Other elements 
are found, but only in a relatively few organic compounds. The 
elements that are most abundant in living organisms are the 
same as those that are most abundant in organic compounds 
(see Table 2.1) . 

The chain of carbon atoms in an organic molecule is called the 
carbon skeleton; a huge number of combinations is possible for 
carbon skeletons. Most of these carbons are bonded to hydrogen 
atoms. The bonding of other elements with carbon and hydrogen 
forms characteristic functional groups, specific groups of atoms 
that are most commonly involved in chemical reactions and are 
responsible for most of the characteristic chemical properties and 
many of the physical properties of a particular organic compound 
(Table 2.3). 

Different functional groups confer different properties on 
organic molecules. For example, the hydroxyl group of alcohols 
is hydrophilic (water-loving) and thus attracts water molecules 
to it. This attraction helps dissolve organic molecules containing 
hydroxyl groups. Because the carboxyl group is a source of 
hydrogen ions, molecules containing it have acid ic properties. 
Amino groups, by contrast, function as bases because they read-
ily accept hydrogen ions. The sulfhydryl group helps stabilize the 
intricate structure of many proteins. 

Functional groups help us classify organic compounds. For 
example, the - OH group is present in each of the fo llowing 
molecules: 

H 
I 

H-C-OH 
I 
H 

H H 
I I 

H-C-C-OH 
I I 
H H 

Methanol Ethanol 

H H H 
I I I 

H-C-C-C-H 
I I I 
H OH H 
Isopropanol 

Because the characteristic reactivity of the molecules is based 
on the -OH group, they are grouped together in a class called 
alcohols. The -OH group is called the hydroxyl group and is not 
to be confused with the hydroxide iotl (OH - ) of bases. The 
hydroxyl group of alcohols does not ionize at neutral pH; it is 
covalently bonded to a carbon atom. 

When a class of compounds is characterized by a certain 
functional group, the letter R can be used to stand for the 
remainder of the molecule. For example, alcohols in general may 
be written R- OH. 
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Table 2.3 

Structure 

R- D-H 

o 
II 

R-C-R 

H 
I 

R- C- H 

H 
I 

R- C- NH2 

H H 
I I 

Representative Functional Groups 
and the Compounds in Which 
They Are Found 

Name of 

Alcohol 

Aldehyde' 

Ketone" 

Methyl 

Amino 

Ester 

Biological 
Importaooe 

Lipids. 
carbohydates 

Reducing sugars 
such as glucose: 
polysaccharides 

Metabolic 
intermediates 

DNA: energy 
metabolism 

Proteins 

Bacterial and 
eukaryotic plasma 
membranes 

R-C-O-C-R' Ether Archaeal plasma 
membranes I I 

H H 

H 
I 

R- C-SH 
I 
H 

? 
R- O- P=O 

I o 

Sulfhydryl 

Carboxyl 

Phosphate 

Energy metabolism: 
protein structure 

Organic acids, 
lipids. proteins 

ATP. DNA 

"In an aldehyde. a C = 0 is at the end of a molecule. in contrast to the internal 
C = a In a ketone. 

Frequently, more than one functiona l group is found in a sin-
gle molecule. For example, an amino acid molecule contains 
both amino and carboxyl groups. The amino acid glycine has the 
following structu re: 

Amino _ H 
group 

Most of the organic compounds found in liy ing organisms 
are quite complex; a large number of carbon atoms form the 
skeleton, and many functional groups are attached. In organic 
molecules, it is important that each of the four bonds of carbon 
be satisfied (attached 10 another atom) and that each of the 
attaching atoms have its characteristic number of bonds satis-
fied. Because of this, such molecules are chemically stable. 

Small organic molecules can be combined into very large mol-
ecules called macromolecules (macro = large). Macromolecules 
are usually polymers (poly = many; men = pans), large mole-
cules formed by covalent bonding of many repeating small 
molecules called monomers (mono = one). \\Then two monomers 
join together, the reaction usually involves the elim ination of a 
hydrogen atom from one monomer and a hydroxyl group from 
the other; the hydrogen alOm and the hydroxyl group combine to 
produce water: 

R- OH + OH - R' -_I R-R' + H20 

This type of exchange reaction is called dehydration synthesis 
(de = from; hydro = water), or a condensation reaction, because 
a molecule of water is released ( Figure 2.8a). Such macromolecules 
as carbohydrates, lipids, proteins, and nucleic acids are assembled 
in the cell, essentially by dehydration synthesis. However, other 
molecules must also participate to provide energy for bond forma-
tion. ATP, the cell's chief energy provider, is discussed at the end of 
this chapter. 

CHECK YOUR UNDERSTANDING 

./ Define organic. 2-6 

./ Add the appropriate functional group(s) to the ethyl group 
below to produce each of the following compounds: ethanol, 
acetic acid, acetaldehyde, ethanolamine, diethyl ether. 2-7 

H H 
I I 

H-C- C-
I I 
H H 



(a) Dehydration 
synthesis , , 
(b) Hydrolysis 

OH 
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L O,-

Sucrose 
C1 2H220 11 

OH 

Water 

Figure 2.8 Dehydration synthesis and hydrolysis. (a) In dehydration synthesis 
(left to righ t) , the monosaccharides glucose and fructose combine to form a molecule 
of the disaccharide sucrose. A molecule of water IS released in the reaction. 
(b) In hydrolysis (right to left). the sucrose molecule breaks down into the smaller 
molecules glucose and fructose. For the hydrolysIs reaction to proceed. water must 
be added to the sucrose. 

Q What is the difference between a polymer and a monomer? 

Carbohydrates 
The carbohydrates are a large and diverse group of organic com -
pounds that includes sugars and starches. Carbohydrates perform 
a number of major functions in living systems. For instance, one 
type of sugar (deoxyribose) is a building block of deoxyribonucle-
ic acid (DNA), the molecule that carries hereditary information. 
Other sugars are needed for the cell walls. Simple carbohydrates 
are used in the synthesis of amino acids and fats or fatlike sub-
stances, which are used to build cell membranes and other 
tures. Macromolecular carbohydrates function as food reserves. 
The principal function of carbohydrates, however, is to fuel cell 
activities with a ready source of energy. 

Carbohydrates are made up of carbon, hydrogen, and oxygen 
atoms. The ratio of hydrogen to oxygen atoms is always 2: I in 
simple carbohydrates. This ratio can be seen in the formulas for 
the carbohydrates ribose (CSHIOOS), glucose (C6H120 6 ), and 
sucrose (CI2 H220 11)' Although there are exceptions, the general 
formula for carbohydrates is (C H20)n> where n ind icates that 
there are three or more CH 20 units. Carbohydrates can be clas-
sified into three major groups on the basis of size: monosaccha-
rides, disaccharides, and polysaccharides. 

Monosaccharides 
Simple sugars are called monosaccharides (sacchar = sugar); each 
molecule contains from three to seven carbon atoms. The number 
of carbon atoms in the molecule of a simple sugar is indicated by 
the prefix in its name. For example, sim ple sugars with three car-
bons are called trioses. There are also tetroses (four-carbon sug-
ars), pentoses sugars), hexoses sugars), 
and heptoses (seven-carbon sugars) . Pentoses and hexoses are 
extremely important to living organisms. Deoxyribose is a pentose 
found in DNA. Glucose, a very common hexose, is the main 
energy-supplying molecule of living cells. 

Disaccharides 
Disaccharides (di = two) are formed when two monosaccharides 
bond in a dehydration synthesis reaction. * For example, 
molecules of two monosaccharides, glucose and fructose, com-
bine to form a molecule of the disaccharide sucrose (table sugar) 
and a molecule of water (see Figure 2.8a). Similarly, the 
tion synthesis of the monosaccharides glucose and galactose 
forms the disaccharide lactose (milk sugar). 

[t may seem odd that glucose and fr uctose have the same 
chemical formula (see Figure 2.8 ), even though they are different 
monosaccharides. The positions of the oxygens and carbons 
differ in the two different molecules, and consequently the 
molecules have different physical and chemical properties. Two 
molecules with the same chemical formula but different 
tures and properties are called isomers (iso = same). 

Disaccharides can be broken down into smaller, simpler mol-
ecules when water is added. This chemical reaction, the reverse of 
dehydration synthesis, is called hydrolysis (hydro = water; lysis = 
to loosen) (Figure 2.8b). A molecule of sucrose, for example, may 
be hydrolyzed (digested) into its components of glucose and 
fructose by reacting with the H+ and O H- of water. 

As you will see in Chapter 4, the cell walls of bacterial cells are 
composed of disaccharides and proteins (together called 
doglycan ). 

Polysaccharides 
Carbohydrates in the third major group, the polysaccharides, 
consist of tens or hundreds of monosaccharides joined through 
hydration synthesis. Polysaccharides often have side chains branch-
ing off the main structure and are classified as macromolecules. 

'Carbohydralcs composed of 2 \0 aboul 20 monosaccharides are called 
(oligo = few). Disaccharides are Ihe mosi common oligo-

saccharides. 
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Like disaccharides, polysaccharides can be split apart into their con-
stituent sugars through hydrolysis. Unlike monosaccharides and 
disaccharides, however, they usually lack the characteristic sweet-
ness of sugars such as fructose and sucrose and usually are not 
soluble in water. 

One important polysaccharide is glycogen, which is composed 
of glucose subunits and is synthesized as a storage material by 
animals and some bacteria. CellI/lose, another important glucose 
polymer, is the main component of the cell walls of plants and 
most algae. Although cellulose is the most abundant carbohydrate 
on Earth, it can be digested by only a few organisms that have the 
appropriate enzyme. The polysaccharide dextran, which is 
produced as a sugary slime by certain bacteria, is used in a blood 
plasma substitute. Chitin is a polysaccharide that makes up part of 
the cell wall of most fungi and the exoskeletons of lobsters, crabs, 
and insects. Starch is a polymer of glucose produced by plants and 
used as food by humans. 

Many animals, including humans, produce enzymes called 
amylases that can break the bonds between the glucose molecules 
in glycogen . However, this enzyme cannot break the bonds in cel-
lulose. Bacteria and fungi that produce enzymes called cellI/lases 
can digest cellulose. Cellulases from the fungus Trichoderma 
(trik'a-der-ma) arc used for a variety of industrial purposes. 
One of the more unusual uses is producing stone-washed denim. 
Because washing the fabric with rocks would damage washing 
machines, cellulase is used to digest, and therefore soften, the 
cotton . (Sec the box in Chapter I, page 3.) 

CHECK YOUR UNOERSTANOING 

..r Give an example of a monosaccharide. a disaccharide. and a 
polysaccharide. 2-8 

Lipids 
If lipids were suddenly to disappear from the Earth, all living cells 
would collapse in a pool of fluid, because lipids arc essential to 
the structure and function of membranes that separate living 
cells from their environment. Lipids (lip = fat) arc a second 
major group of organic compounds found in living matter. Like 
carbohydrates, they are composed of atoms of carbon, hydrogen, 
and oxygen, but lipids lack the 2:1 ratio between hydrogen and 
oxygen atoms. Even though lipids are a very diverse group of 
compounds, they share one common characteristic: they are 
nonpolar molecules so, unlike water, do not have a positive and a 
negative end (pole). Therefore, most lipids are insoluble in water 
but dissolve read ily in nonpolar solvents, such as ether and chlo-
roform . Lipids provide the structure of membranes and some 
cell walls and func tion in energy storage. 

Simple Lipids 
Simple lipids, called fats or triglycerides, contain an alcohol called 
glycerol and a group of compounds known as fatty acids. Glycerol 

molecules have three carbon atoms to which are attached three 
hydroxyl (-OH) groups (Figure 2.9a). Fatty acids consist of long 
hydrocarbon chains (composed only of carbon and hydrogen 
atoms) ending in a carboxyl (-COOH, organic acid ) group 
(Figure 2.9b). Most common fatty acids contain an even number 
of carbon atoms. 

A molecule of fat is formed when a molecule of glycerol com-
bines with one to three fatty acid molecules. The number of fatty 
acid molecules determ ines whether the fat molecule is a mono-
glyceride, diglyceride, or triglyceride (Figure 2.9c). In the reac-
tion, one to three molecules of water arc formed (dehydration), 
depending on the number of fatty acid molecules reacting. The 
chemical bond formed where the water molecule is removed is 
called an ester linkage. In the reverse reaction, hydrolysis. a fat 
molecule is broken down into its component fatty acid and 
glycerol molecules. 

Because the fatty acids that form lipids have different struc-
tures, there is a wide variety of lipids. For example, three mole-
cules of fatty acid A might combine with a glycerol molecule. Or 
one molecule each of fatty acids A, B, and C might unite with a 
glycerol molecule (see Figure 2.9c). 

The primary func tion of lipids is to form plasma membranes 
that enclose cells. A plasma membrane supports the cell and allows 
nutrients and wastes to pass in and out; therefore, the lipids must 
maintain the same viscosity, regardless of the temperature of the 
surroundings. The membrane must be about as viscous as olive 
oil, without getting too fluid when warmed or too thick when 
cooled. As everyone who has ever cooked a meal knows, animal 
fats (such as butler) arc usually solid at room temperature, where-
as vegetable oils are usually liquid at room temperatu re. The dif-
ference in their respective melting points is due to the degrees of 
saturation of the fatly acid chains. A fatty acid is said to be 
satl/rated when it has no double bonds, in which case the carbon 
skeleton contains the maximum number of hydrogen atoms (see 
Figure 2.9c and Figure 2.1 Oa). Saturated chains become solid more 
easily because they arc relatively straight and arc thus able to pack 
together more closely than unsaturated chains. The double bonds 
of unsaturated chains create kinks in the chain, which keep the 
chains apart from one another (Figure 2.10b). Note in Figure 2.9c 
that the H atoms on either side of the double-bond in oleic acid 
are on the same side of the unsaturated fatty acid. Such an unsat-
urated fatty acid is called a cis fatty acid . If, instead, the H atoms are 
on opposite sides of the double bond, the unsaturated acid is called 
a trans fatty acid. 

Complex Lipids 
Complex lipids contain such clements as phosphorus, nitrogen, 
and sulfur. in addition to the carbon. hydrogen. and oxygen 
found in simple lipids. The complex lipids called phospholipids 
arc made up of glycerol, two fatty acids, and, in place of a third 
fatty acid, a phosphate group bonded to one of several organic 
groups (sec Figure 2.IOa). Phospholipids are the lipids that build 
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Carboxyl Hydrocarbon 
group r ________ '_hA' _iC _______ --, 

t-"'-l f A \ 

Figure 2.9 Structural fonnulas of simple lipids. 
(a) Glycerol. (b) Palmitic acid. a saturated fatty acid. 
(e) The chemical combination of a molecule of glycerol and 
three fatty acid molecules (palmitic. stearic. and oleic in this 
example) forms one molecule of fa t (triglyceride) and three 
molecules of water in a dehydration synthesis reaction. Oleic 
acid is a ds fally acid. The bond between glycerol and each 
fatty acid is called an ester linkage. The addition of three 
water molecules to a fat forms glycerol and three fatty acid 
molecules in a hydrolysiS reaction. 

H 0 H H H H H H H H H H H H H H H '-«3 I I I I I I I I I I I I I I I I H-C H - C- C- C- C- C- C- C- C- C- C- C- C- C- C- C- C-H 
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H-C-oH L\ I I (b) Fatty acid (palmitic acid), C'5H3,COOH 

H-C-oH , 
H 

(a) Glycerol 

H,O 

Ester linkage 

H 10 H H H H H H H H H H H H H H H 
I I II1IIIIIIIII111 

Q How do saturated and unsaturated fatty acids differ? 

H- C-o- C- C- C- C- C- C- C- C- C- C- C- C- C- C- C- C-H Palmitic acid (C,sH3,COOH) + H20 
(saturated) 

H- C-o- C- C- C- C- C- C- C- C- C- C- C- C- C- C- C- C- C- C- H 

cis configuration & 
H-C-o- C- C- C- C- C- C- C- C- C,I 

I IIIIIII C,11y 
H H H H H H H H p ... d .... fr It 

f.j C .... I Iy (e) Molecule of fat (triglyceride) '7 C ... I Iy 
" I C .... I It 

Iy 1-/ C ..... I Iy J..! C .... I '71/ C .... ,; 'i 

membranes; they are essential to a cell's survival. Phospholipids 
have polar as well as nonpolar regions (Figure 2.iOa and b; see 
also Figure 4.13, page 86). When placed in water, phospholipid 
molecules twist themselves in such a way that all polar 
(hydrophilic) portions orient themselves toward the polar water 
molecules, with which they then form hydrogen bonds. (Recall 
that hydrophilic means water-loving.) This forms the basic struc-
ture of a plasma membrane (Figure 2.10C). Polar portions con-
sist of a phosphate group and glycerol. In contrast to the polar 
regions, all nonpolar (hydrophobic) parts of the phospholipid 
make contact only with the nonpolar portions of neighboring 
molecules. (Hydrophobic means water-fearing.) Nonpolar por-
tions consist of fatty acids. This characteristic behavior makes 
phospholipids particu larly suitable for their role as a major 
component of the membranes that enclose cells. Phospholipids 
enable the membrane to act as a barrier that separates the con-
tents of the cell from the water-based environment in which 
it lives. 

Some complex lipids arc useful in identifying certain bacte-
ria. For example, the cell wall of Mycobacteri/lm fIIberCIIlosis 
(mi-ko-bak-t i'rc-um tii-bCr-ku-Io'sis), the bacterium that 

Stearic acid (C17H35COOH) + H20 
(saturated) 

Oleic acid (C 17H33COOH) + 
(unsaturated) 

causes tuberculosis, is distinguished by its lip id-rich content. 
The cell wall contains complex lipids such as waxes and glyco-
lipids (lipids with carbohydrates attached) that give the bacte-
rium distinctive stai ning characteristics. Cell walls rich in such 
complex lipids are characteristic of all members of the genus 
Mycobacterium. 

Steroids 
Steroids are structurally very different from lipids. Figure 2.11 
shows the structure of the steroid cholesterol, with the four inter-
connected carbon rings that arc characteristic of steroids. When 
an - OH group is attached to one of the rings, the steroid is 
called a sterol (an alcohol). Sterols arc important constituents of 
the plasma membranes of an imal cells and of one group of bac-
teria (mycoplasmas), and they are also found in fungi and pla nts. 
The sterols separate the fatty acid cha ins and thus prevent the 
packing that would harden the plasma membrane at low temper-
atures (see Figure 2.iOc). 

CHECK YOUR UNDERSTANDING 

"f How do Simple lipids differ from complex lipids? 2-9 
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Glycero 
----Polar heads----

(hydrophilic) 

------'Nonpolar lails -------' 
(hydrophobic) 

(b) 

Saturated fatty acids (closely packed) 

Unsaturated fatty acids (loosely packed) 

(el SterOl molecules separate fany acid chains 

Figure 2.10 Phospholipid structure and orientation, showing saturated and 
unsaturated faUy acids and the molecules' polarity. (a] Phospholipid structure. 
The fatty acids and the R group (at top] may vary with the particular phospholipid. 
(b ] This structure (greatly reduced] is the symbol used to represent phospholipids throughout 
the tex\. (c ] Orientation of phospholipids in a plasma membrane. where they form a bilayer. 
with the hydrophilic heads in contact with the water and the hydrophobic tai ls oriented away 
from the water. 

(.) 
Saturated 
latty acid 

Unsaturated 
lanyacid Q Where are phospholipids found In cells? 

Proteins 
Proteins are organic molecules that contai n carbon, hydrogen, 
oxygen, and nitrogen. Some also contain sulfur. If you were to sep-
arate and weigh all the groups of organic compounds in a living 

HC ,v, 
. fH3 

CH, 
D CH, C 

C A B 
HO A.. '% 

Figure 2.11 Cholesterol, a steroid. Note the four "fused" carbon 
rings (labeled A- D). which are characteristic of steroid molecules. The 
hydrogen atoms attached to the carbons at the comers of the rings have 
been omitted. The -OH group (colored red) makes thiS molecule a sterol. 

Q Where are sterols found in cells? 

cell, the proteins would tip the scale. Hundreds of different pro-
teins can be found in any single cell, and together they make up 
50% or more of a cell's dry weight. 

Proteins are essential ingredients in all aspects of cell struc-
ture and funct ion. Enzymes are the proteins that speed up bio-
chemical reactions. But proteins have other functions as well. 
Transporter proteins help transport certain chemicals into and 
out of cells. Other proteins, such as the bacteriocins produced by 
many bacteria, kill other bacteria. Certain toxins, called exotox-
ins, produced by some disease-causing microorganisms are also 
proteins. Some proteins playa role in the contraction of animal 
muscle cells and the movement of microbial and other types of 
cells. Other proteins are integral parts of cell s/rllctllres such as 
walls, membranes, and cytoplasmic components. Still others, 
such as the ilormones of certain organisms, have regulatory func -
tions. As we will see in Chapter 17, proteins called Ilntibodies play 
a role in vertebrate immune systems. 



Amino Acids 
Just as monosaccharides are the building blocks of larger carbo-
hydrate molecules, and fatty acids and glycerol are the building 
blocks of fats, amino acids are the building blocks of proteins. 
Amino acids contain at least one carboxyl (-eOOH) group 
and one amino (-NH 1) group attached to the same ca rbon 
atom, called an alpha-carbon (written CoJ (Figure 2.12a). Such 
amino acids are called alpha-am ilia acids. Also attached to the 
alpha-carbon is a side group (R group), which is the amino 
acid's distinguish ing feature. The side grou p can be a hydrogen 
atom, an unbranched or branched chain of atoms, or a ring 
structure that is cyclic (all carbon) or heterocyclic (when an 
atom other than carbon is included in the ring). Figure 2.12b 
shows the structural formula of tyrosine, an amino acid that has 
a cyclic side group. The side group can contain functional 
grou ps, such as the sulfhydryl group (-SH), the hydroxyl group 
(-OH), or additional carboxyl or amino groups. These side 
grou ps and the carboxyl and alpha-amino groups affect the total 
structure of a protein, described later. The structures and stan-
dard abbreviations of the 20 amino acids found in proteins are 
shown in Table 2.4. 

Most amino acids exist in either of two configurations called 
stereoisomers, designated by 0 and L. These configu rations are 
mirror images, corresponding to "right-handed" (0) and "left-
handed" (L) three-dimensional shapes (Figure 2.13). The amino 
acids fo und in proteins are always the L-isomers (except for 
glycine, the simplest amino acid, which does not have stereoiso-
mers). However, o-amino acids occasionally occur in nature-
for example, in certain bacterial cell walls and antibiotics. (Ma ny 
other kinds of organic molecules also can exist in D and L forms. 
One example is the sugar glucose, which occurs in nature as 
D-glucose.) 

Although only 20 different amino acids occur naturally in 
proteins, a single protein molecule can contain from 50 to hun-
dreds of amino acid molecules, which can be arranged in an 

Amino 
group 

Side 

Carboxyl 
group 

(a) Generalized amino acid 

OH 
, 

JH' 
H, 

N-
/ ," H H 

Cyclic 
side 
group 

(b) Tyrosine 

Figure 2.12 Amino acid structure. (a) The general structural 
formu la for an ammo acid. The alpha-carbon (Ca) is shown in the center. 
Different amino aCids have different R groups. also called side groups. 
(b) Structural formula for the ammo acid tyrosine, which has a cyclic 
side group. 

Q What distinguishes one amino acid from another? 
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Mirror 

L·amino acid o--amino acid 

Left hand Right hand 

Figure 2.13 The L- and o-isomers of an amino acid, shown with 
ball-and-stick models. The two isomers. like left and right hands, are 
mirror images of each other and cannot be superimposed on one another. 
(Try it!) 

Q Which isomer is atways found in proteins? 

almost infinite number of ways to make proteins of different 
lengths, compositions, and structures. The number of proteins is 
practically endless, and every living cell produces many different 
proteins. 

Peptide Bonds 
Amino acids bond between the ca rbon atom of the carboxyl 
(-COOH ) group of one amino acid and the nitrogen atom of 
the amino (-NH 2) group of another (Figure 2.14). The bonds 
between amino acids are called peptide bonds. For every peptide 
bond fo rmed between two amino acids, one water molecule is 
released; thus, peptide bonds are formed by dehydration synthe-
sis. In Figure 2.14 the resulting compound is called a dipeptide 
because it consists of two amino acids joined by a peptide bond. 
Adding another amino acid to a dipeptide would form a 
tripeptide. Further additions of amino acids would produce a 
long, chainlike molecule called a peptide (4-9 amino acids) or 
polypeptide ( 10-2000 or more amino acids) . 
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Table 2.4 The 20 Amino Acids Found in Proteins 

Glycine (GIy) 

7 /j'0 
H2N- C- C 

"OH 

Hydrogen 
atom 

Serine (Ser) 

7 /j'0 
H2N- C- C 

I " CH OH 
I ' 
OH 

Hydroxyl 
( - OH) group 

Additional 
carboxyl 

( - COOH) 
group. acidic 

Phenylalanine (Phe) 

7 /j'0 
H2N- C- C 

I " CH2 OH 

Cyclic 

Unbranched 
chain 

Hydroxyl 
(- OH) group 

Additional amino 
( - NHz) 

group, basic 

Tyrosine (Tyr) 

7 ,;,0 
HN- C- C 
, I " 

CH2 OH 

OH 

Cyclic 

Branched 
chain 

Cysteine (Cys) 

7 ,;,0 
H2N- C- C 

I " CH OH 
I ' 
SH 

Sulphur-containing 
(-SH) group 

Arginine (Arg) 

7 ",0 
H2N - C- C 

I " CH OH 
I ' 

CH, 
I 
CH, 
I 

C=NH 
I 
NH, 

Additional amino 
( - NHz) 

group, basic 

Heterocyclic 

• 

Branched 
chain 

Methionine (Mel) 

7 ,;,0 
HN- C- C 
, I " 

CH OH 
I ' 
CH, 
I 
1 
CH, 

Thioether 
(SC) group 

Asparagine (Asn) 

7 ",0 
HN- C- C 
, I " 

CH OH 
I ' 

/c'\, 
NH2 0 

Additional amino 
( - NH;,) 

group, basic 

Heterocyclic 

Branched 
chain 

Glutamic acid (Glu) 

7 ,;,0 
HN- C- C 
, I " 

CH OH 
I ' 
CH, 
I 

/C'\, 
HO 0 

Additional carboxyl 
(- COOH) 

group, acidic 

Additional amino 
( - NHz) 

group, basic 

Proline (Pro) 

7 ",0 
HN- C- C 

I I " H C CH OH 
2 ,,/ 2 

CH, 

Heterocyclic 

'Shown are the amino aCid names, Including the three- letter abbreviation in parentheses (aoove), their structural formutas (center), and characteristic 
R group (below). Note that cysteine and methionine are the only amino acids that conta in sulfur. 



Figure 2.14 Peptide bond formation by 
dehydration synthesis. The amino acids glycine 
and alanine combine to form a dipeptide. The newly 
formed bond between the carbon atom of glycine and 
the nitrogen atom of alanine is ca lled a peptide bond. 

Q How are amino acids related to proteins? 

Levels of Protein Structure 

H 
H, N-
H' H 

Glycine 

Proteins vary tremendously in structure. Different proteins have 
different architectures and different three-dimensional shapes. 
This variation in structure is directly related to their diverse 
functions . 

When a cell makes a protein, the polypeptide chain folds 
spontaneously to assume a certain shape. One reason for folding 
of the polypeptide is that some parts of a protein are attracted to 
water and other parts are repelled by it. In practically every case, 
the func tion of a protein depends on its ability to recognize and 
bind to some other molecule. For example, an enzyme binds 
specifically with its substrate. A hormonal protein binds to a 
receptor on a cell whose function it will alter. An antibody binds 
to an antigen (foreign substance) that has invaded the body. The 
unique shape of each protein permits it to interact with specific 
other molecules in order to ca rry out specific functions . 

Proteins are described in terms of four levels of organization: 
primary, secondary, tertiary, and quaternary. The primary struc-
ture is the unique sequence in which the amino acids are linked 
together to form a polypeptide chain (Figure 2.15a). This 
sequence is genetically determined . Alterations in sequence can 
have profound metabolic effects. For example, a single incorrect 
amino acid in a blood protein can produce the deformed hemo-
globin molecu le characteristic of sickle cell disease. But proteins 
do not exist as long, straight chains. Each polypeptide chain folds 
and coils in specific ways into a relatively compact structure with 
a characteristic three-dimensional shape. 

A protein's secondary strllcture is the localized, repet itious 
twisting or folding of the polypeptide chain . This aspect of a pro-
tein's shape results from hydrogen bonds joining the atoms of 
peptide bonds at different locations along the polypeptide chain. 
The two types of secondary protein structures are clockwise spi-
rals called helices (singular: helix) and pleated sheets, which form 
from roughly parallel portions of the chain (Figure 2.15b). Both 
structures are held together by hydrogen bonds between oxygen 
or nitrogen atoms that are part o f the polypeptide's backbone. 

Tertiary structure refers to the overall three-dimensional 
structure of a polypeptide chain (Figure 2.15C). The folding is 
not repetitive or predictable, as in seconda ry structure. Whereas 
secondary structure involves hydrogen bonding between atoms 
of the amino and ca rboxyl groups involved in the peptide bonds, 
tertiary structure involves several interactions between various 
amino acid side groups in the polypeptide chain . For example, 
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Dehydration 
synthesis 

Peptide bond 

H 9! H H 
H.... '( y""-

H CH3 
Glycylalanine 
(a dipeptide) 

Water 

amino acids with nonpolar (hydrophobic) side groups usually 
interact at the core of the protein, out of contact with water. This 
hydrophobic interaction helps contribute to tertiary structure. 
Hydrogen bonds between side groups, and ionic bonds between 
oppositely charged side groups, also contribute to tertiary struc-
ture. Proteins that contain the amino acid cysteine form strong 
covalent bonds called disulfide bridges. These bridges form when 
two cysteine molecules are brought close together by the folding 
of the protein . Cysteine molecules contain sulfhydryl groups 
(-SH), and the sulfur of one cysteine molecule bonds to the sul-
fur on another, forming (by the removal of hydrogen atoms) a 
disulfide bridge (5-5) that holds parts of the protein together. 

Some proteins have a quaternary structure, which consists of 
an aggregation of two or more individual polypeptide chains 
(subunits) that operate as a single functional uni t. Figure 2.15d 
shows a hypothetical protein consisting of two polypeptide 
chains. More commonly, proteins have two or more kinds of 
polypeptide subunits. The bonds that hold a quaternary struc-
ture together are basically the same as those that maintain terti-
ary structure. The overall shape of a protein may be globular 
(compact and roughly spherical) or fibrous (threadlike). 

If a protein encounters a hostile environment in terms of 
temperature, pH, or salt concentrations, it may unravel and lose 
its characteristic shape. This process is called denaturation (see 
Figure 5.6, page 119). As a result of denaturation, the protein is 
no longer functiona l. This process will be discussed in more 
detail in Chapter 5 with regard to denaturation of enzymes. 

A The proteins we have been discussing are simple 
proteins, which contain only amino acids. 

Conjugated proteins arc combinations of amino acids with other 
organic or inorganic components. Conjugated proteins arc 
named by their non- amino acid component. Thus, glycoproteins 
contain sugars, nucleoproteins contain nucleic acids, metallo-
proteins contain metal atoms, lipoproteins contain lipids, and 
phosphoproteins contain phosphate groups. Phosphoproteins 
are important regulators of activity in eukaryotic cells. Bacterial 
synthesis of phosphoproteins may be important for the survival 
of bacteria such as Legiollclla pllcumopllila that grow inside 
host cells. 

CHECK YOUR UNDERSTANDING 

.,f" What two functional groups are in all amino acids? 2-10 
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(a) Primary structure: 
polypeptide strand 

(b) Secondary structure: 
helix and pleated sheets 
(with three polypeptide strands) 

(c) Tertiary structure: 
lolded helix and 
pleated sheet 

(d) Quaternary structure: 
two or more polypeptides 
in their folded states 

H R 

U 

Helix 

Peptid bonds 

Disulfide 

Hydrogen 
bond 

Figure 2.15 Protein structure. (a) Prima!)' structure, the amino acid sequence. (b) Secondary 
structures: and pleated sheet. (e) Tertia!), structure. the overall three-dimensional folding of a 
polypeptide chain. Cd) Quaternary structure. the re lationship between several polypeptide chains that 
make up a protein. Shown here is the quaternary structure of a hypothetical protein composed of 
two polypeptide chains. 

Q What property of a protein enables it to carry out specific functions? 

Pleated sheet 

interaction 

--1'01, "pl;d, strand 

Disullide bridge 
(between cysteine 

molecules) 

- C><'- CH, - CH,- • 
Ionic bond 

Details of bondS associated 
with tertiary structure 



Nucleic Acids 
In 1944, three American microbiologists-Oswald Avery, Colin 
Macleod, and Maclyn McCarty---discovered that a substance 
called deoxyribonucleic acid (DNA) is the substance of which 
genes are made. Nine years later, James Watson and Francis 
Crick, \vorking with molecular models and X-ray information 
supplied by Maurice Wilkins and Rosalind Franklin, identified 
the physical st ructure of DNA. In addition, Crick suggested a 
mechanism for DNA replication and how it works as the hered-
itary material. DNA and another substance called ribonucleic 
acid (RNA) are together referred to as nucleic acids because they 
were firs t discovered in the nuclei of cells. Just as amino acids are 
the structural units of proteins, nucleotides are the structural 
units of nucleic acids. 

Each nucleotide has three parts: a nitrogen-containing base, a 
pentose (five-carbon ) suga r (either deoxyribose or ribose), and 
a phosphate group (phosphoric acid). The nitrogen-containing 
bases arc cyclic compounds made up of carbon, hydrogen, 
oxygen, and nitrogen atoms. The bases are named adenine (A), 
thymine (T), cytosine (C), guanine (G), and uracil (U). A and G 
arc double-ring structures called purines, whereas T, C. and U arc 
single-ring structures referred to as pyrimidines. 

Nucleotides arc named according to their nitrogen-containing 
base. Thus, a nucleotide containing thymine is a filyllline 
mlCleofide. one containing adenine is an adenine mlCleofide. and 
so on. The term nucleoside refers to the combination of a purine 
or pyrimidine plus a pentose sugar; it does not contain a phos-
phate group. 

DNA 
According to the model proposed by Watson and Crick, a DNA 
molecule consists of two long strands wrapped around each 
other to fo rm a double helix (Figure 2.16). The double helix 
looks like a twisted ladder, and each strand is composed of many 
nucleotides. 

Every strand of DNA composing the double helix has a 
"backbone" consisting of alternating deoxyribose sugar and 
phosphate groups. The deoxyribose of one nucleotide is joined 
to the phosp hate group of the next. (Refer to Figure 8.3. 
page 214, to see how nucieotides arc bonded.) The nitrogen-
containing bases make up the rungs of the ladder. Note that 
the purine A is always paired with the pyrimidine T and that 
the purine G is always paired with the pyrimidine C. The bases 
arc held together by hydrogen bonds; A and T arc held by two 
hydrogen bonds, and G and C are held by three. DNA does not 
contain uracil (U). 

The order in which the nitrogen base pairs occur along the 
backbone is extremely specific and in fact contains the genetic 
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instructions for the organism. Nucleotides fo rm genes, and a si n-
gle DNA molecule may contain thousands of genes. Genes deter-
mine all hereditary traits. and they control all the activities that 
take place within cells. 

One very important consequence of nitrogen -containing base 
pairing is that if the sequence of bases of one strand is known, 
then the sequence of the other strand is also known. For example, 
if one strand has the sequence ... ATGC ...• then the other 
strand has the sequence ... TACG .. . Because the sequence of 
bases of one strand is determined by the sequence of bases of the 
other. the bases are said to be complementary. The actual transfer 
of information becomes possible because of DNA's unique struc-
ture and will be discussed further in Chapter 8. 

RNA 
RNA. the second principal kind of nucleic acid. differs from DNA 
in several respects. Whereas DNA is double-stranded, RNA is usu-
ally single-stranded. The five-carbon sugar in the RNA nucleotide 
is ribose. which has one more oxygen atom than deoxyribose. Also. 
one of RNA's bases is uracil (U) instead of thymine (Figure 2.17). 
The other three bases (A, G, C) are the same as DNA. Three major 
kinds of RNA have been identified in cells. These are referred to as 
messenger RNA (mRNA). ribosomal RNA (rRNA), and transfer 
RNA (tRNA). As we will see in Chapter 8, each type of RNA has a 
specific role in protein synthesis. 

CHECK YOUR UNDERSTANDING 

\oVhat is the structure of DNA? Of RNA? 2-11 

Adenosine Triphosphate (ATP) 
Adenosine triphosphate (ATP) is the principal energy-carrying 
molecule of all cells and is indispensable to the life of the cell. [t 
stores the chemical energy released by some chemical reactions, and 
it provides the energy for reactions that require energy. ATP con-
sists of an adenosine unit, composed of adenine and ribose. with 
three phosphate groups (abbreviated 0 ) attached (Figure 2.18). In 
other words. it is an adenine nucleotide (also called adenosine 
monophosphate, or AMP) with two extra phosphate groups. ATP 
is called a high-energy molecule because it releases a large amount 
of usable energy when the third phosphate group is hydrolyzed to 
become adenosine diphosphate (ADP). This reaction can be rep-
resented as follows: 

Adenosine-O - O - O +H20 <==,,-
Adenosine Water 

triphosphate 

Adrnosinr - O - O 
Adenosinr 

diphosphate 

+ 0 1 + Energy 
Inorganic 
phosphate 



This figure provides an overview of the structure of DNA. a double-stra nded molecule that stores 
genetic information in all cells. Familiarity with DNA's structure and function is essential for 
understanding genetics, recombinant DNA techniques, and the emergence of antibiotic resistance 
and new diseases. 

Phosphate S""'" Adenine (A) Thymine (T) Phosphate , , , , I , I , r, ,r--A'--" 
y-

O- p 
I 
0 -

" O-CH2 

" , 
OH 

0 

H 

0-

"---;:;,b- o--
I 
0 -__________ _______ _______ _______ -J' 

Adenine nucleotide Thymine nucleotide 

DNA nucleotides ere composed of a 
deoxyribose sugar molecule covalently 
bonded to a phosphate group and to a 
nitrogen-containing base. The two 
nucleotides shown here are held 
together by hydrogen bonds between 
their complementery bases. The carbon 
atoms in the sugars are numbered with ' 
to differootiate them from the carbon 
atoms in the nucleobases; thus the third 
carbon is 3' (pronounced "3-prime1. 
The sugar-phosphate backbone 01 one 
strand is upside down relative to the 
backbone 01 the other strand. 

The ladderlike form 01 DNA·s double helix is made 
up 01 many nucleotides. with the repeating sugar-
phosphate combination forming the backbone, 
and the complementary bases forming the rungs. 

5' 

A cell 's supply of ATP at any particular time is limited. 
Whenever the supply needs replenishing, the reaction goes in the 
reverse direction; the addition o f a phosphate grou p to ADP and 
the input o f energy prod uces more ATP. The energy required to 
attach the terminal phosphate group to ADP is supplied by the 
cell's various oxidation reactions, par ticularly the oxidation o f 

3' 

DNA double helix 

Thymine 

.: Adenine 

Cytosine 

I ( Guanine 

Deoxyribose sugar 

Phosphate 

.. , Hydrogen bond 

Key Concept 
four types of nucleotktes fonn the building 
blocks of DNA. The backbone of me doubts 
helix consists of attemating sugar and 
phosphate groups, while bases fann the rungs 
of this ladderllke motecule. Compfemenuwy 
JNMrtng of bases occurs where adenine pairs 
with thymine, and guanine pairs with cytGStne. 

glucose. ATP can be stored in every eel\, where its potential 
energy is not released un til needed. 

CHECK YOUR UNDERSTANDING 

"" Which can provide more energy for a cell and why: ATP 
or AOP? 2-12 
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Figure 2.17 A uracil nucleotide of RNA. 

Q How do DNA and RNA differ in structure? 

I 

, 

, 
H 
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1 
Ade nine 

Phosphales 

1 
Ribose 

I I 
Figure 2.18 The structure of AlP. High-energy phosphate bonds 
are indicated by wavy lines. When ATP breaks down to ADP and inor-
ganic phosphate, a large amount of chemical energy is released for use 
in other chemical reactions. 

STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. e learn and 
practice with animations. tutorials. and MP3 tutor sessions. and e test yourself with quizzes and a chapter post-test. 

Introduction Cp.26) 

1. The science of the interaction between atoms and molecules is 
called chemistry. 

2. The metabolic activities of microorganisms involve complex 
chemical reactions. 

3. Microbes break down nutrients to obtain energy and to make 
new cells. 

The Structure of Atoms Cpp.27- 28) 

1. An atom is the smallest unit of a chemical element that exhibits 
the properties of that element. 

2. Atoms consist of a nucleus, which contains 
protons and neutrons, and electrons, which 
move around the nucleus. 

3. The atomic number is the number of protons 
in the nucleus; the total number of protons 
and neutrons is the atomic weight. 

Chemical Elements (pp.27- 28) 

• 

• 

• 
• • 

• 

4. Atoms with the same number of protons and the same chemical 
behavior are classified as the same chemical element. 

5. Chemical elements are designated by abbreviations called chemical 
symbols. 

6. About 26 elements are commonly found in living cells. 
7. Atoms that have the same atomic number (are of the same 

element) but different atomic weights are called isotopes. 

Electronic Configurations (p.28) 
8. In an atom, electrons arc arranged around the nucleus in electron 

shells. 
9. Each shell can hold a characteristic maximum number of 

electrons. 
10. The chemical properties of an atom are due largely to the number 

of electrons in its outermost shell. 

How Atoms Form Molecules: 
Chemical Bonds Cpp.28-32) 

I. Molecules are made up of two or more atoms; molecules 
consisting of at least two different kinds of atoms are called 
co mpounds. 

2. Atoms fo rm molecules in order to fill their outermost electron 
shells. 

3. Attractive forces that bind the atomic nuclei of two atoms together 
are called chemical bonds. 

4. The combining capaci ty of an atom- the number of chemical 
bonds the atom can form wi th other atoms- is its valence. 
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Ionic Bonds (pp. 28, 30) 
5. A positively or negatively charged atom or group of atoms is called . an Ion. 
6. A chemical attract ion between ions of opposite charge is called an 

ionic bond. 
7. To form an ionic bond, one ion is an electron donor, and the other 

ion is an electron acceptor. 

Covalent Bonds (pp.30- 31) 
8. In a covalent bond, atoms share pairs of 

electrons. 
9. Covalent bonds are stronger than ionic bonds 

and are far more common in organisms. 

Hydrogen Bonds (pp.31 - 32) 
10. A hydrogen bond exists when a hydrogen 

atom covalently bonded to one oxygen or nitrogen atom is 
attracted to another oxygen or nitrogen atom. 

11. Hydrogen bonds form weak links between different molecules or 
between parts of the same large molecule. 

Molecular Weight and Moles (p.32) 
12. The molecular weight is the sum of the atomic weights of all the 

atoms in a molecule. 
13. A mole of an atom, ion, or molecule is equal to its atomic or 

molecular weight expressed in grams. 

Chemical Reactions (pp.32- 34) 

1. Chemical reactions are the making or breaking of chemical bonds 
between atoms. 

2. A change of energy occurs during ehemieal reactions. 
3. Endergonie reactions require more energy than they release; 

exergonic reactions release more energy. 
4. In a synthesis reaction, atoms, ions, or moleeules are combined to 

form a larger moleeule. 
5. In a dceomposition reaction, a larger moleeule is broken down 

into its component moleeules, ions, or atoms. 
6. In an exchange reaction, two moleeules arc decomposed, and their 

subunits are used to synthesize two new molecules. 
7. The products of reversible reaetions can readily revert to form the 

original reactants. 

IMPORTANT BIOLOGICAL 
MOLECULES (".34- 49) 

Inorganic Compounds (pp.34- 37) 

I. Inorganic eompounds are usually small, ionically bonded molecules. 
2. Water and many eommon aeids, bases, and salts are examples of 

inorganie eompounds. 

Water (pp. 34- 35) 
3. Water is the most abundant substance in cells . 
4. Because water is a polar molecule, it is an 

execllent solvent. 
5. Water is a reaetant in many of the deeomposi -

lion reactions of digestion. 
6. Water is an excellent temperature buffer. 

Acids. Bases. and Salts (p.35) 
7. An aeid dissoeia tes into H+ and anions. 
8. A base dissociates into OH - and cations. 
9. A salt dissociates into negative and positive ions, neither of whieh 

is H+ or OH - . 

Acid-Base Balance: The Concept of pH (pp.35- 37) 
10. The term pH refers to the eonecntration of H + in a solution. 
11. A solution of pH 7 is neutral; a pH value below 7 indieates acidity; 

pH above 7 indieates alkalinity. 
12. The pH inside a cell and in culture media is stabilized with pH 

buffers. 

Organic Compounds (pp.37- 49) 

1. Organie compounds always contain carbon and hydrogen. 
2. Carbon atoms form up to four bonds with other atoms. 
3. Organie compounds are mostly or entirely eovalently bonded, and 

many of them are large molecules. 

Structure and Chemistry (pp.37- 38) 
4. A chain of carbon atoms forms a carbon skeleton. 
5. Functional groups of atoms are responsible for most of the prop-

erties of organie moleeuks. 
6. The leiter R may be used to denote the remainder of an organic 

molecule. 
7. Frequently eneountered classes of molecules are R- OH (aleohols) 

and R-COOH (organic acids). 
8. Small organie mokeules may eombine into very large moleeules 

called maeromolecules. 
9. Monomers usually bond together by dehydration synthesis, or 

eondensation reactions, that form water and a polymer. 
10. Organie molecules may be broken down by hydrolysis, a reaetion 

involving the splitting of water molecules. 

Carbohydrates (pp. 39- 40) 
11. Carbohydrates are compounds consisting of atoms of carbon, 

hydrogen, and oxygen, with hydrogen and oxygen in a 2: I ratio. 
12. Carbohydrates include sugars and starehes. 
13. Carbohydrates can be classified as monosaecharides, disaccharides, 

and polysaccharides. 
14. Monosaccharides contain from three to seven carbon atoms. 
15. Isomers are two molecules with the same ehemical formula but 

different structures and properties-for example, glueose 
(C6H110 6 ) and fructose (C6H110 6 ) . 

16. Monosaccharides may form disaccharides and polysaccharides by 
dehydration synthesis. 



Lipids (Pp . ./jO-1I1) 
17. Lipids are a diverse group of compounds distinguished by their 

insolubility in water. 
18. Simple lipids (fa ts) consis t of a molecule of glycerol and three 

molecules of fatty acids. 
19. A saturated lipid has no double bonds between carbon atoms in 

the fatty acids; an unsaturated lipid has one or more double 
bonds. Saturated lipids have higher melting points than unsatu-
rated lipids. 

20. Phospholipids are complex lipids consisting of glycerol, two fa tty 
acids, and a phosphate group. 

21. Steroids have carbon ring structures; sterols have a functional 
hydroxyl group. 

Proteins (pp.1I2-46) 
22. Amino acids arc the building blocks of proteins. 
23. Amino acids consist of carbon. hydrogen, oxygen, nitrogen, and 

sometimes sulfur. 
24. Twenty amino acids occur naturally in proteins. 
25. By linking amino acids, peptide bonds (formed by dehydration 

synthesis) allow the forma tion of polypeptide chains. 
26. Proteins have four levels of structure: primary (sequenu of amino 

acids), secondary (helices or pleats), tertiary (overall thrce-
dimensional structure of a polypeptide), and qua ternary (two 
or more polypeptide chains). 
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27. Conjugated proteins consist of amino acids combined with otheT 
organic or inorganic compounds. 

Nucleic Acids (p.II7) 
28. Nucleic acids-DNA and RNA-are macromolecules consisting of 

repeating nucleotides. 
29. A nucleotide is composed of a pentose, a phosphate group, and a 

nitTogen-containing base. A nudeoside is composed of a pentose 
and a nitrogen-containing base. 

30. A DNA nucleotide consists of deoxyribose (a pentose) and one of 
the following nitrogen-containing bases: thymine or cytosine 
(pyrimidines) or adenine or guanine (purines). 

31. DNA consists of two st rands of nudCQtides wound in a double 
helix. The strands are held together by hydrogen bonds between 
purine and pyrimidine nuclcotides: AT and Gc. 

32. Genes consist of sequences of nudeotides. 
33. An RNA nucleotide consists of ribose (a pentose) and one of the 

following nitrogen-containing bases: cytosine, guanine, adenine, or 
uracil. 

Adenosine Triphosphate (ATP) (pp.47-49) 
34. ATP stores chemical energy for various cellular activities. 
35. When the bond to AIP's terminal phosphate group is hydrolyzed, 

energy is released. 
36. The energy from oxidation reactions is used to regenerate ATP 

from ADP and inorganic phosphate. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turnlllg to the blue Answers tab at the back of the textbook. 

Review 
I. What is a chemical element? 
2. DRAW IT Di:lgram the electronic configuration of 3 carbon 

atom. 
3. What type of bond holds the following atoms together? 

a. Li + and Cl - in LiCI 
b.carbon and oxygen atoms in methanol 
c. oxygen atoms in O2 
d . a hydrogen atom of one nucleot ide to a nitrogen or oxygen 

atom or another nucleotide in: 

4. Classify the following types of chemical reactions. 
a. glucose + fructose"'" sucrose + H20 
b. lactosc"'" glucose + galactose 
c. NH4CI + HIO - NH40H + HCI 
d.ATP;:::;:ADP + 0 ; 

5. Bacteria use the enzyme urease to obtain nitrogen in a form they 
can use from urea ill the following reaction: 

CO(NHzh + H20 J 2NH3 + CO2 
Urea Ammonia Caroon 

dioxidr 
What purpose does the enzyme serve in this reaction? What type 
of reaction is 

6. Classify the following as subunits of either a carbohydrate, lipid, 
protein, o r nudeic acid. 
a. CHj-(CHzJ;.--OI=CH-(CHzJ;.-COOH 

Oleic acid 
b. NHz 

H H- - COOI·I 

DeoKyribose-
phosphate 

Guanine Cytosine 

DeoKyribose· 
phosphate 

Strinr 
c. C61-1 1Z0 6 
d. Thymine nucleotide 
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DRAW IT 7. The artificial sweetener aspartame, or NutraSweet, is 
made by joining aspar tic acid to methylated phenylalanine, as 
shown below. 

;0 
H N-CH-C 

2 I 'OH 
CH, 
I 
C 

0' 'oH 

H, ,0 
+ N- CH- C 

H/ I 'O- CH < 
CH ' , 

> 

a. What types of molee-ules are aspartic acid and phenylalanine? 
h. What direction is the hydrolysis reaction (left to right or right to 

kftP 
c. What direction is the dehydration synthesis 
d. Circle the atoms involved in the formation of water. 
e. Identify the peptide bond. 

8. The following diagram shows the bacteriorhodopsin 
prolein. Indicate the regions of primary, secondary, and tertiary 
structure. this protein have quaternary 

DRAW IT 9. Draw a simple lipid, and show how it could be modi-
fied to a phospholipid. 

Multiple Choice 
Radioisotopes are frequently used to label molecules in a cell. The fate 
of atoms and molee-ules in a cell can then be followed. This process is 
the basis for questions 1-3. 

I. Assume E. (oli are grown in a nutrient medium containing the 
radioisotope 16N. After a 48-hour incubation period, the 16N 
would most likely be found in the E. coli's 
a. carbohydrates. c. proteins. e. none of the above 
b.lipids. d. wateT. 

2. If PselldomOlras bacteria are supplied with radioactively labeled 
cytosine, after a 24-hour incubation )>criod th is cytosine would 
most likely be found in the cel1s' 
a. carbohydrates. c. lipids. e. proteins. 
b. DNA. d. water. 

3. lf E. coli were grown in a medium containing the radioactive 
isotope HI', the 311' would be found in all of the following 
molecules of the cell except 
a. ATP. c. DNA. e. none of the above 
b. carbohydrates. d. plasma membrane. 

4. A carbonated drink, pH 3, is _____ times more acid than 
distilled water . 
•• 4 
b.1O 

c. 100 
d. 1000 

5. The best definition of ATP is that it is: 
a. a molecule stored for food use. 

c. 10,000 

b. a molecule that supplies energy to do work. 
c. a molecule stored for an energy reserve. 
d. a molecule used as a source of phosphate. 

6. Which of the following is an organic molecule? 
a. H20 (wat!.'r) 
b. O2 (oxygen ) 
c. C1A H 29SO j (Styrofoam) 
d. FeO (i ron oxid!.') 
e. FIC = CF2 (Tdlon) 

Classify each of the molecules on the left as an acid, base, or salt. 
The dissociation products of the molecules are shown to 
httpyou. 

7. HNO j --. H+ + NOj" 
8. H2SO. --. 2H + + sof 
9. NaOH --. Na + + OH-

IO. MgSO. --. MgH + sof 
Critical Thinking 

a. acid 
b. base 
c. salt 

I . When you blow bubbles into a glass of water, the following 
reactions take place: 

A B 
H20 + CO2 - H2C03 - H + + HC0"3 

a. What type of reaction is A? 
b. What does r!.'action B tell you about the type of molecule 

H2CO) 
2. What are the common structural characteristics of ATP and DNA 

3. What happens to the relative amount of unsaturated lipids in 
the plasma membrane when E. coli bacteria grown at 2SQC are 
then grown at 37"C? 

4. Giraffes, termites, and koalas eat only plant mailer. Because 
animals cannot digest cellulose, how do you suppose 
these animals get nutrition fTOm the leaves and wood 
they 



Clinical Applications 
I. Ra/stonia bacteria make (PHB), which is 

used to make a biodegradable plastic. PHB consists of many of the 
monomers shown below. What type of molecule is PHB? What is 
the most likely reason a cell would store this molecule? 

OH H 
I I ,,0 

HC - C- C - C , I I "-
H H OH 

2. Thiobacil/us jerrooxidalls was responsible for destroying buildings 
in the Midwest by causing changes in the earth. The original rock, 
which contained lime (CaG03) and pyrite (FeS2)' expanded as 
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bacterial metabolism caused gypsum (CaS04l crystals to form. 
How did T. jcrrooxidans bring about the change from lime to 
gypsum? 

3. When growing in an animal, Bacillus anlhracis produces a 
capsule that is resistant to phagocytosis. The capsule is composed 
of D-glutamic acid. Why is this capsule resistant to digestion by 
the host's phagocytes? (Phagocytes are white blood cells that 
destroy bacteria.) 

4. The antibiotic amphotericin B causes leaks in cells by combining 
with sterols in the plasma membrane. Would you expect to use 
amphotericin B against a bacterial infe.:tion? A fungal infection? 
Offer a reason why amphotericin B has severe side effects in 
humans. 

5. You can smell sulfur when boiling eggs. What amino acids do you 
expe.:t in the egg? 



Observing 
Microorganisms 
Through a Microscope 

Microorganisms are much too small to be seen with the unaided eye; they must be observed 
with a microscope. The word microscope is derived from the Latin word micro, which means 
small, and the Greek word skopos, to look at. Modern microbiologists use microscopes that 
produce. with great clarity, magnifications that range from ten to thousands of times greater 
than those of van Leeuwenhoek's single lens (see Figure 1.2b on page 7). This chapter 
describes how different types of microscopes function and why one type might be used in 
preference to another. 

Some microbes are more readily visible than others because of their larger 
size or more easily observable features. Many microbes, however. 

must undergo several staining procedures before their cell walls, 
capsules, and other structures lose their colorless natural state. 

The last part of this chapter explains some of the more 
common ly used methods of preparing specimens for 
examination through a light microscope. 

You may wonder how we are going to sort, count, and 
measure the specimens we will study. To answer these 
questions. this chapter opens with a discussion of how to 
use the metric system for measuring microbes. 

Q 
Acid·fast staining of a patient's sputum 
is a rapid, reliable, and inexpensive method 
to diagnose tuberculosis. What color would 
bacterial cells appear if the patient has 
tuberculosis? 
Look for the answer in the chapter. 



Units of Measurement 
LEARNING OBJECTIVE 

3-1 Ust the metric units of measurement that are used for microorganisms_ 

Because microorganisms and their component parts are so very 
small, they are measured in units that are unfamiliar to many of 
us in everyday life. When measuring microorganisms, we use the 
metric system. The standard unit of length in the metric system is 
the meter (m). A major advantage of the metric system is that the 
un its are related to each other by factors of 10. Thus, I m equals 
10 decimeters (dmj or 100 centimeters (em) or 1000 millimeters 
(mm ). Units in the U.s. system of measure do not have the advan-
tage of easy conversion by a single factor of 10. For example, we 
use 3 feet or 36 inches to equal I yard. 

Microorganisms and their structural components are 
sured in even smaller units, such as micrometers and nanometers. 
A micrometer (j-lm) is equal to 0.000001 m (10--6 m). The prefix 
micro indicates that the unit following it should be divided by 
I million, or 106 (see the "Exponential Notation" section 
in Appendix B). A nanometer (nm) is equal to 0.000000001 m 
(10--9 m). Angstrom (A) was previously used for 10-10 m, or 
0.1 nm. 

Table 3.1 presents the basic metric units of length and some of 
their U.S. equivalen ts. In Table 3.1, you can compare the micro-
scopic units of measurement with the commonly known 
scopic units of measurement, such as centimeters, meters, and 
kilometers. If you look ahead to Figure 3.2 on page 58, you will see 
the relative sizes of various organisms on the metric scale. 

CHECK YOUR UNDERSTANDING 

,.f If a microbe measures 10 [.1m in length, how long is it in 
nanometers? 3-1 
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Microscopy: The Instruments 
LEARNING OBJECTIVES 
3-2 Diagram the path of light through a compound microscope. 
3-3 Define tolal magnification and resolution 

3-4 Identify a use fo r darkfield. phase-contrast. differential inte rference 
contrast. fluoresce nce. confocal. two-photon, and scanning acoustic 
microscopy. and compare each with brightfield illumination. 

3-5 Explain how electron microscopy differs from light microscopy. 
3-6 Identify one use for the TEM. SEM , and scanned-probe 

microscopes. 

The simple microscope used by van Leeuwenhoek in the seven-
teenth century had only one lens and was similar to a magnify-
ing glass. However, van Leeuwenhoek was the best lens grinder in 
the world in his day. His lenses were ground with such precision 
thaI a single lens could magnify a microbe 300X. His simple 
microscopes enabled him to be the first person to see bacteria 
(see Figure \.2, page 7). 

Contemporaries of van Leeuwenhoek, such as Robert Hooke, 
built compound microscopes, which have multiple lenses. In fact, 
a Dutch spectacle maker, Zaccharias Janssen, is credited with 
making the first compound microscope around 1600. However, 
these early compound microscopes were of poor quality and 
could not be used to see bacteria. It was not until about 1830 that 
a significantly better microscope was developed by Joseph Jackson 
Lister (the father of Joseph Lister). Various improvements to 
Lister's microscope resulted in the development of the modern 
compound microscope, the kind used in microbiology laborato-
ries today. Microscopic studies of live specimens have revealed 
dramatic interactions between microbes (see the Applications 
of Microbiology box on page 57.) Animation Microscopy and 
Staining: Overview. www.microbiologyplace.com 

Table 3.1 Metric Units of Length and U.S. Equivalents 

Metric Un" 

1 kilometer (km) 

1 meter (m) 

1 decimeter (dm) 

1 centimeter (cm) 

1 millimeter (mm) 

1 micrometer (",m) 

1 nanometer (nm) 

1 picometer (pm) 

Meaning of Prefix 

kilo : 1000 

deci= 1/10 

cenli - l/100 

milli = 111 000 

micro - 1/1,000,000 

nana = 1/1.000.000.000 

pica = 1/1.000.000.000.000 

Metric Equivalent 

1000 m = 103 m 

Standard unit 01 length 

0.1 m " I0- 1 m 

0.01 m = 10-2 m 

0.001 m = 10- 3 m 

0.000001 m = 10---(; m 

0.000000001 m = 10- 9 m 

0.000000000001 m = 10- 12 m 

U.s. Equivalent 

3280.84 It or 0.62 mi; 1 mi : 1.61 km 

39.37 in or 3.28 It or 1.09 yd 

3.94 in 

0.394 in; 1 in = 2.54 em 
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Body tube 
the image from the 
objective lens to the 
ocular lens 

Ob/ectlve 
Primary lenses t 
magnify the specimen 

Stage 
microscope 
in position 

Condenser ________ 
lighllhrough specimen 

Diaphragm Controls the ,mo"," -----= 
01 light entering the condenser 

Illuminator Light 

Coarse focusing 

8m 

Fine focusing 

(a) Principal pans and functions 

Figure 3.1 The compound light microscope. 

-

Q How is Iho lolai magnification of a compoond light microscope 
calculat8'd? 

light Microscopy 
Light m icroscopy refers to the use of any kind of microscope 
that uses visible light to observe specimens. Here we examine 
several types of light microscopy. 

Compound light Microscopy 
A modern compound light microscope has a series of lenses 
and uses visible ligh t as its source of illumination (Figure 3.1a). 
With a compound light microscope, we can examine very small 
specimens as well as some of their fi ne detail. A series of fi nely 
ground lenses (Figure 3.1b) forms a clearly foc used image that is 
many times larger than the specimen itself. This magnification is 
achieved when light rays from an illuminator, the light sou rce, 
pass through a condenser, which has lenses that direct the light 
rays through the specimen. From here, light rays pass into the 
objective lenses, the lenses closest to the specimen . The image of 
the specimen is magnified again by the ocular lens, or eyepiece. 

We can calculate the total magnification of a specimen by 
multiplying the objective lens magnification (power) by the 

Oc\Jlar lens 

p",", 

Body tube_-': 

Objective lenses 

Specimen--

Condenser 
lenses 

lIIuminator-----

) 
... 

o 

Base with __ _ 

"::. ____ ----,--------------Illumination .. 

(b) The path of light (bonom to top) 

ocular lens magnification (power). Most microscopes used in 
microbiology have several objective lenses, including lOX (low 
power). 40X (h igh power), and lOOX (oil immersion, which is 
described shortly). Most ocular lenses magnify specimens by a 
factor of 10. Multiplying the magnification of a specific objective 
lens wi th that of the ocular, we see that the total magnifications 
would be lOOX for low power, 400X for high power, and lOOOX 
for oil immersion. Some compou nd light microscopes can 
achieve a magnification of 2000X with the oil im mersion lens. 

Resolution (also called resolving power) is the abil ity of the 
lenses to distingu ish fine detail and structure. Specifically, it 
refers to the abili ty o f the lenses to distinguish two points a spec-
ified distance aparl. For example, if a microscope has a resolving 
power of 0.4 nm , it can distinguish two points if they are at least 
0.4 nm apart. A general principle of microscopy is that the short -
er the wavelength of light used in the instrument, the greater 
the resolut ion. The wh ite light used in a compound light micro-
scope has a relatively long wavelength and cannot resolve struc-
tures smaller than about 0.2 Ilm. This fact and other practical 



What Is That Slime? 
When bacteria grow, they often 
stay together in packs called 
biofilms. This can result In a slimy film 
on rocks, on food, inside pipes, and on 
implanted medical devices. Bacterial cells 
interact and exhibit multicellular organiza-
tion (Figure A). 

Pseudomonas aeruginosa can grow 
within a human without causing disease 
untillhey form a biofilm that overcomes 
the host's immune system. Biofilm-forming 
P. aeruginosa bacteria colonize the lungs 
of cystic fibrosis patients and are a leading 
cause of death in these patients (Figure B). 
Perhaps biolilms that lead \0 disease can be 
prevented by new drugs that destroy the 
inducer (discussed shonly). 

figure A PaernbacJIus. As one small colony moves 
away from the parent colony. other groups of cells 
IoIIow the first colony. Soon. 911 of the other bacteoa 
JOIIl the relocauon to Iorm thIS splrahng colony. 

Myxobacteria 
Myxobacteria are found in decaying organic 
material and fresh water throughout the 
world. Although they are bacteria, many 
myxobacteria never exisl as individual cells. 
Myxococcus xanthus cells appear to hunt 
in packs. In their natural aqueous habitat, 
M. xanthus cells form spherical colonies 
that surround prey bacteria. where they 
can secrete digestive enzymes and absorb 
the nutrients. On solid substrates, other 
myxobacterial cells glide over a solid 
surface. leaving slime trails that are followed 
by other cells. When food is scarce, the cells 
aggregate to form a mass. Cells within the 
mass differentiate inlo a fruiting body that 
consists of a slime stalk and clusters of 
spores. as shown in figure C. 

Vibrio 
Vibrio fischeri is a bioluminescent bacterium 
that lives as a symbiont in the lighl-
producing organ of squid and certain fish. 
1Nhen free-living. the bacleria are at a low 
concentration and do not give off light 
However, when they grow in their host, they 
are highly concenlrated. and each cell is 
induced to produce the enzyme luciferase, 
which is used in the chemical pathway of 
bioluminescence. 

How Bacterial Group 
Behavior Works 
Cell density alters gene expression in 
bacterial cells in a process called quorum 
sensing. In law. a quorum is the minimum 
number of members necessary to conduct 

business. Quorum sensing is the ability of 

I I 
figure B Pseudomonas aerug/OOSa 

bacteria to communicate and coordinate 
behavior. Bacteria that use quorum sensing 
produce and secrete a signaling chemical 
called an inducer. As the inducer diffuses 
inlo the surrounding medium, other bacteri-
al cells move toward the source and begin 
producing inducer. The concentration of 
inducer increases with increasing cell 
numbers. This. in turn. attracts more cells 
and initiates synthesis of more inducer. 

figure C A IruIllOg body of a fll)'Xobactenum. 

IOpm 



This figure illustrates two concepts: l) the relative sizes of various specimens. and 2) the resolution of the 
human eye and several microscopes. The micrographs included throughout this textbook (l ike the ones 
below) will have size bars and symbols to help you identify the actual size of the specimen and the type of 
microscope used for that image. A red symbol indicates that a micrograph has been art ificially colorized. See 
Table 3.2 on pages 66- 68 for more examples. 
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Microscopes are used to magnify 
Scanning electron microscope (SEM) small objects. Because different 

10 nm-I mm •• microscopes have different resolution 
ranges, the si.ze of a specimen 
detennineti which microscopes can be 
used to Iriew the specimen effectively. 

considerations limit the magnification achieved by even the best 
compound light microscopes to about 2000X. By compa rison, 
van Leeuwenhoek's microscopes had a resolution of I j.Lm. 

with their medium (substance in which they are suspended) . To 
attain such contrast, we must change the refractive index of spec-
imens from that of their medium. The refractive index is a 
measure of the light-bending ability of a med ium. We change the 
refractive index of specimens by staining them, a procedure we 
will discuss shortly. Light rays move in a straight line through a 
single medium. After the specimen is stained, when light rays 

Figure 3.2 shows various specimens that can be resolved by 
the human eye. light microscope. and electron microscope. 

To obtain a clear, finely detailed image under a compound 
light microscope, specimens must be made to contrast sharply 
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pass through the two materials (the specimen and its medium) 
with different refractive indexes, the rays change direction 
(refract) from a straight path by bending or changing angle at the 
boundary between the materials and increase the image's con-
trast between the specimen and the medium. As the light rays 
travel away from the specimen, they spread out and enter the 
objective lens, and the image is thereby magnified. 

To achieve high magnification ( 1000X) with good resolution, 
the objective lens must be small. Although we want light travel-
ing through the specimen and medium 10 refract differently, we 
do not want to lose light rays after they have passed through the 
stained specimen . To preserve the direction of light rays at the 
highest magnification, immersion oil is placed between the glass 
slide and the oil immersion objective lens (Figure 3.3). The 
immersion oil has the same refractive index as glass, so the oil 
becomes part of the optics of the glass of the microscope. Unless 
immersion oil is used, light rays arc refracted as they enter the air 
from the slide, and the objective lens would have to be increased 
in diameter to capture most of them . The oil has the same effect 
as increasing the objective lens diameter; therefore, it improves 
the resolving power of the lenses. If oil is not used with an oil 
immersion objective lens, the image becomes fuzzy, with poor 
resolution. 

Under usual operating conditions, the field of vision in a 
compound light microscope is brightly illuminated. By focusing 
the light, the condenser produces a brightfield illumination 
(Figure 3.4a). 

It is not always desi rable to stain a specimen. However, an 
unstained cell has little contrast with its surroundings and is there-
fore difficult to sec. Unstained cells arc more easily observed with 
the modified compound microscopes described in the next section. 

CHECK YOUR UNOERSTANOING 

..r Through what lenses does light pass in a compound 
microscope? 3-2 

..r What does it mean when a microscope has a resolution 
of 0.2 nm? 3-3 

Oarkfield Microscopy 
A darkfield microscope is used to examine live microorga nisms 
that either are invisible in the ordinary light microscope, cannot 
be stained by standard methods, or are so distorted by staining 
that their characteristics then cannot be identified. Instead of 
the normal condenser, a darkfield microscope uses a darkfield 
condenser that contains an opaque disk. The disk blocks light 
that would enter the objective lens directly. Only light that is 
reflected off (turned away from) the specimen enters the objec-
tive lens. Because there is no direct background light, the 
specimen appears light against a black background-the dark 
field (Figure 3.4b). This technique is frequently used to examine 
unstained microorganisms suspended in liquid. One use for 
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Figure 3.3 Refraction in the compound microscope using an 
oil immersion objective lens_ Because the refractive indexes of the 
glass microscope slide and immersion oil are the same. the light rays do 
not refract when passing from one to the other when an oil immersion 
objective lens is used, This method produces images with better 
resolut ion at magnificat ions greater than 900x. 

Q What is meant by resolution? 

darkfield microscopy is the examination of very thin spirochetes, 
such as Treponema pa/lidum (tre-po- ne'ma pal'li-d um), the 
causative agent of syphilis. 

Phase-Contrast Microscopy 
Another way to observe microorganisms is with a phase-contrast 
microscope. Phase-contrast microscopy is especially useful 
because it permits detailed examination of internal structures in 
living microorganisms. In addition, it is not necessary to fix (attach 
the microbes to the microscope slide) or stain the specimen-
procedures that could distort o r kill the microorganisms. 

The principle of phase-contrast microscopy is based on the 
wave nature of light rays and the fac t that light rays can be in 
phase (their peaks and valleys match) or 0111 of phase. If the wave 
peak of light rays from one source coincides with the wave peak 
of light rays from another source, the rays interact to produce 
rei"forcement (relative brightness). However, if the wave peak 
from one light source coincides with the wave trough from 
another light source, the rays interact to produce interference 
(relative darkness). In a phase-contrast microscope, one set of 
ligh t rays comes directly from the light source. The other set 
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Only light reflected 
Objective lens by the specimen is 

captured by the 
objective lens 

Specimen Unreflected light 

Condenser lens 

Light 

(a) Brightfield, (Top) The path of light in 
brightfield microscopy, the type of 
illumination produced by regular compound 
light microscopes. (Bottom) Brightfield 
illumination shows intemal structures and the 
outline of the transparent pellicle (extemal 
covering). 

Opaque disk 

Light 

(b) Darkfield, (Top) The darllfield microscope 
uses a special condenser with an opaque 
disk that eliminates all light in the center of 
the beam. The only light that reaches the 
specimen comes in at an angle; thus, only 
light reflected by the specimen (blue rays) 
reaches the objective lens. (Bonom) Against 
the black background seen with darllfield 
microscopy, edges of the cell are bright. 
some internal structures seem to sparllie. and 
the pellicle is almost visible. 

Figure 3.4 Brightfield, darkfield, and phase-contrast microscopy. The illustrations show 
the contrasting light pathways of each of these types of microscopy. The photographs compare the 
protozoan Paramecium using these three different microscopy techniques. 

Q What are the advantages of brightfield, darkfield, and phase-contrast microscopy? 
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Light 

-Ocular lens 

Diffraction plate 
Undiffracted light 
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-Objective lens 
Refracted or diffracted 
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-Condenser lens 
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(c) Phase-contrast. (Top) In phase-contrast 
microscopy, the specimen is illuminated by 
light passing through an annular (ring 
shaped) diaphragm. Direct light rays 
(unaltered by the specimen) travel a different 
path than light rays that are reflected or 
diffracted as they pass through the specimen. 
These two sets of rays are combined at the 
eye. Reflected or diffracted light rays are 
indicated in blue; direct rays are red. (Bottom) 
Phase-contrast microscopy shows greater 
differentiation of internal structures and 
clearly shows the pell icle. 

comes from light that is reflected or d i ffracted from a particular 
structure in the speci men. (Diffractio/l is the scattering of light 
rays as they " touch" a specimen's edge. The diffracted rays are 
bent away from the parallel l ight rays that pass far ther from the 
specimen.) When the two sets of light rays- direct rays and 
reflected or diffracted rays- are brought together, they form an 
image of t he specimen on the ocular lens, containing areas that 
are relatively light ( in phase), through shades of gray, to black 
(out of phase; Figure 3.4c). [n phase-contrast microscopy, the 
internal structures of a cell become more sharply defined. 

Differential Interference Contrast (Ole) Microscopy 
Differential interference contrast (DIC) microscopy is similar 
to phase-con t rast microscopy in that it uses d i fferences in refrac-
tive indexes_ H owever, a DlC microscope uses two beams of light 
instead of one. In addition, prisms split each light beam, adding 
contrast ing colors to the specimen. Therefore, the resolution of a 
DIC microscope is higher than that of a standard phase-contrast 
microscope. Also, the image is brightly colored and appears 
nearly three-dimensional ( Figure 3.5)_ 
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Figure 3.5 Differential interference contrast (DIC) microscopy. 
like phase-contrast, OIC uses differences in refractive indexes to produce 
an image. in this case a ParamecIUm. The colors in the image are pro-
duced by prisms that split the two light beams used in this process. 

Q Why is the resolution of a DlC microscope higher than that 01 a 
phase-contrast microscope? 

Fluorescence Microscopy 
Fluorescence microscopy takes advantage of fluorescence, the 
ability of substances to absorb short wavelengths of light (ultra-
violet) and give off light at a longer wavelength (visible). Some 
organisms fluoresce naturally under ult raviolet light; if the spec-
imen to be viewed does not naturally fluoresce, it is stained with 
one of a group of fluorescent dyes called Jllloroclzromes. When 
microorganisms stained with a fluorochrome are examined 
under a fl uorescence microscope with an ultraviolet or near-
ultraviolet light source, they appear as luminescent, bright 
objects against a dark background. 

Fluorochromes have special attractions fo r different micro-
organisms. For example, the fluorochrome auramine 0, which 
glows yellow when exposed to ult raviolet light, is strongly 
absorbed by Mycobacterillm IIIbercu/osis, the bacterium that 
causes tuberculosis. When the dye is applied to a sample of 
material suspected of containing the bacterium, the bacterium 
can be detected by the appearance of bright yellow organisms 
against a dark background. Bacilllls antllracis, the causative 
agen t of anthrax, appears apple green when stained with anoth-
er fluorochrome, fluorescein isothiocyanate (FITC). 

The principal use of fluorescence microscopy is a diagnostic 
technique called the fluorescent -antibody (FA) technique, or 
immunofluorescence. Antibodies are natural defense mole-
cules that are produced by humans and many animals in reaction 
to a foreign substance, or antigen. Fl uorescent antibodies for a 
particular antigen are obtained as follows: an animal is injected 
with a specific an tigen, such as a bacterium, and the animal then 
begins to produce antibodies against that antigen. After a suffi-
cient time, the antibodies are removed from the serum of the 
an imal. Next, as shown in Figure 3.6a, a fluorochrome is chemi-
cally combi ned with the antibodies. These fluorescent antibodies 
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Figure 3.6 The principle of immunofluorescence. (a) A type of 
fluorochrome is combined with antibodies against a specifiC type of bac-
terium. VVhen the preparation is added to bacterial cells on a microscope 
slide. the antibodies attach to the bacterial cells. and the cells fluoresce 
when illuminated With ultraviolet light. (b) In the fluo rescent treponemal 
antibody absorption (FTA-ABS) test for syphilis shown here. Treponema 
pallidum shows up as green cells against a darker background. 

Q Why won't other bacteria fluoresce in the FTA-ABS test? 
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Figure 3.7 Confocal microscopy. Confocal microscopy produces 
three-dimensional images and can be used to look inside cells. Shown 
here are contractile vacuoles in Paramecium mu/timicronuclealUm. 

Q What feature of confocal microscopy eliminates the blurring that 
occurs with other microscopes? 

are then added to a microscope slide con taining an unknown 
bacterium. If this unknown bacterium is the same bacterium 
that was injected into the animal, the fluorescent antibodies 
bind to antigens on the surface of the bacterium, causing it to 
fluoresce. 

This technique can detect bacteria or other pathogenic 
microorganisms, even within cells, tissues, or other clinical 
specimens (Figure 3.6b). Of paramount im portance, it can be 
used to identify a microbe in minutes. Immunofluorescence is 
especially useful in d iagnosing syphi lis and rabies. We will say 
more about antigen-antibody reactions and immunofluores-
cence in Chapter 18. 

Confocal Microscopy 
Confocal microscopy is a technique in light microscopy used 
to reconstruct three-dimensional images. Like fluorescent 
microscopy, specimens are stained with fluorochromes so they 
will emit, or return, light. But instead of illuminating the 
entire field, in confocal microscopy, one plane of a small 
region of a specimen is illuminated with a short-wavelength 
(blue) light which passes the returned light through an aper-
ture aligned with the illuminated region. Each plane corre-
sponds to an image of a fine slice that has been physically cut 
from a specimen. Successive planes and regions are illuminat-
ed until the entire specimen has been scanned. Because con-
focal microscopy uses a pinhole aperture, it eliminates the 
blurring that occurs with other microscopes. As a result, 
exceptionally clear two-dimensional images can be obtained, 

with improved resolution of up to 40% over that of other 
• microscopes. 

Most confocal m icroscopes are used in conjunction with 
computers to construct th ree-dimensional images. The scanned 
planes of a specimen, which resemble a stack of images, arc con-
verted to a digital form that can be used by a computer to con-
struct a three-dimensional representation. The reconstrucled 
images can be rotated and viewed in any orientation . This tech-
nique has been used to obtain three-dimensional images of 
entire cells and cellular components (Figure 3.7). In addition, 
confocal microscopy ca n be used 10 evaluate cellular physiology 
by monitoring the distributions and concentrations of sub-
stances such as ATP and calcium ions. 

Two-Photon Microscopy 
As in confocal microscopy, specimens are stained with a fluoro-
chrome for two-photon microscopy (TPM). Two-photon 
microscopy uses long-wavelength (red) light, and therefore two 
pholons, instead of one, are needed to excite the fluorochrome 10 
emit light. The longer wavelength allows imaging of living cells in 
tissues up to 1 mOl deep (Figure 3.8). Confocal microscopy can 
image cells in detail only 10 a depth of less than 100 j.Lm. 
Additionally, the longer wavelength is less likely to generate 
singlet oxygen, which damages cells (see page 161), Another 
advantage of TPM is that it can track the activity of cells in real 
t ime. For example, cells of the immune system have been 
observed responding 10 an antigen. Animation Light Microscopy. 
www.microbiologyplace.com 
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Figure 3.8 Two-photon microscopy (TPM). This procedure makes 
it possible to image livmg cells up to 1 mm deep in detail. This image 
shows movement of food vacuoles in a living Paramecium. 

Q What are the advantages of TPM? 



Scanning Acoustic Microscopy 
Scanning acoustic microscopy (SAM) basically consists of 
interpreting the action of a sound wave sent through a specimen. 
A sound wave of a specific frequency travels through the speci-
men, and a portion of it is reflected hack every time it h its an 
interface within the material. The resolu tion is about 1 ,""m . SAM 
is used to study living cells attached to another surface, such as 
cancer cells, artery plaque, and bacterial biofilms that foul equip-
ment (Figure 3.9) . 

CHECK YOUR UNDERSTANDING 

-/ How are brightfield. darJdield, phase-contrast. and fluorescence 
microscopy similar? 3-4 

Electron Microscopy 
Objects smaller than about 0.2 J.l.m, such as viruses or the inter-
nal structures of cells, must be examined with an electron 
microscope. In electron microscopy, a beam of electrons is used 
instead of light. Like light, free electrons travel in waves. The 
resolving power of the electron microscope is far greater than 
that of the other microscopes described here so far. The better 
resolution of electron microscopes is due to the shorter wave-
lengths of electrons; the wavelengths of electrons arc about 
100,000 times smaller than the wavelengths of visible light. Thus, 
electron microscopes are used to examine st ructures too small to 
be resolved with light microscopes. Images produced by electron 
microscopes are always black and white, but they may be colored 
art ificially to accentuate certain details. 

Instead of using glass lenses, an electron microscope uses 
electromagnetic lenses to focus a beam of electrons onto a spec-
imen. There are two types of electron microscopes: the transmis-
sion electron microscope and the scanni ng electron microscope. 

Transmission Electron Microscopy 
In the transmission electron microscope (TEM), a finely 
focused beam of electrons from an electron gun passes 
through a specially prepared, ultrathin section of the specimen 
(Figure 3.108). The beam is focused on a small area of the 
specimen by an electromagnetic condenser lens that performs 
roughly the same function as the condenser of a light micro-
scope-directing th e beam of electrons in a straigh t line to 
illuminate the specimen. 

Electron microscopes use electromagnetic lenses to con trol 
illumi nation, focus, and magnification. Instead of being placed 
on a glass slide, as in light microscopes, the specimen is usually 
placed on a copper mesh grid. The beam of electrons passes 
through the specimen and then through an electromagnetic 
objective lens, which magnifies the image. Finally, the electrons 
are focused by an elect romagnetic projector lens (ra ther than by 
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Figure 3.9 Scanning acoustic microscopy (SAM) of 8 bacterial 
biofitm on glass. Scannlllg acoustic microscopy essentially consists of 
Interprellng the aCllon of sound waves through a specimen. C 2006 IEEE. 

Q What is the principal use of SAM? 

an ocular lens as in a light microscope) onto a fluorescen t screen 
or photographic plate. The final image. called a transmissioll elec-
tron micrograph. appears as many light and dark areas, depend-
ing on the number of electrons absorbed by different areas of the 

. speCImen . 
In practice, the transmission electron microscope can resolve 

objects as dose together as 2.5 nm, and objects are generally 
magnified 10,000 to IOQ,OOOX. Because most microscopic 
mens arc so thin , the cont rast between their uhrastructures and 
the background is weak. Contrast can be greatly enhanced by 
using a "stai n" that absorbs electrons and produces a darker 
image in the stained region. Salts of various heavy metals, such as 
lead, osmium, tungsten, and uranium, are commonly used as 
stains. These metals can be fixed onto the specimen (positive 
staillillg) or used to increase the electron opacity of the sur-
rounding field (llegative stainillg). Negative staining is useful for 
the study of the very smallest specimens, such as virus part ides, 
bacterial fla gella, and protein molecules. 

In addition to posi tive and negative staining, a microbe can 
be viewed by a technique called shadow castillg. In this 
dure. a heavy metal such as platinum or gold is sprayed at an 
angle of about 45° so that it strikes the microbe from only one 
side. The metal piles up on one side of the speci men , and the 
uncoated area on the opposite side of the specimen leaves a clear 
area behind it as a shadow. This gives a three-dimensional effect 
to the specimen and provides a general idea of the size and shape 
of the specimen (see the TEM in Figure 4.6, page 80). 

Transmission electron microscopy has high resolution and 
is ext remely val uable for examining different layers of speci-
mens. However. it does have certai n disadvantages. Because 
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(a) Transmission. (Top) In a transmission 
electron microscope, electrons pass through the 
specimen and are scattered. Magnetic lenses 
focus the image onto a fluorescent screen or 
photographic plate. (Bottom) This colorized 
transmission electron micrograph (TEM) shows 
a thin slice of Paramecium. In this type of 
microscopy, the internal structures present in 
the slice can be seen. 
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(b) Scanning. (Top) In a scanning electron 
microscope. primary electrons sweep across 
the specimen and knock electrons from its 
surface. These secondary electrons are picked 
up by a col lector. amplified. and transmitted 
onto a viewing screen or photographic plate. 
(Bottom) In this colorized scanning electron 
micrograph (SEM). the surface structures of 
Paramedum can be seen. Note the 
three·dimensional appearance of this cell. in 
contrast to the two·dimensional appearance of 
the transmission electron micrograph in part (a). 

Figure 3.10 Transmission and scanning 
elec tron microscopy. The illustrations show 
the pathways of electron beams used to create 
images of the specimens. The photographs show 
a Paramecium viewed with both of these types of 
electron microscopes. Although electron micro-
graphs are normally black and white. these and 
other electron micrographs in th is book have been 
artifically colorized for emphasis. 

Q How do TEM and SEM images of the same 
organism differ? 

electrons have limited penetrating power, only a very thin 
section of a specimen (about 100 nm ) can be studied effec -
tively. Thus, the specimen has no three-dimensional aspect. In 
addition, specimens must be fixed, dehydrated, and viewed 
under a high vacuum to prevent electron scattering. These 
treatments not only ki ll the specimen, but also cause some 
shrinkage and distortion, so metimes to the extent that there 
may appear to be additional structures in a prepared 
cell . Structures that appear as a result of the method of prepa-
rat ion are called artifacts. 

Scanning Electron Microscopy 
The scanning electron microscope (SEM) overcomes the 
problem of sectioning associated with a transmission electron 
microscope. A scanning electron microscope prov ides striking 
three -dimensional views of specimens (Figure 3.1 Db). In scan-
ning electron microscopy, an electron gun produces a finely 
focused beam of electrons called the primary elect ron beam. 
These electrons pass through electromagnetic lenses and are 
directed over the surface of the specimen. The primary elec-
tron beam knocks electrons out of the surface of the specimen, 
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Figure 3.11 Scanned-probe microscopy. (a) Scannmg tunneling microscopy 
(STM) image of RecA protein from E.coll. This protein is involved in repair of DNA. 
(b) Atomic force microscopy (AFMJ image of perfringoglysin 0 toxin from Clostridium 
perfringens_ This toxin makes holes in human plasma membranes_ 

Q What is the principle employed in scanned-probe microscopy? 

and the secondary electrons thus produced are transm itted to 
an electron collector, amplified, and used to produce an image 
on a viewing screen or photographic plate. The image is called a 
sCQ/lning electroll micrograph. This microscope is especially use-
fu l in studying the surface st ructures of intact cells and viruses. 
In practice, it can resolve objects as dose together as 10 nm, and 
objects are generally magnified 1000 to 1O,000X. 

CHECK YOUR UNOERSTANOING 

..r Why do electron microscopes have greater resolution than light 
microscopes? 3-5 

Scanned-Probe Microscopy 
Since the early 1980s, several new types of microscopes, called 
scanned-probe microscopes. have been developed. They use 
various kinds of probes to examine the surface of a specimen at 
very dose range, and they do so without modifying the speci-
men or exposing it to damaging, high -energy radiation. Such 
microscopes can be used to map atomic and molecular shapes, 
to characterize magnetic and chemical properties, and to deter-
mine temperature variations inside cells. Among the new 
scanned- probe microscopes arc the scanning tunneling m icro-
scope and the atomic force microscope, discussed next. 

Scanning Tunneling Microscopy 
Scanning tunneling microscopy (STM) uses a thin metal 
(tungsten) probe that scans a specimen and produces an image 

revealing the bumps and depressions of the atoms on the surface 
of the specimen (Figure 3.11a). The resolving power of an STM 
is much greater than that of an electron microscope; it can 
resolve features that are only about 1/100 the size of an atom. 
Moreover, special prepa ration of the specimen for observation is 
not needed. STMs arc used to provide incredibly detailed views 
of molecules such as DNA. 

Atomic Force Microscopy 
In atomic force microscopy (AFM). a metal-and-diamond probe 
is gently forced down onto a specimen. As the probe moves along 
the surface of the specimen, its movements are recorded, and a 
three-dimensional image is produced (Figure 3.11b). As with 
STM, AFM does not require special specimen preparation. 
AFM is used to image both biological substances (in nearly 
atomic detail) (See also Figure 17.3b on page 480. ) and molecular 
processes (such as the assembly of fibrin, a component of a blood 
dot) . 

The various types of microscopy just described are sum-
marized in Table 3.2 (pp. 66-68) . Animation Electron Microscopy. 
www.microbiologyplace.com 

CHECK YOUR UNOERSTANDING 

..r For what is TEM used? SEM? Scanned -probe miCroscopy? 3-6 



66 PART ONE Fundamentals of Microbiology 

Table 3.2 A Summary of Various Types of Microscopes 

Microscope Type 

Ught 
Brightfield 

Darkfield 

Phase-contrast 

Differential 
interference 
contrast (Ole) 

Fluorescence 

Distinguishing Features 

Uses visible light as a source 
of illumination; cannot resolve 
structures smaller than about 
0.2 j.Jm: specimen appears 
against a bright background. 
Inexpensive and easy to use. 

Uses a special condenser with 
an opaque disk that blocks 
light from entering the objective 
lens directly; light reflected by 
specimen enters the objective lens, 
and the specimen appears light 
against a black background. 

Uses a special condenser 
containing an annular (ring-shaped) 
diaphragm. The diaphragm allows 
direct light to pass through the 
condenser. focusing light on the 
specimen and a diffraction plate 
in the objective lens. Direct and 
reflected or diffracted light rays are 
brought together to produce the 
image. No staining required. 

Like phase-contrast, uses 
differences in refractive indexes 
to produce images. Uses two 
beams of light separated by 
prisms; the specimen appears 
colored as a result of the prism 
effect. No staining required. 

Uses an ultraviolet or near-ultraviolet 
source of illum ination that causes 
fluorescent compounds (green-colored) 
in a specimen to emit light 

Typical Image 

Paramecium 

Paramecium 

Paramecium 

Paramecium 

Treponema pallidum 

f-< 
25/lm 

Principal Uses 

To observe various stained 
specimens and to count 
microbes: does not resolve 
very small specimens, such 
as viruses. 

To examine living microorganisms 
that are invisible in brightfield 
microscopy. do not stain easily, 
or are distorted by staining; 
frequently used to detect 
Treponema pal/idum in the 
diagnosis of syphilis. 

To facilitate detailed examination 
of the internal structures of 
living specimens. 

To provide three-dimensional 
images. 

For fluorescent -antibody 
techniques (immunofluorescence) 
to rapidly detect and identify 
microbes in tissues or clinical 
specimens. 



Table 3.2 (continued) 

Mklroscope Type 

Confocal 

Two-Photon 

Scanning Acoustic 

Electron 
Transmission 

Scanning 

Distinguishing Features 

Uses a single photon to illuminate 
one plane 01 a specimen at a time. 

Uses two photons to illuminate 
a specimen. 

Uses a sound wave of specific 
frequency that travels through the 
specimen with a portion being 
rellected when it hits an interface 
within the material. 

Uses a beam 01 electrons instead 
of light: electrons pass through the 
specimen: because 01 the shorter 
wavelength 01 electrons, structures 
sma ller than 0.2 j.Jm can be 
resolved. The image produced is 
two-dimensional. 

Uses a beam 01 electrons instead 
of light: electrons are rellected Irom 
the specimen: because of the shorter 
wavelength 01 electrons, structures 
sma ller than 0.2 j.Jm can be resolved. 
The image produced appears three-
dimensional. 
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Typical Image 

Paramecium 

Paramecium 

Biofilm 

Paramecium 

Paramecium 

Principal Uses 

To obtain two- and three-
dimensional images of cells 
for biomedical applications. 

To image living cells. up to depth 
of 1 mm. reduce phototoxicity, 
and observe cell activity in real 
time. 

To examine living cells attached 
to another surface. such as 
cancer cells, artery plaque, and 
biofilms. 

To examine viruses or the internal 
ultrastructure in thin sections of 
cells (usually magnified 
10,000-1 OO.OOOX). 

To study the surface leatures 
of cells and viruses (usually 
magnified 1000-IO,OOOX). 
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Table 3.2 A Summary of Various Types of Microscopes (continued) 

Mklroscope Type 

Scanned-Probe 
Scanning 
tunneling 

Distinguishing Features Typical Image Principal Uses 

Uses a thin metal probe that scans 
a specimen and produces an image 
revealing the bumps and depressions 
of the atoms on the surface of the 
specimen. Resolving power is much 
greater than that of an electron 
microscope. No special preparation 
required. 

Provides very detailed views of 
molecules inside cel ls. 

RecA protein 
from E. coli 

Atomic force Uses a metal-and-diamond probe 
gently forced down along the 
surface of the specimen. Produces a 
three-dimensional image. No special 
preparation required. 

Provides three-dimensional 
images of biological specimens 
at high resolution in nearly 
atomic detail and can measure 
physical properties of biological 
specimens and molecular 
processes. 

Penfringoglycin 0 
to)(in from Clos-
Iridium perfringens 

f-i 
11 nm 

Preparation of Specimens 
for Light Microscopy 
LEARNING OBJECTIVES 
3-7 Differentiate an acidic dye from a basic dye. 

3-8 Explam the purpose of simple staining. 

3-9 ust the steps in preparing a Gram stain. and descnbe the appearance 
of gram-positive and gram-negative ce lls after each step. 

3-10 Compare and contrast the Gram stain and the acid-fast stam. 

3-11 Explam why each of the fo llowing is used : capsule stain. endospore 
stain, flage lla stain. 

Because most microorganisms appear almost colorless when 
viewed through a standard light microscope, we often must pre-
pare them for observation. One way to do this is to stain (color) 
the specimen. Next we will discuss several different staining 
procedures. 

Preparing Smears for Staining 
Most initial observations of microorganisms are made with 
stained preparations. Staining simply means coloring the 
microorgan isms with a dye that emphasizes certain structures. 

Before the microorganisms can be stained, however, they must be 
ftxed (attached) to the microscope slide. Fixing simultaneously 
kills the microorganisms and fixes them to the slide. It also pre-
serves various parts of microbes in their natural state with only 
minimal distortion . 

When a specimen is to be fixed, a thin film of material con-
ta ining the microorganisms is spread over the surface of the 
slide. This film, called a smear, is allowed to air dry. In most 
staining procedures the slide is then fixed by passing it through 
the flame of a Bunsen burner several times, smear side up, or by 
covering the slide with methyl alcohol for I minute. Stain is 
applied and then washed off with water; then the slide is blotted 
with absorbent paper. Without fixing, the stain might wash the 
microbes off the slide. The stained microorganisms are now 
ready for microscopic examination. 

Stains are salts composed of a positive and a negative ion, one 
of which is colored and is known as the chromoplwre. The color 
of so-called basic dyes is in the positive ion; in acidic dyes. it is 
in the negative ion. Bacteria are slightly negatively charged at 
pH 7. Thus, the colored positive ion in a basic dye is attracted to 
the negatively charged bacterial cell. Basic dyes, which include 
crystal violet, methylene blue, malach ite green, and safran in, are 
more commonly used than acidic dyes. Acidic dyes are not 



attracted to most types of bacteria because the dye's negative ions 
are repelled by the negatively charged bacterial surface, so the 
stain colors the background instead. Preparing colorless bacteria 
against a colored background is called negative staining. It is 
valuable for observing overall cell shapes, sizes, and capsules 
because the cells are made highly visible against a contrasting 
dark background (see Figure 3.14a on page 72). Distortions of 
cell size and shape are minimized because fixing is not necessary 
and the cells do not pick up the stain . Examples of acidic dyes are 
eosin, acid fuchsin, and nigrosin. 

To apply acidic or basic dyes, microbiologists use three kinds 
of staining techniques: simple, differential, and special. 

Simple Stains 
A simple stain is an aqueous or alcohol solution of a single basic 
dye. Although d ifferent dyes bind specifically to different parts of 
cells, the primary purpose of a simple stain is to highlight the 
entire microorganism so Ihat cellular shapes and basic structures 
are visible. The stain is applied 10 the fixed smear for a certain 
length of lime and then washed off, and the slide is dried and 
examined. Occasionally, a chemical is added to the solution to 
intensify the slain; such an additive is called a mordant. One func-
tion of a mordant is 10 increase the affinity of a stain for a biolog-
ical specimen; another is to coal a structure (such as a flage llum) 
to make it thicker and easier to see after it is stained with a dye. 
Some of the simple stains commonly used in the laboralory are 
methylene blue, carbolfuchsin, crystal violet, and safranin. 

CHECK YOUR UNOERSTANOING 

..r Why doesn't a negative stain color a cell? 3-7 

..r Why is fixing necessary for most staining procedures? 3-8 

Differential Stains 
Unlike simple stains, differential stains react differently with 
different kinds of bacteria and thus can be used to distinguish 
them. The differential stains most frequently used for bacteria 
are the Gram stain and the acid-fast stain. 

Gram Stain 
The Gram stain was developed in 1884 by the Danish bacteriol-
ogist Hans Christian Gram. It is one of the most useful staining 
procedures because it classifies bacteria into two large groups: 
gram-positive and gram -negative. 

In this procedure (Figure 3.12a), 

o A heat -fixed smear is covered with a basic purple dye, 
usually crystal violet. Because the purple stain imparts its 
color to all cells, it is referred to as a primary stain. 

e After a short time, the purple dye is washed o ff, and the 
smear is covered with iodine, a mordant. When the iodine is 
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washed off, both gram- positive and gram-negative bacteria 
appear dark violet or purple. 

E) Next, the slide is washed with alcohol or an alcohol-acetone 
solution. This solution is a decoloruing agent. which 
removes the purple from the cells of some species but not 
from others. 

o The alcohol is rinsed off, and the slide is then stained with 
sa franin, a basic red dye. The smear is washed again, blotted 
dry, and examined microscopically. 

The purple dye and the iodine combine in the cytoplasm of 
each bacterium and color it dark violet or purple. Bacteria that 
retain this color after the alcohol has attempted to decolorize 
them are classified as gram-positive; bacteria that lose the dark 
violet or purple color after decolorization are classified as gram-
negative (Figure 3.12b). Because gram-negative bacteria are 
colorless after the alcohol wash, they are no longer visible. This is 
why the basic dye safranin is applied; it turns the gram-negative 
bacteria pink. Stains such as safranin that have a contrasting 
color to the primary stain arc called counterstains. Because 
gram-positive bacteria retain the original purple stain, they are 
not affected by the safranin counterstain . 

As you will see in Chapter 4, different kinds of bacteria react 
differently to the Gram stain because structural differences in 
their cell walls affect the retention or escape of a combination of 
crystal violet and iodine, called the crystal violet- iodine (CV-I) 
complex. Among other differences, gram-positive bacteria have a 
thicker peptidoglycan (disaccharides and amino acids) cell wall 
than gram-negative bacteria. In addition, gram- negative bacteria 
contain a layer of lipopolysaccharide (lipids and polysaccha -
rides) as part of their cell wall (see Figure 4.13, page 86). When 
applied to both gram -positive and gram-negative cells, crystal 
violet and then iodine readily enter the cells. Inside the cells, the 
crystal violet and iodine combine to form CV- 1. This complex is 
larger than the crystal violet molecule that entered the cells, and, 
because of its size, it can not be washed out of the intact pept ido-
glycan layer of gram-positive cells by alcohol. Consequently, 
gram-positive cells re tain the color of the crystal violet dye. In 
gram-negative cells, however, the alcohol wash disrupts the outer 
lipopolysaccharide layer, and the CV- I complex is washed out 
through the thin layer of peptidoglycan . As a result, gram-
negative cells are colorless until counterstained with safranin, 
after which they arc pink. 

In summary, gram-positive cells retain the dye and remain 
purple. Gram-negative cells do not retain the dye; they are color-
less until counterstained with a red dye. 

The Gram method is one of the most important staining 
techniques in medical microbiology. But Gram staining results 
arc not universally applicable, because some bacterial cells stain 
poorly or not at all. The Gram reaction is most consistent when 
it is used on young, growing bacteria. 
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Figure 3.12 Gram staining. (a) Procedure. (b) Micrograph of 
gram-stained bacteria. The rods and COCCI (purple) are gram-positive. and the 
spirilla (pink) are gram-negative. 

(b) Q How can the Gram reaction be useful in prescribing antibiotic treatment? 

The Gram reaction of a bacterium can provide valuable infor-
mation for the treatment of disease. Gram-positive bacteria tend to 
be killed easily by penicillins and cephalosporins. Gram-negative 
bacteria are generally more resistant because the antibiotics cannot 
penetrate the lipopolysaccharide layer. Some resistance to these 
antibiotics among both gram-positive and gram-negative bacteria 
is due to bacterial inactivation of the antibiotics. 

Acid-Fast Stain 
Another important differential stain (one that differentiates bac-
teria into distinctive groups) is the acid-fast stain, which binds 
strongly only to bacteria that have a waxy material in their cell 
walls. Microbiologists use this stain to identify all bacteria in the 
genus Mycobacterium, including the two important pathogens 

Mycobacterium tubcrCIIlosis, the causative agent of tuberculosis, 
and Mycobactcrill1n lcpmc (Jep' rn, the causative agent of leprosy. 
This stain is also used to identify the pathogenic strains of the 
genus Nocardia (no-kar'de-a). Bacteria m the genera 
Mycobacterium and Nocardia are acid-fast. 

Q A [n the acid-fast staining procedure, the red dye car-
& bolfuchsin is applied to a fixed smear, and the slide 

is gently heated for several minutes. (Heating enhances penetra-
tion and retention of the dye.) Then the slide is cooled and 
washed with water. The smear is next treated with acid-alcohol, 
a decolorizer, which removes the red stain from bacteria that are 
not acid -fast. The acid-fast microorganisms retain the red color 
because the carbolfuchsin is more soluble in the cell wall lipids 
than in the acid-alcohol (Figure 3.13). [n non- acid-fast bacteria, 
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Figure 3.13 Acid-fast bacteria. The Mycobacterium leprae 
bacteria that have infected this tissue have been stained red with an 
acid-fast stain. Non- acid-fast cells are stamed with the methylene blue 
counterstain. 
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Q Name two diseases that can be diagnosed using the acid-fast stain. 

whose cell walls lack the lipid components, the carbolfuchsin is 
rapidly removed during decolorization, leaving the cells color-
less. The smear is then stained with a methylene blue counter-
stain. Non-acid-fast cells appear blue after application of the 
counterstain. 

CHECK YOUR UNDERSTANDING 

..r Why is the Gram stain so useful? 3-9 

..r Which stain would be used to identify microbes in the genera 
Mycobacterium and Nocardia? 3-10 

Special Stains 
Special stains are used to color and isolate specific parts of 
microorganisms, such as endospores and flagella, and to reveal 
the presence of capsules. 

Negative Staining for Capsules 
Many microorganisms contain a gelatinous covering called a 
capsule. which we will discuss in our examination of the 
prokaryotic cell in Cha pter 4. In medical microbiology, demon-
strating the p resence of a capsule is a means of determining the 
organism's virulence. the degree to which a pathogen can cause 
disease. 

Capsule staining is more difficult than other types of staining 
procedures because capsular materials are soluble in water and 
may be dislodged or removed during rigorous washing. To 
demonstrate the presence of capsules, a microbiologist can m ix 
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the bacteria in a solution containing a fi ne colloidal suspension 
of colored particles (usually India ink or nigrosin) to provide 
a contrasting background and then stain the bacteria with a 
simple stain, such as safranin (Figure 3.14a). Because of their 
chemical composition, capsules do not accept most biological 
dyes, such as safranin, and thus appear as halos surrounding each 
stained bacterial cell. 

Endospore (Spore) Staining 
An endospore is a special resistant, dormant structure for med 
within a cell that protects a bacterium from adverse environmen-
tal conditions. Although endospores arc relatively uncommon in 
bacterial cells, they can be formed by a few genera of bacteria. 
Endospores cannot be stained by ord inary methods, such as sim-
ple staining and Gram sta ining, because the dyes do not pene-
trate the wall of the endospore. 

The most commonly used endospore stain is the Schaeffer-
Fulton endospore stain (Figure 3.14b). Malachite green, the 
primary stain, is applied to a heat-fixed smear and heated to 
steaming for about 5 minutes. The heat helps the stain penetrate 
the endospore wall. Then the prepa ration is washed for about 
30 seconds with water to remove the malachite green from all of 
the cells' parts except the endospores. Next, safranin, a counter-
stain, is applied to the smear to sta in portions of the cell other 
than endospores. In a properly prepared smear, the endospores 
appear green within red or pink cells. Because endospores are 
highly refractive, they can be detected under the light m icroscope 
when unstained, but they cannot be differentiated from inclu-
sions of stored material without a special stain . 

flagella Staining 
Bacterial flageUa (singular: flageUum) are structures of loco -
motion too small to be seen with a light microscope without 
staining. A tedious and delicate staining procedure uses a 
mordant and the stain carbolfuchsin to build up the diameters 
of the flagella until they become visible under the light micro -
scope (Figure 3.14c). Microbiologists use the number and arrange-
ment of flagella as diagnostic aids. Animation Staining . 
www.microbiologyplace.com 

CHECK YOUR UNOERSTANOING 

..r How do unstained endospores appear? Stained 
endospores? 3-11 

• • • 
A summary of stains is presented in Table 3.3. In the next 
chapters we will take a closer look at the structure of microbes 
and how they protect, nourish, and reproduce themselves. 
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(8) Negative staining (b) Endospore staining 

Figure 3.14 Special staining. (a) Capsule staining provides a 
contrasting background. so the capsules of these bactena. Klebsiella 
pneumoniae, show up as light areas surrounding the stained cells. 
(b) Endospores are seen as green ovals in these rod-shaped cells of 
the bacterium Bacillus cereus, using the Schaeffer-Fulton endospore stain, 
(c) Flagella appear as wavy extensions from the ends of these cells of 
the bacterium Spirillum va/ulans. In relation to the body of the cell, the 
flagella are much thicker than normal because layers of the stain have 
accumulated from treatment of the specimen with a mordant. 

Q Of whal value are capsules, endospores, and nagella 10 bacteria? (e) Flagella staining III 

Table 3.3 A Summary of Various Stains and Their Uses 

Sta'n 

Simple (methylene blue, 
carbolfuchsin, crystal violet, safranin) 

Differential 
Gram 

Acid-fast 

Special 

Negative 

Endospore 

Flagella 

Principal Uses 

Used to highlight microorganisms to determine cellular shapes and arrangements. Aqueous or alcohol 
solution of a sing le basic dye sta ins cells. (Sometimes a mordant is added to intensify the stain.) 

Used to distinguish different kinds of bacteria. 
Classifies bacteria into two large groups: gram-positive and gram-negative. Gram-positive bacteria retain 
the crystal violet stain and appear purple. Gram-negative bacteria do not reta in the crystal violet stain: 
they remain colorless until counterstained with safranin and then appear pink. 

Used to distinguish Mycobaclen'um species and some species of Nocardia. Acid-fast bacteria. once stained 
with carbolfuchsin and treated with acid-alcohol. remain red because they retain the carbolfuchsin stain. 
Non- acid-fast bacteria. when stained and treated the same way and then stained with methylene blue. 
appear blue because they lose the carbolfuchsin stain and are then able to accept the methylene blue stain. 

Used to color and isolate various structures, such as capsules, endospores, and flagel la: sometimes 
used as a diagnostic aid. 

Used to demonstrate the presence of capsules. Because capsules do not accept most stains. the capsules 
appear as unstained halos around bacterial cells and stand out against a contrasting background. 

Used to detect the presence of endospores in bacteria. When malachite green is appl ied to a 
heat-fixed smear of bacterial cells. the stain penetrates the endospores and stains them green. When 
safranin (red) is then applied. it stains the remainder of the cells red or pink. 

Used to demonstrate the presence of flagella. A mordant is used to build up the diameters of flagella 
until they become vis ible microscopically when stained with carbolfuchsin. 
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STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personal ized study plan. e learn and 
practice with animations. tutorials. and MP3 tutor sessions. and 
9 test yourself with Quizzes and a chapter post- test. 

Units of Measurement (p.55) 

I. The standard unit of length is the meter (m ). 
2. Microorganisms are measured in micrometers, ""m (10-6 m), and 

in nanometers, nm ( 10--"9 m ). 

Microscopy: The Instruments (p.55) 

I. A simple microscope consists of one lens; a compound microscope 
has multiple lenses. 

Light Microscopy (pp. 56. 58- 62) 

Compound Light Microscopy (pp. 56. 58- 59) 
2. The most common microscope used in microbiol-

ogy is the compound light microscope (LM). 
3. The total magnification of an object is calculated by 

multiplying the magnification of the objective lens 
by the magnification of the ocular lens. 

4. The compound light microscope uses vis ible light. 
5. The maximum resolution, or resolving power (the ability to 

distinguish two points) of a compound light microscope is 
0.2 ""m; maximum magnification is 2000X. 

6. Specimens are stained to increase the difference between the 
refractive indexes of the specimen and the medium. 

7. Immersion oil is used with the oil immersion lens to reduce light 
loss between the slide and the lens. 

8. Brightfield illumination is used for stained smears. 
9. Unstained cells are more productively observed using darkfield, 

phase-contrast, or DIC microscopy. 

Darkfield Microscopy (p.59) 
10. The darkfield microscope shows a light silhouette of an organism 

against a dark background. 
II. It is most useful for detecting the presence of extremely small 

orgamsms. 

Phase-Contrast Microscopy (pp. 59- 60) 
12. A phase-contrast microscope brings direct and reflected or 

diffracted light rays together (in phase) to form an image of 
the specimen on the ocular lens. 

13. It allows the detailed observation of living organisms. 

Differential Interference Contrast (DlC) Microscopy (p.60) 
14. The DIC microscope provides a colored, three-dimensional image 

of the object being observed. 
15. It allows detailed observations of living cells. 

Fluorescence Microscopy (pp.61 - 62) 
16. In fluorescence microscopy, specimens are fi rst stained with 

fluorochromes and then viewed through a compound microscope 
by using an ultraviolet light source. 

17. The microorganisms appear as bright objects against a dark 
background. 

18. Fluorescence microscopy is used primarily in a diagnostic 
procedure called fluorescent-antibody (FA) technique, or 
im mu nofluorescence. 

Confocal Microscopy (p. 62) 
19. In confocal microscopy, a specimen is stained with a fluorescent 

dye and illuminated with short-wavelength light. 
20. Using a computer to process the images, two-dimensional and 

three-dimensional images of cells can be produced. 

Two-Photon Microscopy (p.62) 
21 . In TPM, a live specimen is stained with a fluorescent dye and 

illuminated with long-wavelength light. 

Scanning Acoustic Microscopy (p.63) 
22. Scanning acoustic microscopy (SAM) is based on the interpretation 

of sound waves through a specimen. 
23. It is used 10 study living cells attached to surfaces such as cancer 

cells, artery plaque, and biofilms. 

Electron Microscopy (pp.63- 65) 
24. Instead of light, a beam o f electrons is used with an electron 

microscope. 
25. Instead of glass lenses, electromagnets control focus, illumination, 

and magnification. 
26. Thin sections of organisms can be seen in an electron micrograph 

produced using a transmis-
sion electron microscope 
(III). Magnification: 
10,000-IOO,000X. Resolving 
power: 2.5 nm. 

27. Three-dimensional views 
of the surfaces of whole 
microorganisms can be 
obtained with a 
electron microscope 
Magnification: 
1000-10,000X. Resolving 
power: 20 nm. 

Scanned-Probe Microscopy (p.65) 
28. Scanning tunneling microscopy (STM) and atomic force 

microscopy (AFM) produce three-dimensional images of the 
surface of a molecule. 

Preparation of Specimens 
for Light Microscopy (pp.68-72) 

Preparing Smears for Staining (pp.68- 69) 
I. Staining means coloring a microorganism with a dye 10 make 

some structures more visible. 
2. Fixing uses heat or alcohol to kill and attach microorganisms 

to a slide. 



74 PART ONE Fundamentals of Microbiology 

3. A smear is a thin film of material used for microswpic examination. 
4. Bacteria are negatively charged, and the colored posi tive ion of a 

basic dye will stain bacterial cells. 
5. The wlored negative ion of an acidic dye will stain the background 

of a bacterial smear; a negative stain is produced. 

Simple Stains (p.69) 
6. A simple stain is an aqueous or alcohol solution of a single basic dye. 
7. It is used to make cellular shapes and arrangements visible. 
8. A mordant may be used to improve bonding between the stain 

and the specimen. 

Differential Stains (pp.69-71) 
9. Differential stains, such as the Gram stain and acid -fast stain, 

differentiate bacteria acwrding to their reactions to the stains. 

10. The Gram stain procedure uses a purple stain (crystal violet ), 
iodine as a mordan t, an alcohol decolorizer, and a red 
counterstain. 

II. Gram-positive bacteria retain the purple stain after the 
decolorization step; gram-negative bacteria do not and thus 
appear p ink from the counterstain. 

12. Acid-fast microbes, such as members of the genera Mycobacterium 
and Nocardia, retain carbolfuchsin after acid-alcohol decolorization 
and appear red; non- acid-fast microbes take up the methylene blue 
wunterstain and appear blue. 

Special Stains (PI'. 71 - 72) 
13. Negative staining is used to make microbial capsules visible. 
14. The endospore stain and flagella stain are special stains that color 

only cer tain parts of bacteria. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the of the textboOK. 

Review 
I. Fill in the following blanks. 

a. I p.m == m 
b. 1 _ iO-9 m 
c. lp.m - nm 

2. Which type of microswpe would be best 10 use 10 observe each of 
the following? 
a. a stained bacterial smear 
b. unstained bacterial cells: the cells are small, and no detail is needed 
c. unstained live tissue when it is desirable to see some intracellular 

detail 
d. a sample that emits light when illuminated with ultraviolet light 
e. intracellular detail of a cell that is I ].lm long 
f. unstained live cells in which intracellular structures are shown 

in color 
3. Label the parts of the wmpound light microscope 

in the figure below, and then draw the path of light from the 
illuminator to your eye. 

___ b 

===d_ 
' --l 

o 

4. Calculate the total magnification of the nucleus of a cell being 
observed th rough a compound light microscope with a lOX ocular 
lens and an oil immersion lens. 

5. The maximum magnification of a compound microscope is 
(a) ; that of an electron microscope, (b) _--, __ 
The maximum resolution of a compound microscope is 
(c) ; that of an ekctron microscope, (d) ___ _ 
One advantage of a scanning electron microscope over a 
transmission electron microscope is (e) ___ _ 

6. Why is a mordant used in the Gram stain! In the flagella stain! 
7. What is the purpose of a counterstain in the acid-fast stain! 
8. What is the purpose of a dccolo ri7.er in the Gram stain? In the 

acid-fast stain! 
9. Fill in the following table regarding the Gram stain: 

Appearance After This Step of 

Steps 

Crystal violet 
Iodine 
Alcohol-acetone 
Safranin 

Gram-Positive Cells 

' --
b. __ 
0. _-

d. __ 

Multiple Choice 

Gram-Negative Cells 

' --
f 
g. --
h. __ 

I. Assume you stain Bacillus by applying malachite green with heat 
and then counterstain with safranin. Through the microscope, 
the green structures are 
a. cell walls. 
h. capsules. 
c. endospores. 
d. flagella. 
e. impossible 10 identify. 

2. Three-dimensional images of live cells can be produced with 
a. darkfield microscopy. 
h. fluorescence microscopy. 
c. scanning electron microscopy. 
d. two-photon microscopy. 
e. all of the above. 



3. Carbolfuchsin can be used as a simple stain and a negative stain. 
As a simple stain. the pH is 
a. 2. 
b. higher than the negat ive stain. 
e. lower than the negative stain. 
d. the same as the negative stain . 

4. Looking at the cell of a photosynthet ic microorganism. you 
observe that the chloroplasts are green in brightfield microscopy 
and red in fluorescence microscopy. You conclude that 
a. chlorophyll is fluorescent. 
b. the magnification has distorted the image. 
c. you're not looking at the same structure in both microscopes. 
d. the stain masked the green color. 
e. none of the above 

5. Which of the following is 1I0t a functionally analogous pair of 

a. nigrosin and malachite green 
b. crystal violet and carbolfuchsin 
c. safranin and methylene blue 
d. ethanol-acetone and acid-alcohol 
e. none of the above 

6. Which of the following pairs is mismatched? 
a. capsule-negative stain 
b. cell arrangement- simple stain 
c. cell size- negative stain 
d. Gram stain- bacterial identification 
e. none of the above 

7. Assume you stain Clostridium by applying a basic stain, carbol-
fuchsin, with heat, decoloriz ing with acid-alcohol, and counter-
staining with an acidic stain, nigrosin. Through the microscope, 
the endospores are J , and the cells are stained 

2 
a. I- red; 2- black 
b. I- black; 2- colorless 
c. l-colorless; 2- black 
d. I- red; 2-colorless 
e. I- black; 2- red 

8. Assume that you are viewing a Gram-stained field of red cocci and 
blue bacilli through the microscope. You can safely conclude that 
you have 
a. made a mistake in staining. 
b. two different species. 
c. old bacterial cells. 
d. young bacterial cells. 
e. none of the above 

9. In 1996, scientists described a new tapeworm parasi te that had 
killed at least one person. The initial examination of the patient's 
abdominal mass was most likely made using 
a. brightfield microscopy. 
b.darkfield microscopy. 
c. electron microscopy. 
d. phase-contrast microscopy. 
e. fluorescence microscopy. 

10. Which of the following is 1I0t a modification of a compound light 
microscope? 
a. brightfield microscopy 
b. darkfield microscopy 
c. electron m icroscopy 
d. phase-contrast microscopy 
e. fluorescence microscopy 
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Critical Thinking 
I. In a Gram stain, one step could be omitted and still allow 

differentiation between gram-positive and gram-negative cells. 
What is that one step? 

2. Using a good compound light microscope with a resolving power 
of 0.3 fJ-m, a lOX ocular lens, and a 100X oil immersion lens, 
would yo u be able to discern two objects separated by 3 fJ- m? 
0.3 fJ- m? 300 nm? 

3. Why isn't the Gram stain used on acid -fast bacteria? [fyou did 
Gram stain acid -fast bacteria, what would their Gram reaction be? 
What is the Gram reaction of non- acid-fast bacteria? 

4. Endospores can be seen as refrac tile structures in unstained cells 
and as colorless areas in Gram-stained cells. Why is it necessary to 
do an endospore stain to verify the presence of endospores? 

Clinical Applications 
I. In 1882, German bacteriologist Paul Erhlich described a method 

for staining Mycobacterium and noted, "It may be that all dis in-
fecting agents which are acidic will be without effect on this 
[tuberclel bacillus, and one will have to be limited to alkaline 
agents." How did he reach this conclusion witho ut testing 
disinfectants? 

2. Laboratory diagnosis of Neisseria gonorrhoeae infection is based 
on microscopic examination of Gram-stained pus_ Locate the 
bacteria in this light micrograph. What is the disease? 

3. Assume that you are viewing a Gram-stained sample of vaginal 
discharge. Large ( 10 V-m ) nucleated red cells are coated with small 
(0.5 fJ- m X 1.5 fJ-m ) blue cells on their surfaces. \Vhat is the most 
likely explanation for the red and blue cells? 

4. A sputum sample from Calle, a 30-year-old Asian elephant, was 
smeared onto a slide and air dried. The smear was fixed, covered 
with carbolfuchsin, and heated for 5 minutes. After washing with 
water, acid-alcohol was placed on the smear for 30 seconds. 
Finally, the smear was stained with methylene blue for 30 seconds, 
washed with water, and dried. On examination at IOOOX, the zoo 
veterinarian saw red rods on the slide. What infections do the 
results suggest? (Calle was treated and recovered. ) 



Functional Anatomy 
of Prokaryotic and 
E ukaryotic Cells 

Despite their complexity and variety, all living cells can be classified into two groups, 
prokaryotes and eukaryotes, based on certain structural and functional characteristics. In 
general, prokaryotes are structurally simpler and smaller than eukaryotes. The DNA (genetic 
material) of prokaryotes is usually arranged in a single, circularly arranged chromosome and is 
not surrounded by a membrane; the DNA of eukaryotes is found in multiple chromosomes in 
a membrane-enclosed nucleus. Prokaryotes lack membrane-enclosed organelles, specialized 
structures that carryon various activities. Additional differences are discussed shortly. 

Plants and animals are entirely composed of eukaryotic cells. In the microbial world, bacteria and 
archaea are prokaryotes. Other cellular microbes-fungi (yeasts and molds), 

protozoa, and algae-are eukaryotes. Humans exploit the differences 
between bacterial (prokaryotes) and human cells (eukaryotes) to 

protect themselves from disease. For example, certain drugs kill 
or inhibit bacteria while not harming human cells, and 
chemicals on the surface of bacteria stimulate the body to 
mount a defensive response to eliminate them. 

Viruses, as noncellular elements, do not fit into any 
organizational scheme of living cells. They are genetic 
particles that replicate but are unable to perform the 

usual chemical activities of living cells. Viruses will be 
discussed in Chapter 13. In this chapter we will 

concentrate on prokaryotic and eukaryotic cells. 

Q 
Penicillin was called a "miracle drug" because it 
doesn 't harm human cells. Why doesn't it? 
Look for the answer in the chapter. 
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Comparing Prokaryotic and 
Eukaryotic Cells: An Overview 
LEARNING OBJECTIVE 
4-1 Compare and contrast the overall cell structure of prokaryotes and 

eukaryotes. 

Prokaryotes and eukaryotes are chemically similar, in the sense 
that they both contain nucleic acids, proteins, lipids, and carbo-
hydrates. They use the same kinds of chemical reactions to 
metabolize food, build proteins, and store energy. It is primarily 
the structure of cell walls and membranes, and the absence of 
orgmlelles (specialized cellular structures that have specific func-
tions), that distinguish prokaryotes from eukaryotes. 

The chief dis tinguishing characteristics of prokaryotes 
(from the Greek words mean ing p renucleus) are as follows: 

1. Their DNA is not enclosed within a membrane and is 
usually a singular circularly arranged chromosome. (Some 
bacteria, such as Vibrio cho/eme, have two chromosomes, 
and some bacteria have a linearly arranged chromosome.) 

2. Their DNA is not associated with histones (special 
chromosomal proteins found in eukaryotes); other proteins 
are associated with the DNA. 

3. They lack membrane-enclosed organelles. 
4. Their cell walls almost always contain the complex 

polysaccharide peptidoglycan. 
5. They usually divide by binary fission. During this process, 

the DNA is copied, and the cell splits into two cells. Binary 

fission involves fewer structures and processes than 
eukaryotic cell division . 

Eukaryotes (from the Greek words meaning true nucleus) have 
the following d istinguishing characteristics: 

1. Their DNA is found in the cell 's nucleus, which is separated 
from the cytoplasm by a nuclear membrane, and the DNA is 
fo und in multiple chromosomes. 

2. Their DNA is consistently associated with chromosomal 
proteins called histones and with nonhistones. 

3. They have a number of membrane-enclosed organelles, 
including mitochondria, endoplasmic reticulum, Golgi 
complex, lysosomes, and sometimes chloroplasts. 

4. Their cell walls, when present, are chemically simple. 
5. Cell division usually involves mitosis, in which chromo-

somes replicate and an identical set is distributed into each 
of two nuclei. This process is guided by the mitotic spindle, 
a football -shaped assembly of microtubules. Division of the 
cytoplasm and other organelles follows so that the two cells 
produced are identical to each other. 

Additional differences between prokaryotic and eukaryotic cells 
are listed in Table 4.2, page 101. Next we describe, in detail, the 
parts of the prokaryotic cell. 

CHECK YOUR UNOERSTANOING 

..r What is the main feature that distinguishes prokaryotes from 
eukaryotes? 4-1 

THE PROKARYOTIC CELL 
The membe rs of the prokaryotic world make up a vast 
heterogeneous group of very small unicellular organisms. 
Prokaryotes include bacteria and archaea. The majority of 
prokaryotes, including the photosynthesizing cyanobacteria, 
are bacteria. Although bacteria and archaea look similar, their 
chemical composition is di fferent, as will be described later. The 
tho usands of species of bacteria are differentiated by many 
factors, in cl uding morphology (shape), chemical compositio n 
(often detected by staining reactions), nutritional requirements, 
biochemical activi ties, and sources o f energy (sunlight or chem-
icals). It is estimated that 99% of the bacteria in nature exist in 
biofilms (see pages 57 and 162). 

The Size, Shape, and Arrangement 
of Bacterial Cells 
LEARNING OBJECTIVE 
4-2 Identify the three basic shapes of bactena. 

Bacteria come in a great many sizes and several shapes. Most bac-
teria range from 0.2 to 2.0 flm in d iameter and from 2 to 8 flm in 
length. They have a few basic shapes: spherical coccus (pl ural: 
cocci, meaning berries), rod-shaped bacillus (plural: bacilli, 
meaning little staffs), and spiral. 

Cocci are usually round but ca n be oval, elongated, or flat -
tened on one side. When cocci divide to reproduce, the cells 
can remain attached to o ne another. Cocci that remain in pairs 
after dividing are called diplococci; those that div ide and 
remain attached in chain like patterns are called streptococci 
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Figure 4.1 Arrangements of cocci. (a) Division in one plane 
produces diplococci and streptococci. (b) Division in two planes 
produces tetrads. (c) Division in three planes produces sarcinae. 
and (d) division in multiple planes produces staphylococci. 

Q How do the planes of division detennine the arrangement of cells? 

(Figure 4.1a ). Those that divide in two planes and remam !n 
groups of four are known as tetrads (Figure 4.1b). Those that 
divide in three planes and remain attached in cubelike groups 
of eight are called sarcinae (Figure 4.1c ). Those that divide in 
mult iple planes and form grapelike dusters or broad sheets are 
called staphylo cocci (Figure 4.1d). These group characteristics 
are frequently helpful in identifying certain cocci. 

Bacilli divide only across their short axis, so there are fewer 
groupings of bacill i than of cocci. Most bacilli appear as single 
rods (Figure 4.2a). Diplobacilli appear in pairs after division 
(Figure 4.2b), and streptobacilli occur in chains (Figure 4.2c ). 
Some bacilli look like straws. Others have tapered ends, like 
cigars. Still others are oval and look so much like cocci that they 
are called coccobacilli (Figure 4.2d ). 

(. ) Single bacillus 

(b) Diplobacilli 

(, ) Streptobacilli 

(d) Coccobacillus 

I I 

Figure 4.2 Bacilli. (a) Smgle bac!lli. (b) Diplobac!lli. In the top 
micrograph. a few joined pairs of bacilli serve as examples of diplobacilli. 
(c) Streptobaci lli. (d) Coccobacilli. 

Q Why don't bacilli !onn tetrads or clusters? 

Figure 4.3 A double-
stmnded helix formed by 
Bacillus subtilis. 

Q What is the diHerence 
between the term 
bacillus and Bacillus? 

"Bacillus" has two meanings in microbiology. As we have just 
used it, bacillus refers to a bacterial shape. When capitalized and 
italicized, it refers to a specific genus. For example, the bacteri-
um Bacillus allthracis is the causative agent of anthrax. Bacillus 
cells often form long, twisted chains of cells (Figure 4.3). 
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Spiral bacteria have one or more twists; they are never 
straight. Bacteria that look like curved rods are called vibrios 
(Figure 4.4a). Others, called spiriUa, have a helical shape, like a 
corkscrew, and fairly rigid bodies (Figure 4.4b). Yet another group 
of spirals are helical and flexible; they are called spirochetes 
(Figure 4.4C). Unlike the spirilla, which use propeller-like external 
appendages called flagella to move, spirochetes move by means of 
axial fi laments, which resemble flage lla but are contained within 
a flexible external sheath. 

In addition to the three basic shapes, there are star-shaped 
cells (genus Stella; Figure 4.5a); rectangular, flat cells (halophilic 
archaea) of the genus Ha/oarcu/a (Figure 4.5b); and tri-
angular cells. 

The shape of a bacterium is determined by heredity. 
Genetically, most bacteria are monomorphic; that is, they 
maintain a single shape. However, a number of environmental 
conditions can alter that shape. If the shape is altered, identifi-
cation becomes difficult. Moreover, some bacteria, such as 
Rhizobium (ri-zo'be-um) and Corynebacterium (k6-ri-ne-bak-
ti're-um), are genetically pleomorphic. which means they can 
have many shapes, not just one. 

The st ructure of a typical prokaryotic cell is shown in 
Figure 4.6. We will d iscuss its components according to the 
following organization : (I) structures external to the cell wall, 
(2) the cell wall itself, and (3) structures internal to the cell wall. 

CHECK YOUR UNOERSTANOING 

..r How would you be able to identify streptococci through a 
microscope? 4-2 

Structures External to the Cell Wall 
LEARNING OBJECTIVES 
4-3 Describe the structure and function of the glycocalyx 
4-4 Differentiate flagella. axial filaments. fimbriae, and pili. 

Among the possible structures external to the prokaryotic 
cell wall are the glycocalyx, flagella, axial filaments, fimbriae, 
and pili. 

Figure 4.5 Star-shaped and rectangular 
prokaryotes. (a) Stella (star-shaped). 
(b) Ha/oarcula, a genus of halophilic archaea 
(rectangular cells). 

Q What are the common bacterial shapes? 

(a) Star·shaped bacteria 

(a) Vibrio 

(b) Spiri llum 

(e) Spirochete 

Figure 4.4 Spiml bacteria. (a) Vlbrios. (b) Spirillum. (c) Spirochete. 

Q What is the distinguishing feature of spirochete bacteria? 

Glycocalyx 
Many prokaryotes secrete on their surface a substance called 
glycocalyx. Glycocalyx (meaning sugar coat) is the general term 
used for substances that surround cells. The bacterial glycocalyx 
is a viscous (sticky), gelatinous polymer that is external to the cell 
wall and composed of polysaccharide, polypeptide, or both. Its 
chemical composition varies widely with the species. For the 
most part , it is made inside the cell and secreted to the cell 
surface. If the substance is organized and is firmly attached to the 
cell wall , the glycocalyx is described as a capsule. The presence 
of a capsule can be determined by using negative staining, 

I I I I 
O.sjJm (b) Rectangular bacteria O.5pm 



Th is prokaryotic cell shows typical structures that may be found in bacteria. Each of the labeled 
structures will be discussed individually in this chapter. As you will see in later chapters, some of these 
structures contribute to bacterial viru lence, playa role in bacterial identification, and are targets of 
antimicrobial agents. 
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Note that not all bacteria have all the structures shown . 
Structures labeled in red are found in al l bacteria. Both the 
drawing and the micrograph show a bacterium sectioned 
lengthwise to reveal the internal composition. 

described in Chapter 3 (see Figure 3.14a, page 72 ). If the sub-
stance is unorganized and only loosely attached to the cell wall, 
the glycocalyx is described as a slime layer. 

In certain species, capsules are important in contributi ng to 
bacterial virulence (the degree to which a pathogen causes dis-
ease). Capsules often protect pathogenic bacteria from phagocy-
tosis by the cells of the host. (As you will see later, phagocytosis 
is the ingestion and digestio n of microorgan isms and other sol id 
particles.) For example, Bacillus Imtilracis produces a capsule of 
o-glutamic acid. (Recall from Chapter 2 that the 0 forms of 

containing DNA 
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Key Concept 
Prokaryotk: cells lack membmne-enclosed organelles. All 
bacteria contain cytoplasm, ribosomes, a pl.asma membrane, 
and a nucleoid. Almost all bacteria have cell walls. 

amino acids are unusual.) Because only encapsulated B. ant/Jracis 
causes anth rax, it is speculated that the capsule may prevent its 
being destroyed by phagocytosis. 

Another example involves StreptococClis pneumoniae 
(strep-to -kok'kus nil -ma ine-I), which causes pneumonia 
only when the cells are protected by a polysaccharide capsule. 
Unencapsulated S. plleumoniae cells cannot cause pneumonia 
and are read ily phagocytized. The polysaccharide capsule of 
Klebsiella (kleb-se-el' la) also prevents phagocytosis and allows 
the bacterium to adhere to and colonize the respiratory tract. 
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(a) Peritrichous 

(c) Lophotrichous and polar 

I I 
O.Sjlm 

I I 
OSjlm 

(b) Monotrichous and polar I I 

(d) Amphitrichous and polar 

Figure 4.7 Arrangements of bacterial flagella . (a) Peritrichous. (b)- (d) Polar. 

Q What are some of the key differences and similarities between flagella and endoflagella? 

The glycocalyx is a very important component of biofilms 
(see page 162). A glycocalyx that helps cells in a biofilm attach 
to their target environment and to each other is called an 
extracellular polymeric substance (EPS). The EPS protects the 
cells within it, facilitates communication among them, and 
enables the cells to survive by attaching to various surfaces in 
their natural environment. 

Through attachment, bacteria can grow on diverse surfaces 
such as rocks in fas t-moving streams, plant roots, human teeth, 
medical implants, water pipes, and even other bacteria. 
Streptococcus mutmrs (mu'tans), an important cause of dental 
caries, attaches itself to the surface of teeth by a glycocalyx. 
S. mutans may use its capsule as a source of nutrition by breaking 
it down and utilizing the sugars when energy stores are low. Vibrio 
c/lOlerae (vib' -re-o kol' -er-j), the cause of cholera, produces a 
glycocalyx that helps it attach to the cells of the small intestine. 
A glycocalyx also can protect a cell against dehydration, and its 
viscosity may inhibit the movement of nutrients out of the cell. 

Flagella 
Some prokaryotic cells have flagella (singular: flagellum ), 
which are long filame ntous appendages that propel bacteria. 
Bacteria that lack flagella are referred to as atrichous (without 

projections). Flagella may be peritrichous (distributed over the 
entire cell; Figure 4.7a) or polar (at one or both poles or ends of 
the cell). If polar, flagella may be monotrichous (a single flagel -
lum at one pole; Figure 4.7b), lophotrichous (a tuft of flagella 
coming from one pole; Figure 4.7c), or amphitrichous (flagella 
at both poles of the cell; Figure 4.7d) . 

A flagellum has three basic parts (Figure 4.8). The long out-
ermost region, the filament, is constant in diameter and contains 
the globular (roughly spherical) protein jlagellin arranged in sev-
eral chains that intertwine and form a helix around a hollow 
core. In most bacteria, filamen ts are not covered by a membrane 
or sheath, as in euka ryotic cells. The filament is attached to a 
slightly wider hook, consisting of a different protein. The third 
portion of a flagellum is the basal body, which anchors the flagel-
lum to the cell wall and plasma membrane. 

The basal body is composed of a small central rod inserted 
into a series of rings. Gram-negative bacteria contain two pairs 
of rings; the outer pair of rings is anchored to various portions 
of the cell wall, and the inner pair of rings is anchored to the 
plasma membrane. In gram-positive bacteria, o nly the in ner 
pair is present. As you will see later, the flagella (and cilia) 
of eukaryotic cells are more complex than those of prokary-
otic cells. 
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Figure 4_8 The structure of a prokaryotic flagellum. The parts and attachment of a nagell um 
of a gram-negat ive bacterium and gram-positive bacterium are shown in these highly schematic 
diagrams. 

Q How do the basal bodies of gram-negative and gram-positive bacteria differ? 

Each prokaryotic flagellum is a semirigid, helical structure 
that moves the cell by rotating from the basal body. The rotation 
of a flagellum is either clockwise or counterclockwise around its 
long axis. (Eukaryotic flagella, by contrast, undulate in a wavelike 
motion.) The movement of a prokaryotic flagellum results from 
rotation of its basal body and is similar to the movement of the 
shaft of an electric motor. As the flagella rotate, they form a bun-
dle that pushes against the surrounding liquid and propels the 
bacterium. Flagellar rota tion depends on the cell's continuous 
generation of energy. 

Bacterial cells can alter the speed and direction of rotation of 
flagella and thus are capable of various patterns of motility, the 
ability of an organism to move by itself. When a bacterium 
moves in one di rection for a length of time, the movement is 
called a "run" or "swim." "Runs" are interrupted by periodic, 
abrupt, random changes in direction called "tumbles." Then, a 
"run" resumes. "Tumbles" are caused by a reversal of flagellar 
rotation (Figure 4.9a). Some species of bacteria endowed with 
many flage lla- Proteus (pro/te-us), for example (Figure 4.9b)-
can "swarm," or show rapid wavelike movement across a solid 
culture medium. 

One advantage of motility is that it enables a bacterium to 
move toward a favorable environment or away from an adverse 

one. The movement of a bacterium toward or away from a 
particular stimulus is called taxis. Such stimuli include 
chemicals (chemotaxis) and light (phototaxis). Motile bacteria 
contain receptors in various locations, such as in or just under 
the cell wall. These receptors pick up chemical stimuli, such as 
oxygen, ribose, and galactose. In response to the stimuli, infor-
mation is passed to the flagella. If the chemotactic signal is posi-
tive, called an attractarlt, the bacteria move toward the stimu lus 
with many runs and few tumbles. If the chemotactic signal is 
negative, called a repellent, the frequency of tumbles increases as 
the bacteria move away from the stimulus. 

The flagellar protein called H antigen is useful for distin -
guishing among serovars, or variations within a species, of 
gram-negative bacteria (see page 310). For example, there are at 
least 50 different H antigens for E. coli. Those serovars identified 
as E. coli 0157:H7 are associated with foodborne epidemics 
(see Chapter I, page 20). Animations Motility; Flagella: Structure, 
Movement, Arrangement. www.microbiologyplace.com 

Axial Filaments 
Spirochetes are a group of bacteria that have unique structure 
and motility. One of the best-known spirochetes is Treponema 
pallidum (tre-po-ne'ma pal'li -dum), the causative agent of 



CHAPTER 4 Functional Anatomy of Prokaryotic and Eukaryotic Cells 83 

f -
Tumble 

\ ! 

(a) A bacterium running and Notice that the direction of flagellar 
rotation (blue arrows) determines which of these movements occurs, Gray 
arrows indicate direction of movement of the microbe, 

syphilis. Another spirochete is Borrelia bllrgdorferi (bo r' -rel-e-a 
burg-dor' fer-e), the causative agent of Lyme disease. Spirochetes 
move by means of axial filaments, or endoflageUa, bundles of 
fib rils that arise at the ends of the cell beneath an outer sheath 
and spiral around the cell (Figure 4.10). 

Axial filaments, which are anchored at one end of the spiro-
chete, have a structure similar to that of flagella. The rotation 
of the filaments produces a movement of Ihe outer sheath that 
propels the spirochetes in a spiral motion. This type of move-
ment is similar to the way a corkscrew moves through a cork. 
This corkscrew motion probably enables a bacterium such as 
T. pallidlllll to move effectively through body fluids. Animation 
Spirochetes. www.mic robiologyplace.com 

Fimbriae and Pili 
Many gram-negative bacteria contain hairlike appendages that 
are shorter, straighter, and thinner than flagella and are used for 
attachment and transfer of DNA rather than for motility. These 
structures, which consist of a protein called pilin arranged heli-
cally around a central core, are divided into two types, fimbriae 
and pili, having very different functions. (Some microbiologists 
use the two terms interchangeably to refer to all such structures, 
but we distinguish between them.) 

Fimbriae (singular: fimbria ) can occur at the poles of the 
bacterial cell or can be evenly d istributed over the entire surface 

Tumble 
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(b) A Proteus cell in the swarming stage may have more 
than t 000 peritrichous flagella. 

Figure 4.9 Flagella and bacterial motility_ 

Q Do bacterial flagella push or pull a cell? 

of the cell. They can number anywhere from a few to several 
hundred per cell (Figure 4.11 ). Fimbriae have a tendency to 
adhere to each other and to surfaces. As a result, they are involved 
in forming biofilms and other aggregations on the surfaces of 
liquids, glass, and rocks. Fimbriae can also help bacteria adhere 
to epithelial surfaces in the body. For example, fimbriae on the 
bacterium Neisseria gOlwrrlweae (nl-se' riHi go-nor-re'l), the 
causative agen t of gonorrhea, help the microbe colonize mucous 
membranes. Once colonization occurs, the bacteria can cause 
disease. The fimbriae of E. coli 0157 enable this bacterium to 
adhere to the lining of the small intestine, where it causes a severe 
watery diarrhea. When fimbriae are absen t (because of genetic 
mutation ), colonization cannot happen, and no disease ensues. 

Pili (s ingular: pilus) are usually longer than fimbriae and 
number on ly one or two per cell. Pi li are involved in motility 
and DNA transfer. In one type of motility, called twitching 
motility, a pilus extends by the add ition of subunits of p ilin, 
makes con tact with a surface or another cell, and then retracts 
(powerstroke) as the pilin subunits are disassembled. This is 
called the grapplillg hook model of twitching moti lity and results 
in short, jerky, in termittent movements. Twitching motili ty has 
been observed in PsmdomO/las aerugi/losa, Neisseria gonor-
rlweae, and some strains of E. coli. The other type of motility 
associated with pili is gliding motility, the smooth gliding 
movement of myxobacteria. Although the exact mechanism is 
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Figure 4 _10 Axial filaments. 

Q How do spirochetes and spirilla 
differ? 

Outer sheath -----' 

Cell wall -------, 

Axial iI,moo' 

(a) A photom;crograph 01 the spirochete 
Lepfospira, showing an axiallilament 

(b) A diagram 01 axial filaments wrapping around 
part 01 a spirochete. {See Figure 11 .24a lor a cross 
section of axial Iilaments) 

Figure 4_11 Fimbriae_ The fimbriae seem to bristle from this E. coli 
cell, which is beginning to divide. 

Q What is the function of fimbriae? 

unknown for most myxobacteria, some utilize pilus retraction. 
Gliding motili ty provides a means fo r microbes to travel in envi-
ronments with a low water content, such as biofilms and soil. 

Some pili are used to bring bacteria together allowing the 
transfer of DNA from one cell to another, a process called 

conjugation. Such pili are called conjugation (sex) pili (see 
page 236 ). In this process, the conjugation pilus of one bacteri-
um called an F+ cell connects to receptors on the surface of 
another bacterium of its own species or a different species. The 
two cells make physical con tact, and DNA from the F+ cell is 
transferred to the other cen. The exchanged DNA can add a new 
function to the recipient cell, such as antibiotic resistance or the 
abi lity to digest its medium more efficientl y. 

CHECK YOUR UNDERSTANDING 

-r Why are bacterial capsules medically important? 4·3 
-r How do bacteria move? 4·4 

The Cell Wall 
LEARNING OBJECTIVES 
4·5 Compare and contrast the cell walls of gram-positive bacteria. 

gram-negative bacteria. acid-fast bacteria. archaea. and 
mycoplasmas. 

4·6 Compare and contrast archaea and mycoplasmas. 
4-7 Differentiate protoplast spheroplast and L form. 

The cell wall of the bacterial cell is a complex, semirigid struc-
ture responsible for the shape of the cell. The cen wall surrounds 
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the underlying, fragi le plasma (cytoplasmic) membrane and pro-
tects it and the interior of the cell from adverse changes in the 
outside environment (see Figure 4.6) . Almost all prokaryotes 
have cell walls. 

The major funct ion of the cell wall is to prevent bacterial 
cells from rupturing when the water pressure inside the cell is 
greater than that ou tside the cell (see Figure 4.1Sd, page 93). 
It also helps maintain the shape of a bacterium and serves as a 
point of anchorage for flagella. As the volume of a bacterial cell 
increases, its plasma membrane and cell wall extend as needed. 
Clinically, the cell wall is important because it contributes 
to the ability of some species to cause disease and is the site 
of action of some antibiotics. In addition, the chemical compo-
sition of the cell wall is used to differentiate major types of 
bacteria. 

Although the cells of some eukaryotes, including plants, 
algae, and fungi, have cell walls, their walls differ chemically 
from those of prokaryotes, are simpler in structure, and are less 
rigid . 

Composition and Characteristics 
The bacterial cell wall is composed of a macromolecular network 
called peplidoglycan (also known as murein), which is present 
either alone or in combination with other substances. 
Peptidoglycan consists of a repeating disaccharide attached by 
polypeptides to form a lattice that surrounds and protects the entire 
cell. The disaccharide portion is made up of monosaccharides called 
N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) 
(from murus, meaning wall), which are related to glucose. The 
structural formulas for NAG and NAM are shown in Figure 4.12. 

The vario us components o f peptidoglycan are assembled in 
the cell wall (Figure 4.13a). Alternating NAM and NAG mole-
cules are linked in rows of 10 to 65 sugars to form a carbohydrate 
"backbone" (the glycan portion of peptidoglycan) . Adjacent 
rows are linked by polypeplides (the peptide portion of pept i-
doglycan). Altho ugh the structure of the polypeptide link varies, 
it always includes tetrapeptide side chains, which consist of four 
amino acids attached to NAMs in the backbone. The amino acids 
occur in an alternating pattern of D and L forms (see Figure 2.13, 
page 43). This is unique because the amino acids found in o ther 
proteins are L forms. Pa rallel tetrapeptide side chains may be 
directly bonded to each other or linked by a peptide cross-bridge, 
consisting of a short chain of amino acids. 

Penicillin interferes with the final linking of the peptidogly-
can rows by peptide cross-bridges (see Figure 4. 13a) . As a result, 
the cell wall is greatly weakened and the cell undergoes lysis, 
destruction caused by rupture of the plasma membrane and the 
loss of cytoplasm. 

Gram-Positive Cell Walls 
In most gram-positive bacteria, the cell wall consists o f many 
layers of peptidoglycan, forming a thick, rigid structure 

N-acetylglucosamine 
(NAG) 

N-acetylmuramic 
acid (NAM) 

-0 

Figure 4.12 N-acetylglucosamine (NAG) and N-acetylmuramic 
acid (NAM) joined as in a peptidoglycan. The gold areas show the 
differences between the two molecules. The linkage between them is 
cal led a linkage. 

Q What kind of molecules are these: carbohydrates, lipids, or 
proteins? 

(Figure 4.13b). By contrast, gram-negative cell walls contain 
only a thin layer of peptidoglycan (Figure 4.13c). 

In addition, the cell walls of gram-positive bacteria contain 
teic/wic acids, which consist primarily of an alcohol (such as glyc-
erol or ribitol) and phosphate. There are two classes of teichoic 
acids: lipoteichoic acid, which spans the peptidoglycan layer and 
is linked to the plasma membrane, and wallteichoic acid, which 
is lin ked to the peptidoglycan layer. Because of their negative 
charge (from the phosphate groups), teichoic acids may bind and 
regulate the movement of cations (positive ions) in to and out of 
the cell. They may also assume a role in cell growth, preventing 
extensive wall breakdown and possible cell lysis. Finally, teichoic 
acids provide much of the wall's antigenic specificity and thus 
make it possible to identify gram-positive bacteria by certain lab-
oratory tests (see Chapter 10). Similarly, the cell walls of gram-
positive streptococci are covered with various polysaccharides 
that allow them to be grouped into medically sign ificant types. 

Gram-Negative Cell Walls 
The cell walls of gram-negative bacteria consist of one or a 
very few layers of peptidoglycan and an outer membrane (see 
Figure 4.13c). The peptidoglycan is bonded to lipoproteins (l ipids 
covalently linked to proteins) in the outer membrane and is in the 
periplasm, a gel-like fluid between the outer membrane and the 
plasma membrane. The peri plasm contains a high concentration 
of degradative enzymes and transport proteins. Gram-negative 
cell walls do not contain teichoic acids. Because the cell walls of 
gram-negative bacteria contain only a small amount of peptido-
glycan, they are more susceptible to mechan ical breakage. 
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_ N-acetylglucosamine (NAG) 

N-acetylmuramic acid (NAM) 

• Side-chain amino acid 

• Cross-bridge amino acid 

Peptide 

(a) Structure of peptidoglycan in gram-positive bacteria 

(b) Gram-positive cell wall 

lipopolysaccharide 

Cell 

(c) Gram-negative cell wall 

Figure 4_13 Bacterial cell walls. (a) The structure of peptidoglycan 
in gram-posit ive bacteria. Together the carbohydrate backbone (glycan 
portion) and tetrapeptide side chains (peptide portion) make up 
peptidoglycan. The frequency of peptide cross-bridges and the number of 

Q What are the major structurel differences between grem-positive 
and gmm-negative cell walls? 

Plasma 

Protein 

o 

chain 

polysaccharide 

polysaccharide 

A 

lipid 

amino acids in these bridges vary w ith species of bacteria. The 
small arrows indicate where penicillin interferes with the linkage of 
peptidoglycan rows by peptide cross-bridges. (b) A gram-positive cell 
wall. (e) A gram-negative cell wall . 
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The outer membrane of the gram-negative cell consists of 
lipopolysaccharides (LPS), lipoproteins, and phospholipids (see 
Figure 4. i3c) . The outer membrane has several specialized func-
tions.lts strong negative charge is an important fac tor in evading 
phagocytosis and the actions of complement (lyses cells and pro-
motes phagocytosis), two components of the defenses of the host 
(discussed in detail in Chapter 16). The outer membrane also 
provides a barrier to certain antibiotics (for example, penicillin), 
digestive enzymes such as lysozyme, detergents, heavy metals, 
bile salts, and certain dyes. 

However, the outer membrane does not provide a barrier to 
all substances in the environment because nutrients must pass 
through to sustain the metabolism of the cell. Part of the perme-
ability of the outer membrane is due to proteins in the mem-
brane, called po rins. that form channels. Porins permit the 
passage of molecules such as nucleotides, disaccharides, peptides, 
amino acids, vitamin B12 , and iron . 

The lipopolysaccharide (LPS) of the outer membrane is a 
large complex molecule that contains lipids and carbohydrates and 
consists of three components: (I) lipid A, (2) a core polysaccha-
ride, and (3) an 0 polysaccharide. Lipid A is the lipid portion of 
the LPS and is embedded in the top layer of the outer membrane. 
When gram-negative bacteria die, they release lipid A, which func-
tions as an endotoxin (Chapter 15). Lipid A is responsible for the 
symptoms associated with infections by gram-negative bacteria 
such as fever, dilation of blood vessels, shock, and blood clotting. 
The core polysaccharide is attached to lipid A and contains 
unusual sugars. Its role is structural-to provide stability. The 
o polysaccharide cxtends outward from the core polysaccharide 
and is composed of sugar molecules. The 0 polysaccharide func-
tions as an antigen and is useful for dist inguishing species of gram-
negative bacteria. For example, the foodborne pathogen E. coli 
o IS7:H7 is dist inguished from other serovars by certain laborato-
ry tests that test for these specific antigens. This role is comparable 
to that of teichoic acids in gram-positive cells. 

Cell Walls and the Gram Stain Mechanism 
Now that you have stud ied the Gram stain (in Chapter 3, 
page 69) and the chemistry of the bacterial cell wall (in the pre-
vious section), it is easier to understand the mechanism of the 
Gram stain. The mechanism is based on differences in the struc-
ture of the cell walls of gram-positive and gram-negative bacte-
ria and how each reacts to the various reagents (substances used 
for producing a chemical reaction). Crystal violet, the primary 
stain, sta ins both gram-positive and gram-negative cells purple 
because the dye enters the cytoplasm of both types of cells. When 
iodine (the mordant) is applied, it forms la rge crystals with the 
dye that are too large to escape through the cell wall. The appli-
cation of alcohol dehydrates the peptidoglycan of gram-positive 
cells to make it more impermeable to the crystal violet-iodine. 
The effect on gram-negative cells is quite different; alcohol dis-
solves the outer membrane of gram-negative cells and even 

leaves small holes in the thin peptidoglycan layer through which 
crystal violet-iodine diffuse. Because gram-negative bacteria are 
colorless after the alcohol wash, the addition of safranin (the 
counterstain) turns the cells pink. Safranin provides a contrast-
ing color to the primary stain (crystal violet). Although gram-
positive and gram-negative cells both absorb safranin, the pink 
color of safranin is masked by the darker purple dye previously 
absorbed by gram-positive cells. 

In any population of cells, some gram-positive cells will 
give a gram-negative response. These cells are usually dead. 
However, there are a few gram-positive genera that show an 
increasing number of gram-negative cells as the culture ages. 
Bacillus and Clostridium are examples and are often described as 
gram-variable. 

A comparison of some of the characteristics of gram-positive 
and gram-negative bacteria is presented in Table 4.1 . 

Atypical Cell Walls 
Among prokaryotes, certain types of cells have no walls or 
have very little wall material. These include members of the 
genus Mycoplasma (mi-ko-plaz'ma) and related organisms (see 
Figure 11.20, page 319). Mycoplasmas are the smallest known 
bacteria that can grow and reproduce outside living host cells. 
Because of their size and because they have no cell walls, they 
pass through most bacterial filters and were first m istaken for 
viruses. Their plasma membranes are unique among bacteria in 
having lipids called sterols, which are thought to help protect 
them from lysis (rupture). 

Archaea may lack walls or may have unusual walls composed 
of polysaccharides and proteins but not peptidoglycan. These walls 
do, however, contain a substance similar to peptidoglycan called 
pseudomurein. Pseudomurein contains N-acetyltalosaminuronic 
acid instead of NAM and lacks the D-amino acids found in 
bacterial cell walls. Archaea generally cannot be Gram-stained 
but appear gram-negative because they do not contain 
peptidoglycan. 

Acid-Fast Cell Walls 
Recall from Chapter 3 that the acid-fast stain is used to identify 
all bacteria of the genus Mycobacterium and pathogenic species 
of Nocardia. These bacteria contain high concentrations (60% ) 
of a hydrophobic waxy lipid (mycolic acid) in their cell wall that 
prevents the uptake of dyes, including those used in the Gram 
stain. The mycolic acid forms a layer outside of a thin layer of 
peptidoglycan. The mycolic acid and peptidoglycan are held 
together by a polysaccharide. The hydrophobic waxy cell wall 
causes both cultures of Mycobacterium to clump and to stick to 
the walls of the flask . Acid-fast bacteria can be stained with car-
bolfuchsin; heating enhances penetration of the stain. The car-
bolfuchsin penetrates the cell wall, binds to cytoplasm, and 
resis ts removal by washing with acid-alcohol. Acid-fast bacteria 
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Table 4.1 Some Comparative Characteristics of Gram-Positive and Gram-Negative Bacteria 

Charactertstk: Gmm-Posittve 

• > '-"-" A-t , '.- . 

Gmm-NegatJue 

.. 
'-, 

, 
;-. -

Gram Reaction Retain crystal violet dye and stain blue or 
purple 

Can be decolorized to accept counterstain 
(safranin) and stain pink or red 

Peptidoglycan Layer 

Teichoic Acids 

Poriplasmic Space 

Outer Membrane 

TIlick (multilayered) 

Present in many 

Absent 

Absent 

Virtually none 

TIlin (single-layered) 

Absent 

Present 

Present 

High Lipopolysaccharide (LPS) Content 

Lipid and Lipoprotein Content Low (acid- fast bacteria have lipids linked to 
peptidoglycan) 

High (because of presence of outer 
membrane) 

Flagellar Structure 

Toxins Produced 

Resistance to Physical Disruption 

Cell Wall Disruption by 

Susceptibility to Penicillin and 
Sulfonamide 

Susceptibility to Streptomycin, 
Chloramphenicol, and Tetracycline 

Inhibition by Basic Dyes 

Susceptibility to Anionic Detergents 

Resistance to Sodium Azide 

Resistance to Drying 

2 rings in basal body 

Exotoxins 

High 

High 

High 

Low 

High 

High 

High 

High 

retain the red color of carbolfuchsin because it is more soluble in 
the cell wall mycolic acid than in the acid-alcohol. If the mycolic 
acid layer is removed from the cell wall of acid-fast bacteria, they 
will stain gram-positive with the Gram stain. 

Damage to the Cell Wall 
Chemicals that damage bacterial cell walls, or interfere with 
their synthesis, often do not harm the cells of an animal host 

4 rings in basal body 

Endotoxins and exotoxins 

Low 

Low (requires pretreatment to destabilize 
outer membrane) 

Low 

High 

Low 

Low 

Low 

Low 

because the bacterial cell wall is made of chemicals unlike 
those in eukaryotic cells. Thus, cell wall synthesis is the target 
for some antimicrobial drugs. One way the cell wall can be 
damaged is by exposure to the digestive enzyme lysozyme. Th is 
enzyme occurs naturally in some eukaryotic cells and is a con -
stituent of tears, mucus, and saliva. Lysozyme is particularly 
active on the major cell wall components of most gram -
positive bacteria, making them vulnerable to lysis. Lysozyme 
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catalyzes hydrolysis of the bonds between the sugars in the 
repeating disaccharide "backbone" o f peptidoglycan. This act 
is analogous to cutting the steel suppo rts of a b ridge with a 
cutting torch: the gram-positive cell wall is almo st completely 
destroyed by lysozyme. The cellular contents that remain sur-
rounded by the plasma membrane may remain intact if lysis 
docs not occur; this wall-less cell is termed a protoplast. 
Typically, a protoplast is spherical and is still capable o f carry-
ing on metabolism. 

Some members of the genus Proteus, as well as other genera, 
can lose their cell walls and swell into irregularly shaped cells 
called L forms. named for the Lister Institute, where they were 
discovered . They may form spontaneously or develop in 
response to penicillin (wh ich inhibits cell wall formatio n ) or 
lysozyme (which removes the cell wall). L forms can live and 
divide repeatedly or return to the walled state. 

When lysozyme is applied to gram-negative cells, usually 
the wall is not destroyed to the same extent as in gram- positive 
cells; some of the outer membrane also remains. In this case, 
the cellular contents, plasma membrane, and rema ining 
outer wall layer are called a spheroplast. also a spherical struc-
ture. For lysozyme to exe rt its effect on gram- negative cells, the 
cells are first treated with EDTA (ethylenediaminetetraacetic 
acid). EDTA wea kens io nic bonds in the outer membrane and 
thereby damages it, giving the lysozyme access to the peptido-
glyca n layer. 

Protoplasts and spheroplasts burst in pure water or very 
dilute salt or sugar solutions because the water molecules fro m 
the surrou nding fluid rapidly move into and enlarge the cell, 
which has a much lower internal concentration of water. This 
rupturing, called osmotic lysis. will be discussed in detail 
shortly. 

As noted earlier, certain antibiotics, such as penicillin, 
destroy bacter ia by interfering wi th the formation of the pep-
tide cross-b ridges of peptidoglycan, thus preventing the forma-
tion of a functional cell wall. Most gram-negative bacteria are 
not as susceptible to penicillin as gram-positive bacteria are 
because the outer membrane of gram-negative bacteria forms a 
barrier that inhibits the entry of this and other substances, and 
gram- negative bacteria have fewer pepti d e cross-bridges. 
However, gram-negative bacteria are quite susceptible to some 
f3,-lactam antibiotics that penetrate the outer membrane better 
than penicill in. Antibiotics wi ll be discussed in more detail in 
Chapter 20. 

CHECK YOUR UNDERSTANDING 

.,f Why are drugs that target cell wall synthesis useful? 4-5 

.,f Why are mycoplasmas resistant to antibiotics that interfere with 
cell wall synthesis? 4-6 

.,f How do protoplasts differ from L forms? 4-7 

Structures Internal to the Cell Wall 
LEARNING OBJECTIVES 
4-8 Describe the structure. chemistry. and functions of the prokaryotic 

plasma membrane. 
4-9 Define simple diffusion. facilitated diffusion. osmosis. active 

transport, and group translocation. 
4-10 Identify the functions of the nucleoid and ribosomes. 
4-11 Identify the functions of four inclusions. 
4-12 Describe the funct ions of endospores. sporulation. and endospore 

germination. 

Thus far, we have discussed the prokaryotic cell wall and struc-
tures external to it. We will now look inside the prokaryotic cell 
and discuss the structures and functions of the plasma mem-
brane and components within the cytoplasm of the cell. 

The Plasma (Cytoplasmic) Membrane 
The plasma (cytoplasmic) membrane (or illller membrane) is a 
thin structure lying inside the cell wall and enclosing the cyto-
plasm of the cell (see Figure 4.6) . The plasma membrane of 
prokaryotes consists primarily of phospholipids (see Figure 2.10, 
page 42), which are the most abundant chemicals in the 
membrane, and proteins. Eukaryotic plasma membranes also 
contain carbohydrates and sterols, such as cholesterol. Because 
they lack sterols, prokaryotic plasma membranes are less rigid 
than eukaryotic membranes. One exception is the wall-less 
prokaryote Mycoplasma, which contains membrane sterols. 

Structure 
[n electron micrographs, prokaryotic and eukaryotic plasma mem-
branes (and the outer membranes of gram-negative bacteria) look 
like two-layered structures; there are two dark lines with a light 
space between the lines (Figure 4.14a). The phosphol ipid mole-
cules are arranged in two parallel rows, called a lipid bilayer 
(Figure 4.14b). As introduced in Chapter 2, each phospholipid mol -
ecule contains a polar head, composed of a phosphate group and 
glycerol that is hydrophilic (water-loving) and soluble in water, and 
nonpolar tails, composed of fatty acids that are hydrophobic 
(water-fearing) and insoluble in water (Figure 4.14c). The polar 
heads are on the 1\'10 surfaces of the lipid bilayer, and the nonpolar 
tails are in the interior of the bilayer. 

The protein molecules in the membrane can be arranged in 
a variety of ways. Some, called peripheral proteins, are easily 
removed from the membrane by mild treatments and lie at the 
inner or outer surface of the membrane. They may function as 
enzymes that catalyze chemical reactions, as a "scaffold" for sup-
port, and as med iators of changes in membrane shape during 
movement. Other proteins, called integral proteins, can be 
removed from the membrane only after disrupting the lipid 
bilayer (by using detergents, fo r example). Most integral pro-
teins penetrate the membrane completely and are called 
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________ ... :::::://' plasma r" membrane 

--C",,, membrane 

(a) Plasma membrane of cell 

Peripheral I 

Polar head - -

Nonpolar 
acid tails 

Polar 

(b) Lipid bilayer of plasma membrane 

Outside 

Inside 

,h,,," prolein 

Figure 4_14 Plasma membrane. (a) A diagram and micrograph 
showing the lipid bilayer forming the inner plasma membrane of the 
gram-negative bacterium Aquaspirillum serpens. Layers of the cell wall, 
including the outer membrane. can be seen outside the inner membrane. 

Q What is the action of on plasma membranes? 

transmembrane proteins. Some integral proteins are channels 
that have a pore, or hole, through which substances enter and 
exit the cell. 

Many of the proteins and some of the lipids on the outer 
surface of the plasma membrane have carbohydrates attached 
to them . Proteins attached to carbohydrates are called 
glycoproteins; lipids attached to carbohydrates are called 
glycolipids. Both glycoproteins and glycolipids help protect and 
lubricate the cell and are involved in cell-to-cell interactions. For 
example, glycoproteins playa role in certain infectious diseases. 
The influenza virus and the toxins that cause cholera and botu-
lism enter their target cells by first binding to glycoproteins on 
their plasma membranes. 

Studies have demonstrated that the phospholipid and protein 
molecules in membranes are not static but move quite freely 

"\ Lipid J bilayer 

Lipid bilayer 

50 em 

} 
Polar (hydrophil ic) 
heads (phosphate 
group and glycerol) 

Nonpolar (hydrophobic) 
tails (fatty acids) 

(c) Phospholipid molecules in lipid bilayer 

(b) A portion of the inner membrane showing the lipid bilayer and 
proteins. The outer membrane of gram-negative bacteria is also a lipid 
bilayer. (e) Space-filling models of several molecules as they are arranged 
in the lipid bilayer. 

within the membrane surface. This movement is most probably 
associated with the many functions performed by the plasma 
membrane. Because the fatty acid tails ding together, phospho-
lipids in the presence of water form a self-sealing bilayer; as a 
result, breaks and tears in the membrane heal themselves. The 
membrane must be about as viscous as olive oil, which allows 
membrane proteins to move free ly enough to perform their 
func tions without destroying the structure of the membrane. 
This dynamic arrangement of phospholipids and proteins is 
referred to as the fluid mosaic model. 

Functions 
The most important function of the plasma membrane is 
to serve as a selective barrier through which materials enter 
and exit the cell. In this function, plasma membranes have 
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selective permeability (sometimes called semipermeability). 
This term indicates that certain molecules and ions pass 
through the membrane, but that others are prevented from 
passing through it. The permeabillty of the membrane depends 
on several factors. Large molecules (such as proteins) cannot 
pass through the plasma membrane, possibly because these 
molecules are larger than the pores in integral proteins that 
fu ncllon as channels. But smaller molecules (such as water, 
oxygen, carbon dioxide, and some simple suga rs) usually pass 
through easily. Ions penetrate the membrane very slowly. 
Substances that dissolve easily in Ilpids (such as oxygen, carbon 
dioxide, and no npolar organic molecules) enter and exit more 
easily than other substances because the membrane consists 
mostly of phosphol ipids. The movement of materials across 
plasma membranes also depends on transporter molecules, 
which will be described shortly. 

Plasma membranes are also important to the breakdown of 
nutrients and the production of energy. The plasma membranes 
of bacteria contain enzymes capable of catalyzing the chemical 
reactions that break down nutrients and produce ATP. In some 
bacteria, pigments and enzymes involved in photosynthesis are 
found in infoldings of the plasma membrane that extend into 
the cytoplasm. These memb ranous structures are called 
chromatophores or thylakoids (Figure 4.15). 

When viewed with an electron microscope, bacterial plasma 
membranes often appear to contain one or more large, irregular 
folds called mesosomes. Many functions have been proposed for 
mesosomes. However, it is now known that they are artifacts, not 
true cell structures. Mesosomes are believed to be folds in the 
plasma membrane that develop by the process used for prepar-
ing specimens fo r electron microscopy. Animations Membrane 
Structure; Membrane Permeability. www.microbiologyplace.com 

Destruction of the Plasma Membmne 
by Antimicrobial Agents 
Because the plasma membrane is vital to the bacterial cell, it is not 
surprising that several antimicrobial agents exert their effects at 
this site. In add ition to the chemicals that damage the cell wall and 
thereby indirectly expose the membrane to injury, many 
compounds specifically damage plasma membranes. These com-
pounds include certain alcohols and quaternary ammonium 
compounds, which are used as disinfectants. By disrupting the 
membrane's phospholipids, a group of antibiotics known as 
the polymyxins cause leakage of intracellular contents and subse-
quent cell death. This mechanism will be discussed in Chapter 20. 

The Movement of Materials across 
Membranes 
Materials move across plasma membranes of both prokaryotic 
and euka ryotic cells by two kinds of processes: passive and active. 
In passive processes, substances cross the membrane from an area 
of high concentration to an area of low concentration (move 
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Figure 4.15 Chromatophores. In this micrograph of Rhodospirilfum 
rubrum. a purple (nonsulfur) bacterium. the chromatophores are clearly 
visible. 

Q What Is the function of chromatophores? 

with the concentration gradient, or difference), without any 
expenditure of energy (ATP) by the cell. In active processes, the 
cell must usc energy (ATP) to move substances from areas of low 
concentrat ion to areas of high concentration (against the con-
centration gradient ). 

Passive Processes Passive processes include simple diffusion, 
facilitated diffusion, and osmosis. 

Simple diffusion is the net (overall) movement of molecules 
or ions from an area of high concentration to an area of low con -
centration (Figure 4.16 and figure 4.17a ). The movement con-
tinues until the molecules or ions are evenly distributed. The 
point of even distribution is called equilibrium. Cells rely on sim-
ple diffusion to transport certain small molecules, such as oxygen 
and carbon dioxide, across their cell membranes. 

In facilitated diffusion, integral membrane proteins func tion 
as channels or carriers that facilitate the movement o f ions or 
large molecules across the plasma membrane. Such integral pro-
teins are called trat/sporters or permeases. Facilitated diffusion is 
similar to simple diffusion in that the cell does lIot expend energy, 
because the substance moves from a high to a low concentration. 
The process differs from simple diffusion in its use of trans-
porters. Some transporters permit the passage of mostly small, 
inorganic ions that are too hydrophilic to penet rate the nonpolar 
in terior of the lipid bilayer (Figure 4.17b). These transporters, 
which are common in prokaryotes, are nonspecific and allow the 
passage of a wide variety of ions (or even small molecules). Other 
transporters, which are common in eukaryotes, are specific and 
transport only specific, usually larger, molecules, such as simple 
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Figure 4.16 The principle of simple diffusion. (a) After a dye 
pellet is put IOta a beaker of water, the molecules of dye in the pel let 
diffuse into the water from an area of high dye concentration to areas of 
low dye concentratIOn. (b) The dye potassium permanganate in the 
process of diffusing. 

Q What is the distinguishing feature of a passive process? 

sugars (glucose, fructose, and galactose) and vitam ins. In this 
process, the transported substance binds to a specific transporter 
on the outer surface of the plasma membrane, which undergoes a 
change of shape; then the transporter releases the substance on 
the other side of the membrane (Figure 4.17C). 

In some cases, molecules that bacteria need are too large to 
be transported into the cells by these methods. Most bacteria, 
however, produce enzymes that can break down large molecules 

Nonspecific 

into simpler ones (such as proteins into amino acids, or polysac-
charides into simple sugars) . Such enzymes, which are released 
by the bacteria into the surrounding medium, are appropriately 
called extracell/ilar enzymes. Once the enzymes degrade the large 
molecules, the subunits move into the cell with the help of trans-
porters. For example, specific ca rriers retrieve DNA bases, such 
as the purine guanine, from extracellular media and bring them 
into the cell's cytoplasm. 

Osmosis is the net movement of solvent molecules across a 
selectively permeable membrane from an area with a high con-
centration of solvent molecules (low concentration of solute 
molecules) to an area of low concentration of solvent molecules 
(high concentration of solute molecules). In living systems, the 
chief solvent is water. Water molecules may pass through plasma 
membranes by moving through the lipid bilayer by simple diffu-
sion or through integral membrane proteins, called aqlwporil1s, 
that function as water channels (Figure 4.17d). 

Osmosis may be demonstrated with the apparatus shown in 
Figure 4.18a. A sack constructed from cellophane, which is a 
selectively permeable membrane, is filled with a solut ion of 20% 
sucrose (table sugar). The cellophane sack is placed into a beaker 
contain ing distilled water. Initially, the concentrations of water 
on either side of the membrane are different. Because of the 
sucrose molecules, the concentration of water is lower inside the 
cellophane sack. Therefore, water moves from the beaker (where 
its concentration is higher) into the cellophane sack (where its 
concentration is lower). 

There is no movement of sugar out of the cellophane sack into 
the beaker, however, because the cellophane is impermeable to 
molecules of sugar-the sugar molecules are too large to go 

Transported:::::-. 
o substance - i# "'''''' . -. 

Outside 

Plasma 
membrane 

Inside 
• • 

• • • 

o 

o o 
• o Glucose 

(II) Simple diffusion 
through the lipid Ijlayer 

(b) Facilitated diffusion through 
a nonspecific transporter 

(c) Facilitated diffusion through a specific 
transporter 

Figure 4.17 Facilitated diffusion. Transporter proteins in the plasma membrane transport 
molecules across the membrane from an area of high concentratIon to one of low concentration 
(with the concentration gradient). The transporter undergoes a change in shape to transport the 
substance. The process does not require AlP. 

Q How does simple diffusion differ from facilitated diffusion? 

(d) Osmosis through the lipid 
bilayer (left) and an aquaporin 
(right) 
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(c) Isolonic solution. No net movemenl 
of water 

(d) Hypotonic solution. Waler moves 
inl0 lhe cel l. If lhe cell wall is slrong, 

(e) Hypertonic solution. Water moves 
out of the cell, causing ils cytoplasm to 
shrink (plasmolysis). il conlains lhe swelling. If the cell wall 

is weak or damaged, the cell bursls 
(osmo1ic lysis). 

Figure 4.18 The principle of osmosis. (a) Setup at the beginning 
of an osmotic pressure experiment. Water molecules start to move from 
the beaker into the sack along the concentration gradient. (b) Setup at 
equilibrium. The osmotic pressure exerted by the solution in the sack 

Q What is osmosis? 

through the pores of the membrane. As water moves into the cel-
lophane sack, the sugar solution becomes increasingly dilute, and, 
because the cellophane sack has expanded to its limit as a result of 
an increased volume of water, water begins to move up the glass 
tube. In time, the water that has accumulated in the cellophane 
sack and the glass tube exerts a downward pressure that forces 
water molecules out of the cellophane sack and back into the 
beaker. This movement of water through a selectively permeable 
membrane produces osmotic pressu re. Osmotic pressure is the 
pressure requ ired to prevent the movement of pure water (water 
with no solutes) into a solution containing some solutes. In other 

pushes water molecules from the sack back into the beaker to balance the 
rate of water entry into the sack. The height of the solution in the glass 
tube at equilibrium is a measure of the osmotic pressure. (c)-(e) The 
effects of various solutions on bacterial cells. 

words, osmotic pressure is the pressure needed to stop the flow of 
water across the selectively permeable membrane (cellophane). 
When water molecules leave and enter the cellophane sack at the 
same rate, equilibrium is reached (Figure 4.18b). 

A bacterial cell may be subjected to any of three kinds of 
osmotic solutions: isotonic, hypotonic, or hypertonic. An 
isotonic solution is a med ium in which the overall concentra-
tion of solutes equals that found inside a cell (iso means equal). 
Water leaves and enters the cell at the same rate (no net change); 
the cell's contents are in equilibrium with the solu tion outside 
the cell wall (Figure 4.18C). 
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Earlier we mentioned that lysozyme and certain antibiotics 
(such as penicill in) damage bacteria l cell walls, causing the cells 
to rupture, or lyse. Such rupturing occurs because bacterial 
cytoplasm usually contains such a high concentration of solutes 
that, when the wall is weakened or removed, additional water 
en ters the cell by osmosis. The damaged (or removed ) cell wall 
cannot constrain the swelling of the cytoplasmic membrane, 
and the membrane bursts. This is an example of osmotic lysis 
caused by immersion in a hypotonic solution . A hypotonic 
solution outside the cell is a medium whose concentration of 
solutes is lower than that inside the cell (hypo means under or 
less). Most bacteria live in hypotonic solutions, and the cell wall 
resis ts further osmosis and protects cells from lysis. Cells with 
weak cell walls, such as gram-negative bacteria, may burst or 
undergo osmotic lysis as a result of excessive water intake 
(Figure 4.18d). 

A hypertonic solution is a medium having a h igher con -
centration of solutes than inside the cell has (hyper means 
above or more). Most bacterial cells placed in a hypertonic 
solution shrink and collapse or plasmolyze because water leaves 
the cells by osmosis (Figure 4.18e). Keep in mind that the terms 
isotonic, hypotonic, and hypertonic describe the concentration 
of solutions outside the cell relative to the concentration inside 
the cell. Animations Passive Transport: Principles of Diffusion. 
Special Types of Diffusion. www.microbiologyplace.com 

Active Processes Simple diffusion and facilitated diffusion are 
useful mechanisms for transporting substa nces into cells when 
the concentrations of the substances are greater outside the cell. 
However, when a bacterial cell is in an environment in which 
nutrients are in low concentration, the cell must usc active 
processes, such as active transport and group translocation, to 
accumulate the needed substances. 

In performi ng active transport, the cell uses ellergy in the 
form of ATP to move substances across the plasma membrane. 
Among the substances actively transported are ions (for example 
Na+, K+, H +, CaH , and CI- ), amino acids, and simple sugars. 
Although these substances can also be moved into cells by pas-
sive processes, their movement by active processes can go against 
the concentra tion gradient, allowing a cell to accumulate needed 
materials. The movement o f a substance in active transport is 
usually from outside to inside, even though the concentration 
might be much higher inside the cell. Like facilitated diffusion, 
active transport depends on transporter proteins in the plasma 
membrane (see Figure 4.17b,c). There appears to be a different 
transporter for each transported substance or group of closely 
related transported substances. Active transport enables 
microbes to move substances across the plasma membrane at a 
constant rate, even if they are in short su pply. 

In active transport, the substance that crosses the membrane 
is not altered by transport across the membrane. In group 
translocation, a special form of active transport that occurs 

exclusively in prokaryotes, the substance is chemically altered 
during transport across the membrane. Once the substance is 
altered and inside the cell, the plasma membrane is impermeable 
to it, so it remains inside the cell. This important mechanism 
enables a cell to accumulate various substances even though they 
may be in low concentrations outside the cell. Group transloca-
tion requires energy supplied by high -energy phosphate com -
pounds, such as phosphoenolpyruvic acid (PEP). 

One example of group translocation is the transport of the 
sugar glucose, which is often used in growth media for bacte -
ria . While a specific carrier protein is transporting the glucose 
molecule across the membrane, a phosphate group is added to 
the sugar. This phosphorylated form of glucose, which cannot 
be transported out, can then be used in the cell 's metabolic 
pathways. 

Some eukaryotic cells (those without cell walls) can use two 
additional active transport processes called phagocytosis and 
pinocytosis. These processes, which do not occur in bacteria, are 
explained on page 100. Animations Active Transport: Types. 
Overview. www.microbiologyplace.com 

CHECK YOUR UNOERSTANOING 

..r Which agents can cause injury to the bacterial plasma 
membrane? 4-8 

..r How are simple diffusion and facilitated diffusion similar? How 
are they different? 4-9 

Cytoplasm 
For a prokaryotic cell, the term cytoplasm refers to the substance 
of the cell inside the plasma membrane (see Figure 4.6). 
Cytoplasm is abou t 80% waler and contains primarily proteins 
(enzymes), carbohydrates, lipids, inorganic ions, and many low-
molecular-weight compounds. Inorganic ions are present in 
much higher concentrations in cytoplasm than in most media. 
Cytoplasm is thick. aqueous, semitransparent, and clastic. The 
major structures in the cytoplasm of prokaryotes are a nucleoid 
(containing DNA ), particles called ribosomes, and reserve 
deposi ts called inclusions. Protein filaments in the cytoplasm are 
most likely responsible for the rod and helical cell shapes of 
bacteria . 

Prokaryotic cytoplasm lacks certain features of eukaryotic 
cytoplasm, such as a cytoskeleton and cytoplasmic streaming. 
These features will be described later. 

The Nucleoid 
The nucleoid of a bacterial cell (see Figure 4.6 ) usually contains 
a single long, continuous. and frequently circula rly arranged 
thread of double-stranded DNA called the bacterial chromo-
some. This is the cell's genetic information, which carries all the 
information required for the cell's structures and functions. 
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Unlike the chromosomes of eukaryotic cells, bacterial chromo-
somes arc not surrounded by a nudea r envelope (membrane) 
and do not indude histones. The nucleoid can be spherical, elon -
gated, or dumbbell-shaped. In actively growing bacteria, as much 
as 20% of the cell volume is occupied by DNA because such cells 
presynthesize nuclear material for fu ture cells. The chromosome 
is attached to the plasma membrane. Proteins in the plasma 
membrane are believed to be responsible for replication of the 
DNA and segregation of the new chromosomes to dau ghter cells 
during cell division. 

In addition to the bacterial chromosome, bacteria often con-
tain small usually circular, double-stranded DNA molecules 
called plasmids (see the F fa ctor in Figure 8.27a, page 238). 
These molecules arc extrachromosomal genetic elements; that is, 
they are not connected 10 the main bacterial chromosome, and 
they replicate independently of chromosomal DNA. Research 
indicates that plasmids are associated with plasma membrane 
proteins. Plasm ids usually contain from 5 to 100 genes that 
are generally not crucial for the su rvival of the bacterium 
under normal environmental conditions; plasm ids may be 
ga ined or lost without harming the cell. Under certain condi-
tions, however, plasmids are an advantage to cells. Plasm ids may 
carry genes for such activities as antibiotic resistance, tolerance 
to toxic metals, the production of toxins, and the synthesis of 
enzymes. Plasm ids can be transferred from one bacterium to 
another. In fact, plasmid DNA is used for gene manipu lation in 
biotechnology. 

Ribosomes 
All eukaryotic and prokaryotic cells contain ribosomes. which 
function as the sites of protein synthesis. Cells that have high 
rates of protein synthesis, such as those that are actively growing, 
have a large number of ribosomes. The cytoplasm of a prokary-
o tic cell contains tens of thousands of these very small structures, 
which give the cytoplasm a granular appearance (see Figure 4.6). 

Ribosomes are composed of two subunits, each of which 
consists of protein and a type of RNA called ribosomal RNA 
(,RNA). Prokaryotic riboso mes differ from euka ryotic 
ribosomes in the number of proteins and rRNA molecu les they 
contain; they are also somewhat smaller and less dense than 
ribosomes of eukaryotic cells. Accordingly, prokaryotic ribo-
somes are ca lled 70S ribosomes (Figure 4.19), and those of 
eukaryotic cells are known as 80S ribosomes. The letter S refers 
to Svedberg units, which indicate the relative rate of sedimenta-
tion durin g ultra- high-speed centrifugation. Sedimentation rate 
is a function of the size, weight, and shape of a particle. The sub-
units of a 70S ribosome arc a sma ll 305 subunit containing one 
molecule of rRNA and a larger 50S subunit containing two mol -
ecules of rRNA. 

Several an tibiotics work by inhibiting protein synthesis on 
prokaryotic ribosomes. Antibiotics such as streptomyc in and 

+ 
(a) Small subunit (b) Large subunit (c) Complete 70s ......... 
Figure 4.19 The prokaryotic ribosome. (a) A small 305 subunit 
and (b) a large 50S subunit make up (c) the complete 70S prokaryotiC 
ribosome. 

Q What I. the imlX'rtance of the differences between prokaryotic and 
e llkaryotic ribosome. with regard to antibiotic the rapy? 

gentamicin attach to the 305 subunit and interfere with protein 
synthesis. Other antibiotics, such as erythromycin and chloram-
phen icol, interfere with protein synthesis by attaching to the 
50S subunit. Because of differences in prokaryotic and eukary-
otic ribosomes, the microbial cell can be killed by the antibiotic 
while the eukaryotic host cell remains unaffected. 

Inclusions 
Within the cytoplasm of prokaryotic cells arc several kinds of 
reserve deposits, known as inclusions. Cells may accumulate 
certain nutrien ts when they are plentiful and use them when the 
environ ment is deficient. Evidence suggests that macromolecules 
concentrated in inclusions avoid the increase in osmotic pressure 
that would result if the molecules were dispersed in the cyto-
plasm. Some inclusions arc common to a wide variety of bacte-
ria, whereas others are limited to a small number of species and 
therefore serve as a basis for identification. 

Metachromatic Granules 
Metachromatic granules are large inclusions that take their 
name from the fact thai they sometimes stain red with certain 
blue dyes such as methylene blue. Collectively they are known as 
volutin. Volut in represents a reserve of inorganic phosphate 
(polyphosphate) that can be used in the synthesis of ATP. It is 
generally formed by cells that grow in phosphate-rich environ-
ments. Metachromatic granules are found in algae, fungi, and 
protozoa, as well as in bacteria. These granules are characteristic 
of Cory"ebacterium dipiJllleriae (ko-ri-ne·bak-ti ' re-um dif-
thi're-i ), the causative agent of diphtheria; thus, they have diag-
nostic sign ificance. 

Polysaccharide Granules 
Inclusions known as polysaccharide granules typically consist 
of glycogen and starch, and their presence can be demonstrated 
when iodine is applied to the cells. In the presence of iodine, 
glycogen granules appear reddish brown and starch granules 
appea r bl ue. 
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Figure 4.20 Magnetosomes. This micrograph of Magnetospirillum 
magnelOtaclJcum shows a chain of magnetosomes. The outer membrane 
of the gram-neyauve wallis also ViSible. 

Q What is the 'unction of magnetosomes? 

lipid Inclusions 
Lipid inclusions appear in various species of MycobacteriulII, 
Bacillus, Azotobacter (a-zo-to-bak'ter), Spirillum (spi- ril'lum ). 
and other genera. A common lipid-storage material, one unique 
to bacteria, is the polymer poly-/3-liydroxyblltyric acid. Lipid 
inclusions are revealed by sta ining cells with fat-soluble dyes, 
such as Sudan dyes. 

Sulfur Granules 
Certain bacteria- for example, the "sulfur bacteria" that belong 
to the genus Tliiobacillils-derive energy by oxidizing sulfur and 
sulfur-containing compounds. These bacteria may deposit 
sulfur granules in the cell, where they serve as an energy reserve. 

Carboxysomes 
Carboxysomes are inclusions that contain the enzyme ribulose 
I.S -diphosphate carboxylase. Photosynthetic bacteria use car-
bon dioxide as their sole source o f carbon and require this 
enzyme for carbon dioxide fixation. Among the bacteria con-
taining carboxysomes are nitrifying bacteria, cyanobacteria, and 
thiobacilli. 

Gas Vacuoles 
Hollow cavities found in many aquatic prokaryotes, includ ing 
cyanobacte ria, anoxygenic photosynthe tic bacteria, and 
halo bacteria arc called gas vacuoles. Each vacuole co nsists of 
rows of several individual gas vesicles, which are hollow cylin-
ders covered by protein. Gas vacuoles maintain buoyancy so 
that the cells can remain at the depth in the water appropriate 
fo r them to receive su fficient amounts of oxygen, light, and 
nutrien ts. 

Magnetosomes 
Magnetosomes arc inclusions of iron oxide (Fe304)' formed 
by several gram- negative bacteria such as Mag ,utospirillulII 
magrlelOtactieultl, that act like magnets (Figure 4.20). Bacteria 
may use magnetosomes to move downward unti l they reach a 
suitable atlachment site. In vitro, magnetosomes can decompose 
hydrogen peroxide, which forms in cells in the presence of 
oxygen. Researchers speculate that magnetosomes may protect 
the cell against hydrogen peroxide accumulation. 

Endospores 
When essential nutrients are depleted, certain gram-positive bac-
teria, such as those of the genera Clostridium and Bacillus, form 
specialized "resting" cells called endospores (Figure 4.21 ). As you 
will see later, some members of the genus Clostridium cause dis-
eases such as gangrene. tetanus, botulism, and food poisoning. 
Some members of the genus Bacillus cause anthrax and food 
poisoning. Unique to bacteria, endospores are highly durable 
dehydrated cells with thick walls and additional layers. They arc 
fo rmed internal to the bacterial cell membrane. 

When released into the environment, they can survive 
extreme heat, lack of water, and exposure to many toxic chemicals 
and radiation. Fo r example, 7500-year-old endospores of 
Tilerltloactillomyces vlligaris ses vul-ga' ris) 
from the freezing muds of Elk Lake in Minnesota have germinat-
ed when rewarmed and placed in a nutrient medium, and 25- 10 

40-million.year-old endospores found in the gut of a stingless 
bee entombed in amber (hardened tree resin) in the Dominican 
Republic arc reported to have germinated when placed in nut ri-
ent media. Although true endospores are found in gram-posit ive 
bacteria, one gram-negat ive species, Coxielhl bl/metii (ktiks-c·el'lii 
ber-ne'te·c), the cause of Q fever, forms endosporelike structures 
that resist heat and chem icals and can be stained with endospore 
stains (see Figure 24.14, page 690). 

The process of endospore format ion within a vegetative 
cell takes several hours and is known as sporulation 
o r sporogenesis (Figure 4.21a). Vegetative cells of endospore-
forming bacteria begin sporulation when a key nutrient, such as 
the carbon or nitrogen source, becomes scarce or unavailable. In 
the first observable stage of sporulation, a newly replicated bac-
terial chromosome and a small portion of cytoplasm are isolated 
by an ingrowth of the plasma membrane called a spore septum. 
The spore septum becomes a double-layered membrane that 
surrounds the chromosome and cytoplasm. This structure, 
entirely enclosed within the original cell, is called a {orespore. 
Thick layers of peptidoglycan are laid down between the two 
membrane layers. Then a thick spore coat of protein forms 
around the outside membrane; this coat is responsible for the 
resistance of endospores to many ha rsh chemicals. The original 
cell is degraded, and the endospore is released. 
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Figure 4.21 Fonnation of endospores by sporulation. 

Q Under what conditions are endospores fomled by bacteria? 

The diameter of the endospore may be the same as, smaller 
than, or larger than the d iameter of the vegetative cell. Depending 
on the species, the endospore might be located termi/Jally (at one 
end), subtermillally (near one end; Figure 4.21b), o r celltrally 
inside the vegetative cell. When the endospore matures, the vege-
tative cell wall ruptures (lyses), killing the cell, and the endospore 
is freed. 

Most of the water present in the forespore cytoplasm is 
el iminated by the time sporulation is complete, and 
endospores do not carry out metabolic reactions. The highly 
dehydrated endospore core contains only DNA, small amounts 
of RNA, ribosomes, enzymes, and a few important small 
molecules. The latter include a strikingly large amount of an 
orga nic acid called dipicolillic acid (fo und in the cytoplasm), 
which is accompanied by a large number of calcium ions. 

These cellular components are essential for resuming metabo-
lism later. 

Endospores can remain dormant for thousands of years. An 
endospore re turns to its vegetative state by a process called 
germination. Germination is triggered by physical or chemical 
damage to the endospore's coat. The endospore's enzymes then 
break down the extra layers surrounding the endospore, water 
enters, and metabolism resumes. Because one vegetative cell 
forms a single endospore, which, after germination, remains one 
cell, sporulation in bacteria is not a means of reproduction. This 
process does not increase the number of cells. Bacterial 
endospores differ from spores formed by (prokaryotic ) actino· 
mycetes and the eukaryotic fungi and algae, which detach from 
the parent and develop into another organism and, therefore, 
represent reproduction. 
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Endospores are important from a clinical viewpoint and in 
the food industry because they are resistant to processes that 
normally kill vegetative cells. Such processes include heating, 
freezing, desiccation, usc of chemicals, and rad iation. Whereas 
most vegetative cells are killed by temperatures above 70°C, 
endospores can survive in boiling water for several hours or 
more. Endospores of thermophilic (heat -loving) bacteria can 
survive in boiling water for 19 hours. Endospore-formi ng bac-
teria are a problem in the food industry because they are likely 
to survive underprocessing, and , if conditions for growth occur, 
some species produce toxins and disease. Special methods for 

controlling organisms that produce endospores are discussed in 
Chapter 7. 

CHECK YOUR UNDERSTANDING 

"" Where is the DNA located in a prokaryotic cell? 4-10 
"" What is the general function of inclusions? 4-11 
"" Under what conditions do endospores form? 4-12 .. . 
Having examined the functional anatomy of the prokaryotic cell, 
we will now look at the functional anatomy of the eukaryotic cell. 

THE EUKARYOTIC CELL 
As mentioned earlier, eukaryotic organisms include algae, proto-
zoa, fungi, plan ts, and animals. The eukaryotic cell is typically 
larger and structurally more complex than the prokaryotic cell 
(Figure 4.22). When the structure of the prokaryotic cell in 
Figure 4.6 is compared with that of the eukaryotic cell, the differ-
ences between the two types of cells become apparent. The prin-
cipal differences between prokaryotic and eukaryotic cells are 
summarized in Table 4.2, page 101. 

The following discussion of eukaryotic cells will parallel our 
discussion of prokaryotic cells by starting with structures that 
extend to the outside of the cell. 

Flagella and Cilia 
LEARNING OBJECTIVE 
4-13 Differentiate prokaryotic and eukaryotic fla gella. 

Many types of eukaryotic cells have projections that are used 
for cellular locomotion or for moving substances along the sur-
face of the cell. These projections contain cytoplasm and are 
enclosed by the plasma membrane. If the projections are few and 
are long in relation to the size of the cell, they are called flagella. 
If the projections are numerous and short, they are called cilia 
(singular: cilium). 

Algae of the genus Euglena (u -gle'na) use a flagellum for loco-
motion, whereas protozoa, such as Tetrahymena (te t- ra-h j' me-na), 
use cilia for locomotion (Figure 4.23a and Figure 4.23b). Both 
flagella and cilia are anchored to the plasma membrane by a basal 
body, and both consist of nine pairs of microtubules (doublets) 
arranged in a ring, plus another two microtubules in the center of 
the ring, an arrangement called a 9 + 2 array (Figure 4.23c). 
Microtubules are long, hollow tubes made up of a protein called 
tubulin. A prokaryotic flagellum rotates, but a eukaryotic flagellum 
moves in a wavelike manner (Figure 4.23d). To help keep foreign 
material out of the lungs, ciliated cells of the human respiratory 
system move the material along the surface of the cells in the 

bronchial tubes and trachea toward the throat and mouth (see 
Figure 16.4, page 452). 

The Cell Wall and Glycocalyx 
LEARNING OBJECTIVE 
4-14 Compare and contrast prokaryotic and eukaryotic cell walls 

and glycocalyxes. 

Most eukaryotic cells have cell walls, although they are generally 
much simpler than those of prokaryotic cells. Many algae have 
cell walls consisting of the polysaccharide cellulose (as do all 
plants); other chemicals may be present as well. Cell walls of some 
fungi also contain cellulose, but in most fungi the principal struc-
tural component of the cell wall is the polysaccharide chitin, a 
polymer of N-acetylglucosamine (NAG) units. (Chitin is also the 
main structural component of the exoskeleton of crustaceans and 
insects.) The cell walls of yeasts contain the polysaccharides 
gillcan and mannan. In eukaryotes that lack a cell wall, the plasma 
membrane may be the outer covering; however, cells that have 
direct contact with the environment may have coatings outside 
the plasma membrane. Protozoa do not have a typical cell wall; 
instead, they have a flexible outer protein covering called a pellicle. 

In other eukaryotic cells, including animal cells, the plasma 
membrane is covered by a giycocaiyx. a layer of material con-
taining substantial amounts of sticky carbohydrates. Some of 
these carbohydrates are covalently bonded to proteins and lipids 
in the plasma membrane, forming glycoproteins and glycolipids 
that anchor the glycocalyx to the cell. The glycocalyx strengthens 
the cell surface, helps attach cells together, and may contribute to 
cell- cell recognition. 

A Eukaryotic cells do not contain peptidoglycan, the 
framewo rk of the prokaryotic cell wall. This is 

significant medically because antibiotics, such as penicillins and 
cephalosporins, act against peptidoglycan and therefore do not 
affect human eukaryotic cells. 
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Figure 4_22 Eukaryotic cells showing typical structures_ 

Q What kingdoms contain eukaryotic organisms? 
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Figure 4.23 Eukaryotie flagella and cilia. (a) A micrograph of Euglena. a chlorophyll-
containing alga. with its flagellum. (b) A micrograph of Tetrahymena, a common freshwater 
protozoan, with cilia. (e) The internal structure of a flagellum (or ci lium) . showing the 9 + 2 
arrangement of microtubules. (d) The pattern of movement of a eukaryouc flage llum. 

Q How do prokaryotic and eukaryotic flagella differ? 

The Plasma (Cytoplasmic) 
Membrane 
LEARNING OBJECTIVE 
4-15 Compare and contrast prokaryotic and eukal)'otic plasma 

membranes. 

The plasma (cytoplasmic) membrane of eukaryotic and prokary-
otic cells is very similar in function and basic structure. There are, 
however, differences in the types of proteins found in the mem-
branes. Eukaryotic membranes also contain carbohydrates, which 
serve as attachment sites for bacteria and as receptor sites that 
assume a role in such functions as cell-<ell recognition. Eukaryotic 
plasma membranes also contain sterols, complex lipids not found in 
prokaryotic plasma membranes (with the exception of Mycoplasma 
cells), Sterols seem to be associated with the ability of the mem-
branes to resist lysis resulting from increased osmotic pressure. 

Substances can cross eukaryotic and prokaryotic plasma 
membranes by simple diffusion, facilitated diffusion, osmosis, 
or active transport. Group translocation does not occur in 
eukaryotic cells. However, eukaryotic cells can use a mechan ism 

called endocytosis. This occurs when a segment of the plasma 
membrane surrounds a particle or large molecule, encloses it, 
and brings it into the cell. 

1\'10 very important types of endocytosis are phagocytosis 
and pinocytosis. During phagocytosis, cellular projections called 
pseudopods engulf particles and bring them into the cel1. 
Phagocytosis is used by white blood cells to destroy bacteria and 
foreign substances (see Figure 16.8, page 461, and further discus-
sion in Chapter 16). In pinocytosis, the plasma membrane folds 
inward, bringing extracellular fl uid into the cell, along with what-
ever substances are dissolved in the fluid . Pinocytosis is one of the 
ways viruses can enter animal cells (see Figure 13.14a, page 384). 

Cytoplasm 
LEARNING OBJECTIVE 
4-16 Compare and contrast prokaryotic and eukal)'otic cytoplasms. 

The cytoplasm of eukaryotic cells encompasses the substance 
inside the plasma membrane and outside the nucleus (see 
Figure 4.22). The cytoplasm is the substance in which various 
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Table 4.2 Principal Differences between Prokaryotic and Eukaryotic Cells 

Charactertstk: 

Size of Cell 

Nucleus 

Membrane-Enclosed 
Organelles 

Flagella 

Glycocalyx 

Prol" .. ,otlc 

Typically 0.2-2.0 IJ..m in diameter 

No nuclear membrane or nucleoli 

Absent 

Consist of two protein building blocks 

Present as a capsule or slime layer 

Eukaryodc 

Typically 10-100 IJ..m in diameter 

True nucleus. consisting of nuclear membrane 
and nucleoli 

Present; examples include Iysosomes. Golg i 
complex. endoplasm ic reticulum. mitochondria. 
and chloroplasts 

Complex: consist of multiple microtubules 

Present in some cells that lack a cell wall 

Cell Wall Usually present chemically complex (typica l 
bacterial cell wa ll includes peptidoglycan) 

When present, chemica lly simple (includes 
cellu lose and chitin) 

Plasma Membrane No carbohydrates and generally lacks sterols Sterols and carbohydrates that serve as 
receptors 

Cytoplasm 

Ribosomes 

Chromosome (DNA) 

Cell Division 

Sexual Recombination 

No cytoskeleton or cytoplasmic streaming 

Smaller size (70S) 

Usually single circular chromosome; 
typically lacks histones 

Binary fission 

None: transfer of DNA only 

cellular components are found. (The term cytosol refers to 
the fluid portion of cytoplasm. ) A major difference between 
eukaryotic and prokaryotic cytoplasm is that eukaryotic cytoplasm 
has a complex internal structure, consisting of exceedingly small 
rods (microfilaments and intermediate filaments ) and cylinders 
(microtubules ). Together, they form the cytoskeleton. The 
cytoskeleton provides support and shape and assists in transport-
ing substances through the cell (and even in moving the entire cell, 
as in phagocytosis) . The movement of eukaryotic cytoplasm from 
one part of the cell to another, which helps distribute nutrients and 
move the cell over a surface, is called cytoplasmic streaming. 
Another difference between prokaryotic and eukaryotic cytoplasm 
is that many of the important enzymes found in the cytoplasmic 
fluid of prokaryotes are sequestered in the organelles of eukaryotes. 

Cytoskeleton; cytoplasmic streaming 

Larger size (60S); smaller size (70S) in 
organelles 

Multiple linear chromosomes with histones 

Involves mitosis 

Involves meiosis 

Ribosomes 
LEARNING OBJECTIVE 
4-17 Compare the structure and fu nction of eukaryotic and prokaryotic 

ribosomes. 

Attached to the outer surface of rough endoplasmic reticulum 
(d iscussed on page 103) are ribosomes (see Figure 4.25), which 
are also found free in the cytoplasm. As in prokaryotes, ribosomes 
are the sites of protein synthesis in the cell. 

The ribosomes of eukaryotic endoplasmic reticulum and 
cytoplasm are somewhat larger and denser than those of 
prokaryotic cells. These eukaryotic ribosomes are 80S ribosomes, 
each of wh ich consists of a large 60S subunit containing three 
molecules of rRNA and a smaller 40$ subuni t with one molecule 
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Figure 4.24 The eukaryotic 
nucleus. (a , b) Drawings of details 
of a nucleus_ (c) A micrograph of a 
nucleus_ 

Q What keeps the nucleus suspend-
ed in the cell? 

(.) 

(0) 

of rRNA. The subunits are made separately in the nucleolus and, 
once produced, exit the nucleus and join together in the cytosol. 
Chloroplasts and mitochondria con tain 70S ribosomes, wh ich 
may indicate their evolution from prokaryotes. (This theory is 
discussed on page 106) The role of ribosomes in protein syn the-
sis will be discussed in more detail in Chapter 8. 

Some ribosomes, called free ribosomes, are unattached to any 
structure in the cytoplasm. Primarily, free ribosomes synthesize 
proteins used illside the cell. Other ribosomes, called membra lIe -

boulld ribosomes, attach to the nuclear membrane and the endo-
plasmic reticulum. These ribosomes synthesize proteins destined 
for insertion in the plasma membrane or for export from the cell. 
Ribosomes located within mitochondria synthesize mitochon-
drial proteins. Sometimes 10 to 20 ribosomes join together in a 
stringlike arrangement called a polyribosome. 

CHECK YOUR UNDERSTANDING 

.,f- Identify at least one significant difference between eukaryotic 
and prokaryotic flagella and cilia, cell walls, plasma membranes, 
and cytoplasm. 4-13-4-16 

.,f The antibiotic erythromycin binds with the 50S portion of a 
ribosome. What effect does this have on a prokaryotic cell? On a 
eukaryotic cell? 4-17 

envelope 

------Nuclear envelope 

------Nucleolus 

Chromatin 

Nuclear pores 

Organelles 
LEARNING OBJECTIVES 
4-18 Define organelle. 

(b) Details of nuclear 
envelope and pore 

4-19 Describe the functions of the nucleus, endoplasmic reticulum. 
Goigi complex, Iysosomes, vacuoles, mitochondria, chloroplasts, 
peroxisomes, and centrosomes. 

Organelles are structures with specific shapes and specialized 
func tions and are characteristic of eukaryotic cells. They include 
the nucleus, endoplasmic reticulum, Golgi complex, lysosomes, 
vacuoles, mitochondria, chloroplasts, peroxisomes, and centro-
somes. Not all of the organelles described are found in all cells. 
Certain cells have their ow n type and dis tribution of organelles 
based on specialization, age, and level of activity. 

The Nucleus 
The most cha racteristic eukaryotic organelle is the nucleus (see 
Figure 4.22). The nucleus (Figure 4.24) is usually spherical or 
oval, is frequently the largest structure in the cell, and con tains 
almost all of the cell's hered itary information (DNA), Some 
DNA is also found in mitochondria and in the chloroplasts of 
photosynthetic organisms. 
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The nucleus is surrounded by a double membrane called 
the nuclear envelope. Both membranes resemble the plasma 
membrane in structure. Tiny channels in the membrane called 
nuclear pores allow the nucleus to communicate with the 
cytoplasm (Figure 4.24b). Nuclear pores control the movement 
of substances between the nucleus and cytoplasm. Within the 
nuclear envelope are one or more spherical bodies called 
nucleoli (singular : nucleolus). Nucleoli are actually con-
densed regions of chromosomes where ribosomal RNA is 
being synthesized. Ribosomal RNA is an essential component 
of ribosomes. 

The nucleus also contains most of the cell's DNA, which is 
combined with several proteins, including some basic proteins 
called histones and nonhistones. The combination of about 
165 base pairs of DNA and 9 molecules of histones is referred to 
as a IIl1cleosorlle. When the cell is not reproducing, the DNA 
and its associated proteins appear as a threadlike mass called 
chromatin. During nuclear division, the chromatin coils into 
shorter and thicker rodlike bodies called chromosomes. 
Prokaryotic chromosomes do not undergo this process, do not 
have histones, and are not enclosed in a nuclear envelope. 

Eukaryotic cells require two elaborate mechanisms: mitosis 
and meiosis to segregate chromosomes prior to cell division. 
Neither process occurs in prokaryot ic cells. 

Endoplasmic Reticulum 
Within the cytoplasm of eukaryotic cells is the endoplasmic 
reticulum, o r ER, an extensive network of flattened 
membranous sacs or tubules called cisterns (Figure 4.25). The 
ER network is continuous with the nuclear envelope (see 
Figure 4.22a). 

Most eukaryotic cells contain two distinct, but interrelated, 
forms of ER that differ in structure and function . The mem -
brane of rough ER is continuous with the nuclear membrane 
and usually unfolds into a series of !lattened sacs. The outer 
surface of rough ER is studded with ribosomes, the sites of 
protein synthesis. Proteins synthesized by ribosomes that are 
attached to rough ER enter cisterns within the ER for process-
ing and sorting. In some cases, enzymes within the cisterns 
attach the proteins to carbohydrates to form glycoproteins. In 
other cases, enzymes attach the proteins to phospholipids, also 
synthesized by rough ER. These molecules may be incorporated 
into organelle membranes or the plasma membrane. Thus, 
rough ER is a fac tory for synthesizing secretory proteins and 
membrane molecules. 

Smooth ER extends from the rough ER to form a network of 
membrane tubules (see Figure 4.25) . Unlike rough ER, smooth 
ER does not have ribosomes on the outer surface of its mem-
brane. However, smooth ER contains unique enzymes that make 
it functionally more diverse than rough ER. Although it does not 
synthesize proteins, smooth ER does synthesize phospholipids, 

Nuclear envelope 

Cisterns 

(. ) 

(b) I I 
200 nm 

Figure 4.25 Rough endoplasmic reticulum and ribosomes. 
(a) A drawing of details of the endoplasmic reticulum. (b) A micrograph 
of the endoplasmic reticulum and ribosomes. 

Q What is the difference between rough ER and smooth ER? 

as does rough ER. Smooth ER also synthesizes fats and steroids, 
such as estrogens and testosterone. In liver cells, enzymes of 
the smooth ER help release glucose into the bloodstream and 
inactivate or detoxify drugs and other potentially harmful sub-
stances (for example, alcohol). In muscle cells, calcium ions 
released from the sarcoplasmic reticulum, a form of smooth ER, 
trigger the contraction process. 
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Figure 4.26 Golgi complex. (a) A drawing of details of a Golgi 
complex. (b) A micrograph of a Golgi complex. 

Q What are the functions of the Goigi complelt? 

Golg; Complex 
Most of the proteins synthesized by ribosomes attached to rough 
ER are ultimately transported to ot her regions of the cell. The 
first step in the transport pathway is through an organelle called 
the Golgi complex. It consists of 3 to 20 cisterns that resemble a 
stack of pita bread (Figure 4.26). The cisterns are often cu rved, 
giving the Golgi complex a cuplike shape. 

Proteins synthesized by ribosomes on the rough ER are sur-
rounded by a portion of the ER membrane, which eventually 
buds from the membrane surface to form a transport vesicle. 
The transport vesicle fuses with a cistern of the Golgi complex, 
releasing proteins into the cistern. The proteins are modified 
and move from one cistern to another via transfer vesicles that 
bud from the cisterns' edges. Enzymes in the cisterns modify the 
proteins to form glycoproteins, glycolipids, and lipoproteins. 
Some of the processed proteins leave the cisterns in secretory 
vesicles, which detach from the cistern and deliver the proteins 
to the plasma membrane, where they are d ischarged by exocyto-
sis. Other processed proteins leave the cisterns in vesicles that 
deliver their contents to the plasma membrane for incorpora-
tion into the membrane. Finally, some processed proteins leave 
the cisterns in vesicles that are called storage vesicles. The 
major storage vesicle is a lysosome, whose structure and func-
tions are discussed next. 

Lysosomes 
Lysosomes are formed from Golgi complexes and look like 
membrane-enclosed spheres. Unlike mitochondria, lysosomes 
have only a single membrane and lack internal structure 
(see Figure 4.22). But they contain as many as 40 d ifferent 
kinds of powerful digestive enzymes capable o f breaking down 
various molecules. Moreover, these enzymes can also digest 

vesicles 

--;::,; I 
rough ER 

(b) III I I 
0.25 I'm 

bacteria that enter the cell. Human white blood cells, which use 
phagocytosis to ingest bacteria, contain la rge numbers of 
lysosomes. 

Vacuoles 
A vacuole (see Figure 4.22) is a space or cavity in the cytoplasm 
of a cell that is enclosed by a membrane called a tonoplast. In 
plant cells, vacuoles may occupy 5-90% of the cell volume, 
depending on the type of cell. Vacuoles are derived from the 
Golgi complex and have several diverse func tions. Some vacuoles 
serve as temporary storage organelles for substances such as pro-
teins, sugars, organic acids, and inorganic ions. Other vacuoles 
form during endocytosis to help bring food into the cell. Many 
plant cells also store metabolic wastes and poisons that would 
otherwise be injurious if they accumulated in the cytoplasm. 
Finally, vacuoles may take up water, enabling plant cells to 
increase in size and also providing rigidity to leaves and stems. 

Mitochondria 
Spherical or rod-shaped organelles called mitochondria 
(singular: mitochondrion) appear throughout the cytoplasm of 
most eukaryotic cells (see Figure 4.22 ). The number of mito-
chondria per cell varies greatly among different types of cells. For 
example, the protozoan Giardia has no mitochondria, whereas 
liver cells contain 1000 to 2000 per cell. A mitochondrion con-
sists of a double membrane sim ilar in structure to the plasma 
membrane (Figure 4.27). The outer mitochondrial membrane is 
smooth, but the in ner mitochondrial membrane is arranged in a 
series of fo lds called cristae (singular: crista). The center of 
the mitochondrion is a sem ifluid substance called the matrix. 
Because of the nature and arrangement of the cristae, the inner 
membrane provides an enormous surface area on which chemi-
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cal reactions can occur. Some proteins that function in cellular 
respiration, including the enzyme that makes ATP, are located o n 
the cristae of the inner mitochondrial membra ne, and many of 
the metabolic steps involved in cellular respiration are concen-
trated in the matrix (see Chapter 5) . Mitochondria are often 
called the "powerhouses of the cell" because of their central role 
in ATP production. 

Mitochondria contain 70S ribosomes and some DNA of their 
own, as well as the machinery necessary to replicate, transcribe, 
and tra nslate the information encoded by their DNA. In addi-
tion, mitochondria can reproduce more or less on their own by 
growing and dividing in two. 

Chloroplasts 
Algae and green plants contain a unique organelle called a 
chloroplast (Figure 4.28), a membrane-enclosed structure that 
contains both the pigment chlorophyll and the enzymes required 
for the light-gathering phases of photosynthesis (see Chapter 5). 
The chlorophyll is contained in flattened membrane sacs called 
thylakoidsi stacks o f thylako ids are called grana (singular: 
granum) (see Figure 4.28). 

Like mitochondria, chloroplasts contain 70S ribosomes, 
DNA, and enzymes involved in protein synthesis. They are capa-
ble of multiplying on their own within the cell. The way both 
chloroplasts and mitochondria multiply- by increasing in size 
and then dividing in two- is strikingly reminiscent of bacterial 
multiplication. 

Peroxisomes 
Organelles similar In structure to Iysosomes, but smaller, are 
called peroxisomes (see Figure 4.22). Although peroxisomes 
were once thought to form by budding off the ER, it is now 
generally agreed that they form by the division of preexisting 

• peroxlsomes. 
Peroxisomes contain one or more enzymes that can oxidize 

various organic substances. For example, substances such as 
amino acids and fatty acids are oxidized in peroxisomes as part 
of normal metabolism . In addition, enzymes in peroxisomes oxi-
dize toxic substances, such as alcohol. A by-product of the oxida -
tion reactions is hydrogen peroxide (H20 2) , a potentially toxic 
compound . However, peroxisomes also contain the enzyme 
catalase, wh ich decomposes H20 2 (see Chapter 6, page 162). 
Because the generation and degradation of H20 2 occurs within 
the same organelle, peroxisomes protect other parts of the cell 
from the toxic effects of H20 1. 

Centrosome 
The centrosome, located near the nucleus, consists of two 
components: the pericentriolar area and centrioles (see Figure 
4. 22 ). The pericentriolar material is a region of the cytosol 
composed of a dense network of small protein fibers. This area 

(.) Inner Outer 
membrane membrane 

(b) 

Figure 4.27 Mitochondria. (a) A drawing of details of a 
mitochondrion. (b) A micrograph of a mitochondrion from a rat 
pancreas cell. 

Q How are mitochondria similar to prokaryotic cells? 

0.5 pm 

is the organizing center for the mitotic spindle, which plays a 
critical role in cell division, and for microtubule formation in 
nondividing cells. Within the pericentriolar material is a pair 
of cylindrical structures called celltrioles, each of which is 
composed of nine clusters of three microtubules (triplets) 
arranged in a circular pattern, an arrangement called a 9 + 0 
array. The 9 refers to the nine dusters of microtubules, and the 
o refers to the absence of microtubules in the center. The long 
axis of one centriole is at a right angle to the long axis of the 
other. 

CHECK YOUR UNDERSTANDING 

..r Compare the structure of the nucleus of a eukaryote and the 
nucleoid of a prokaryote. 4-18 

..r How do rough and smooth ER compare structurally and 
functionally? 4-19 
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Figure 4.28 Chloroplasts. Photosynthesis occurs in chloroplasts; the 
light-trapping pigments are located on the thylakolds. (a) A drawing of 
details of a chloroplast. showing grana. (b) A micrograph of chloroplasts 
in a plant cell. 

Q What are the similarities between chloroplasts and prokaryotic 
cells? 

The Evolution of Eukaryotes 
LEARNING OBJECTIVE 
4-20 Discuss evidence that supports the endosymbiotic theory 

of eukaryotic evolution. 

Biologists generally believe that life arose on Earth in the form 
of very sim ple organisms, similar to prokaryotic cells, aboul 3.5 

to 4 billion years ago. About 2.5 billion years ago, the first 
eukaryotic cells evolved fro m prokaryotic cells. Recall that 
prokaryotes and eukaryotes differ mainly in that eukaryotes 
contain highly specialized organelles. The theory explaining 
the origin of eukaryotes from prokaryotes, pioneered by Lynn 
Margulis, is the endosymbiotic theory. According to this the-
ory, larger bacterial cells lost their cell walls and engu lfed small-
er bacterial cells. This relationship, in which one organism lives 
within another, is called clldosymbiosis (symbiosis == living 
together) . 

According to the endosymbiotic theory, the ancestral 
eukaryote developed a rudimentary nucleus when the plasma 
membrane fo lded around the chromosome (see Figure 10.2, 
page 277) . This cell, called a nucleoplasm, may have ingested 
aerobic bacteria. Some ingested bacteria lived inside the host 
nucleoplasm. This arrangement evolved into a symbiotic rela -
tionship in which the host nucleoplasm supplied nutrients and 
the endosymbiotic bacterium produced energy that could be 
used by the nucleoplasm. Similarly, chloroplasts may be descen -
dants of photosynthetic prokaryotes ingested by this early 
nucleoplasm. Eukaryotic flagella and cilia are believed to have 
originated from symbiotic associations between the plasma 
membrane of early eukaryotes and motile spiral bacteria called 
spirochetes. A living example that suggests how flagella devel-
oped is described in the box on facing page. 

Studies comparing prokaryotic and eukaryotic cells provide 
evidence for the endosymbiotic theory. For example, both 
mitochondria and chloroplasts resemble bacteria in size and 
shape. Further, these organelles contain circular DNA, which 
is typical of prokaryotes, and the organelles can reproduce 
independently of their host cell. Moreover, mitochondrial 
and chloroplast ribosomes resemble those of prokaryotes, and 
their mechan ism of protein synthesis is more similar to that 
found in bacteria than eukaryotes. Also, the same antibiotics 
that inhibit protein synthesis on ribosomes in bacteria also 
inhibit protein syn lhesis on ribosomes in mitochondria and 
chloroplasts. 

CHECK YOUR UNDERSTANDING 

,.f Which three organelles are not associated with the Golgi 
complex? What does this suggest about their origin? 4-20 

Our nexl concern is to examine microbial metabolism. 
In Chapter 5, you will learn about the importance of enzymes 
to microorganisms and the ways microbes produce and use 
energy. 



Why Microbiologists Study Termites 
Although termites are famous for 
their ability to eat wood, causing 
damage to wooden structures and recycling 
cellulose in the soil, they are unable to 
digest the wood that they eal. To break 
down the cellulose, termites enlist the 
help of a variety of microorganisms. Some 
termites, for example, dig tunnels In the 
wood, then inoculate the tunnels with fungi 
that grow on the wood. These termites then 
eat the fungi. not the wood itself. 

What microbiologists find more interest-
Ing are the termites that contain. within their 
digestive tracts, symbiotic microorganisms 
that digest the cellulose that the termites 
chew and swallow. Even more fascmatlng 
to microbiologists is the fact that these 
microorganisms themselves can survive only 
because of even smaller symbionts that live 
on and within them, without which they 
would not even be able to move. By study-
ing how a single termite survives, microbiol-
ogists have begun to gain an entirely new 
understanding of symbiosis, 

have shown that these flagellates are cov-
ered by precise rows consisting of thou-
sands of bacteria, either rods or spirochetes. 
If these bacteria are killed, the protozoan is 
unable to move. Instead of using its own 
flagella , the protozoan relies on the rows 
of bacteria to row II about like oarsmen in 
a boat. 

The protozoan Mlxotricha, for example. 
has rows of spirochetes on its surface. As 
shown in part (a) of the figure, the end of 
each spirochete abuts against a swelling 
known as a bracket. The spirochetes undu-
late in unison, thereby creating waves of 
motion along Mixotricha's surface. 

Rod-shaped bacteria align in grooves 
that cover the surface of devescovinids, 
another group of termite-hindgut proto-
zoans. Each rod has twelve flagella that 
overlap the flagella of the adjacent bacteria 
to form a continuous filament along the 
groove: see part (b) of the figure. The 

MIXOInCha, a protozoan thatll'o'eS 
In the terrmte gu\. 

I I 

bacteria rotate their flagella, thus 
creating coordinated waves along all 
these rows of fi laments, which propel the 
protozoan. 

Sid Tamm and his colleagues at Boston 
University have found that the protozoa 
cannot control motility of the ectosymbi-
otics. Mlxotricha uses its flagella to steer. 
and the bacteria push the protozoa 
forward-shoving and being shoved by 
its neighbors, like cars: 

The termite's dependence on nitrogen-
fixing bacteria to supply its nitrogen and on 
protozoans such as Trichonympha sphaeflca 
to digest cellulose is an example of 
endosymbiosis, a symbiotic rela tionship 
with an organism that lives inside the body 
of the host organism (in this case, within 
the hindgut of the termite). 

Arrangements of bacteria on the sur1aces of two protozoans. 

The picture is more complicated than 
this, however, for T. sphaerica itself is unable 
to digest cellulose without the aid of bacte-
ria that live wi thin its body: in other words, 
the protozoan has its own endosymbionts. 

Certain hindgut flagellates such as 
r sphaerica also demonstrate another form 
of symbiosis- ectosymbiosis, a symbiotic 
relationship wi th organisms that live outside 
its body. Recent advances in microscopy 

Protozoan II 

--Bracket 

Prolozoan 
surface 

(a) Spirochetes anached 10 brackets over the 
surface 01 a Mlxolricha protozoan align themselves 
and move in unison. 

Filament ",no""d ,,'_, 
overlapping 

surface 

(b) On this devescovinid protozoan, the flagella from 
one rod-shape<! bacterium overlap the nexllo form a 
continuous filament. 
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STUDY OUTLINE 
The MyMicrobiology Place wesbite (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personal ized study plan. e learn and 
practice with animations. tutorials. and MP3 tutor sessions. and 
9 test yourself with quizzes and a chapter post- test. 

Comparing Prokaryotic and Eukaryotic 
Cells: An Overview (p_ 77) 

I. Prokaryotic and eukaryotic cells are similar in thrir chemical 
composition and chrmical rractions. 

2. Prokaryotic crlls lack mrmbranr-rnclosed organellrs (including a 
nuclrus). 

3. Peptidoglycan is found in prokaryotic cell walls but not in 
eukaryotic cell walls. 

4. Eukaryotic cells havr a membrane-bound nuclrus and othrr 
organelles. 

THE PROKARYOTIC CELL 
I. Bactrria are unicellular, and 

most of them multiply by 
binary fission . 

2. Bactrrial species are differrn-
tiated by morphology, chemi-
cal composition, nutri tional 
requiremrnts, biochrmical 
activities, and source of 
enrrgy. 

(pp.77- 98) 

The Size, Shape, and Arrangement 
of Bacterial Cells (pp_ 77- 79) 

I. Most bacteria arr 0.2 to 2.0 fLm in diameter and 2 to 8 fLm in lrngth. 
2. The thrre basic bactrrial shapes are coccus (spherical), bacillus 

(rod -shaped), and spiral (twisted) . 
3. Pleomorphic bactrria can assume several shapes. 

Structures External to the 
Cell Wall (pp_ 79-84) 

Glycocalyx (pp.79- 81) 
I. Thr glycocalyx (capsule, slime layrr, or extracellular 

polysaccharide) is a gdatinous polysaccharidr and/or 
polypeptide covering. 

2. Capsules may protrct pathogens from phagocytosis. 
3. Capsules rnable adhrrrnce to surfaces, prevent desiccation, 

and may provide nutrients. 

Flagella (pp.81 - 82) 
4. Flagella arr relatively long filamen tous appendages consisting of a 

filamrnt, hook, and basal body. 

s. Prokaryotic flagella rotate to push the cell. 
6. Motile bacteria exhibit taxis; positive taxis is movement toward 

an attractant, and negative taxis is movement away from 
a repellent. 

7. Flagellar (Ii) protein is an antigen. 

Axial Filaments (pp.82-83) 
S. Spiral cells that move by means of an axial filament 

(endoflagellum) are called spirochetes. 
9. Axial filaments are similar to flagella, except that they wrap 

around the cell. 

Fimbriae and Pili (pp.83-84) 
10. Fimbriae help cells adhere to surfaces. 
II. Pili are involved in twitching motility and DNA transfer. 

The Cell Wall (pp_ 84-89) 

Composition and Characteristics (pp.85-87) 
I. The cell wall surrounds the plasma membrane and protects the 

cell from changes in water pressure. 
2. The bacterial cell wall consists of peptidoglycan, a polymer 

consisting of NAG and NAM and short chains of 
amino acids. 

3. Penicillin interferes with peptidoglycan synthesis. 
4. Gram-positive cell walls consist of many layers of peptidoglycan 

and also contain teichoic acids. 
s. Gram-negative bacteria have a lipopolysaccharide-lipoprotei n-

phospholipid outer membrane surrounding a thin peptidoglycan 
layer. 

6. The outer membrane protects the cell from phagocytosis and 
from penicillin, lysozyme, and other chemicals. 

7. Porins are proteins that permit small molecules to pass 
through the outer membrane; specific channel proteins 
allow other molecules to move through the outer 
membrane. 

S. The lipopolysaccharide component of the outer membrane 
consists of sugars (0 polysaccharides), which function as antigens, 
and lipid A, which is an endotoxin. 

Cell Walls and the Gram Stain 
Mechanism (p.87) 
9. The crystal violet-iodine complex combines with 

peptidoglycan. 
10. The decolorizer removes the lipid outer membrane of gram-

negative bacteria and washes out the crystal violet. 

Atypical Cell Walls (pp.87-88) 
II . Mycoplasma is a bacterial genus that nalUrally lacks cell walls. 
12. Archaea have pseudomurein; they lack peptidoglycan. 
13. Acid-fast cell walls have a layer of mycolic acid outside a thin 

peptidoglycan layer. 
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Oamage to the Cell Wall (pp.88-89) 
14. In the presenee of lysozyme, gram-positive cell walls are 

destroyed, and the remaining cellular eontents are referred to 
as a protoplast. 

15. In the presence of lysozyme, gram-negative cell walls are not com-
pletely destroyed, and the remaining cellular contents are referred 
to as a spheroplast. 

16. L forms arc gram-positive or gram-negative bacteria that do not 
make a cell wall. 

17. Antibioties such as penicillin interfere with cell wall synthesis. 

Structures Internal to the 
Cell Wall (pp.69-96) 

The Plasma (Cytoplasmic) Membrane (pp.89-91) 
1. The plasma membrane 

encloses the cytoplasm and is 
a lipid bilayer with peripher-
al and integral proteins (the 
fluid mosaic model). 

2. The plasma membrane is 
selectively permeable. 

3. Plasma membranes contain 
enzymes for metabolic 
reactions, such as nutrient 
breakdown, energy produc-
tion, and photosynthesis. 

4. Mesosomes, irregular infoldings of the plasma membrane, are 
artifacts, not true cell structures. 

5. Plasma membranes can be destroyed by alcohols and 
polymyxins. 

The Movement of Materials across 
Membranes (pp.91-94) 

6. Movement across the membrane may be by passive processes, in 
which materials move from areas of higher to lower concentration 
and no energy is expended by the cell. 

7. In simple diffusion, molecules and ions move until equilibrium is 
reached. 

8. In facilitated diffusion, substances are transported by transporter 
proteins across membranes from areas of high to low 
concentration. 

9. Osmosis is the movement of water from areas of high to low 
eoncentration across a selectively permeable membrane until 
equilibrium is reached. 

10. In active transport, materials move from areas of low to high 
concentration by transporter proteins, and the cell must expend 
energy. 

II. In group transloeation, energy is expended to modify ehemicals 
and transport them across the membrane. 

Cytoplasm (p.94) 
12. Cytoplasm is the fluid component inside the plasma 

membrane. 
13. The cytoplasm is mostly water, with inorganic and organic 

molecules, DNA, ribosomes, and inclusions. 

The Nucleoid (pp. 94-95) 
14. The nucleoid contains the DNA of the bacterial chromosome. 
15. Bacteria can also contain plasmids, which are cireular, 

extrachromosomal DNA molecules. 

Ribosomes (p.95) 
16. The cytoplasm of a prokaryote contains numerous 70$ ribosomes; 

ribosomes consist of rRNA and protein. 
17. Protein synthesis occurs at ribosomes; it can be inhibited by 

eertain antibiotics. 

Inclusions (pp.95-96) 
18. Inclusions arc reserve deposits found in prokaryotic and 

eukaryotic eells. 
19. Among the inclusions found in bacteria are metachromatic 

granules (inorganic phosphate), polysaccharide granules (usually 
glycogen or starch), lipid inclusions, sulfur granules, carboxysomes 
(ribulose 1,5-diphosphate earboxylase), magnetosomes (FeJ04), 
and gas vacuoles. 

Endospores (pp. 96-98) 
20. Endospores are resting structures formed by some bacteria; they 

allow survival during adverse environmental conditions. 
21. The process of endospore formation is called sporulation; the 

return of an endospore to its vegeta tive state is called germination. 

THE EUKARYOTIC CELL (pp.96-106) 

Flagella and Cilia (p.96) 

1. Flagella are few and long in 
relation to cell size; cilia are 
numerous and short. 

2. Flagella and cilia are used for 
motility, and cilia also move 
substanees along the surface 
of the cells. 

3. Both flagella and cilia consist 
of an arrangement of nine 
pairs and two single 
microtubules. 

The Cell Wall and Glycocalyx (p.96) 

1. The cell walls of many algae and some fungi contain cellulose. 
2. The main material of fungal eell walls is ehi tin. 
3. Yeast cell walls consist of glucan and mannan. 
4. Animal eells are surrounded by a glycocalyx, which strengthens 

the cell and provides a means of attaehment to other cells. 

The Plasma (Cytoplasmic) 
Membrane (p.100) 

1. Like the prokaryotic plasma membrane, the eukaryotie plasma 
membrane is a phospholipid bilayer containing proteins. 

2. Eukaryotic plasma membranes contain carbohydrates attached to 
the proteins and sterols not found in prokaryotic cells (exeept 
Mycoplasma bacteria). 
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3. Eukaryotic cells can move materials across the plasma membrane 
by the passive processes used by prokaryotes and by active 
transport and endocytosis (phagocytosis and pinocytosis). 

Cytoplasm (pp.100- 101) 

1. The cytoplasm of eukaryotic cells includes everything inside the 
plasma membrane and external to the nucleus. 

2. The chemical characteristics of the cytoplasm of eukaryotic cells 
resemble those of the cytoplasm of prokaryotic cells. 

3. Eukaryotic cytoplasm has a cytoskeleton and exhibits cytoplasmic 
streaming. 

Ribosomes (pp.l0l - l02) 

1. 80S ribosomes are found in the cytoplasm or attached to the 
rough endoplasmic reticulum. 

Organelles (pp.l02- 106) 

1. Organelles are specialized membrane-enclosed 
structures in the cytoplasm of eukaryotic cells. 

2. The nucleus, which contains DNA in the form 
of chromosomes, is the most characteristic 
eukaryotic organelle. 

3. The nuclear envelope is connected to a system 
of membranes in the cytoplasm called the 
endoplasmic re ticulum (ER). 

4. The ER provides a surface for chemical reactions, serves as a 
transporting network, and stores synthesized molecules. Protein 
synthesis and transport occur on rough ER; lipid synthesis occurs 
on smooth ER. 

5. The Golgi complex consists of flattened sacs called cisterns. 
It functions in membrane formation and protein secretion. 

6. Lysosomes are formed from Golgi complexes. They store digestive 
enzymes. 

7. Vacuoles are membrane-enclosed cavities derived from the Golgi 
complex or endocytosis. They are usually found in plant cells that 
store various substances, increase cell size, and provide rigidity to 
leaves and stems. 

8. Mitochondria are the primary si tes of ATP 
production. They contain 70S ribosomes and 
DNA, and they multiply by binary fission. 

9. Chloroplasts contain chlorophyll and 
enzymes for photosynthesis. Like mitochon-
dria, they contain 70S ribosomes and DNA 
and mul t iply by binary fission. 

10. A variety of organic compounds are oxidized in peroxisomes. 
Catalase in peroxisomes destroys 1-1 2°2. 

11 . The centrosome consists of the pericentriolar material and 
centrioles. Centrioles are 9 triplet microtubules involved in 
formation of the mitotic spindle and micro tubules. 

The Evolution of Eukaryotes (p.106) 

1. According to the endosymbiotic theory, eukaryotic cells 
evolved from symbiotic prokaryotes living inside other 
prokaryotic cells. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
DRAW IT I. Diagram each of the following flagellar arrangements: 

a. lophotrichous d. amphi trichous 
h . monotrichous e. polar 
c. peritrichuus 

2. Endospore formation is called (a) . It is initiated by 
(b) . Formation of a new cdl from an endospore is 
called (c) . This process is triggered by (d) __ _ 

DRAW IT 3. Draw the bacterial shapes listed in (a), (b), and (c). 
Then draw the shapes in (d), (e), and (f), showing how they are 
special conditions of a, b, and c, 
a. spiral d. . 
b. bacillus e. streptobanlh 
c. coccus f. staphylococci 

4. Match the structures in column A to their functions in 
column B. 

Column A Column B 

•• Cell wall •• Attachment to surfaces 
b. Endospore 2. Cell wall formation 
o. Fimbriae 3. Motility 
d. Flagella •• Protection from osmotic lysis 

•• Glycocalyx 5 . Protection from phagocytes 
I. Pili 6. Resting 
g. Plasma membrane ,. Protein synthesis 
h. Ribosomes 8. Selective permeability 

8. Transfer of genetic material 

5. Why is an endospore called a resting structure? Of what advantage 
is an endospore to a bacterial cell? 
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6. Compare and contrast the following: 
a. simple diffusion and facilitated diffusion 
b. active transport and facilitated diffusion 
c. active transport and group translocation 

7. Answer the following questions using the diagrams provided, 
which represent cross sections of bacterial cell walls. 
a. Which diagram represents a gram-positive bacterium? How can 

you tell? 

Teichoic acid Lipopolysaccharide 

Phospholipid 

Peptidoglycan 
Lipoprotein 

Peptidoglycan 

Plasma membrane Plasma membrane 

(.) (b) 

b. Explain how the Gram stain works to distinguish these two 
types of cell walls. 

c. Why does penicillin have no effect on most gram-negative cells? 
d. How do essential molecules enter cells through each wall? 
e. Which cell wall is toxic to humans? 

8. Starch is readily metabolized by many cells, but a starch molecule 
is too large to cross the plasma membrane. How does a cell obtain 
the glucose molecules from a starch polymer? How does the cell 
transport these glucose molecules across the plasma membrane? 

9. Match the characteristics of eukaryotic cells in column A with 
their functions in column B. 

Column A Column B 

•• Pericentriolar material 1 • Digestive enzyme storage 
b. Chloroplasts 2. of fatty acids 
o. Golgi 3. Microtubule formation 
d. Lysosomes •• Photosynthesis 

•• Mitochondria 5 . Protein synthesis 
f. •• Respiration ,. Rough ER 7. Secretion 

Multiple Choice 
I . Which of the following is not a distinguishing characteristic of 

prokaryotic cells? 
a. They usually have a single, circular chromosome. 
h. They lack membrane-enclosed organelles. 
c. They have cell walls containing peptidoglycan. 
d. Their DNA is not associated with histones. 
e. They lack a plasma membrane. 

Use the following choices to answer questions 2- 4. 
a. No change will result; the solution is isotonic. 
h. Water will move into the cell. 
c. Water will move out of the cell. 
d. The cell will undergo osmotic lysis. 
e. Sucrose will move into the cell from an area of higher concen-

tration to one of lower concentration. 

2. Which statement best describes what happens when a 
gram-positive bacterium is placed in distilled water and 
penicillin? 

3. Which statement best describes what happens when a gram -
negative bacterium is placed in distilled water and penicillin? 

4. Which statement best describes what happens when a gram -
positive bacterium is placed in an aqueous solution of lysozyme 
and 10% sucrose? 

5. Which of the following statements best describes what 
happens to a cell exposed to polymyxins that destroy 
phospholipids? 
a. In an isotonic solution, nothing will happen. 
b.ln a hypotonic solution, the cell will lyse. 
c. Water will move into the cell. 
d.lntracellular contents will leak from the cell. 
e. Any of the above might happen. 

6. Which of the following is lIot true about fimbriae? 
a. They are composed of protein. 
b. They may be used for attachment. 
c. They are found on gram-negative cells. 
d. They are composed of pilin. 
e. They may be used for motility. 

7. Which of the following pairs is mismatched? 
a. glycocalyx- adherence 
b. pili- reproduction 
c. cell wall- toxin 
d. cell wall- protection 
e. plasma membrane-transport 

8. Which of the following pairs is mismatched? 
a. metachromatic granules-stored phosphates 
b. polysaccharide granules-stored starch 
c. lipid acid 
d. sulfur granules-energy reserve 
e. ribosomes-protein storage 

9. You have isolated a motile, gram-positive cell with no visible 
nucleus. You can assume this cell has 
a. ribosomes. 
b. mitochondria. 
c. an endoplasmic reticulum. 
d. a Golgi complex. 
e. all of the above 

10. The an tibiotic amphothericin B disrupts plasma membranes 
by combining with sterols; it will affect all of the follow ing 
cells except 
a. animal cells. 
b. bacterial cells. 
c. fungal cells. 
d. Mycoplas/Ila cells. 
e. plant cells. 

Critical Thinking 
I. How can prokaryotic cells be smaller than eukaryotic cells and still 

carry 011 all the functions of li fe? 
2. The smallest eukaryotic cell is the motile alga Micromonas. What is 

the minimum number of organelles this alga must have? 
3. Two types of prokaryotic cells have been distinguished: bacteria 

and archaea. How do these cells differ from each other? How are 
they similar? 
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4.ln 1985. a O.5-mm cell was discovered in surgeonfish and named 
EpulopisciulII jishelsOl!i (see Figure 11.16 page 316). It was pre-
sumed to be a protozoan. [n 1993, researchers determined that 
Epulopiscium was actually a gram-positive bacterium. Why do you 
suppose this organism was initially identified as a protozoan? 
What evidence would change the classification to bacterium? 

5. When E. coli cells are exposed to a hypertonic solution, the bacte-
ria produce a transporter protein that can move K+ (potassium 
ions) into the cdl. Of what value is the active transport of K+, 
which requires ATP? 

Clinical Applications 
1. A child with a bloodborne Neisseria infection was treated with gen-

tamicin. After treatment, Neisseria could not be cultured from her 
blood, indicating that the bacteria were killed. However, her symp-
toms became worse. Annually, nearly half of similar patients die. 
Explain why antibiotic treatment made her symptoms inuease. 

2. Clostridium botulinum is a strict anaerobe; that is, it is killed by the 
molecular oxygen (02) present in air. Humans can die of botulism 

from eating foods in which C. bowlinum is growing. How does 
th is bacterium survive on plants picked for human consumption? 
Why are home-canned foods most often the source of botulism? 

3. Within a 3-day period at a large hospital, five patients undergoing 
hemodialysis developed fever and chills. Pseudomonas aeruginosa 
and Klebsiella pneumoniae were isolated from three of the patients. 
P. aeruginosa, K. pneumoniae, and Pantoea agglomemns were 
isolated from the dialys is system. Why do aU three bacteria cause 
similar symptoms? 

4. A South San Francisco child enjoyed bath time at his home 
because of the colorful orange and red water. The water did not 
have this rusty color at its source, and the water department could 
not culture the Thiobacil/us bacteria responsible for the rusty color 
from the source. How were the bacteria getting into the household 
water? What bacterial structures make this possible? 

5. Live cultures of Bacillus thuringiensis (Dipel) and B. subtilis 
(Kodiak) are sold as pesticides. What bacterial structures make it 
possible to package and seU these bacteria? For what purpose is 
each product used? (Hint: Refer to Chapter 11.) 



Microbial Metabolism 

Now that you are familiar with the structure of prokaryotic cells, we can discuss the activities 
that enable these microbes to thrive. The life-support processes of even the most structurally 
simple organism involve a large number of complex biochemical reactions. Most, although not 
all. of the biochemical processes of bacteria also occur in eukaryotic microbes and in the cells 
of multicellular organisms, includ ing humans. However, the reactions that are unique to 
bacteria are fascinating because they allow microorganisms to do things we cannot do. 
For example, some bacteria can live on cellulose. whereas others can live on petroleum. 
Through their metabolism, bacteria recycle elements after other organisms have used them. 

Still other bacteria can live on diets of such inorganic substances as carbon 
dioxide, iron, sulfur, hydrogen gas, and ammonia. 

This chapter examines some representative chemical reactions 
that either produce energy (the catabolic reactions) or use 

energy (the anabolic reactions) in microorganisms. We will 
also look at how these various reactions are integrated 
within the cell. 

Q 
E. coli 0 I 57. Escherichia coli is an important 
member of the microbiota of the large intestine, 
but E. coli 0 I 57 causes severe diarrhea and 
hemorrhagic colitis. It is therefore important to 
diagnose E. coli 0 I 57, both to treat the patient 
and to t race the source of infection. All E. coli look 
alike through a microscope, however; so how can 
E. coli 0 I 57 be differentiated? 
Look for the answer in the chapter. 
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Catabolic and Anabolic Reactions 
LEARNING OBJECTIVES 
5-1 Define metabo/lsm. and descnbe the fundamental differences 

between anabolISm and catabolism. 
5-2 Identify the role of ATP as an Intermediate between catabolism and 

anabolism. 

We use the term metabolism to refer to the sum of all chemical 
reactions within a living organism. Because chemical reactions 
either release or require energy, metabolism can be viewed as an 
energy-balancing act. Accordingly, metabolism can be divided 
into two classes o f chemical reactions: those that release energy 
and those that requi re energy. 

In livi ng cells, the enzyme-regulated chemical reactions that 
release energy are generally the ones involved in catabolism, the 
breakdown of co mplex organic compounds into simpler ones. 
These reactions are ca lled catabolic, or degradative, reactions. 
Catabolic reactions are generally hydrolytic reactions (reactions 
which use water and in which chemical bonds are broken), and 
they are exergollic (p roduce more energy than they consume). An 
example of catabolism occurs \vhen cells break down sugars into 
carbon dioxide and water. 

The enzyme-regulated energy- requiring reactions are mostly 
involved in anabolism, the building of complex organic molecules 
from simpler ones. These reactions are called allabolic, or 
biosy"tI,etic, reactions. Anabolic processes often involve 
dellydration sYlll llesis reactions (reactions that release water), and 
they are elldergollic (consume more energy than they produce). 
Examples of anabolic processes arc the formation of proteins from 
amino acids, nucleic acids from nucleotides, and polysaccharides 
from simple sugars. These biosynthetic reactions generate the 
materials fo r cell growth. 

Catabolic reactions provide build ing blocks for anabolic reac-
tions and furn ish the energy needed 10 drive anabolic reactions. 
This coupling of energy-requiring and energy-releasing reactions 
is made possible through the molecule adenosine triphosphate 
(ATP). (You can review its structure in Figure 2.18, page 49. ) ATP 
stores energy derived from catabolic reactions and releases it later 
to drive anabolic reactions and perform other cellular work. 
Recall from Chapter 2 that a molecule of ATP consists of an ade-
nine, a ribose, and three phosphate groups. When the terminal 
phosphate group is split from ATP, adenosine d iphosphate (ADP) 
is formed , and energy is released to drive anabolic reactions. 
Using 0 to represent a phosphate group (O i represents inorgan -
ic phosphate, which is not bound to any other molecule), we write 
this reaction as follows: 

ATP-ADP + O i + energy 

Then, the energy from catabolic reactions is used to combine 
ADP and a 0 to resynthesize ATP: 

ADP + 0 i + energy - ATP 

Cetabo!iC reactions 
transfer energy from 
complex molecules 
IOATP 

Simple molecules such 
as glucose, amino acids. 
glycerol, and latty acids 

Complex molecules such 
"'-. as starch, proteins, and 

hpids 

Aflabolic reactiOns 
transfer energy from 
ATP to complex 
molecules 

released 

Figure 5.1 The rote of AlP in coupling anabolic and catabolic 
reactions. Wllen complex molecules are split apart (catabolism). some 
of the energy is transferred to and trapped in ATP, and the rest is given off 
as heat. Wllen Simple molecules are combined to form complex molecules 
(anabolism). ATP provides the energy for synthesis. and again some 
energy is given off as heat. 

Q Which molecule fac ilitates the coupling 01 anabolic and catabolic 
reactions? 

Thus, anabolic reactions are coupled to ATP breakdown, and 
catabolic reactions are coupled to AT P synthesis. This concept 
of coupled reactions is very important; you will see why by the 
end of this chapter. For now, you should know that the chemi-
cal co mposition of a living cell is constantly changing: some 
molecules are broken down while others are being synthesized. 
This balanced now of chemicals and energy maintains the life 
of a cell. 

The role of ATP in coupling anabolic and catabolic reactions 
is shown in Figure 5.1, Only part of the energy released in catab-
olism is actuall y avai lable for cellular funct ions because part of 
the energy is lost to the environment as heat. Because the cell 
must lise energy to maintain life, it has a continuous need for 
new external sources of energy. 

Before we discuss how cells produce energy, let's fir st con -
sider the principal properties of a group of proteins involved in 
almost all biologically important chemical reactions: enzymes. 
A cell 's metabolic pathways (sequences of chemical reactions) 
are determined by its enzymes, which are in turn determin ed 
by the cell 's genet ic makeup, Animation Metabolism: Overview. 
www.microbiologyplace .com 

CHECK YOUR UNDERSTANDING 

..r Distinguish catabolism from anabolism. 5-1 

..r How is ATP an intermediate between catabolism and 
anabolism? 5-2 



Enzymes 
LEARNING OBJECTIVES 
5-3 Identify the components of an enzyme. 

5-4 Describe the mechanism of enzymatic action. 
5-5 list the factors that influence enzymatic act ivity. 

5-6 Distinguish competitive and noncompetitive inhibition. 

S-7 Define nbozyme. 

Collision Theory 
We indicated in Chapter 2 that chemical reactions occur when 
chemical bonds are formed or broken . For reactions to take place, 
atoms, ions, or molecules must collide. The collision theory 
explains how chemical reactions occur and how certain factors 
affect the rates of those reactions. The basis of the collision theory 
is that all atoms, ions, and molecules are continuously moving and 
are thus continuously colliding with one another. The energy trans-
ferred by the particles in the collision can disrupt their electron 
structures enough to break chemical bonds or form new bonds. 

Several facto rs determine whether a collision will cause a 
chemical reaction : the velocities of the colliding particles, their 
energy, and their specific chemical configurations. Up to a point, 
the higher the particles' velocities, the more probable that their col-
lision will cause a reaction. Also, each chemical reaction requires a 
specific level of energy. But even if colliding particles possess the 
minimum energy needed for reaction, no reaction will take place 
unless the particles are properly oriented toward each other. 

Let's assume that molecules of substance AB (the reactant) are 
to be converted to molecules of substances A and B (the prod-
ucts). In a given population of molecules of substance AB, at a 
specific temperature, some molecules possess relatively little ener-
gy; the majority of the population possesses an average amount of 
energy; and a small portion of the population has high energy. If 
only the high-energy AB molecules are able to react and be con-
verted to A and B molecules, then only relatively few molecules at 
anyone time possess eno ugh energy to react in a collision . The 
collision energy required for a chemical reaction is its activation 
energy, which is the amount of energy needed to disrupt the sta-
ble electronic configuration of any specific molecule so that the 
electrons can be rearranged. 

The reaction rate-the frequency of collisions containing 
sufficient energy to bring about a reaction- depends on the 
number of reactant molecules at or above the activation energy 
level. One way to increase the reaction rate of a substance is to 
raise its temperature. By causing the molecules to move faster, 
heat increases both the frequency of collisions and the number 
of molecules that attain activation energy. The number of col-
lisions also increases when pressure is increased or when the 
reactants are more concentrated (because the distance between 
molecules is thereby decreased) . In living systems, enzymes 
increase the reaction rate without raising the temperature. 

Final energy level 
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Reaction 
enzyme 

Activation 
energy 
with 
enzyme 

Activation 
energy 
without 
enzyme 

Products 

Figure 5.2 Energy requirements of a chemical reaction. This 
graph shows the progress of the reaction AB --;. A + B both without (blue 
line) and with (red line) an enzyme. The presence of an enzyme lowers the 
activation energy of the reaction (see arrows). Thus, more molecules of 
reactant AB are converted to products A and B because more molecules of 
reactant AB possess the activation energy needed for the reaction. 

Q How do enzymes speed up chemical reactions? 

Enzymes and Chemical Reactions 
Substances that can speed up a chemical reaction without being 
permanently altered themselves are called catalysts, In living 
cells, enzymes serve as biological catalysts. As catalysts, enzymes 
are specific. Each acts on a specific substance, called the enzyme's 
substrate (or substrates, when there are two or more reactants), 
and each catalyzes only one reaction. For example, suc rose (table 
sugar) is the substrate of the enzyme sucrase, which catalyzes the 
hydrolysis of sucrose to glucose and fructose. 

As catalysts, enzymes typically accelerate chemical react ions. 
The three-dimensional enzyme molecule has an active site, a 
regio n that interacts with a speci fic chemical substance (see 
Figure 5.4 on page 118). 

The enzyme orients the substrate into a position that increases 
the probability of a reaction. The enzyme-substrate complex 
formed by the temporary binding of enzyme and reactants enables 
the collisions to be more effective and lowers the activation energy 
of the reaction (Figure 5.2). The enzyme therefore speeds up the 
reaction by increasing the number of AB molecules that attain 
sufficient activat ion energy to react. 

An enzyme's ability to accelerate a reaction without the need 
for an increase in temperature is crucial to living systems because 
a significant temperature increase would destroy cellular 
proteins. The crucial function of enzymes, therefore, is to speed 
up biochem ical reactions at a temperature that is com patible 
with the normal functioning of the cell. 
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Apoenzyme 
(protein portion). 

inactive 

+ 

Cofactor 
(nonprotein portion). 

activator 

Holoenzyme 
(whole enzyme). 

active 

Figure 5.3 Components of a holoenzyme. Many enzymes require 
both an apoenzyme (protem portion) and a cofactor (nonprotein portion) 
to become active. The cofactor can be a metal ion. or if it is an organiC 
molecule. it is called a coenzyme (as shown here). The apoenzyme and 
cofactor together make up the holoenzyme. or whole enzyme. The 
substrate is the reactant acted upon by the enzyme. 

Q Which substances usually function as coenzymes? 

Enzyme Specificity and Efficiency 
The specificity of enzymes is made possible by their structures. 
Enzymes are generally large globular proteins that range in 
molecular weight from about 10,000 to several million. Each of 
the thousands of known enzymes has a characteristic three-
dimensional shape with a specific surface configu ration as a result 
of its primary, secondary, and tertiary structures (see Figure 2.15, 
page 46). The unique configuration of each enzyme enables it to 
"find" the correct substrate from among the large number of 
diverse molecules in the cell. 

Enzymes are extremely efficient. Under optimum cond i-
tions, they can catalyze reactions at rates lOR to 10 10 times (u p 
to 10 billion times) higher than those of comparable reactions 
without enzymes. The turnover number (maximum number of 
substrate molecules an enzyme molecule converts to product 

each second) is generally between I and 10,000 and can be as 
high as 500,000 . For example, the enzyme DNA polymerase I, 
which participates in the synthesis of DNA, has a turnover num-
ber of 15, whereas the enzyme lactate dehydrogenase, which 
removes hydrogen atoms from lactic acid, has a turnover num-
ber of 1000. 

Many enzymes exist in the cell in both active and inactive 
forms. The rate at which enzymes switch between these two 
forms is determined by the cellular environment. 

Naming Enzymes 
The names of enzymes usually end in -ase. All enzymes can be 
grouped into six classes, according to the type of chem ical reac-
tion they catalyze (Table 5.1 ) . Enzymes within each of the major 
classes are named according to the more specific types of reac-
tions they assist. For example, the class called oxidoredllctases is 
involved with oxidation-reduction reactions (described shortly). 
Enzymes in the oxidoreductase class that remove hydrogen from 
a substrate are called dehydrogenases; those that add molecular 
oxygen (02) are called oxidases. As you will see later, dehydro-
genase and oxidase enzymes have even more specific names, such 
as lactate dehydrogenase and cytochrome oxidase, depending on 
the specific substrates on which they act. 

Enzyme Components 
Although some enzymes consist entirely of proteins, most 
consist of both a protein portion, called an apoenzyme. and a 
nonprotein component, called a cofactor. Ions of iron, zinc, 
magnesium, or calcium are examples of cofactors. If the cofactor 
is an organic molecule, it is called a coenzyme. Apoenzymes are 
inactive by themselves; they must be activated by cofactors. 
Together, the apoenzyme and cofactor form a holoenzyme. or 
whole, active enzyme (Figure 5.3 ). If the cofactor is removed, the 
apoenzyme will not function. 

Table 5.1 Enzyme Classification Based on Type of Chemical Reaction Catalyzed 

co ... 
Oxidoreductase 

Transferase 

Hydrolase 

Lyase 

Isomerase 

Ligase 

Type of Chemk:al Reaction catalyzed 

Oxidation-reduction. in which oxygen and hydrogen are gained or lost 

Transfer of functional groups, such as an amino group, acetyl group. 
or phosphate group 

Hydrolysis (addition of water) 

Removal of groups of atoms without hydrolysis 

Rearrangement of atoms Within a molecule 

Joining of two molecules (using energy usually derived from the 
breakdown of ATP) 

Examptes 

Cytochrome oxidase. lactate dehydrogenase 

Acetate kinase, alanine deaminase 

Lipase, sucrase 

Oxalate decarboxylase. isocit rate lyase 

Glucose-phosphate isomerase, alanine racemase 

Acetyl-CoA synthetase, DNA ligase 
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Table 5.2 Selected Vitamins and Their Coenzymatic Functions 

Vitamin Function 

Vitamin B, (Thiamine) Part of coenzyme cocarboxylase: has many functions. including the metabolism of pyruvic acid 

Vitamin B2 (Riboflavin) Coenzyme in flavoproteins: active in electron transfers 

Niacin (Nicotinic Acid) Part of NAD molecule": active in electron transfers 

Vitamin B6 (Pyridoxine) Coenzyme in amino acid metabolism 

Vitamin B12 (Cyanocobalamin) Coenzyme (methyl cyanocobalamide) involved in the transfer of methyl groups; active in amino acid 
metabolism 

Pantothenic Acid Part of coenzyme A molecule; involved in the metabolism of pyruvic acid and lipids 

Biotin Involved in carbon dioxide fixation reactions and fatty acid synthesis 

Folic Acid Coenzyme used in the synthesis of purines and pyrimidines 

Vitamin E Needed for cellular and macromolecular syntheses 

Vitamin K Coenzyme used in electron transport (naphthoquinones and quinones) 

"NAD = nicotinamide adenine dinucleotide 

Coenzymes may assist the enzyme by accepting atoms 
removed from the substrate or by donating atoms required 
by the substrate. Some coenzymes act as electron carriers, 
removing elect rons from the substrate and donating them 
to other molecules in subsequen t reactions. Many coenzymes 
are derived from vitamins (Table 5.2) . Two of the most impor-
tant coenzymes in cellular metabolism are nicotinamide 
adenine dinucleotide (NAD +) and nicotinamide adenine 
dinucleotide phosphate (NADP+). 80th compounds conta in 
derivatives of the 8 vitamin niacin (nicotinic acid), and both 
function as electron carriers. Whereas NAO + is primarily 
involved in catabolic (energy-yielding) reactions, NAOP + is 
primarily involved in anabolic (energy-requiring) reactions. 
The flavin coenzymes, such as flavin mononucleotide (FMN) 
and flavin adenine dinucleotide (FAD), contain derivatives 
of the 8 vitamin riboflavin and are also electron carriers. 
Another important coenzyme, coenzyme A (CoA), contains a 
derivative of pantothenic acid, another 8 vitamin . This coen-
zyme plays an important role in the synthesis and breakdow n 
of fats and in a series of oxidizing reactions called the Krebs 
cycle . We will come across all of these coenzymes in our dis-
cussion of metabol ism later in the chapter. 

As noted earlier, some cofactors arc metal ions, including 
iron, copper, magnesium, manganese, zinc, calcium, and 
cobalt. Such cofactors may help cata lyze a reaction by formi ng 
a bridge between the enzyme and a substrate. For example, 
magnesium (Mg2+) is required by many phosphorylating 
enzymes (enzymes that transfer a phosphate group from Al P 

to another substrate). The Mg2+ can form a link between the 
enzyme and the Al P molecule. Most trace elements required 
by living cells are probably used in some such way to activate 
cellular enzymes. 

The Mechanism of Enzymatic Action 
Enzymes lower the activation energy of chemical reactions. 
The general sequence of events in enzyme action is as follows 
(Figure 5.4a): 

o The surface of the substrate contacts a specific region of the 
surface of the enzyme molecule, called the active site. 

a A temporary intermediate compound forms, called an 
enzyme-substrate complex. 

e The substrate molecule is transformed by the rearrangement 
of existing atoms, the breakdown of the substrate molecule, 
or in combination with another substrate molecule. 

o The transformed substrate molecules- the products of the 
reaction- are released from the enzyme molecule because 
they no longer fit in the active site of the enzyme. 

e The unchanged enzyme is now free to react with other sub-
strate molecules. 

As a result of these events, an enzyme speeds up a chemical 
reaction. 

As mentioned earlier, enzymes have specificity for particular 
substrates. For example, a specific enzyme may be able to 
hydrolyze a peptide bond only between two specific amino acids. 
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Enzyme 
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Figure 5.4 The mechanism of enzymatic action. (a) 0 The substrate contacts the active 
site on the enzyme to form a an enzyme-substrate complex. 0 The substrate IS then transformed 
into products, 0 the products are released. and e the enzyme IS recovered unchanged. In the 
example shown. the transformation IOta products involves a breakdown of the substrate into two 
products. Other transformations. however. may occur. (b) Left: A molecular model of the enzyme in 
step 0 of part (a). The active site of the enzyme can be seen here as a groove on the surface of the 
protein. Right: As the enzyme and substrate meet in step 0 of part (a) , the enzyme changes shape 
slightly to fit together more tightly with the substrate. 

Q What is the function of enzymes in living organisms? 

Other enzymes can hydrolyze starch but not cellulose; even 
though both sta rch and cellulose are polysaccharides composed 
of glucose subunits, the orientations of the subunits in the two 
polysaccha rides differ. Enzymes have this specificity because the 
three-dimensional shape of the active site fits the substrate some-
what as a lock fi ts with its key (Figure 5.4b). However, the active 
site and substrate are flexible, and they change shape somewhat 
as they meet 10 fit together more tightly. The substrate is usually 
much smaller than the enzyme, and relatively few of the 
enzyme's amino acids make up the active site. 

A certain compound can be a substrate for several different 
enzymes that catalyze different reactions, so the fate of a 
compound depends on the enzyme that acts on it. At least four 
different enzymes can act on glucose 6-phosphate, a molecule 
important in cell metabolism, and each reaction will yield a 

different product. Animations Enzymes: Overview, Steps In a 
Reaction. www.microbiologyplace.com 

Factors Influencing Enzymatic Activity 
Enzymes arc subject to various cellula r controls. Two primary 
types are the control of enzyme syllthesis (see Chapter 8) and the 
control of enzyme activity (how much enzyme is present versus 
how active it is). 

Several fac tors influence the activity of an enzyme. Among 
the more important arc temperature, pH, substrate concentra-
tion, and the presence or absence of inhibitors. 

Temperature 
The rate of most chemical reactions increases as the temperature 
increases. Molecules move more slowly at lower temperatures 
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(a) Temperature. The enzymatic activity 
(rate 01 reaction catalyzed by the enzyme) 
increases with increasing temperature 
until the enzyme, a protein, is denatured 
by heat and inactivated, At th is point, the 
reaction rate lalls steeply. 
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(b) pH. The enzyme illustrated is most 
active at about pH 5.0. 
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Substrate concentration 

(c) Substrate concentration. With 
increasing concentration of substrate 
molecules, the rate 01 reactioo increases 
until the active sites on all the enzyme 
molecules are lilled, at which point the 
maximum rate of reaction is reached. 

Figure 5.5 Factors that influe nce enzymatic activity, plotted for a hypothetical 
enzyme. 

Q How will this enzyme act at 2S"C? At 4S"C? At pH 7? 

than at higher temperatures and so may not have enough energy 
to cause a chem ical reaction. For enzymatic reactions, however, 
elevation beyond a certain temperature (the optimal tempera-
ture) drast ically reduces the rate of reaction (Figure 5.5a). The 
optimal temperature for most disease-producing bacteria in the 
human body is between 35°C and 40°C. The rate of reaction 
decl ines beyond the optimal temperature because of the enzyme's 
denaturation. the loss of its characteristic three-dimensional 
structure (tertiary configuration) (Figure 5.6). Denaturation of a 
protein involves the breakage of hydrogen bonds and other non -
covalent bonds; a common example is the transformation of 
uncooked egg white (a protein called albumin) to a hardened 
state by heal. 

Denaturation of an enzyme changes the arrangement of the 
amino acids in the active site, altering its shape and causing the 
enzyme to lose its catalytic ability. In some cases, denaturation 
is partially o r fully reversible. However, if denaturation contin-
ues until the enzyme has lost its solubility and coagulates, the 
enzyme cannot regain its original properties. Enzymes can also 
be denatured by concentrated acids, bases, heavy-metal ions 
(such as lead, arsenic, or mercury), alcohol, and ultraviolet 
radiation. 

pH 
Most enzymes have an optimum pH at which their activity is 
characteristically maximal. Above or below this pH value, enzyme 
activity, and therefore the reaction rate, decline (Figure 5.5b). 
When the H+ concentration (pH ) in the medium is changed 
drast ically, the protein's three-dimensional structure is altered. 
Extreme changes in pH can cause denaturation. Acids (and bases) 
alter a protein's three-dimensional structure because the H + (and 

) 

Active (functional) protein Denatured protein 

Figure 5_6 Denaturation of a protein. Breakage of the noncovalent 
bonds (such as hydrogen bonds) that hofd the active protein in its three-
dimensional shape renders the denatured protein nonfunct ional. 

Q What factors may cause denaturation? 

OH-) compete with hydrogen and ionic bonds in an enzyme, 
resulting in the enzyme's denaturation . 

Substrate Concentration 
There is a maximum rate at which a certain amount of enzyme 
can catalyze a specific reaction . Only when the concentration of 
substrate{s) is extremely high can this maximum rate be attained. 
Under conditions of high substrate concentration, the enzyme is 
said to be in saturation; that is, its active site is always occupied 
by substrate or product molecules. In this condition, a further 
increase in substrate concentration will not affect the reaction 
rate because all active sites are already in use (Figure 5.5c). Under 
normal cellular conditions, enzymes are not saturated with sub-
strate{s). At any given time, many of the enzyme molecules are 
inactive for lack of substrate; thus, the substrate concentration is 
likely to influence the rate of reaction . 
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Figure 5.7 Enzyme inhibitors. (a) An 
Uninhibited enzyme and Its normal substrate. 
(b) A competJtrve Inhibitor. (e) One type of 
noncompetltlWl Inhibitor. causing aliostenc 
inhibltJoo. 

Normal Binding of Substrate Action of Enzyme Inhibitors 

Q How do competitive inhibitonJ operate? 

(.) 

Inhibitors 
An effective way to control the growth of bacleria is to control 
their enzymes. Certa in poisons, such as cyanide, arsenic, and 
mercury, combine with enzymes and prevent them from func-
tioning. As a result, the cells stop functioning and die. 

Enzyme inhibitors are classified as either competitive 
or noncompetitive inhibitors (Figure 5.7 ). Competitive 
inhibitors fill the active site of an enzyme and compete with 
the normal substrate for the active site. A competitive inhibitor 
can do this because its shape and chemical st ructure are simi-
lar to those of the no rmal substrate (Figure 5.7b). However, 
unlike the substra te. it does not undergo any reaction to form 
products. Some competitive inhibitors bind irreversibly to 
amino acids in the active site, preventing any further interac-
tions with the substrate. Others bind reversibly, alternately 
occupying and leaving the active site; these slow the enzyme's 
interaction with the substrate. Increasing the substrate con-
centration can overcome reversible competitive inhibition. As 
active si tes become available, more substrate molecules than 
competitive inhibitor molecu les arc available to attach to the 
active sites of enzymes. 

One good example of a competitive inhibitor is sulfanilamide 
(a sulfa drug), which inhibits the enzyme whose normal sub-
strate is para-aminobenzoic acid (PABA): 

NH , 
I 
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NH, 

Sulfanilamide 
NH, 

PABA 

PAllA is an essent ial nutrient used by many bacteria in the syn-
thesis of folic acid, a vitamin that functions as a coenzyme. 
When sulfanilam ide is administered to bacteria, the enzyme that 
normally converts PABA to fol ic acid combines instead with the 
sulfan ilamide. Folic acid is not synthesized, and the bacteria 
cannot grow. Because human cells do not use PABA to make 

I 
site 

(b) (0) 

their folic acid, sulfanilamide kills bacteria but does not harm 
human cells. 

Noncompetitive inhibitors do not compete with the sub-
strate for the enzyme's active site; instead, they interact with 
another part of the enzyme (Figure 5.7c). In this process, called 
a llosteric ("other space") inhibition, the inhibitor binds to a site 
on the enzyme other than the substrate's binding site, called the 
allosteric site. This binding causes the active site to change its 
shape, making it nonfunctional. As a result, the enzyme's activity 
is reduced. Th is effect can be (,ither reversible or irreversible, de-
pending on whether the active site can return to its original shape. 
In some cases, allosteric interactions can activate an enzyme 
rather than inhibit it. Another type of noncompetitive inhi-
bition can operate on enzymes that require metal ions for their 
activity. Certain chemicals can bind or tie up the metal ion 
activators and thus pr('vent an enzymatic reaction. Cyanide can 
bind the iron in iron-containing enzymes, and fluoride can bind 
calcium or magnesium. Substances such as cyanide and fluoride 
are sometimes called enzyme poisons because they permanently 
inactivate enzymes. Animations Enzymes: Competitive Inhibition. 
Non-competitive Inhibition. www.microbiologyplace.com 

Feedback Inhibition 
Allosteric inhibitors playa role in a kind of biochemical control 
called feedback inhibition, or end-product inhibition. This 
control mechanism stops the cell from making more of a sub-
stance than it needs and thereby wasting chemical resources. In 
some metabolic reactions, several steps are required for the syn-
thesis of a particular chemical compound, called the end-product. 
The process is similar to an assembly line, with each step catalyzed 
by a separate enzyme (Figure 5.S).ln many anabolic pathways, the 
final product can allosterically inhibit the activity of one of the 
enzymes earlier in the pathway. This phenomenon is feedback 
inhibition. 

Feedback inhibition generally acts on the first enzyme in a 
metabolic pathway (similar to shutting down an assembly line by 
stopping the first worker). Because the enzyme is inhibited, the 
product of the first enzymatic reaction in the pathway is not syn-
thesized. Because that unsynthesized product would normally be 
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Figure 5_8 Feedback inhibition_ 

Q What is meant by feedback inhibition? 

Pathway 
Shuts Down 

end-product 

the substrate for the second enzyme in the pathway, the second 
reaction stops immediately as well. Thus, even though only the 
first enzyme in the pathway is inhibited, the entire pathway sh uts 
down, and no new end-product is formed. By inhibiting the first 
enzyme in the pathway, the cell also keeps metabolic intermedi-
ates from accumulating. As the cell uses up the existing end -
product, the first enzyme's allosteric si te more often remains 
unbound, and the pathway resumes activity. 

The bacterium E. coli can be used to demonstrate feedback 
inhibition in the synthesis of the amino acid isoleucine, which 
is required for the cell's growth. In this metabolic path-
way, the amino acid threonine is enzymatically converted to 
isoleucine in five steps. If isoleucine is added to the growth 
medium for E. coli, it inhibits the first enzyme in the pathway, 
and the bacteria stop synthesizing isoleucine. This condition is 

CHAPTER 5 Microbial Metabolism 121 

maintained until the supply of isoleucine is depleted. This type 
of feedback inhibition is also involved in regulat ing the cells' 
production of other amino acids, as well as vitamins, purines, 
and pyrimidines. 

Ribozymes 
Prior to 1982, it was believed that only protein molecules had 
enzymatic activity. Resea rchers working on microbes discovered a 
unique type of RNA called a ribozyme. Like protein enzymes, 
ribozymes function as catalysts, have active sites that bind to sub-
strates, and are not used up in a chemical reaction. Ribozymes 
specifically act on strands of RNA by removing sections and splic-
ing together the remaining pieces. In this respect, ribozymes are 
more restricted than protein enzym es in terms of the diversity of 
substrates with which they interact. 

CHECK YOUR UNOERSTANOING 

..r What is a coenzyme? 5-3 

..r Why is enzyme specificity important? 5-4 

..r What happens to an enzyme below its optimal temperature? 
Above its optimal temperature? 5-5 

..r Why is feedback inhibition noncompetitive inhibition? 5-6 

..r What is a ribozyme? 5-7 

Energy Production 
LEARNING OBJECTIVES 
5-8 Explam the term oxidalion-reduclion. 

5-9 List and proVide examples of three types of phosphorylation 
reactions that generate AlP. 

5-10 Explam the overall function of metabolic pathways, 

Nutrient molecules, like all molecules, have energy associated 
with the electrons that fo rm bonds between their atoms. 
When it is spread throughout the molecule, this energy is dif-
ficult for the cell to usc. Various reactions in catabolic path-
ways, however, concentrate the energy into the bonds of ATP, 
which serves as a convenient energy carrier. ATP is generally 
referred to as having "high-energy" bonds . Ac tually, a better 
term is probably unstable bonds. Although the amount of 
energy in these bonds is not exceptionally large, it can be 
released quickly and easily. In a sense, ATP is similar to a 
h ighly flammable liquid such as kerosene. Although a large 
log might eventually burn to p roduce more heat than a cup of 
kerosene, the kerosene is easier to ignite and provides heat 
more quickly and conveniently. In a similar way, the "high-
energy" unstable bonds of ATP prov ide the cell with readily 
available energy for anabolic reactions. 

Before discussing the catabolic pathways, we will consider two 
general aspects of energy production : the concept of oxidation-
reduction and the mechanisms of ATP generation. 
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Reduction 
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Figure 5.9 Oxidation-reduction. An electron is transferred from 
molecule A to molecule B. In the process, molecule A is oxidized and 
molecule B is reduced. 

Q How do oxidation and reduction differ? 

Oxidation-Reduction Reactions 
Oxidation is the removal of electrons (e -) from an atom or mol -
ecule, a reaction that often produces energy. Figure 5.9 shows an 
example of an oxidation in which molecule A loses an electron to 
molecule B. Molecule A has undergone oxidation (meaning that 
it has lost one or more electrons), whereas molecule B has under-
gone reduction (meaning that it has gained one or more elec-
trons). * Oxidation and reduction reactions are always coupled; 
in other words, each time one substance is oxidized, another is 
simultaneously reduced. The pairing of these reactions is called 
oxidation-reduction or a redox reaction. 

In many cellular oxidations, electrons and protons (hyd rogen 
ions, H+) are removed at the same time; this is equivalent to the 
removal of hydrogen atoms, because a hydrogen atom is made up 
of one proton and one electron (see Table 2.2, page 29). Because 
most biological oxidations involve the loss of hydrogen atoms, they 
are also called dehydrogenation reactions. Figure 5.10 shows an 
example of a biological oxidation. An organic molecule is oxidized 
by the loss of two hydrogen atoms, and a molecule of NAO+ is 
reduced. Recall from our earlier discussion of coenzymes that 
NAO+ assists enzymes by accepting hydrogen atoms removed from 
the substrate, in this case the organic molecule. As shown in Figure 
5.10, NAO+ accepts two electrons and one proton. One proton 
(H+) is left over and is released into the surrounding medium. The 
reduced coenzyme, NADH, contains more energy than NAO+. 
This energy can be used to generate ATP in later reactions. 

An important point to remember about biological oxidation -
reduction reactions is that cells use them in catabolism to extract 

'The terms do not se.:m logical until one considers the history of the dis<:overy of thes<: 
reactions. When mercury is roasted, it gains weight as mercuric oxide is formed; this 
was caUed oxidation. uner it was determined that the mercury actually los/ electrons, 
and the obs<:rved gain in oxygen was a direct result of this. Oxidation, therefore, is a 
loss of electrons, and reduction is a gaill of c!ectrons, but the gain and loss of electrons 
is not usually apparent as chemical · reaction equations are usually wrinen. For exam-
ple, in the equations for aerobic respiration on page 132, notice that each carbon in 
glucos<: had only one oxygen originally, and later, as carbon dioxide, each carbon now 
has two oxygens. However, the gain or loss of electrons actually responsible for this is 
not al'parent. 

energy from nutrient molecules. Cells take nutrients, some of 
which serve as energy sources, and degrade them from highly 
reduced compounds (with many hydrogen atoms) to highly oxi-
dized compounds. For example, when a cell oxidizes a molecule 
of glucose (C6H I20 6) to CO2 and H20, the energy in the glucose 
molecule is removed in a stepwise manner and ult imately is 
trapped by ATP, which can then serve as an energy source for 
energy-requiring reactions. Compounds such as glucose that 
have many hydrogen atoms are highly reduced compounds, con-
taining a large amount of potential energy. Thus, glucose is a 
valuable nutrient for organisms. Animation Oxidation-Reduction 
Reactions. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

..r Why is glucose such an important molecule for organisms? 5-8 

The Generation of ATP 
Much of the energy released during oxidation-reduction reactions 
is trapped within the cell by the formation of ATP. Specifically, a 
phosphate group, 0 , is added to ADP with the input of energy to 
form ATP: 

ADP 
, 
Adenosine-O - O + Energy + 0 -

Adenosine 0 - 0 - 0 
, ' v 

ATP 

The symbol - designates a "high-energy" bond-that is, one that 
can readily be broken to release usable energy. The high-energy 
bond that attaches the third 0 in a sense contains the energy 
stored in this reaction. When this 0 is removed, usable energy is 
released. The addition of 0 to a chemical compound is called 
phosphorylation. Organisms use three mechanisms of phos-
phorylation to generate ATP from ADP. 

Substrate-level Phosphorylation 
In substrate-level phosphorylation. ATP is usually generated 
when a high-energy 0 is directly transferred from a phosphory-
lated compound (a substrate) to ADP. Generally, the 0 has 
acquired its energy during an earlier reaction in which the sub-
strate itself was oxidized. The following example shows only the 
carbon skeleton and the 0 of a typical substrate: 

c-c-c - 0 + ADP - C-C-C + ATP 

Oxidative Phosphorylation 
In oxidative phosphorylation. electrons are transferred from 
organic compounds to one group of electron carriers (usually to 
NAD+ and FAD). Then, the electrons are passed through a series 
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, Figure 5.10 Representative 
biological oxidation. Two electrons 
and two protons (altogether 
equivalent to two hydrogen atoms) are 
transferred from an organic substrate 
molecule to a coenzyme, NAO+. 
NAO+ actually receives one hydrogen 
atom and one electron, and one 
proton is released into the medium. 
NAO+ is reduced to NADH. which is 

Organic molecule 
thai includes two 

hydrogen atoms (H) 

NAD+ coenzyme 
(electron carrier) 

Oxidized organic NAOH .. W (prolon) a more energy-rich molecule. molecule (reduced electron carrier) 

, • Oxidation 

of different electron carners to molecules of oxygen (02) or 
other oxidized inorganic and organic molecules. This process 
occurs in the plasma membrane o f prokaryotes and in the 
inner mitochondrial membrane of eukaryotes. The sequence of 
electron carriers used in oxidative phosphorylation is called an 
electron transport chain (system) (see Figure 5.14, page 129). 
The transfer of electrons from one electron carrier to the next 
releases energy, some of which is used to generate ATP from 
ADP through a process called chemiosmosis, to be described on 
page 130. 

Photophosphorylation 
The third mechanism of phosphorylation, photophosphorylation, 
occurs only in photosynthetic cells, which contain light-trapping 
pigments such as chlorophylls. In photosynthesis, organic mole-
cules, especially sugars, are synthesized with the energy of light from 
the energy-poor building blocks carbon dioxide and water. 
Photophosphorylation starts this process by converting light energy 
to the chemical energy of ATP and NADPH, which, in turn, are used 
to synthesize organic molecules. Ai; in oxidative phosphorylation, 
an electron transport chain is involved. 

CHECK YOUR UNDERSTANDING 

..r Outline the three ways that AlP is generated. 5-9 

Metabolic Pathways of Energy Production 
Organisms release and store energy from organic molecules by a 
series of controlled reactions rather than in a single burst. If the 
energy were released all at once, as a la rge amount of heat, it 
could not be readily used to drive chemical reactions and would, 
in fact, damage the cell. To extract energy from organic com -
pounds and store it in chemical form, organisms pass electrons 
from one compound to another through a series of oxidation-
reduction reactions. 

Q How do organisms use , oxidation-reduction reactions? 

As noted earlier, a sequence of enzymatically catalyzed chem-
ical reactions occurring in a cell is called a metabolic pathway. 
Below is a hypothetical metabolic pathway that converts starting 
material A to end-product F in a series of five steps: 

NAD+ NADH + H+ 

A \-. ./ o Starting 
material 

ADP + Q ATP 

c \,/. o D 

B ...,... 
f) 

0, 
E \ 

\ \ · F 
CO2 H 20 End-product 

The first step is the conversio n of molecule A to molecule B. 
The curved arrow indicates that the reduction of coenzyme 
NAO + to NAOH is coupled to that reaction; the electro ns and 
protons come from molecule A. Similarly, the two arrows in 0 
show a coupling of two react ions. As C is converted to D, AD P 
is converted to ATP; the energy needed comes from C as it 
transforms into O. The reaction converting 0 to E is readi ly 
reversible, as indicated by the double arrow. In the fifth step, 
the cu rved arrow leading fro m O2 indicates that O2 is a reac -
tant in the reactio n. The curved arrows leading to CO2 and 
H20 indicate that these substances are secondary products 
produced in the reaction, in add ition to F, the end-product 
that (presumably) interests us the most. Secondary products 
such as CO2 and H20 shown here are so metimes called 
by-products o r waste products. Keep in mind that almost every 
reaction in a metabolic pathway is catalyzed by a specific 
enzyme; sometimes the name of the enzyme is printed near 
the arrow. 

CHECK YOUR UNDERSTANDING 

..r What is the purpose of metabolic pathways? 5-10 
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Carbohydrate Catabolism 
LEARNING OBJECTIVES 
5-11 Descri be the chemical reactions of glycolysis. 
5-12 Identify the fu nctions of the pentose phosphate and Entner-

Doudoroff pathways. 
5-13 Explain the products of the Krebs cycle. 
5-14 Descri be the chemiosmotic model for ATP generation. 
5-15 Compare and contrast aerobic and anaerobic respiration . 
5-16 Descri be the chemical reactions of. and list some products of. 

fermentation. 

Most microorganisms oxidize carbohydrates as their primary source 
of cellular energy. Carbohydrate catabolism, the breakdown of 
carbohydrate molecules to produce energy, is therefore of great 
importance in cell metabolism. Glucose is the most common carbo-
hydrate energy source used by cells. Microorganisms can also catab-
olize various lipids and proteins for energy production (page 136) . 

To produce energy from glucose, microorganisms use two 
general processes: cellular respiratiol! and fermentation . (In dis-
cussing cellular respiration, we frequently refer to the process 
simply as respiration, but it should not be confused with breath-
ing.) Both cellular respirat ion and fermentation usually start 
with the same first step, glycolysis, but follow different subse-
quent pathways (Figure 5.11 ). Before examining the detai ls of 
glycolysis, respiration, and fe rmentation, we will fi rst look at a 
general overview of the processes. 

As shown in Figure 5.11, the respiration of glucose typically 
occu rs in three pri ncipal stages: glycolysis, the Krebs cycle, and 
the electron transport chain (system). 

o Glycolysis is the oxidation of glucose to pyruvic acid with 
the production of some ATP and energy-containing NADH . 

o The Krebs cycle is the oxidation of acetyl CoA (a derivative 
of pyruvic acid) to carbon dioxide, with the production of 
some ATP, energy-containing NADH, and another reduced 
electron carrier, FADHz (the reduced form of flavin adenine 
dinucleotide). 

e In the electron transport chain (system), NADH and 
FADH z are oxidized, contributing the electrons they have 
carried from the substrates to a "cascade" of oxidation-
reduction reactions involving a series of additional electron 
carriers. Energy from these reactions is used to generate a 
considerable amount of ATP. In respiration, most of the 
ATP is generated in the third step. 

Because respiration involves a long series of oxidation-reduction 
reactions, the entire process can be thought of as involving a flow of 
electrons from the energy-rich glucose molecule to the relatively 
energy-poor CO2 and H20 molecules. The coupling of ATP pro-
duction to this flow is somewhat analogous to producing electrical 
power by using energy from a flowing stream. Carrying the analo-
gy further, you could imagine a stream flowing down a gentle slope 

during glycolysis and the Krebs cycle, supplying energy to turn two 
old-fashioned waterwheels. Then the stream rushes down a steep 
slope in the electron transport chain, supplying energy for a large 
modern power plant. In a similar way, glycolysis and the Krebs cycle 
generate a small amount of ATP and also supply the electrons that 
generate a great deal of ATP at the electron transport chain stage. 

Typically, the initial stage of fermentation is also glycolysis 
(Figure 5.1 I) . However, once glycolysis has taken place, the pyru-
vic acid is converted into one or more different products, depend-
ing on the type of ceiL These products might include alcohol 
(ethanol) and lactic acid. Unlike respiration, there is no Krebs cycle 
or electron transport chain in ferme ntation. Accord ingly, the ATP 
yield, which comes only from glycolysis, is much lower. 

Glycolysis 
Glycolysis, the oxidation of glucose to pyruvic acid, is usually 
the first stage in carbohyd rate catabolism. Most microorganisms 
use th is pathway; in fact, it occurs in most living cells. 

Glycolysis is also called the Embden-MeyerllOf pathway. The 
word glycolysis means splitting of sugar, and this is exactly what 
happens. The enzymes of glycolysis catalyze the splitting of glu-
cose, a six-carbon sugar, into two three-carbon sugars. These 
sugars are then oxidized, releasing energy, and their atoms are 
rearranged to form two molecules of pyruvic acid. During gly-
colysis NAD+ is reduced to NADH, and there is a net production 
of two ATP molecules by substrate-level phosphorylation. 
Glycolysis does not require oxygen; it can occur whether oxygen 
is present or not. This pathway is a series of ten chemical reac-
tions, each catalyzed by a different enzyme. The steps are ou t-
lined in Figure 5.12; see also Figure A.2 in Appendix A for a more 
deta iled representation of glycolysis. 

To summarize the process, glycolysis consists of two basic 
stages, a prepa ratory stage and an energy-conserving stage: 

I. First, in the preparatory stage (steps 0-0 in Figure 5.12), two 
molecules of ATP are used as a six-carbon glucose molecule is 
phosphorylated, restructured, and split into two three-carbon 
compounds: glyceraldehyde 3-phosphate (GP) and dihydroxy-
acetone phosphate (DHAP). 0 DHAP is readily converted to 
GP. (The reverse reaction may also occur.) The conversion of 
DHAP into GP means that from this point on in glycolysis, two 
molecules of G P are fed into the remaining chemical reactions. 

2. In the energy-conserving stage (steps Clt-iIl) in Figure 5.1 2), 
the two three-carbon molecules are oxidized in several steps 
to two molecules of pyruvic acid. In these reactions, two 
molecules of NAD+ are reduced to NADH, and four mole-
cules of ATP are formed by substrate-level phosphorylation. 

Because two molecules of ATP were needed to get glycolysis 
started and four molecules of ATP are generated by the process, 
there is a lIet gain of two molewles of ATP for each molewle of 
glucose that is oxidized. Animations Glycolysis: Overview. Steps. 
www.microbiologyplace.com 



A small version of this ovelView figure will be included in other figures throughout the 
chapter to indicate the relationships of different reactions to the overall processes of 
respiration and fermentation. 

RESPIRATION FERMENTATION 

O GlyCOIySiS produces ATP 
and reduces NAO' to NAOH 
while glucose to 
pyruvic acid. In respiration, the 
pyruvic acid Is converted to the 
lirst reactant in the Krebs cycle. 

o The Krebs cycle produces 
ATP and reduces NAO' (and 
another electron carrier called 
FAOH2) while giving 011 CO2, 
The NAOH and FADH2 lrom 
both processes carry electrons 
10 the electron Iransport chain. 

e In Ihe eleclron Iransport 
enain, the energy 01 Ihe electrons 
is used to produce a greal deal 
01 ATP. 

NAOH 

Electrons 

(J 

NAOH 

Krebs 
cycle 

AT. 

AT. 

Electron \) 
transport \'\. 0 2 
chain and '-' 
chemlosmosls c::::, 

Alternatives to Glycolysis 
Many bacteria have another pathway in addition to glycolysis for 
the oxidat ion of glucose. The most common alternative is the 
pentose phosphate pathway; another alternative is the Entner-
Doudoroff pathway. 

co, 

H,O 

Formabon of 
lei Iiteu!abon -""" 

In fermentation, the 
pyruvic: acid and the 
electrons carried by 
NADH from glycolysis 
are incorporaled into 
lermentation end· 
products. 

Key Concept 
To produce energy from 
glucose, microbes use two 
general processes: 
respiration and fermentation. 
Both usualty stan with 

but follow dlHerent 
subsequent pathways. 

The Pentose Phosphate Pathway 
The pentose phosphate pathway (or hexose mOl1opllOsplrate $/lIlIIt ) 
operates simultaneously with glycolysis and provides a means for 
the breakdown of five-ca rbon sugars (pentoses) as well as glucose 
{see Figure A.3 in Appendix A for a more detailed representation of 
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Oihydroxyacetone 
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conserving 
stage 

2 NAOH 

2 

2 AOP---... 

2 
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Gluonse 

Glucose 6-phosphate 

Fructose S-phosphate 

Fructose I ,S·diphosphate 

o 

Glyceraldehyde 3-phosphate 
(GP) 

1,3-diphosphoglyceric acid 

o Glucose enters the cel l 
and is phosphorylated. A 
molecule of ATP is 
invested. The product is 
glucose S-phosphate. 

e Glucose S-phosphate 
is rearranged to form 
fructose S-phosphate. 

e The O from another 
ATP is used to produce 
fructose 1,6-diphosphate, 
still a six-carbon compound. 
(Note the total investment of 
two ATP molecules up to 
this point.) 

o An enzyme cleaves (splits) the sugar into two 
three-carbon molecules: dihydroxyacetone phosphate 
(OHAP) and glyceraldehyde 3-phosphate (GP). 

o DHAP is readily converted to GP (the reverse 
action may also occur). 

o The next enzyme converts each GP to another 
three-carbon compound. t .3-diphosphoglyceric 
acid. Because each OHAP molecule can be 
converted to GP and each GP to 1.3-diphos-
phoglyceric acid. the result is two molecules of 
1.3-diphosphoglyceric acid for each initial molecule 
of glucose. GP is oxidized by the transfer of two 
hydrogen atoms to NAO+ to form NAOH. The 
enzyme couples this reaction with the creation of a 
high-energy bond between the sU.2ar and a O . The 
three·carbon sugar now has two 0 groups. 

2 3·phosphoglyceric acid G The high·energy O iS moved to AOP. forming 
ATP, the first ATP production of glycolysis. (Since 
the sugar splitting in step 4, all products are doubled. 
Therefore, this step actually repays the eartier 
investment of two ATP molecules.} 

o 

o 

2 AOP---... 

2 

2-phosphoglyceric acid 

Phosphoenolpyruvic acid 
(PEP) 

o An enzyme relocates the remaining 0 of 
3-phosphoglyceric acid to form 2-phosphoglyceric 
acid in preparation for the next step. 

o By the loss of a water molecule. 
2-phosphoglyceric acid is converted to 
phosphoenolpyruvic acid (PEP). In the process. the 
phosphate bond is upgraded to a high·energy bond. 

m This high-energy O is transferred from PEP to 
ADP, forming ATP. For each initial glucose 
molecule, the result of this step is two molecules of 
ATP and two molecules of a three-carbon compound 
cal led pyruvic acid. 

Figure 5 _12 An outline of the reactions of glycolysis (Embden-Meyerflof pathway)_ The 
inset indicates the relationship of glycolysis to the overall processes of respiration and fermentat ion. 
A more deta iled version of glycolysis is presented in Rgure A.2 in Appendix A. 

Q What is glycolysis? 
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the pentose phosphate pathway). A key feature of this pathway is 
that it produces important intermediate pentoses used in the 
synthesis of ( I) nucleic acids, (2) glucose from carbon dioxide in 
photosynthesis, and (3) certain amino acids. The pathway is an 
important producer of the reduced coenzyme NADPH from 
NADP+. The pentose phosphate pathway yields a net gain of only 
one molecule of ATP for each molecule of glucose oxidized. 
Bacteria that use the pentose phosphate pathway include Bacillus 
subtilis (sub'til-us), E. coli, Leuconostoc mesel1teroides Oil-ko-
nos'tok mes-en-ter-oi' dcz), and Enterococcus faecalis (ie-kiiJ'is) . 

The Entner-Ooudoroff Pathway 
From each molecule of glucose, the Entner-Doudoroff pathway 
produces two molecules ofNADPH and one molecule of ATP for 
use in cellu lar biosynthetic reactions (see Figure A.4 in 
Appendix A for a more deta iled representation ). Bacteria that 
have the enzymes for the Entner-Doudoroff pathway can metab-
olize glucose without either glycolysis or the pentose phosphate 
pathway. The Entner-Doudoroff pathway is found in some 
gram-negative bacteria, including Rhizobium, Pselldomonas 
(su-do-mo'nas), and Agrobacterium (ag- ro-bak-ti're-um); it is 
generally not found among gram-positive bacteria. Tests for the 
ability to oxidize glucose by this pathway are somet imes used to 
identify Pseudomonas in the clinical laboratory. 

CHECK YOUR UNOERSTANOING 

..r What happens during the preparatory and energy-conserving 
stages of glycolysis? 5-11 

..r What is the value of the pentose phosphate and Entner-Doudoroff 
pathways if they produce only one ATP molecule? 5-12 

Cellular Respiration 
After glucose has been broken down to pyruvic acid, the pyru-
vic acid can be channeled into the next step of either fermen-
tation (page 132) or cellular respiration (see Figure 5.11). 
Cellular respiration. or simply respiration, is defined as an 
ATP-generating process in which molecules are oxidized and the 
final electron acceptor is (almost always) an inorganic molecule. 
An essential feature of respiration is the operation of an electron 
transport chain. 

There are two types of respiration, depending on whether an 
organism is an aerobe. which uses oxygen, or an anaerobe. which 
does not use oxygen and may even be killed by it. In aerobic 
respiration. the final electron acceptor is O2; in anaerobic 
respiration, the final electron acceptor is an inorganic molecule 
other than O2 or, rarely, an organic molecule. First we will 
describe respiration as it typically occu rs in an aerobic cell. 

Aerobic Respiration 
The Krebs Cycle The Krebs cycle, also called the tricarboxylic 
acid (TeA ) cycle or citric acid cycle, is a series of biochemical 
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reactions in which the large amount of potential chemical energy 
stored in acetyl CoA is released step by step (see Figure 5.1 I) . In 
this cycle, a series of oxidations and reductions transfer that 
potential energy, in the form of electrons, to electron carrier coen-
zymes, ch iefly NAD+. The pyruvic acid derivatives are oxidized; 
the coenzymes are reduced. 

Pyruvic acid, the product of glycolysis, cannot enter the 
Krebs cycle directly. In a preparatory step, it must lose one mol-
ecule of CO2 and become a two-carbon compound (Figure 5.13, 
at top). This process is called decarboxylation. The two-carbon 
compound, called an acetyl group, attaches to coenzyme A 
through a high-energy bond; the resulting complex is known as 
acetyl coenzyme A (acetyl CoA ). During this reaction, pyruvic 
acid is also oxidized and NAD + is reduced to NADH. 

Remember that the oxidation of one glucose molecule pro-
duces two molecules of pyruvic acid, so for each molecule of glu-
cose, two molecules of CO2 are released in this preparatory step, 
two molecules of NAD H are produced, and two molecules of 
acetyl CoA are formed. Once the pyruvic acid has undergone 
decarboxylation and its derivative (the acetyl group) has 
attached to CoA, the resulting acetyl CoA is ready to enter the 
Krebs cycle. 

As acetyl CoA enters the Krebs cycle, CoA detaches from the 
acetyl group. The two-carbon acetyl group combines with a four-
carbon compound called oxaloacetic acid to form the six-carbon 
citric acid. This synthesis reaction requ ires energy, wh ich is pro-
vided by the cleavage of the high -energy bond between the acetyl 
group and CoA. The formation of citric acid is thus the first step 
in the Krebs cycle. The major chemical reactions of this cycle are 
outlined in Figure 5.13; a more detailed representation of the 
Krebs cycle is provided in Figure A5 in Appendix A. Keep in 
mind that each reaction is catalyzed by a specific enzyme. 

The chemical reactions of the Krebs cycle fall into several 
general categories; one of these is deca rboxylation. For example, 
in step EJ isocitric acid , a six-carbon compound, is decarboxy-
lated to the five-carbon compound called a -ketoglutaric acid. 
Another decarboxylation takes place in step O . Because one 
decarboxylation has taken place in the preparatory step and two 
in the Krebs cycle, all three carbon atoms in pyruvic acid are 
eventually released as CO2 by the Krebs cycle. This represents the 
conversion to CO2 of all six carbon atoms contained in the orig-
inal glucose molecule. 

Another general category of Krebs cycle chemical reactions is 
oxidation-reduction. For example, in step g , two hydrogen 
atoms are lost during the conversion of the six-carbon isocitric 
acid to a five -carbon com pound. In other words, the six-carbon 
compound is oxidized. Hydrogen atoms are also released in the 
Krebs cycle in steps 0 , 0 , and Q and are p icked up by the coen-
zymes NAD+ and FAD. Because NAD+ picks up two electrons 
but only one additional proton, its reduced form is represented as 
NADH; however, FAD picks up two complete hydrogen atoms 
and is reduced to FADH2. 
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co, 

Acetyl CoA CoA 

o 
Oxaloacetic acid 

o 
Malic acid 

Citric acid 

Isocitric acid 

o A turn of the cycle begins as 
enzymes strip off the CoA 
portion from acetyl CoA and 
combine the remaining 
two-carbon acetyl group with 
oxaloacetic acid. Adding the 
acetyl group produces the 
six-carbon molecule citric acid. 

• -0 generate 
NAOH. Step 2 is a rearrange-
ment. Steps 3 and 4 combine 
oxidations and 
lations to dispose of two 

0 -0 Enzymes rearrange 
chemical bonds, producing three 
different molecules before 
regenerating oxaloacel ic acid. Krebs cycle carbon atoms that came from 

oxaloacetic acid. The carbons 
are released as CO2• and the 
oxidations generate NAOH from 
NAO·. During the second 
oxidation (step 4), CoA is added 
into the cycle, forming the com-
pound succinyl CoA. 

In step 6, an oxidation pro-
duces FADHz.ln step 8, a final 

generates NAOH and 
converts malic acid 10 
acetic acid, which is ready to 
enter another round of the 
Krebs cycle. 

e ATP is produced by sub-
strate-level phosphorylation. 
CoA is removed from succinyl 
CoA, leaving succinic acid. 

o 

Fumaric acid 

o 

o 
co, 

a-Ketoglutaric acid 

COA-::. CN"AD_>-.,. o NADH 

Succinyl CoA 

AOP + 0 ; 
Figure 5 _13 The Krebs cycle. The inset indicates the relationship of the Krebs cycle to the 
overal l process of respiration. A more detailed vers ion of the Krebs cycle is presented in Figure A5 
in Appendix A. 

Q What are the products of the Krebs cycle? 

If we look at the Krebs cycle as a whole, we see that for every 
two molecules of acetyl CoA that enter the cycle, four molecules of 
CO2 are liberated by decarboxylation, six molecules of NAD H and 
two molecules of FADH2 are produced by oxidation-reduction 
reactions, and two molecules of ATP are generated by substrate-
level phosphorylatio n. Many of the intermediates in the Krebs 
cycle also playa role in other pathways, especially in amino acid 
biosynthesis (page 146). 

The CO2 produced in the Krebs cycle is ultimately liberated 
into the atmosphere as a gaseous by-product of aerobic respira-
tion. (Humans produce CO2 from the Krebs cycle in most cells 
of the body and discharge it through the lungs during exhala-
tion.) The reduced coenzymes NAD H and FADH2 are the most 
important products of the Krebs cycle because they con tain most 
of the energy originally stored in glucose. During the next phase 
of respiration, a series of reductions indirectly transfers the 
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Figure 5.14 An electron transport chain (system). The Inset indicates the relationship of the 
electron transpon chain to the overall process of respiration. In the mitochondrial electroo transport 
chain shown, the electrons pass along the cham in a gradual and stepwise fashion, so energy is 
released in manageable quantities. To learn where AlP is formed. see Figure 5_16_ 

Q What am the functions of tho electron transport chain? 

energy stored in those coenzymes to ATP. These reactions are col-
lectively called the electron transport chain. Animations Krebs 
Cycle: Overview, Steps. www.microbiologyplace.com 

The Electron Transport Chain (System) An electron transport 
chain (system ) consists of a sequence of carrier molecules that are 
capable of oxidation and reduction. As electrons are passed 
through the chain, there occurs a step\vise release of energy, which 
is used to drive the chemiosmotic generation of ATP, to be 
described shortly. The fi nal oxidation is irreversible. In eukaryotic 
cells, the electron transport chain is contained in the inner 
membrane of mitochondria; in prokaryotic cells, it is found in the 
plasma membrane. 

There are three classes of carrier molecules in electron trans-
port chains. The fi rst are Oavoproteins. These proteins contain 
fla vin, a coenzyme derived from riboflavin (vitam in 8 2). and are 
capable of performing alternating oxidations and reductions. One 
important flavin coenzyme is flavin mononucleotide (FMN). The 
second class of carrier molecules arc cytochromes, proteins with 
an iron-contain ing group (heme) capable of existing alternately 
as a reduced form (FeH ) and an oxid ized form (FeH ). The 
cytochromes involved in electron transport chains include 
cytochrome b (cyt b), cytochrome e, (cyt e,), cytochrome e (cyt e) , 
cytochrome a (cyt a), and cytochrome (/J (cyt aJ). The third class 
is known as ubiquino nes, or coenzym e Q. symbolized Q; these 
are small nonprotein carriers. 

The electron transport chains of bacteria are somewhat 
diverse, in that the particular carriers used by a bacterium and 

the order in which they function may differ from those of other 
bacteria and from those of eukaryotic mitochondrial systems. 
Even a single bacterium may have several types of electron trans-
port chai ns. However, keep in mind that all electron transport 
chains achieve the same basic goal: to release energy as electrons 
are transferred from higher-energy compounds to lower-energy 
compounds. Much is known abou t the electron transport chain 
in the mitochondria of eukaryotic cells, so this is the chain we 
will describe. 

The first step in the mitochondrial electron transport chain 
involves the transfer of high-energy electrons from NADH to 
FMN, the first carrier in the chain (figure 5.14). This transfer 
actually involves the passage of a hydrogen atom with two elec-
trons to FMN, which then picks up an additional H+ from the 
su rrounding aqueous medium. As a result of the first transfer, 
NADH is oxidized to NAD +, and FMN is reduced to FMNH2• In 
the second step in the electron transport chai n, FMN Hl passes 
2H+ to the other side of the mitochondrial membrane (sec 
Figure 5.16) and passes two electrons 10 Q. As a result, FMNH2 
is oxidized to FMN. Q also picks up an additional 2H + from the 
su rrounding aqueous medium and releases it on the o ther side of 
the membrane. 

The next part of the electron transport chain involves the 
cytochromes. Electrons arc passed successively from Q to cyt b, 
cyt c" cyt c, cyt a, and cyt a". Each cytochrome in the chain is 
reduced as it picks up electrons and is oxidized as it gives up elec-
trons. The last cytochrome, cyt a J> passes its electrons to molecular 
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Figure 5.15 Che miosmosis. An overview of 
the mechanism of chemiosmosis. The membrane 
shown could be a prokaryotic plasma membrane. 
a eukaryotic mitochondrial membrane. or a 
photosynthetic thylakoid. The numbered steps are 
described in the text. 

Q What is the proton motive force? 

--

oxygen (02), which becomes negatively charged and then picks up 
protons from the surrounding medium to form H20. 

Notice that Figure 5.14 shows FADH 2, which is derived from 
the Krebs cycle, as another source of electrons. However, FADH2 
adds its electrons to the electron transport chain at a lower level 
than NADH. Because of this, the electron transport chain pro-
duces about one-third less energy for ATP generation when 
FADH 2 donates electrons than when NADH is involved. 

An important feature of the electron transport chain is the 
presence of some carriers, such as FMN and Q, that accept and 
release protons as well as electrons, and other carriers, such as 
cytochromes, that transfer electrons only. Electron flow down the 
chain is accompanied at several points by the active transport 
(pumping) of protons from the matrix side of the inner mito-
chond rial membrane to the opposite side of the membrane. The 
result is a buildup of protons on one side of the membrane. Just 
as water behind a dam stores energy that can be used to generate 
electricity, th is buildup of protons p rovides energy for the gener-
ation of ATP by the chemiosmotic mechanism. 

The Chemiosmotic Mecha nism of ATP Generation The mech -
anism of ATP synthesis using the electron transport chain is called 
chemiosmosis. 'Ib understand chemiosmosis, we need to recall 
several concepts that were introduced in Chapter 4 as part of the 
section on the movement of materials across membranes (page 
91). Recall that substances diffuse passively across membranes 
from areas of high concentration to areas of low concentration; 
this diffusion yields energy. Recall also that the movement of sub-
stances against such a concentration gradient requires energy and 
that, in such an active transport of molecules or ions across biolog-
ical membranes, the required energy is usually provided by ATP. In 

High Wconcentralion 

o 

Electrons from 
NADH or 
chlorophyll 

ADP+ O 

Low Wconcentration 

ATP 

chemiosmosis, the energy released when a substance moves along 
a gradient is used to synthesize ATP. The "substance" in this case 
refers to protons. In respirat ion, chemiosmosis is responsible for 
most of the ATP that is generated. The steps of chemiosmosis are 
as follows (Figure 5.15 and Figure 5.16): 

o As energetic electrons from NADH (or chlorophyll) pass 
down the electron transport chain, some of the carriers in 
the chain pump- actively transport- protons across the 
membrane. Such carrier molecules are called protOll pumps. 

G The phospholipid membrane is normally impermeable to 
protons, so this one-d irectional pumpi ng establishes a pro-
ton gradient (a difference in the concentrations of protons 
on the two sides of the membrane). In add ition to a concen-
tration grad ient, there is an electrical charge gradient. The 
excess H + on one side of the membrane makes that side 
positively charged compared with the other side. The result-
ing electrochemical gradient has poten tial energy, called the 
proton motive force. 

E) The protons on the side of the membrane with the higher 
proton concentration can diffuse across the membrane only 
through special protein channels that contain an enzyme 
called ATP synthase. When this flow occurs, energy is 
released and is used by the enzyme to synthesize ATP from 
ADP and OJ. 

Figure 5.16 shows in detail how the electron transport chain oper-
ates in eukaryotes to drive the chemiosmotic mechanism. 
o Energetic electrons from NADH pass down the electron trans-
port chains. Within the inner mitochondrial membrane, the 
carriers of the electron transport chain are organized into three 
complexes, with Q transport ing electrons between the first and 
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Figure 5.16 Electron transport and the chemiosmotic generation of ATP. Electron 
carriers are organized mto three complexes. and protons (H+) are pumped across the membrane at 
three points. In a prokaryotic cell. protons are pumped across the plasma membrane from the 
cytoplasmic Side. In a eukaryotic cel l. they are pumped from the matrix side of the mitochondrial 
membrane to the opposite side. The flow of electrons is indicated with red arrows. 

Q Where does chemiosmosis occur in eukaryoles? In pmkaryotes? 

second complexes. and cyt c transporting them between the second 
and third complexes. e Three components of the system pump 
protons: the first and third complexes and Q. At the end of the 
chain, elcxtrons join with protons and oxygen (0 2) in the matrix 
fluid to form water (H20). Thus, O2 is the final electron acceptor. 

Both prokaryotic and eukaryotic cells use the chemiosmotic 
mechanism to generate energy for ATP production. However, in 
eukaryotic cells, e the inner mitochond rial membrane contains 
the electron transport carriers and AIP synthase, whereas in most 
prokaryotic cells, the plasma membrane does so. An electron 
transport chain also operates in photophosphorylation and is 
located in the thylakoid membrane of cyanobacteria and eukary-
otic chloroplasts. 

A Summary of Aerobic Respiration The electron transport 
chain regenerates NAD+ and FAD, which can be used again in gly-
colysis and the Krebs cycle. Ihe various electron transfers in the 
electron transport chain generate about 34 molecules of AIP from 
each molecule of glucose oxidized: approximately three from each 
of the ten molecules of NADH (a total of 30), and approximately 
two from each of the two molecules of FADH2 (a total of four). To 
arrive at the total number of AIP molecules generated for each 
molecule of glucose, the 34 from chemiosmosis arc added to those 
generated by oxidation in glycolysis and the Krebs cycle. In aerobic 
respiration among prokaryotes, a total of 38 molecules of AIP can 
be generated from one molecule of glucose. Note that four of those 
AIPs come from substrate-level phosphorylation in glycolysis and 
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Table 5.3 ATP Yield during Prokaryotic Aerobic Respiration of One Glucose Molecule 

Souro. ATP Yietd (Method) 

Glycolysis 
1. Oxidation of glucose to pyruvic acid 

2. Production of 2 NADH 

Preparatory Step 
1. Formation of acetyl GoA produces 

2 NADH 

Krebs Cycle 
1. Oxidation of succinyl CoA to 

succinic acid 

01, "., zh 

- AlP 

- ... 
I 

2 AlP (substrate-level phosphorylation) 

6 AlP (oxidative phosphorylation in 
electron transport chain) 

6 AlP (oxidative phosphorylation in 
electron transport chain) 

<:. 
ElK""" 
tr .. _cIIoln 
ond <_.mo.l. 

2 GlP (equivalent of AlP: substrate-level phosphorylation) 

2. Production of 6 NADH 18 AlP (oxidative phosphorylation in electron transport chain) 

3. Production of 2 FADH 4 AlP (oxidative phosphorylation in electron transport chain) 

lotal: 38 AlP 

the Krebs cycle. Table 5.3 provides a detailed accounting of the ATP 
yield during prokaryotic aerobic respiration . 

Aerobic respiration among eukaryotes produces a to tal of 
only 36 molecules of ATP. T here are fewer AT Ps than in 
prokaryotes because some energy is lost when electrons are 
shuttled across the mitochondrial membranes that separate 
glycolysis (in the cytoplasm ) from the electron transport 
chain . No such separation exists in prokaryotes. We can now 
summarize the overall reaction for aerobic respiratio n in 
prokaryotes as follows: 

C6H t20 6 + 6 O 2 + 38 ADP + 38 0 i 
Glucose Oxygen 

6 CO2 + 6 H20 + 38 ATP 
Carbon 
dioxide 

Water 

A summary of the various stages of aerobic respiration m 
prokaryotes is presented in Figure 5.17. 

Anaerobic Respiration 
In anaerobic respiration, the final electron acceptor is an inor-
gan ic substance other than oxygen (0 2) , Some bacteria, such as 
Pseudomonas and Bacillus, can use a nitrate ion (N03 - ) as a 
final electron acceptor; the nitrate ion is reduced to a nitrite ion 
(N02 - j , nitrous oxide (N 20), or nitrogen gas (N 2) . O ther bac-
teria, such as Desulfovibrio (de-sul-f6 -vib're-6 ), use sulfate 
(50/ - ) as the final electron acceptor to form hydrogen sulfide 
(H 2S). Still other bacteria use carbonate (CO/ - ) to form 
methane (CH4j . Anaerobic respiration by bacteria using nitrate 

and sulfate as final acceptors is essential for the nitrogen and 
sulfur cycles that occur in nature. The amount of ATP generated 
in anaerobic respirat ion varies with the organism and the path-
way. Because only part of the Krebs cycle operates under anaer-
obic conditions, and because not all the carriers in the electron 
t ransport chain participate in anaerobic respiration, the ATP 
yield is never as high as in aerobic respiration . Accordingly, 
anaerobes tend to grow more slowly than aerobes. Animations 
Electron Transport Chain: Overview, The Process, Factors Affecting 
ATP Yield. www.microbiologyplace.com 

CHECK YOUR UNDERSTANOING 

./ What are the principal products of the Krebs cycle? 5-13 

./ How do carrier molecules function in the electron transport 
chain? 5-14 

./ Compare the energy yield (ATP) of aerobic and anaerobic 
respiration. 5-15 

Fermentation 
After glucose has been broken down into pyruvic acid, the pyruvic 
acid can be completely broken down in respiration, as previously 
described, or it can be converted to an organic product in fermen-
tation, whereupon NAO+ and NAOP+ are regenerated and can 
enter another round of glycolysis (see Figure 5.11) . Fermentation 
can be defined in several ways (see the box, page 135), but we 
define it here as a process that 

I. releases energy from sugars or o ther organic molecules, such 
as amino acids, organic acids, purines, and pyrimidines; 
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FLOW OF ELECTRONS ATP PRODUCTION 
Figure 5.17 A summary of aerobic respiration 
in prokaryotes. Glucose is broken down completely 
to carbon dioxide and water, and ATP is generated. 
This process has three major phases : glycolysis, the 
Krebs cycle. and the electron transport chain. The 
preparatory step is between glycolysis and the Krebs 
cycle. The key event in aerobic respiration is that 
electrons are picked up from intermediates of 
glycolysis and the Krebs cycle by NAD+ or FAD and 
are carried by NADH or FADH2 to the electron 
transport chain. NAOH is also produced during the 
conversion of pyruvic acid to acetyl CoA Most of the 
ATP generated by aerobic respiration is made by the 
chemiosmotic mechanism during the electron 
transport chain phase: this is called oxidative 
phosphorylat ion. 

G_ 
Glucnse 

2 NADH 

2COZ_, 

+2 H+ 
Preparalory slep 

.NADH 

10 NADH +10W 

(Total) 

Electrons 

Electron 
transport 
chain and 
chemiosmosis 

Krebs 
cycle 

2. does not require oxygen (but sometimes can occur in ils 
presence); 

3. does not require the use of the Krebs cycle or an electron 
transport chain; 

4. uses an organic molecule as the final electron acceptor; 

6 CO2 
(Total ) 

5. produces only small amounts of ATP (only one or two ATP 
molecules for each molecule of starting material) because 
much of the original energy in glucose remains in the 

Q How do aerobic and anaerobic respiration 
differ? 

chemical bonds of the organic end-products, such as lactic 
acid or ethanol. 

During fermentation, electrons are transferred (along 
with protons) from reduced coenzymes (NADH, NADPH) to 
pyruvic acid or its derivatives (Figure 5.18a). Those final elec-
tron acceptors are reduced to the end- products shown in 
Figure 5.18b. An essential function of the second stage of 
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and COz 
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Propionic aCid. 
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Clostridium 
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Figure 5.18 Fermentation. The inset indicates the relationship of fermentation to the overall 
energy-producing processes. Ca) An overview of fermentation. The first step is glycolysis, the 
conversion of glucose to pyruvic acid. In the second step. the reduced coenzymes from glycolysis 
or its alternatives CNADH. NADPH) donate their electrons and hydrogen ions to pyruvic acid or a 
derivative to form a fermentation end-product (b) End-products of various microbial fermentations. 

Q During which phase of fermentation is ATP generated? 

,---2ADP 

2 

EscheriChia. 
Salmonella 

Ethanol, 
lactic acid, 
succinic acid, 
acetic acid, 
CO2, and Hz 

Enterobacter 

Ethanol, lactic 
aCid. formiC acid, 
butanediol, acetoin, 
CO2, and Hz 

fe rmentation is to ensure a steady supply of NAD+ and 
NADP+ so that glycolysis can continue. In fermentation, ATP 
is generated only during glycolysis. 

Microorganisms can ferment vario us substrates; the 
end-products depend on the particular microorganism, the 

substrate, and the enzymes that arc prese nt and active. 
Chemical analyses of these end-products arc useful in identi-
fying microorganisms. We next consider two of the more 
important processes: lactic acid fermentation and alcohol 
fe rmentation. 



What Is Fermentation? 
To many people, fermentation 
simply means the production of 
alcohol: grains and fruits are fermented to 
produce beer and wine. II a food soured. you 
might say it was ·off' or fermented. Here are 
some definitions of fermentation. They range 
from informal, general usage \0 more scien-
tific definitions. 

4. Any energy-releasing metabolic process 
that takes place only under anaerobic 
condi tions (becoming more 

and uses an organic molecule as 
the final electron acceptor (this is the 

definition we use 
in this book) scientific) 

1. Any spoilage of food by microorganisms 
(general use) 

5. Any metabolic process 
thai releases energy 
from a sugar or other 
organic molecule, does 
not require oxygen or 
an electron trans-

2. Any process that produces alcoholic 
beverages or acidic dairy products 
(general use) 

3. Any large-scale microbial process occur-
ring with or without air (common defini-
tion used in industry) 

lactic Acid Fermentation 

port system, 

During glycolysis. which is the first phase of lactic acid 
fermentation, a molecule of glucose is oxid ized to two mole-
cules of pyruvic acid (Figure 5.19; see also Figure 5.10). This 
oxidation generates the energy that is used to form the two 
molecu les of ATP. In the next step, the two molecules of pyruvic 
acid arc reduced by two molecules of NADH to form two mol-
ecules o f lactic acid (Figure 5.19a). Because lactic acid is the 
end-product of the reaction, it undergoes no furt her oxidation, 
and most of the energy produced by the reaction remains stored 
in the lactic acid. Thus, this fermen tation yields only a small 
amount of energy. 

Two impo rtant genera of lactic acid bacteria arc 
SrreptocoCCljS and Lactobacil/us (\ak-t6-bii-sil'lus). Because these 
microbes produce only lactic acid, they are referred to as 
homolaclic (o r IlOmo!ermelltative). Lactic acid fermen tation 
can result in food spoilage. However, the process can also pro-
duce yogurt from milk, sauerkraut from fresh cabbage, and 
pickles from cucumbers. 

Alcohol Fermentation 
Alcohol fermentalion also begins with the glycolysis of a mole-
cule of glucose to yield two molecules of pyruvic acid and two 
molecules of ATP. In the next reaction, the two molecules of 
pyruvic acid are converted to two molecules of acetaldehyde and 

two molecules of CO2 (Figure 5.19b). The two molecules of 
acetaldehyde are next reduced by two molecules of NAD H to 
form two molecules of ethanol. Again. alcohol fermentation is a 
low-energy-yield process because most of the energy conta ined 
in the initial glucose molecule remains in the ethanol, the 
end-product. 

Alcohol fermentation is carried out by a number of bacteria 
and yeasts. The ethanol and carbon dioxide produced by the 
yeast Saccharomyces (sak-ii-ro-mi'ses) are waste products for 
yeast cetls but are useful to humans. Ethanol made by yeasts is the 
alcohol in alcoholic beverages, and carbon dioxide made by 
yeasts causes bread dough to rise. 

Organisms that produce lactic acid as well as other acids or 
alcohols are known as heterolactic (or hetero!crmclltative) and 
often use the pentose phosphate pathway. 

Table 5.4 lists some of the various microbial fe rmentations 
used by industry to convert inexpensive raw materials into use-
fu l end-products. Table 5.5 provides a summary comparison of 
aerobic respiration, anaerobic respiration, and fermentation. 
Animation Fennentation. _.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

.,f Ust four compounds thaI can be made from pyruvic acid by an 
organism that uses fermentation. 5-16 

135 
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Figure 5.19 Types of fe rmentation. 

Q What is the difference between homolaetie and hetemlaetie 
fennentation? 

Lipid and Protein Catabolism 
LEARNING OBJECTIVE 

5-17 Describe how lipids and proteins undergo catabolism. 

+ 2 H' 

Our discussion of energy production has emphasized the oxida-
tion of glucose, the main energy-supplying carbohydrate. 
However, microbes also oxidize lipids and proteins, and the oxi-
dations of all these nutrients are related . 

Recall that fats are lipids consisting of fatty acids and glycerol. 
Microbes produce extracellular enzymes called lipases that break 
fats down into their fatty acid and glycerol components. Each 
component is then metabolized separately (Figure 5.20). The 
Krebs cycle functions in the oxidation of glycerol and fatty acids. 
Many bacteria that hydrolyze fatty acids can use the same 

Glycerol 

Dihydroxyacetone -,. ---'--

Lipids (fats) 

Krebs 
cycle 

Lipase 

Fatty acids 

Figure 5 .20 Lipid catabolis m. Glycerol is converted into 
phosphate (DHAP) and catabolized via glycolysis and 

the Krebs cycle. Fatty acids undergo beta-oxidation, in which carbon 
fragments are split off two at a time to form acetyl CoA, which is 
catabolized via the Krebs cycle. 

Q What is the mle of lipases? 

enzymes to degrade petroleum products. Although these bacteria 
are a nuisance when they grow in a fuel storage tank, they are ben-
eficial when they grow in oil spills. Beta-oxidation (the oxidation 
of fatty acids) of petroleum is illustrated in the box in Chapter 2 
(page 33) . 

Proteins are too large to pass unaided through plasma mem-
branes. Microbes produce extracellular proteases and peptidases, 
enzymes that break down proteins into their component amino 
acids, which can cross the membranes. However, before amino 
acids can be catabolized, they must be enzymatically converted to 
other substances that can enter the Krebs cycle. In one such con-
version, called deamina tion, the amino group of an amino acid is 
removed and converted to an ammonium ion (NH4 +), which can 
be excreted from the cell. The remaining organic acid can enter the 
Krebs cycle. Other conversions involve decarboxylation (the 
removal of -COOH ) and dehydrogena tion. 
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Table 5.4 Some Industrial Uses for Different Types of Fermentations· 

Fe. mentation 

Ethanol 

Acetic Acid 

Lactic Acid 

Propionic Acid and 
Carbon Dioxide 

Acetone and Butanol 

Glycerol 

Citric Acid 

Methane 

Sorbose 

Industrial or 
CommefClal Use 

Beer 

Wine 

Fuel 

Vinegar 

Cheese, yogurt 

Rye bread 

Sauerkraut 

Summer sausage 

Swiss cheese 

Pharmaceutical, 
industrial uses 

Pharmaceutical, industrial 
uses 

Flavoring 

Fuel 

Vitam in C (ascorbic acid) 

Starting Material 

Malt extract 

Grape or other fruit juices 

Agricultural wasles 

Ethanol 

Milk 

Grain, sugar 

Cabbage 

Meat 

Lactic acid 

Molasses 

Molasses 

Molasses 

Acetic acid 

Sorbitol 

Microorganism 

Saccharomyces cerevisiae 
(yeast, a fungus) 

Saccharomyces cerevisiae (yeast) 

Saccharomyces cerevisiae (yeast) 

Acetobacter 

Lactobacillus, Streptococcus 

Lactobacillus delbruck.ii 

Lactobacillus plantarum 

Pediococcus 

Propionibacterium freudenreichii 

Clostridium acelobutylicum 

Saccharomyces cerevisiae (yeast) 

Aspergillus (fungus) 

Methanosarcina 

Gluconobacter 

·Unless otherwise noted. the microorganisms listed are bacteria. 

Table 5.5 Aerobic Respiration, Anaerobic Respiration, and Fermentation Compared 

Energy-Ploducing Final Hydrogen Type of PholfJlloryiadon ATP Molecules Ploduced - ... Growth Conditions (Elecbon) Acceptor Used to Gene.ate ATP per Glucose Motecule 

Aerobic Aerobic Molecular oxygen (0 2) Substrate-level and oxidative 36 (eukaryotes) 
Respiration 38 (prokaryotes) 

Anaerobic Anaerobic Usually an inorganic Substrate-level and oxidative Variable (fewer than 38 
Respiration substance (such as but more than 2) 

N03- .S0,2- . or 
COl- ) but nol molecular 
oxygen (O:zJ 

Fermentalion Aerobic or anaerobic An organic molecule 

A summary of the interrelationships of carbohydrate, lipid, 
and protein catabolism is shown in Figure 5.21. 

CHECK YOUR UNDERSTANDING 

'" What are the end-products of lipid and protein catabolism? 5-17 

Substrate-level 2 

Biochemical Tests and Bacterial 
Identification 
LEARNING OBJECTIVE 
5-18 Provide two examples of the use of biochemical tests to identify 

bacteria in the laboratory. 
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Figure 5.21 Catabolism of various organic food molecules. Proteins. carbohydrates. and 
lipids can all be sources of electrons and protons for respiration. These food molecules enter 
glycolysis or the Krebs cycle at various points. 

Q What are the catabolic pathways through which high-energy electrons from all kinds of 
organic molecules flow on their energy-releasing pathways? 

Biochemical testing is frequently used to identify bacteria and 
yeasts because different species produce different enzymes. Such 
biochemical tests are designed to detect the presence of enzymes. 
One type of biochemical test is the detection of amino acid 
catabolizing enzymes involved in decarboxylation and dehydro-
genation (discussed on page 122; Figure 5.22) . 

Another biochemical test is a fermentation test. The test 
medium conta ins protein, a single carbohydrate, a pH indicator, 

and an inverted Durham tube, which is used to capture gas 
(Figure 5.23a) . Bacteria inoculated into the tube can use the 
protein or carbohydrate as a carbon and energy source. If they 
catabolize the carbohydrate and produce acid, the pH indicator 
changes color. Some organisms produce gas as well as acid from 
carbohydrate catabolism. The presence of a bubble in the 
Durham tube indicates gas formation (Figure 5.23b-d) . 



Figure 5.22 Detecting amino acid catabolizing enzymes in the 
lab. Bacteria are inoculated in tubes containing glucose. a pH indicator. 
and a specific amino acid. Ca) The pH indicator turns to yellow when 
bacteria produce acid from glucose. Cb) Alkaline products from 
decarboxylation turn the indicator to purple. 

Q What Is decarboxylation? 

Figure 5.23 A fermentation test. (a) An uninoculated fermentation 
tube containing the carbohydrate mannitol. (b) Staphylococcus 
epidermidls grew on the protein but did not use the carbohydrate. This 
organism is described as mannitol - . (e) Staphylococcus aureus 
produced acid but not gas_ This species is mannitol + _ (d) Escherichia coli 
is also mannitol + and produced acid and gas from mannitol, The gas is 
trapped in the inverted Durham tube, 

Q On what is the S. epidermidis growing? 

A E. coli ferments the carbohydrate sorbitol. The 
pathogenic E. coli 0157 strain, however, does not 

ferment sorbitol, a characteristic that d ifferentiates it from non-
pathogenic, commensal E. coli. 

Another example of the use of biochemical tests is shown in 
Figure 10.8 on page 285. 

In some instances, the waste products of one microorganism 
can be used as a carbon and energy source by another species. 
Acetobacter (a-sc-to-bak'ter) bacteria oxidize ethanol made by 

CHAPTER 5 Microbial Metabolism 139 

Figure 5.24 Use of peptone ion agar to detect the production of 
H25_ H2S produced in the tube precipitates with iron in the medium as 
ferrous sulfide. 

Q What chemical reaction causes the release of H2S? 

yeast. Propiollibacterium (pro-pe-on-e-bak-ti're-um ) can use 
lactic acid produced by other bacteria. Propionibacteria convert 
lactic acid to pyruvic acid in preparation for the Krebs cycle. 
During the Krebs cycle, propionic acid and CO2 are made. 
The holes in Swiss cheese are formed by the accumulation of 
the CO2 gas. 

Biochemical tests are used to identify bacteria that cause 
disease. All aerobic bacteria use the electron transport chain 
(ETC) , but not all their ETCs are identical. Some bacteria have 
cytochrome c, but others do not. In the former, cytochrome c 
oxidase is the last enzyme, which transfers electrons to oxygen. 
The oxidase test is routinely used to quickly identify Neisseria 
gOllorrllOeae. Neisseria is positive for cytochrome oxidase. The 
oxidase test can also be used to distinguish some gram-negative 
rods: Pseudomonas is oxidase-positive, and Escherichia is 
oxidase-negative. 

Shigella causes dysentery. Shigella is differentiated from 
E. coli by biochemical tests. Unlike E. coli, Shigella does not pro-
duce gas from lactose and does not produce the enzyme lactate 
dehydrogenase. 

Salmonella bacteria are readily distinguishable from E. coli by 
the production of hydrogen sulfide (H2S). Hydrogen sulfide is 
released when the bacteria remove sulfur from amino acids 
( Figure 5.24). The H 2S combines with iron to form a black pre-
cipitate in a culture medium. 

The box on page 144 describes how biochemical tes ts were 
used to determine the cause of disease in a young child in 
New York City. 

CHECK YOUR UNDERSTANDING 

On what biochemical basis are Pseudomonas and Escherichia 
differentiated? 5-18 
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Photosynthesis 
LEARNING OBJECTIVES 
5-19 Compare and contrast cyclic and noncyclic 

photophosphorylation. 
5-20 Compare and contrast the light-dependent and light- independent 

reactions of photosynthesis. 
5-21 Compare and contrast oxidative phosphorylation and 

photophosphorylation. 

[n all of the metabolic pathways just discussed, organisms obtain 
energy for cellular work by oxidizing organic compounds. But 
where do organisms obtain these organic compounds? Some, 
including animals and many microbes, feed on matter produced 
by other organisms. For example, bacteria may catabolize com-
pounds from dead plants and animals, or may obtain nourish-
ment from a living host. 

O ther organ isms synthesize complex organic compounds 
from simple inorganic substances. The major mechanism for 
such synthesis is a process called photosynthesis. which is used 
by p lants and many microbes. Essentially, photosynthesis is the 
conversion of light energy from the sun into chemical energy. 
The chemical energy is then used to convert CO2 from the 
atmosphere to more reduced carbon compounds, primarily 
sugars. The word photosynthesis summarizes the process: photo 
means light, and synthesis refers to the assembly of o rganic 
compounds. This synthesis of sugars by using carbon atoms 
from CO2 gas is also called carbon f'lXation. Continuation of 
life as we know it on Earth depends on the recycling of carbon 
in this way (see Figure 27.3 on page 769). Cyanobacteria, algae, 
and green plants all contribute to this vital recycling with 
photosynthesis. 

Photosynthesis can be summa rized with the following 
equations: 

I. Plants, algae, and cyanobacteria use water as a hydrogen 
donor, releasing O2. 

6 CO2 + 12 H20 + Light energy-
C6H 120 6 + 6 H20 + 6 O2 

2. Purple sulfur and green sulfur bacteria use 1-1 2S as a hydro -
gen donor, producing sulfur granules. 

6 CO2 + 12 H2S + Light energy-
C6H 120 6 + 6 H20 + 12 S 

In the course of photosynthesis, electrons are taken from hydro-
gen atoms, an energy-poor molecule, and incorporated into 
sugar, an energy-rich molecule. The energy boost is supplied by 
light energy, although indi rectly. 

Photosynthesis takes place in two stages. [n the first stage, 
called the (light) reactions. light energy is used 
to convert ADP and 0 to ATP. [n addition, in the predominant 

form of the light-dependent reactions, the electron carrier 
NADP+ is reduced to NADPI-I . The coenzyme NADPI-I, like 
NADI-I, is an energy- rich carrier of electrons. In the second stage, 
the light-independent (dark) reactions, these electrons are used 
along with energy from ATP to reduce CO2 to sugar. 

The Light-Dependent Reactions: 
Photophosphorylation 
Photophosphorylation is one of the three ways ATP is formed, 
and it occurs only in photosynthetic cells. In this mechanism, 
light energy is absorbed by chlorophyll molecules in the photo-
synthet ic cell, exciting some of the molecules' electrons. The 
chlorophyll principally used by green plants, algae, and cyanobac-
teria is chlorophyll a. It is located in the membranous thylakoids 
of chloroplasts in algae and green plants (see Figure 4.28, page 
106) and in the thylakoids found in the photosynthetic structures 
of cyanobacteria. Other bacteria use bacteriochlorophylls. 

The excited electrons jum p from the chlorophyll to the first 
of a series of carrier molecules, an electron transport chain 
similar to that used in respiration. As electrons are passed along 
the series of carriers, protons are pumped across the mem-
brane, and ADP is converted to ATP by chemiosmosis . In cyclic 
photophosphorylation, the electrons eventually return to 
chlorophyll (Figure 5.25a). In noncyclic photophosphoryla-
tion, which is used in oxygenic organisms, the electrons released 
from chlorophyll do not return to chlorophyll but become 
incorporated in to NADPI-I (Figure 5.25b). The electrons lost 
from chlorophyll are replaced by electrons from H 20. To sum-
marize: the products of noncyclic photophosphorylation are 
ATP (fo rmed by chemiosmosis using energy released in an elec-
tron transport chain), O2 (from water molecules ), and NADPI-I 
(in which the hydrogen electrons and protons were derived 
ultimately from water). 

The Light-Independent Reactions: 
The Calvin-Benson Cycle 
The light-independent (dark) reactions are so named because they 
require no light d irectly. They include a complex cyclic pathway 
called the Calvin-Benson cycle, in which CO2 is "fIXed"-that is, 
used to synthesize sugars (Figure 5.26, see also Figure A.I in Appen-
dix A). Animations Photosythesis: Overview; Comparing Prokaryotes 
and Eukaryotes; light Reaction: Cyclic Photophosphorylation; light 
Reaction: Noncyclic Photophosphorylation; light Independent 
Reactions. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

..r How is photosynthesis important to catabolism? 5-19 

..r What is made during the light-dependent reactions? 5-20 

..r How are oxidative phosphorylation and photophosphorylation 
similar? 5-21 
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Figure 5.25 Photophosphorylation. (a) In cyclic 
photophosphorylation. electrons released from chlorophyll 
by light return to chlorophyl l after passage along the 
electron transport chain. The energy from electron transfer 
is converted to ATP. (b) In noncyclic photophosphorylation. 
electrons released from chlorophyll are replaced by 
electrons from water. The chlorophyll electrons are passed 
along the electron transport chain to the electron acceptor 
NADP+. NADP+ combines with electrons and with 
hydrogen ions from water. forming NADPH. 
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Q How are oxidative phosphorylation and 
photophosphorylation similar? 

, ,.--NADP+ 

light 

w+w 

(b) Noncyclic photophosphorylation 

A Summary of Energy Production 
Mechanisms 
LEARNING OBJECTIVE 
5-22 Write a sentence to summarize energy production in cel ls. 

[n the living world, energy passes from one organism to another 
in the form of the potential energy contained in the bonds of 
chemical compounds. Organisms obtain the energy from oxida-
tion reactions. To obtain energy in a usable form, a cell must 
have an electron (or hydrogen) donor, which serves as an initial 
energy source within the cell. E[ectron donors can be as diverse as 
photosynthetic pigments, glucose or other organic compounds, 
elemental sulfur, ammonia, or hydrogen gas (Figure 5.27). Next, 
electrons removed from the chemical energy sources are trans-
ferred to electron carriers, such as the coenzymes NAD +, 
NADP+, and FAD. This transfer is an oxidation-reduction reac-
tion; the initial energy source is oxidized as this first electron car-
rier is reduced. During th is phase, some ATP is produced. In the 

third stage, electrons are transferred from electron carriers to 
thei r final electron acceptors in further oxidation-reduction reac-
tions, producing more ATP. 

[n aerobic respiration, oxygen (0 2) serves as the final electron 
acceptor. In anaerobic respiration, inorganic substances o ther 
than oxygen, such as nitrate ions (NO) - ) or sulfate ions (SOl - ), 
serve as the final electron acceptors. In fermentation, organic 
compounds serve as the final electron acceptors. In aerobic and 
anaerobic respiration, a series of electron carriers called an elec-
tron transport chain releases energy that is used by the mecha-
nism of chemiosmosis to synthesize ATP. Regardless of their 
energy sources, all organisms use simila r oxidation-reduction 
reactions to transfer electrons and similar mechanisms to use the 
energy released to produce ATP. 

CHECK YOUR UNDERSTANDING 

-r Summarize how oxidation enables organisms to get energy from 
glucose. sulfur. or sunlight. 5-22 
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Figure 5.26 A simplified version of the 
Calvin-Benson cycle. This diagram shows 
three turns of the cycle. in which three molecules 
of CO2 are fixed and one molecule of 
glyceraldehyde 3-phosphale is produced and 
leaves the cycle. Two molecules of glyceraldehyde 
3-phosphate are needed 10 make one molecule of 
glucose. Therefore. the cycle must turn six times 
for each glucose molecule produced. requiring a 
total investment of 6 molecules of CO2• 18 
molecules of ATP. and 12 molecules of NADPH. A 
more detailed version of this cycle is presented in 
Figure A 1 in Appendix A 

Ribulose diphosphate 3-phosphoglyceric acid 

Q In the Calvin-Benson cycle, which molecule 
is used to synthesize sugars? 

3 

3 ADP 

Calvln·Benson cycle 

;--6 

6ADP 

1 ,3-diphosphoglyceric acid 

r-- 6 

6 NADp· 

Glyceraldehyde 
3-phosphate 

Glyceraldehyde 
3-phosphate 

Output 

Glyceraldehyde 3-phosphate 

Glyceraldehyde 3-phosphate 

Metabolic Diversity among 
Organisms 
LEARNING OBJECTIVE 

5-23 Categorize the various nutritional patterns among organisms 
according to carbon source and mechanisms of carbohydrate 
catabol ism and ATP generation. 

We have looked in detail at some of the energy-generating meta-
bolic pathways that are used by animals and plants, as well as by 
many microbes. Microbes are distinguished by their great meta-
bolic diversity, however, and some can sustain themselves on 

GllJCOSe and other suga 

inorganic substances by using pathways that are unavailable to 
either plants or animals. All organisms, including microbes, can be 
classified metabolically according to their nlltritional paNern-
their source of energy and their source of carbon. 

First considering the energy source, we can generally classify 
organisms as phototrophs o r chemotrophs. Phototrophs use 
light as their primary energy source, whereas chemotrophs 
depend on oxidation-reduction reactions of inorganic or organic 
compounds for energy. For their principal carbon source, 
autotrophs (self-feeders) use carbon dioxide, and heterotrophs 
(feeders on others) require an organic carbon source. Autot rophs 
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Figure 5.27 Requirements of ATP production. The production of 
AlP requires 0 an energy source (electron donor). e the transfer of 
electrons to an electron carrier during an oxidation-reduction reaction. 
and 0 the transfer of electrons to a final electron acceptor. 

Q Are energy-generating reactions oxidations or reductions? 

CHAPTER 5 M icrobial Metabol ism 143 

are also referred to as lithotrophs (rock eating), and heterotrophs 
are also referred to as orgal1otrophs. 

If we combine the energy and ca rbon sources, we derive 
th e following nu tritional class ifica tions for o rgani sms: 
ph otoau tot rophs, photolleterotrophs, chemoauto trophs, and 
chemoheterotrophs (Figure 5.28) . Almost all of the medically 
important microorganisms disc ussed in this book are chemo-
heterotrophs. Typically, in fec tiou s organi sms catabolize sub -
stances obtain ed from the host. 

Photoautotrophs 
Photoautotrophs use light as a source of energy and carbon 
dioxide as their chief source of carbon. They include photosyn-
thetic bacteria (green and purple bacteria and cyanobacteria), 
algae, and green plants. In the photosynthetic reactions of 
cyanobacteria, algae, and green plants, the hydrogen atoms of 
water are used to reduce carbon dioxide, and oxygen gas is given 
off. Because this photosynthetic process produces 0 2> it is some-
times called oxygenic. 

In addition to the cyanobacteria (see Figure 11.13, page 
3 14), th ere a re several oth er famili es of photosyntheti c 
prokaryotes. Each is classified according to the way it reduces 
CO2, These bacteria cannot use H20 to reduce CO2 and cannot 
carryon photosynthesis when oxygen is present (they mu st 
have an anaerobic environment ). Consequently, their photo-
synth et ic process does not produce O 2 and is called 

I Energy source I 
Chemical + 

Chemotrophs 

I 
I Carbon source 

Organic compounds + 
Chemoheterotrophs 

I 
Final electron acceptor 

I 
D, + 

All animals, 
most fungi. 
protozoa. 
bacteria 

I 
rl-- Not02 I 

Organic Inorganic 
compound compound + + 

Fermentative: 
Streptococcus, 

for example 

Electron 
transport chain: 

Clostridium, 
for example 

Figure 5_28 A nutritional classification of organisms. 
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Q What is the basic diHerence between chemotrophs and phototrophs? 
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{plants, algae, 
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Human Tuberculosis-New York City 
As you read through this box, you will 
encounter a series of questions that labora-
tory technicians ask themselves as they 
identify bacteria. Try to answer each ques-
tion before going on to the next one. 

1. A 15-month old, U.S.-born boy in New 
York City died of peri toneal tuberculosis 
{TBJ, Caused by one of several closely 
related species in the Mycobacterium 
tuberculosis complex. T9 is a reportable 
condition in the United States. Peritoneal 
19 is a disease of the intestines and 
abdominal cavity. 
What organ III usually associated with 
tuberculosis? How might someone get 
peritoneal T81 

2. Pulmonary T6 is contracted by inhaling 
the bacteria; ingesting the bacteria can 
result in peritoneal TB. The fi rst step is 
observing acid-fast bacteria in nodules 
on the boy's organs. 
What Is the next step? 

3. Speciation of the M. tuberculosis com-
plex is done by biochemical testing in 
reference laboratones (figure A). The 
bacteria need to be grown in culture 
media. Slow-growing mycobacteria may 
take up to 6 weeks to form colonies. 
After colonies have been Isolated, 
what Is the next step? 

4. In this case. the bacteria are slOW-grooMng. 
According to the identlficalion scheme, the 
urease lest should be per1onned. 
What is the result shown In Figure 8? 

5. The urease test is posi tive. 
What test is done next? 

6. The nitrate reduction test is perfonned. 
It shows that the bacteria do not pro-
duce the enzyme nitrate reductase. 
What is the bacterium? 

7. M. bovis is a pathogen that primarily 
infects cattle. However, humans also can 
become infected, most commonly by 
consuming unpasteurized milk products 
from infected cows. In industrialized 
nations, human TB caused by M. bovis is 
rare because of milk pasteurization and 

Acid-last mycobacteria 

Slow-growing 

Urease test 

Nitrate reductase test M. avivm 

Figure A An identification scheme 
for selected species of slow-growing 
mycobacteria. 

M. tvoorev/osis M. bovis 

Test ContrOl 

Figure B The urease test. In a pOSitive test, 
bacterial urease hydrolyzes urea, prodUCing 
ammonia. The ammonia raises the pH. and the 
indicator in the medium turns to fuchSia 

culling of infected cattle herds. This 
investigation identified 35 cases of 
human M. bovis infection in New York 
City. Fresh cheese brought from Mexico 
was a likely source of infection. No evi-
dence of human-to-human transmission 
has been found. Products from unpas-
teurized cow·s milk have been associaled 
with certain infectious diseases and 
carry the risk of transmitting M. bovis if 
imported from countries where the bac-
terium is common in caUle. Everyone 
should avoid consuming products from 
unpasteurized cows milk. 

Sovrce Adapted from MMWR 54(24) 605-608. 
June 24. 2005 

anoxygenic_ The anoxygen ic photoautotrophs are the green 
and purple bacteria. The green bacteria, such as Clilorobillm 
(kIO-ro'be-um), use sulfur (5), sulfur compounds (such as 
hydrogen sulfide, H2S), or hydrogen gas (H1) to reduce carbon 
dioxide and fo rm organic compounds. Applying the energy 
from light and the appropriate enzymes, these bacteria oxidize 
sulfide (52- ) or sulfur (5) to su lfate (50/ - ) or oxidize hydro-
gen gas to water (H 20). Th e purple bacteria, such as 
Cilromatilull (kro-ma'te-um), also use sulfur, sulfur com-
pounds, or hydrogen gas to reduce ca rbon dioxide. They are 

distinguished from the green bacteria by their type of chloro-
phyll, location of stored sulfur, and ribosomal RNA. 

, •• 

The ch lorophylls used by these photosynthetic bacteria are 
called bacteriochloropllylls, and they absorb light at longer wave-
lengths than that absorbed by chlorophyll a. Bacterio-
chlorophylls of green sulfur bacteria are found in vesicles called 
chlorosomes (or chlorobium vesicles) underlying and attached to 
the plasma membrane. In the purple sulfur bacteria, the bacteri-
ochlorophylls are located in invaginations of the plasma mem -
brane (ch romatopltores ). 
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Table 5.6 Photosynthesis Compared in Selected Eukaryotes and Prokaryotes 

' ......... PmIuuyotM 

Algae, Plants Cyanobacteria Green Bacteria PurpJe Bacteria 

Substance That H atoms of H atoms of Sulfur. sulfur Sulfur. sulfur 
RedueesC02 compounds, compounds, 

gas gas 

Oxygen Production Oxygenic Oxygenic (and Anoxygenic Anoxygenic 
anoxygenic) 

Type 01 Chlorophyll Chlorophyll a Chlorophyll a 

Site 01 Photosynthesis Chloroplasts with Thylakoids 
thylakoids 

Environment Aerobic Aerobic (and 
anaerobic) 

Table 5.6 summarizes several characteristics that distinguish 
eukaryotic photosynthesis from prokaryotic photosynthesis. 

Photoheterotrophs 
Photoheterotrophs use light as a source of energy but cannot con -
vert carbon d ioxide to sugar; rather, they use as sources of carbon 
organic compounds, such as alcohols, fatty acids, other organic 
acids, and carbohydrates. Photoheterotrophs are anoxygenic. The 
gleeD Donsulfur bacteria, such as ChlorojIexlis (kl6-ro-flex'us), 
and purple DODsuifur bacteria. such as Rhodopseudomol1as 
(ro-do-su-do-mo' nas), are photoheterotrophs. 

Chemoautotrophs 
Chemoautotrophs use the electrons from reduced inorganic 
compounds as a source of energy, and they use CO2 as their 
principal source of carbon. They fix COl in the Calvin-Benson 
Cycle (see Figure 5.26) . Inorganic sources of energy for these 
organisms include hydrogen sulfide (H l 5) for Beggiatoa (bej-je-a-
to'a); elemental sulfur (5) for Thiobacillus thiooxidallS; ammonia 
(NH3) for Nitrosomollas (ni-tro-so-mo' nas); nitrite ions (N02-) 

fo r Nitrobacter (ni- tro -bak'ter); hydrogen gas (H 2) for 
Hydrogenomol1as (hi-dro-je- no-mo'nas); ferrous iron (Fe2+) 
for Thiobacillus ferrooxidalls; and carbon monoxide (CO) for 
Psewiomollas en rboxyciohydrogella (kar'boks-i-do -hi -dro-je-na). 
The energy derived from the oxidation of these inorganic 
compounds is eventually stored in ATP, which is produced by 
oxidative phosphorylation. 

Chemoheterotrophs 
When we discuss photoautotrophs, photoheterotrophs, and 
chemoautotrophs, it is easy to categorize the energy source and 

Bacteriochlorophyl l a Bacteriochlorophyll 
a or b 

Chlorosomes Chromatophores 

Anaerobic Anaerobic 

carbon source because they occur as sepa rate entities. However, 
in chemoheterotrophs, the distinction is not as clear because the 
energy source and carbon source are usually the same organic 
compound-glucose, for example. Chemoheterotrophs specifi-
cally use the electrons from hydrogen atoms in organic com-
pounds as their energy source. 

Heterotrophs are further classified according to their source 
of organic molecules. Saprophytes live on dead organic maller, 
and parasites derive nutrients from a living host. Most bacteria, 
and all fungi, protozoa, and animals, are chemoheterotrophs. 

Bacteria and fungi can use a wide variety of organ ic com-
pounds for carbon and energy sources. This is why they can live 
in diverse environments. Understanding microbial diversity is 
scientifically interesting and econom ically important. In some 
situations microbial growth is undesirable, such as when rubber-
degrading bacteria destroy a gasket or shoe sole. However, these 
same bacteria might be beneficial if they decomposed discarded 
rubber products, such as used tires. RhodococCils erythropolis 
(ro-do-kok'kus er-i-throp'o-lis) is widely distributed in soil 
and can cause d isease in humans and other animals. However, 
this same species is able to replace sulfur atoms in petro -
leum with atoms of oxygen . A Texas company is currently using 
R. erythropolis to produce desulfurized oil. 

CHECK YOUR UNDERSTANDING 

,.f Almost all medically important microbes belong to which of the 
four aforementioned groups? 5-23 

" . 
We will next consider how cells use ATP pathways for the synthe-
sis of organic compounds such as carbohydrates, lipids, proteins, 
and nucleic acids. 
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Figure 5.29 The biosynthesis of polysaccharides. 

Q How are potysaccharides used in cells? 

Glycogen 
(in bacteria) G_ 
(in animals) 

Peptidoglycan 
(in bacteria) 

Metabolic Pathways of Energy Use 
LEARNING OBJECTIVE 
5-24 Describe the major types of anabolism and their relatJOnship to 

catabolism. 

Up to now we have been considering energy production. 
Th rough the oxidation of organic molecules, organisms pro-
duce energy by aerobic respiration, anaerobic respiration, and 
fermentation. Much of this energy is given off as heat. The 
complete metabolic oxidation of glucose to ca rbon dioxide and 
water is considered a very efficient process, but about 45% of 
th e energy of glucose is lost as heat. Cells use the remaining 
energy, which is trapped in the bonds of ATP, in a variety of 
ways. Microbes use ATP to provide energy for the transport of 
substances ac ross plasma membranes-the process called 
active transport that we discussed in Chapter 4. Microbes also 
use some of their energy for flagellar motion (also discussed in 
Chapter 4). Most of the ATP, however, is used in the production 
of new cellular components. This production is a continuous 
process in cells and, in general, is faster in prokaryotic celis than 
in eukaryotic cells. 

Autotrophs build their organic compounds by fixing car-
bon dioxide in the Calvin-Benson cycle (see Figure 5.26). This 
requi res both energy (ATP ) and electrons (from the oxidation 
of NADPH). Heterotrophs, by contrast, must have a ready 
source of orga nic compounds for biosynthesis-the produc-
tion of needed cellular components, usually from simpler mol-
ecules. The cells use these compounds as both the carbon 
source and the energy sou rce. We will next consider the biosyn-
thesis of a few representative classes of biological molecules: 
carbohydrates, lipids, amino acids, purines, and pyrimidines. 
As we do so, keep in mind that synthesis reactions requi re a net 
input of energy. 

Polysaccharide Biosynthesis 
Microorganisms synthesize sugars and polysaccharides. The car-
bon atoms required to synthesize glucose arc derived from the 
intermed iates produced during processes such as glycolysis 
and the Krebs cycle and from lipids o r amino acids. After synthe-
sizing glucose (or other simple sugars), bacteria may assemble it 
into more complex polysaccharides, such as glycogen. For bacte-
ria to build glucose into glycogen, glucose units must be phos-
phorylated and linked. The product of glucose phosphorylation 
is glucose 6-phosphate. Such a process involves the expenditure 
of energy, usually in the form of ATP. In order for bacteria to 
synthesize glycogen, a molecule of ATP is added to glucose 
6-phosphate to form adenosine dipllospllOglucose (ADPG) 
(Figure 5.29). Once ADPG is synthesized, it is linked with similar 
units to form glycogen. 

Using a nucleotide called uridine triphosphate (UTP) as a 
source of energy and glucose 6-phosphate, animals synthesize 
glycogen (and many other carbohydrates) from IIridine diphos-
pllOgilicose, UDPG (see Figure 5.29). A compound related to 
UD PG, called UDP-N-acetylgilicosamine (UDPNAc), is a key 
starting material in the biosynthesis of peptidoglycan, the sub-
stance that forms bacterial cell walls. UDPNAc is formed from 
fructose 6-phosphate, and the reaction also uses UTP. 

Lipid Biosynthesis 
Because lipids vary considerably in chemical composition , they are 
synthesized by a variety of routes. Cells synthesize fats by joining 
glycerol and fatty acids. The glycerol portion of the fat is derived 
from dihydroxyacetone phosphate, an intermediate formed during 
glycolysis. Fatty acids, which are long-chain hydrocarbons (hydro-
gen linked to carbon), arc built up when two-carbon fragments of 
acetyl CoA are successively added to each other (Figure 5.30). As 
with polysaccharide synthesis, the building units of fats and other 
lipids are linked via dehydration synthesis reactions that require 
energy, not always in the form of ATP. 

The most important role of lipids is to serve as structural 
componen ts of biological membranes, and most membrane 
lipids are phospholipids. A lipid of a very different structure, 
cholesterol, is also found in plasma membranes of eukaryotic 
cells. Waxes arc lipids that are important components of the cell 
wa ll of acid-fast bacteria. Other lipids, such as carotenoids, pro-
vide the red, orange, and yellow pigments of some microorgan-
isms. Some lipids form port ions of chlorophyll molecules. 
Lipids also function in energy storage. Recall that the break-
down products of lipids after biological oxidation feed into the 
Krebs cycle. 

Amino Acid and Protein Biosynthesis 
Amino acids are required for protein biosynthesis. Some 
microbes, such as E. coli, contain the enzymes necessary to use 
starting materials, such as glucose and inorganic salts, for the 
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Figure 5.30 The biosynthesis of simple lipids. 

Q What is the primary use 01 lipids in cells? 

Simple 
lipids 

synthesis of all the amino acids they need. Organisms with Ihe 
necessary enzymes can synthesize all amino acids direcdy or 
indirectly from intermediates of carbohydrate melabolism 
(Figure 5.31a). Other microbes require that the environment 
provide some preformed amino acids. 

One imporlant source of the precursors (intermediates) used 
in amino acid syn thesis is the Krebs cycle. Adding an amine 
group to pyruvic acid or to an appropriate organic acid of the 
Krebs cycle converts the acid into an amino acid. This process is 
called amination_ If the <Imine group comes from a preexisting 
amino acid, the process is called transamination (Figure 5.31 b). 

Most amino acids within cells are destined to be building 
blocks for protein synthesis. Proteins play major roles in the cell 
as enzymes, st ructural components, and toxins, to name just a 
few uses. The joi ning of amino acids to form proteins involves 
dehydration synthesis and requi res energy in the form of ATP. 
The mechanism of protein synthesis involves genes and is dis-
cussed in Chapter 8. 

Purine and Pyrimidine Biosynthesis 
Recall from Chapter 2 that the informational molecules DNA and 
RNA consist of repeat ing units called nllcleotides, each of which 
consists of a purine or pyrimidine, a pentose (five -carbon sugar), 
and a phosphate group. The five-carbon sugars of nudeotides are 
derived from either the pentose phosphate pathway or the 
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Entner-Doudoroff pathway. Certain amino acids-aspartic acid, 
glycine, 3nd glutamine-made from intermediates produced dur-
ing glycolysis 3nd in the Krebs cycle participate in the biosynthe-
ses of purines 3nd pyrimidines (Figure 5.32). The carbon and 
nitrogen atoms derived from these amino acids form the purine 
and pyrimidine rings. and the energy for synthesis is provided by 
ATP. DNA cont3ins 311 the information necessary to determine 
the specific structures 3nd functions of cells. Both RNA and DNA 
3re required for protein synthesis. In addition, such nucleotides as 
ATP, NAD+, and NADP+ assume roles in stimulating and 
inhibiting the rate of cellular metabolism. The synthesis of DNA 
and RNA from nucleotides will be discussed in Chapter 8. 

CHECK YOUR UNDERSTANDING 

,.f Where do amino acids required for protein synthesis come 
from? 5-24 

The Integration of Metabolism 
LEARNING OBJECTIVE 
5-25 Define amphibolIC pathways. 

We have seen thus far th3t the metabolic processes of microbes 
produce energy from light, inorg3nic compounds. and organic 
compounds. Reactions also occur in which energy is used for 
b iosynthesis. With such a variety of activity. you might imagine 
that anabol ic and cat3bolic reactions occur independently of 
each other in space 3nd time. Actually, anabolic and catabolic 
reactions are joined through a group of common intermediates 
(identified 3S key intermediates in Figure 5.33 ). Both anabol ic 
and ca t3bolic reactions also share some metabolic pathways, 
such as the Krebs cycle. For example, reactions in the Krebs 
cycle not only participate in the oxidation of glucose but also 
produce intermediates that can be converted to amino acids. 
Met3bolic pathways that function in both anabolism and catab-
olism arc c31led a mphibolic pathways. meaning that they are 
dual-purpose. 

Amphibolic pathways bridge the reactions that lead to the 
breakdown 3nd synt hesis of carbohydrates. lipids, proteins, and 
nucleotides. Such pathways enable simultaneous reactions to 
occur in which the breakdown product formed in one reaction is 
used in another react ion to synthesize a different compound, and 
vice versa. He<:ause various intermediates are common to both 
anabolic 3nd c3t3bolic reactions. mechanisms exist that regulate 
synthesis and breakdown p3thways and allow these reactions to 
occur simultaneously. One such me<:hanism involves the use of 
different coenzymes for opposite pathways. For example. NAD+ 
is involved in cat3bolic reactions, whereas NADP+ is involved in 
anabolic reactions. Enzymes can also coordinate anabolic 3nd 
catabolic reactions by accelerating or inhibiting the rates of bio-
chemical reactions. 
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Figure 5.31 The biosynthesis of amino Pentose 
phosphate 
pathway 

acids. (a) Pathways of amino acid biosynthesis 
through amination or transamination of intermediates 
of carbohydrate metabolism from the Krebs cycle, 
pentose phosphate pathway, and Entner -Doudoroff 
pathway_ (b) Transamination, a process by which 
new amino acids are made with the amine groups 
from old amino acids. Glutamic acid and aspartic acid 
are both amino acids; the other two compounds are 
intermediates in the Krebs cycle. Amination or transamination 

Q What is the function of amino acids in cells? 
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Figure 5.32 The biosynthesis of purine and 
pyrimidine nucleotides. 

Q What are the functions of nucleotides in a cell? 
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Figure 5_33 The integration of metabolism. Key intermediates are shown. Although not 
indicated in the figure. amino acids and ribose are used in the synthesis of purine and pyrimidine 
nucleotides (see Figure 5.32). The double arrows indicate amphibolic pathways. 

Q What Is an amphibolic pathway? 
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The energy stores of a cell can also affect the rates of biochem-
ical reactions. For example, if ATP begins to accumulate, an enzyme 
shuts down glycolysis; this control helps to synchronize the rates of 
glycolysis and the Krebs cycle. Thus, if citric acid consumption 
increases, either because of a demand for more ATP or because ana-
bolic pathways are draining off intermediates of the citric acid 

cycle, glycolysis accelerates and meets the demand . Animalion 
Metabolism: The Big picture. www.microbiologyplace.com 

CHECK YOUR UNOERSTANOING 

..r Summarize the integration of metabolic pathways using pep-
tidoglycan synthesis as an example. 5-25 

STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach : o take a pre-test and obtain a personalized study plan, e learn and 
practice with animations. tutorials. and MP3 tutor sessions, and e test )'Ourself with quizzes and a chapter post-test. 

Catabolic and Anabolic 
Reactions (p.114) 

I. The sum of all chemical reactions within a living organism is 
known as metabolism. 

2. Catabolism refers to chemical reactions that result in the 
breakdown of more complex organic molecules into simpler 
substances. Catabolic reactions usually release energy. 

3. Anabolism refers to chemical reactions in which simpler 
substances are combined to form more complex molecules. 
Anabolic reactions usually require energy. 

4. The energy of catabolic reactions is used to drive anabolic 
reactions. 

5. The energy for chemical reactions is stored in ATP. 

Enzymes (pp. 115-121) 

I. Enzymes are proteins, produced by living cells, that catalyze 
chemical reactions by lowering the activation energy. 

2. Enzymes are generally globular proteins with characteristic 
three-dimensional shapes. 

3. Enzymes are efficient, can operate at relatively low temperatures, 
and are subject to various cellular controls. 

Naming Enzymes (p. 116) 
4. Enzyme names usually end in -ase. 
5. The six classes of enzymes are defined on the basis of the types 

of reactions they catalyze. 

Enzyme Components (pp.116-11n 
6. Most enzymes are holoenzymes, consisting of a protein portion 

(apoenzyme) and a nonprotein portion (cofactor) . 
7. The cofactor can be a metal ion (iron, copper, magnesium, 

manganese, zinc, calcium, or cobalt) or a complex organic 
molecule known as a coenzyme (NAD +, NADP+, FMN, FAD, or 
coenzyme A) . 

The Mechanism of Enzymatic Action 
(pp.117-118) 

8. When an enzyme and substrate combine, the 
substrate is transformed, and the enzyme is 
recovered. 

9. Enzymes are characterized by specificity, which is a function of 
their active sites. 

Factors Influencing Enzymatic Activity (pp.118-120) 
10. At high temperatures, enzymes undergo denaturation and lose 

their catalytic properties; at low temperatures, the reaction rate 
decreases. 

II. The p H at which enzymatic activity is maximal is known as the 
optimum pH . 

12. Enzymatic activity increases as substrate concentration increases 
until the enzymes are saturated. 

13. Competitive inhibitors compete with the normal substrate for the 
active site of the enzyme. Noncompeti tive inhibitors act on other 
parts of the apoenzyme or on the cofactor and decrease the 
enzyme's ability to combine with the normal substrate. 

Feedback Inhibition (pp.120-121) 
14. Feedback inhibition occurs when the end-product of a 

metabolic pathway inhibits an enzyme's activity near the start of 
the pathway. 

Ribozymes (p.121) 
15. Ribozymes are enzymatic RNA molecules that cut and splice RNA 

in eukaryotic cells. 

Energy Production (pp.12'-123) 

Oxidation-Reduction Reactions (p.122) 
I. Oxidation is the removal of one or more electrons from a 

substrate. Protons (H +) are often removed with the electrons. 
2. Reduction of a substrate refers to its gain of one or more 

electrons. 
3. Each time a substance is oxidized, another is simultaneously 

reduced. 

4. NAD+ is the oxidized form; NADH is the reduced form . 
5. Glucose is a reduced molecule; energy is released during a cell's 

oxidation of glucose. 



The Generation of ATP (pp. 122-123) 
6. Energy released during certain metabolic reactions can be trapped 

to form ATP from ADP and Q (phosphate). Addition of a Q to a 
molecule is called phosphorylation. 

7. During substrate-level phosphorylation, a high-energy Q from an 
intermediate in catabolism is added to ADP. 

8. During oxidative phosphorylation, energy is released as 
electrons are passed to a series of electron acceptors (an electron 
transport chain) and finally to O 2 or another inorganic 
compound. 

9. During photophosphorylation, energy from light is trapped by 
chlorophyll, and electrons are passed through a series of electron 
acceptors. The electron transfer releases energy used for the 
synthesis of ATP. 

Metabolic Pathways of Energy 
Production (p.123) 
10. A series of enzymatically catalyzed chemical reactions called 

metabolic pathways store energy in and release energy from 
organic molecules. 

Carbohydrate Catabolism (pp.124-135) 

I. Most of a cell's energy is produced from the oxidation of 
carbohydrates. 

2. Glucose is the most commonly used carbohydrate. 
3. The two major types of glucose catabolism are respiration, in 

which glucose is completely broken down, and fermentation, in 
which it is partially broken down. 

Glycolysis (p.124) 
4. The most common pathway for the oxidation of 

glucose is glycolysis. Pyruvic acid is the 
end-product. 

5. Two ATP and two NADH molecules are produced from one glu-
cose molecule. 

Alternatives to Glycolysis (pp. 125, 1m 
6. The pentose phosphate pathway is used to metabolize five-carbon 

sugars; one ATP and 12 NADPH molecules are produced from one 
glucose molecule. 

7. The Entner-Doudoroff pathway yields one ATP and two NADPH 
molecules from one glucose molecule. 

Cellular Respiration (pp.127-132) 
8. During respira tion, organic molecules arc oxidized. Energy is 

generated from the electron transport chain. 
9. In aerobic respiration, O2 functions as the final electron 

acceptor. 
10. In anaerobic respiration, the final electron acceptor is usually an 

inorganic molecule other than O2, 

Aerobic Respiration (pp.127-132) 

The Krebs Cycle (pp.117-119) 
11. Decarboxylation of pyruvic acid produees one CO2 

molecule and one acetyl group. 
12. Two-carbon acetyl groups are oxidized in the Krebs 

cycle. Electrons are picked up by NAD+ and FAD for 
the electron transport chain. $ 
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13. From one molecule of glucose, oxidation produces six 
molecules of NADH, two molecules of FADH2, and two 
molecules of ATP. 

14. Decarboxylation produces six molecules of CO2, 

The Electron Transport Chain (System) (pp. 129-130) 
15. Electrons are brought to the electron transport chain 

by NADH. 
16. The electron transport chain consists of carriers, 

including flavoproteins, cytochromes, and 
ubiquinones. 

The Chemiosmotic Mechanism of ATP 
Generation (pp.130-131) 

17. Protons being pumped across the membrane generate a proton 
motive force as electrons move through a series of acceptors or 
carTiers. 

18. Energy produced from movement of the protons back across 
the membrane is used by ATP synthase to make ATP from ADP 
and Q . 

19. In eukaryotes, electron carriers are located in the inner 
mitochondrial membrane; in prokaryotes, electron carriers are 
in the plasma membrane. 

A Summary of Aerobic Respiration (pp. 131-131) 
20. In aerobic prokaryotes, 38 ATP molecules can be produced from 

complete oxidation of a glucose molecule in glycolysis, the Krebs 
cycle, and the electron transport chain. 

21. In eukaryotes, 36 ATP molecules are produced from complete 
oxidation of a glucose molecule. 

Anaerobic Respiration (p. 132) 

22. The final electron acceptors in anaerobic respiration include 
N03 - ,50/- , and CO/ - . 

B. The total ATP yield is less than in aerobic respiration because 
only part of the Krebs cycle operates under anaerobic conditions. 

Fermentation (pp. 132-135) 
24. Fermentation releases energy from sugars or other organic 

molecules by oxidation. 
25. O2 is not required in fermentation. 
26. Two ATP molecules are produced by substrate-level 

phosphorylation. 
27. Electrons removed from the substrate reduce NAD+. 
28. The final electron acceptor is an organic molecule. 
29. In lactic acid fermentation, pyruvic acid is reduced by NADH to 

lactic acid. 
30. In alcohol fermentation, acetaldehyde is reduced by NADH to 

produce ethanol. 
3 J. Heterolactic fermenters can use the pentose phosphate pathway to 

produce lactic acid and ethanol. 

Lipid and Protein Catabolism (pp.136-137) 

1. Lipases hydrolyze lipids into glycerol and fatty acids. 
2. Fatty acids and other hydrocarbons are catabolized by 

beta-oxidation. 
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3. Catabolic products can be further broken down in glycolysis and 
the Krebs cycle. 

4. Before amino acids can be catabolized, they must be converted to 
various substances that enter the Krebs cycle. 

5. Transamination, decarboxylation, and dehydrogenation reactions 
convert the amino acids to be catabolized. 

Biochemical Tests and Bacterial 
Identification (pp.137- 139) 

1. Bacteria and yeast can be identified by detecting action of their 
enzymes. 

2. Fermentation tests are used to dete rmine whether an 
organism can ferment a carbohydrate to produce acid 
and gas. 

Photosynthesis Cp. 140) 

1. Photosynthesis is the conversion of light energy from the sun 
into chemical energy; the chemical energy is used for carbon 
fixation. 

The light-Dependent Reactions: 
Photophosphorylation (p.140) 

2. Chlorophyll a is used by green plants, algae, and cyanobacteria; it 
is found in thylakoid membranes. 

3. Electrons from chlorophyll pass through an electron transport 
chain, from which ATP is produced by chemiosmosis. 

4. In cyclic photophosphorylation, the electrons return to the 
chlorophyll . 

5. In noncyclic photophosphorylation, the electrons are used to 
reduce NADP+. The electrons from H20 or H2S replace those lost 
from chlorophylL 

6. When H20 is oxidized by green plants, algae, and cyanobacteria, 
O2 is produced; when H2S is oxidized by the sulfur bacteria, 
S granules are produced. 

The light-Independent Reactions: 
The Calvin-Benson Cycle (p.140) 

7. CO2 is used to synthesize sugars in the Calvin-Benson 
cycle. 

A Summary of Energy Production 
Mechanisms (p.141) 

1. Sunlight is converted to chemical energy in oxidation-reduc tion 
reactions carried on by phototrophs. Chemotrophs can use this 
chemical energy. 

2. In oxidation-reduction reactions, energy is derived from the 
transfer of electrons. 

3. To produce energy, a cell needs an electron donor (organic or 
inorganic), a system of electron carriers, and a final electron 
acceptor (organic or ino rganic). 

Metabolic Diversity among 
Organisms (pp.142- 145) 

1. Photoautotrophs obtain energy by photophosphorylation and fix 
carbon from COl via the Calvin-Benson cycle to synthesize 
organic compounds. 

2. Cyanobacteria are oxygenic phototrophs. Green bacteria and 
purple bacteria are anoxygenic phototrophs. 

3. Photoheterotrophs use light as an energy source and an 
organic compound for their carbon source and electron 
donor. 

4. Chemoautotrophs use inorganic compounds as their energy 
source and carbon dioxide as their carbon source. 

S. Chemoheterotrophs use co mplex organic molecules as their 
carbon and energy sources. 

Metabolic Pathways of Energy 
Use (pp.146-1 47) 

Polysaccharide Biosynthesis (p.146) 

1. Glycogen is formed from ADPG. 
2. UDPNAc is the starting material for the biosynthesis of 

peptidoglycan. 

lipid Biosynthesis (p.146) 

3. Lipids are synthesized from fatty acids and glycerol. 
4. Glycerol is derived from dihydroxyacetone phosphate, and fatty 

acids are built from acetyl CoA. 

Amino Acid and Protein Biosynthesis (pp.1 46-1 47) 

5. Amino acids are required for protein biosynthesis. 
6. All amino acids can be synthesized either directly or indirectly 

from intermediates of carbohydrate metabolism, particularly from 
the Krebs cycle. 

Purine and Pyrimidine Biosynthesis (p.147) 
7. The sugars composing nucleotides are derived from either 

the pentose phosphate pathway or the Entner- Doudoroff 
pathway. 

8. Carbon and nitrogen atoms from certain amino acids form the 
backbones of the purines and pyrimidines. 

The Integration of Metabolism (pp.147.149-150) 

1. Anabolic and catabolic reac tions are in tegrated through a group of 
common intermediates. 

2. Such integrated metabolic pathways are referred to as amphibol ic 
pathways. 
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STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
Use the diagrams (a), (b), and (c) below for question I. 

(.) 

Glyceraldehyde phosphate 

Gtucose 
c - c- c- c- c- c 

I 
I 

Glyceraldehyde Dihydroxyacetone 
3-phosphate 'C phosphate 

(C - C - C- O ) l (C - C - C - O ) 

(b) 

I 
TwO molecutes 01 

pyruvic acid 
(2C - C- C) 

(2 C) 

CoA 

Oxatoacetic acid (4 C) 

/ Citric acid (6 C) 

Malic acid (4 C) \ 
Isocitric acid (6 C) 

Fumaric acid (4 C) J 
\ a-Ketoglu:; acid (5 C) 

Succinic acid CoA (4 C) 
.... .. 

(0) 

I . Name the pathways diagrammed in parts (a). (b ), and (c) of the 
figure to the left. 
a. Show where glycerol is catabolized and where fany acids are 

catabolized. 
b. Show where glutamic acid (an amino acid) is catabolized: 

H 

HOOC- CH1-CH!-{ - COOH 

NH! 

c. Show how these pathways are related_ 
d. Where is ATP required in pathways (a ) and (b)? 
e. Where is COl released in pathways (b) and (cl? 
f. Show where a long-chain hydrocarbon such as petroleum is 

catabolized. 
g. Where is NADH (or FADHl or NADPH) used and produced in 

these pathways? 
h. Identify four places where anabolic and catabolic pathways are 

integrated. 
2. Using the diagrams below, show each of the following: 

a. where the substrate will bind 
b. where the competitive inhibitor will bind 
c. where the noncompetitive inhibitor will bind 
d. which of the four elements could be the inhibitor in feedback 

inhibition 
e. What effect will the reactions in (a), (b), and (c) have? 

Enzyme Substrate Competitive Noncompetitive 
inhibitor inhibitor 

DRAW IT 3, An enzyme and substrate are combined. The rate of 
reaction begins as shown in the following graph. To complete the 
graph, show the effect of increasing substrate concentration on a 
constant enzyme concentration. Show the effect of increasing tem-
perature. 

Substrate concentration 
Temperature 
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4 . Define oxidation-reduction, and differentiate the following terms: 
a. aerobic and anaerobic respiration 
b. respiration and fermentation 
c. cyclic and noncyclic photophosphoryla tion 

5. There are three mechanisms for the phosphorylation of ADP to 
produce ATP. Write the name of the mechanism that describes 
each of the reactions in the following table. 

AlP Generated by Reaction 

,._----

b. ___ _ 

An ele<:tron. liberated from chlorophyll by light. 
is passed down an electron transport chain. 
Cji!ochrome c passes two electrons to 
cji!ochrome a. 

,._---- CH, 
N c-o-Q -
I 

COOH 
Pho.pho<noi pyruvic 

"" 

CH, 
I 
C=O 
I 

COOH 
Pyru vic .dd 

6. All of the energy-producing biochemical reactions that occur in 
cells, such as photophosphorylation and glycolysis, are 
-, ___ ,-- reactions. 

7. Fill in the follow ing table with the carbon source and energy 
source of each type of organism. 

Organism Carbon Source Energy Source -------------------------------------------Photoautotroph 
Photoheterotroph 
Chemoautotroph 
Chemoheterotroph 

' ---
' ---
'---
g.---

b. __ _ 
d. __ _ 
1. __ _ 

h. __ _ 

8. Wrile your own definition of the chemiosmotic mechanism of 
ATP generation. On Figure 5.16, mark the following using the 
appropr iate letter: 
a. the acidic side of the membrane 
h. the side with a positive electrical charge 
c. potential energy 
d. kinelic energy 

9. Why must NA DH be reoxidized? How does this happen in an 
organism thai uses respiration? Fermenlation? 

Multiple Choice 
I. Which substance in the following reaction is being reduced? 

H H 
I I c=o + NADH + H + - H - C- OH + NAD+ 
I I 

CH J CH J 

a. acetaldehyde 
h. NADH 

A(nokkhyd< Ethanol 

c. ethanol 
d. NAD+ 

2. Which of the following reactions produces the most molecules of 
ATP during aerobic metabolism? 
a. glucose ...... glucose 6-phosphale 
h. phosphoenolpyruvic acid ...... pyruvic acid 
c. glucose ...... pyruvic acid 
d. ace tyl CoA""" CO2 + H 20 
e. succinic acid ...... fumaric acid 

3. Which of the following processes does not generate ATP? 
a. photophosphorylation 
h. the Calvin- Benson cycle 
c. oxidative phosphorylation 
d. substrate-level phosphorylation 
e. none of the above 

4. Which of the following compounds has the greatest amount of 
energy for a cell? 
a. CO2 d.02 
h. ATP e. lactic acid 
c. glucose 

5. Which of the following is the best definition of the Krebs cycle? 
a. the oxidation of pyruvic acid 
h. the way cells produce CO2 
c. a series of chemical reactions in which NADH is produced from 

the oxidation of pyruvic acid 
d. a method of producing ATP by phosphorylating ADP 
e. a series of chemical reactions in which ATP is produced from 

the oxidation of pyruvic acid. 
6. Which of the following is the best definition of respiration? 

a. a sequence of carrier molecules with O2 as the fina l electron 
acceptor 

h. a sequence of carrier molecules with an inorganic molecule as 
the fina l electron acceptor 

c. a method of generating ATP 
d. the complete oxidation of glucose to CO2 and H 20 
e. a series of reactions in which pyruvic acid is oxidized to CO2 

and H20 
Use the following choices to answer questions 7- 10. 

a. E. coli growing in glucose broth at 35°C with O 2 for 5 days 
h. E. coli growing in glucose broth at 35°C without O 2 for 5 days 
c. both a and b 
d. neither a nor b 

7. Which culture produces the most lactic acid? 
8. Which culture produces the most AT P? 
9. Which culture uses NAD +? 

10. Which culture uses the most glucose? 

Critical Thinking 
1. Explain why, even under ideal conditions, StreptococCilS grows 

slowly. 
2. The following graph shows the normal rate of reaction of an 

enzyme and its substrate (blue) and the rate when an excess of 
competi tive inhibitor is present (red). Explain why the graph 
appears as it does. 

/ 

, 
'" 

With competitive 
inhibitor 

/ 

,--------------------------_. 
Substrate concentration ------_ 



3. Compare and contrast carbohydrate catabolism and energy 
production in the following bacteria: 
a. PSelidomOllas, an aerobic chemoheterotroph 
b. Spirillilla, an oxygenic photoautotroph 
c. Ectothiorhodospim, an anoxygenic photoautotroph 

4. How much ATP could be obtained from the complete oxidation 
of one molecule of glucose? From one molecule of butterfat 
containing one glycerol and three 12-carbon chains? 

5. The chemoautotroph Thiobaciilus can obtain energy from the 
oxidation of arsenic (AsH _ AsH). How does this reaction pro-
vide energy? How can this bacterium be put to use by humans? 

Clinical Applications 
I . HacmophilJls illj/ucllzae requires hemin (X factor) to synthesize 

cytochromes and NAO + (V factor) from other cells. For what does 
it use these two growth factors? What diseases does H. inj/uenzae 
(ause? 
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2. The drug HIVID, also (alled ddC, inhibits DNA synthesis. It is 
used to treat HIV infe(tion and AIDS. Compare the following 
illustration of ddC to Figure 2.16 on page 48. How does this drug 
work? 

0-
I 

H H H , / 

Hy"-,/N 
I 

0 - --Ny" 
o 

H H 
3. The ba(\rrial rnzyme strrptokinasr is used to digest fibrin (blood 

dots) in patients with atherosderosis. Why doesn't inje(\ion of 
stfrptokinase (ause a stfrpto(o«al infe(tion? How do we know 
the streptokinase will digest fibrin only and not good tissues? 



Microbial Growth 

When we talk about microbial growth. we are really referring to the number of cells, not the 
size of the cells. Microbes that are "growing" are increasing in number, accumulating into 
colonies (groups of cells large enough to be seen without a microscope) of hundreds of 
thousands of cells or populations of billions of cells. Although individual cells approximately 
double in size during their lifetime, this change is not very significant compared with the size 
increases observed during the lifetime of plants and animals. 

Microbial populations can become incredibly large in a very short time, as we will see later 
in this chapter. By understanding the conditions necessary for microbial growth, we can 

determine how to control the growth of microbes that cause diseases 
and food spoilage. We can also learn how to encourage the growth 

of helpful microbes and those we wish to study. 

In this chapter we will examine the physical and chemical 
requirements for microbial growth. the various kinds of 
culture media. bacterial cell division. the phases of 
microbial growth. and the methods of measuring 
microbial growth. 

Q 
Oxygen in the atmosphere is essential for human 
life. How can some bacteria grow in the absence of 
oxygen? 
Look for the answer in the chapter. 



The Requirements for Growth 
LEARNING OBJECTIVES 
6-1 Classify microbes into five groups on the basis of preferred 

temperature range. 
6-2 Identify how and why the pH 01 culture media is controlled_ 
6-3 Explain the importance of osmotic pressure to microbial growth 
6-4 Name a use for each of the four elements (carbon, nitrogen, sulfur, 

and phosphorus) needed in large amounts for microbial growth. 
6-5 Explain how microbes are classified on the basis of oxygen 

requirements_ 
6-6 Identify ways in which aerobes avoid damage by toxic forms of 

oxygen. 

The requirements for microbial growth can be divided into l"vo 
main categories: physical and chemical. Physical aspects include 
temperature, pH, and osmotic pressure. Chemical requ irements 
include sources o f carbon, nitrogen, sulfur, phosphorus, oxygen, 
trace elements, and organic growth factors, 

Physical Requirements 
Temperature 
Most microorganisms grow well at the temperatures that humans 
favor, However, certain bacteria are capable of growing at extremes 
of temperature that would certainly hinder the survival of almost 
all eukaryotic organisms, 

Microorganisms are classified in to three primary groups on the 
basis of their preferred range of temperature: psychrophiles (cold-
loving microbes), mesophiles (moderate-temperature- loving 
microbes), and thermophiles (heat-loving microbes). Most bacte-
ria grow only within a limited range of temperatures, and their 
maximum and minimum growth tem peratures are only about 

Figure 6.1 Typical growth mtes of different 
types of microorganisms in response to 
tempemture. The peak of the curve represents 
optimum growth (fastest reproduction). Notice that 
the reproductive rate drops off very quickly at 
tempera tures only a litt le above the optimum. 
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300 e apart. They grow poorly at the high and low temperature 
extremes within their range. 

Each bacterial species grows at particular minimum , optimum, 
and maximum temperatures. The minimum growth temperature 
is the lowest temperature at which the species will grow. The 
optimum growth temperature is the temperature at which 
the species grows best. The maximum growth temperature is the 
highest temperature at which growth is possible. By graphing 
the growth response over a temperature range, we can see that 
the optimum growth temperature is usually near the top of the 
range; above that temperature the rate of growth drops off rapidly 
(Figure 6.1 ). This happens presumably because the high tempera-
ture has inactivated necessary enzymatic systems of the cell. 

The ranges and maximum growth temperatures that define 
bacteria as psychrophiles, mesophiles, or thermophiles are not 
rigidly defined. Psychrophiles, for example, were originally consid-
ered simply to be organisms capable of growing at O°e. However, 
there seem to be two fairly distinct groups capable of growth at 
that temperature. One group, composed of psychrophiles in the 
strictest sense, can grow at ooe but has an optimum growth tem -
perature of about I SoC. Most of these organisms are so sensitive to 
higher temperatures that they will not even grow in a reasonably 
warm room (2S0e ). Found mostly in the oceans' depths or in cer-
tain polar regions, such organisms seldom cause problems in food 
preservation . The other group that can grow at ooe has higher 
optimum temperatures, usually ZCl-30oe and cannot grow above 
about 40°C. Organisms of this type are much more common 
than psychrophiles and are the most likely to be encountered in 
low-tem perature food spoilage because they grow fairly well at 
refr igerator temperatures. We will use the term psychrotrophs, 
which food microbiologists favor, for th is group of spoilage 

. . t1l1croorgatllsms. 

I I 
Mesophlles 

Thermophiles , 
, 

Hyperthermophiles , 
At either extreme of the temperature range. the 
reproductive rate is much lower than the ra te at the 
optimum temperature. 

Psychrotrophs 
Psychrophiles I 

I 
Q Why is it difficult to define psychrophlfe, 

mesophile, and Ihermophlfe? 
i • -0 • -• 

- 10 

I 

0 10 20 30 40 50 60 70 80 90 100 110 
Temperature ("e ) 
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I in this range destroy most microbes, r lower temperatures take more time. 

Figure 6.2 Food preservation 
temperatures. low temperatures decrease 
microbial reproduction rates. which IS the basic 
pnnclple of refrigeration. There are always some 
exceptions to the temperature responses shown 
here; for example, certain bacteria grow well at 
temperatures that would kil l most bactena. and 
a few bacteria can actually grow at temperatures 
well below freezing. 

Q Which bacterium WOIJld theoretically be 
more likely to grow at refrigerator 

' V.", slow bacterial growth. temperatures: a human intestinal pathogen 
or a soilborne plant pathogen? 

, bacteria; some may produce toxins. 

bacteria surviV1l; some may grow. 

may allow slow growth 01 .• very few pathogens. 

"'"' growth below Ireezing. 

Refrigeration is the most common method of preserving 
household food supplies. It is based on the principle that microbial 
reproductive rates decrease at low temperatures. Although microbes 
usually survive even subfreezing temperatures (they might become 
entirely dormant), they gradually decline in number. Some species 
decline faster than others. Psychrotrophs actually do not grow well 
at low temperatures, except in comparison with other organisms; 
given time, however, they are able to slowly degrade food. Such 
spoilage might take the fo rm of mold mycelium, slime on food sur-
faces, or off-tastes or off-colors in foods. The temperature inside a 
properly set refrigerator will greatly slow the growth of most 
spoilage organisms and will entirely prevent the growth of all but a 
few pathogenic bacteria. Ftgure 6.2 illustrates the importance of low 
temperatures for preventing the growth of spoilage and disease 
organisms. When large amounts of food must be refrigerated, it is 
important to keep in mind the slow cooling rate of a large quantity 
of warm food (Figure 6.3 ). 

Mesophiles, with an optimum growth temperature of 
25-40oe, are the most common type of microbe. Organisms that 
have adapted to live in the bodies of animals usually have an 
opt imum temperature close to that of their hosts. The optimum 
temperature for many pathogenic bacteria is about 37°e, and 
incubators for dinical cultu res are usually set at about this tem-
perature. The mesophiles include most of the common spoilage 
and disease organisms. 

Thermophiles are microorganisms capable of growth at high 
temperatures. Many of these organisms have an optimum growth 

temperature of 50--60oe, about the temperature of water from 
a hot water tap. Such temperatures can also be reached in sunlit 
soil and in thermal waters such as hot springs. Remarkably, many 
thermophiles cannot grow at temperatures below about 45°e. 
Endospores formed by thermophilic bacteria are unusually 
heat resistant and may survive the usual heat treatment given 
can ned goods. Although elevated storage temperatures may cause 
surviving endospores to germinate and grow, thereby spoiling the 
food, these thermophilic bacteria are not considered a public 
health problem. Thermophiles are important in organic compost 
piles (see Figure 27.10), in which the temperature can rise rapidly 
to 50--60°e. 

Some microbes, members of the Archaea (page 4), have an 
optimum growth temperature of sooe or higher. These organ-
isms are called hyperthermophiles, or sometimes extreme 
thermophiles. Most of these organisms live in hot springs 
associated with volcanic activity; sulfur is usually important in 
their metabolic activi ty. The known record fo r bacterial growth 
and repl ication at high temperatures is about 121 °e near deep-
sea hydrothermal vents. The immense pressure in the ocean 
depths prevents water from boiling even at temperatures well 
above IOO°e. 

pH 
Recall from Chapter 2 (page 35) that pH refers to the acidit y or 
alkalinity of a solution. Most bacteria grow best in a narrow pH 
range near neutrality, between pH 6.5 and 7.5. Very few bacteria 



Figure 6.3 The effect of the amount of food 
on its coating rate in a refrigerator and its 
chance of spoilage. Notice that in this example, 
the pan of rice with a depth of 5 em (2 in) cooled 
through the incubation temperature range of the 
Bacillus cereus in about 1 hour. whereas the pan of 
rice with a depth of 15 em (6 in) remained in this 
temperature range for about 5 hours. 

Q Given a shallow pan and a deep pot with the 
same volume, which would cool faster? 

grow at an acidic pH below about pH 4. This is why a number of 
foods, such as sauerkraut, pickles, and many cheeses, are pre-
served from spoilage by acids produced by bacterial fermen-
tation . Nonetheless, some bacteria, called addophiles, are 
remarkably tolerant of acidity. One type of chemoautotrophic 
bacteria, which is found in the drainage water from coal mines 
and oxidizes sulfur to form sulfuric acid, can survive at a pH 
value of I. Molds and yeasts will grow over a greater pH range 
than bacteria will , but the optimum pH of molds and yeasts is 
generally below that of bacteria, usually about pH 5 to 6. 
Alkalinity also inhibits microbial growth but is rarely used to 
preserve foods . 

When bacteria are cultured in the laboratory, they often pro-
duce acids that eventually interfere wi th their own growth. 1'0 
neutralize the acids and maintain the proper pH, chemical 
buffers are included in the growth medium. The peptones and 
amino acids in some media act as buffers, and many media also 
contain phosphate salts. Phosphate salts have the advantage of 
exhibiting their buffering effect in the pH growth range of most 
bacteria. They are also nontoxic; in fac t, they provide phos-
phorus, an essential nutrient. 

Osmotic Pressure 
Microorganisms obtain almost all thei r nutrients in solution 
from the surrounding water. Thus, they require water for growth, 
and their composition is 80- 90% water. High osmotic pressures 
have the effect of removing necessary water from a cell. When a 
microbial cell is in a solution whose concentration of solutes is 
higher than in the cell (the environmen t is hypertollic to the cell ), 
the cellular water passes out through the plasma membrane to 
the high solute concentration . (See the discussion of osmosis in 
Chapter 4, pages 92- 94, and review Figure 4.18 for the three 
types of solution environments a cell may encounter.) This 

cm (6") deep 

(2") deep 

15°C 

air 

Hours 

43°C 
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Approximate lemperature 
which Bacillus cereus 
in rice 

osmotic loss of water causes plasmolysis, or shrinkage of the 
cell's cytoplasm (Figure 6.4). 

The importance of this phenomenon is that the growth of the 
cell is inhibited as the plasma membrane pulls away from the cell 
wall. Thus, the addition of salts (or other solutes) to a solution, 
and the result ing increase in osmotic pressure, can be used to 
preserve foods. Salted fish, honey, and sweetened condensed milk 
are preserved largely by this mechanism; the high salt or sugar 
concentrations draw water out of any microbial cells that are 
present and thus prevent their growth. These effects of osmotic 
pressure are roughly related to the number of d issolved mole-
cules and ions in a vol ume of solution . 

Some organisms, called extreme halophiles, have adapted so 
well to high salt concentrations that they actually require them for 
growth . [n this case, they may be termed obligate halophiles, 
O rganisms from such saline waters as the Dead Sea often require 
nearly 30% salt, and the inoculating loop (a device for handling 
bacteria in the laboratory) used to transfer them must first be 
dipped into a saturated salt solution. More common are 
facultative halophiles, which do not require high salt concentra-
tions but are able to grow at salt concentrations up to 2%, a con -
centration that inhibits the growth of many other organisms. 
A few species of facultative halophiles can tolerate even 15% salt. 

Most microorganisms, however, must be grown in a medium 
that is nearly all water. For example, the concentration of agar 
(a complex polysaccharide isolated from marine algae) used 
to solid ify microbial growth media is usually about 1.5%. If 
markedly higher concentrations are used, the increased osmotic 
pressure can inhibit the growth of some bacteria. 

If the osmotic pressure is unusually low (the environment is 
IIYPQtonic) - such as in disti lled water, for example-water tends 
to enter the cell rather than leave it. Some microbes that have a 
relatively weak cell wall may be lysed by such treatment. 
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Plasma 
membrane 

Figure 6.4 Plasmolysis. 

Q Name a food preserved by high osmotic 
pressure. 

NaCIO.85% NaCI10% 

(a) Normal cell in isotonic solution. Under 
these conditions. the solute concentration in 
the cel l is equivalent to a solute concentration 
010.85% sodium chloride (NaCI). See 

(b) Plasmolyzed cell in hypertonic solution. 
II the concentration 01 solutes such as NaCI 

Figure 4.18. 

is higher in the surrounding medium than in 
the cell (the environment is hypertonic). water 
tends to leave the cell. Growth 01 the cell 
is inhibited. 

CHECK YOUR UNDERSTANDING 

"f Why are hyperthermophiles that grow at temperatures above 
100°C seemingly limited to oceanic depths? 6-1 

"f Other than controlling acidity. what is an advantage of using 
phosphate salts as buffers in growth media? 6-2 

"f Why might primitive civilizations have used food preservation 
techniques that rely on osmotic pressure? 6-3 

Chemical Requirements 
Carbon 
Besides water, one of the most important requirements for 
microbial growth is carbon. Carbon is the structural backbone of 
living matter; it is needed for all the organic compounds that 
make up a living cell. Half the dry weight of a typical bacterial 
cell is carbon. Chemoheterotrophs get most of their ca rbon from 
the source of their energy- organic materials such as proteins, 
carbohydrates, and lipids. Chemoautotrophs and photoauto-
trophs derive their carbon from carbon dioxide. 

Nitrogen, Sulfur, and Phosphorus 
In addition to carbon, microorganisms need other clements 
to synthesize cellular material. For example, protein synthesis 
requires considerable amounts of nitrogen as well as some sulfu r. 
The syntheses of DNA and RNA also require nitrogen and some 
phosphorus, as does the synthesis of ATP, the molecule so impor-
tant for the storage and transfer of chemical energy within the cell. 
Nitrogen makes up about 14% of the dry weight of a bacterial cell, 
and sulfur and phosphorus together constitute about another 4%. 

Organisms use nitrogen primarily to form the amino group 
of the amino acids of proteins. Many bacteria meet this require-
ment by decomposing protein-containing material and rein-
corporating the amino acids into newly synthesized proteins 
and other nitrogen-containing compounds. Other bacteria use 

nitrogen from ammonium ions (NH4 +), which are already in the 
reduced form and are usually found in organic cellular material. 
Still other bacteria are able to derive nitrogen from ni trates 
(compounds that dissociate to give the nitrate ion, N03- , in 
solution). 

Some important bacteria, including many of the photosynthe-
sizing cyanobacteria (page 140), use gaseous nitrogen (N2) directly 
from the atmosphere. This process is called nitrogen fixation. 
Some organisms that can use this method are free-living, mostly in 
the soil, but others live cooperatively in symbiosis with the roots 
of legumes such as clover, soybeans, alfalfa, beans, and peas. The 
nitrogen fixed in the symbiosis is used by both the plant and 
the bacterium (see Chapter 27). 

Sulfur is used to synthesize sulfur-containing amino acids 
and vitamins such as thiamine and biotin. Important natural 
sources of sulfur include the sulfate ion (50/- ), hydrogen sul-
fide, and the sulfur-containing amino acids. 

Phosphorus is essential for the synthesis of nucleic acids and 
the phospholipids of cell membranes. Among other places, it is 
also found in the energy bonds of ATP. A source of phosphorus is 
the phosphate ion (PO/ - ). Potassium, magnesium, and calcium 
are also elements that microorganisms require, often as cofactors 
for enzymes (see Chapter 5, pages 116- 117). 

Trace Elements 
Microbes require very small amounts of other mineral elements, 
such as iron, copper, molybdenum, and zinc; these are referred to 
as trace elements. Most are essential for the functions of certain 
enzymes, usually as cofactors. Although these elements are some-
times added to a laboratory medium, they are usually assumed 
to be naturally presen t in tap water and other components of 
media. Even most distilled waters contain adequate amounts, but 
tap water is sometimes specified to ensure that these trace min-
erals will be present in culture media. 
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Table 6.1 The Effect of Oxygen on the Growth of Various Types of Bacteria 

Effect of 
Oxygen on 
Growth 

Bacterial 
Growth in 
Tube of Solid 
Growth 
Medium 

Explanation 
of Growth 
Patterns 

Explanation 
of Oxygen's 
Effects 

Oxygen 

s. Obligate Aerobes 

Only aerobic growth; 
oxygen required 

Growth occurs only where 
high concentrations of 
oxygen have diffused into 
the medium 

Presence of enzymes 
catalase and superoxide 
dismutase (SOD) allows 
toxic forms of oxygen to be 
neutralized; can use oxygen 

b. FsCtlltative 
Anaerobes 

Both aerobic and 
anaerobic growth: 
greater growth in 
presence of oxygen 

Growth is best 
where most oxygen is 
present, but occurs 
th roughout tube 

Presence of enzymes 
catalase and SOD 
allows toxic forms 
of oxygen to be 
neutralized; can use 
oxygen 

We are accustomed to thinking of molecular oxygen (02) as a 
necessity of life, but it is actually in a sense a poisonous gas. Very 
little molecular oxygen existed in the atmosphere during most of 
Earth's history-in fact, it is possible that life could not have arisen 
had oxygen been present. However, many current forms of life have 
metabolic systems that require oxygen for aerobic respiration. 
As we have seen, hydrogen atoms that have been stripped from 
organic compounds combine with oxygen to form water, as shown 
in Figure 5.14 (page 129). This process yields a great deal of energy 
while neutralizing a potentially toxic gas-a very neat solution, all 
in all. 

Microbes that use molecular oxygen (aerobes) produce more 
energy from nutrients than microbes that do not use oxygen 
(anaerobes) . Organisms that require oxygen to live are called 
obligate aerobes (Table 6.1 a ). 

A Obligate aerobes are at a disadvantage because 
oxygen is poorly soluble in the water of their envi-

ronment. Therefore, ma ny of the aerobic bacteria have developed, 
or retained, the ability to continue growing in the absence of 
oxygen. Such organisms are called facultative anaerobes 
(Table 6.1 b). In other words, facultative anaerobes can lise oxygen 
when it is present but are able to continue growth by using 
fermentation or anaerobic respiration when oxygen is not avail-

c. Obligate d. Aerotolerant e. Mlcroaerophlhls ........... ........... 
Only anaerobic Only anaerobic Only aerobic growth; 
growth: ceases growth: but continues oxygen required in low 
in presence of in presence of concentra tion 
oxygen oxygen 

Growth occurs Growth occurs evenly; Growth occurs only where 
only where there oxygen has no effect a low concentration of 
is no oxygen oxygen has diffused into 

medium 

Lacks enzymes to Presence of one Produce lethal amounts 
neutralize harmful enzyme, SOD. allows of toxic forms of oxygen 
forms of oxygen; harmful forms of if exposed to normal 
cannot tolerate oxygen to be partially atmospheric oxygen 
oxygen neutralized: tolerates 

oxygen 

able. However, their efficiency in producing energy decreases in 
the absence of oxygen. Examples of facultative anaerobes are the 
familiar Escherichia coli that are found in the human intestinal 
tract. Many yeasts are also facultative anaerobes. Recall from the 
discussion of anaerobic respiration in Chapler 5 (page 132) that 
many microbes are able to substitute other electron acceptors, 
such as nitrate ions, for oxygen, which is something humans are 
unable to do. 

Obligate anaerobes (Table 6.1e) are bacteria that are unable to 
use molecular oxygen for energy-yielding reactions. In fact, most 
are harmed by it. The genus Clostridium (kI6s-tri'dc -um), which 
contains the species that cause tetanus and botulism, is the most 
familiar example. These bacteria do use oxygen atoms present in 
cellular materials; the atoms are usually obtained from water. 

Understanding how organisms can be harmed by oxygen 
requires a brief discussion of the toxic forms of oxygen: 

I. Singlet oxygen e 02 - ) is normal molecular oxygen (02) 
that has been boosted into a higher-energy state and is 
extremely reactive. 

2. Superoxide radicals (0 2 --:-), or superoxide anions. are 
formed in small amounts during the normal respiration of 
organisms that use oxygen as a final electron acceptor, 
formi ng water. In the presence of oxygen, obligate anaerobes 
also appear to form some su peroxide radicals, wh ich are so 
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toxic to cellular components that all organisms attempting 
to grow in atmospheric oxygen must produce an enzyme, 
superoxide dismutase (SOD), to neutralize them. Their 
toxicity is caused by their great instability, which leads them 
to steal an electron from a neighboring molecule, which in 
turn becomes a radical and steals an electron, and so on . 
Aerobic bacteria, facultative anaerobes growing aerobically, 
and aerotolerant anaerobes (discussed shortly) produce 
SOD, with which they convert the superoxide radical into 
molecular oxygen (0 2) and hydrogen peroxide (H 20 2) : 

3. The hydrogen peroxide produced in this reaction contains 
the peroxide anion ol - and is also toxic. In Chapter 7 
(page 202) we will encounter it as the active principle in 
the antimicrobial agents hydrogen peroxide and benzoyl 
peroxide. Because the hydrogen peroxide produced during 
normal aerobic respiration is toxic, microbes have devel-
oped enzymes to neutralize it. The most familiar of these 
is catalase, which converts it into water and oxygen : 

Catalase is easily detected by its action on hydrogen peroxide. 
When a drop of hydrogen peroxide is added to a colony of 
bacterial cells producing catalase, oxygen bubbles are released. 
Anyone who has put hydrogen peroxide on a wound will 
recognize that cells in human tissue also contain catalase. 
The other enzyme that breaks down hydrogen peroxide is 
peroxidase, which differs from catalase in that its reaction 
docs not produce oxygen: 

Another important form of reactive oxygen, ozone (0]), is 
also discussed on page 202. 

4. The hydroxyl radical (OR) is another intermediate form of 
oxygen and probably the most reactive. It is formed in the 
cellular cytoplasm by ionizing radiation. Most aerobic respira-
tion produces traces of hydroxyl radicals, but they are transient. 

These toxic forms of oxygen are an essential component of one 
of the body's most important defenses against pathogens, phago-
cytosis (see page 457 and Figure 16.7).ln the phagolysosome of the 
phagocytic cell, ingested pathogens arc killed by exposure to sin-
glet oxygen, superoxide radicals, peroxide anions of hydrogen 
peroxide, and hydroxyl radicals and other oxidative compounds. 

Obligate anaerobes usually produce neither superoxide 
dismutase nor catalase. Because aerobic conditions probably lead 
to an accumulation of superoxide radicals in their cytoplasm, 
obligate anaerobes arc extremely sensitive to oxygen. 

Aerotolerant anaerobes (Table 6.1d) cannot use oxygen for 
growth, but they tolerate it fairly well. On the surface of a solid 
medium, they will grow without the use of special techniques (dis-

cussed later) required for obligate anaerobes. Many of the aerotol-
erant bacteria characteristically ferment carbohydrates to lactic 
acid. As lactic acid accumulates, it inhibits the growth of aerobic 
competitors and establishes a favorable ecological niche for lactic 
acid producers. A common example of lactic acid- producing aero-
tolerant anaerobes is the lactobacilli used in the production of 
many acidic fermented foods, such as pickles and cheese. In the lab-
oratory, they are handled and grown much like any other bacteria, 
but they make no use of the oxygen in the air. These bacteria can 
tolerate oxygen because they possess SOD or an equivalent system 
that neutralizes the toxic forms of oxygen previously discussed. 

A few bacteria are microaerophiles (Table 6.1e). They are 
aerobic; they do require oxygen. However, they grow only in 
oxygen concentrations lower than those in air. In a test tube of 
solid nutrient medium, they grow only at a depth where small 
amounts of oxygen have diffused into the medium; they do not 
grow near the oxygen-rich surface or below the narrow zone of 
adequate oxygen . This limited tolerance is probably due to their 
sensitivity to superoxide radicals and peroxides, which they 
produce in lethal concentrations under oxygen-rich conditions. 

Organic Growth Factors 
Essential organic compounds an organism is unable to synthe-
size are known as organic growth factors; they must be directly 
obtained from the environment. One group of organic growth 
factors for humans is vitamins. Most vitamins function as coen -
zymes, the organ ic cofactors required by certain enzymes in 
order to function. Many bacteria can synthesize all their own 
vitamins and do not depend on outside sources. However, some 
bacteria lack the enzymes needed for the synthesis of certain 
vitamins, and for them those vitamins arc organic growth fac -
tors. Other organic growth facto rs required by some bacteria are 
amino acids, purines, and pyrimidines. 

CHECK YOUR UNOERSTANOING 

..r If bacterial cells were given a sulfur source containing 
radioactive sulfur e5S) in their culture media, in what molecules 
would the 35S be found in the cells? 6-4 

..r How would one determine whether a microbe is a strict 
anaerobe? 6-5 

..r Oxygen is so pervasive in the environment that it would be very 
difficult for a microbe to always avoid physical contact with it. 
What, therefore, is the most obvious way for a microbe to avoid 
damage? 6-6 

Biofilms 
LEARNING OBJECTIVE 
6-7 Describe the formation of biofll ms and their potential fo r causing 

infection. 
In nature, microorganisms seldom live in the isolated single-species 
colonies that we see on laboratory plates. They more typically live 



in communities called biofilms. This fact was not well appreciated 
until the development of confocal microscopy (see page 62) made 
the three-dimensional structure of biofIlms more visible. Biofilms 
reside in a matrix made up primarily of polysaccharides, but also 
containing DNA and proteins, that is often informally called slime. 
A biofilm also can be considered a hydrogel, which is a complex 
polymer containing many times its dry weight in water. Cell-to-cell 
chemical communication, or quorulll seusiug, allows bacteria to 
coordinate their activity and group together into communities that 
provide benefits not unlike those of multicellular organisms (see the 
box in Chapter 3, page 57). Therefore, biofilms are not just bacteri-
al slime layers but biological systems; the bacteria arc organized into 
a coordinated, functional community. Biofilms are usually attached 
to a surface, such as a rock in a pond, a human tooth (plaque; sec 
Figure 25.3 on page 708), or a mucous membrane. This communi-
ty might be of a single species or of a diverse group of microorgan-
isms. Biofilms also might take other, more varied forms. The floc 
that forms in certain types of sewage treatment (see Figure 27.20, 
page 786) is an example. In fast-flowing streams, the biofilm might 
be in the form of filamentous streamers. Within a biofilm commu-
nity, the bacteria are able to share nutrients and are sheltered from 
harmful factors in the environment, such as desiccation, antibiotics, 
and the body's immune system. The close proximity of microorgan-
isms within a biofilm might also have the advantage of facilitating 
the transfer of genetic information by, for example, conjugation. 

A biofilm usually begins to form when a free-swimming 
(plal/ktollic) bacterium attaches to a surface. If these bacteria grew 
in a uniformly thick monolayer, they would become overcrowded, 
nutrients would not be available in lower depths, and toxic wastes 
could accumulate. Microorganisms in biofilm communities some-
times avoid these problems by forming pilla r-like st ructures 
(Figure 6.5) with channels between them, through which water 
can carry incoming nutrients and outgoing wastes. This consti-
tutes a primitive circulatory system. Individual microbes and 
clumps of slime occasionally leave the established biofilm and 
move to a new location where the biofilm becomes extended. Such 
a biofilm is generally composed of a surface layer about iO 
thick, with pillars that extend up to 200 above it. 

The microorganisms in biofilms can work cooperatively to 
carry out complex tasks. For example, the digestive systems of 
ruminant animals, such as cattle, require many different micro-
bial species to break down cellulose. The microbes in a ruminant's 
digestive system are located mostly within biofilm communities. 
Biofilms arc also essential clements in the proper functioning of 
sewage treatment systems, which we will discuss in Chapter 27. 
They can also, however, be a problE"ffi in pipes and tubing. where 
their accumulations impede circulation . 

Biofims are an important factor in human health. For exam-
ple. microbes in biofilms are probably 1000 times more resistant 
to microbicides. Experts at the Centers for Disease Control and 
Prevention (CDC) estimate that 70% of human bacterial infec-
tions involve biofilms. Most nosocomial infections (infections 
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Surface 

Clumps of bacteria 
adhering to surface 

./ Migrating 
/' clump of 

bacteria 

Water currents move, as shown by the blue arrow. 
10 I'm pillars of slime formed by the growlh of bacteria attached to 

sotid surfaces. This allows afficient access to nutrients and removal of 
bacterial waste products. Individual slime-forming bacteria or bacteria in 
clumps of slime detach and move to new locations. See Figure 1.8. 

Figure 6 _5 Biofilms. 

Q What I, the blofilm that fonns on teeth called? 

acquired in health care faci lities) arc probably related to biofilms 
on medical catheters (see Figure 1.8 on page 19 and Figure 21.3 
on page 587). In fact, biofilms fo rm on almost all indwelling 
medical devices, including mechanical heart valves. Biofilms, 
which also can include those formed by fungi such as Cmrdidn, 
are encountered in many disease conditions, such as infections 
related to the use of contact lenses. dental caries (see page 707), 
and infections by pseudomonad bacteria (see page 308). See the 
box on page 164. 

One approach to preventing biofilm formation is to incorpo-
rate antimicrobials into surfaces on which biofilms might form 
(sec page 57). Because the chemical signals that allow quorum 
sensin g are essential to biofilm formation, research is underway to 
determine the makeup of these chemical signals and perhaps block 
them. Another approach involves the discovery that lactoferrin 
(sec page 470), which is abundant in many human secretions, can 
inhibit biofilm formation. Lactoferrin binds iron, especially 
among the pseudomonads that are responsible for cystic fibrosis 
biofilms, the cause of the pathology of this hereditary disease. The 
lack of iron inhibits the surface motility essential for the aggrega-
tion of the bacteria in to biofilms. 

Most laboratory methods in microbiology today use organ-
isms being cultured in their planktonic mode. However, microbi-
ologists now predict that there will be an increasing focus on how 
microorganisms actually live in relation with one another and 
that this will be considered in ind ust rial and medical research. 

CHECK YOUR UNDERSTANDING 

../ Identify a way in which pathogens find it advantageous to form 
biofilms. 6-7 



Delayed Bloodstream Infection 
Following Catheterization 
As you read through this bOl(, you will 
encounter a series of questions that infec-
tion control officers ask themselves as 
they trace an infection. Try to answer each 
question before going on to the oeK! one. 

1. In early March, an intravenous heparin 
solution was recalled after palients in 
four states developed Pseudomonas 
fluorescens bloodstream infections. The 
heparin solulion became contaminated 
during manufacture. 
Alter e .. amlnlng Figure A below, would 
you consider the recall effective? 

2. Three months after the recall. patients in 
two different states developed blood-
stream infections. 
Whal do you need to know? 

3. The patients' last exposure to the con-
taminated heparin was 8/j to 421 days 

30 

• 2' I • 20 • -0 15 Heparin • ! 10 recalled 
E I , , z 

0 
Jan Feb Mar Apr July Aug Sept Oct Apr 

200' 2006 

Figure A Occurrence of P fluorescens bloodstream 
infecllons in patients With in travenous catheters. 

Culture Media 
LEARNING OBJECTIVES 

•• 

,. 

before onset of their infections. These 
patients did not develop infections dur-
ing the January-February outbreak. 
The patients all had indwelling venous 
catheters: these tubes are inserted into 
a vein for long-term delivery of concen-
trated solutions, such as anticancer 
drugs. 
What is the nellt step? 

On-site investigations confirmed that 
the patients' clinics were no longer using 
and had returned the recalled heparin. 
Cultures of the new heparin being used 
did not recover any organisms. 
What do you do ne"l? 
Blood and catheter cul tures were made 
(Figure 8)? 
What Is the resutt shown in Figure 8? 

6. P. fluorescens was cultured from 

7. 

15 patients and from 17 catheters 
These are the first known cases of sub-
stantially delayed bloodstream infections 
(i.e .. 84-421 days) after exposure to a 
contaminated intravenous solution. 
What was the source of these Infections? 
Scanning electron microscopy at the 
Centers for Disease Control and Preven-
tion showed that P. fluorescens colonized 
the inside of the catheters by forming 
biofilms; previous electron microscopy 
studies have indicated that nearly all 

Illnlinated with 
white !io;j1t 

tPurrWlated with 
ultraviolet IitJIt 

Figure B P fIuorescens IS an aerobic. gram· 
negauve rod that grows best at temperatures of 
approximately 25 to 30"(: and grows poofiy at lIle 
standard hospital mICrobIOlogy Incuballon tempernture 
(apprOXimately 36' C) The bactena produce a Pigment 
that fiuoresces under ultral'lOlet light. 

indwelling vascular catheters become 
colonized by microorganisms embedded 
in a biofilm layer. Heparin has been 
reported to sti mulate biofilm formation. 
Why did Pseudomonas cause infection an 
average of 237 days after ex.posure to tho 
contaminated heparin? 

8. Although P. f/uorescens might not have 
entered patient bloodstreams in suffi -
cient quantities to cause symptoms on 
inilial exposure to the contaminated 
heparin. biofilm fonna tion enabled the 
bacteria to persist in patient catheters. 
The bacteria might have proliferated 
in the biofilm. from which they were 
disrupted by subsequent. uncontami-
nated intravenous solutions and 
released into the bloodstream, finally 
causing symptoms. 

Source. Adapted from MMWR 55(35): 96 1-963 
(9/8/06). 

6-8 Distinguish chemically defined and complex media. 

special med ia, and still others cannot grow on any nonl iving 
medium yet developed. M icrobes that arc introduced into a cul-
ture med ium to in i tiate growth arc called an inoculum. The 
microbes that grow and multiply in or on a culture m edium are 
referred to as a culture. 6-9 JUstify the use of each of the follOWing: anaerobiC techniques. 

IMng host cells. candle }ars. selecuve aOO dlfferentml media, 
ennchment medium. 

6-10 Differentiate blOsafety levels 1. 2. 3. and 4. 

A nutrient m aterial prepa red for t he growth o f microorganism s 
in a laboratory is ca lled a culture m edium. Some bacteria can 
grow well on just about any culture medium ; others require 
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Suppose we want to grow a culture of a certain microorga-
nism . perhaps the microbes from a pa rt icul ar cl inical specimen . 
What criteria must the culture m edium meet? First. it must con-
tain the right nutrients for the specific microorganism we want 
to grow. It should also contain sufficient moisture. a properly 
adjusted p H , and a suitable level of oxygen, perhaps none at all. 
The medium must initially be si erile-that is, i t must initially 



contain no living microorganisms-so that the culture will 
contain only the microbes (and their offspring) we add to 
medium . Finally, the growing cuiture should be incubated al the 
proper temperature. 

A wide variety of media are available for the growth of 
microorgan isms in the laboratory. Most of these media, which are 
available from commercial sources, have premixed components 
and require o nly the addition of water and then sterilization. 
Media are constantly being developed or revised for use in the 
isolation and identification of bacteria that are of interest to 
researchers in such fields as food, water, and clinical microbiology. 

When it is desirable to grow bacteria on a solid medium, 
a solidifying agent such as agar is added to the medium. 
A complex polysaccharide derived from a marine alga, agar 
has long been used as a thickener in foods such as jellies and 
iCe cream. 

Agar has some very important properties that make it valu-
able to microbiology, and no satisfactory substitute has ever been 
found. Few microbes can degrade agar, so it remains solid . Also, 
agar liquefies at about iOO°C (the boiling point of water) and at 
sea level remains liquid until the temperature drops 10 about 
40°C. For laboratory use, agar is held in water baths at about 
50°C. At this temperature, it does not injure most bacteria when 
it is pou red over them (as shown in Figure 6.17a, page 176). Once 
the agar has solidified, it can be incubated at temperatures 
approaching 100°C before it again liquefies; this property is pa r-
ticularly useful when thermophilic bacteria are being grown. 

Agar media are usually contained in lest tubes or Petri dishes. 
The test tubes are called slants when they are allowed to solidify 
with the tube held at an angle so that a large surface area for 
growth is available. When the agar solidifies in a vertical tube, it 
is called a deep. Petri dishes, named for their inventor, are shal-
low dishes with a lid that nests over the bottom to prevent con-
tamination; when filled, they are called Petri (or culture) plates. 

Chemically Defined Media 
To support microbial growth, a medium must provide an energy 
source, as well as sources of carbon, nitrogen, sulfur, phosphorus, 
and any organic growth factors the organism is unable to synthe-
size. A chemically defmed medium is one whose exact chemical 
composition is known. For a chemoheterotroph, the chemically 
defined medium must contain organic growth factors that serve as 
a source of carbon and energy. For example, as shown in Table 6.2, 
glucose is included in the medium for growing the chemo-
heterotroph E. coli. 

As Table 6.3 shows, many o rganic growth factors must be 
provided in the chemically defined medium used to cuitivate a 
species of Neisseria (page 306) . Organisms that require many 
growth factors are described as fastidious. Organisms of this type, 
such as Lactobacillus (page 318), are sometimes used in tests that 
determine the concentration of a particular vitam in in a sub-
stance. To perform such a microbiological assay, a growth medium 
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Table 6.2 A Chemically Defined Medium for 
Growing a Typical Chemoheterotroph. 
Such as Escherichia coli 

Constituent 

Glucose 

Ammonium phosphate, monobasic (NH"H2POJ 

Sodium chloride (NaCI) 

Magnesium sulfate (MgSO". 7H20) 

Potassium phosphate, dibasic (K2HPO,,) 

Water 

Amount 

5.0 9 

1.0 9 

5.0 9 

0.2 9 

1.0 9 

1 liter 

is prepared that contains all the growth requirements of the 
bacterium except the vitamin being assayed. Then the medium, 
test substance, and bacterium are combi ned, and the growth of 
bacteria is measured. This bacterial growth, which is reflected by 
the amount of lactic acid produced, will be proportional to the 
amount of vitamin in the test substance. The more lactic acid, the 
more the Lactobacillus cells have been able to grow, so the more 
vitamin is present. 

Complex Media 
Chemically defined media are usually reserved for laboratory 
experimental work or for the growth of autotrophic bacteria. 
Most heterotrophic bacteria and fungi, such as you would work 
with in an introductory lab cou rse, are routinely grown on 
complex media made up of nutrients including extracts from 
yeasts, meat, or plants, or digests of proteins from these and 
other sources. The exact chemical composition varies sligh tly 
from batch to batch. Table 6.4 shows one widely used recipe. 

In complex media, the energy, carbon, nitrogen, and sulfur 
requiremen ts of the growing microorganisms are provided pri-
marily by protein . Protein is a large, relatively insoluble molecule 
that a minority of microorganisms can utilize directly, but a par-
tial digestion by acids or enzymes reduces protein to shorter 
chai ns of amino acids called pCptOIlCS. These small, soluble frag-
ments can be d igested by most bacteria. 

Vitamins and other organic growth factors are provided by 
meat extracts or yeast extracts. The soluble vitamins and miner-
als from the meats or yeasts are dissolved in the extracting water, 
which is then evaporated so that these factors are concentrated. 
(These extracts also supplement the organic nitrogen and 
carbon compounds.) Yeast extracts are particularly rich in the 
B vi tamins. If a complex medium is in liquid form, it is called 
nutrient broth. When agar is added, it is called nutrient agar. 
(This terminology can be confusing; just remember that agar 
itself is not a nutrient.) 
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Table 6.3 A Chemically Defined Medium for Growing a Fastidious Chemoheterotrophic Bacterium, 
Such as Neisseria gonorrhoeae 

Constituent 

Carbon and Energy Sources 

Glucose 

Starch 

Sodium acetate 

Sodium citrate 

Oxaloacetate 

Salts 

Potassium phosphate. dibasic (K2H P04) 

Sodium chloride (NaCI) 

Potassium phosphate. monobasic 

Sodium bicarbonate (NaHCO:J 

Potassium sul fate 

Sodium sulfate 

Magnesium chloride {MgCI:J 

Ammonium chloride (N H4CI) 

Potassium chloride (KCI) 

Calcium chloride {CaCI:J 

Ferric nitrate [Fe(NO:V3l 

....... , 
9.1 9 

9.1 9 

1.8 9 

1.4 9 

0.3 9 

12.7 9 

6.4 9 

5.5 9 

1.2 9 

1.1 9 

0.9 9 

0.5 9 

0.4 9 

0.4 9 

0.006 9 

0.006 9 

ConstItuent 

Amino Acids 

Cysteine 

Arginine, proline (each) 

Glutamic acid, methionine (each) 

Asparagine. isoleucine. serine (each) 

Cystine 

Organic Growth Factors 

Calcium pantothenate 

Thiamine 

Nicotinam ide adenine dinucleotide 

Uracil 

Biotin 

Hypoxanthine 

Reducing Agent 

Sodium thioglycolate 

Water 

...... nt 

1.5 9 

0.3 9 

0.2 9 

0.2 9 

0.06 9 

0.02 9 

0.02 9 

0.01 9 

0.006 9 

0.005 9 

0.003 9 

0.00003 g 

1 liter 

Source. R. M. Adas. Handbook of MicrobIOlogical Media. Ann Arbor. MI: CRC Press. 1993. 

Table 6.4 Composition of Nutrient Agar, 
a Complex Medium for the Growth 
of Heterotrophic Bacteria 

Constituent 

Peptone (partially digested protein) 

Beef extract 

Sodium chloride 

Agar 

Water 

Anaerobic Growth Media and Methods 

...... nt 

5.0 g 

3.0 9 

8.0 9 

15.0 9 

1 liter 

The cultivation of anaerobic bacteria poses a special problem. 
Because anaerobes might be killed by exposure to oxygen, special 
media called reducing media must be used . These media con-
ta in ingredients, such as sodium thioglycolate, that chemically 

combine with dissolved oxygen and deplete the oxygen in the 
culture medium. To routinely grow and maintain pure cultures 
of obligate anaerobes, microbiologists usc reducing media stored 
in ordinary, tightly capped test tubes. These media are heated 
shortly before use, to drive off absorbed oxygen. 

When the culture must be grown in Petri plates to observe 
individual colonies, several methods arc available. Laboratories 
that work with relatively few culture plates at a time can use sys-
tems that can incubate the microorganisms in scaled boxes and 
jars in which the oxygen is chemically removed after the culture 
plates have been introduced and the container scaled. Some sys-
tems requ ire that water be added to an envelope of chemicals 
before the container is dosed, as shown in Figure 6.6, and require 
a catalyst. The chemicals produce hydrogen and carbon dioxide 
(about 4-10% ) and remove the oxygen in the container by com -
bining it, in the presence of the catalyst, with hydrogen to form 
water. In another commercially available system, the envelope of 
chemicals (the active ingredient is ascorbic acid) is simply opened 
to expose it to oxygen in the container's atmosphere. No water or 
catalyst is needed . The atmosphere in such containers usually has 
less than 5% oxygen, about 18% COl> and no hydrogen. In a 



Lid with 
O·ring "k" 

Envelope containing 
sodium bicarbonate 
and sodium 
borohydride 

Anaerobic indicator __ _ 
(methylene blue) 
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Clamp with 
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Figure 6.6 A jar for cultivating anaerobic bacteria on Petri 
plates. Wtlen water is mixed with the chemical packet containing sodium 
bicarbonate and sodium borohydride. hydrogen and carbon dioxide are 
generated. Reacting on the surface of a palladium catalyst in a screened 
reaction chamber. which may also be incorporated into the chemical 
packet. the hydrogen and atmospheric oxygen in the jar combine to form 
water. The oxygen is thus removed. AJso in the Jar is an anaerobic indicator 
containing methylene blue. which is blue when oxidized and turns 
colorless when the oxygen is removed (as shown here) 

Q What is the technical name for bacteria that require a higher-
than-atmospheric-concentration of CO2 for growth? 

recently introduced system, each individual Petri plate (OxyPlate) 
becomes an anaerobic chamber. The medium in the plate con-
tains an enzyme, oxyrase, which combines oxygen with hydrogen, 
removing oxygen as water is formed. 

Laboratories that have a large volume of work with anaerobes 
often use an anaerobic chamber, such as that shown in Figure 6.7. 
The chamber is filled with inert gases (typically about 85% N2> 
10% H2> and 5% Cal) and is equipped with air locks to intro-
duce cultures and materials. 

Special Culture Techniques 
Many bacteria have never been successfully grown on artificial 
laboratory media. Mycobacterium ieprae, the leprosy bacillus, is 
now usually grown in armadillos, which have a relatively low 
body temperature that matches the requirements of the microbe. 
Another example is the syphilis spirochete, although certain 
nonpathogenic st rains of this microbe have been grown on lab-
oratory media. With few except ions, the obligate intracellular 
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Figure 6.7 An anaerobic chamber. The technician is pipetting a 
bacterial suspension into a flask inside an anaerobic chamber filled with 
an inert. oxygen-free gas. His arms and hands are encased in glove ports. 
Organisms and materials enter and leave through the air-lock opening that 
is vis ible to the left. 

Q In what way would an anaerobic chamber resemble the Space 
Laboratory orbiting in the vacuum of space? 

bacteria, such as the rickettsias and the chlamydias, do not grow 
on art ificial med ia. Like viruses, they can reproduce only in a liv-
ing host cell. See the discussion of cell culture, page 378. 

Many clinical laboratories have special carbon dioxide 
incubators in which to grow aerobic bacteria that requ ire concen-
trations of Cal higher or lower than that found in the atmo-
sphere. Desired CO2 levels are main tained by electronic controls. 
High CO2 levels are also obtained with simple candle jars. 
Cultures are placed in a large sealed jar containing a lighted 
candle, which consumes oxygen. The candle stops burning when 
the air in the jar has a lowered concentration of oxygen (but one 
still adequate for the growth of aerobic bacteria). An elevated 
concentration of CO2 is also presen t. Microbes that grow better 
at high Cal concentrations are called capnophiles. The low-
oxygen, high-Cal conditions resemble those found in the 
intestinal tract, respiratory tract, and other body tissues where 
pathogenic bacteria grow. 

Candle jars are still used occasionally, but more often com-
mercially available chemical packets are used to generate carbon 
dioxide atmospheres in containers. When only one or two Pet ri 
plates of cultures are to be incubated, c1inicallaboratory investi-
gators often use small plastic bags with self-contained chemical 
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Figure 6.8 Technicians in a biosafety level 4 (BSL-4) 
laboratory. Personnel working in a 8S L -4 fac ility wear a "space suit" 
that is connected to an outside air supply_ 

Q II a technician were working with pathogenic prions, how would 
material leaving the lab be rendered noninfectious? (ffint: See 
Chapter 7.) 

gas generators that are activated by crushing the packet or mois-
tening it with a few millili ters of water. These packets are some-
times specially designed to p rovide precise concentrations of 
carbo n dioxide (usually higher than can be obtained in candle 
jars ) and oxygen for culturing organisms such as the 
microaerophilic Campylohacter bacteria (page 312). 

Some microorganisms are so dangerous that they can be 
ha ndled only under extraordina ry systems of contain ment 
called biosafety level 4 (B5L-4). Level 4 labs are popularly known 
as "the hot zone." Only a handful o f such labs exists in the 
United States. The lab is a sealed env ironment within a larger 
building and has an atmosphere under negat ive pressure, so that 
aerosols contain ing pathogens will not escape. Bo th intake and 
exhaust air is filtered through high-efficiency particula te ai r fi l-
ters (see HEPA filters, page 19 1); the exhaust air is filtered twice. 
All waste materials leaving the lab are rendered no ninfectious. 
T he person nel wear "space suits" that are connected to an air 
supply (Figure 6.8). 

Less dangerous o rganisms are handled at lower levels of 
biosafety. For example, a basic microbiology teaching laboratory 
would be BSL- l. Organ isms that present a moderate risk of 
infec tion can be handled at BSL-2 levels, that is, on o pen labora-
tory bench tops with appropriate gloves, lab coats, or possibly 
face and eye protection. BSL-3 labs are intended for highly infec-
tious airbo rne pathogens such as the t ube rculosis agent. 
Biological sa fety cabinets sim ilar in appearance to the anaerobic 
chamber shown in Figure 6.7 are used. The laboratory itself 
sho uld be negatively pressurized and eq uipped with air fil ters to 
prevent release of the pathogen from the laboratory. 

Figure 6.9 Blood agar, a differential medium containing 
red blood cells. The bacte ria have lysed the red blood cells 
(beta-hemolysis). causing the clear areas around the colonies_ 

Q Of what value are hemolysins to pathogens? 

Selective and Differential Media 

I I 
'mm 

In clinical and public health microbiology, it is frequently neces-
sary to detect the presence of specific microorganisms associated 
with d isease or poo r sanitation. For this task, selective and differ-
ential media are used. Selective media are designed to suppress 
the growth of unwanted bacteria and encourage the growth of 
the desi red microbes. For example, bismuth sulfi te agar is one 
medium used to isolate the typhoid bacteriu m, the gram-negative 
Salmol/ella typlti (Ii 'Ie), from feces. Bismuth sulfite inhibits gram -
positive bacteria and most gram-negative intestinal bacteria 
(other than S. typlti), as well. Sabouraud's dextrose agar, which has 
a pH o f 5.6, is used to isolate fu ngi that outgrow most bacteria at 
this pH. 

Differential media make it easier to distinguish colonies 
of the desired organism from other colonies growing on the 
same plate. Similarly, pure cultures of microorganisms have 
identifiable reactions with differential media in tubes or plates. 
Blood agar (which contains red blood cells) is a mediu m that 
mic rob iologists o ften use to identify bacterial species that 
destroy red b lood cells. These species, such as Streptococcus 
pyogenes (pi -aj'en-e z), the bacterium that causes strep throat, 
show a clear ring around their colonies (beta-hemol ysis, 
page 319 ) where they have lysed the surro unding blood cells 
(Figure 6.9 ). 

Sometimes, selective and differential characteristics are 
combined in a single med ium. Suppose we want to isolate the 
com mon bacterium 5tapltylococClls aurellS, found in the nasal 
passages. This organism has a tolerance for h igh concentrations 
of sodium chloride; it can also ferme nt the carbohydrate manni-
tol to for m acid. Mannitol salt agar contains 7.5% sodium 



Staphylococcus aureus 

Figure 6.10 Differential medium. Bacterial colonies on differential 
media have a distinctive appearance_ This medium is mannitol salt agar, 
and the bacteria in the colonies capable of ferment ing the mannitol in the 
medium to acid, cause a change of color. Actually. th is medium is also 
selective because the high salt concentration prevents the growth of most 
bacteria except Staphlylococcus spp_ 

Q Are bacteria capable of growing at a high osmotic pressure likely 
to be capable of growing in the mucus found in nostrils? 

chloride, which will discourage the growth of competing organ-
isms and thus select for (favor the growth of) S. aureus. This salty 
medium also contains a pH indicator that changes color if the 
mannitol in the medium is fermented to acid; the mannitol-
fermenting colonies of S. ai/reus are thus differentiated from 
colonies of bacteria that do not ferment mannitol. Bacteria that 
grow at the high salt concentration and ferment mannitol to acid 
can be readily ident ified by the color change (Figure 6.10). These 
are probably colonies of S. aureus, and their identification can 
be confirmed by additional tests. The use of differential media 
to identify toxin-producing E. coli is discussed in Chapter 5, 
page 139. 

Enrichment Culture 
Because bacteria present in small numbers can be missed, espe-
cially if other bacteria are present in much larger numbers, it is 
sometimes necessary to use an enrichment culture. This is 
often the case for soil or fecal samples. The medium (enrich-
ment medium) for an enrichment culture is usually liquid and 
provides nutrients and environmental conditions that favor the 
growth of a particular microbe but not others. In this sense, it 
is also a selective medium. but it is designed to increase very 
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Table 6.5 Culture Media 

T,pe 

Chemically 
Defined 

Complex 

Reducing 

Selective 

DiHerential 

Enrichment 

Pu ..... 

Growth of chemoaulotrophs and photoautotrophs; 
microbiological assays 

Growth of most chemoheterotrophic organisms 

Growth of obligate anaerobes 

Suppression of unwanted microbes; encouraging 
desired microbes 

Differentiation of colonies of desired microbes from 
others 

Similar to selective media but designed to increase 
numbers of desired microbes to detectable levels 

small numbers of the desired type of organism to detectable 
levels. 

Suppose we want to isolate from a soil sample a microbe 
that can grow on phenol and is present in much smaller 
numbers than other species. If the so il sample is placed in a 
liquid enrichment medium in which phenol is the only so urce 
of carbon and energy, microbes unable to metabolize phenol 
will not grow. The culture medium is allo wed to incubate for a 
few days, and then a small amount of it is transferred into 
another flask of the same medium. After a series of such trans-
fe rs, the surviving population will consist of bacteria capable 
of metabolizing phenol. The bacteria are given time to grow in 
the medium between transfers; this is the enrichment stage. 
(See the box in Chapter 28, page 801.) Any nutrien ts in the 
original inoculum are rapidly diluted out with the successive 
transfers. When the last dilution is streaked onto a solid 
medium of the same composition, on ly those colon ies of 
organisms capable of using phenol shou ld grow. A remarkable 
aspect of this particular technique is that phenol is normally 
lethal to most bacteria. 

CHECK YOUR UNDERSTANDING 

'" Could humans exist on chemically defined media. at least under 
laboratory conditions? 6-8 

'" Could Louis Pasteur. in the 1800s. have grown rabies viruses in 
cell culture instead of in living animals? 6-9 

'" What BSL is your laboratory? 6-10 .. . 
Table 6.5 summarizes the purposes of the main types of cult ure 
med ia. 
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Figure 6 . 11 The streak plate method for isolating pure bacterial 
cultures. Ca) Arrows indicate the direction of streaking. Streak series 1 is 
made from the original bacterial culture. The incoculating loop is sterilized 
following each streak series. In series 2 and 3, the loop picks up bacteria 

from the previous series. diluting the number of cells each time. There are 
numerous variants of such patterns, (b) In series 3 of this example. notice 
that well·isolated colonies of bacteria of two different types. red and 
yellow. have been obtained. 

Q Is a colony fonned as a result of streaking a plate always derived from a single bacterium? 

Obtaining Pure Cultures 
LEARNING OBJECTIVES 
6-11 Define colony. 

6-12 Describe how pure cultures can be isolated by using the streak 
plate method. 

Most infectious materials, such as pus, sputum, and urine, contain 
several different kinds of bacteria; so do samples of soil, water, or 
food. If these materials are plated out onto the surface of a solid 
medium, colonies will form that are exact copies of the original 
organism. A visible colony theoretically arises from a single spore or 
vegetative cell or from a group of the same microorganisms attached 
to one another in clumps or chains. Microbial colonies often have a 
distinctive appearance that distinguishes one microbe from another 
(see Figure 6.1 0). The bacteria must be distributed widely enough so 
that the colonies are visibly separated from each other. 

Most bacteriological work requires pure cultures, or clones, of 
bacteria. The isolation method most commonly used to get pure 
cultures is the streak plate method (Figure 6.11 ). A sterile inoc-
ulating loop is dipped into a mixed culture that contains more 
than one type of microbe and is streaked in a pattern over the sur-
face of the nutrient medium. As the pattern is traced, bacteria are 
rubbed off the loop onto the medium. The last cells to be rubbed 
off the loop are far enough apart to grow into isolated colonies. 
These colon ies can be picked up with an inoculating loop and 
transferred to a test tube of nutrient medium to form a pure cul-
ture contain ing only one type of bacterium. 

The streak plate method works well when the organism to be 
isolated is present in large numbers relative to the total population. 
However, when the microbe to be isolated is present only in very 
small numbers, its numbers must be greatly increased by selective 
enrichment before it can be isolated with the streak plate method. 

CHECK YOUR UNDERSTANDING 

-r Can you th ink of any reason why a colony does not grow to an 
infinite size. or at least fill the confines of the Petri plate? 6-11 

-r Could a pure culture of bacteria be obtained by the streak plate 
method if there were only one desired microbe in a bacterial 
suspension of billions? 6-12 

Preserving Bacterial Cultures 
LEARNING OBJECTIVE 
6-13 Explain how microorganisms are preserved by deep-freezing and 

lyophilization (freeze-drying). 

Refrigeration can be used for the short-term storage of bacterial 
cultures. Two common methods of preserving microbial 
cultures for long periods are deep-freezing and lyophilization. 
Deep-fleering is a process in which a pure culture of microbes is 
placed in a suspending liquid and quick-frozen at temperatures 
ranging from -50°C to -95°C. The culture can usually be thawed 
and cultured even several years later. During lyophilization 
(freeze-drying), a suspension of microbes is quickly frozen at tem-
peratures ranging from - 54°C to -72°C, and the water is removed 
by a high vacuum (sublimation). While under vacuum, the con-
tainer is sealed by melting the glass with a high-temperature torch. 
The remaining powderlike residue that contains the surviving 
microbes can be stored for years. The organisms can be revived at 
any time by hydration with a suitable liquid nutrient medium. 

CHECK YOUR UNDERSTANDING 

-r If the Space Station in Earth orbit suddenly ruptured. the humans 
on board would die instantly from cold and the vacuum of space. 
Would all the bacteria in the capsule also be killed? 6-13 



The Growth of Bacterial Cultures 
LEARNING OBJECTIVES 
6-14 Define bacterial growth, including binary fission 

6-15 Compare the phases of microbial growth. and describe their 
relation to generation time. 

6-16 Explain four direct methods of measuring cell growth. 
6-17 Differentiate direct and indirect methods of measuring cell growth. 
6-18 Explain three indirect methods of measuring cel l growth. 

Being able to represent graphically the enormous populations 
resulting from the growth of bacterial cultures is an essential part 
of microbiology. It is also necessary to be able to determine 
microbial numbers, either directly, by counting, or indirectly, by 
measuring their metabolic activity. 

Bacterial Division 
As we mentioned at the beginning of the chapter, bacterial 
growth refers to an increase in bacterial numbers, not an increase 
in the size of the individual cells. Bacteria normally reproduce by 
binary fission (Figure 6.12 ). 

A few bacterial species reproduce by budding; they form a 
small initial outgrowth (a bud) that enlarges until its size 
approaches that of the parent cell, and then it separates. Some 
filamentous bacteria (certain actinomycetes) reproduce by 
producing chains of conidiospores carried externally at the tips of 
the filaments. A few filamentous species simply fragme nt, and the 
fragments initiate the growth of new cells. Animations Binary 
Fission; Bacterial Growth: Overview. www.microbiologyplace.com 

Generation Time 
For purposes of calculating the generation time of bacteria, we 
will consider only reproduction by binary fission , which is by far 
the most common method. As you can see in Figure 6.13, one 
cell's division p roduces two cells, two cells' d ivisions produce 
four cells, and so on. When the number of cells in each genera-
tion is expressed as a power of 2, the exponent tells the number 
of doublings (generations) that have occurred. 

The time required for a cell to divide (and its population to 
double) is called the generation time. It varies considerably 
among organisms and with environmental conditions, such 
as temperature. Most bacteria have a generation time of I to 
3 hours; others require more than 24 hours per generation. (The 
math required to calculate generation times is presented in 
Appendix 8. ) If binary fission continues unchecked, an enor-
mous number of cells will be produced. If a doubling occurred 
every 20 minutes- which is the case for E. coli under favorab le 
conditions- after 20 generations a single initial cell would 
increase to over I million cells. This would require a little less 
than 7 hours. In 30 generations, or 10 hours, the population 
would be I bill ion , and in 24 hours it would be a number trailed 
by 21 zeros. It is difficult to graph population changes of such 
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o Cell elongates and 
DNA is repHcated. 

e Cell wall and 
plasma membrane 
begin to constrict 

e Cross·wal l forms, 
completely 
separating the 
two DNA copies. 

o Cells 
separate. 

A 

(a) A diagram 01 the sequence 01 cell division 

DNA ) i Partially cross·wall 

(b) A th in section 01 a cell 01 Bacillus I 
lichenifonnis starting to divide 1.0,..m 

Figure 6.12 Binary fission in bacteria. 

Q Do all bacteria reproduce by binary fission? 

) 

enormous magnitude by using arithmetic numbers. This is why 
logarithmic scales are generally used to graph bacterial growth. 
Understanding logarithmic representations of bacterial popula-
tions requires some use of mathematics and is necessary for any-
one studying microbiology. (See Appendix So) 

Logarithmic Representation 
of Bacterial Populations 
To illustrate the difference between logarithmic and arithmetic 
graphing of bacterial populations, let 's express 20 bacterial 
generat ions both logarithmically and arithmetically. In five 
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1 
2 
4 
8 

16 
32 

i' 
2' 
2' 
2' 
2' 
2' 

• •• •••• •••••••• •••••••••••••••• •••••••••••••••••••••••••••••••• 
(a) Visual representation of increase in bacterial number over five 
generations. The number of bacteria doubles in each generation. The 
superscript indicates the generation; that is, 25 = 5 generations. 

Generation L09,o of 
Number Number 01 Celts Number of Cells 

0 2" 1 0 
5 2' 32 1.51 

10 2,0 = 1,024 3.01 
15 2,5 = 32,768 4.52 
16 2,6 = 65,536 4.82 
17 217 = 131,072 5.12 
18 2,8 = 262,144 5.42 
19 2,9 = 524,288 5.72 
20 220 = 1,048,576 6.02 

(b) Conversion of the number of cetls in a poputatiOfl into the togarithmic 
expression of this number. To arrive at the numbers in the center cotumn. 
use the i' key on your catculator. Enter 2 on the calculator: press y"; enter 
5: then press the = sign. The calculator will show the number 32. Thus, the 
fifth·generation population of bacteria will total 32 cells. To arrive at the 
numbers in the right-hand column, use the log key on your calculator. Enter 
the number 32: then press the log key. The calculator will show, rounded 
off. thatthe log ,o 01 32 is 1.51. 

Figure 6_13 Cell division_ 

Q If a single bacterium reproduced every 20 minutes, how many 
would there be in 2 hours? 

generations (25), there would be 32 cells; in ten generat ions (2 10), 
there would be 1024 cells, and so on. (If your calculator has a 'I 
key and a log key, you ca n du plicate the numbers in the third col-
umn of Figure 6.13,) 

In Figure 6.14, notice that the arithmetically p lotted line 
(solid) does not clearly show the population changes in the early 
stages of the growth curve at this scale. In fact, the first ten gen-
erations do not even appear to leave the baseline, Furthermore, 
another one or two arithmetic generations graphed to the same 
scale would greatly increase the height of the graph and take the 
line off the page. 

The dashed line in Figure 6.14 shows how these plotting 
problems can be avoided by graphing the loglo of the popula-
tion numbers. The IOglO of the population is plotted at 5, 10, 15, 
and 20 generat ions. Notice that a straight line is formed 

Figure 6.14 A growth curve for an exponentially increasing 
population, plotted logarithmically (dashed line) and 
arithmetically (solid line). This figure demonstrates why it is 
necessary to graph changes in the immense numbers of bacterial 
populations by logarithmic plots rather than by arithmetic numbers. For 
example. note that at ten generations the line representing arithmetic 
numbers has not even perceptibly left the baseline. whereas the 
logarithmic plot point for the tenth generation (3.01) is halfway up 
the graph. 

Q If the arithmetic numbers (solid line) were plotted for two more 
generations, would the line still be on the page? 

and that a thousand times this population (i ,000,000,000, or 
ioglO 9.0) could be accommodated in relatively little extra space. 
However, this advantage is obtained at the cost of distorting our 
"common percep tion of the actual s ituation. We are not 
accustomed to thinking in logarithmic re lationships, but it is 
necessary for a proper understanding of graphs of microbial 
populations. 

CHECK YOUR UNDERSTANDING 

..{" Can a complex organism, such as a beetle. divide by binary 
fission? 6-14 

Phases of Growth 
When a few bacteria are inoculated into a liquid growth 
medium and the population is coun ted at intervals, it is possible 
to p lot a bacterial growth curve that shows the growth of cells 
over time ( Figure 6.15), There are four basic phases of growth: 
the lag, log, stationary, and death phases. Animation Bacterial 
Growth Curve. www.microbiologyplace.com 



The concept of the bacterial growth curve is fundamental to understanding population dynamics and 
control in, for example. food preservation and spoilage; industrial microbiology, such as ethanol 
production: and the course and treatment of infectious disease, 

Lag phase Log phase Stationary phase Death phase 
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o Intense activity 
preparing lor 
population 
growth, but no 
increase in 
population. 

• Logarithmic, 
or exponential, 
increase in 
population. 

e Period 01 equilibrium; 
microbial deaths 
balance production 
of new cells. 

o Population is decreasing 
at a logarithmic rate. Key Concept 

The lag Phase 
For a wh ile, the number of cells changes very little because the cells 
do not immediately reproduce in a new medium. This period 
of little or no cell division is called the lag phase, and it can last for 
1 hour or several days. During th is time, however, the cells are 
not dormant. The microbial population is undergoing a period 
of intense metabolic activity involving, in particular, synthesis of 
enzymes and various molecules. (The situation is analogous to a 
factory being equipped to produce automobiles; there is consider-
able tooling-up activity but no immediate increase in the automo-
bile population.) 

The log Phase 
Eventually, the cells begin to divide and enter a period of growth, 
or logarithmic increase, called the log phase, or exponential 
growth phase. Cellular reproduction is most active during this 
period, and generation time reaches a constant m inimum. 
Because the generation time is constant, a logarithmic plot of 
growth during the log phase is a straight line. The log phase is the 

Bac1erilll populations follow a sequential 
series of growth phases; the lag, log. 
stationary. and death phases. 

time when cells are most active metabolically and is preferred for 
industrial purposes where, for example, a product needs to be 
produced efficiently. 

The Stationary Phase 
If exponential growth continues unchecked, startlingly large 
numbers of cells could arise. For exam ple, a single bacterium (at 
a weight of9.5 X 10- 13 g per cell) divid ing every 20 minutes for 
only 25.5 hours can theoretically produce a population equiva-
lent in weight to that of an 80,OOO-ton aircraft carrier. [n reality, 
this does not happen. Eventually, the growth rate slows, the num-
ber of microbial deaths balances the number of new cells, and the 
population stabilizes. This period of equilibrium is called the 
stationary phase. 

What causes exponential growth to stop is not always clear. 
The exhaustion of nutrients, accumulation of waste products, 
and harmful changes in pH may all playa role. 
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The Death Phase 
The number of deaths eventually exceeds the number of new 
cells formed, and the population enters the death phase, or 
logarithmic decline phase. This phase continues until the pop-
ulation is diminished to a tiny fraction of the number of cells in 
the previous phase or until the population dies out entirely. 
Some species pass through the entire series of phases in only a 
few days; others retain some surviving cells almost indefinitely. 
Microbial death will be discussed further in Chapter 7. 

CHECK YOUR UNDERSTANDING 

"" If two mice started a family within a fixed enclosure, with 
a fixed food supply. would the population curve be the same as 
a bacterial growth curve? 6-15 

Direct Measurement of Microbial Growth 
The growth of microbial populations can be measured in a number 
of ways. Some methods measure cell numbers; other methods 
measure the population's total mass, which is often directly propor-
tional to cell numbers. Population numbers are usually recorded as 
the number of cells in a milliliter of liquid or in a gram of solid 
material. Because bacterial populations are usually very large, most 
methods of counting them are based on direct or indirect counts of 
very small samples; calculations then determine the size of the total 
population. Assume, for example, that a millionth of a milliliter 
(I0 - 6 ml) of sour milk is found to contain 70 bacterial cells. Then 
there must be 70 times I million, or 70 million, cells per milliliter. 

However, it is not practical to measure out a millionth of a 
milliliter of liquid or a millionth of a gram of food. Therefore, 
the procedure is done indirectly, in a series of dilutions. For 
example, if we add I 011 of milk to 99 011 of water, each milliliter 
of this dilution now has one-hundredth as many bacteria as each 
m illiliter of the original sample had. By making a series of such 
dilutions, we can readily estimate the number of bacteria in our 
original sample. To count microbial popu lations in solid foods 
(such as hamburger), an homogenate of one part food to nine 
parts water is fi nely ground in a food blender. Samples of this ini-
tial one-tenth dilution can then be transferred with a pipette for 
further dilutions or cell counts. 

Plate Counts 
The most frequently used method of measuring bacterial pop-
ulations is the plate count. An important advantage of this 
method is that it measures the number of viable cells. One dis-
advantage may be thaI it takes some time, usually 24 hours or 
more, for visible colonies to form. This can be a serious prob -
lem in some applications, such as quality con trol of milk, when 
it is not possible to hold a particular lo t for this length of time. 

Plate counts assume that each live bacterium grows and 
divides 10 produce a single colony. This is not always true, 

because bacteria frequently grow linked in chains or as dumps 
(see Figure 4.1, page 78) . Therefore, a colony often results, not 
from a single bacterium, but from short segments of a chain or 
from a bacterial clump. To reflect this reality, pla te counts are 
often reported as colony-forming units (CFU). 

When a plate count is performed, it is important that only 
a limited number of colonies develop in the plate. When too 
many colonies are present, some cells are overcrowded and do 
not develop; these conditions cause inaccuracies in the count. 
The U.S. Food and Drug Administration convention is to count 
only plates with 25 to 250 colonies, but many microbiologists 
prefer plates with 30 to 300 colonies. To ensure that some 
colony counts will be within this range, the original inoculum 
is d iluted several times in a process called serial dilution 
(Figure 6.16) . 

Serial Dilutions Let's say, for example, that a milk sample has 
10,000 bacteria per milliliter. If I ml of this sample were plated 
out, there would theoretically be 10,000 colonies formed in the 
Petri plate of medium. Obviously, this would not prod uce a 
countable plate. If I 011 of this sample were transferred to a 
tube contai ning 9 011 of sterile water, each milliliter of fluid in 
this tube would now contain 1000 bacteria. If I 011 of th is 
sample were inoculated into a Petri p late, there would still be 
too many potential colonies to count on a plate. Therefore, 
another serial d ilution could be made. One milliliter containing 
1000 bacteria would be transferred to a second tube of 9 011 of 
water. Each milliliter of this tube would now contain only 
100 bacteria, and if I 011 of the contents of this tube were 
plated out, potentially 100 colonies would be formed- an 
easily countable number. 

Pour Plates and Spread Plates A plate count is done by either 
the pour plate method or the spread plate method . The pour 
plate method follows the procedure shown in Figure 6.17a. 
Either 1.0 ml or 0.1 011 of dilutions of the bacterial suspension is 
introduced into a Petri dish. The nutrient medium, in which the 
agar is kept liquid by holding it in a water bath at about 50°C, is 
poured over the sample, which is then mixed into the medium by 
gentle agitation of the plate. When the agar solidifies, the plate is 
incubated . With the pour plate tech nique, colonies will grow 
within the nutrient agar (from cells suspended in the nutrient 
medium as the agar solidifies) as well as on the surface of the 
agar plate. 

This technique has some drawbacks because some relatively 
heat-sensitive microorganisms may be damaged by the melted 
agar and will therefore be unable to form colonies. Also, when 
certain differential media are used, the distinct ive appearance of 
the colony on the surface is essential for d iagnostic purposes. 
Colonies that form beneath the surface of a pour plate are 
not satisfactory for such tests. To avoid these problems, the 
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Dilutions 
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1 ml 

1 :10,000 1 :100,000 

• • • • • • •• • • • • • • ••• • • •• • • ,. 
• • • • • 

·0 •• 

1:10,000 1:100,000 

Calculation: Number of colonies on plate x reciprocal of d ilution of sample"" number of bacteriatml 
(For example, if 32 colonies are on a plate of 1:10,000 dilution, then the count is 32 x 10,000" 320,000 bacteria/ml in sample.) 

Figure 6.16 Serial dilutions and plate counts. In serial dilutions. 
the original inoculum is diluted in a series of dilution tubes. In our example. 
each succeeding dilution tube will have only one-tenth the number of 
microbial cells as the preceding tube. Then. samples of the dilution are 

used to inoculate Petri plates, on which colonies grow and can be 
counted. This count is then used to estimate the number of bacteria in the 
original sample. 

Q Why were Ihe dilutions of 1 :1000 and 1 :100,000 not counted? Theoretically, how many colonies should appear on the 1:1000 plale? 

spread plate method is frequently used instead (Figure 6.17b ). 
A O. I-ml inoculum is added to the surface of a prepoured, solid-
ified agar medium . The inoculum is then spread uniformly over 
the surface of the medium with a specially shaped, sterilized 
glass o r metal rod. This method positions all the colonies on the 
surface and avoids contact between the cells and melted agar. 

Filtration 
When the quantity of bacteria is very small, as in lakes or rela-
tively pure streams, bacteria can be counted by filtration 
methods (Figure 6.18). In this technique, at least 100 ml of water 
are passed through a thin membrane filter whose pores are too 
small to allow bacteria to pass. Thus, the bacteria are filtered out 
and retained on the surface of the filter. This filter is then trans-
ferred to a Petri dish containing a pad soaked in liquid nutrient 
medium, where colonies arise from the bacteria on the filter's 
surface. This method is applied freq uently to detection and 
enumeration of coliform bacteria, which are indicators of fecal 
contamination of food o r water (see Chapter 27). The colonies 
formed by these bacteria are dist inctive when a differential 

nutrient medium is used. (The colonies shown in Figure 6.1Sb 
are examples of colifonns. ) 

The Most Probable Number (MPN) Method 
Another method for determining the number of bacteria in 
a sample is the most probable number (MPN) method, illus-
trated in Figure 6.19. This statistical estimati ng technique is 
based on the fact that the greater the number of bacteria in a 
sample, the more dilution is needed to reduce the density to 
the point al which no bacteria are left to grow in the tubes in a 
dilution series. The MPN method is most useful when the 
microbes being counted will not grow on solid media (such as 
the chemoautotrophic nitrifying bacteria). [t is also useful when 
the growth of bacteria in a liquid differential medium is used to 
identify the microbes (such as coliform bacteria, which selec-
tively ferment lactose to acid, in water testing). The MPN is 
only a statement that there is a 95% chance that the bacterial 
population falls within a certain range and that the MPN is 
statistically the most probable number. 
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(a) The pour plate method (b) The spread plate method 
Figure 6.17 Methods of preparing plates 
for plate counts. (a) The pour plate method. 
(b) The spread plate method. 

o Inoculate 
empty plate. 

e Add melted 
nutrient agar. 

e Swirl to mix. 

1.00rO.l ml 

o Colonies ... ..... ..... ... 
grow on and ..... ...... ... 
in solidified ..... .. ... . medium. =--

-

Direct Microscopic Count 

0.1 ml 

dilution 

• • • • 
• • • • • 

• • 

In the method known as the direct microscopic count, a mea-
sured volume of a bacterial suspension is placed within a defined 
area on a microscope slide. Because of time considerations, this 
method is often used to count the number of bacteria in milk. 
A O.OI -ml sample is spread over a marked square centimeter of 
slide, stain is added so that the bacteria can be seen, and the sam-
ple is viewed under the oil immersion objective lens. The area of 
the viewing field of this objective can be determined. Once the 
number of bacteria has been counted in several different fields, the 
average number of bacteria per viewing field can be calculated. 
From these data, the number of bacteria in the square cent imeter 
over which the sample was spread can also be calculated. Because 
this area on the slide contained 0.01 ml of sample, the number 

o Inoculate plate 
containing 
solid medium. 

e Spread inoculum 
over surface 
evenly. 

o Colonies grow 
only on surface 
of medium. 

'-

Q What an:! the advantages of each method? 

of bacteria in each milliliter of the suspension is the number of 
bacteria in the sample times 100. 

A specially designed slide called a Petroff-Hausser cell counter 
is also used in direct microscopic counts (Figure 6.20) . 

Motile bacteria are difficult to count by this method, and, 
as happens with other microscopic methods, dead cells are 
about as likely to be counted as live ones. In add ition to these 
disadvantages, a rather h igh concentration of cells is required to 
be countable-about 10 million bacteria per mill iliter. The chief 
advantage of m icroscopic counts is that no incubation time is 
required, and they are usually reserved for applicat ions in which 
time is the primary consideration. This advantage also holds for 
electronic cell coullters, sometimes known as Coulter coullters, 
which automatically count the number of cells in a measured 



Figure 6 . 18 Counting bacteria by 
filtration. 

Q Could you make a pour plate in the usual 
Petri dish with a 10-ml in(l(:ulum? 11 not, 
why not? 

(a) The bacteria in 100 ml 
of water were sieved out 

_ >-1 --<I 
..alii 1/lm 
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onto the surface of a membrane 
lilter. Note that the holes in the 
lilter are smaller than the bacteria. 

(b) A lilter such as shown in photo (a), with the 
bacteria much more widely spaced, was placed on a 
pad saturated with liquid Endo medium, which is used 
for enumerating colilorms. The individual bacteria 
grew into visible colonies. There are 124 colonies 
visible. so we would record t24 bacteria per 100 ml 

Volume of 
Inoculum lor 
Each Set of 
FlveTubes 

10 ml 

1 ml 

0,1 ml 

Tubes of Nutrient Medium 
(s.ts of Rve Tubes) 

I I 
U 

I I I 
I I 

I 
I 

I 

Number of Positive 
TUbes In Set 

5 

3 

1 

(a) Most probable number (MPN) dilution series_ In this 
example, there are three sets 01 tubes and live tubes in each set. 
Each tube in the first set 01 live tubes receives 10 ml of the 
inoculum. such as a sample 01 water. Each tube in the second set 
01 live tubes receives 1 ml 01 the sample, and the third set. 0.1 ml 
each. There were enough bacteria in the sample so that all five 
tubes in the first set showed bacterial growth and were recorded 
as positive. In the second set. which received only one-tenth as 
much inoculum, only three tubes were positive. In the third set, 
which received one-hundredth as much inoculum. only one tube 
was positive. 

Figure 6.19 The most probable number (MPN) method. 

01 water sample. 

95% Confidence 
Limb 

Combination MPN IndhI 
of PosHIvH 100ml LAl .. r UPflIr 

4-2-0 22 6.8 SO 
4-2-1 26 9.8 70 
4-3-0 27 9.9 70 
4-3-1 33 10 70 
4-4-0 34 14 100 

5-0-0 23 6.8 70 
5-0-1 31 10 70 
5-0-2 43 14 100 
5-1-0 33 10 100 
5-1-1 46 14 120 
5-1-2 63 22 ISO 

5-2-0 49 15 ISO 
5-2-1 70 22 170 
5-2-2 94 34 230 
5-3-0 79 22 220 
5-3-1 110 34 250 
5-3-2 140 52 400 

(b) MPN table. MPN tables enable us to calculate lor a sample the 
microbial numbers that are statistical ly likely to lead to such a result. 
The number 01 positive tubes is recorded for each set: in the shaded 
example. 5. 3, and t. II we look up this combination in an MPN table. 
we find that the MPN index per tOO ml is 110. Statistically, this means 
that 95% 01 the water samples that give this result contain 34-250 
bacteria, with 110 being the most probable number. 

Q Under what circumstances is the MPN method used to detemline the number of 
bacteria in a sample? 
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Grid with 25 large ""'" 

o Bacterial suspension is added here 
and tills the shallow volume over the 
squares by capillary action. 

Bacterial 

Figure 6.20 Direc t microscopic count 
of bacteria with a Petroff-Hausser cell 
counter. The average number of cells w ithin a large 
square multiplied by a factor of 1.250,000 gives the 
number of bacteria per milliliter. 

Q This type of counting, despite its obvious 
disadvantages, is ohen used in estimating the 
bacterial population in dairy products. Why? 

suspension e Microscopic counl: All cells in 
several large squares are 
counled, and the numbers are 
averaged. The large square 
shown here has 14 bacterial cel ls. 

o Cross seelion 01 a cell counter. 
The depth under the cover glass and the area 
of the squares are known, so the volume of the 
bacterial suspension over the squares can be 
calculated (depth x area). 

o The volume of fluid over the 
large square is 111,250,000 
of a milliliter. If it conlains 14 
cells, as shown here, then 
there are 14 x 1,250,000 = 
17,500,000 cel ls in a milliliter. 

volume of liquid . These instruments are used in some research 
laboratories and hospitals. 

CHECK YOUR UNDERSTANDING 

..r Why is it difficult to measure realistically the growth of a 
filamentous mold isolate by the plate count method? 6-16 

Estimating Bacterial Numbers 
by Indirect Methods 
It is not always necessary to count microbial cells to estimate 
their numbers. In science and industry, microbial numbers and 
activity are determined by some of the following indirect means 
as well. 

Turbidity 
For some types of experimental work, estimating turbidity is a 
practical way of monitoring bacterial growth. As bacteria mult i-
ply in a liquid medium, the medium becomes turbid, or cloudy 
with cells. 

The instrument used to measure turbidity is a spectrophotometer 
(or colorimeter). In the spectrophotometer, a beam of light is trans-
mitted through a bacterial suspension to a light-sensitive detector 
(Figure 6.21 ). As bacterial numbers increase, less light will reach the 
detector. This change of light will register on the instrument's scale as 
the percentage of transmission. Also printed on the instrument's scale 
is a logarithmic expression called the absorbance (sometimes called 
optical density, or aD, which is calculated as Abs = 2 - log of 
% transmittance.) The absorbance is used to plot bacterial growth. 

When the bacteria are in logarithmic growth or decline, a graph of 
absorbance versus time will form an approximately straight line. If 
absorbance readings are matched with plate counts of the same cul-
ture, this correlation can be used in future estimations of bacterial 
numbers obtained by measuring turbidity . 

More than a million cells per mill iliter must be present for 
the first traces of turbidity to be visible. About \0 million to 
100 million cells per milliliter are needed to make a suspension 
turbid enough to be read on a spectrophotometer. Therefore, 
turbidity is not a useful measure of contamination of liquids by 
relatively small numbers of bacteria. 

Metabolic Activity 
Another indirect way to estimate bacterial numbers is to measure 
a population's metabolic activity. This method assumes that the 
amount of a certain metabolic product, such as acid or CO2, is in 
direct proportion to the number of bacteria present. An example 
of a practical application of a metabolic test is the microbiologi-
cal assay in which acid production is used to determine amounts 
of vitamins. 

Dry Weight 
For filamentous bacteria and molds, the usual measuring meth -
ods are less satisfactory. A plate count would not measure this 
increase in filamentous mass. In plate counts of actinomycetes 
(see Figure 11.22, page 321 ) and molds, it is mostly the number 
of asexual spores that is counted instead . Th is is not a good 
measure of growth. One of the better ways to measure the 
growth of filamentous organisms is by dry weight. In this 



light source 

light 
I 

Scattered light 
that not 

Blank 

Bacterial suspension 

Figure 6.21 Turbidity estimation of bacterial numbers. 
The amount of light striking the light-sensitive detector on the 
spectrophotometer is inverse ly proportional to the number of bacteria 
under standardized conditions. The less light transmitted, the more 

Q Is turbidity a direct or an indirect method of measuring bacterial 
growth? 

procedure, the fungus is removed from the growth medium, 
filtered to remove extraneous material, and dried in a desiccator. 
[t is then weighed. For bacteria, the same basic procedure is 
followed. 

CHECK YOUR UNDERSTANDING 

Direct methods usually require an incubation time for a 
colony. Why is this not always feasible for analysis of 
foods? 6-17 

light-sensitive 
detector 
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Spectrophotometer 

2.0 0 

, .• 

bacteria in the sample. The turbidity of the sample could be reported as 
either 20% transmittance or 0.7 absorbance. Readings in absorbance are 
a logarithmic function and are sometimes useful in plotting data. 

If there is no good method for analyzing a product for its vitamin 
content, what is a feasible method of determining the vitamin 
content? 6-18 

" . 
You now have a basic understanding of the requirements for, and 
measurements of, microbial growth . In Chapter 7, we will look at 
how this growth is controlled in laboratories, hospitals, industry, 
and our homes. 
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STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. Q learn 
and practice with animations. tutorials. and MP3 tutor sessions. and e test yourself with quizzes and a chapter post-test. 

The Requirements for Growth (00.157-163) 

I. The growth of a population is an increase in the number of cells. 
2. The requirements for microbial growth are both physical and 

chemical. 

Physical Requirements (pp.157-160) 
3. On the basis of preferred temperature ranges, microbes are 

classified as psychrophiles (cold-loving), mesophiles (moderate-
temperature-loving), and thermophiles (heat-loving). 

4. The minimum growth temperature is the lowest temperature at 
which a species will grow, the optimum growth temperature is 
the temperature at which it grows best, and the maximum growth 
temperature is the highest temperature at which growth is possible. 

S. Most bacteria grow best at a pH value between 6.5 and 7.5. 
6. In a hypertonic solution, most microbes undergo plasmolysis; 

halophiles can tolerate high salt concentrations. 

Chemical Requirements (pp.160-162) 
7. All organisms require a carbon source; chemoheterotrophs use an 

organic molecule, and autotrophs typically use carbon dioxide. 
S. Nitrogen is needed for protein and nucleic acid synthesis. 

Nitrogen can be obtained from the decomposition of pro-
teins or from NH4 + or NO} - ; a few bacteria are capable of 
nitrogen (N2) flxation. 

9. On the basis of oxygen requirements, organisms are classi-
fled as obligate aerobes, facultative anaerobes, obligate 
anaerobes, aerotolerant anaerobes, and microaerophiles. 

10. Aerobes, facultative anaerobes, and aerotolerant anaerobes 
must have the enzymes superoxide dismutase (2 O2- + 
2 H+ , O2 + H20 2) and either catalase (2 H20 2 ' 
2 H20 + 0 2) or peroxidase (H20 2 + 2 H+ , 2 H20). 

II. Other chemicals required for microbial growth include sulfur, 
phosphorus, trace elements, and, for some microorganisms, 
o rganic growth factors. 

Biofilms (pp.162-163) 

I. Microbes adhere to surfaces and accumulate as biofilms on solid 
surfaces in contact with water. 

2. Biofilms fo rm on teeth, contact lenses, and catheters. 
3. Microbes in biofilms are more resistant 10 antibiotics than are free 

swimming microbes. 

Culture Media (pp.164-169) 

I. A culture medium is any material prepared for the growth of 
bacteria in a laboratory. 

2. Microbes that grow and multiply in or on a culture medium are 
known as a culture. 

3. Agar is a common solidifying agent for a culture medium. 

Chemically Defined Media (p. 165) 
4. A chemically defined medium is one in which the exact chemical 

composition is known. 

Complex Media (p. 165) 
5. A complex medium is one in which the exact chemical composi-

tion varies slightly from batch to batch. 

Anaerobic Growth Media and Methods (pp.166- 167) 
6. Reducing media chemically remove molecular oxygen (02) that 

might interfere with the growth of anaerobes. 
7. Petri plates can be incubated in an anaerobic jar, anaerobic 

chamber, or OxyPlate. 

Special Culture Techniques (pp.167- 168) 
8. Some parasitic and fastidious bacteria m ust be cultured in living 

animals or in cell cultures. 
9. CO2 incubators or candle jars are used to grow bacteria that 

requi re an increased CO2 concentration. 
10. Procedures and equipment to minimize exposure to pathogenic 

microorganisms are des ignated as biosafety levels I through 4. 

Selective and Differential Media (pp.168- 169) 
11. By inhibiting unwanted organisms with salts, 

dyes, or other chemicals, selective media allow 
growth of only the desired microbes. 

12. Differentiall11edia are used to distinguish 
different o rganisms. 

Enrichment Culture (p.169) 
13. An enrichment culture is used to encourage the growth of a 

particular microorganism in a m ixed culture. 

Obtaining Pure Cultures 
(pp.I69- 170) 

1. A colony is a visible mass of microbial cells that 
theoretically arose fr0111 one cell. 

2. Pure cul tures are usually obtained by the streak 
plate method. 

Preserving Bacterial Cultures (p.170) 

1. Microbes can be preserved for long periods of time by deep-
freezing or lyophilization (freeze-drying), 

The Growth of Bacterial 
Cultures (pp.171-179) 

Bacterial Division (p.171) 
1. The normal reproductive method of bacteria 

is binary fission, in which a single cell divides 
into two identical cells. 

2. Some bacteria reproduce by budding, aerial 
spore formation, or fragmentation. 



Generation Time (p.171) 
3. The time required for a cell to divide or a population to double is 

known as the generation time. 

Logarithmic Representation of Bacterial 
Populations (pp.171-172) 

4. Bacterial division occurs according to a logarithmic progression 
(two cells, four cells, eight cells, and so on). 

Phases of Growth (pp.172-174) 
5. During the lag phase, there is little or no change in the number of 

cells, but metabolic activity is high. 
6. During the log phase, the bacteria multiply at the fastest rate 

possible under the conditions provided. 
7. During the stationary phase, there is an equilibrium between cell 

division and death. 
8. During the death phase, the number of deaths exceeds the number 

of new cells formed. 

Direct Measurement of Microbial Growth 
(pp.174-178) 

9. A standard plate count reflects the number of viable microbes 
and assumes that each bacterium grows into a single colony; 

CHAPTER 6 Microbial Growth 181 

plate counts are reported as number of colony-forming units 
(CFU). 

10. A plate count may be done by either the pour plate method or the 
spread plate method. 

1 I. In filtration, bacteria are retained on the surface of a membrane 
filter and then transferred to a culture medium to grow and 
subsequently be counted. 

12. The most probable number (MPN) method can be used for 
microbes that will grow in a liquid medium; it is a statistical 
estimation. 

13. In a direct microscopic count, the microbes in a measured volume 
of a bacterial suspension are counted with the use of a specially 
designed slide. 

Estimating Bacterial Numbers by Indirect 
Methods (pp. 178-179) 
14. A spectrophotometer is used to determine turbidity by measuring 

the amount of light that passes through a suspension of cells. 
IS. An indirect way of estimating bacterial nunlbers is measuring the 

metabolic activity of the population (for example, acid production 
or oxygen consumption). 

16. For filamentous organisms such as fungi, measuring dry weight is 
a convenient method of growth measurement. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
I . Describe binary fission. 
2. Macronulrients (needed in rela tively large amounts) are often 

listed as C HONPS. What does each of these letters indicate, and 
why are they needed by the cell? 

3. Define and explain the importance of each of the following: 
a. catalase d . superoxide radical 
h. hydrogen peroxide e. superoxide dismutase 
c. peroxidase 

4. Seven methods of measuring microbial growth were explained in 
this chapter. Categorize each as either a direct or an indirect 
method. 

5. By deep-freezing, bacteria can be stored without harm for 
extended periods. Why do refrigeration and freezing preserve 

6. A pastry chef accidentally inoculated a cream pie with six S. aI/reus 
cells. If S. aureus has a generation time of 60 minutes, how many 
cells would be in the cream pie after 7 hours? 

7. Nitrogen and phosphorus added to beaches following an oil spill 
encourage the growth of natural oil-degrading bacteria. Explain 
why the bacteria do not grow if nitrogen and phosphorus are not 
added. 

8. Differentiate complex and chemically defined media. 

DRAW IT 9. Draw the following growth curves for E. (ali, 
starting with 100 cells with a generation time of 30 minutes at 
35°C, 60 minutes at 20°C, and 3 hours at 5°C. 
a. The cells are incubated for 5 hours at 35°C. 
b . After 5 hours, the temperature is changed to 20°C for 2 hours. 
c. After 5 hours at 35°C, the temperature is changed to 5°C for 

2 hours followed by 35°C for 5 hours. 

10 

, .. .. .. 
, .. .. .. . , 

8 
.. 6 
• 
E 5 , 
o , 

3 .. .. .. 
2 .. .. .. 
, 
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Multiple Choice 
Use the following information to answer questions I and 2. Two cul-
ture media were inoculated with four different bacteria. After incuba-
tion, the following results were obtained: 

Organism 

Escherichia coli 

Slaphylococcus aureus 

Slaphylococcus epidermidis 

Salmonella enlerica 

I . Medium 1 is 

M edium 1 

Red colonies 
No growth 
No growth 
Color1ess colonies 

M edium 2 

No growth 
Growth 
Growth 
No growth 

IJ . selective. c. both selective and differential. 
b. differential. 

2. Medium 2 is 
a. selective. c. both selective and differential. 
b. differentiaL 

Use the following graph 10 answer questions 3 and 4. 

• 
1i .. 
.8 
E • .. 
o -

1 

2 

3 

S '------
TIme 

3. Which of the lines best depicts the log phase of a thermophile 
incubated at room temperature? 

4. Which of the lines best depicts the log phase of Listeria 
monocytogcnes growing in a human? 

5. Assume you inoculated 100 facultatively anaerobic cells onto 
nutrient agar and incubated the plate aerobically. You then 
inoculated 100 cells of the same species onto nutrient agar and 
incubated the second plate anaerobically. After incubation fo r 
24 hours, you should have 
a. more wlonies on the aerobic plate. 
b. more colonies on the anaerobic plate. 
c. the same number o f wlonies on both plates. 

6. The term trace e1emellls refers to 
a. the elements CHONPS. 
b. vitamins. 
c. nitrogen, phosphorus, and sulfur. 
d. small mineral requirements. 
e. toxic substances. 

7. Which one of the following temperatures would most likely kill 
a mesophile? 
a. - 50°C 
b. O"C 

8. Which of the following is not a characteristic o f biofilms? 
a. antibiotic resistance c. iron deficiency 
b. hydrogel d . quorum sensing 

9. Which of the following types of media would IlOt be used to 
culture aerobes? 
a. selective media d . differential media 
b. reducing media e. wmplex media 
c. enrichment media 

10. An organism that has peroxidase and superoxide dismutase but 
lacks catalase is most likely an 
IJ . aerobe. 
b. aerotolerant anaerobe. 
c. obligate anaerobe. 

Critical Thinking 
I. E. coli was incubated with aeration in a nutrient medium contain-

ing two carbon so urces, and the following growth curve was made 
from this culture. 
a. Explain what happened at the time marked x. 
b. Which substrate p rovided "better" growth conditions for the 

bacteria? How can you tell? 

• I I 
E oo I ,-q; 
_0 o_ r 0 0 -
0 

x 
Time 

2. Clostridium and Streptococcus are both catalase-negative. 
StreptoCOCCl jS grows by fermentation. Why is Clostridium killed by 
oxygen , whereas Streptococcl jS is no t? 

3. Most laboratory media contain a fermentable carbohydrate 
and peptone because the majority of bacteria require carbon, 
nitrogen, and energy sources in these forms. How are these 
thrcc nccds met by glucose- minimal salts medium? (Hint: See 
Table 6.2.) 

4. Flask A contains yeast cells in glucose-minimal salts broth 
incubated at 30"e with aeration. Flask B contains yeast cells in 
glucose-min imal salts broth incubated at 30"C in an anaerobic jar. 
The yeasts are faculta tive anaerobes. 
IJ . Which culture produced more ATP? 
b. Which culture produced more alcohol? 
c. Which culture had the shorter generation time? 
d. Which culture had the greater cell mass? 
e. Which culture had the higher absorbance? 

Clinical Applications 
I . Assume that after wash ing your hands, you leave ten bacterial cells 

on a new bar of soap. You then decide to do a pla te count of the 
soap after it was left in the soap dish for 24 hours. You di lute 1 g 
of the soap I: I 06 and plate it on standard plate count agar. After 
24 hours of incubation, there are 168 colonies. How many bacteria 
were on the soap? How did they get there? 

2. Heat lamps are commonly used to maintain foods at about SO"C 
for as long as 12 hours in cafeteria serving lines. The following 
experiment was conducted to determine whether th is practice 
poses a potential health hazard. 



Beef cubes were surface-inoculated with 500,000 bacterial 
cells and incubated at 43-53"C to establish temperature limits 
for bacterial growth. The following results were obtained from 
standard plate counts performed on beef cubes at6 and 12 hours 
after inoculation: 

Staphylococcus 
aureus 

Salmonella 
typhim(Jn'um 

Clostridium 
perfringens 

Temp, ("C) 

" " 53 

" " 53 

" " 53 

Bacteria per Gram of Beef After 

6 h' 12 hr 

140,000,000 740,000,000 
810,000 59,000 

650 300 
3,200,000 10,000,000 

950,000 83,000 
1,200 300 

1,200,000 3,600,000 
120,000 3,800 

300 300 

Draw the growth curves for each organism . What holding 
tcmperature would you recommend? Assuming that cooking kills 
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bacteria in foods, how could these bacteria contaminate the 
cooked foods? What disease does each organism cause? (Hint: See 
Chapter 25,) 

3, The number of bacteria in saliva samples was dete rmined by 
collecting the saliva, making serial dilutions, and inoculating 
nutrient agar by the pour plate method. The plates were incubated 
aerobically for 48 hours at 37"C. 

Bacteria per mt Saliva 

Before Using After Using 
Mouthwash Mouthwash 

Mouthwash 1 13.1 X t06 10.9xt06 
Mouthwash 2 11.7 x 106 14.2 X 105 

Mouthwash 3 9.3 x t05 7.7 x t05 

What can you conclude from these data? Did all the bacteria 
present in each saliva sample grow? 



The Control 
of Microbial Growth 

The scientific control of microbial growth began only about 100 years ago. Recall from 
Chapter 1 that Pasteur's work on microorganisms led scientists to believe that microbes were 
a possible cause of disease. In the mid-laOOs, the Hungarian physician Ignaz Semmelweis 
and English physician Joseph Lister used this thinking to develop some of the first microbial 
control practices for medical procedures. These practices included washing hands with 
microbe-killing chloride of lime and using the techniques of aseptic surgery to prevent 
microbial contamination of surgical wounds. Until that time, hospital -acquired infections, or 
nosocomial infections, were the cause of death in at least 10% of surgical cases, and deaths 

of delivering mothers were as high as 25%. Ignorance of microbes was such 
that during the American Civil War, a surgeon might have cleaned 

his scalpel on his bootsole between incisions. 

Over the last century, scientists have continued to develop 
a variety of physical methods and chemical agents to 
control microbial growth. In Chapter 20 we will discuss 
methods for controlling microbes once infection has 
occurred. mainly antibiotic chemotherapy. 

Q 
Filtration can be used to remove microorganisms 
from water and solutions. In what situation is 
filtration the only practical way to eliminate 
undesirable microbes? 
Look for the answer in the chapter. 



The Terminology of Microbial Control 
LEARNING OBJECTIVE 

7-1 Define the fo llowing key terms related 10 microbial control : 
sterilization, disinfection, antisepsIs' degerming. sanitization, biocide, 
germicide, bacteriostasis, and asepsis. 

A word freque ntly used, and misused, in discussing the control of 
microbial growth is sterilization. Sterilization is the removal or 
destruction of all [omls of microbial life. Prions, however, have a 
high resistance to all forms of sterilization (see page 203), and 
for practical purposes this requires a modification of the term 
{even if unstated}, Therefore, the defi nition of sterilization 
usually implies the absence of prions. Heating is the most com-
mon method used fo r killing microbes, including the most 
tant forms, such as endospores. A sterilizing agent is called a 
sterilant. Liquids or gases can be sterilized by filtration. 

One would think that canned food in the supermarket is 
pletely sterile. In reality, the heat treatment required to ensure 
absolute sterility would unnecessarily degrade the quality of the 
food. Instead, food is subjected only to enough heat to destroy the 
endospores of Clostridium botulil!um (bo-tli.-11 'num), which can 
produce a deadly toxin. This limited heat treatment is termed 
commercial sterilization. The endospores of a number of 
thermophilic bacteria, capable of causing food spoilage but 
not human disease, are considerably more resistant to heat than 
C. botulinum. If present, they will survive, but their survival is 
usually of no practical consequence; they will not grow at normal 
food storage temperatures. If canned foods in a supermarket 
were incubated at temperatures in the growth range of these 
thermophiles (above about 45°C), sign ificant food spoilage 
would occur. 
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Complete sterilization is often not required in other settings. 
For example, the body's normal defenses can cope with a few 
microbes entering a surgical wound. A drinking glass or a fork in 
a restaurant requires only enough microbial control to prevent 
the transmission of possibly pathogenic microbes from one 
son to another. 

Control directed at destroying harmful microorganisms is 
called disinfection. It usually refers to the destruction of 
tive (non-endospore-forming) pathogens, which is not the same 
thing as complete sterility. Disinfect ion might make usc of 
icals, ultraviolet radiation, boiling water, or steam. In practice, 
the term is most commonly applied to the usc of a chemical 
(a disinfectant) to treat an inert surface or substance. When this 
treatment is directed at living tissue, it is called antisepsis, and 
the chemical is then called an al/tiseptie. Therefore, in practice 
the same chemical might be called a disinfectant for one usc and 
an antiseptic for another. Of course, many chemicals suitable for 
swabbing a tabletop would be too harsh to usc on living tissue. 

There arc modifications of disinfection and antisepsis. For 
example, when someone is about to receive an injection, the 
skin is swabbed with alcohol- the process of degerming (or 
degermatiol/), which mostly results in the mechanical removal, 
rather than the killing, of most of the microbes in a limited area. 
Restaurant glassware, china, and tableware are subjected to 
sanitization, which is intended to lower microbial counts to safe 
public health levels and minimize the chances of disease trans-
mission from one user to another. This is usually accomplished 
by high-temperature washing or, in the case of glassware in a bar, 
washing in a sink followed by a dip in a chemical disinfectant . 

Table 7.1 summarizes the terminology relating to the con trol 
of microbial growth. 

Table 1.1 Terminology Relating to the Control of Microbial Growth 

Sterilization 

Commercial 
Sterilization 

Disinfection 

Antisepsis 

Degerming 

Sanitization 

Definition 

Destruction or removal of all forms of microbial fife. 
including endospores but with the possible exception 
of prions. 

Sufficient heat treatment to kill endospores of 
Clostridium botulinum in canned food. 

Destruction of vegetative pathogens. 

Destruction of vegetative pathogens on living tissue. 

Removal 01 microbes from a limited area, such as the 
skin around an injection site. 

Treatment intended to lower microbial counts on eating 
and drinking utensils to safe public health levels. 

Comments 

Usually done by steam under pressure or a sterilizing gas. such 
as ethylene oxide. 

More-resistant endospores of thermophilic bacteria may survive. but 
they will not germinate and grow under normal storage conditions. 

May make use 01 physical or chemical methods. 

Treatment is almost always by chemical antimicrobials. 

Mostly a mechanical removal by an alcohol-soaked swab. 

May be done with high-temperature washing or by dipping into 
a chemical disinfectant. 
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Names of treatments that cause the outright death of microbes 
have the suffix -cide, meaning kill. A biocide, or germicide, 
kills microorganisms (usually with certain exceptions, such as 
endospores); a ftmgicide kills fungi; a virucide inactivates viruses; 
and so on. Other treatments only inhibit the growth and multi-
plication of bacteria; their names have the suffix -stat or -stasis, 
meaning to stop or to steady, as in bacteriostasis. Once a bacterio-
static agent is removed, growth might resume. 

Sepsis, from the Greek for decay or putrid, indicates bacte-
rial contamination, as in septic tanks for sewage treatment. (The 
term is also used to describe a disease condition; see Chapter 23, 
page 639.) Aseptic means that an object or area is free of 
pathogens. Recall from Chapter I that asepsis is the absence of 
significant contamination. Aseptic techniques are important in 
surgery to minimize contamination from the instruments, oper-
ating personnel, and the patient. 

CHECK YOUR UNOERSTANOING 

..r The usual definition of sterilization is the removal or destruction 
of all forms of microbial life; how could there be practical 
exceptions to this simple definition? 7-1 

The Rate of Microbial Death 
LEARNING OBJECTIVE 
7-2 Descnbe the patterns of microbial death caused by treatments with 

microbial control agents. 

When bacterial populations are heated or treated with anti-
microbial chemicals, they usually die at a constant rate. For 
example, suppose a population of I million microbes has been 
treated for I minute, and 90% of the population has died. We arc 
now left with 100,000 microbes. If the population is treated for 
another minute, 90% of those microbes die, and we arc left with 
10,000 survivors. In other words, for each minute the treatment 
is applied, 90% of the remaining population is killed (Table 7.2). 

Table 7.2 Microbial Exponential Death Rate: 
An Example 

TIme (min) Deaths per Minute Number of Survivors 

0 0 1.000.000 

1 900.000 100.000 

2 90.000 10.000 

3 9000 1000 

4 900 100 

5 90 10 

6 9 1 

If the death curve is plotted logarithmically, the death ra te is con-
stant, as shown by the straight line in Figure 7.1a . 

Several factors influence the effectiveness of antimicrobial 
treatments: 

• The number of microbes. The more microbes there are 
to begin with, the longer it takes to eliminate the entire 
population (Figure 7.1b). 

• Ellvironmental injluences. The presence of organic matter 
often inhibits the action of chem ical antim icrobials. In hos-
pitals, the presence of organic matter in blood, vomit, o r 
feces influences the selection of disinfectants. Microbes in 
surface biofilms (see page 162) are difficult for biocides to 
reach effectively. Beca use their activi ty is due to temperature-
dependent chemical reactions, disinfectants work somewhat 
better under warm conditions. 

The nature of the suspending medium is also a factor in 
heat treatment. Fats and proteins arc especially protective, 
and a medium rich in these substances protects microbes, 
which will then have a higher survival rate. Heat is also 
measurably more effective under acidic conditions. 

• Time of exposure. Chemical antimicrobials often require 
extended exposure to affect more-resistant microbes or 
endospores. See the discussion of equivalent treatments on 
page 191. 

• Microbial characteristics. The concluding section of this 
chapter discusses how microbial characteristics affect the 
choice of chemical and physical control methods. 

CHECK YOUR UNOERSTANOING 

..r How is it possible that a solution containing a million bacteria 
would take longer to sterilize than one containing a half-million 
bacteria? 7-2 

Actions of Microbial Control Agents 
LEARNING OBJECTIVE 
7-3 Descnbe the effects of microbial control agents on cellular 

structures. 

In this section, we examine the ways various agents actually kill 
or inhibit microbes. 

Alteration of Membrane Permeability 
A microorganism's plasma membrane (see Figure 4.14, page 90), 
located just inside the cell wall, is the target of many microbial 
control agents. This membrane actively regulates the passage 
of nutrients into the cell and the elimination of wastes from 
the cell. Damage to the lipids or proteins of the plasma membrane 
by antimicrobial agents causes cellular contents to leak into 
the surrounding medium and interferes with the growth of 
the cell. 



The concept of a killing curve for microbial populations, including the elements of time and the 
size of the initial population, is especially useful in food preservation and in the sterilization of 
media or medical supplies. 
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(a) The data are plotted logarithmically (red line) and arithmetically (blue 
line). This graph has been constructed so that the log and arithmetic 
scales COincide at two points: at 1 cell and 1 miNion cells. In this example. 
the cells are dying at a constanl rale 01 90% each minute. Nole thallhe 
attempllo plollhe population arilhmelically is nol practical: at 3 minules 
the populalion 01 t 000 cells would be only a hundredth 01 the graphed 
distance between too,OOO and Ihe baseline. Logarithmic numbers are 
needed to graph th is properly, although at the cost 01 our easy perception 
01 the situation. 

Damage to Proteins and Nucleic Acids 
Bacteria arc sometimes thought of as " little bags of enzymes." 
Enzymes, which are primarily protein, are vital to all cellular 
activities. Recall that the func tional properties of proteins are 
the result of their three-dimensional shape (see Figure 2.1 5, 
page 46). This shape is maintained by chemical bonds that link 
adjoining portions of the amino acid chain as it folds back and 
forth upon itself. Some of those bonds are hydrogen bonds, 
which are susceptible to breakage by heat o r certain chemicals; 
breakage results in denaturation of the protein. Covalent bonds 
are stronger but are also subject to attack. For example, disulfide 
bridges, which play an important role in protein structure by 
joining amino acids with exposed sulfhydryl (-SH) groups, Can 
be broken by certain chemicals or sufficient heat. 

The nucleic acids DNA and RNA are the carriers of the cell's 
genetic information. Damage to these nucleic acids by heat, rad i-
at ion , or chemicals is frequently lethal to the cell: the cell can no 
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(b) The elfect 01 high or low initial load 01 microbes. II the rate 01 killing 
is the same, it will lake longer to kill all members 01 a larger populat ion 
than a smaller one. This is true lor both heat and chemical treatments. 

Key Concept 
h " nece ... ry to U!le togarithmk: numbers to gfaPh bacteri ... 
populatlotts effeett¥e/y. logarithmic death CUfVeS can 
demonstrate, fOl'" Instance, me effects of initial population 
size on the time ne cessary to achieYe sterilization. 

longer replica te, nor can it carry out normal metabolic functions 
such as the synthesis of enzymes. 

CHECK YOUR UNDERSTANDING 

" Would a c hemical microbial control agent that a ffects plasma 
membranes alfect humans? 7-3 

Physical Methods 
of Microbial Control 
lEARNING OBJECTIVES 
7-4 Compare the effectiveness of moist heat (boiling. autoclaving. 

pasteunzatlOn) and dry heat. 

7-5 Descnbe how filtratIOn. low temperatures. high pressure. 
desiccation. and osmotic pressure suppress microbial growth. 

7-6 Explam how radiation kills cells. 
187 



188 PART ONE Fundamentals of Microbiology 

As early as the Stone Age, humans likely were already using some 
physical methods of microbial control to preserve foods. Orying 
(desiccation) and salting (osmotic pressure) were probably among 
the earliest techniques. 

When selecting methods of microbial control, one must con-
sider what else, besides the microbes, a particular method will 
affect . For example, heat might inactivate certain vitamins or 
antibiotics in a solution . Repeated heating damages many labo-
ratory and hospital materials, such as rubber and latex tubing. 
There are also economic considerations; for example, it may be 
less expensive to use presterilized, disposable plasllcware than to 
repeatedly wash and resterilize glassware. 

Heat 
A visi t to any supermarket will demonstrate that heat -preserved 
canned goods represent one of the most common methods of 
food preservation. Heat is also usually used to sterillze laboratory 
media and glassware and hospital instruments. Heat appears to 
kill microorganisms by denaturing their enzymes; the resultant 
changes to the three-dimensional shapes of these proteins inacti-
vate them (see Figure 5.6, page 119). 

Heat resistance varies among different microbes; these differ-
ences can be expressed through the concept of thermal death 
point. Thermal death point (TDP) is the lowest temperature at 
which all the microorganisms in a particular liquid suspension 
will be killed in iO minutes. 

Another factor to be considered in sterilization is the length 
of time required. This is expressed as thermal death time 
(TDT), the minimal length of time for all bacteria in a particular 
liquid culture to be killed at a given temperature. Both TOP and 
TOT are useful guidelines that indicate the severity of treatment 
required to kill a given population of bacteria. 

Decimal reduction time (DRT, or D value) is a third concept 
related to bacterial heat resistance. ORT is the time, in minutes, 
in which 90% of a population of bacteria at a given temperature 
will be killed (in Table 7.2 and Figure 7.la, ORT is I minute). In 
Chapter 28 you can find an important application of ORT in the 
canning industry; see the discussion of the 120 treatment of 
canned goods in Chapter 28. 

Moist Heat Sterilization 
Moist heat kills microorganisms primarily by coagulating pro-
teins (denaturation), which is caused by breakage of the hydro-
gen bonds that hold the proteins in their three-dimensional 
structure. This coagulation process is familiar to anyone who has 
watched an egg white fry ing. 

One type of moist heat "sterilization" is boiling, which kills 
vegetative forms of bacterial pathogens, almost all viruses, and 
fungi and their spores with in about iO minutes, usually much 
faster. Free-flowing (unpressurized) steam is essentially the same 
temperature as boiling water. Endospores and some viruses, 

however, are not destroyed this quickly. Some hepatitis viruses, 
for example, can survive up to 30 minutes of boiling, and some 
bacterial endospores can resist boiling for more than 20 hours. 
Boiling is therefore not always a reliable sterilization procedure. 
However, brief boiling, even at h igh alti tudes, will kill most 
pathogens. The use of boiling to sanitize glass baby bottles is a 
familiar example. 

Reliable sterilization with moist heat requires temperatures 
above that of boiling water. These high temperatures are most 
commonly achieved by steam under pressure in an autoclave 
(Figure 7.2). Autoclaving is the preferred method of sterilization, 
unless the material to be sterilized can be damaged by heat or 
moisture. 

The higher the pressure in the autoclave, the higher the tem-
perature. For example, when free -flowing steam at a temperature 
of iOO°C is placed under a pressure of I atmosphere above sea 
level pressure-that is, about 15 pounds of p ressure per squa re 
inch {psi)-the temperature rises to 12 1°C. Increasing the pres-
sure to 20 psi raises the temperature to 126°C. The relationship 
between temperature and pressure is shown in Table 7.3. 

Sterilization in an autoclave is most effective when the organ-
isms either are contacted by the steam directly or are contained in 
a small volume of aqueous (primarily water) liquid. Under these 
conditions, steam at a pressure of about 15 psi (121 °C) will kill all 
organisms (but not prions, see page 392) and their endospores in 
about 15 minutes. 

Autoclaving is used to sterilize culture media, instruments, 
dressings, intravenous equipment, applicators, solutions, syringes, 
transfusion equipment, and numerous other items that can with -
stand high temperatures and pressures. Large industrial autoclaves 
are called retorts (see Figure 28.2 on page 795), but the same prin-
ciple applies for the common household pressure cooker used in 
the home canning of foods. 

Heat requires extra time to reach the center of solid materials, 
such as canned meats, because such materials do not develop the 
efficient heat-distributing convection cu rrents that occur in liq-
uids. Heating large containers also requires extra time. Table 7.4 
shows the different time requirements for sterilizing liquids in 
various container sizes. 

Unlike sterilizing aqueous solutions, sterilizing the surface of 
a solld requ ires that steam actually contact it. To sterilize dry 
glassware, bandages, and the llke, care must be taken to ensure 
that steam contacts all surfaces. For example, aluminum foil is 
impervious to steam and should not be used to wrap dry materi-
als that arc to be sterilized; paper should be used instead. Care 
should also be taken to avoid trapping air in the bottom of a dry 
container: trapped air will not be replaced by steam, because 
steam is lighter than air. The trapped air is the equivalent of a 
small hot-air oven, which, as we will sec shortly, requires a higher 
temperature and longer time to sterillze materials. Containers 
that can trap air should be placed in a tipped position so that 



Figure 7.2 An autoclave. The entering steam 
forces the air out of the bottom (blue arrows). The 
automatic ejector valve remains open as long as an 
air-steam mixture is passing out of the waste line. 
When all the air has been ejected. the h igher 
temperature of the pure steam closes the valve. 
and the pressure in the chamber increases. 

Q How would an empty. uncapped flask be 
positioned for sterilization in an autoclave? 

PlCssure (psi in Excess 

Exhaust valve 
(removes steam 
after sterilization) 

To waste line 

of Atmospheric P,Cllure) Temperature r>C) 

0 100 

5 110 

10 116 

15 121 

20 126 

30 135 

'At higher ailltudes. the atmosphetic pressure IS less. a phenomenon that must 
De taken into account In an autoclave. For e;«lmple, to reach stenlizlng 
temperatures (121°C) in Denver, whose altitude is 5280 feet (1600 
meters), the pressure shown on the autoclave gauge woukl need to De higher 
than the 15 psi shown In the table. 
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Steam to 
chamber 

Safety 
valve 

Steam 

Operating valve 
(controls steam from 
jacket to chamber) 

:---1 SlU lI 
d n4:l? 

Steam 

Automatic ejector valve 
(thermostatically controlled; 
closes on contact with 
pure steam when air is 
exhausted) 

Container Size 

Test tube: 
18X150mm 

Erlenmeyer flask: 
125 ml 

Erlenmeyer flask: 
2000 ml 

Fermentation bottle: 
9000 ml 

regulator 
for steam supply 

Steam supply 

Uquld 
Volume 

10 ml 

95 ml 

1500 ml 

6750 ml 

Sterilization 
Time (min) 

15 

15 

30 

70 

'Sterilization times In the autoclave onclude the time for the contents of the 
containers to reach steli l,zat,on temperatures, For smaller containers. this is 
only 5 mon or less. but for a 9000-ml bottle it might be as much as 70 mono 
A conta iner IS usually not fil led past 75% of its capacity. 



190 PART ONE Fundamentals of Microbiology 

Figure 7.3 Examples of sterilization indicators. The strips indicate 
whether the item has been properly sterilized. The word NOT appears if 
heating has been inadequate. In the illustration. the indicator that was 
wrapped with aluminum foi l was not sterilized because steam couldn't 
penetrate the foil. 

Q What should have been used instead of aluminum foil to wrap 
the items? 

the steam will force out the air. Products that do not permit 
penetration by moisture, such as mineral oil or petroleum jelly, 
are not sterilized by the same methods used to sterilize aqueous 
solutions. 

Several commercially available methods can indicate whether 
heal treatment has achieved sterilization. Some of these are chem-
ical reactions in which an indicator changes color when the prop-
er times and temperatures have been reached (Figure 7.3 ). 
In some designs, the word sterile or alltoclaved appears on wrap-
pings or tapes. In another method, a pellet contained within a 
glass vial melts. A widely used test consists of preparations of 
specified species of bacterial endospores impregnated into paper 
strips. After the strips are autoclaved, they can then be aseptically 
inoculated into culture media. Growth in the culture media indi-
cates survival of the endospores and therefore inadequate 
processing. Other designs use endospore suspensions that can 
be released, after heating, into a surrounding culture medium 
within the same vial. 

Steam under pressure fails to sterilize when the air is not 
completely exhausted. This can happen with the premature clos-
ing of the autoclave's automatic ejector valve (see Figure 7.2 ). 
The principles of heat sterilization have a direct bearing on home 
canning. As anyone familiar with home canning knows, the 
steam must flow vigorously out of the valve in the lid for several 
minutes to carry with it all the air before the pressure cooker is 

sealed. If the air is not completely exhausted, the container will 
not reach the temperature expected for a given pressure. Because 
of the possibility of botulism, a kind of food poisoning resulting 
from improper canning methods (see Chapter 22, page 616), 
anyone doing home canning should obtain reliable directions 
and follow them exactly. 

Pasteurization 
Recall from Chapter I that in the early days of microbiology, 
Louis Pasteur found a practical method of preventing the spoilage 
of beer and wine. Pasteur used mild heating, which was sufficient 
to kill the organisms that caused the particular spoilage problem 
without seriously damaging the taste of the product. The same 
principle was later applied to milk to produce what we now call 
pasteurized milk. The intent of pasteurization of milk was to 
elim inate pathogenic microbes. It also lowers microbial numbers, 
which prolongs milk's good quality under refrigeration. Many 
relatively heat-resistant (thennoduric) bacteria survive pasteur-
ization, but these are unlikely to cause disease or cause refrigerat-
ed milk to spoil. 

Products other than milk, such as ice cream, yogurt, and 
beer, all have their own pasteurization times and temperatures, 
which often differ considerably. There are several reasons for 
these variations. For example, heating is less efficient in foods 
that are more viscous, and fats in food can have a protective 
effect on microorganisms. The dairy industry routinely uses a 
test to determine whether products have been pasteurized : the 
phosphatase test (phosphatase is an enzyme naturally present in 
milk). If the product has been pasteurized, phosphatase will 
have been inactivated. 

Most milk pasteurization today uses temperatures of at least 
72°C, but for only 15 seconds. This treatment, known as high-
temperature short-time (HTST) pasteurization, is applied as 
the milk flows continuously past a heat exchanger. In addition to 
killing pathogens, HTST pasteurization lowers total bacterial 
counts, so the milk keeps well under refrigeration. 

Milk can also be sterilized- something quite different from 
pasteurization- by ultra-high-temperature (UHT) treat-
ments. It can then be stored for several months without refrig-
eration (also see commercial sterilization, page 794 ). UHT-
treated milk is widely sold in Europe and is especially neces-
sary in less developed parts of the world where refrigeration 
faci lities are not always available. In the United States, UHT is 
sometimes used on the small containers of coffee creamers 
found in restaurants. To avoid giving the milk a cooked taste, 
the process avoids having the milk touch a surface hotter than 
the milk itself. Usually, the liquid milk (or juice) is sprayed 
through a nozzle into a chamber filled with high -temperature 
steam under pressure. A small volume of fluid sprayed into an 
atmosphere of high -temperature steam exposes a relatively 
large surface area on the fluid droplets to heating by the steam; 



sterilizing temperatures are reached almost instantaneously. 
After reach ing a temperature of 140°C for 4 seconds, the fluid 
is rapidly cooled in a vacuum chamber. The milk or juice is 
then packaged in a presterilized, airtight container. 

The heat treatments we have just discussed illustrate the 
concept of equivalent treatments: as the temperature is 
increased, much less time is needed to kill the same number 
of m icrobes. For example, the destruction of highly resistant 
endospores might take 70 minutes at 11 5°C, whereas only 
7 minutes might be needed at 125°C. Both treatments yield the 
same result. 

Dry Heat Sterilization 
Dry heat kills by oxidation effects. A simple analogy is the slow 
charring of paper in a heated oven, even when the temperature 
remains below the ignition point of paper. One of the simplest 
methods of dry heat sterilization is direct flaming. You will use 
this procedure many times in the microbiology laboratory when 
you sterilize inoculating loops. To effectively sterilize the inocu -
lating loop, you heat the wire to a red glow. A similar principle is 
used in incineration, an effective way to sterilize and dispose of 
contaminated paper cups, bags, and dressings. 

Another form of dry heat sterilization is hot-air sterilization. 
Items to be sterilized by this procedure are placed in an oven. 
Generally, a temperature of about 170°C maintained for nearly 
2 hours ensures sterilization . The longer period and higher 
temperature (relative to moist heat) are required because the heat 
in water is more readily transferred to a cool body than is the 
heat in air. For example, imagine the different effects of immers-
ing your hand in boiling water at 100°C (212°F) and of holding 
it in a hot-air oven at the same temperature for the same amount 
of time. 

Filtration 

A Recall from Chapter 6 that filtratioll is the passage 
of a liquid or gas through a screen like material 

with pores small enough to retain microorganisms (often the 
same apparatus used for counting; see Figure 6.18, page 177). 
A vacuum is created in the receiving flask; air pressure then 
forces the liquid through the filter. Filtration is used to sterilize 
heat-sensit ive materials, such as some culture media, enzymes, 
vaccines, and antibiotic solutions. 

Some operating theaters and rooms occupied by burn 
patients receive filtered air to lower the numbers of airborne 
microbes. High-efficiencyparticuiateair(HEPA) filters remove 
almost all microorganisms larger than about 0.3 f.Lm in diameter. 

In the early days of microbiology, hollow candle-shaped 
filters of unglazed porcelain were used to filter liquids. The long 
and indirect passageways through the walls of the filter adsorbed 
the bacteria. Unseen pathogens that passed through the fi lters 
(causing such d iseases as rabies) were called filterable viruses. 
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Cap 

vacuum line 
ensures sterility 

Figure 7.4 Filter sterilization with a disposable, presterilized 
plastic unit. The sample is placed into the upper chamber and forced 
through the membrane fi lter by a vacuum in the lower chamber. Pores in 
the membrane filter are smaller than the bacteria. so bacteria are retained 
on the filter. The sterilized sample can then be decanted from the lower 
chamber. Similar equipment with removable filter disks is used to count 
bacteria in samples (see Figure 6.1 8) 

Q How is a plastic filtration apparattJs presterilized? (Assume the 
plastic cannot be heat sterilized.) 

See the discussion of filtration in modern water treatment on 
page 782. 

In recent years, membrane filters, composed of such sub-
stances as cellulose esters or plastic polymers, have become popular 
for industrial and laboratory use (Figure 7.4). These filters are only 
0.1 mm thick. The pores of membrane filters include, for example, 
O.22- f.Lm and O.4S-f.Lm sizes, which are intended for bacteria. Some 
very flexible bacteria, such as spirochetes, or the wall-less mycoplas-
ma, will sometimes pass through such filters, however. Filters are 
available with pores as small as 0.0 I f.Lm, a size that will retain 
viruses and even some large protein molecules. 

Low Temperatures 
The effect of low temperatures on microorganisms depends on 
the particular microbe and the intensity of the application . For 
example, at temperatures of ordinary refrigerators (O_7°C), the 
metabolic rate of most microbes is so reduced that they cannot 
reproduce or syn thesize toxins. In other words, ordinary refrig-
eration has a bacteriostatic effect. Yet psychrotrophs do grow 
slowly at refrigerator temperatures and will alter the appearance 
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and taste of foods after a time. For example, a single microbe 
reproducing only three times a day wou ld reach a population 
of more than 2 million with in a week. Pathogenic bacteria gen-
erally will not grow at refrigerator temperatures, but for at least 
one important exception, see the discussion of listeriosis in 
Chapter 22 (page 614). 

Surprisingly, some bacteria can grow at temperatures several 
degrees below freezing. Most foods remain unfrozen until - 2"C 
or lower. Rapidly attained subfreezing temperatures tend to ren-
der microbes dormant but do not necessarily kill them. Slow 
freezing is more harmful to bacteria; the ice crystals that form and 
grow disrupt the cellular and molecular structure of the bacteria. 
Thawing, being inherently slower, is actually the more damaging 
part of a freeze -thaw cycle. Once frozen, one-third of the popula-
tion of some vegetative bacteria might survive a year, whereas 
other species might have very few survivors after this time. Many 
eukaryotic parasites, such as the roundworms that cause human 
trichinellosis, are killed by several days of freezing temperatures. 
Some important temperatures associated with microorganisms 
and food spoilage are shown in Figure 6.2 (page 158). 

High Pressure 
High pressure applied 10 liquid suspensions is transferred instantly 
and evenly throughout the sample. If the pressure is high enough, 
it alters the molecular structures of proteins and carbohydrates, 
resulting in the rapid inactivation of vegetative bacterial cells. 
Endospores are relatively resistant to high pressure. They can, how-
ever, be killed by other techniques, such as combining high pressure 
with elevated temperatures or by alternating pressure cycles that 
cause spore germination, followed by pressure-caused death of the 
resulting vegetative cells. Fruit juices preserved by high-pressure 
treatments have been marketed in Japan and the United States. An 
advantage is that these treatments preserve the flavors, colors, and 
nutrient values of the products. 

Desiccation 
In the absence of water, known as desiccation, microorganisms 
cannot grow or reproduce but can remain viable for years. Then, 
when water is made available to them, they can resume their 
growth and division. This is the principle that underlies lyophiliza-
tion, or freeze -drying, a laboratory process for preserving microbes 
described in Chapter 6 (page 170). Certain foods are also freeze -
dried (for example, coffee and some fruit additives for d ry cereals). 

The resistance of vegetative cells to desiccation varies with 
the species and the organism's environment. For example, the 
gonorrhea bacterium can withstand desiccation for only about 
an hour, but the tuberculosis bacterium can remain viable for 
months. Viruses are generally resistant to desiccat ion, but they 
are not as resistant as bacterial endospores, some of which have 
survived for centuries. This ability of certain dried microbes and 
endospores to remain viable is important in a hospital setting. 

Dust, clothing, bedding, and dressings might contain infectious 
microbes in dried mucus, urine, pus, and feces . 

Osmotic Pressure 
The use of high concentrations of salts and sugars to preserve 
food is based on the effects of osmotic pressure. High concentra-
tions of these substances create a hypertonic environment that 
causes water to leave the microbial cell (see Figure 6.4, page 160). 
This process resembles preservation by desiccation, in that both 
methods deny the cell the moisture it needs for growth. The prin-
ciple of osmotic pressure is used in the preservation of foods. For 
example, concentrated salt solutions are used to cure meats, and 
thick sugar solutions are used to preserve fruits. 

As a general rule, molds and yeasts are much more capable 
than bacteria of growing in materials with low moisture or high 
osmotic pressures. This property of molds, sometimes combined 
with their ability to grow under acidic conditions, is the reason 
that molds, rather than bacteria, cause spoilage of fruits and 
grains. It is also part of the reason molds are able to form mildew 
on a damp wall or a shower curtain . 

Radiation 
Radiation has various effects on cells, depending on its wave-
length, intensity, and duration. Radiation that kills micro-
organisms (sterilizing radiation) is of two types: ionizing and 

• •• noniOnlzlOg. 
Ionizing radiation- gamma rays, X rays, or high -energy 

electron beams- has a wavelength shorter than that of non-
ionizing radiation, less than about 1 nm . Therefore, it carries 
much more energy (Figure 7.5). Gamma rays are emitted by 
certain radioactive elements such as cobalt, and electron 
beams are produced by accelerating electrons to high energies 
in special machines. X rays, which are produced by machines 
in a manner similar to the production of electron beams, are 
similar to gamma rays. Gamma fays penetrate deeply but may 
require hours to sterilize large masses; high -ellergy electroll 
beams have much lower penetrating power but usually require 
only a few seconds of exposure. The principal effect of ioniz-
ing radiation is the ionization of water, which forms highly 
reactive hydroxyl radicals (see the discussion of toxic forms of 
oxygen in Chapter 6, pages 161- 162). These radicals react with 
organic cellu lar components, especially DNA. 

The so-called target theory of damage by radiation supposes 
that ionizing particles, or packets of energy, pass through or close 
to vital portions of the cell; these constitute "hits." One, or a few, 
hits may only cause nonlethal mutations, some of them conceiv-
ably useful. More hits are likely to cause sufficient mutations to 
ki ll the microbe. 

The food industry has recently renewed its interest in the 
use of radiation for food preservation (discussed more fully in 
Chapter 28). Low-level ionizing radiation, used fOf years in 
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Figure 7.5 The radiant energy s pectrum. Visible light and other forms of radiant energy 
radiate through space as waves of various lengths. Ionizing radiation. such as gamma rays and 
X rays, has a wavelength shorter than 1 nm. Nonionizing radiation. such as ultraviolet (UV) light. 
has a wavelength between 1 nm and about 380 nm, where the vis ible spectrum begins. 

Q How might increased UV radiation (due to decrease in the ozone layer) affect the 
Earth'S ecosystems? 

many countries, has been approved in the United States for 
processing spices and certain meats and vegetables. Ionizing 
radiation, especially high-energy electron beams, is used to 
sterilize pharmaceuticals and disposable dental and medical 
supplies, such as plastic syringes, surgical gloves, suturing 
materials, and catheters. As a protection against bioterrorism, 
the postal service often uses electron beam radiation to sterilize 
certain classes of mail. 

Nonionizing radiation has a wavelength longer than that 
of ionizing radiation, usually greater than about 1 nm . The best 
example of nonionizing radiation is ultraviolet (UV) light. UV 
light damages the DNA of exposed cells by causing bonds 10 

form between adjacent pyrimidine bases, usually thymines, in 
DNA chains (see Figure 8.20, page 230). These thymine dimers 
inhibit correct replication of the DNA during reproduction of 
the cell. The UV wavelengths most effective for killing microor-
ganisms are about 260 nm; these wavelengths are specifically 
absorbed by cellular DNA. UV radiation is also used to control 
microbes in the air. A UV, or "germicidal," lamp is commonly 
found in hospital rooms, nurseries, operating rooms, and cafete-
rias. UV light is also used to disinfect vaccines and other medical 
products. A major disadvantage of UV light as a disinfectant is 
that the radiation is not very penetrating, so the organisms to be 
killed must be directly exposed to the rays. Organisms protected 
by solids and such coverings as paper, glass, and textiles are not 
affected . Another potential problem is that UV light can damage 
human eyes, and prolonged exposure can cause burns and skin 
cancer in humans. 

Sunlight contains some UV radiation, but the shorter 
wavelengths- those most effective against bacteria-are 
screened out by the ozone layer of the atmosphere. The 
antimicrobial effect o f sunlight is due almost entirely to the 
formation of singlet oxygen in the cytoplasm (see Chapter 6, 
page 161 ). Many pigments produced by bacteria provide pro-
tection from sunlight. 

Microwaves do not have much direct effect on microorgan-
isms, and bacteria can readily be isolated from the interior of 
recently operated microwave ovens. Moisture-containing foods 
are heated by microwave action, and the heat will kill most vege-
tative pathogens. Solid foods heat unevenly because of the 
uneven distribution of moisture. For this reason, pork cooked in 
a mICrowave oven has been responsible for outbreaks of 
t richinellosis. 

CHECK YOUR UNOERSTANOING 

..r How is microbial growth in canned foods prevented? 7-4 

..r Why would a can of pork take longer to sterilize at a given 
temperature than a can of soup that also contained pieces of 
pork? 7-5 

..r What is the connection between the killing effect of radiation 
and hydroxyl radical forms of oxygen? 7-6 

• • • 
Table 7.5 summarizes the physical methods of microbial control. 
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Table 1.5 Physical Methods Used to Control Microbial Growth M._ 
Heat 
1. Moist heat 

a. Boiling or 
flowing steam 

b. Autoclaving 

2. Pasteurization 

3. Dry heat 
a. Direct flaming 

b. Incineration 

c. Hot-air 
sterilization 

Fihration 

Col. 
1. Refrigeration 

2.0eep-freezing 
(see Chapter 6. 
page 170) 

3. Lyophilization 
(see Chapter 6. 
page 170) 

High Pressure 

Desiccation 

Osmotic Pressure 

Radiation 
1. Ionizing 

2. Nonionizing 

Mechanism of Action 

Protein denaturation 

Protein denaturation 

Protein denaturation 

Burning contaminants 
to ashes 

Burning to ashes 

Oxidation 

Separation of bacteria 
from suspending liquid 

Decreased chemical 
reactions and possible 
changes in proteins 

Decreased chemical 
reactions and possible 
changes in proteins 

Decreased chemical 
reactions and possible 
changes in proteins 

Alteration of molecular 
structure of proteins 
and carbohydrates 

Disruption of 
metabolism 

Plasmolysis 

Destruction of DNA 

Damage to DNA 

Kills vegetative bacterial and fungal 
pathogens and almost all viruses within 
10 min; less effective on endospores 

Very effective method of sterilization; at 
about 15 psi of pressure (121 CC). all 
vegetative cells and their endospores are 
killed in about 15 min 

Heat treatment for milk (nCC for about 
15 sec) that kills all pathogens and most 
non pathogens 

Very effective method of sterilization 

Very effective method of sterilization 

Very effective method of sterilization 
but requires temperature of 170°C for 
about 2 hr 

Removes microbes by passage of a liquid 
or gas through a screenlike material; most 
filters in use consist of cellu lose acetate or 
nitrocellulose 

Has a bacteriostatic effect 

An effective method for preserving 
microbial cultures. in which cultures are 
quick-frozen between - 50c and -95"C 

Most effective method for long-term 
preservation of microbial cultures; water 
removed by high vacuum at low 
temperature 

Preservation of colors. flavors. nutrient 
values 

Involves removing water from microbes; 
primarily bacteriostatic 

Results in loss of water from microbial cells 

Not widespread in routine sterilization 

Radiation not very penetrating 

Preferred Use 

Dishes. basins, pitchers. various equipment 

Microbiological media. solutions. linens, 
utensils. dressings. equipment. and other 
items that can withstand temperature and 
pressure 

Milk. cream. and certa in alcoholic beverages 
(beer and wine) 

Inoculating loops 

Paper cups. contaminated dressings. animal 
carcasses. bags. and wipes 

Empty glassware. instruments. needles. and 
glass syringes 

Useful for sterilizing liquids (enzymes. 
vaccines) that are destroyed by heat 

Food. drug. and culture preservation 

Food. drug. and culture preservation 

Food. drug. and culture preservation 

Fruit juices 

Food preservation 

Food preservation 

Sterilizing pharmaceuticals and medical 
and dental supplies 

Control of closed environment with UV 
(germicidal) lamp 



Chemical Methods 
of Microbial Control 
LEARNING OBJECTIVES 

7-7 list the factors re lated to effective disinfection. 
7-8 Interpret the results of use-dilution tests and the disk-diffusion 

method_ 
7-9 Identify the methods of action and preferred uses of chemical 

disinfectants_ 
7-10 Differentiate halogens used as antiseptics from halogens used as 

disinfectants. 
7-11 Identify the appropriate uses for surface-active agents_ 
7-12 list the advantages of glutaraldehyde over other chemical 

disinfectants. 
7-13 Identify chemical steril izers_ 

Chemical agents are used to control the growth of microbes on 
both living tissue and inanimate objects. Unfortunately, few 
chemical agen ts achieve sterility; most of them merely reduce 
microbial populations to safe levels or remove vegetative forms 
of pathogens from objects. A common problem in disinfection is 
the selection of an agent. No single disinfectant is appropriate for 
all circumstances. 

Principles of Effective Disinfection 
By reading the label, we can learn a great deal about a disinfec-
tant's p roperties. Usually the label ind icates what groups o f 
organisms the disinfectant is effective against. Remember that 
the concentration of a disinfectant affects its action, so it should 
always be diluted exactly as specified by the manufacturer. 

Also consider the nature of the material being d isinfected. For 
example, are organic materials present that might interfere with 
the action of the disinfectant? Similarly, the pH of the medium 
often has a great effect on a disinfectant's activity. 

Another very important consideration is whether the disin-
fectan t will easily make contact with the microbes. An area might 
need to be scrubbed and rinsed before the disinfectant is applied. 
[n general, disinfection is a gradual process. Thus, to be effective, 
a disinfectant might need to be left on a surface for several hours. 

Evaluating a Disinfectant 
Use-Dilution Tests 
There is a need to evaluate the effectiveness of d isinfectants 
and antiseptics. The current standard is the American Official 
Analytical Chemist's use*dilution test. Metal or glass cylin-
ders (8 mm X 10 mm) are dipped into standardized cultures 
of the test bacteria grown in liquid media, removed, and dried 
at 37°C for a short time. The dried cultures are then placed 
into a solution of the disinfectant at the concentration recom-
mended by the manufacturer and left there for 10 minutes at 
20°C, Following this exposure, the cylin ders are transferred to 
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a medium that permits the growth of any surviving bacteria. 
The effectiveness of the disinfectant can then be determined by 
the number of cult u res that grow. 

Variations of this method are used for testing the effective-
ness of antimicrobial agents against endospores, mycobacteria 
that cause tuberculosis, viruses, and fungi, because they are diffi-
cult to control with chem icals. Also, tests of antimicrobials 
intended for special purposes, such as dairy utensil disinfection, 
may substitute other test bacteria. 

The Disk-Diffusion Method 
The disk-diffusion method is used in teaching laboratories to 
evaluate the efficacy of a chemical agent. A disk of filter paper is 
soaked with a chemical and placed on an agar plate that has 
been previously inoculated and incubated with the test organ-
ism . After incubation, if the chemical is effective, a clear zone 
representing inhibition of growth can be seen around the d isk 
(Figure 7.6). 

Disks containing antibiotics are commercially available and 
used to determ ine microbial susceptibility to antibiotics (see 
Figure 20.17, page 572). 

Types of Disinfectants 
Phenol and Phenolics 
Lister was the first to use phenol (carbolic acid) to control su rgi-
cal infections in the operating room. Its use had been suggested by 
its effectiveness in controlling odor in sewage. It is now rarely 
used as an antiseptic or disinfectant because it irritates the 
skin and has a disagreeable odor. It is often used in throat lozenges 
for its local anesthetic effect but has little antimicrobial effect at 
the low concentrations used. At concentrations above 1% (such 
as in some throat sprays), however, phenol has a significant anti-
bacterial effect. The structure of a phenol molecule is shown in 
Figure 7.7a. 

Derivatives of phenol, called phenolics, contain a molecu le 
of phenol that has been chemically altered to reduce its irritating 
qualities or increase its antibacterial activi ty in combination with 
a soap or detergent . Phenolics exert antimicrobial activity by 
injuring lipid-containing plasma membranes, which results in 
leakage o f cellular contents. The cell wall of mycobacteria, the 
causes of tuberculosis and leprosy, are rich in lipids, which make 
them susceptible to phenol derivatives. A useful property of phe-
nolics as disinfectants is that they remain active in the presence 
of organic compounds, are stable, and persist fo r long periods 
after application . For these reaso ns, phenolics arc suitable agents 
for disinfecting pus, saliva, and feces . 

One of the most freque ntly used phenolics is derived from 
coal ta r, a group of chemicals called (resols. A very important 
cresol is O-phenylphenol (see Figure 7.6 and Figure 7.7b), the 
main ingredient in most formulations of Lysol. Cresols arc very 
good surface disinfectants. 
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Figure 7.6 Evaluation of disinfectants by the disk-diffusion 
method. In this experiment. paper disks are soaked in a solution of 
disinfectant and placed on the surface of a nutrient medium on which 
a culture of test bacteria has been spread to produce uniform growth. 

At the top of each plate. the tests show that chlorine (as sodium 
hypochlorite) was effective against all the test bacteria but was more 
effective against gram-positive bacteria. 

At the bottom row of each plate. the tests show that the 
quaternary ammonium compound ("quat") was also more effective 

Q Which group of bacteria is most resistant to the disinfectants tested? 
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CI o 
(d) Triclosan (a bisphenol) 

Figure 7.7 The structure of phenolics and bisphenols. 

CI 

Q Some lozenges intended to alleviate the symptoms of a sore throat 
contain phenol. Why include this ingredient? 

Bisphenols 
Bisphenols are derivatives of phenol that contain two phenolic 
groups connected by a bridge (his indicates two). One bisphenol, 
hexachlorophene (Figure 7.6 and Figure 7.7c), is an ingredient of 
a prescription lotion, pHisoHex, used for surgical and hospital 
microbial control procedures. Gram·positive staphylococci and 
streptococci, which can cause skin infections in newborns, are 
particularly susceptible to hexachlorophene, so it is often used to 

against the gram-positive bacteria. but it did not affect the pseudomonads 
at all, 

At the left side of each plate, the tests show that hexachlorophene was 
effective against gram-positive bacteria only. 

At the right sides. O-phenylphenol was ineffective against 
pseudomonads but was almost equally effective against the gram-positive 
bacteria and the gram-negative bacteria, 

All four chemicals worked against the gram-positive test bacteria, but 
only one of the four chemicals affected pseudomonads, 

control such infections in nurseries. However, excessive use of 
this bisphenol, such as bathing infants with it several times a day, 
can lead to neurological damage. 

Another widely used bisphenol is tridosall (Figure 7.7d), an 
ingredient in antibacterial soaps and at least one toothpaste. 
Triclosan has even been incorporated in to kitchen cutting 
boards and the handles of knives an d other plastic kitchenware. 
Its use is now so widespread that resistant bacteria have been 
reported, and concerns about its effect on microbes' resistance 
to certain antibiotics have been raised. Triciosan inhibits an 
enzyme needed for the biosynthesis of fa tty acids (lipids), which 
mainly affects the integrity of the plasma membrane. [t is espe-
cially effective against gram- positive bacteria but also works well 
against yeasts and gram- negative bacteria. There are certain 
exceptions, such as Pseudomonas aerugillosa, a gram-negative 
bacterium that is very resistant to triciosan, as well as to many 
other antibiotics and disinfectants (see the discussions on 
pages 308, 414, and 591). 

Biguanides 
Biguanides have a broad spectrum of activity, with a mode of 
action primari ly affecting bacterial cell membranes. They are 
especially effective against gram-positive bacteria. Biguanides 
are also effective against gram-negative bacteria, with the 



significant exception of most pseudomonads. Biguanides are 
not sporicidal but have some activi ty against enveloped viruses. 
The best known biguanide is chlorhexidillc, which is frequently 
used for microbial control on skin and mucous membranes. 
Combined with a detergent or alcohol, chlorhexidine is much 
used for surgical hand scrubs and preoperative skin preparation 
in patients. Alexidine is a similar biguanide and is more rapid in 
its action. 

Halogens 
The halogens, particularly iodine and chlorine, are effective 
antimicrobial agents, both alone and as constituents of inor-
ganic or o rganic compounds. Iodine (12) is one of the oldest 
and most effective antiseptics. It is active against all kinds of 
bacteria, many endospores, various fungi, and some viruses. 
Iodine impairs protein synthesis and alters cell membranes, 
apparently by fo rming complexes with amino acids and unsat -
urated fatty acids. 

Iodine is available as a tincture- that is, in solution in aque-
ous alcohol- and as an iodophor. An iodophor is a combination 
of iodine and an organic molecule, from which the iodine is 
released slowly. lodophors have the antimicrobial activity of 
iod ine, but they do not stain and are less irrita ting. The most 
common commercial preparation is Betadine, which is a 
povidone-iodine. Povidone is a surface-active iodophor that 
improves the wetting action and serves as a reservoir of free 
iod ine. lodines are used mainly for skin disinfection and wound 
treatment. Many campers are familiar with using iodine for 
water treatment. 

Chlorine (CI2), as a gas or in combination with other chemicals, 
is another widely used disinfecta nt. Its germicidal action is caused 
by the hypochlorous acid (HOCl) that forms when chlorine is 
added to water: 

(I ) 
CI, 

Chlorine 

(2) 

+ H2O , 
Water 

HOCI 
Hypochlorous 

acid 

> 

, 

H+ + CI- + HOCI 
Hydrogen Chloride Hypochlorous 

wo wo acid 

> + 
Hydrogen Hypochlorite 

Ion ion 

Hypochlorous acid IS a strong oxidizing agent that prevents 
much o f the cellular enzyme system from func tioning. 
Hypochlorous acid is the most effective form of chlorine because 
it is neutral in electrical cha rge and diffuses as rapidly as water 
through the cell wall. Because of its negative charge, the 
hypochlorite ion (OCI- ) cannot enter the cell freely. 

A liquid form of compressed chlorine gas is used extensively 
for disinfec ting municipal drinking water, water in swimming 
pools, and sewage. Several compounds of chlorine are also effec-
tive disinfectants. For example, solutions of calcium hypochlorite 
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[Ca(OCl hl are used to disinfect dairy equipment and restaurant 
eating utensils. This compound, once called chloride of lime, was 
used as early as 1825, long before the concept of a germ theory 
for disease, to soak hospital dressings in Paris hospitals. It was 
also the disinfectant used in the 1840s by Semme!weis to con trol 
hospital infections during childbirth, as mentioned in Chapter I, 
page II. Another chlorine com pound, sodium hypochlorite 
(NaOCl; see Figure 7.6), is used as a household disinfectant 
and bleach (Clorox) and as a disinfectan t in dairies, food-
processing establishments, and hemodialysis systems. When 
the quality of drinking water is in question, household 
bleach can provide a rough equivalent of municipal chlorination. 
After two drops of bleach are added to a liter of water (four drops 
if the water is cloudy) and the mixture has sat for 30 minutes, 
the water is considered safe for drinking under emergency 
conditions. 

The food-processing industry makes wide use of chlorine 
dioxide solution as a surface disinfectant because it does not 
leave residual tastes or odors. As a disinfectant, it has a broad 
spectrum of activity against bacteria and viruses and at h igh con-
centrations is even effective against cysts and endospores. At low 
concentrations, chlorine dioxide can be used as an antiseptic. 
(Also, see page 20 I for the use of chlorine dioxide as a sterilant 
and disinfectant). 

An important group of chlorine compounds are the 
chloramines, combinations of chlorine and ammonia . Most 
municipal water-treatment systems mix ammon ia with chlorine 
to form chloramines. (Chloramines are toxic to aquarium fish, 
but pet shops sell chemicals to neutralize them.) U.S. military 
forces in the field are issued tablets (Chlor-Floc) that contain 
sodium dichloroisocyanllrate, a chloramine combined with an 
agent that flocculates (coagulates) suspended materials in a water 
sample, causing them to settle out, clarifying the water. 
Chloramines are also used to sanitize glassware and eating uten-
sils and to treat dairy and food-manufacturing equipment. They 
are relatively stable compounds that release chlorine over long 
periods. Chloramines are relatively effective in o rganic matter 
but have the disadvantages of acting more slowly and being less 
effective than hypochlorite. 

Alcohols 
Alcohols effectively kill bacteria and fungi but not endospores and 
nonenveloped viruses. The mechanism of action of alcohol is usu-
ally protein denaturation, but alcohol can also disrupt membranes 
and dissolve many lipids, including the lipid component of 
enveloped viruses. Alcohols have the advantage of acting and then 
evaporating rapidly and leaving no residue. When the skin is 
swabbed (degermed) before an injection, most of the microbial 
control activity comes from simply wiping away dirt and microor-
ganisms, along with skin oils. However, alcohols are unsatisfactory 
antiseptics when applied to wounds. They cause coagulation of a 
layer of protein under which bacteria continue to grow. 
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Table 7.6 

ConcenuoIlon 
of Ethanol ( 'iii) 

100 

95 

90 

60 

70 

60 

50 .. 
NOTE. 
G - growth 
NG - no growth 

Biocidal Action of Various 
Concentrations of Ethanol 
in Aqueous Solution against 
Streptococcus pyogenes 

nn. 01 hpofl"re (sec) 

I. 20 3. .. 
G G G G 

NG NG NG NG 

NG NG NG NG 

NG NG NG NG 

NG NG NG NG 

NG NG NG NG 

G G NG NG 

G G G G 

50 

G 

NG 

NG 

NG 

NG 

NG 

NG 

G 

l\vo of the most commonly used alcohols are ethanol and 
propanol. The recommended optimum concentration of erlmtlol is 
70%, but concentrations between 60% and 95% seem to kill as well 
(Table 7.6). Pure ethanol is less effective than aqueous solutions 
(ethanol mixed with water) because denaturation requires water. 
/sopropmwl, often sold as rubbing alcohol, is slightly superior to 
ethanol as an antiseptic and d isinfectant. Moreover, it is less volatile, 
less expensive, and more easily obtained than ethanol. Purell , a very 
popular commercial preparation used as a hand deaner, contains 
62-65% ethanol combined with skin moisturizers. 

Ethanol and isopropanol are often used to enhance the effec· 
tiveness of other chemical agen ts. For exam ple, an aqueous solu-
tion of Zephi ran (described on page 199) kills about 40% of the 
population of a test organism in 2 minutes, whereas a tincture of 
Zephiran kills about 85% in the same period. To compare the 
effectiveness of tinctures and aqueous solutions, see Figure 7.10 
on page 200. 

Heavy Metals and Their Compounds 
Several heavy metals can be biocidal or antiseptic, including silver, 
mercury, and copper. The ability of very small amounts of heavy 
metals, especially silver and copper, to exert antimicrobial activity 
is referred to as oligodynamic action (oligo means few ). Centuries 
ago, Egyptians found that pUlling silver coins in water barrels 
served to keep the water clean of unwanted organic growths. This 
action can be seen when we place a coin or other clean piece of 
metal containing silver or copper on a culture on an inoculated 

Figure 7.8 Oligodynamic action of heavy metals. Clear zones 
where bacterial growth has been inhibited are seen around the sombrero 
charm (pushed aSide). the dime. and the penny. The charm and the dime 
contam Silver: the penny contains copper. 

Q The coins used in this dcmonstraUon were min led many years ago; 
why were current coins not used? 

Petri plate. Extremely small amounts of metal diffuse from the 
coin and inhibit the growth of bacteria for some distance around 
the coin (Figure 7.8). This effect is produced by the action of heavy 
metal ions on microbes. When the metal ions combine with the 
sulfhydryl groups on cellular proteins, denaturation results. 

Silver is used as an antiseptic in a 1% silver nitrate solution. 
At one time, many states required that the eyes of newborns be 
treated with a few drops of silver nitrate to guard against an 
infection of the eyes called gonorrheal neonatal ophthalmia, 
which the infants might have contracted as they passed through 
the birth canal. In recenl years, ant ibiotics have replaced silver 
nitrate for this purpose. 

Recently, there has been renewed interest in the use of silver 
as an antimicrobial agen!. Silver-impregnated dressings that 
slowly release si lver ions have proven especially useful against 
an tibiotic- resistant bacteria. The enthusiasm for incorporating 
silver in all manner of consumer products is increasing. Among 
the newer products being sold are plastic food containers 
infused with silver nanoparticies, which are intended to keep 
food fresher, and silver-i nfused athletic shirts and socks, which 
are claimed to minimize odors. 

A combination of silver and the drug sulfadiazine. silver-
sulfadiazille, is the most common formulation. It is available as 
a topical cream for use on burns. Silver can also be incorporat-
ed into indwelting catheters, which are a common source of 
hospital infections, and in wound dressings. Surfacille is a rela-
tively new antimicrobial for application to su rfaces, either ani-
mate or ina nimate. It conlains water-insoluble silver iodide in a 



polymer carrier and is very persistent, lasting at least 13 days. 
When a bacterium contacts the surface, the cell's outer mem -
brane is recognized, and a lethal amount of silver ions is 
released . 

Inorganic mercury compounds, such as mercuric chloride, 
have a long history of usc as disinfectants. They have a very broad 
spectrum of activity; their effect is primarily bacteriostat ic. 
However, their use is now limited because of their toxicity, cor-
rosiveness, and ineffectiveness in organic matter. At present, the 
primary use of mercurials is to control mildew in paints. 

Copper in the form of copper sulfate or other copper-
containing additives is used chiefly to destroy green algae (algi-
cide) that grow in reservoirs, stock ponds, swimming pools, and 
fish tanks. If the water docs not contain excessive organic 
matter, copper compounds arc effective in concentrations of 
one part per million of water. To prevent mildew, copper com -
pounds such as copper 8-hydroxyquinoline are sometimes 
included in paint. 

Another metal used as an antimicrobial is zinc. The effect of 
trace amounts of zinc can be seen on weathered roofs of build-
ings down -slope from galvanized (zinc-coated ) fittings . The roof 
is lighter-colored where biological growth, mostly algae, is 
impeded. Copper- and zinc-treated shingles arc available. Zinc 
chloride is a common ingredient in mouthwashes, and zinc 
pyrithiolle is an ingredient in antidandruff shampoos. 

Surface-Active Agents 
Surface-active agents, or surfactants, can decrease surface ten -
sion among molecules of a liquid. Such agents include soaps and 
detergents. 

Soaps and Detergents Soap has little value as an antiseptic, 
but it docs have an important function in the mechanical 
removal of microbes through scrubbing. The skin normally 
contains dead cells, dust, dried sweat, microbes, and oily secre-
tions from oil glands. Soap breaks the oily film into tiny 
droplets, a process called emulsificatioll, and the water and soap 
together lift up the emulsified oil and debris and float them 
away as the lather is washed off. In this sense, soaps are good 
degerming agents. 

Acid-Anionic Sanitizers Acid-anionic surface-active sanitizers 
arc very important in cleaning dairy utensils and equipment. 
Their sanitizing ability is related to the negatively charged portion 
(anion) of the molecule, which reacts with the plasma membrane. 
These sanitizers, which act on a wide spect rum of microbes, 
including troublesome thermoduric bacteria, are nontoxic, non -
corrosive, and fast acting. 

Quaternary Ammonium Compounds (Quats) The most widely 
used surface-active agents are the cationic detergents, especially the 
quaternary ammonium compounds (quats). Their cleansing 
ability is related to the positively charged portion- the cation-of 
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H 
I 

H - N+ - H 
I 
H 

Ammonium ion Benzalkonium chloride 

Figure 7.9 The ammonium ion and a quaternary ammonium 
compound, benzalkonium chloride (Zephiran). Notice how other 
groups replace the hydrogens of the ammonium ion. 

Q Are quats most effective against gram-positive or gram-negative 
bacteria? 

the molecule. Their name is derived from the fact that they 
arc modifications of the four-valence ammonium ion, NH/ 
(Figure 7.9). Quaternary ammonium compounds are strongly bac-
tericidal against gram-positive bacteria and less active against 
gram-negative bacteria (see Figure 7.6). 

Quats are also fungicidal, amoebicidal, and virucidal against 
enveloped viruses. They do not ki ll endospores or mycobacteria. 
(See the box on page 201.) Their chemical mode of action is 
un known, but they probably affect the plasma membrane. They 
change the cell's permeabi lity and cause the loss of essential cyto -
plasmic constituents, such as potassium. 

Two popu lar quats are Zephiran, a brand name of 
benzalkonium c/JIoride (see Figure 7.9), and Cepacol, a brand 
name of cetylpyridinillm cllIoride. They are strongly antimicro-
bial, colorless, odo rless, tas teless, stable, easily diluted, and 
nontoxic, except at high concentrations. If your mouthwash 
bottle fills with foam when shaken, the mou thwash p robably 
con tains a quat. However, organic matter interferes with their 
activity, and they are rapidly neutralized by soaps and anionic 
detergents. 

Anyone involved in medical applications of quats should 
remember that certain bacteria, such as some species of 
PselidomO//as, not only survive in quaternary ammonium com -
pounds but actively grow in them. These microbes are resistant not 
only to the disinfectant solution but also to gauze and bandages 
moistened with it, because the fibers tend to neutralize the quats. 

Hefore we move on to the next group of chemical agents, refer 
to Figure 7.10, which compares the effectiveness of some of the 
antiseptics we have discussed so far. 

Chemical Food Preservatives 
Chemical preservatives are frequently added to foods to re tard 
spoilage. SlIlflir dioxide (502) has long been used as a disinfec-
tant, especially in wine-making. Horner's Odyssey, written nearly 
2800 years ago, mentions its use. Among the more common 
additives are sodium benzoate, sorbic acid, and calcium propi-
onate. These chemicals are simple organic acids, or salts of 
organic acids, which the body readily metabolizes and which are 
generally judged to be safe in foods. Sorbic acid, or its more 
soluble salt potassium sorbme, and sodium benzoate prevent 
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Figure 7.10 A comparison of the effectiveness of various 
antiseptics. The sleeper the downward slope of the kJlling curve. the more 
effectIVe the anllseptlc IS. A ll1tJ IOdlfle in 70% ethanol solutIOn IS the most 
effectIVe; soap and water are the least effectIVe. Notice that a tincture of 
Zephlran IS more effectIVe than an aqueous soIutJOn of the same anllsepllc. 

Q Why is the tincture of Zephimn more effective than the aqueous 
solution? 

molds from growing in certain acidic foods, such as cheese and 
soft drinks. Such foods, usually with a pH of 5.5 or lower, are 
most susceptible to spoilage by molds. Calcium propiollate, an 
effective fu ngistat used in bread, prevents the growth of surface 
molds and the BacillllS bacterium that causes ropy b read. These 
o rganic acids inh ibit mold growth, not by affecting the pH but by 
interferi ng with the mold 's metabolism or the integrity of the 
plasma membrane. 

SodiuIII nitrate and sodiu m lI itrite are added to many meat 
products, such as ham, bacon, hot dogs, and sausage. The active 
ingredient is sodium nitrite, which certain bacteria in the mealS 
can also produce from sodium nitrate. These bacteria use nitrate 
as a substitute for meygen under anaerobic conditions. The n itri te 
has two main functions: to preserve the pleasing red color of the 
meat by reacting with blood componen ts in the meat, and to p re· 
vent the germination and growth of any botulism endospores 
that might be presen t. Nitrite selectively inhibits certain iron-
containing enzymes of Clostridillm botuli/llJln. There has been 
some concern that the reaction of nitrites with amino acids can 
form certain carcinogen ic products known as nitrosamines, and 
the amount of nitrites added to foods has generally been reduced 
recently for this reason. However, the use of nitrites continues 
because of their established value in preventing botu lism. 
Because nitrosamines are formed in the body from other sources, 
the added risk posed by a limited use of nitrates and nitrites in 
meats is lower than was once thought. 

Antibiotics 
The antimicrobials discussed in this chapter are not useful for 
ingestion or injection to treat disease. Antibiotics are used for 
this purpose. The use of ant ibiotics is highly restricted; however, 
at least two have considerable use in food preservation. Neither 
is of value for cl in ical pu rposes. Nisin, (see page 578) is often 
added to cheese to inhibit the growth of certain endospore-
forming spo ilage bacteria. [t is an example of a bacteriocin , a 
protein that is produced by o ne bacterium and inhibi ts another 
(see Chapter 8, page 239). Nisin is present natu rally in small 
amounts in many dairy products. It is tasteless, readily digested, 
and nontoxic. Na/amyeifl (pimaricin ) is an antifungal antibiotic 
approved for usc in foods, mostly cheese. 

Aldehydes 
Aldehydes are among the most effective antimicrobials. Two 
examples arc formaldehyde and glutaraldehyde. They inactivate 
proteins by fo rm ing covalent cross-links with several organic func· 
tional groups on proteins (- NH2, -oH. -eOOH, and -SH). 
Formaldehyde gas is an excellent disinfectant. However, it is more 
commonly available as formalill, a 37% aqueous solution of 
formaldehyde gas. Formalin was once used extensively to pre5('rve 
biological specimens and inactivate bacteria and vi ruses in 

• vaccmes. 
Glutaraldehyde is a chemical relative of formaldehyde that 

is less irritating and more effective than formaldehyde. 
Glutaraldehyde is used to disinfect hospital instru ments, includ· 
ing endoscopes and respiratory therapy equipmen t, but they must 
be carefully cleaned firs!. When used in a 2% solution (Cidex), it 
is bactericidal, tuberculocidal, and virucidal in 10 minutes and 
sporicidal in 3 to 10 hours. Glutaraldehyde is one of the few 
liquid chemical disi nfectants that can be considered a sterilizing 
agent. However, 30 minutes is often considered the maximum 
time allowed for a sporicide to act, which is a criterion glutaralde-
hyde cannot meet. Both glutaraldehyde and forma lin arc used by 
morticians for embalming. 

A possible replacement for glutaraldehyde for many uses is 
ortho·phtlralaldelryde (OPA), which is more effective against 
many microbes and has fewer irri tat ing properties. 

Chemical Sterilization 
Sterilizat ion with liquid chemicals is possible. but even sporici-
dal chemicals such as glutaraldehyde are usually not considered 
to be practical sterilants. However, the gaseous chemosterilan ts 
are frequently used as substitutes for physical ster ilization 
processes. Their appl ication requires a closed chamber similar 
10 a steam autoclave. Probably the most familiar example is 
etllylene oxide: 

H,C- - CH, -. . -.. a 



Infection Following Steroid Injection 
As you read through this box, you will 
encounter a series of questions that infec-
tion control officers ask themselves as 
they track the source of infection. Try to 
answer each question before going on to 
the next one. 

1. During a 3-month period, an infectious 
diseases physician reported 10 the 
department of health 12 patients with 
Mycobacterium abscessus joint and 
soft- tissue infections. Slow-growing 
mycobacteria, including M. tuberculosis 
and M. leprae, are human pathogens. 
These infections, however, were caused 
by rapidly growing mycobacteria (RGM). 
Where are these RGMs normally found? 
(Hint: Read page 320.) 

2. All 12 patients received injections for 
arthritis from the same physician. The 
injection procedure consisted of 
cleaning the skin with cotton balls 
soaked in diluted (1 :10) Zephiran, paint-

ing the skin with commercially prepared 
iodine swabs, anesthetizing the area 
with 0.5 ml of 1% lidocaine in a sterile 
22-gauge needle and syringe, and 
injecting 0.5-1.0 ml of betamethasone, 
a cortisone-like steroid, into the joint 
with a sterile 20-gauge needle and 
Syringe. 
What do you need to do to detennine the 
source of the infection? 

3. Cultures were made from swabs of the 
inside surface of an open metal con-
tainer of forceps and the inside surface 
of a metal container of cotton balls. 
Cultures were also made of the iodine 
prep swabs, Zephiran -soaked cotton 
balls, solutions of lidocaine and 
betamethasone, diluted and undiluted 
Zephiran, and a sealed bottle of distilled 
water used to dilute the Zephiran. 
What type 01 disinfectant is Zephiran? 

4. M. abscessus was grown only from 
cotton balls soaked in Zephiran. A disk-

Disk-diffus ion test of Zephlran against M. abscessus. 

diffusion assay was performed (see the 
figure above). 
What two problems occurred, and how 
would you prevent future infections? 

5. Dilute Zephiran is not effective against 
M. abscessus. and the disinfecting ability 
of Zephiran and other quats is reduced 
by the presence of organic material. 
such as cotton balls. To avoid inoculating 
patients with bacteria. cotton balls 
should not be stored in the disinfectant. 

Source: M apted from CllnKallnfectlOus Diseases 
36:954-962 (2003). 

Its activity depends on alkylation, that is, replacing the proteins' 
labile hydrogen atoms in a chemical group (such as - SH, 
- COOH, or - CH 2CH10H) with a chemical radical. Th is leads 
to cross-linking of nucleic acids and proteins and inhibits vital 
cellu lar functions. Ethylene oxide kills all microbes and 
endospores but requires a lengthy exposure period of several 
hours. It is toxic and explosive in its pure form, so it is usually 
mixed with a nonflammable gas, such as carbon dioxide. Among 
its advantages is that it carries out sterilization at ambient temper-
atu res and it is highly penetrating. Larger hospitals often are able 
to sterilize even mattresses in special ethylene oxide sterilizers. 

Chlorine dioxide is a short-lived gas that is usually manufac-
tured at the place of use. Notably, it has been used to fumigate 
enclosed building areas contaminated with endospores of anthrax. 
It is much more stable in aqueous solution. Its most common use 
is in water treatment prior to chlorination, where its purpose is to 
remove, or reduce the formation of, certain carcinogenic com-
pounds sometimes formed in the chlorination of water. 

matter, plasma. Plasma is a state of matter in which a gas is 
excited, in this case by an electromagnetic field, to make a mixture 
of nuclei with assorted electrical charges and free electrons. Health 
care facilities are increasingly facing the challenge of sterilizing 
metal or plastic surgical instruments used fo r many newer proce-
dures in arthroscopic or laparoscopic surgery. Such devices have 
long, hollow tubes, many with an interior diameter of only a few 
millimeters, and are difficult to sterilize. Plasma sterilization is a 
reliable method for this. The instruments are placed in a container 
in which a combination of a vacuum, electromagnetic field, and 
chemicals such as hydrogen peroxide (sometimes with peracetic 
acid, as well) form the plasma. Such plasmas have many free radi-
cals that quickly destroy even endospore-forming microbes. The 
advantage of plasma sterilization, which has elements of both 
physical and chemical sterilization, is that it requires only low 
temperatures, but it is relatively expensive. 

Plasmas 
In addition to the traditional three states of matter- liquid, gas, 
and solid- there might be considered to exist a fourth state of 

Supercritical Fluids 
The use of supercritical fluids in sterilization combines chemical 
and physical methods. When carbon dioxide is compressed into a 
"supercritical" state, it has properties of both a liquid (with 
increased solubility) and a gas (with a lowered surface tension). 

20' 
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Organisms exposed to supercritical carbon dioxide are inactivated, 
including most vegetative organisms that cause spoilage and 
food borne pathogens. Even endospore inactivation requires a 
temperature of only abou t 45°C. Used for a number of years in 
treating certain foods, supercritical carbon dioxide has more 
recently been used to decontaminate medical implants, such as 
bone, tendons, or ligaments taken from donor patients. 

Peroxygens and Other Fonns of Oxygen 
Peroxygens arc a group of oxidizing agents that includes hydro-
gen peroxide and peracetic acid . 

Hydrogen peroxide is an antiseptic found in many household 
medicine cabinets and in hospi tal supply rooms. It is not a good 
antiseptic for open wounds. It is quickly broken down to water 
and gaseous oxygen by the action of the enzyme catalase, wh ich 
is present in human cells (see Chapter 6, page 162). However, 
hydrogen peroxide does effectively d isinfect inanimate objects; in 
such applications, it is even sporicidal at high concentrations. On 
a nonliving surface, the normally protective enzymes of aerobic 
bacteria and facultative anaerobes are overwhelmed by high con-
centrations of peroxide. Because of these factors, and its rapid 
degradation into harmless water and oxygen, the food industry is 
increasing its use of hydrogen peroxide for aseptic packaging (see 
Figure 28.4). The packaging material passes through a hot solu-
tion of the chemical before being assembled into a container. In 
addition, many wearers of contact lenses arc familiar with hydro-
gen peroxide's use as a disinfectant. Aft er the lens is disinfected, 
a plat inum catalyst in the lens-disinfecting ki t destroys residual 
hydrogen peroxide so that it does not persist on the lens, where 
it might cause eye irrita tion. 

Heated hydrogen peroxide can be used as a gaseous sterilant. 
It is not as penetrating as ethylene oxide and also cannot be used 
to sterilize textiles or liquids. 

Peracetic acid (peroxyactic acid, or PAA) is one of the most 
effective liquid chemical sporicides available and can be used as 
a sterilant. Its mode of action is similar to that of hydrogen per-
oxide. It is generally effective on endospores and viruses within 
30 minutes and ki lls vegetative bacteria and fungi in less than 
5 minutes. PAA has many applications in the disinfection of 
food -processing and medical equipment, especially endoscopes, 
because it leaves no toxic residues (only water and small amou nts 
of acetic acid ) and is minimally affected by the presence of 
organ ic matter. The FDA has approved use of PAA for the wash-
ing of frui ts and vegetables. 

Other oxidizing agents include benzoyl peroxide, which is prob-
ably most familiar as the main ingredient in over-the-counter 
medications for acne. Ozorle (0 )) is a highly reactive form of 
oxygen that is generated by passing oxygen through high-voltage 
electrical discharges (sec Figure 27.16, page 783). It is responsible 
for the air's rather fresh odor after a lightning storm, in the vicinity 
of electrical sparking, or around an ultraviolet light. Ozone is often 
used to supplement chlorine in the disinfection of water because 

it helps neutralize tastes and odors. Although ozone is a more effec-
tive killing agent than chlorine, its residual activity is difficult to 
maintain in water. 

CHECK YOUR UNOERSTANOING 

..r If you wanted to disinfect a surface contaminated by vomit and 
a surface contaminated by a sneeze, why would your choice of 
disinfectant make a difference? 7-7 

..r Which is more likely to be used in a medical clinic laboratory, 
a use-dilution test or a disk-diffusion test? 7-8 

..r Why is alcohol effective against some viruses and not 
others? 7-9 

..r Is Betadine an antiseptic or a disinfectant when it is used on 
skin? 7-10 

..r What characteristics make surface-active agents attractive to 
the dairy industry? 7-11 

..r What chemical disinfectants can be considered 
sporicides? 7-12 

..r What chemicals are used to sterilize? 7-13 

Microbial Characteristics 
and Microbial Control 
LEARNING OBJECTIVE 
7-14 Explam how the type of microbe affects the control of microbial 

growth. 

Many biocides tend to be more effective against gram-positive 
bacteria, as a group, than against gram -negative bacteria . This 
principle is illustrated in Figure 7.11 , which presents a simplified 
hierarchy of relative resistance of major microbial grou ps to bio-
cides. A principal factor in this relative resistance to biocides 
is the external lipopolysaccharide layer of gram-negative bac-
teria. Within gram-negative bacteria, members of the genera 
Pselu/omollas and Burkholderia arc of special interest. These 
closely related bacteria are unusually resistant to biocides (see 
Figure 7.6) and will even grow actively in some disinfecta nts 
and antiseptics, most notably the quaternary ammonium 
compounds. In Chapter 20, you will see that these bacteria are 
also resistant to many antibiotics. This resistance to chemical 
antimicrobials is rela ted mostly to the characterist ics of their 
porim (structural openings in the wall of gram-negative bacteria; 
see Figure 4.13c, page 86). Porins are highly selective of mole-
cules that they permit to enter the cell. 

The mycobacteria arc another group of non-endospore-
forming bacteria that exhibit greater than normal resistance to 
chemical biocides. (See the box on page 201.) This group 
includes Mycobacterium tIIberculosis, the pathogen that causes 
tuberculosis. The cell wall of this organism and other members 
of this genus have a waxy, lipid -rich component. Instruction 
labels on disinfectants often state whether they are tuberculo -
cidal, ind icating that they arc effective against mycobacteria. 



Most resistant 

Prions 

Endospores o. bacteria 

Mycobacteria 

Cysts of protozoa 

Vegetative protozoa 

Gram-negative bacteria 

Fungi, including most fungal spores 

Viruses without envelopes 

Gram-positive bacteria 

Viruses with lipid envelopes 

Least resistant 

Figure 7.11 Decreasing order of resistance of microorganisms 
to chemical biocides. 

Q Why are viruses with lipid-containing envelopes relatively 
susceptibte to certain biocides? 

Special tuberculocidal tests have been developed to evaluate the 
effectiveness of biocides against this bacterial group. 

Bacterial endospores are affected by relatively few biocides. 
(The activity of the major chem ical antimicrobial groups agai nst 
mycobacteria and endospores is summarized in Table 7.7.) The 
cysts and oocysts of protozoa are also relatively resistant to 
chemical disinfection. 

Viruses are not especially resistant to biocides, with the exception 
of viruses that possess a lipid-containing envelope. Antimicrobials 
that are lipid-soluble are more likely to be effective against enveloped 
viruses. The label of such an agent will indicate that it is effective 
against lipophilic viruses. Nonenveloped viruses, which have only a 
protein coat, are more resistant- fewer biocides are active against 
them. 

A special problem, not yet completely solved, is the 
reliable killing of prions. Prions are infectious proteins that are 
the cause of neurological diseases known as spongiform 
encephalopathies, such as the popularly named mad cow disease 
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Table 1.1 

Chemical Agent 

Mercury 

Phenolics 

Bisphenols 

Quaternary 
Ammonium 
Compounds 

Chlorines 

Iodine 

Alcohols 

Glutaraldehyde 

Chlomexidine 

The Effectiveness of Chemical 
Antimicrobials against Endospores 
and Mycobacteria 

, ....... ..,... Mycobacteria 

No activity No activity 

Poor Good 

No activity No activity 

No activity No activity 

Fair Fair 

Poor Good 

Poor Good 

Fair Good 

No activity Fair 

(see Chapter 22, page 631). To destroy prions, infected ani mal 
carcasses are incinerated . A major problem is the disinfection of 
surgical instruments exposed to prion contamination. Normal 
autoclaving has proven to be inadequate. The World Health 
Organization (WHO) and the Centers for Disease Control and 
Prevention (CDC) have recommended the combined use of a 
solution of sodium hydroxide and autoclaving at 134°C Recent 
reports indicate that surgical instruments have been successfully 
treated to inactivate prions, which are proteins, by addition of 
protease enzymes to the cleaning solution . Su rgeons sometimes 
resort to using disposable instruments. 

In summary, it is important to remember that microbial con -
trol methods, especially biocides, are not uniformly effective 
against all microbes. 

CHECK YOUR UNDERSTANDING 

"f The presence or absence of endospores has an obvious effect 
on microbial control. but why are gram-negative bacteria 
more resistant to chemical biocides than gram- positive 
bacteria? 7-'. 

• • • 
Table 7.8 summa rizes chemical agents used 10 control m icrobial 
growth. 

The compounds discussed in this chapter are not generally 
useful in the treatment of diseases. Antibiot ics and the 
pathogens against which they are active will be discussed in 
Chapter 20. 
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Table 1.8 Chemical Agents Used to Control Microbial Growth 

Chemical Agent 

Phenol and Phenolics 
1. Phenol 

2. Phenolics 

3. Bisphenols 

Biguanides 
(Chlorhellidine) 

Halogens 

Alcohols 

Heavy Metals and 
Their Compounds 

Surface· Active Agents 
Soaps and detergents 

Acid-anionic sanitizers 

Quaternary ammonium 
compounds (cationic 
detergents) 

Chemical Food 
Preservatives 
Organic acids 

Nitrates/nitrites 

Mechanism of Action 

Disruption of plasma membrane. 
denaturation of enzymes. 

Disruption of plasma membrane. 
denaturation of enzymes. 

Probably disruption of plasma 
membrane. 

Disruption of plasma membrane. 

Iodine inhibits protein function and 
is a strong oxidizing agent: chlorine 
forms the strong oxidizing agent 
hypochlorous acid, which alters 
cellular components. 

Protein denaturation and lipid 
dissolution. 

Denaturation of enzymes and other 
essential proteins. 

Mechanical removal of microbes 
through scrubbing. 
Not certain; may involve enzyme 
inactivation or disruption. 

Enzyme inh ibition. protein 
denaturation. and disruption of 
plasma membranes. 

Metabolic inhibit ion, mostly 
affecting molds; action not related 
to their acidity. 

Active ingredient is nitrite. which 
is produced by bacterial action on 
nitrate. Nitrite inhibits certain iron-
containing enzymes of anaerobes. 

Preferred Use 

Rarely used. except as a standard 
of comparison. 

Environmental surfaces. instruments. 
skin surfaces. and mucous 
membranes. 

Disinfectant hand soaps and skin 
lotions. 

Skin disinfection. especially for 
surgical scrubs. 

Iodine is an effective antiseptic 
available as a tincture and an 
iodophor; chlorine gas is used 
to disinfect water; chlorine 
compounds are used to disinfect 
dairy equipment. eating utensils. 
household items. and glassware. 

Thennometers and other instruments: 
in swabbing the skin with alcohol before 
an injection. most of the 
action probably comes from a simple 
wiping away (degenning) of dirt and 
some microbes. 

Silver nitrate may be used to 
prevent gonorrheal neonatal 
ophthalm ia; silver-sulfadiazine 
used as a topical cream on burns; 
copper sulfate is an algicide. 

Skin degerming and removal of 
debris. 
Sanitizers in dairy and food-
processing industries. 

Antiseptic for skin, instruments, 
utensils. rubber goods. 

Sorbic acid and benzoic acid 
effective at low pH: parabens much 
used in cosmetics. shampoos; 
calcium propionate used in bread. 

Meat products such as ham. bacon. 
hot dogs, sausage. 

Seldom used as a disinfectant or 
antiseptic because of its irritating 
qualities and disagreeable odor. 

Derivatives of phenol that are 
reactive even in the presence of 
organic material; O-phenylphenol 
is an example. 

Triclosan is an especial ly common 
example of a bisphenol. Broad 
spectrum, but most effective 
against gram-positives. 

Bactericidal to gram-positives 
and gram-negatives; nontoxic. 
persistent. 

Iodine and ch lorine may act alone 
or as components of inorganic and 
organic compounds. 

Bactericidal and fungicidal. but not 
effective against end os pores or 
nonenveloped viruses; commonly 
used alcohols are ethanol and 
isopropanol. 

Heavy metals such as silver and 
mercury are biocidal. 

Many antibacterial soaps contain 
antimicrobials. 

Wide spectrum of act ivity: nontoxic. 
noncorrosive. fast-acting. 

Bactericidal. bacteriostatic. 
fungicidal, and virucidal against 
enveloped viruses: examples of 
quats are Zephiran and Cepacol. 

Widely used to control mold and 
some bacteria in foods and 
cosmetics. 

Prevents growth of Clostridium 
botulinum in food; also imparts 
a red color. 



Table 1.8 (continued) 

Chemical Agent 

Aldehydes 

Chemical Sterilization 
Ethylene oxide and other 
gaseous sterilants 

Plasma sterilization 

Supercritica l fluids 

Peroxygens and Other 
Forms of Oxygen 

Mechanism of Action 

Protein denaturation. 

Inhibits vital cellular functions. 

Inhibits vital cellular functions. 

Inhibits vital cellular functions. 

Oxidation. 
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Preferred Use 

Glutara ldehyde (Cidex) is less 
irritating than formaldehyde and 
is used for disinfecting medical 
equipment 

Mainly for sterilization of materials 
that would be damaged by heat. 

Especially useful for tubular medical 
instruments. 

Especially useful for sterilizing 
organic medical implants. 

Contaminated surfaces; some deep 
wounds, in which they are very 
effective against oxygen-sensitive 
anaerobes. 

Very effective antimicrobials. 

Ethylene oxide is the most 
commonly used. Heated hydrogen 
peroxide and chlorine dioxide have 
special uses. 

Usually hydrogen peroxide excited 
in a vacuum by an electromagnetic 
field. 

Carbon dioxide compressed to a 
supercritical state. 

Ozone is widely used as a 
supplement for chlorination; 
hydrogen peroxide is a poor 
antiseptic but a good disinfectant. 
Peracetic acid is especia lly 
effective. 

STUDY OUTLINE 
The MyMicrobtologyPlace website (www.microbiologyplace.com) 
will he lp you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personaliZed study plan. 0 learn and 
practice with animations. tutoria ls, and MP3 tutor sessions, and e test yourself with quizzes and a chapter post-test. 

The Terminology of Microbial 
Control (pp. 185- 186) 

1. The control of microbial growth can prevent infections and food 
spoilage. 

2. Sterilization is the process of removing or destroying all microbial 
life on an object. 

3. Commercial sterilization is heat treatment of canned foods to 
destroy C. bollllillum endospores. 

4. Disinfection is the process of reducing or inhibi ting microbial 
growth on a nonliving surface. 

s . Antisepsis is the process of reducing or inhibi ting microorganisms 
on living tissue. 

6. The suffix · cide means to kill; the suffix -stat means to inh ibit. 
7. Sepsis is bacteria l contamination. 

The Rate of Microbial Death [p.186) 

I. Bactrrial populations subjrctrd to hrat or antimicrobial chrmicals 
usually dir at a constant ratr. 

2. Such a death curve, when plottrd logarithmi· 
caliy, shows this constant death ratr as a 
s traight line. 

3. The time it takes to kill a microbial population 
is proportional to the numbrr of microbes. 

4. Microbial species and lifr cycle phases (r.g., 
endospores) have ditTerrnt susceptibili ties to physical and chemical 
controls. 

S. Organic matter may interfere with heat trratmrnts and chrmical 
control agents . 

6. Longer exposure to lowrr heat can produce the same effect as 
shorter time at higher heal. 
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Actions of Microbial Control 
Agents (pp.186-187) 

Alteration of Membrane Penneability (p.186) 

I. The susceptibility of the plasma membrane is due to its lipid and 
protein components. 

2. Certain chemical control agents damage the plasma membrane 
by altering its permeability. 

Damage to Proteins and Nucleic Acids (p.187) 

3. Some microbial control agents damage cellular proteins by 
breaking hydrogen bonds and covalent bonds. 

4. Other agents interfere with DNA and RNA and protein 
synthesis. 

Physical Methods of Microbial 
Control (pp.187-194) 

Heat (pp.188-191) 

I. Heat is frequently used to kill microorganisms. 
2. Moist heat kills microbes by denaturing enzymes. 
3. Thermal death point (TDP) is the lowest temperature at 

which all the microbes in a liquid culture will be killed in 
10 minutes. 

4. Thermal death time (TDT) is the length of time required to kill all 
bacteria in a liquid culture at a given temperature. 

S. Decimal reduction time (DRT) is the length of time in which 90% 
of a bacterial population will be killed at a given temperature. 

6. Boiling (I OOQC) kills many vegetative cells and viruses within 
10 minutes. 

7. Autod aving (steam under pressure) is the most effective method 
of moist heat sterilization. The steam must directly contact the 
material to be sterilized . 

8. In HTST pasteurization, a high temperature is used for a short 
time (72 Q C for 15 seconds) 10 destroy pathogens without 
altering the flavor of the food. Ultra-high -temperature (UHT ) 
treatment (I40Q C for 4 seconds) is used to sterilize dairy 
products. 

9. Methods of dry heat sterilization include direct flaming, incinera-
tion, and hot-air sterilization. Dry heat kills by oxidation. 

10. Different methods that produce the same effect (reduction in 
microbial growth) are called equivalent treatments. 

Filtration (p. 191) 

II. Filtration is the passage of a liquid or gas through a filter with 
pores small enough to retain microbes. 

12. Microbes can be removed from air by high-efficiency particulate 
air (HEPA) filters. 

13. Membrane filters composed of cellulose esters are commonly used 
to filter out bacteria, viruses, and even large proteins. 

Low Temperatures (pp.191-192) 
14. The effectiveness of low temperatures depends on the particular 

microorganism and the intensity of the application. 
IS. Most microorganisms do not reproduce at ordinary refrigerator 

temperatures (0--7Q C) . 
16. Many microbes survive (but do not grow) at the subzero 

temperatures used to store foods. 

High Pressure (p. 192) 
17. High pressure denatures proteins in vegetative cells. 

Desiccation (p.192) 
18. In the absence of water, microorganisms cannot grow but can 

remain viable. 
19. Viruses and endospores can resist desiccation. 

Osmotic Pressure (p. 192) 
20. Microorganisms in high concentrations of salts and sugars 

undergo plasmolysis. 
21. Molds and yeasts are more capable than bacteria of growing in 

materials with low moisture or high osmotic pressure. 

Radiation (pp.192- 194) 
22. The effects of radiation depend on its wavelength, intensi ty, and 

duration . 
23. Ionizing radiation (gamma rays, X rays, and high-energy electron 

beams) has a high degree of penetration and exerts its effect 
primarily by ionizing water and forming highly reactive hydroxyl 
radicals. 

24. Ultraviolet (UV) radiation, a form of nonionizing radiation, has 
a low degree of penetration and causes cell damage by making 
thymine dimers in DNA that interfere with DNA replication; the 
most effective germicidal wavelength is 260 nm . 

25. Microwaves can kill microbes indirectly as materials get ho t. 

Chemical Methods of Microbial 
Control (pp.195-202) 

1. Chemical agents are used on living tissue (as antiseptics) and on 
inanimate objects (as disinfectants). 

2. Few chemical agents achieve sterility. 

Principles of Effective Disinfection (p.195) 
3. Careful attention should be paid to the properties and 

concentration of the disinfectant to be used. 
4. The presence of organic matter, degree of contact with 

microorganisms, and temperature should also be considered. 

Evaluating a Disinfectant (p.195) 
5. In the use-dilution test, bacterial survival in the manufacturer's 

recommended dilutio n of a disin fectant is determined. 
6. Viruses, endospore-forming bacteria, mycobacteria, and fungi can 

also be used in the use-dilution test. 
7. In the disk-diffusion method, a disk of filte r paper is soaked wi th a 

chemical and placed on an inoculated agar plate; a wne of inhibi-
tion indicates effectiveness. 

Types of Disinfectants (pp. 195-202) 
Phenol and Phenolics (p. 195) 

8. Phenolics exert their action by injuring plasma membranes. 

Bisphenols (p.196) 

OH 

6 
9. Bisphenols such as tridosan (over the counter) and hexachlorophene 

(prescription) are widely used in household products. 

Biguanides (pp. 196-197) 
10. Biguanides damage plasma membranes of vegetative cells. 



Halogens (p.197) 
II. Some halogens (iodine and chlorine) are used alone or as 

components of inorganic or organic solutions. 
12. Iodine may combine with certain amino acids to inactivate 

enzymes and other cellular proteins. 
13. Iodine is available as a tincture (in solution with alcohol) or as an 

iodophor (combined with an organic molecule). 
14. The germicidal action of chlorine is based on the formation of 

hypochlorous acid when chlorine is added to water. 

Alcohols (pp.197-198) 
IS. Alcohols exert their action by denaturing proteins and dissolving 

lipids. 
16. In tinctures, they enhance the effectiveness of other antimicrobial 

chemicals. 
17. Aqueous ethanol (60-95%) and isopropanol are used as 

disinfectants. 

Heavy Metals and Their Compounds (pp. 198-199) 
18. Silver, mercury, copper, and zinc are used as germicides. 
19. They exert their antimicrobial action through oligodynamic 

action. When heavy metal ions combine with sulfhydryl (-SH ) 
groups, proteins are denatured. 

Surface-Active Agents (p.199) 
20. Surface-active agents decrease the surface tension among 

molecules of a liquid; soaps and detergents are examples. 
21. Soaps have limited germicidal action but assist in removing . . mlcroorgamsms. 
22. Acid-anionic detergents are used to dean dairy equipment. 
23. Quats are cationic detergents attached to N H4 +. 
24. By disrupting plasma membranes, quats allow cytoplasmic 

constituents to leak out of the cell. 
25. Quats are most effective against gram-positive bacteria. 

Chemical Food Preservatives (pp.199-200) 
26. S02> sorbic acid, benzoic acid, and propionic acid inhibit fungal 

metabolism and are used as food preservatives. 
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27. Nitrate and nitrite salts prevent germination of C. botulinum 
endospores in meats. 

Antibiotics (p. 200) 
28. Nisin and natamycin are anibiotics used to preserve foods, 

especially cheese. 

Aldehydes (p. 200) 
29. Aldehydes such as formaldehyde and glutaraldehyde exert their 

antimicrobial effect by inactivating proteins. 
30. They are among the most effective chemical disinfectants. 

Chemical Sterilization (pp.200-201) 
31. Ethylene oxide is the gas most frequently used for sterilization. 
32. It penetrates most materials and kills all microorganisms by 

protein denaturation. 

Plasmas (p.201) 
33. Free radicals in plasma gases are used to sterilize plastic instruments. 

Supercritical Fluids (pp.201-202) 
34. Supercri tical fluids, which have properties of liquid and gas, can 

sterilize at low temperatures. 

Peroxygens and Other Forms of Oxygen (p. 202) 
35. Hydrogen peroxide, peracetic acid, benzoyl peroxide, and ozone 

exert their antimicrobial effect by oxidizing molecules inside 
cells. 

Microbial Characteristics 
and Microbial Control (pp.202-205) 

I . Gram-negative bacteria are generally more resistant than 
gram-positive bacteria to disinfectants and antiseptics. 

2. Mycobacteria, endospores, and protozoan cysts and oocysts are 
very resistant to disinfectants and antiseptics. 

3. Nonenveloped viruses are generally more resistant than enveloped 
viruses to disinfectants and antiseptics. 

4. Prions are resistant to disinfection and autodaving. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning 10 Ihe blue Answers lab at the back of the textbook. 

Review 
I . The thermal death time for a suspension of Bacillus subtilis 

endospores is 30 minutes in dry heat and less than 10 minutes in 
an autoclave. Which type of heat is more effective? \Vhy? 

2. If pasteurization does not achieve sterilization, why is 
pasteurization used to treat food? 

3. Thermal death point is not considered an accurate measure of the 
effectiveness of heat sterilization. List three factors that can alter 
the rmal death point. 

4. The an timicrobial dfect of gamma radiation is due to 
(a) . The antimicrobial effect of ultraviolet 
radiation is due to (b) ____ _ 

DRAW IT 5. A bacterial culture was in log phase in the 
following figure. At time x, an antibacterial compound was 
added to the culture. Draw the lines indicating addition of 
a bactericidal compound and a bacteriostatic compound. 
Explain why the viable count does not immediately drop to 
zero at x. 

Time 



208 PART ONE Fundamentals of Microbiology 

6. How do autoclaving. hot air, and pasteurization illustrate the 
concept of equivalent 

7. How do salts and sugars preserve Why are these considered 
physical rather than chemical methods of microbial control? 
Name one food that is preserved with sugar and one preserved 
with salt. How do you account for the occasional growth of 
Penicillium mold in jelly, which is 50% 

8. The use-dilution values for two disinfectants tested under the 
same conditions are as follows: Disinfectant A-I :2; Disinfectant 
B-1: I 0,000. If both disinfectants are designed for the same 
purpose, which would you select? 

9.A large hospital washes burn patients in a stainless steel tub. 
After each patient, the tub is cleaned with a quat. It was noticed 
that 14 of 20 burn patients acquired Pseudomollas infections 
after being bathed. Provide an explanation for this high rate of 
infection. 

Multiple Choice 
1. Which of the following does not kill endospores? 

a. autoclaving 
h. incineration 
c. hot-air sterilization 
d. pasteurization 
e. All of the above kill endospores. 

2. Which of the following is most effective for sterilizing mattresses 
and plastic Petri dishes? 
a. chlorine 
h. ethylene oxide 
c. glutaraldehyde 

d. autoclaving 
e. nonionizing radiation 

3. Which of these disinfectants does not act by disrupting the plasma 
membrane? 
a. phenolics 
b. phenol 
c. quaternary ammonium compounds 
d. halogens 
e. biguanides 

4. Which of the following cmlllot be used to sterilize a heat-labile 
solution stored in a plastic container? 
a. gamma radiation 
b. ethylene oxide 
c. nonionizing radiation 
d. autoclaving 
e. short-wavelength radiation 

5. Which of the following is IIOt a characteristic of quaternary 
ammonium compounds? 
a. bactericidal against gram-positive bacteria 
b. sporicidal 
c. amoebicidal 
d. fungicidal 
e. kills enveloped viruses 

6. A classmate is trying to determine how a disinfectant might kill 
cells. You observed that when he spilled the disinfectant in your 
reduced litmus milk, the litmus turned blue again. You suggest to 
your classmate that 
a. the disinfectant might inhibit cell wall synthesis. 
b. the disinfectant might oxidize molecules. 
c. the disinfectant might inhibit protein synthesis. 
d. thc disinfectant might denature proteins. 
e. he takc his work away from yours. 

7. Which of the following is most likely to be bactericidal? 
a. membrane filtration 
h. ionizing radiation 
c. lyophilization (freeze-drying) 
d. deep-freezing 
e. all of the above 

8. Which of the following is used to control microbial growth in 
a. organic acids d. heavy metals 
h. alcohols e. all of the above 
c. aldehydes 

Use thc following information to answer questions 9 and 10. The data 
were obtained from a use-dilution test comparing four disinfcctants 
against Salmonella choleraesuis. G = growth, NG = no growth 

Bacterial Growth after Exposure to 

Disinfectant Disinfectant Disinfectant Disinfectant 
Dilution A • C D 

1 :2 NG G NG NG 
1 :4 NG G NG G 
1 :8 NG G G G 
1 : 1 6 G G G G 

9. Which disinfec tant is the most effective? 
10. Which disinfec tant(s) is (are) bactericidal? 

a. A, B, C, and D d. B only 
h. A, C, and D e. none of the above 
c. A only 

Critical Thinking 
I . The disk-diffusion method was used to evaluate three disinfectants. 

The resul ts were as follows: 

Disinfectant 

x 
y 
Z 

Zone of Inhibition 

Omm 
Smm 

10 mm 

a. Which disinfectant was the most effective against the organism? 
b. Can you determine whether compound Y was bactericidal or 

bacteriostatic? 
2. Why is each of the following bacteria often resistant to disinfectan ts? 

a. Mycobacterium 
b. Pseudomonas 
c. Bacillus 

3. A usc-dilution test was used to evaluate two disinfectants against 
Salmollella choleraesuis. The results were as follows: 

Bacterial Growth after Exposures 

Time of 
Exposure 
(min) 

10 

20 

30 

Disinfectant A 

G 
G 

NG 

Disinfectant B 
Diluted with 
Distilled Water 

NG 
NG 
NG 

a. Which disinfectant was the most effective? 

Disinfectant B 
Diluted with 
Tap Water 

G 
NG 
NG 

h. Which disinfectant should be used against Staphylococcus? 



4. To determine the lethal action of microwave radiation, two 
105 suspensions of E. coli were prepared. One cell suspension 
was exposed to microwave radiation while wet, whereas the other 
was lyophilized (freeze-dried) and then exposed to radiation. The 
results are shown in the following figure. Dashed lines indicate the 
temperature of the samples. What is the most likely method of 
lethal action of microwave radiation? How do you suppose these 
data might differ fo r Clostridium? 

7,-
, VVet ! 6 i r-----T---------

]l 5,---,"---------"-----------• , I 
'8 4: -I-, , 
.... 3 ' I 

" E : I 2-1 
.. i . , Dey - tr------------ ---------S 

5 6 7 
Time (min) 

Clinical Applications 

• 

'" 
- VVet culture 

- Lyophilized 
culture 

I. Elltamoeba histolytica and Giardia lamblia were isolated from the 
stool sample of a 45-year-old man, and Shigel/a sonllei was isolated 
from the stool sample of an IS-year-old woman. Both patients 
experienced diarrhea and severe abdominal cramps, and prior to 
onset of digestive symptoms both had been treated by the same 
chiropractor. The chiropractor had administered colonic irrigations 
(enemas) to these patients. The device used for this treatment was 
a gravity-dependent apparatus using 12 liters of tap water. There 
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were no check valves to prevent backflow, so all parts of the appara-
tus could have become contaminated with feces during each colonic 
treatment. The chiropractor provided colonic treatment to four or 
five patients per day. Between patients, the adaptor piece that is 
inserted into the rectum was placed in a «hot-water sterilizer." 

What two errors were made by the chiropractor? 
2. Between March 9 and April 12, five chronic peritoneal dialysis 

patients at one hospital became infected with PseudomOlws 
aeruginosa. Four patients developed peri tonitis (inflammation of 
the abdominal cavity), and one developed a skin infection at the 
catheter insertion site. All patients with peritonitis had low-grade 
fever, cloudy peritoneal fluid, and abdominal pain. All patients 
had permanent indwelling peritoneal catheters, which the nurse 
wiped with gauze that had been soaked wi th an iodophor solution 
each time the catheter was connected to or disconnected from the 
machine tubing. Aliquots of the iodophor were transfer red from 
stock bottles to small in-use bottles. Cultures from the dialysate 
concentrate and the internal areas of the dialysis machines were 
negative; iodophor from a small in-use plastic container yielded 
a pure culture of P. aeruginosa. 

What improper technique led to this infection? 
3. Eleven patients received injections of methylprednisolone and 

lidocaine to relieve the pain and inflammation of arthritis at the 
same orthopedic surgery office. All of them developed septic 
arthritis caused by Sermtia marcescens. Unopened bottles of 
methylprednisolone from the same lot numbers tested sterile; the 
methylprednisolone was preserved with a qua t. Cotton balls were 
used to wipe multiple-use injection vials before the medication 
was drawn into a disposable syringe. The site of injection on each 
patient was also wiped with a cotton ball. The cotton balls were 
soaked in benzalkonium chloride, and fresh cotton balls were 
added as the jar was emptied. Opened methylprednisolone con-
tainers and the jar of cotton balls contained S. marcescells. 

How was the infection transmitted? What part of the routine 
procedure caused the contamination? 



Microbial Genetics 

Virtually all the microbia l traits you have read about in earlier chapters are controlled or 
influenced by heredity. The inherited trai ts of microbes include their shape and structural 
features, their metabolism. their ability to move or behave in various ways, and their abili ty to 
interact with other organisms-perhaps causing d isease. Ind ividual organisms transmit these 
characteristics to their offspring through genes. 

Researchers are trying to solve the difficult medical problem of antibiotic resistance. 
Microorganisms can become resistant to antibiotics in any of several ways, all of which 
depend on genet ics. The emergence of vancomycin-resistant Staphylococcus aureus (VRSA) 

poses a serious threat to patient care. In this chapter you will see how 
VRSA acqui red this trait. 

Emerging diseases provide another reason why it is important to 
understand genetics. New diseases are the results of genetic 

changes in some existing organism; for example, E. coli 

Q157:H7 acquired the genes for Shiga toxin from Shigella. 

Currently, microbiologists are using genetics to discover 
relatedness among organisms, to explore the origins of 
organisms such as HIV and West Nile virus, and to study 
the potential for avian influenza viruses to infect humans. 

Q 
A 2-year-old girl was brought to the emergency 
department with bloody diarrhea, vomiting, 
fever, and renal failure. She was diagnosed with 
hemolytic uremic syndrome caused by E. coli 
0157:H7. E coli is found naturally in the human 
large intestine, and there it is beneficial. However, 
the strain designated E. coli 0157:H7 produces 
Shiga toxin , which causes severe illness and has 
emerged as a leading cause of foodborne illness. 
How did E. coli acquire this gene from Shigelifl? 
Look for the answer in the clw.p ter. 



Structure and Function 
of the Genetic Material 
LEARNING OBJECTIVES 
8-1 Define genetICS, genome. chromosome, gene, genetic code, 

genotype. phenotype. and genomIC$. 
8-2 Descnbe how DNA serves as genetic information. 
8-3 Descnbe the process of DNA replication. 
8-4 Descnbe protem synthesIS, including transcription, RNA processmg. 

and translation. 
8-5 Compare protein syntheSIS In prokaryotes and eukaryotes. 

Genelics is th e science of heredity; it includes the study 
of what genes are, how they carry information, how they are 
replicated and passed to subsequent generations of cells 
or passed between organisms, and how the expression of their 
information within an organism determines the particular 
characteristics of that organism. The genetic information in 
a cell is called the genome. A cell's genome includes its 
chromosomes and pla sm ids. Chromosomes are structures 
containing DNA that physically carry hereditary information; 
th e chromosomes contain the genes. Genes are segments 
of DNA (except in som e viruses, in which they are made of 
RNA) that code for functional products. We saw in Chapter 2 
that DNA is a macromolecule composed of repeating units 
called IIIlcfeotitles. Recall that each nucleotide consists of a 
nucleobase (adenine, thymine, cytosine. or guanine), deoxyri-
bose (a pen tose sugar), and a phosphate group (see Figure 
2.16, page 48 ). The DNA within a cell exists as long strands of 
nucleotides twisted together in pairs to form a double helix. 
Each strand has a string of alternating sugar and phosphate 
groups (its sligar-phosphate backbone), and a nitrogenous base 
is attached to each sugar in the backbone. The two strands are 
held together by hydrogen bonds between their nitrogenous 
bases. The base pairs always occur in a specific way: adenine 
always pairs with thymine, and cytosine always pairs with 
guanine. Because of thi s specific base pairing, the base 
sequence of one DNA strand determines the base sequence 
of the other strand. Th e two strands of DNA are thus 
complw/elltary. 

The structure of DNA helps explain two primary features of 
biological information storage. First, the linear sequence of 
bases provides the actual information. Genetic information is 
encoded by the sequence of bases along a strand of DNA, in 
much the same way as our written language uses a linear 
sequence of letters to fo rm words and sentences. The genetic 
language, however, uses an alphabet with only four letters-
the four kinds of nucleobases in DNA (or RNA). But 1000 of 
these four bases, the number contained in an average-sized 
gene, can be arranged in 41000 different ways. This astronomi -
cally large number explains how genes can be varied enough to 
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provide all the informat ion a cell needs to grow and perform its 
functions. The genetic code, the set of rules that determines 
how a nucleot ide sequence is converted into the amino acid 
sequence of a protein, is discussed in more detail later in the 
chapter. 

Second, the complementary structure allows for the precise 
duplication of DNA during cell division. Each daughter cell 
receives one of the original strands from the parent; thus ensuring 
one st rand that functions correctly. 

Much of cellular metabolism is concerned with translating 
the genetic message of genes into specific proteins. A gene 
usua lly codes for a messenger RNA (mRNA) molecule, 
which ultimately results in the formation of a protein. 
Alternatively, the gene product can be a ribosomal RNA (rRNA) 
or a transfer RNA (tRNA). As we will see, all of these types 
of RNA arc involved in the process of protein synthesis. When 
the ultimate molecule for which a gene codes (a protein, for 
example) has been produced, we say that the gene has been 
expressetl. 

Genotype and Phenotype 
The genotype of an organism is its genetic makeup, the infor-
mation that codes for all the pa rticular characteristics of the 
organism. The genotype represents potelltial properties, but not 
the properties themselves. Phenotype refers 10 actllal, expressed 
propert ies, such as the organism's ability 10 perform a particular 
chemical reaction. Phenotype, then, is the manifestation of 
genot ype. 

In molecular terms, an organism's genotype is its collection of 
genes, its en tire DNA. What constitutes the organism's phenotype 
in molecular {erms? In a sense, an organism's phenotype is its 
collection of proteins. Most of a cell's properties derive from the 
structures and functions of its proteins. In microbes, most 
proteins arc either ellzymatic (catalyze particular reactions) or 
structural (participa te in large functional complexes such 
as membranes or flagella ). Even phenotypes that depend on 
structural macromolecules other than proteins (such as lipids or 
polysaccharides) rely indirectly on proteins. For instance, the 
structure of a complex lipid or polysaccharide molecule results 
from the catalytic activities of enzymes that synthesize, process, 
and degrade those molecules. Thus, although il is not completely 
accurate to say that phenotypes are due only to proteins, it is a 
useful simplification. 

DNA and Chromosomes 
Bacteria typically have a single circular chromosome consisting 
of a single circular molecule of DNA with associated proteins. 
The chromosome is looped and folded and attached at one or 
several points to the plasma membrane. The DNA of £. coli, the 
most-studied bacterial species, has about 4.6 million base pairs 
and is about 1 mm 10ng- 1000 times longer than the entire cell 
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(a) The tangled mass and looping strands of DNA 
emerging from this disrupted E. coli cell are part of 
its single Chromosome. 

• 
• • • • 

80 

'" = Amino acid metabolism _ Carbohydrate metabolism 

= DNA replication and repair Membrane synthesis 

g Lipid metabolism 

(b) A genetic map of the chromosome of E. coli. The numbers inside the 
circle indicate the number of minutes it takes to transfer the genes during 
mating between two cel ls; the numbers in colored boxes indicate the 
number of base pairs. 

Figure 8.1 A prokaryotic chromosome. 

Q What is a gene? What is an open-reading fmme? 

(Figure 8.1a) . However, the chromosome takes up only about 
10% of the cell's volume because the DNA is twisted, or 
supercoiled- much like a telephone cord when you put the 
handset back on the receiver. 

The location of genes on a bacterial chromosome can be 
determined by experiments on the transfer of genes from one cell 
to another. These processes will be discussed later in this chapter. 
The bacterial chromosome map that results is marked in minutes 
corresponding to when the genes are transferred from a donor 
cell to a recipient cell (Figure 8.1 b). 

In recent years, the complete base sequences of several bacte-
rial chromosomes have been determined . Computers are used to 
search for open-reading frallles, that is, regions of DNA that are 
likely to encode a protein. As you will see later, these are base 
sequences between start and stop codons. The sequencing and 
molecular characterization of genomes is called genomics. The 
use of genomics to track West Nile virus is described in the box 
on page 223. 

The Flow of Genetic Information 
DNA replication makes possible the flow of genetic information 
from one generation to the next . As shown in Figure 8.2, the 
DNA of a cell replicates before cell division so that each offspring 
cell receives a chromosome identical to the parent's. Within each 
metabolizing cell, the genetic information contained in DNA 
also flows in another way: it is transcribed into mRNA and then 
translated into protein. We describe the processes of transcrip-
tion and translation later in this chapter. 

CHECK YOUR UNOERSTANOING 

..r Give a clinical application of genomics. 8-1 

..r Why is the base pairing in DNA important? 8-2 

DNA Replication 
In DNA replication, one "parental" double-stranded DNA 
molecule is converted to two identical "daughter" molecules. 
The complementary structure of the nitroge nou s base 
sequences in the DNA molecule is the key to understanding 
DNA replication. Because the bases along the two st rands 
of double-helical DNA are complementary, one strand can 
act as a template for the production of the other strand 
( Figure 8.3a) . 

DNA replication requires the presence of several cellular 
proteins that direct a particular sequence of even ts. Enzymes 
involved in DNA replication and other processes are listed in 
Table 8.1 on page 215. When replication begins, the supercoil -
ing is relaxed by topoisomerase or gyrase, and the two strands 
of parental DNA are unwound by he/icase and sepa rated from 



Using the example of a bacterium with a single circular chromosome, this figure summarizes how 
genetic information is used within and passed between cells. Small versions of the relevant 
portions of this overview figure will appear in other figures throughout the chapter to indicate the 
relationships of different processes. 

Cell metabolizes and grows 

Genehc infolll1ation is used within 
a cell to produce the proteins 
needed for the cell to function. 

A cell uses the genetic InfOO'TlatiOn contained in 
DNA to make its proteins, including enzymes. 
This in/ormation Is transferred to the next 
generation during cell division. DNA can be 
trans/erred to cells in the same generation, 
resulting in new combinations of genes. 

each o ther in one small DNA segment after anot her. Free 
nucleot ides present in the cytoplasm of the cell are matched up 
to the exposed bases of the single-stranded parental DNA. 
Where thymine is present on the origi nal strand, only adenine 
can fi t into place on the new st rand; where guanine is present 
on the original strand, on ly cy tosine can fit in to place, an d so 
on, Any bases that arc improperly base-pa ired are removed 
and replaced by replication enzymes, Once aligned, the newly 
added nucleotide is joined to the grow ing DNA st rand by an 
enzyme ca lled DNA polym erase. Then the pa rental DNA is 
unwound a bit further to allow the addi tion of the next 
nucleotides. The poi n t at which replication occurs is ca lled the 
repiic(ltio" fork. 

As the replication fork moves along the parental DNA, each 
of the unwound single strands combines with new nuc\eotides. 

Parent cell 

Daughtar cell i 

Recombination 

Genetic infolll1ation can be 
transferred between cells of the 
same generation. 

Genetic infonnatiOn can 
be transferred between 
generations of cells. 

Key Concept 

Recombinant cell 

DNA is the btueprinl rot" a celr l 
proteins and il oblained h om a 
parent cetl ot" from another cetl. 

The original st ra nd and this newly synthesized daughter strand 
then rewind . Because each new double-stranded DNA molecule 
con tains one original (conserved) strand and one new st rand, 
the process of replication is referred to as semiconservative 
replication. 

Before looking at DNA replication in more detail, let's take a 
closer look at the structure of DNA (see Figure 2.16, on page 48). 
It is important to understand the concept that the paired DNA 
strands arc oriented in opposite d irections relative to each other. 
Notice in Figure 2. 16 that the carbon atoms of the sugar compo-
nen t of each nucleotide are numbered )' (pronounced "one 
prime") to 5'. For the paired bases to be next to each other, the 
sugar components in one st rand are upside down relative to the 
other. The end with the hydroxyl allached to the 3' carbon is called 
the 3' end of the DNA strand; the end having a phosphate attached 

213 
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Thymine 5' end 

Adenine 

Cytosine 

r G I Guanine 

Deoxyribose sugar 

o 
Phosphate 

The double helix of the 
parental DNA separates 
as weak hydrogen 
bonds between the 
nucleotides on opposite 
strands break in 
response to the action 
of repliCation enzymes. 

Hydrogen bonds form 
between new 
complementary 
nucleotides and each 
strand 01 the parental 
template to form new 
base pairs. Daughter 

strand Enzymes catatyze the 
formation of sugar-phosphete 
bonds between sequential 
nucleotides on each resulting 
daughter strand. 

(II The repliCation lor\(. 

Figure 8 .3 DNA replication. 

Parental , 

G 
5'end 
Parental 
strand 

Q What is meant by SemtcOnservatil/o replicatkm? 

,. G 
3' end 

Parental 
strand 

to the 5' carbon is called the 5' end. The way in which the two 
strands fit together dictates that the 5' - 3' direction of one 
strand runs counter to the 5' - 3' direction of the other strand 
(Figure 8.3b). This structure of DNA affects the replication process 
because DNA polymerases can add new nucleotides to the 3' end 
only. Therefore, as the replication fork moves along the parental 
DNA, the two new strands must grow in different directions. 

DNA replication requires a great deal of energy. The energy is 
supplied from the nucleotides, which are actually nucleoside 
triphosphates. You already know about ATP; the only difference 
between AT!' and the adenine nucleotide in DNA is the sugar 
component. Deoxyribose is the sugar in the nucleosides used to 
synthesize DNA, and nucleoside triphosphates with ribose are 
used to synthesize RNA. Two phosphate groups are removed to 
add the nucleotide to a growing strand of DNA; hydrolysis of the 
nucleoside is exergonic and provides en('rgy to make the new 
bonds in the DNA strand (Figure 8.4). 

Figure 8.5 provides more detail about the many steps that go 
into this complex process. 

3' end 
Parental 
strand 

5' end 

• 

Daughter 
strand 

fonning 

5' end 
(bl The two strands of DNA are antiparallel. 
The sugar·phosphate backbone 01 one strand is 
upside down relative to the backbone of the 
other strand. Turn the book upside down to 
demonstrate this. 

DNA replication by some bacteria, such as E. coli, goes 
bidirectionally around the ch romosome (Figure 8.6 ). Two 
replication forks move in opposite directions away from the 
origin of replication. Ilecause the bacterial chromosome is a 
closed loop, the replication forks even tually meet when repli-
cation is completed. The two loops must be sepa rated by a 
topoisomerase. Much evidence shows an association between 
the bacterial p lasma membrane and the origin of replication. 
After duplication, if each copy of the origin binds to the 
membrane at opposite poles, then each daughter ce ll 
receives one copy of the DNA molecule-that is, one complete 
chromosome. 

DNA replication is an amazingly accurate process. Typically, 
mistakes are made at a rate of only I in every 1010 bases 
incorporated. Such accuracy is largely due to the proofreading 
capability of DNA polymerase. As each new base is added, 
the enzyme evaluates whether it forms the proper complementary 
base-pairing structure. If not, the enzyme excises the improper 



CHAPTER 8 Microbial Genetics 215 

Table 8.1 Important Enzymes in DNA Replication, Expression, and Repair 

DNA Gyrase Relaxes supercoiling ahead of the replication fork 

DNA Ligase Makes covalent bonds to join DNA strands: joins Okazaki fragments and new segments in excision repair 

DNA Polymerase 

Endonucleases 

Exonucleases 

Helicase 

Methylase 

Photolyase 

Primase 

Ribozyme 

RNA Polymerase 

snRNP 

Synthesizes DNA: proofreads and repairs DNA 

Cut DNA backbone in a strand of DNA: facilitate repair and insertions 

Cut DNA from an exposed end of DNA: fac ilitate repa ir 

Unwinds double-stranded DNA 

Adds methyl group to selected bases in newly made DNA 

Uses visible light energy to separate UV-induced pyrimidine dimers 

Makes RNA primers from a DNA template 

RNA enzyme that removes introns and splices exons together 

Copies RNA from a DNA template 

RNA-protein complex that removes introns and splices exons together 

Topoisomerase 

Transposase 

Relaxes supercoiling ahead of the replication fork: separates DNA circles at the end of DNA replication 

Cuts DNA backbone leaving single-stranded "sticky ends" 

base and replaces it with the correct one. In this way, DNA can be 
replicated very accurately, allowing each daughter chromosome 
to be virtually iden tical to th e parental DNA. Animations 
DNA Replication: Overview, Forming the Replication Fork, Replication 
Proteins, Synthesis. www.microbiologyplace.com 

CHECK YOUR UNDERSTANOING 

Figure 8.4 Adding a nucleotide to DNA. 

Q Why is one strand down" relative to 
the other strand? Why can't both strands "face" 
the same way? 

,.f Describe DNA replication, including the functions of DNA 
gyrase, DNA ligase, and DNA polymerase. 8-3 

Phosphate 

, 

N •• 
Strand 

, 
When a nucleoside 
triphosphate bonds 
to the sugar, it loses 
two phosphates. 

Template 
Strand 

Hydrolysis of the 
phosphate bonds 
provides the energy 
for the reaction. 
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flEPUCATlON 

e Proteins stabilize the 
unwound parental DNA. 

o The leading strand is 
synthesized continuously 
by DNA polymerase. 

o Enzymes unwind the 
parental double 
helix. 

--- RNA primer 

strand 

RNA -''< 
potymerase 

ligase 

polymerase 

o The lagging 
synthesized i 

e DNA polymerase 
digests RNA primer 

DNA ligase joins 
the discontinuous 
fragments of the 
lagging strand. 

RNA polymerase synthesizes a 
sheri RNA primer, which is then 
eJ(\ended by DNA polymerase. 

Figure 8 .5 A summary of events at the DNA replication fork. 

Q Why is one strand of DNA synthesized discontinuously? 

RNA and Protein Synthesis 
How is the information in DNA used to make the proteins that 
control cell activities? In the process of transcription, genetic 
information in DNA is copied, or transcribed, into a comple-
mentary base sequence of RNA. The cell then uses the informa-
tion encoded in this RNA to synthesize specific proteins through 
the process of tralls/miDlI. We now take a closer look at these two 
processes as they occur in a bacterial cell. 

Transcription 
Transcription is the syn thesis of a complementary strand 
of RNA from a DNA template. We will discuss transcription 
in prokaryotic cells here. Transcription in eukaryotes is dis-
cussed on page 220. As mentioned earlier, there are three kinds 
of RNA in bacterial cells: messenger RNA, ribosomal RNA, and 
transfer RNA. Ribosomal RNA forms an integral part of ribo-
somes, the cellular machinery for protein synthesis. Transfer 
RNA is also involved in protein synthesis, as we will see. 
Messenger RNA (mRNA) carries the coded information for 
making specific proteins from DNA to ribosomes, where pro-
teins are synthesized. 

and replaces it with DNA. 

During transcription, a strand of mRNA is synthesized using 
a specific portion of the cell's DNA as a template. In other words, 
the genetic information stored in the sequence of nitrogenous 
hases of DNA is rewritten so that the same information appears 
in the base sequence of mRNA. As in DNA replication, a G in the 
DNA template d ictates a C in the mRNA being made, a C in 
the DNA template dictates a G in the mRNA, and a T in the DNA 
template dictates an A in the mRNA. However, an A in the 
DNA template dictates a uracil (V) in the mRNA, because RNA 
contains V instead ofT. (V has a chemical structure sl ightly dif-
ferent from T, but it base-pairs in the same way.) If, for example, 
the template portion of DNA has the base sequence 3' -ATGCAT, 
the newly syn thesized mRNA strand will have the complementary 
base sequence 5' -VACGVA. 

The process of transcription requires both an enzyme called 
RNA polymerase and a supply of RNA nucleotides (Figure 8.7). 
Transcription begins when RNA polymerase hinds to the DNA at 
a site called the promoter. Only one of the two DNA strands 
serves as the template for RNA synthesis for a given gene. 
Like DNA, RNA is syn thesized in the 5' - 3' direction. RNA 
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(a) An E. coli chromosome in the process of repHcating 

Origin of replication 

1",,,,",,,1 strand 

(b) Bidirectional replication of a circular bacteria l DNA molecule 

Figure 8.6 Replication of bacterial DNA. 

Q What is the origin of replication? 

synthesis continues until RNA polymerase reaches a site on the 
DNA called the terminator. 

The process of transcription allows the cell to produce short-
term copies of genes that can be used as the direct source of 
information for protein synthesis. Messenger RNA acts as an 
intermediate between the permanent storage fo rm, DNA, and the 
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REPLICATION 

o o 

process that uses the information, translation . Animations 
Transcription: Overview, Process. www.microbiologyplace.com 

Translation 
We have seen how the genetic information in DNA is transferred 
10 mRNA during transcription . Now we will see how mRNA 
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TRANSCRIPTION 

DNA 

mRNA 

Protein 

o RNA polymerase binds to the 
promoter, and DNA unwinds 
at the beginning 01 a gene. 

e RNA is synthesized by 
complementary base pairing 
ol l ree nucleotides with the 
nucleotide bases on the 
template strand 0/ DNA. 

e The site 01 synthesis moves 
aJong DNA: DNA that has 
been transcribed rewinds. 

o Transcription reaches the 
tenninator. 

o RNA and RNA polymerase 
are re leased and the DNA 
helix re-/onns. 

RNA polymerase bound to DNA 

Promoter 
(gene "9'" 

- RNA polymerase 

---_/ 

Figure 8 _7 The process of transcription. The orienting diagram indicates the relationsh ip of 
transcription to the overall flow of genetic information with in a cell. 

Q In transcription, what is copied, and what is made? 

'om 

Template 
strand 
of DNA 

nucleotides 

RNA synthesis 

Tenninator 
(geneendY 



serves as the source of information for the synthesis of proteins. 
Protein synthesis is called translation because it involves decod-
ing the of nucleic acids and converting that informa-
tion into the of proteins. 

The language of mRNA is in the form of codons. groups 
of three nucleotides, such as AUG, GGC, or AAA. The sequence 
of codons on an mRNA molecule determines the sequence of 
amino acids that will be in the protein being synthesized. Each 
codon for a particular amino acid . This is the genetic 
code (Figure 8.8). 

Codons are written in terms of their base sequence in mRNA. 
Notice that there are 64 possible codons but only 20 amino 
acids. This means that most amino acids are signaled by several 
alternative codons, a situation referred to as the degeneracy of 
the code. For example, leucine has six codons, and alanine has 
four codons. Degeneracy allows for a certain amount of change, 
or mutation, in the DNA without affecting the protein ultimately 
produced. 

Of the 64 codons, 61 are sense codons, and 3 are nonsense 
codons. Sense codons code for amino acids, and nonsense 
codons (also called stop codolls) do not. Rather, the nonsense 
codons-UAA, VAG, and UGA- signal the end of the protein 
molecule's synthesis. The start codon that initiates the synthesis 
of the protein molecule is AUG, which is also the codon for 
methionine. In bacteria, the start AUG codes for formylmethio -
nine rather than the methionine found in other parts of the pro-
tein. The initiating methionine is often removed later, so not all 
proteins begin with methionine. 

The codons of mRNA are converted into protein through the 
process of translation. The codons of an mRNA arc 
sequentially; and, in response to each codon, the appropriate 
am ino acid is assembled into a growing chain. The site of trans-
lation is the ribosome, and transfer RNA (tRNA) molecules 
both recognize the specific codons and transport the required 
am ino acids. 

Each tRNA molecule has an anticodon, a sequence of three 
bases that is complementary to a codon. In this way, a tRNA 
molecule can base-pair with its associated codon . Each tRNA can 
also carryon its other end the amino acid encoded by the codon 
that the tRNA recognizes. The func tions of the ribosome are to 
direct the orderly bind ing of tRNAs to codons and to assemble 
the amino acids brought there into a chain, ultimately producing 
a protein. 

Figure 8.9 shows the details of translation . The necessary 
components assemble: the two ribosomal subunits, a tRNA 
with the anticodon UAC, and the mRNA molecule to be trans-
lated, along with severa l additional protein fac tors. This sets up 
the start codon (AUG ) in the proper position to allow transla -
tion to begin . After the ribosome joins the first two amino acids 
with a peptide bond, the first tRNA molecule leaves the ribo-
some. The ribosome then moves along the mRNA to the next 

U 

UUU } UCU 
Ph, 

UUC UCC 
U 

UUA } UCA 
Leo 

UUG UCG 

CUU CCU 

CUC CCC 
C leu 

CUA CCA 

t CUG CCG 

] AUU ACU 

AUC lie ACC 

AUA ACA 

AUG Mev.tart 1 ACG 

GUU GCU 

GUC GCC 
G V,I 

GUA GCA 

GUG GCG 
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Si cond pcMtuon 

C 

S" 

Pm 

A" 

A 

UAU } Ty, 
UAC 

UAA Stop 

UAG Stop 

CAU } His 
CAC 

CAA } Glo 
CAG 

AAU } A" 
AAC 

AAA }"y, 
AAG 

GAU } A,p 
GAC 

GAA } Glo 
GAG 

G 

UGU} 
UGC 

UGA 

UGG 

CGU 

CGC 

Cy, 

Stop 

T", 

"9 CGA 

CGG 

AGU } S" 
AGC 

AGA } "9 
AGG 

GGU 

GGC 
Gly 

GGA 

GGG 

U 

C 

A 

G 

U 

C 

A 

G t 
U i 
C 

A 

G 

U 

C 

A 

G 

Figure 8.8 The genetic code. The three nucleotides in an mRNA 
codon are designated, respectivety. as the fi rst position. second posi tion. 
and third position of the codon on the mRNA. Each set of three 
nucieotides specifies a particular amino acid. represented by a three-letter 
abbreviation (see Table 2.4. page 44). The codon AU G. which specifies 
the amino acid methionine. is also the start of protein synthesis. The word 
SlOP identifies the nonsense codons that signal the termination of protein 
synthesis. 

Q Why is the genetic code described as degenerate? 

codon . As the proper amino acids are brought into line one by 
one, peptide bonds are formed between them, and a polypep-
tide chain results. (See Figure 2.14, page 45.) Translatio n ends 
when one of the three nonsense codons in the mRNA is 
reached . The ribosome then comes apart into its two subunits, 
and the mRNA and newly syn thesized polypeptide chain are 
released. The ribosome, the mRNA, and the tRNAs are then 
available to be used again . 

The ribosome moves along the mRNA in the 5' - 3' direc-
tion. As a ribosome moves along the mRNA, it will soon allow 
the start codon to be exposed. Additional ribosomes can then 
assemble and begin synthesizing protein. In this way, there are 
usually a number of ribosomes attached to a single mRNA, all at 
various stages of protein synthesis. In prokaryotic cells, the 
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TRANSlATION 

DNA 

mRNA 

Protein 

tRNA released 

\.--_. 

o Components needed to begin 
translation come together. 

tRNA 

• The second amino acid joins to the third by another peptide 
bond. and the first tRNA is released from the E site. 

Figure 8.9 The process of translation. The overall goal of 
translation is to produce proteins using mRNAs as the source of 
biological information. The complex cycle of events illustrated here 
shows the primary role of tRNA and ribosomes in the decoding of this 
information. The ribosome acts as the site where the mRNA-encoded 

Q Why is this process called translation? 

translation of mRNA into protein can begin even before tran-
scription is complete (Figure 8.10 ). Because mRNA is pro-
duced in the cytoplasm, the start codons of an mRNA being 
transcribed are available to ribosomes before the entire mRNA 
molecule is even made. 

In eukaryotic cells, transcription takes place in the nucleus. 
The mRNA must be completely synthesized and moved 
through the nuclear membrane to the cytoplasm before trans-
lation can begin . [n addition, the RNA undergoes processing 
before it leaves the nucleus. In eukaryotic cells, the regions of 
genes that code for proteins are often interrupted by noncod-
ing DNA. Thus, eukaryotic genes are composed of exons, the 

• 
coclon codon 

e On the assembled ribosome. a tRNA carrying the first 
amino acid is paired with the start codon on the mRNA. 
The place where this first tRNA sits is called the P site. 
A tRNA carrying the second amino acid approaches. 

• 

Growing 
polypeptide 
chain 

e The ribosome continues to move along the mRNA . 
and new amino acids are added to the polypeptide. 

information is decoded. as well as the site where individual amino acids 
are connected into polypeptide chains. The tRNA molecules act as 
the actual "translators" -one end of each tRNA recognizes a specific 
mRNA codon. while the other end carries the ammo acid coded for 
by that codon. 

regions of DNA expressed, and introns, the intervening regions 
of DNA that do not encode protein . In the nucleus, RNA poly-
merase syn thesizes a molecule called an RNA transcript that 
contains copies of the introns. Particles called small nuclear 
ribonucleoproteins, abbreviated snRNPs and pronounced 
"snu rps," remove the inlrons and splice the exons together. In 
some organisms, the introns act as ribozymes to catalyze their 
own removal (Figure 8.11 ). 

> , > 

To summarize, genes are the units of biological information 
encoded by the sequence of nucleotide bases in DNA. A gene is 



• 

• 

o The second codon 01 the mRNA pairs with a IRNA carrying 
the second amino acid at the A The first amino acid 
joins to the second by a peptide boo(1. This anaches the 
polypeptide to the IRNA in the P site. 

Polypeptide 
released 

o When the ribosome reaches a stop codon, 
the polypeptide is released. 

Figure 8.9 The process of translation. (continued) 

• 

expressed, o r turned in to a product wit hin the ceil , through 
the processes of transcription and translation. The genetic 
informa tion carried in DNA is transferred to a tempora ry 
mRNA molecule by tra nsc ription. Then, during translation , 
the mRNA directs the assembl y of amino adds into a poly-
pept ide chain: a ribosome attaches to mRNA, tRNAs deliver 
the amino acids to the ribosome as d irected by the mRNA 
codon seq uence, and the ribosome assembles the amino 
adds into the chain that will be the newly synthesized 
protein. Animations Translation: Overview. Genetic Code, 
Process. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

../ What is the role of the promoter. terminator. and mRNA in 
transcription? 8-4 

../ How does mRNA production in eukaryotes differ from the 
process in prokaryotes? 8-5 
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E ",' , '---, 

Ribosome mows 
along mRNA 

mRNA 

o The ribosome moves along the mRNA until the second tRNA Is 
in the P site. The neX! codon to be translated is brought Into the 
A site. The first tRNA now OCClJpleS the E site. 

, .. 
• New prolein 

mRNA 

o Finally. the last tRNA is released, and the ribosome comes 
apart. The released polypeptide forms a new protein. 

The Regulation of Bacterial Gene 
Expression 
LEARNING OBJECTIVE 
8-6 Define operon. 
8-7 Explain the regulation 01 gene expreSSIOn In bactena by IIlductlon. 

represSion. and catabolite repression. 

A cell 's genet ic machinery and its metabol ic machinery are inte-
grolled and interdependent. Recall fro m Chapter S thatthe bacte-
rial cell ca rries out an enormous number of metabolic reactions. 
The common feature of all metabolic reactions is that they are 
catalyted by enzymes. Also recall from Chapter 5 (page 120) that 
feedback inh ibition stops a cell fro m performing unneeded 
chemical reactions. Feedback inhibition stops enzymes that have 
already been synthesized. We will now look at mechan isms to 
prevent synthesis of enzymes that are not needed. 
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TRANSlATION Figure 8.10 Simultaneous transcription and translation in 
bacteria. The micrograph and diagram show these processes in a 
single bacterial gene. Many molecu les of mRNA are being synthesized 
simu ltaneously. The longest mRNA molecules were the first to be 
transcribed at the promoter. Note the ribosomes attached to the newly 
forming mRNA. The newly synthesized polypeptides are not shown. 

DNA 

mRNA 

Protein Q Why can translation begin befall! transcription is complete in 
prokaryotes but not in eukaryotes? 

I I ","om 

41 Direction of transcription RNA 
polymerase 

DNA 

We have seen that genes, through transcription and transla-
tion, direct the synthesis of proteins, many of which serve as 
enzymes-the very enzymes used for cellular metabolism. 
Because protein synthesis requires a huge amount of energy, reg-
ulation of protein synthesis is important to the cell's energy econ-
omy. Cells save energy by making only those proteins needed at a 
particular time. Next we look at how chemical reactions are 
regulated by controlling the synthesis of the enzymes. 

- --::-- - , -'..!._...J...-_ Many genes, perhaps 60-80%, are not regulated but are instead 
constitutive, meaning that their products are constantly produced at 
a fixed rate. Usually these genes, which are effectively turned on all 
the time, code for enzymes that the cell needs in fairly large 
amounts for its major life processes; the enzymes of glycolysis are 
examples. The production of other enzymes is regulated so that 
they are present only when needed. Trypanosoma, the protozoan 
parasite that causes African sleeping sickness, has hundreds of 
genes coding for surface glycoproteins. Each protozoan cell turns 
on only one glycoprotein gene at a time. As the host's immune sys-
tem kills parasites with one type of surface molecule, parasites 
expressing a different surface glycoprotein can continue to grow. 

DNA 

RNA 
transcript 

01 translation 

,-
! 

• • 

Intron 

In the nucleus. a gene composed 01 e.OIls and introns 
is transcribed to RNA by RNA polymerase. 

b r e Processing involves snRNPs in the nucleus to remove 
.-' '.... the intJon-derived RNA and splice together the e.on-

derived' ANA into mRNA. 

e After further modifica1ion, the mature mRNA 
travels to the cytoplasm, where it 
directs protein synthesis. 

Nucleus 

Cytoplasm 

Figure 8.11 RNA processing in 
eukaryotic cells. 

Q Why can't the RNA transcript be used for 
translation? 



Tracking West Nile Virus 
On August 23. 1999, an infectious disease 
physician from a hospital in northern 
Queens contacted the New York City 
Department of Health (NVCOOH) to report 
two patients with encephalitis. On investiga-
tion, NYCOQH initially identified a cluster 
of six patients with encephalitis, five of 
whom had profound muscle weakness and 
required respiratory support No bacteria 
were cultured from the patients' blood or 
cerebrospinal fluid. Viruses transmitted by 
mosquitoes are a likely cause of aseptic 
encephalitis during the summer months. 
These viruses are called arboviruses. 
Arboviruses, arthropod-borne, are viruses 
that are maintained in nature through bio-
logicallransmission between susceptible 
vertebrate hosts by blood-feeding arthro-
pods such as mosquitoes. 

Nucleic acid sequencing of these 
isolates was performed at the CDC on 
September 23. Companson of the nucleic 
acid sequences to databases indicated that 
the viruses were closely related to West Nile 
virus (WNV, see the photo), which had never 
been isolated in the Western Hemisphere. 

By 2007, WNV had been found in birds 
in all states except Alaska and Hawaii. The 
recognition of WNV in the Western Hemi-
sphere in the summer of 1999 marked the 
first introduction in recent history of an Old 

Austm lla A C C C 

Egypt A A T C 

France A A T C 

Israel A T C C 

Italy A T C C 

Kenya A T C C 

Mexico A A C C 

United States A A C C 

Uganda A T A C 

C 

G 

G 

A 

A 

A 

C 

C 

G 

World navivirus into the New World. The 
United States is not alone, however, 10 
reporting new or heightened activity in 
humans and other animals. As of 2007, WNV 
caused human encephalitis in MeXICO and In 
Canada, and incursions of f1aviviruses into 
new areas are likely to continue through 
increasing global commerce and travel. 

West Nile virus was first isolated in 
1937 in the West Nile district of Uganda. 
In the ear1y 1950s, scientists recognized WNV 
encephalitis outbreaks in humans in Egypt 
and Israel. Initially considered a minor 
arbovirus, WNV has emerged as a major 
public health and veterinary concern in 
southern Europe, the Mediterranean basin, 
and North America. 

Currently, researchers are looking at the 
virus's genome for clues about its path 
around the world. The navivirus genome 
consists of a positive, single-stranded ANA 
11,000 to 12,000 nucleotides long. (Positive 
ANA can act as mANA and be translated.) 
The virus has acquired several mutations, 
and researchers are looking for clues in 
these mutations to determine the virus's 
journey, 

1. Using the portions of the genomes 
{shown below) that encode viral pro-
teins, can you determine how similar are 

G T C C A C C C 

A T C A T C T T 

A T C A T C G T 

T T C A T C C T 

C T C A T C C T 

C T C A T C C T 

T T C C T C C C 

C T C C T C C C 

A T C A T G C T 

West Nile virus - 1-1 --<I .... 50nm 

these viruses? Can you figure out its 
movement around the world? 
Determine the amino acids encoded, and 
divide the viroses based on percentage of 
similarity to the Uganda strain. 

2. Based on amino acids, there are two 
groups called clades. 
Which group is the older? 

3. The North American and Australian 
strains have accumulated more muta-
tions. so these should be more recent 
Calculate the percentage of differvnce 
between nucleotides 10 see how the 
viroses are related within their clade. 

4. Although genetically related groups or 
clades can be seen, the actual journey 
of the virus remains elusive. 

Saurce Adapted from CDC data 

T T T C A A T T 

C G T C G A T C 

C G T C G A T C 

C A T C G A T T 

C G T C G A T T 

C G T C G A T T 

C T T C G A T T 

C T T C G A T T 

C G T C C A T C 
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Repression and Induction 
Two genetic control mechanisms known as repression and 
induction regu late the transcription of m RNA and consequently 
the synthesis of enzymes from them. These mechanisms control 
the formation and amounts of enzymes in the cell, not the actiy-
ities of the enzymes. 

Repression 
The regulatory mechanism that inhibits gene expression and 
decreases the synthesis of enzymes is called repression. 
Repression is usually a response to the overabundance o f an end-
product of a metabolic pathway; it causes a decrease in the rate 
of synthesis o f the enzymes leading to the formation of that 
product. Repression is mediated by regulatory proteins called 
repressors, which block the ability o f RNA polymerase to in iti-
ate transcript ion fro m the repressed genes. The default position 
of a repressible gene is 0/1. 

Induction 
The process that turns on the transcription o f a gene or genes is 
induction. A substance that acts to induce transcription of a gene 
is called an inducer, and enzymes that are synthesized in the 
presence of inducers are inducible enzymes. The genes required 
for lactose metabolism in E. coli are a well-known example of 
an inducible system. One of these genes codes for the enzyme 
f!, -galactosidase, which splits the substrate lactose into two simple 
sugars, glucose and galactose. ([3 refers to the type o f linkage that 
joins the glucose and galactose. ) If E. coli is placed into a medium 
in which no lactose is present, the organisms contain almost no 
f!, -galactosidase; however, when lactose is added to the medium, 
the bacterial cells produce a large quantity of the enzyme. Lactose 
is converted in the cell to the related compound allolactose, which 
is the inducer for these genes; the presence of lactose thus indi -
rectly ind uces the cells to synthesize more enzyme. The defaul t 
position of an inducible gene is of! Animations Operons: 
Induction, Repression. www.microbiologyplace.com 

The Operon Model of Gene Expression 
Details of the control of gene expression by induction and 
repression are described by the operon model. Jacob 
and Jacques Monod formula ted th is general model in 196 1 to 
account for the regu lation of protein synthesis. They based their 
model on studies of the induction of the enzymes of lactose 
catabolism in E. coli. In addit ion to f!, -galactosidase, these 
enzymes include lac permease, which is involved in the transport 
of lactose into the cell, and transacetylase, which metabolizes cer-
tain disaccharides other than lactose. 

The genes for the three enzymes involved in lactose uptake 
and utilization are next to each other on the bacterial chromo-
some and are regulated together ( Figure 8.12). These genes, 

Operon 

Structural genes 

z y A 
DNA 

gene o Structure of the operon. The operon consists of the promoter (P) and 
operator (0) sites and structural genes that code lor the protein. The 
operon is regulated by the product of the regulatory gene (I). 

Transcription 

Translation 

RNA polymerase 

I 
z y A 

P M , ====\0( 
Active 

.........-- protein 

o Repressor active. operon off. The repressor protein binds with the 
operator, preventing transcription from the operon. 

Allolactose 
(inducer) \ 

I 

, 

p a 

repressor 
protein 

Transcriptioo 

Translation 

Operon 
mRNA 

Transacetylase ,,::::::" e Repressor Inactive, operon on. When the inducer allolactose binds 
to the repressor protein, the inactivated repressor can no longer block 
transcription. The structural genes are transcribed, ultimately resulting 
in the production of the enzymes needed for lactose catabol ism. 

Figure 8.12 An inducible operon. Lactose-digesting enzymes are 
produced in the presence of lactose. In E. call, the genes for the three 
enzymes are in the lac operon. is encoded by lacZ. The 
lacY gene encodes the lac permease. and lacA encodes transacetylase, 
whose function in lactose metabolism is sti li unclear. 

Q What causes tmnscription of an inducible enzyme? 



which determine the structures of proteins, aTe called structural 
gel/es to distinguish them from an adjoining control region on 
the DNA. When lactose is introduced into the culture medium, 
the lac structural genes arc all transcribed and translated rapidly 
and simultaneously. We will now see how this regulation occurs. 

In the control region of the lac operon are two relat ively short 
segments of DNA. One, the promoter, is the region of DNA where 
RNA polymerase initiates transcript ion . The other is the 
operator, which is like a traffic light that acts as a go or stop sig-
nal for transcription of the structural genes. A set of operator 
and promoter sites and the structural genes they control define 
an operon; thus, the combination of the three lac structural 
genes and the adjoining control regions is called the lac operon. 

A regulatory gene called the I gene encodes a repressor pro-
tein that switches inducible and repressible operons on or off. 
The lac operon is an inducible operon (see Figure 8.12). In the 
absence of lactose, the repressor binds to the operator site, thus 
preventing transcription. If lactose is p resent, the repressor binds 
to a metaboli te of lactose instead o f to the operator, and lactose-
digesting enzymes arc transcribed . 

In repressible operons, the structural genes arc transcribed 
un til they are turned off, or repressed (Figure 8.13) . The genes 
for the enzymes involved in the synthesis of tryptophan are 
regulated in this manner. The structural genes are transcribed 
and translated, leading to tryptophan synthesis. When excess 
tryptophan is present, the tryptophan acts as a corepressor 
binding to the repressor protein . The repressor protein can 
now bind to the operator, stopping further tryptopha n synthesis. 
Animation Operons: Overview. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

..r What is an operon? 8-6 

Positive Regulation 
Regulation of the lactose operon also depends on the level of glu-
cose in the medium, which in turn controls the intracellular level 
of the small molecule cyclic AMP (cAMP), a substance derived 
from ATP that serves as a cellular alarm signal. Enzymes that 
metabolize glucose are constitu tive, and cells grow at their max-
imal rate with glucose as their carbon source because they can 
usc it most efficiently (Figure 8.14). When glucose is no longer 
available, cAMP accumulates in the cell. The cAMP binds to the 
allosteric site of catabolic activator protein (CA P). CA P then 
binds to the lac promoter, which initiates transcription by mak-
ing it easier for RNA polymerase to bind to the promoter. Thus 
transcription of the lac operon requires both the presence of 
lactose and the absence of glucose (Figure 8.15). 

Cyclic AMP is an example of an alarmolle, a chemical alarm 
signal that promotes a cell's response to environmental or nutri-
tional stress. (In this case, the stress is the lack of glucose.) The 
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Operon 

E D C 8 
DNA 

Regulatory Promoter 
gene 

Operator 

o Structure 01 the operon. The operon consists of the promoter (P) and 
operator (0) sites and structural genes that code for the protein. The 
operon is regulated by the product of the regulatory gene (/). 

RNA polymerase 
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Transcriptioo 1 
Repressor -mRNA 

Translation 

U-Inactive 
repressor 
protein 

Operon 
mRNA 

Polypeptides 
comprising the 
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e Represso r Inactive, operon on. The repressor is inactive, and 
transcription and translation proceed, leading to the synthesis 
of tryptophan. 

I 

u 
Tryptophan 
(corepressor) 

D C 8 A 

Active 

e Repressor active, operon off. When the corepressor tryptophan binds 
to the repressor protein, the activated repressor binds with the 
operator, preventing transcription from the operon. 

Figure 8.13 A repressible operon. Tryptophan. an amino acid. is 
produced by anabolic enzymes encoded by fIVe structural genes. Accumulation 
of tryptophan represses transcription of these genes. preventing further 
synthesis of tryptophan. The E coli tIp operon is shown here. 

Q What causes transcription of a repressible enzyme? 
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(a) Bacteria growing on 
glucose as the sole carbon 
source grow laster than on 
lactose. 

(b) Bacteria growing in a 
medium conta ining glucose 
and lactose first consume 
the glucose and then. after a 
short lag time, the lactose. 
During the lag time, intra· 
cel lular cAMP increases, the 
lac operon is transcribed, 
more lactose is transported 
into the cett, and Il·galacto-
sidase is synthesized to 
break down lactose. 

Figure 8.14 The growth rate of E. coli on glucose and lactose. 

Q When both glucose and lactose are present, why will cells use 
glucose first? 

same mechanism involving cAM P allows the cell to grow on 
other sugars. Inhibition of the metabolism of alternative carbon 
sources by glucose is termed catabolite repression (or the 
glucose effect). When glucose is available, the level of cAMP in 
the cell is low, and consequently CAP is not bound. 

CHECK YOUR UNDERSTANDING 

..{" What is the role of cAMP in catabolite repression? 8-7 

Mutation: Change in the Genetic 
Material 
LEARNING OBJECTIVES 

8-8 Classify mutations by type. 

8-9 Define mutagen 
8-10 Describe two ways mutations can be repaired. 

8-11 Describe the effect of mutagens on the mutation rate 

8-12 Outl ine the methods of direct and indirect select ion of mutants. 

8-13 Identify the purpose of and outline the procedure for the 
Ames test 
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(a) Lactose present, glucose scarce (cAMP level high). II glucose is 
scarce, the high level of cAMP activates CAP, and the lac operon produces 
large amounts of mRNA lor lactose digestion . 
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CAP·binding "1<, / 

Inactive 
CAP 

Promoter • 

RNA 
polymerase 

bind 

U Inactive lac 
repressor 

(b) Lactose present, glucose present (cAMP level low). When glucose is 
present, cAMP is scarce, and CAP is unable to stimulate transcription. 

Figure 8.15 Positive regulation of the lac operon. 

Q Will transcription of the lac operon occur in the presence of lactose 
and glucose? In the presence of lactose and the absence of 
glucose? In the presence of glucose and the absence of lactose? 

A mutation is a change in the base sequence of DNA. Such a 
change in the base sequence of a gene will sometimes cause 
a change in the product encoded by that gene. For example, when 
the gene for an enzyme mutates, the enzyme encoded by the 
gene may become inactive o r less active because its amino ac id 
sequence has changed. Such a change in genotype may be dis-
advantageous, or even lethal, if the cell loses a phenotypic trait it 
needs. However, a mutation can be beneficial if, for instance, the 
altered enzyme encoded by the mutant gene has a new or 
enhanced activity that benefits the cell. 

Many simple mutations are silent (neutral)j the change in 
DNA base sequence causes no change in the activity of the 
product encoded by the gene. Sil ent mutations commonly 
occur when one nucleotide is substituted for another in the 
DNA, especially at a location corresponding to the third posi-
tion of the m RNA codon. Hecause of the degeneracy of the 
genetic code, the resulting new codon might still code for the 



o During DNA replication, 
a thymine is incorporated 
opposite guanine by 
mistake. 

Daughter DNA 

1 
U G U 

mRNA 

1 

1 

1 

Parental DNA 

e In the next round of replication, 
adenine pairs with the new 
thymine. yielding an AT pair 
in place of the original GC pair. 

Granddaughter DNA 

e When mRNA is transcribed from 
the DNA containing this substitution. 
a codon is produced that. during 
translation. encodes a different 
amino acid: tyros ine instead 
of cyste ine. 
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1 1 Translation 

Figure 8.16 Base substitution. This mutation leads to an altered protein in a granddaughter cell. 

Q Does a base substilUtion always resutt in a different amino acid? 

same amino acid . Even if the amino acid is changed, the func -
tion of Ihe protein may nOI change if the amino acid is in a 
nonvital portion of the protein, or is chemically very simllar to 
the original amino acid. 

Types of Mutations 
The most common type of mutation involving single base pairs 
is base substilution (or poillt mutation), in which a single base 
at one point in the DNA sequence is replaced with a different 

base. When the DNA replicates, the result is a substituted base 
pair (Figure 8.16) . For example, AT might be substituted fo r GC, 
or CG for Gc. If a base subst itution occurs within a gene that 
codes for a protein, the mRNA transcribed from the gene will 
carry an incorrect base at that position. When the mRNA is 
translated into protein, the incorrect base may cause the inser-
tion of an incorrect amino acid in the protein. If the base 
substitution results in an amino acid substitution in the synthe-
sized protein, this change in the DNA is known as a missense 
mutation (Figure 8.17a and Figure 8.17b). 
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(d) Frameshltt mutation 

Figure 8.17 Types of mutations and their effects on the amino 
acid sequences of proteins. 

Q On what basis are missense. nonsense, and frameshift mutations 
distinguished? 

The effects of such mutations can be dramatic. For example, 
sickle cell disease is caused by a single change in the gene for glo-
bin, the protein component of hemoglobin. Hemoglobin is pri-
marily responsible for transporting oxygen from the lungs to the 

tissues. A single missense mutation, a change from an A to a T at 
a specific site, results in the change from glutamic acid to valine 
in the protein . The effect of this change is that the shape of the 
hemoglobin molecule changes under conditions of low oxygen, 
altering the shape of the red blood cells such that movement of 
the cells through small capillaries is greatly impeded . 

By creating a nonsense (stop) codon in the middle of an 
mRNA molecule, some base substitutions effectively prevent the 
synthesis of a complete functional protein; only a fragment is 
synthesized. A base substitut ion resulting in a nonsense codon is 
thus called a nonsense mutation (Figure 8.17c). 

Besides base-pair mutations, there are also changes in DNA 
called frameshift mutations, in which one or a few nucleotide 
pairs are deleted or inserted in the DNA (Figure 8.17d ). This 
mutation can sh ift the "translational reading frame" - that is, the 
three-by-three grouping of nucleotides recognized as codons by 
the tRNAs du ring translation . For example, deleting one 
nucleotide pair in the middle of a gene causes changes in many 
amino acids downstream from the site of the original mutation. 
Frameshift mutations almost always result in a long stretch of 
altered amino acids and the production of an inactive protein 
from the mutated gene. In most cases, a nonsense codon will 
eventually be encountered and thereby terminate translation . 

Occasionally, mutations occur where sign ificant numbers of 
bases are added to (inserted into) a gene. Huntington's disease, 
for example, is a progressive neurological disorder caused by 
extra bases inserted into a particular gene. The reason these 
insertions occur in this particular gene is still being studied. 

Base substitutions and frameshift mutations may occur 
spontaneously because of occasional mistakes made during 
DNA replication. These spontaneous mutations apparently 
occur in the absence of any mutation -causing agents. Agents 
in the environment, such as certain chemicals and radiation, 
that directly or indirectly bring about mutations arc called 
mutagens. Almost any agent that can chemically or physically 
react with DNA can potent ially cause mutations. A wide variety 
of chemicals, many of which are common in nature o r in 
households, arc known to be mutagens. Many forms of radia -
tion, including X rays and ultraviolet light, are also mutagenic, 
as discussed shortly. 

In the microbial world, certain mutations result in resistance to 
antibiotics (sec the box in Chapter 26, page 751) or altered patho-
genicity. A mutation in a gene encoding the outer membrane may 
increase pathogenicity; for example, Sa/monel/a ellferica with an 
altered outer membrane can survive in phagocytes. A mutation in 
a capsule-encoding gene may result in decreased pathogenicity 
because phagocytes can destroy the bacteria, as in the cases of 
Streptococcus pneumoniae, Haemophi/us inj7uenzae, and Neisseria 
meningitidis. 

CHECK YOUR UNDERSTANDING 

..r How can a mutation be beneficial? 8-8 
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Normal daughter DNA 

Mutated granddaughter DNA 

Normal parent DNA Altered parent DNA 

-
Altered daughter DNA 

Altered granddaughter DNA 

Figure 8.18 Nitrous acid (HNO:zJ as a mutagen. The nitrous acid alters an adenine in such a 
way that it pairs with cytosine instead of thymine. 

Q What is II mutagen? 

Mutagens 
Chemical Mutagens 
One of the many chemicals known to be a mutagen is nitrous 
acid. Figure 8.18 shows how exposure of DNA to nitrous acid can 
convert the base aden ine (A) to a form that no longer pairs wit h 
thymine (T) but instead pairs with cytosine (C). When DNA 
containing such modified adenines replicates, one daughter 
DNA molecule will have a base-pair sequence different from that 
of the parent DNA. Eventually, some AT base pairs of the parent 

will have been changed to GC base pairs in a granddaughter cell. 
Nitrous acid makes a specific base-pair change in DNA. Like all 
mutagens, it alters DNA at random locations. 

Another type of chemical mutagen is the nucleoside analog. 
These molecules are structurally similar to normal nitrogenous 
bases, but they have slightly altered base-pairing properties. 
Examples, 2-aminopurine and 5-bromouracil, are shown in 
Figure 8.19. When nucleoside analogs are given to growing cells, 
the analogs are randomly incorporated into cellular DNA in 

Figure 8.19 Nucleoside analogs and the 
nitrogenous bases they replace. A nucleoside 
is phosphorylated and the resulting nucleotide 
used to synthesize DNA 

Normal nitrogenous base Analog 

Q Why do these drugs kill cells? 

-H H 

OH H 

Adenine nucleoside 2-Aminopurine nucleoside 
(a) The 2·aminopurine is incorporated into DNA in place of adenine but can pair with cytosine. so an 
AT pair becomes a CG pair. 

o 

H />'0 
H OH H OH 

CHo B, 

Thymine nucleoside 5·Bromouracil nucleoside 
(b) The 5·bromouracil is used as an anticancer drug because it is mistaken for thymine by cellular 
enzymes but pairs with cytosine. In the next DNA replication. an AT pair becomes a GC pair. 
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Ultraviolet light 

o Exposure to ultraviolet light 
causes adjacent thymines to 
become cross-linked, forming 
a thymine dimer and disrupting 
their normal base pairing. 

e An endonuclease cuts the 
DNA, and an exonuclease 
removes the damaged DNA. 

e DNA polymerase fills the gap 
by synthesizing new DNA, 
using the intact strand as 
a template. 

• DNA ligase seals the 
remaining gap by joining the 
old and new DNA. 

Figure 8_20 The creation and repair of a thymine dimer caused 
by ultraviolet light. After exposure to UV light. adjacent thymines can 
become cross-linked. forming a thymine dime r. In the absence of visible 
light, the nucleotide excision repair mechanism IS used in a cell to repair 
the damage. 

Q How do excision repair enzymes which stmnd is 
incorrect? 

place of the normal bases. Then, during DNA replication, the 
analogs cause mistakes in base pairing. The incorrectly paired 
bases will be copied during subsequent replication of the DNA, 
resulting in base-pair substitutions in the progeny cells. Some 
antiviral and antitumor drugs are nucleoside analogs, including 
AZT (azidothymidine), one of the primary drugs used to treat 
HIV infection. 

Still other chemical mutagens cause small deletions or inser-
tions, which can result in frameshifts. For instance, under certain 
conditions, benzopyrene, which is present in smoke and soot, 
is an effective frameshift nll/tagen. Aflatoxin- produced by 
Aspergillus flavlls (a-spcr-jil'lus fla'vus), a mold that grows on 
peanuts and grain- is a framesh ift mutagen, as are the acridine 
dyes used experimentally against herpesvirus infections. 
Frameshift mutagens usually have the right size and chemical 
properties to slip between the stacked base pairs of the DNA 
double helix. They may work by slightly offsetting the two 
strands of DNA, leav ing a gap or bulge in one strand or the other. 
When the staggered DNA strands are copied during DNA syn -
thesis, one or more base pairs can be inserted or deleted in the 
new double-stranded DNA. Interestingly, frameshift mutagens 
are often potent carcinogens. 

Radiation 
X rays and gamma rays are forms of radiation that are potent 
mutagens because of their ability to ionize atoms and molecules. 
The penetrating rays of ionizing radiation cause electrons to pop 
out of their usual shells (see Chapter 2) . These electrons bombard 
other molecules and cause more damage, and many of the result-
ing ions and free radicals (molecular fragments with unpaired 
electrons) are very reactive. Some of these ions can combine with 
bases in DNA, resulting in errors in DNA replication and repair 
that produce mutations. An even more serious outcome is the 
breakage of covalent bonds in the sugar-phosphate backbone of 
DNA, which causes physical breaks in chromosomes. 

Another form of mutagenic radiation is ultraviolet (UV) light, 
a nonionizing component of ordinary sunlight . However, the 
most mutagenic component ofUV light (wavelength 260 nm) is 
screened out by the ozone layer of the atmosphere. The most 
important effect of direct VV light on DNA is the fo rmation of 
harmful covalent bonds between certain bases. Adjacent thymines 
in a DNA st rand can cross-link to fo rm thymine dimers. Such 
dimers, unless repaired, may cause serious damage or death to the 
cell because it cannot properly transcribe or replicate such DNA. 

Bacteria and other organisms have enzymes that can repair 
UV-induced damage. Photolyases, also known as light-repair 
enzymes, use visible light energy to separate the dimer back to the 
original two thymines. Nuc1eolide excision repair, shown in 
Figure 8.20, is not rest ricted to UV-induced damage; it can repair 



mutations from other causes as well. Enzymes cut out the incor-
rect base and fill in the gap with newly synthesized DNA that is 
complementary to the correct strand. For many years biologists 
questioned how the incorrect base could be distinguished from 
the correct base if it was not physically distorted like a thym ine 
dimer. In 1970. Hamilton Smith provided the answer with the 
discovery of mtthylases. These enzymes add a methyl group to 
selected bases soon after a DNA strand is made. A repair endo-
nuclease then cuts the nonmethylated strand. 

Exposure to UV light in humans. such as by excessive sun-
tanning. causes a large number of thymine dimers in skin cells. 
Unrepaired dimers may result in skin cancers. Humans with 
xeroderma pigmen tosum, an inherited condition that results in 
increased sensi tivity to UV light, have a defect in nucleotide 
excision repai r; consequently, they have an increased risk of skin 
cancer. 

The Frequency of Mutation 
The mutation rate is the probability that a gene will mutate 
when a cell divides. The rate is usually stated as a power of 10. 
and because mutations are very rare, the exponent is always a 
negative number. For example. if there is one chance in 10,000 
that a gene will mutate when the cell divides, the mutation rate is 
1/ 10.000, which is expressed as 10- 4• Spontaneous mistakes in 
DNA replication occur at a very low rate, perhaps only once in 
109 replicated base pairs (a mutation rate of 10-9). Because the 
average gene has abou t 103 base pairs. the spontaneous rate of 
mutation is about one in 10° (a million) replicated genes. 

Mutations usually occur more or less randomly along a chro-
mosome. The occurrence of random mutations at low frequency 
is an essential aspect of the adaptation of species 10 their environ-
ment, for evolu tion requires that genetic diversity be generated 
randomly and at a low rate. For example, in a bacterial population 
of significant size-say, greater than 107 cells-a few new mutant 
cells will always be produced in every generation. Most mutations 
either are harmfu l and likely to be removed from the gene pool 
when the individual cell dies or are neutral. However, a few muta-
tions may be beneficial. For example, a mutation that confers 
antibiot ic resistance is beneficial to a population of bacteria that 
is regularly exposed to antibiotics. Once such a trait has appea red 
through mutation, cells carrying the mutated gene are more like-
ly than o ther cells to survive and reproduce as long as the environ-
ment stays the same. Soon most of the cells in the population will 
have the gene; an evolutionary change will have occurred. 
although on a small scale. 

A mutagen usually increases the spontaneous rate of muta-
tion, which is about one in 10° replicated genes. by a facto r of 
10 to 1000 times. In other words, in the presence of a mutagen, 
the normal rate of 10- 0 mutations per replicated ge ne 
becomes a rate of JO- s to 10- 3 per replicated gene. Mutagens 
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are used ex perimentally to enhance the production of mu tant 
cells for research on the genetic properties of microorganisms 
and for commercial pu rposes. Animations Mutations: Types. 
Repair; Mutagens. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

./ How are mutations caused by chemicals? By radiation? 8-9 

./ How can mutations be repaired? 8-10 

./ How do mutagens affect the mutation rate? 8-11 

Identifying Mutants 
Mutants can be detected by selecting or testing for an altered 
phenotype. Whether or not a mutagen is used, mutant cells with 
spec ific mutations are always rare compared with other cells in 
the population. The problem is detecting such a rare event. 

Experiments are usually perfo rmed with bacteria because 
they reproduce rapidly, so large numbers of o rganisms (more 
than 109 per milliliter of nutrient broth) can easily be used. 
Furthermore, because bacteria generally have only one copy of 
each gene per cell, the effects of a mutated gene are not masked 
by the presence of a normal version of the gene, as in many 
euka ryotic organisms. 

Positive (direct ) selection involves the detection of mutant 
cells by rejection of the unm utated parent cells. For example, 
suppose we were tryi ng to find mutant bacteria that arc resistant 
to pen icilli n. When the bacterial cells are plated on a medium 
containing penicillin, the mutant can be identified d irectly. The 
few cells in the population that arc resistant (mutants) will grow 
and form colonies, whereas the normal, penicillin-sensitive 
parental cells cannot grow. 

To identify mutat ions in other kinds of genes, negative 
(indirect ) selection can be used . This process selects a cell that 
ca nnot perform a certa in function, usi ng the technique of 
replica plating. For example, suppose we wanted to usc replica 
plating to iden tify a bacterial cell that has lost the ability to 
syn thesize the amino acid histid ine (Figure 8.21 ). First, about 
100 bacteria l cells are inoculated onto an agar plate. This plate, 
called the master plate, contains a medium with h istidine on 
which all cells will grow. After 18 to 24 hours of incubation, each 
cell reproduces to form a colony. Then a pad of sterile material, 
such as latex, filter paper, or velvet. is pressed over the master 
plate, and some of the cells from each co lony adhere to the vel-
vet. Next, the velvet is pressed down onto two (or more) steri le 
plates. One plate con tains a medium without histidine, and 
one contains a medium with histidine on which the original. 
nonmutant bacteria can grow. Any colony that grows on the 
medium with histidine on the master plate but that cannot syn-
thesize its own histidine will not be able to grow on the medium 
wi thou t histidine. The mutant colony can then be identified on 
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Figure 8.21 Replica plating. In this example, the auxotrophic mutant cannot synthesize 
histidine. The plates must be carefully marked (with an X here) to maintain orientation so that 
colony positions are known in relation to the original master plate, 

Q What is an aux.otroph? 

the master plate. Of course, because mutants are so rare (even 
those induced by mutagens), many plates must be screened 
with this technique to isolate a specific mu tant. 

Replica plating is a very effective means of isolating mutants 
that require one or more new growth facto rs. Any mutant 
microorgan ism having a nutritional requirement that is absent 
in the parent is known as an auxotroph. For example, an auxo-
troph may lack an enzyme needed to synthesize a particular 
amino acid and will therefore require that amino acid as a 
growth factor in its nutrient medium. 

Identifying Chemical Carcinogens 
Many known mutagens have been found to be carcinogens, 
substances that cause cancer in animals, including humans. In 
recent years, chemicals in the environment, the workplace, and 
the diet have been implicated as causes of cancer in humans. 
The usual subjects of tests to determine potential carcinogens 
are animals, and the testing procedures are time-consum ing and 
expensive. Now there are faster and less expensive procedures 

for the preliminary screening of potential carcinogens. One 
of these, called the Ames test, uses bacteria as carcinogen 
indicators. 

The Ames test is based on the observation that exposure of 
mutant bacteria to mutagenic substances may cause new muta-
tions that reverse the effect (the change in phenotype) of the 
original mutation. These are called reversions. Specifically, the 
test measures the reversion of histidine auxotrophs of Saimollella 
(his- cells, mutants that have lost the ability to synthesize histi-
dine) to histidine-synthesizing cells (his+) after treatment with a 
mutagen (Figure 8.22). Bacteria are incubated in both the pres-
ence and absence of the substance being tested. Because an imal 
enzymes must activate many chemicals into forms that are 
chemically reactive for mutagenic or carcinogenic activity to 
appear, the chemical to be tested and the mutant bacteria are 
incubated together with rat liver extract, a rich source of activa-
tion enzymes. If the substance being tested is mutagenic, it will 
cause the reversion of his- bacteria to his+ bacteria at a rate 
higher than the spontaneous reversion rate. The number of 



EKperimental 
sample 

Suspected 
mutagen 

Rat liver 
eKtract 

Incubation 

Cultures of 
histidine-dependent 
Salmonella Media II" ok 

Control 
(no suspected 
mutagen added) 

o Two cultures are pre-
pared of Salmonella 
bacteria that have lost 
the ability to synthesize 
histidine (histidine-
dependent) . 

Rat liver 
extract 

e The suspected 
mutagen is added to 
the experimental 
sample only; rat liver 
extract (an activator) 
is added to both 
samples. 

Figure 8 _22 The Ames reverse gene mutation test. 

Q Do all mutagens cause cancer? 

Incubation 

o Each sample is poured onto 
a plate of medium lacking 
histidine. The plates are 
then incubated at 37°C tor two 
days. Only bacteria whose 
histidine-dependent 
phenotype has mutated back 
(reverted) to histidine-
synthesizing will grow into 
colonies. 
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Experimental plate 

-----
Colonies of 
revertant 
bacteria 

-
ContrOl plate 

o The numbers of colonies on the experimental 
and control plates are compared. The 
contrOl plate may show a few spontaneous 
histidine-synthesizing revertants. The test 
plates will show an increase in the number of 
histidine-synthesizing revertants if the test 
chemical is indeed a mutagen and potential 
carcinogen. The higher the concentration of 
mutagen used, the more revertant colonies 
will resutt. 

observed revertan ts indicates the degree to which a substance is 
mutagenic and therefore possibly carcinogenic. 

CHECK YOUR UNDERSTANDING 

The test can be used in many ways. Several potential muta-
gens can be qualitatively tested by spotting the individual chem -
icals on small paper disks on a single plate inoculated with 
bacteria. In addition, mixtures such as wine, blood, smoke con-
densates, and extracts of foods can also be tes ted to see whether 
they contain mutagenic substances. 

About 90% of the substances found by the Ames test to be 
mutagenic have also been shown to be carcinogenic in animals. By 
the same token, the more mutagen ic substances have generally 
been found to be more carcinogenic. 

'" How would you isolate an antibiotic-resistant bacterium? An 
antibiotic-sensitive bacterium? 8-12 

'" What is the principle behind the Ames test? 8-13 

Genetic Transfer and Recombination 
LEARNING OBJECTIVES 
8-14 Differentiate horizontal and vertical gene transfer. 

8-15 Compare the mechanisms of genetic recombination in bacteria. 
8-16 Describe the functions of plasm ids and transposons. 
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Donor DNA " 
o DNA from one cell 

aligns with DNA in the 
recipient cell. Notice that 
there is a nick in the 
donor DNA. 

Recipient =:========: chromosome ii 

e DNA from the donor aligns with 
complementary base pairs in the 
recipient's chromosome. This can 
involve thousands of base pairs. 

e RecA protein catalyzes 
the joining of the two 
strands. 

• The result is that the recipient's 
Chromosome contains new DNA. 
Complementary base pairs between 
the two strands will be resolved by 
DNA polymerase and ligase. The 
donor DNA wil l be destroyed. The 
recipient may now have one or more 
new genes. 

==:===:::::; 
Figure 8.23 Genetic recombination by crossing over. Foreign 
DNA can be inserted into a chromosome by breaking and rejoining 
the chromosome. This can insert one or more new genes into the 
chromosome. A photograph of RecA protein is shown in Figure 3. 11 a. 

Q What type of enzyme breaks the DNA? What enzyme rejoins the 
pieces of DNA? 

Genetic recombination refers to the exchange of genes between 
two DNA molecules to form new combinations of genes on a 
chromosome. Figure 8.23 shows one mechanism for genetic 
recombination. If a cell picks up a foreign DNA (called donor 
DNA in the figure ), some of it could insert into the cell's 
chromosome- a process called crossing over- and some of the 
genes carried by the chromosomes are shuffled. The DNA has 
recombined, so that the chromosome now carries a portion of 
the donor's DNA. 

If A and B represent DNA from different individ uals, how are 
they brought close enough together to recombine? In eukaryotes, 
genetic recombination is an ordered process that usually occurs as 
part of the sexual cycle of the organism. Crossing over generally 
takes place during the formation of reproductive cells, such that 
these cells contain recombinant DNA. In bacteria, genetic recom -
bination can happen in a number of ways, which we will discuss in 
the following sections. 

Like mutation, genetic recombination contributes to a popu -
lation's genetic diversity, which is the source of variation in evolu-
tion. In highly evolved organisms such as present-day microbes, 
recombination is more likely than mutation to be beneficial 
because recombination will less likely destroy a gene's function 
and may bring together combinations of genes that enable the 
organism to carry out a valuable new function. 

The major protein that constitutes the flage lla of SalmoneIla 
is also one of the primary proteins that causes our immune sys-
tems to respond. However, these bacteria have the capability of 
producing two different flagellar proteins. As our immune sys-
tem mounts a response against those cells containing one form 
of the flagellar protein, those organ isms producing the second 
are not affected. Which flagellar protein is produced is deter-
mined by a recombination event that appa rently occurs some-
what randomly within the chromosomal DNA. Thus, by altering 
the flagellar protein produced, Salmonella can better avoid the 
defenses of the host. 

Vertical gene transfer occurs when genes are passed from 
an organism to its offspring. Plants and animals transmit their 
genes by vertical transmission. Bacteria can pass their genes not 
only to their offspring, but also laterally, to other microbes 
of the same generation. This is known as horizontal gene 
transfer (see Figure 8.2). Horizontal gene transfer between 
bacteria occurs in several ways. In all of the mechan isms, the 
transfer involves a donor cell that gives a portion of its total 
DNA to a recipient cell. Once transferred, part of the donor's 
DNA is usually incorporated into the recipient's DNA; the 
remainder is degraded by cellular enzymes. The recipient cell 
that incorporates donor DNA into its own DNA is called a 
recombinant. The transfer of genetic material between bacteria 
is by no means a frequent event; it may occur in only 1 % or less 
of an entire population. Let's examine in detail the specific 
types of genetic transfer. 

Transformation in Bacteria 
During the process of transformation. genes are transferred 
from one bacterium to another as DNA in solution. 
This process was first demonstrated over 70 years ago, 
although it was not understood at the time. Not only did 
transformation show that genetic material could be trans-
ferred from one bacterial cell to another, but study of this phe-
nomenon eventually led to the conclusion that DNA is the 
genetic material. The initial experiment on transformation 
was perfo rmed by Frederick Griffith in England in 1928 while 
he was working with two strains of Streptococcus p"elll1lOlIiae. 
One, a virulent (pathogenic) strain, has a polysaccharide cap -
sule that prevents phagocytosis. The bacteria grow and cause 
pneumonia . The other, an avirulent strain, lacks the capsule 
and does not cause disease. 

Griffith was interested in determining whether injections of 
heat -killed bacteria of the encapsulated strain could be used to 
vaccinate mice against pneumonia. As he expected, injections of 
living encapsulated bacteria killed the mouse (Figure 8.2I1a) ; 
injections of live nonencapsulated bacteria (Figure 8.24b) or 
dead encapsulated bacteria (Figure 8.24c) did not ki ll the mouse. 
However, when the dead encapsulated bacteria were mixed with 
live nonencapsulated bacteria and injected into the mice, many 
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AECOMBINATON 

o • 
Living encapsulated 
bacteria injected into 
mouse. 

c 

e Mouse died. 

f) 
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Colonies of encapsulated 
bacteria were isolated from 
dead mouse. 

• Living nonencapsulated 
bacteria injected into 
mouse. 

e Mouse remained healthy. 

• 
• • • •• • 

e A few colonies of nonencap-
sulated bacteria were isolated 
from mouse; phagocytes 
destroyed nonencapsulated 
bacteria. 
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Figure 8_24 Griffith's experiment demonstrating genetic 
transfonnation. (a) Living encapsulated bacteria caused disease and 
death when injected into a mouse. (b) Uving nonencapsulated bacteria 
are readily destroyed by the phagocytic defenses of the host. so the 
mouse remained healthy after injection. (c) After being killed by heat. 
encapsulated bacteria lost the ability to cause disease. (d) However. the 

• Heat-killed encapsulated 
bacteria injected into 
mouse. 

.. 
e Mouse remained healthy. 

e No colonies were isolated 
from mouse. 

(oj 
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• Living nonencapsulated and 
heat-killed encapsulated 
bacteria injected into mouse. 

e Mouse died. 

• • .. • •• .. "" • • 
e Colonies of encapsulated 

bacteria were isolated from 
dead mouse. 

(dj 

combination of living nonencapsulated bacteria and heat-ki lled 
encapsulated bacteria (neither of which alone cause disease) did cause 
disease. Somehow, the live nonencapsulated bacteria were transformed 
by the dead encapsulated bacteria so that they acquired the ability to form 
a capsule and therefore cause disease. Subsequent experiments proved 
the transforming facto r to be DNA. 

Q Why did encapsulated bacteria kill the mouse while nonencapsutated bacteria did not? 
What killed the mouse in Cd)? 

of the mice died. In the blood of the dead mice, Griffith found 
living, encapsulated bacteria. Hereditary material (genes) from 
the dead bacteria had entered the live cells and changed them 
genetically so that their progeny were encapsulated and therefore 
virulent (Figure 8.24d ). 

Subsequent investigations based on Griffith's research revealed 
that bacterial transformation could be carried out without mice. 
A broth was inoculated with live nonencapsulated bacteria. Dead 
encapsulated bacteria were then added to the broth. After incu -
bation, the culture was found to contain living bacteria that 
were encapsulated and virulent. The nonencapsulated bacteria had 

been transformed; they had acquired a new hereditary trait by 
incorporating genes from the killed encapsulated bacteria. 

The next step was to extract various chemical components 
from the killed cells to determine which component caused the 
transformation. These crucial experiments were performed in 
the United States by Oswald T. Avery and his associates Colin 
M. Macleod and Maclyn McCarty. After years of research, they 
an nounced in 1944 that the component responsible for trans-
forming harmless s. pllel/molliae into virulent strains was DNA. 
Their results provided one of the conclusive indications that 
DNA was indeed the carrier of genetic information. 
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, 
b , 
d 

DNA fragments 
from donor cells 

Chromosomal DNA o Recipient cell takes 
up donor DNA. 

e Donor DNA aligns 
with complementary 
bases. 

e Recombinalion occurs 
between donor DNA 
and recipient DNA. 

Genetically transformed cell 

Figure 8_25 The mechanism of genetic transformation in 
bacteria. Some similarity is needed for the donor and recipient to align. 
Genes 8. b. c. and d may be mutations of genes A. B. C. and D. 

Q What type of en:l:yme cuts the donor DNA? 

Since the time of Griffith's experiment, considerable infor-
mation has been gathered about transformation . In nature, 
some bacteria, perhaps after death and cell lysis, release their 
DNA into the environment. Other bacteria can then encounter 
the DNA and, depending on the particular species and growth 
conditions, take up fragments of DNA and integrate them into 
their own chromosomes by recombination . A protein called 
RecA (see Figure 3.lla, page 65) binds to the cell's DNA and 
then to donor DNA causing the exchange of strands. A recipient 
cell with this new combination of genes is a kind of hybrid, or 
recombinant cell (Figure 8.25). All the descendants of such a 
recombinant cell will be identical to it. Transformation occurs 
naturally among very few genera of bacteria, including 
Bacilllls, Haemophilils (he-ma'fi-lus), Neisseria, Acilletobacter 

(a-si- ne'to -bak -ter), and certain strains of the genera 
Streptococcus and Stapllylococclls. 

Transformation works best when the donor and recipient 
cells are very closely related. Even though only a small portion of 
a cell's DNA is transferred to the recipien t, the molecule that 
must pass through the recipient cell wall and membrane is still 
very large. When a recipient cell is in a physiological state in 
which it can take up the donor DNA, it is said to be competent. 
Competence results from alterations in the cell wall that make it 
permeable to large DNA molecules. 

The well-understood and widely used bacterium E. coli is not 
naturally competent for transformation. However, a simple lab-
oratory treatment enables E. coli to readily take up DNA. The 
discovery of this treatment has enabled researchers to use E. coli 
for genetic engineering, discussed in Chapter 9. 

Conjugation in Bacteria 
Another mechanism by which genetic material is transferred 
from one bacterium to another is known as conjugation. 
Conjugation is mediated by one kind of plasmid, a circular piece 
of DNA that replicates independently from the cell's chromo-
some (discussed on page 238). However, plasm ids differ from 
bacterial ch romosomes in that the genes they carry are usually 
not essen tial for the growth of the cell under normal condit ions. 
The plasm ids responsible for conjugation are transmissible 
between cells during conjugation. 

Conjugation differs from transformation in two major ways. 
First, conjugation requires direct cell-to-cell contact. Second, the 
conjugating cells must generally be of opposite mating type; 
donor cells must carry the plasmid, and recipient cells usually do 
not. In gram-negative bacteria, the plasmid carries genes that 
code for the synthesis of sex pili, projections from the donor 's cell 
surface that contact the recipient and hel p bring the two cells 
into direct contact (Figure 8.26a). Gram-positive bacterial cells 
produce sticky surface molecules that cause cells to come into 
direct contact with each other. In the process of conjugation, the 
plasmid is replicated during the transfer of a single-stranded 
copy of the plasmid DNA to the recipient, where the comple-
mentary strand is synthesized (Figure 8.26b). 

Because most experimental work on conjugation has been 
done with E. coli, we will describe the process in this organ ism. In 
E. coli, the F factor (fertility factor) was the fi rst plasmid 
observed to be transferred between cells during conjugation. 
Donors carrying F factors (F+ cells) transfer the plasmid to recip-
ients (F- cells), which become F+ cells as a result (Figure 8.27a ). 
In some cells carrying F factors, the factor integrates into the 
chromosome, converting the F+ cell to an Hfr cell (high frequen-
cy of recombination) (Figure 8.27b). When conjugation occurs 
between an Hfr cell and an F- cell, the Hfr cell's chromo-
some (with its integrated F factor ) repl icates, and a parental 
strand of the chromosome is transferred to the recipient 



Figure 8 .26 Bacterial conjugation. 

Q What is an F+ cell? 

cell (Figure 8.27C). Replication of the Hfr chromosome begins in 
the middle of the integrated F factor, and a small piece of the 
F fac tor leads the chromosomal genes into the F- cell. Usually, 
the chromosome breaks before it is completely transferred. Once 
within the recipient cell, donor DNA can recombine with the 
recipient's DNA. (Donor DNA that is not integrated is degraded.) 
Therefore, by conjugation with an Hfr cell, an F- cell may acquire 
new versions of chromosomal genes (just as in transformation). 
However, it remains an F- cell because it did not receive a com-
plete F fac tor during conjugation. 

Conjugation is used to map the location of genes on a bac-
terial chromosome (see Figure 8.1b). The genes for the syn-
thesis of threonine (th r) and leucine (leu) are first, reading 
clockwise from O. Their locations were determined by conjuga-
tion experiments. Assume that conjugation is allowed for only 
1 minute between an Hfr strain that is his +, pro+, thr+, and 
leu+, and an F- strain that is his - , pro - , thr- , and leu - . If 
the F- acquired the ability to synthesize threonine, then the 
Ihr gene is located early in the chromosome, between 0 and 
1 minute. If after 2 minutes the F- cell now becomes thr + and 
leu+, the order of these two genes on the chromosome must be 
111f, leu. 

Transduction in Bacteria 
A third mechanism of genetic transfer between bacteria is 
transduction. In this process, bacterial DNA is transferred from 
a donor cell to a recipient cell inside a virus that in fects bacteria, 
called a bacteriophage, or phage. (Phages will be discussed fur-
ther in Chapter 13. ) 

To understand how transduction works, we will consider the 
life cycle o f one type of transducing phage of E. coli; this phage 
carries out generalized transduction (Figure 8.28). 
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During phage reproduction, phage DNA and proteins are 
synthesized by the host bacterial cell. The phage DNA should be 
packaged inside the phage protein coat. However, bacterial DNA, 
plasmid DNA, or even DNA of another virus may be packaged 
inside a phage protein coat. A All genes contained within a bacterium infected by 

a generalized transducing phage are equally likely to 
be packaged in a phage coat and transferred. [n another type of 
transduction, called specialized transduction, only certain bacte-
rial genes are transferred. In one type of specialized transduction, 
the phage codes for certain toxins produced by their bacterial 
hosts, such as diphtheria toxin for Corynebacterium diphtheriae 
(k6r' -i-ne -bak-ti-re -um dif-thi ' -re-l), erythrogenic toxin for 
Streptococcus pyogelles, and Shiga toxin for E. coli OI57: H7. 
Specialized transduction will be discussed in Chapter 13 
(page 382). In addition to mutation, transformation, and conju-
gation, transduction is another way bacteria acquire new geno-
types. Animations Horizontal Gene Transfer: Overview; 
Transfonnation; Transduction: Generalized Transduction; Conjugation: 
Overview. F Factor. Hfr Conjugation. Chromosome Mapping. 
www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

Differentiate horizontal and vertical gene transler. 8-14 
Compare conjugation between the following pairs: F+ x F-. 
Hlr x F-. 8-15 

Plasm ids and Transposons 
Plasmids and transposons are genetic elements that provide addi-
tional mechanisms for genetic change. They occur in both 
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Figure 8 .27 Conjugation in E. coli. 

Q How does conjugation differ from transfonnalion? 

prokaryotic and eukaryotic organisms, but this discussion focuses 
on their role in genetic change in prokaryotes. 

Plasmids 
Recall from Chapter 4 (page 85) that plasm ids are self-
replicating, gene-containing circular pieces of DNA about 
1- 5% the size of the bacterial chromosome (Figure 8.29a) . 

They are found mainly in bacteria but also in some eukaryotic 
microorganisms, such as Saccharomyces cerevisiae. The F factor 
is a conjugative plasmid that carries genes for sex pili and for 
the transfer of the plasmid to another cell. Although plasm ids 
arc usually dispensable, under certain conditions genes carried 
by plasmids can be crucial 10 the survival and growth of the 
cell. For example, dissimilation plasmids code for enzymes 



that trigger the catabolism of certain unusual sugars and 
hydrocarbons. Some species of Pseudomonas can actually use 
such exotic substances as toluene, camphor, and hydroca rbons 
of petroleum as primary carbon and energy sources because 
they have catabolic enzymes encoded by genes carried on plas-
mids. Such specialized capabilities permit the survival of those 
microorganisms in very d iverse and challenging environments. 
Because of their ability to degrade and detoxify a variety of 
unusual compounds, many of them are being investigated for 
possible use in the cleanup of environmental wastes. (See the 
box in Chapter 2, page 33.) 

Other plasm ids code for proteins that enhance the patho-
genicity of a bacterium. The strain of E. coli that causes infant 
diarrhea and traveler's diarrhea carries plasmids that code for 
toxin production and for bacterial attachment to intestinal cells. 
Without these plasmids, E. coli is a harmless resident of the large 
intestine; with them, it is pathogenic. Other plasmid-encoded 
toxins include the exfoliative toxin of Staphylococcus aurellS, 
Clostridium tetani neurotoxin, and toxins of Bacillus allfhracis. 
Still other plasm ids contain genes for the synthesis of 
bacteriocins, toxic proteins that kill other bacteria. These plas-
mids have been found in many bacterial genera, and they are use-
ful markers for the identification of certain bacteria in clinical 
laboratories. 

Resistance fadors (R factors) are plasmids that have signifi-
cant medical importance. They were first d iscovered in Japan in the 
late 1950s after several dysentery epidemics. In some of these epi-
demics, the infectious agent was resistant to the usual antibiotic. 
Following isolation, the pathogen was also found to be resistant to 
a number of d ifferent antibiotics. In addition, other normal bacte-
ria from the patients (such as E. coli) proved to be resistant as well. 
Researchers soon d iscovered that these bacteria acquired resis tance 
through the spread of genes from one organism to another. The 
plasmids that mediated this transfer are R facto rs. 

R factors carry genes that confer upon their host cell resistance 
to antibiotics, heavy metals, or cellular toxins. Many R factors 
contain two groups of genes. One group is called the resistance 
transfer fador (RTF) and includes genes for plasmid replication 
and conjugation . The other group, the r-determinant, has 
the resistance genes; it codes for the production of enzymes that 
inactivate certain drugs or toxic substances (Figure 8.29b). 
Different R factors, when present in the same cell, can recombine 
to produce R factors with new combinations of genes in their 
r-determinants. 

In some cases, the accumulation of resistance genes within a 
single plasmid is quite remarkable. For example, Figure 8.29b 
shows a genet ic map of resistance plasmid RIOO. Carried on this 
plasmid are resistance genes for sulfonamides, streptomycin, 
chloramphenicol, and tetracycline, as well as genes for resistance 
to mercury. This particular plasmid can be transferred between a 
number of enteric species, including Escherichia, Klebsiella, and 
Salmonella. 

/ ""'9' protein coat 
Phage DNA 

DNA 

Donor 
cell 
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RECOMelNATlON 

o A phage infects the 
donor bacterial cell. 

e Phage DNA and proteins are made, 
and the bacterial Chromosome is 
brOken into pieces. 

.. Occasional ly during phage assembly, 
pieces of bacterial DNA are pack· 
aged in a phage capsid. Then the 
donor cell lyses and releases phage 
parlicles containing bacteria l DNA. 

Recipient 
cell 

o A phage carrying 
bacterial DNA infects 
a new host cell , the 
recipient cell. 

Recombinant 
cell reproduces 
normally 

j 
Many cell 
divisions 

Recombination can 
occur, producing a 
recombinant cell with 
a genotype different 
from both the donor 
and recipient cells. 

Figure 8.28 Transduction by a bacteriophage. Shown here IS 
general ized transduction, in which any bactenal DNA can be transferred 
from one cell to another. 

Q What is transduction? 

R factors present very serious problems for treating infec-
tious diseases with antibiotics. The widespread use of antibiotics 
in medicine and agriculture (see the box in Chapter 20 on page 
577) has led to the preferential survival (selection) of bacteria that 
have R factors, so populations of resistant bacteria grow larger 
and larger. The transfer of resistance between bacterial cells of a 
population, and even between bacteria of different genera, also 
contributes to the problem. The ability to reproduce sexually with 
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Figure 8.29 R factor, a type of plasmid. (a) Plasmids 
from Bacteroides tragi/is bacteria that encode resis tance to the 
antibiotic clindamycin, (b) A diagram of an R factor. which has 
two parts: the RTF contains genes needed for plasmid rep lication 
and transfer of the plasmid by conjugation, and the r·de terminant 

Q Why are R factors important in the treatment of infectious diseases? 

members of its own species defines a eukaryotic species. However, 
a bacterial species can conjugate and transfer plasm ids to other 
species. Neisseria may have acquired its penicillinase-producing 
plasmid from Streptococcus, and Agrobacterilllll can transfer plas· 
mids to plant cells (see Figure 9.20, page 265). Nonconjugative 
plasm ids may be transferred from one cell to another by inserting 
themselves into a conjugative plasmid or a chromosome or 
by transformation when released from a dead cell. Insertion 
is made possible by an insertion sequence, which will be discussed 
shortly. 

Plasm ids are an important tool for genetic engineering, dis-
cussed in Chapter 9 (page 250). 

Transposons 
Transposons are small segments of DNA that can move (be 
"transposed") from one region of a DNA molecule to another. 
These pieces of DNA are 700 to 40,000 base pairs long. 

In the 1950s, American geneticist Barbara McClintock dis-
covered transposons in corn, but they occur in all organisms and 
have been studied most thoroughly in microorganisms. They 
may move from one site to another site on the same chromo· 
some or to another chromosome or plasmid. As you might 

75 

- omi 

50 

Origin of transfer 
(b) 

carries genes for resistance to four different antibiotics and 
mercury (su/ = sulfonamide resistance. sIr = streptomyclll 
resistance. cm/ = chloramphenicol res istance, leI = tetracycl ine 
resistance. mer = mercury resistance): numbers are 
base pairs x 1000, 

imagine, the frequent movement of transposons could wreak 
havoc inside a ceiL For example, as transposons move about on 
chromosomes, they may insert themselves within genes, inacti-
vating them. Fortunately, transposition occurs relatively rarely. 
The frequency of transposition is comparable to the spontaneous 
mutation rate that occurs in bacteria-that is, from 10- 5 to 10- 7 

per generation. 
All transposons contain the information for their own trans-

position. As shown in Figure a.30a, the simplest transposons, 
also called insertion sequences (IS), contain only a gene that 
codes for an enzyme (transposase, which catalyzes the cutting 
and resealing of DNA that occurs in transposition) and recogni· 
tion sites. Recognition sites are short inverted repeat sequences of 
DNA that the enzyme recognizes as recombination sites between 
the transposon and the chromosome. 

Complex transposons also carry other genes not connected 
with the transposition process. For example, bacterial transposons 
may contain genes for enterotoxin or for antibiotic resistance 
(Figure a.30b). Plasm ids such as R factors are frequently made up 
of a collection of transposons (Figure a.30c). 

Transposons with antibiotic resistance genes are of practical 
interest, but there is no limitation on the kinds of genes that 
transposons can have. Thus, transposons provide a natural 
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ACTTACTGAT ATCAGTAAGT 
Tra,,¥*ase Wi 16 I 
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Inverted repeat Inverted repeal 

(al An insertion sequence (IS). the simplest transposon, contains a gene lor 
transposase, the enzyme that catalyzes transposition. The lranposase gene 
is bounded at each end by inverted repeat sequences that function as 
recognition sites for the transposon. lSI is one example 01 an insertion 
sequence, shown here with simplified IR sequences. 

, , = Kanamycin resistance-=: , , , , 
IS 1 151 

(b) Complex transposons eany other genetic material in addition to 
transposase genes. The example shown here, I n5, carries the gene lor 
kanamycin resistance and has complete copies of the insertion sequence 
lSI at each end. 

l CTTACTG 

1 AT ATCAGTAAGT 
h Transpc!!lse gene d , 

TGAATGACTA TA 
t 

o Transposase cuts DNA, leaving sticky ends. 

151 e Sticky ends of transposon and target DNA anneal. 

(c) Insertion of the transposon Tn5 into Rt 00 plasmid. 

Figure 8.30 Transposons and insertion. 

Q Why are transposons sometimes referred to as " jumping genes"? 
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mechanism for the movement of genes from one chromosome to 
another. Furthermore, because they may be carried between 
cells on plasmids or viruses, they can also spread from one 
organism-or even species-to another. For example, vanco· 
mycin resistance was transferred from EnterococCIIs faecalis 
to StaphylococCIIs aureus via a transposon called Tn1546. 
Transposons are thus a potentially powerful mediato r of evolu-
tion in organ isms. Animations Transposons: Overview, Insertion 
Sequences, Complex Transposons www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

..r What types of genes do plasmids carry? 8-16 

Genes and Evolution 
LEARNING OBJECTIVE 
8-17 Discuss how genetic mutation and recombination provide material 

for natural selectIOn to act upon. 

We have now seen how gene activity can be controlled by 
the cell 's internal regulatory mechan isms and how genes 
themselves can be altered or rearranged by mutation, transpo-
sition, and recombination. All these processes provide diversity 
in the descendants o f cells. Diversity provides the raw ma terial 
for evolution, and natural selection provides its driving fo rce. 
Natural selection will act on diverse populations to ensure the 
survival o f those fi t fo r that particular environment . The differ· 
ent kinds of microorganisms that exist today are the result of a 
long history o f evolution. Microorganisms have continually 
changed by alterations in their genet ic properties and acquisi-
tion of adaptations to many different habitats. Sec the box on 
antibiotic resis tance in Chapter 26, page 751, for an example of 
nat ural selection. 

CHECK YOUR UNDERSTANDING 

..r Natural selection means that the environment favors survival 
of some genotypes. From where does diversity in genotypes 
come? 8-17 
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STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. a learn and 
practice with animations. tutorials. and MP3 tutor sessions. and o test yourself with quizzes and a chapter post-test. 

Structure and Function of the Genetic 
Material (pp. 211 - 221) 

1. Genetics is the study of what gcnes are, how thcy carry 
information, how their information is expressed, and how 
they are replicated and passed to subsequent generations or 
other organisms. 

2. DNA in ceUs exists as a double-stranded helix; the two strands are 
held together by hydrogen bonds between specific nitrogenous 
base pairs: AT and CG. 

3. A gene is a segment of DNA, a sequence of nucleotides, that codes 
for a func tional product, usually a protein. 

4. The DNA in a cell is duplicated before the cell divides, so each 
daughter cell receives the same genetic information. 

Genotype and Phenotype (p.211) 
5. Genotype is the genetic composition of an organism, its entire 

complement of DNA. 
6. Phenotype is the expression of the genes: the proteins of the cell 

and the properties they confer on the organism. 

DNA and Chromosomes (pp.211 - 212) 
7. The DNA in a chromosome exists as one long double helix associ-

ated with various proteins that regulate genetic activity. 
8. Bacterial DNA is circular; the chromosome of E. coli, for example, 

contains about 4 million base pairs and is approximately 1000 times 
longer than the cell. 

9. Genomics is the molecular characterization of genomes. 

The Flow of Genetic Information (p. 212) 
10. Information contained in the DNA is transcribed into RNA and 

translated into proteins. 

DNA Replication (pp. 212- 215) 
11. During DNA replica tion, the two strands of 

the double helix separate at the replication 
fork, and each strand is used as a template by 
DNA polymerases to synthesize two new 
strands of DNA according to the rules of nitrogenous base pairing. 

12. The result of DNA replication is two new strands of DNA, each hav-
ing a base sequence complementary to one of the original strands. 

13. Because each double-stranded DNA molecule contains one 
original and one new strand, the replication process is called 
semiconservative. 

14. DNA is synthesized in one direction designated 5' - 3'. At the 
replication fork, the leading strand is synthesized continuously 
and the lagging strand discontinuously. 

15. DNA polymerase proofreads new molecules of DNA and removes 
mismatched bases before continuing DNA synthesis. 

16. Each daughter bacterium receives a chromosome that is virtually 
identical to the parent's. 

RNA and Protein Synthesis {pp.216-221) 
17. During transcription, the enzyme RNA polymerase 

synthesizes a strand of RNA from one strand of 
double-stranded DNA, which serves as a template. 

18. RNA is synthesized from nucleotides containing the 
bases A, C, G, and U, which pair with the bases of the 
DNA strand being transcribed. 

19. RNA polymerase binds the promoter; transcription begins at AUG: 
the region of DNA that is the end point of transcription is the 
terminator: RNA is synthesized in the 5' - 3' direction. 

20. Translation is the process in which the information in the 
nucleotide base sequence of mRNA is used to dictate the amino 
acid sequence of a protein. 

21. The mRNA associates with ribosomes, which consist of rRNA 
and protein. 

22. Three-base segments of mRNA that specify amino acids are called 
codons. 

23. The genetic code refers to the relationship among the nucleotide 
base sequence of DNA, the corresponding codons of mRNA, and 
the amino acids for which the codons code. 

24. The genetic code is degenera te; that is, most amino acids arc coded 
for by more than one codon. 

25. Of the 64 codons, 61 are sense codons (which code for amino 
acids), and 3 arc nonsense codons (which do not code for amino 
acids and are stop signals for translation ). 

26. The start codon, AUG, codes for methionine. 
27. Specific amino acids are allached to molecules of tRNA. Another 

portion of the tRNA has a base triplet called an anticodon. 
28. The base pairing of codon and anticodon at the ribosome results in 

specific amino acids being brought to the site of protein synthesis. 
29. The ribosome moves along the mRNA strand as amino acids 

arc joined to form a growing polypeptide; mRNA is read in the 
5' - 3' direction. 

30. Translation ends when the ribosome reaches a stop codon on 
the mRNA. 

The Regulation of Bacterial 
Gene Expression {pp.221-226) 

l. Regulating protein synthesis at the gene level is energy-efficient 
because proteins arc synthesized only as they arc needed. 

2. Constitutive enzymes produce products at a fixed rate. Examples 
arc genes for the enzymes in glycolysis. 

3. For these gene regulatory mechanisms, the control is aimed at 
mRNA synthesis. 

Repression and Induction (p.224) 
4. Repression controls the synthesis of one or several (repressible) 

enzymes. 
5. When cells arc exposed to a particular end-product, the synthesis 

of enzymes related to that product decreases. 



6. In the presence of certain chemicals (inducers), cells synthesize 
more enzymes. This process is called induction. 

7. An example of induction is the production of J3 -galactosidase by 
E. coli in the presence of lactose; lactose can then be metabolized. 

The Operon Model of Gene Expression (p.224) 
8. The formation of enzymes is determined by structural genes. 
9. In bacteria, a group of coordinately regulated structural genes with 

related metabolic functions, plus the promoter and operator sites 
that control their transcription, are called an operon. 

10. In the operon model for an inducible system, a regulatory gene 
codes for the repressor protein. 

II . When the inducer is absent, the repressor binds to the operator, 
and no mRNA is synthesized. 

12. When the inducer is present, it binds to the repressor so that it 
cannot bind to the operator; thus, mRNA is made, and enzyme 
synthesis is induced. 

13. In repressible systems, the repressor requires a corepressor in order 
to bind to the operator site; thus, the corepressor controls enzyme 
synthesis. 

Positive Regulation (pp.224- 226) 
14. Transcription of structural genes for catabolic enzymes (such as 

J3 -galactosidase) is induced by the absence of glucose. Cyclic AMP 
and CRP must bind to a promoter in the presence of an alterna-
tive carbohydrate. 

15. The presence of glucose inhibits the metabolism of alternative 
carbon sources by catabolite repression. 

Mutation: Change in the Genetic 
Material (pp.226- 233) 

I . A mutation is a change in the nitrogenous base sequence of DNA; 
that change causes a change in the product coded for by the 
mutated gene. 

2. Many mutations are neutral, some are disadvantageous, and others 
are beneficial. 

Types of Mutations (pp.227- 229) 
3. A base substitution occurs when one base pair in DNA is replaced 

with a different base pair. 
4. Alterations in DNA can result in missense mutations (which cause 

amino acid substitutions) or nonsense mutations (which create 
stop codons). 

5. In a frameshift mutation, one or a few base pairs are deleted or 
added to DNA. 

6. Mutagens are agents in the environment that cause permanent 
changes in DNA. 

7. Spontaneous mutations occur without the presence of any mutagen. 

Mutagens (pp.229- 231) 
8. Chemical mutagens include base-pair mutagens, nucleoside 

analogs, and frameshift mutagens. 
9. Ionizing radiation causes the formation of ions and free radicals 

that react with DNA; base substitutions or breakage of the sugar-
phosphate backbone results. 

10. Ultraviolet (UV) radiation is nonionizing; it causes bonding 
between adjacent thymines. 
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II . Damage to DNA caused by UV radiation can be repaired by 
enzymes that cut out and replace the damaged portion of DNA. 

12. Light-repair enzymes repai r thymine dimers in the presence of 
visible light. 

The Frequency of Mutation (p.231) 
13. Mutation rate is the probability that a gene will mutate when a cell 

divides; the rate is expressed as 10 to a negative power. 
14. Mutations usually occur randomly along a chromosome. 
15. A low rate of spontaneous mutations is beneficial in providing the 

genetic diversity needed for evolution. 

Identifying Mutants (pp.231 - 232) 
16. Mutants can be detected by selecting or testing for an altered 

phenotype. 
17. Positive selection involves the selection of mutant cells and the 

rejection of nonmutated cells. 
18. Replica plating is used for negative selection- to de tect, for 

example, auxotrophs that have nutritional requirements not 
possessed by the parent (non mutated) cell. 

Identifying Chemical Carcinogens (pp.232- 233) 
19. The Ames test is a relatively inexpensive and rapid test for 

identifying possible chemical carcinogens. 
20. The test assumes that a mutant cell can revert 10 a normal ceU in the 

presence of a mutagen and that many mutagens are carcinogens. 

Genetic Transfer and 
Recombination (pp.233- 241) 

1. Genetic recombination, the rearrangement of 
c 

genes from separate groups of genes, usually involves DNA from 
different organisms; it contributes to genetic diversity. 

2. In crossing over, genes from two chromosomes are recombined 
into one chromosome containing some genes from each original 
chromosome. 

3. Vertical gene transfer occurs during reproduction when genes are 
passed from an organism to its offspring. 

4. Horizontal gene transfer in bacteria involves a portion of the cell's 
DNA being transferred from donor to recipient. 

5. When some of the donor's DNA has been integrated into the 
recipient's DNA, the resultant ceU is called a recombinant. 

Transformation in Bacteria (pp.234- 236) 
6. During this process, genes are transferred from one bacterium to 

another as "naked" DNA in solution. 
7. This process occurs naturally among a few genera of bacteria. 

Conjugation in Bacteria (pp.236- 2Jn 
8. This process requires contact between living cells. 
9. One type of genetic donor cell is an F+; recipient cells are F- . 

F cells contain plasm ids caUed F factors; these are transferred to 
the F- cells during conjugation. 

10. When the plasmid becomes incorporated into the chromosome, 
the ceU is called an Hfr (high frequency of recombination ) cell. 

11 . During conjugation, an Hfr cell can transfer chromosomal DNA 
to an F- cell. Usually, the Hfr chromosome breaks before it is fully 
transferred. 
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Transduction in Bacteria (p.237) 
12. In this process, DNA is passed from one bacterium to another 

in a bacteriophage and is then incorporated into the recipient's DNA. 
13. In generalized transduction, any bacterial genes can be transferred. 

Plasmids and Transposons (pp.237-241) 
14. Plasmids are self-replicating circular molecules of DNA carrying 

genes that arc not usually essential for the cell's survival. 
IS. There arc several types of plasm ids, including conjugative 

plasmids, dissimilation plasm ids, plasmids carrying genes for 
toxins or bacteriocins, and resistance factors. 

16. Transposons arc small segments of DNA that can move from one 
region to another region of the same chromosome or to a different 
chromosome or a plasmid. 

17. Transposons are found in chromosomes, in plasmids, and in the 
genetic material of viruses. They vary from simple (insertion 
sequences) to complex. 

18. Complex transposons can carry any type of gene, including 
antibiotic-resistance genes, and are thus a natural mechanism for 
moving genes from one chromosome to another. 

Genes and Evolution (p.241) 

1. Diversity is the precondition for evolution. 
2. Genetic mutation and recombination provide a diversity of organ-

isms, and the process of natural selection allows the growth of 
those best adapted to a given environment. 

STUDY QUESTIONS 
Answers to the Review and Mult iple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
I. Briefly describe the components of DNA, and explain its functional 

relationship to RNA and protein. 
2. Identify and mark each of the following on the 

portion of DNA undergoing replication: replication fork, DNA 
polymerase, RNA primer, parent strands, leading strand, lagging 
strand, the direction of replication on each strand, and the 5' end 
of each strand. 

3. The following is a code for a strand of DNA. 

DNA ,. A T A T T T T , 2 , • 5 6 7 8 9 W " " " " " " " " mRNA C G U U G 
IRNA U G G 
Amino Acid Me> 

AlAl = Promoter sequence 

a. Using the genetic code provided in Figure 8.8, fill in the blanks 
to complete the segment of DNA shown. 

" A 

b. Fill in the blanks to complete the sequence of amino acids 
coded for by this strand of DNA. 

c. Write the code for the complementary strand of DNA 
completed in part (a). 

d. What would be the effect if C were substituted for T at base \01 
e. What would be the effect if A were substituted for G at base 1 E 
f. What would be the effect if G were substituted for T at base 141 
g. What would be the effect if C were inserted between bases 9 

and IO? 
h. How would UV radiation affect this strand of DNA? 
i. Identify a nonsense sequence in this strand of DNA. 

4. Match the following examples of mutagens. 

Column A 

___ a. A mutagen that is 
incorporated into DNA in 
place of a normal base 

___ b. A mutagen that causes the 
forma tion of highly reactive ions 

___ c. A mutagen that alters 
adenine so that it base-
pairs with cytosine 

___ d. A mutagen that causes 
insertions 

___ e. A mutagen that causes the 
formation of pyrimidine dimers 

Column B 

,. Frameshift mutagen 
2. Nucleoside analog 
3. Base-pa ir mutagen 
4. Ionizing radiation 
5. Nonionizing radiation 

5. Use the following metabolic pathway to answer the questions that 
follow it. 

enzyme a <norm. b 
Substrate A ' Intermediate B ' End-product C 

a. If enzyme a is inducible and is no t being synthesized at present, 
a (I) protein must be bound tightly to the 
(2) site. When the inducer is present, it will bind 
to the (3) so that (4) can occur. 

h. If enzyme a is repressible, end-product C, called a 
(I) ,causes the (2) to bind 
to the (3) . What causes d erepression? 

c. If enzyme a is constitutive, what effect, if any, will the presence 
of A or C have on it? 



6. Which sequence is the best target for damage by UV radiation: 
AGGCAA, CTTTGA, or GUAAAU? Why aren't all bacteria killed 
when they are exposed to sunlight? 

7. You are provided with cultures with the following 
cha racter ist ics: 
Culture I: F+ , genotype A + B+ c + 
Culture 2: F- , genotype A - B- C-
a. Indicate the possible genotypes of a recombinant cell result ing 

from the conjugation of cultures I and 2. 
b. lndicate the possible genotypes of a recombinant cell result ing 

from conjugation of the two cultures afte r the F+ has become 
an Hfr cell. 

8. Why are semiconservative replication and degeneracy of the 
genetic code advantageous to the survival of species? 

9. Why are mutation and recombination important in the process of 
natural selection and the evolution of organisms? 

Multiple Choice 
Match the following terms to the definitions in questions land 2. 

a. conjugation c. transduction c. translation 
b. transcription d. transformation 

I. Transfer of DNA from a donor to a recipient cell by a bacteriophage. 
2. Transfer of DNA from a donor to a recipient as naked DNA in 

solution. 
3. Feedback inhibition differs from repression because feedback 

inhibition 
a. is less precise. 
b. is slower acting. 
c. stops the action of preexisting enzymes. 
d. stops the synthesis of new enzymes. 
c. all of the above 

4. Bacteria can acquire antibiotic resistance by all of the following 
except 
a. mutation. d. snRNPs. 
b. insertion of transposons. e. transfo rmation. 
c. conjugation. 

S. Suppose you inoculate three flasks of minimal salts broth with 
E. co/i. Flask A contains glucose. Flask B contains glucose and 
lactose. Flask C contains lactose. After a few hours of incubation, 
you test the flasks for the presence of Which 
flask(s) do you predict will have this enzyme? 
a. A c. C e. BandC 
b. B d.A and B 

6. Plasm ids differ from transposons because plasmids 
a. become inser ted into chromosomes. 
b. are self-replicated outside the chromosome. 
(:. move from chromosome to chromosome. 
d. (arry genes for antibiotic resistance. 
e. none of the above 

Use the following choices to answer questions 7 and S. 
a. (atabolite repression ( . induction e. translation 
b. DNA polymerase d . repression 

7. MC(hanism by whi(h the presence of glucose inhibi ts thr lac oprron. 
8. The mrchanism by which la(\osr controls the lac operon. 
9. Two daughtrr cells are most likely to inhrrit which one of the 

following from the parent cell? 
a. a change in a nucleotide in mRNA 
b. a change in a nucleotide in tRNA 
c. a change in a nucleotide in r RNA 
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d. a change in a nudeotide in DNA 
e. a change in a protein 

10. Which of the following is no/ a method of horizontal gene transfer? 
a. binary fission d . transduction 
b. conjugation e. transformation 
c. integration of a transposon 

Critical Thinking 
I . Nudeoside analogs and ionizing radiation are used in treating 

(an«r. These mutagens (an (ause (an«r, so why do you suppose 
they arc used to treat the disease? 

2. Replication of the E. coli chromosome takes 40 to 45 minutes, but 
the organism has a generation time of 26 minutes. How docs the 
(ell have time to make complete chromosomes for each daughter 
«m For ea(h granddaughter (ell? 

3. Pseudomonas has a plasmid containing the mer operon, whi(h 
includes the gene for mer(Uric reductase. This enzyme catalyzes 
the redu(tion of the mer(Uri( ion Hg2+ to the uncharged form of 
mer(Ury. Hgo. HgH is quite toxi( to «lis; HgO is not. 
a. What do you suppose is the indu«r for this operon? 
b. The protein encoded by one of the mer genes binds Hg2+ in 

the periplasm and brings it into the cell. Why would a «11 bring 
in a toxin? 

c. What is the value of the mer operon to Pseudomonas? 

Clinical Applications 
I . Ciprotioxa(in, erythromycin, and acyclovir arc used to treat 

mi(Tobial inf«tions. Ciprotioxacin inhibits DNA gyrase. 
Erythromy<:in binds in front of the A site on the 50S subunit of a 
ribosome. Acyclovir is a guanine analog. 
a. What steps in protein synthesis are inhibited by ea(h drug? 
b. Whi(h drug is more eff«tive against ba(teria? Why? 
c. Whi(h drugs will have effects on the host's «lis? Why? 
d. Use the index to identify the disease for whi(h a(yclovir is 

primarily used. Why is it more eff«tive than erythromycin 
for treating this disease? 

2. HIV, the virus that (auses AIDS, was isolated from three 
individuals, and the amino a(id sequences for the viral wat were 
determined. Of the amino acid sequences shown below, which 
two of the viruses arc most closely related? How can these amino 
a(id sequences be used to identify the sour« of a virus? 

Patient Viral Amino Acid Sequence 

A 
B 
C 

Asn Gin Thr Ala Ala Ser Lys Asn lie Asp Ala Leu 
Asn Leu His Ser Asp Lys lie Asn lie lie Leu Leu 
Asn Gin Thr Ala Asp Ser lie Val lie Asp Ala Leu 

3. Human herpesvirus-S (HHV-S) is (OmmOn in parts of Afrka, 
the Middle East, and the Mediterranean, bUI is rare elsewhere 
except in AIDS patients. Geneti( analyses indicate that the 
Afrkan strain is not changing, whereas the Western strain is 
acwmulating (hanges. Using the portions of the HHV-S genomes 
(shown below) that enwde one of the viral proteins, how 
similar are these two viruses? What me<:hanism (an 
aC(Qunt for the (hallges? What disease does HHV-8 (ause? 

Western 
Afri(an 

3' -ATGGAGTTCTTCTGGACAAGA 
3' -ATAAACTTTTTCTTGACAACG 



Biotechnology and 
Recombinant DNA 

For thousands of years, people have been consuming foods that are produced by the action 
of microorganisms. Bread, chocolate, and soy sauce are some of the best-known examples. 
But it was only just over 100 years ago that scientists showed that microorganisms are 
responsible for these products. This knowledge opened the way for using microorganisms 
to produce other important products. Since World War I. microbes have been used to 
produce a variety of chemicals, such as ethanol. acetone, and citric acid. Since World War I I. 
microorganisms have been grown on a large scale to produce antibiotics. More recently, 
microbes and their enzymes are replacing a variety of chemical processes involved in 

manufacturing such products as paper, textiles, and fructose. Using microbes 
or their enzymes instead of chemical syntheses offers several 

advantages: microbes may use inexpensive, abundant raw 
materials, such as starch ; microbes work at normal 

temperatures and pressure, thereby avoiding the need 
for expensive and dangerous pressurized systems; and 
microbes don't produce toxic, hard-to-treat wastes. 

In this chapter you will learn the tools and techniques that 
are used to research and develop a product. You will also 
learn how recombinant DNA technology is used to track 
outbreaks of infectious disease and to provide evidence 

for courts of law in forensic microbiology. 

Q 
Thirty years ago, researchers knew that 
interferons are an effective antiviral agent. 
Howe\'cr, they had d iscovered that they are 
species specific, so that interferons to be used 
in humans must be produced in human cells. 
Researchers feared that interferons would thus 
always be in limited supply. Can you think of 
a way to increase the supply o f interferons so 
th at they can be used to treat diseases? 
Look for the answer in the chapler. 



Introduction to Biotechnology 
LEARNING OBJECTIVES 
9-1 Compare and contrast biotechnology, genetic modification, 

and recombinant DNA technology_ 
9-2 Identify the roles of a clone and a vector in making 

recombinant DNA 

Biotechnology is the use of microorganisms, cells, or cell 
components to make a product. Microbes have been used in the 
commercial production of foods, vaccines, antibiotics, and vita-
mins for years. Bacteria are also used in mining to extract valuable 
elements from ore (see Figure 28.14, page 807). Additionally, 
animal cells have been used to produce viral vaccines since the 
1950s. Until the 1980s, products made by living cells were all made 
by naturally occurring cells; the role of scientists was to find the 
appropriate cell and develop a method for large-scale cultivation 
of the cells. 

Now, microorganisms as well as enti re plants are being used as 
to produce chemicals that the organisms don't natu-

rally make. The latter is made possible by inserting genes into cells 
by recombinant DNA (rONA) technology, which is sometimes 
called genetic engineering. The development of rDNA technology 
is expanding the practical applicat ions of biotechnology almost 
beyond imagination. 

Recombinant DNA Technology 
Recall from Chapter 8 that recombination of DNA occurs natu-
rally in microbes. [n the 1970s and 1980s, scientists developed 
artificial techniques for making recombinan t DNA. 

A gene from a vertebrate animal, including a human, can be 
inserted into the DNA of a bacterium, or a gene from a virus into 
a yeast may be used. In many cases, the recipient can then be made 
to express the gene, which may code for a commercially useful 
product. Thus, bacteria with genes for human insulin are now 
being used to produce insulin for treating diabetes, and a vaccine 
for hepatitis B is being made by yeast carrying a gene for part 
of the hepatitis virus (the yeast produces a viral coat protein). 
Scientists hope that such an approach may prove useful in produc-
ing vaccines against other infectious agents, thus eliminating the 
need to use whole organisms, as in conventional vaccines. 

The rDNA techniques can also be used to make thousands of 
copies of the same DNA molecule-to amplify DNA, thus gener-
at ing sufficient DNA for various kinds of experimentation and 
analysis. This technique has practical application for identifying 
microbes, such as viruses, that can't be cultured. 

An Overview of Recombinant DNA 
Procedures 
Figure 9.1 presents an overview of some of the procedures typically 
used for making rDNA, along with some promising applications. 
The gene of interest is inserted into the vector DNA in vitro. In this 
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example, the vector is a plasmid. The DNA molecule chosen as a 
vector must be a self-replicating type, such as a plasmid or a viral 
genome. This recombinant vector DNA is taken up by a cell such as 
a bacterium, where it can multiply. The cell containing the recom -
binant vector is then grown in culture to form a clone of many 
genetically identical cells, each of which carries copies of the vector. 
This cell clone therefore contains many copies of the gene of inter-
est. This is why DNA vectors are often called gene-cloning vectors, 
or simply clollillg vectors. (In addition to referring to a culture of 
identical cells, the word clone is also rout inely used as a verb, to 
describe the entire process, as in "to clone a gene.") 

The final step varies according to whether the gene itself or the 
product of the gene is of interest. From the cell clone, the researcher 
may isolate ("harvest") large quantities of the gene of interest, 
which may then be used for a variety of purposes. The gene may 
even be inserted into another vector for introduction into another 
kind of cell (such as a plant or animal cell).Alternatively, if the gene 
of interest is expressed (transcribed and translated) in the cell 
clone, its protein product can be harvested and used for a variety 
of purposes. 

The advantages of using recombinant DNA for obtaining 
such proteins is illustrated by one of its early successes, human 
growth hormone (hGH ). Some individuals do not produce ade-
quate amou nts of hGH, so their growth is stunted. In the past, 
hGH needed to correct this deficiency had to be obtained from 
human pituitary glands at autopsy. (hGH from other animals is 
not effective in humans.) This practice was not only expensive 
but also dangerous because on several occasions neurological 
diseases were transmitted with the hormone. Human growth 
hormone produced by genetically modified E. coli is a pure and 
cost-effective product. Recombinant D NA techniques also result 
in faster production of the hormone than traditional methods 
might allow. 

CHECK YOUR UNDERSTANDING 

..r Differentiate biotechnology and recombinant DNA 
technology. 9-1 

..r In one sentence, describe how a vector and clone are used. 9-2 

Tools of Biotechnology 
LEARNING OBJECTIVES 
9-3 Compare selection and mutation. 
9-4 Define restriction enzymes, and outline how they are used to make 

recombinant DNA. 
9-5 List the four properties of vectors. 
9-6 Descnbe the use of plasmid and viral vectors. 
9-7 Outline the steps in PCR, and proVide an example of Its use. 

Research scientists and technicians isolate bacteria and fu ngi from 
natural environments such as soil and water to find, or select, the 



This figure provides an overview of making a recombinant cell and presents examples of applica-
t ions. Each step of genetic modification introduced in this figure will be discussed in greater detail 
later in the chapter. 

Bacterium 

Bacterial 
chromosome 

Plasmid 

o Vector, such as a 
plasmid, is isolated. 

Recombinant DNA 
(plasmid) 

Transformed 
bacterium 

o DNA is cleaved by an 
enzyme into fragments. 

e Gene is inserted 
into plasmid. 
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Goal may be to make 
copies of gene. 

",-----;OR 
Goal may be to make protein 
product of gene. 

Gene for pest resiStance 
is inserted into plants. 

2'. 

Copies of gene are harvested. 

Gene alters bacteria for 
cleaning up toxic waste. 

Amylase. cellulase. and other 
enzymes prepare fabriCs for 

clothing manufacture. 

Key Concept 

• Desired proteins 
are harvested. 

Cells maka a 
protein product. 

Human growth hormone 
Ireats stunted growth. 

Gene. from the cell of one Otg8nlsm can be Insened Into the cell of 
another organl.m and e.pt"tllled In thai ce4l. Genetically modified 
cell' can be un d 10 produce a wide variety of useful productl. 



organisms that produce a desired product. The selected organism 
can be mutated to make more product or to make a beller pm 

Selection 
In nature, organisms with characteristics that en hance survival 
arc more likely to survive and reproduce than arc variants that 
lack the desirable traits. This is called IUltural selectioll. Humans 
usc artificial selection to select desirable breeds of animals or 
stra ins of plants to cultivate. As microbiologists learned how to 
isolate and grow microorganisms in pure culture, they were able 
to select the ones that could accomplish the desired objective, 
such as brewing beer more efficiently, for example, or producing 
a new antibiotic. Over 2000 strains of antibiotic-producing bac-
teria have been discovered by testing soil bacteria and selecting 
the strains that produce an antibiotic. The box in Chapter 28 
describes the selection of a bacteriu m that conven s a waste 
product in to a valuable product. 

Mutation 
As we saw in Chapter 8, mutations are responsible for much of 
the d iversi ty of life . A bacterium with a mutation that confers resis-
tance to an antibiotic will survive and reproduce in the presence 
of that antibiotic. Biologists working with antibiotic-prod ucing 
microbes discovered that they could create new strains by expos-
ing microbes to mutagens. After random mutations were created 
in penicillin-producing Pe"icillillm by exposing fungal cultures to 
radiation, the highest-yielding variant among the survivors was 
selected for another exposure to a mutagen. Using mutations, 
biologists increased the amount of penicillin produced by the 
fungus over 1000 times. 

Screening each mutant for penicillin production is a tedious 
process. Sile-directed mutagenesis can be used to make a spe-
cific change in a gene. Suppose you determine that changing one 
amino acid will make a laundry enzyme work better in cold 
water. Using the genetic code (sec Figu re 8.8, page 219), you 
could , using the techniques described next, produce the sequence 
of DNA that encodes that amino acid and insert it into the gene 
for that enzyme. 

The science of molecular genetics has advanced to such a 
degree that many routine cloning procedures arc performed 
usi ng prepackaged materials and procedures that are very much 
like cookbook recipes. Scien tists have a grab bag of methods 
from which to choose, depending on the ultimate application of 
their experi ments. Next we describe some of the most important 
tools and techniques, and later we will consider some specific 
applications. 

Restriction Enzymes 
Recombinant DNA technology has its technical roots in the 
discovery of restrictio n enzymes, a special class of DNA-cutting 
enzymes that exist in many bacteria . First isolated in 1970, 

BamHt 
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Hindttr 
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restriction enzymes in nature had actually been observed earlier, 
when certain bacteriophages were found to have a restricted host 
range. If these phages were used to infect bacteria other than 
their usual hosts, rest rictio n enzymes in the new host destroyed 
almost all the phage DNA. Restriction enzymes protect a bacte-
rial cell by hydrolyzing phage DNA. The bacterial DNA is pro-
tected from digestion because the cell m ethylates (adds methyl 
groups to) some o f the cytosines in its DNA. The purified forms 
of these bacterial enzymes arc used in today's laboratories. 

What is important for rDNA techniques is that a restriction 
enzyme recognizes and cuts, or digests, o nly one part icular 
sequence of nucleotide bases in DNA, and it cuts this sequence 
in the same way each time. Typical restriction enzymes used in 
cloning experiments recognize fou r-, six-, or eight-base sequences. 
Hundreds of restriction enzymes arc known , each producing DNA 
fragmen ts with characteristic ends. A few restriction enzymes are 
listed in Table 9.1. You can see they are named for their bacterial 
source. Some of these enzymes (e.g., HaellJ ) cut both st rands of 
DNA in the same place, producing bluot ends, and others make 
staggered cuts in the two slrands-cuts that are not directly oppo-
site each other (Figure 9.2). These staggered ends, or sticky ends, 
arc most useful in rDNA because they can be used to join two dif-
ferent pieces of DNA that were cut by the same restriction enzyme. 
The sticky ends "stick" to stretches of single-stranded DNA by 
complementary base pairing. 

Notice in Figure 9.2 that the darker base sequences on the two 
strands are the same, but they run in opposite d irections. Staggered 
cuts leave stretches of single-stranded DNA at the ends of the DNA 
fragments. If two fragments of DNA from d ifferent sources have 
been produced by the action of the same restriction enzyme, the 
two pieces will have identical sets of sticky ends and can be spliced 
(recombined) in vitro. The sticky ends join spontaneously by 
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Recognition sites 

o Restriction enzyme 
cuts (red arrows) 
double-stranded DNA 
at its particular 
recognition sites. 
shown in blue. 

C, 

Figure 9.2 The role of a restriction 
enzyme in making recombinant DNA. 

Q Why are restriction enzymes used to 

e These cuts produce 
a DNA fragment with 
two sticky ends. 

DNA from __ _ 
source, perhaps 
a plasmid, cut 
with the same 
restriction enzyme 

e When two such fragments 
of DNA cut by the same 
restriction enzyme come 
together, they can join by 
base pairing. 

o The joined fragments will usually 
form either a linear molecule or 
a Circular one, as shown here for 
a plasmid. Other combinations of 
fragments can also occur. 

e The enzyme DNA ligase is used 
to unite the backbones of the two 
DNA fragments, producing a 
molecule of recombinant DNA. 

Col 

! 

Recombinant DNA 

hydrogen bonding (base pairing). The enzyme DNA ligase is used 
to covalently link the backbones of the DNA pieces, producing 
an rONA molecule. Animation Recombinant DNA Technology. 
www.microbiologyplace.com 

Vectors 
A great variety of different types of DNA molecules can serve as 
vectors, provided that they have certain properties. The most 
important property is self-replication; once in a cell, a vector 
must be capable of replicating. Any DNA that is inserted in the 
vector will be replicated in the process. Thus, vectors serve as 
vehicles for the replication of desired DNA sequences. 

Vectors also need to be of a size that allows them to be 
manipulated outside the cell during recombinant DNA proce-
dures. Smaller vectors are more easily manipulated than larger 
DNA molecules, which tend to be more fragile . Preservation is 
another important property of vectors. The circular form of 
DNA molecules is important in protecting the DNA of the 

make re<:ombinant DNA? 

Col 

vector from destruction by the recipient of the vector. Notice 
in Figure 9.3 that the DNA of a plasmid is circular. Another 
preservation mechanism occurs when the DNA of a virus 
inserts itself qu ickly into the chromosome of the host (see 
Chapter 13, page 380). 

When it is necessary to retrieve cells containing the vector, 
a marker gene contained within the vector can often help make 
selection easy. Common selectable marker genes are for antibiotic 
resistance or for an enzyme that carries out an easily identified 
reaction. 

Plasmids are one of the primary vectors in use, particularly 
variants of R fac lor plasm ids. Plasmid DNA can be cut with the 
same restriction enzymes as the DNA to be cloned, so that all 
pieces of the DNA will have the same sticky ends. When the 
pieces are mixed, the DNA to be cloned will become inserted into 
the plasmid (see Figure 9.2). Note that other possible combina-
tions of fragments can occur as well, including the plasmid 
re-forming a circle with no DNA inserted. 



Some plasmids are capable of existing in several different 
species. They are called shuttle vectors and can be used to move 
cloned DNA sequences among organisms, such as among bacte-
rial, yeast, and mammalian cells, or among bacterial, fungal, and 
pla nt cells. Shuttle vectors can be very useful in the process of 
genetically modifying multicellular organisms-for example, by 
trying to insert herbicide resistance genes into plants. 

A different kind of vector is vi ral DNA. This type of vector 
can usually accept much larger pieces of foreign DNA than plas-
mids can . After the DNA has been inserted into the viral vector, 
it can be cloned in the virus's host cells. The choice of a suitable 
vector depends on many factors, including the organism that 
will receive the new gene and the size of the DNA to be cloned. 
Retroviruses, adenoviruses, and herpesviruses are being used to 
insert corrective genes into human cells that have defective genes. 
Gene therapy is d iscussed on page 259. 

CHECK YOUR UNOERSTANOING 

..r How are selection and mutation used in biotechnology? 9-3 

..r What is the value of restriction enzymes in recombinant DNA 
technology? 9-4 

..r What criteria must a vector meet? 9-5 

..r Why is a vector used in recombinant DNA technology? 9-6 

Polymerase Chain Reaction 
The polymerase chain reaction (peR) is a technique by wh ich 
small samples of DNA can be quickly amplified, that is, increased 
to quantit ies that are la rge enough for analysis. 

Sta rting with just one gene-sized piece of DNA, PCR can be 
used to make literally billions of copies in only a few hours. The 
peR process is shown in Figure 9.4 . 

o Each strand of the target DNA will serve as a template for 
DNA synthesis. 

e To this DNA is added a supply of the four nucleotides (for 
assembly into new DNA) and the enzyme for catalyzing the 
synthesis, DNA polymerase (see Chapter 8, page 213). Short 
pieces of nucleic acid called primers are also added to help 
start the reaction . The primers are complementary to the 
ends of the ta rget DNA and 

e will hybridize to the fragmen ts to be am plified . 
o Then, the polymerase synthesizes new complementary 

strands. 
Q After each cycle of synthesis, the DNA is heated to convert 

all the new DNA into single strands. Each newly synthe-
sized DNA strand serves in turn as a template for more 
new DNA. 

As a result, the process proceeds exponentially. All of the 
necessary reagents are added to a tube, which is placed in a 
tllerma/cyc/er. The thermalcycler can be set for the desired tem-
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pUC19 

Figure 9 .3 A plasmid used for cloning. A plasmid vector used for 
cloning in the bacterium E coliis pUC19. An origin of replication (on) 
allows the plasmid to be self-replicating. Two genes, one encoding 
resistance to the antibiotic ampicillin (amrf) and one encoding the 
enzyme (lacZ). serve as marker genes. Foreign DNA 
can be inserted at the restriction enzyme sites . 

Q What is a vector in recombinant DNA te<:hnology? 

peratures, times, and num ber of cycles. Use of an automated 
thermalcycler is made possible by the use of DNA polymerase 
taken from a thermophilic bacterium such as Then/IUS aquaticuSi 
the enzyme from such organisms can survive the heating phase 
without being destroyed . Th irty cycles, completed in just a few 
hours, will increase the amount of target DNA by more than a 
billion times. 

T he amplified DNA can be seen by gel electrophoresis. In 
real-time PCR, the newly made DNA is tagged with a flu ores-
cent dye, so that the levels of fluorescence can be measured 
after every peR cycle (that's the real time aspect) . Another peR 
procedure called reverse-transcription PCR uses viral RNA or a 
cell's mRNA as the template. The enzyme, reverse transcriptase, 
makes DNA from the RNA template, and the DNA is then 
amplified. 

Note that peR can only be used to amplify relatively small, 
specific sequences of DNA as determined by the choice of primers. 
It cannot be used to amplify an entire genome. 

peR can be applied to any situation that requires the amplifi-
cation of DNA . Especially noteworthy are diagnostic tests that use 
peR to detect the presence of infectious agents in si tuations in 
which they would otherwise be undetectable. Animations PCR: 
Overview, Components, Process. www.microbiologyplace.com 

CHECK YOUR UNOERSTANOING 

..r For what is each of the following used in PCR: primer, 
DNA polymerase, 94°C? 9-7 
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o 

o 

o 

o 

Incubate target DNA 
at 94°e for 1 minute to 
separate the strands. 

Add primers, nucteotides 
(deoxynucteotides), and 
DNA potymerase. 

Primers attach to single-
stranded DNA during 
incubation at 60°C lor 1 
minute. 

Incubate at 72' e for 1 
minute; during this time. 
two copies of target DNA 
are formed. 

• Repeat the cycle of 
heating and cooling 
to make two more 
copies of target DNA. 

Figure 9.4 The polymerase chain reaction. 

Q What enzyme coptes DNA in peR? 
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Techniques of Genetic Modification 
LEARNING OBJECTIVES 
9-8 Describe five ways of getting DNA into a cel l. 
9-9 Describe how a genomic library is made. 
9-10 Oifferentiate eDNA from synthetic DNA 
9-11 Explain how each of the following is used to locate a clone: 

antibiotic-resistance genes, DNA probes, gene products. 
9-12 list one advantage of modifying each of the following: E coli. 

Saccharomyces cerevisiae, mammalian cells, plant cells. 

Inserting Foreign DNA into Cells 
Recombinant DNA procedures require that DNA molecules be 
manipulated outside the cell and then returned to living cells. 
There are several ways to introduce DNA into cells. The choice of 
method is usually determined by the type of vector and host cell 
being used . 

[n nature, plasm ids are usually transferred between closely 
related microbes by cell-to-cell contact, such as in conjugation . [n 
genetic engineering, a plasmid must be inserted into a cell by 
transformation, a procedure during which cells can take up DNA 
from the surrounding environment (see Chapter 8, page 234). 
Many cell types, including E. coli, yeast, and mammalian cells, do 
not naturally transform; however, simple chemical treatments can 
make all of these cell types competent, or able to take up external 
DNA. For E. coli, the procedure for making cells competent is to 
soak them in a solution of calcium chloride for a brief period. 
Following this treatment, the now-competent cells are mixed with 
the cloned DNA and given a mild heat shock. Some of these cells 
will then take up the DNA. 

There are other ways to transfer DNA to cells. A process 
called electroporation uses an electrical current to form micro-
scopic pores in the membranes of cells; the DNA then enters the 
cells through the pores. Electroporation is generally applicable to 
all cells; those with cell walls often must be converted to proto-
plasts first (see Chapter 4, page 89 ). Protoplasts are produced by 
enzymatically removing the cell wall, thereby allowing more 
direct access to the plasma membrane. 

The process of protoplast fusion also takes advantage of the 
properties of protoplasts. Protoplasts in solution fuse at a low but 
significant rate; the addition of polyethylene glycol increases the 
frequency of fusion (Figure 9.5a). In the new hybrid cell, the 
DNA derived from the two "parent" cells may undergo natural 
recombination . This method is especially valuable in the genetic 
manipulation of plant and algal cells (Figure 9.5b). 

A remarkable way of introducing foreign DNA into plant 
cells is to literally shoot it directly through the thick cellulose 
walls using a gene gun (Figure 9.6). Microscopic particles of 
tungsten or gold are coated with DNA and propelled by a burst 
of helium through the plant cell walls. Some of the cells express 
the introduced DNA as though it were their own . 
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Chromosome 
Plasma membrane 

Bacterial cells 

Protoplasts 

Cell wall 

o Bacteri al cell walls 
are enzymatically 
digested. producing 
protoplasts. 

e In solution, protoplasts are 
treated with polyethylene glycol. 

e Protoplasts fuse . 

I 0 Segments of the two 
... chromosomes recombine. 

Recombinant 
cell 

e Recombinant cell 
grows new cell wall. 

(a) Process of protoplast fusion 

, 
(b) Algal protoplasts fusing 

10)Jm 

Figure 9_5 Protoplast fusion. (a) A diagram of protoplast fusion with 
bacterial cells. (b) Protoplast algal cells are shown fusing at the arrows. 
Removal of the cell wall left only the delicate plasma membrane to bind 
the cell contents together. al lowing the exchange of DNA. 

Q What is a protoplast? 
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Figure 9.6 A gene gun, which can be used to insert 
DNA-coated " bullets" into a cell. 

Q Name four other method, of Insenlng DNA into a cell. 

DNA can be introduced di rectly into an animal cell by 
microinjection. Th is technique requ ires the use of a glass 
micropipette with a diameter that is much smaller than the cell. 
The micropipette punctures the plasma membrane, and DNA 
can be injected through it (Figure 9.7). 

Thus, there is a great va riety of different restriction enzymes, 
vectors, and methods of inserting DNA into cells. But foreign 
DNA will survive only if it is either present on a self-replicating 
vector or incorporated into one of the cell 's chromosomes by 
recombination. 

Obtaining ONA 
We have seen how genes can be cloned into vectors by using 
restriction enzymes 3nd how genes can be transformed or trans-
ferred into a variety of cell types. But how do biologists obtain the 
genes they are interested in? There are two main sources of genes: 
(I) genomic libraries containing either natural copies of genes or 
eDNA copies of genes made from mRNA, and (2) synthetic DNA. 

Genomic libraries 
Isolating specific genes as individual pieces of DNA is seldom 
practical. Therefore, researchers in terested in genes from a partic-
ular organism start by extracting the organism's DNA, which can 
be obtained from cells of any organism, whether plant, animal, or 
microbe, by lysing the cells and precipitating the DNA. This 
process results in a DNA mass that includes the organism's entire 

I ",m 
Figure 9.7 The microinjection offoreign DNA into a fertilized 
mouse egg. The egg IS first immobilized by applying mild suction to the 
large. blunt holding pipette (nght). Several hundred copies of the gene of 
Interest are Ihen Injected InIO the nucleus of the cell through the tiny end 
of the micropipette (lett). 

Q Why is microinjecti-cJO impract ical for bacterial and fungat cells? 

genome. After the DNA is digested by restriction enzymes, the 
restriction fragments are then spliced into plasmid or phage vec-
tors, and the recombin3nt vectors are introduced into bacterial 
cells. The goal is to make a collection of clones large enough to 
ensure that at least one clone exists for every gene in the organism. 
This collection of clones containing different DNA fragments is 
called a genomic library; each "book" is a bacterial or phage strain 
that contains a fragment of the genome (Figure 9.S). Such libraries 
are essential for maintaining and retrieving DNA clones; they can 
even be purchased commercially. 

Cloning genes from eukaryotic organisms presents a specific 
problem. Genes of eukaryotic cells generally contain both exons, 
stretches of DNA that code for protein , and introns, intervening 
stretches of DNA that do not code for protein. When the RNA 
transcript of such a gene is converted to mRNA, the introns are 
removed (see Figure 8.11 on page 222). In cloning genes of 
eukaryotic cells, it is desirable to use a version of the gene that 
lacks introns because a gene tn3t includes introns may be too 
large to work with e3sily. In addition, if such a gene is put in to a 
bacterial cell, the bacterium will not usually be able to remove the 
introns from the RNA transcript, and therefore it will not be able 
to make the correct protein product. However, an artificial gene 
that contains only exons can be produced by using an enzyme 
called reverse transcriptase to synthesize complementary DNA 
(cDNA) from an mRNA template (Figure 9_9). Th is synthesis 
is the reverse of the normal DNA-to-RNA transcription process. 
A DNA copy of mRNA is produced by reverse transcriptase. 



Host 
cell 

Bacterial 
clone 

Plasmid Library 

Genome to be stored 
in library is cut up with 
restriction enzyme 

phage DNA 

I i 

Phage 
clone 

Phage Library 

Figure 9.8 Genomic libraries. Each fragment of DNA, containing 
about one gene, is carried by a vector, either a plasmid within a bacterial 
cell or a phage. 

Q Differentiate an RFlP from a gene. 

Following this, the mRNA is enzymatically digested away. DNA 
polymerase then synthesizes a complementary strand of DNA, 
creating a double-stranded piece of DNA containing the informa-
tion from the mRNA. Molecules of cDNA produced from a mix-
ture of all the mRNAs fro m a tissue or cell type can then be cloned 
to for m a cDNA library. 

The cDNA method is the most common method of obtain-
ing eukaryotic genes. A difficulty with this method is that long 
molecules of mRNA may not be completely reverse-transcribed 
into DNA; the reverse transcription often aborts, forming only 
parts of the desired gene. 

Synthetic DNA 
Under certain circumstances, genes can be made in vitro with the 
help of DNA synthesis machines (Figure 9,10). A keyboard on the 
machine is used to enter the desired sequence of nucleotides, much 
as letters are entered into a word processor to compose a sentence. 
A microprocessor controls the synthesis of the DNA from stored 
supplies of nucleotides and the other necessary reagents. A chain of 
over 120 nuclcotides can be synthesized by this method. Unless the 
gene is very small, at least several chains must be synthesized sepa-
rately and linked together to for m an entire gene. 

The difficulty of this approach, of course, is that the sequence 
of the gene must be known before it can be synthesized. If the 
gene has not already been isolated, then the only way to predict 
the DNA sequence is by knowing the amino acid sequence of the 
protein product of the gene. If this amino acid sequence is known, 
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DNA of 
eukaryotic 
gene 

ANA transcript 

mANA 

DNA 
being synthesized 

cDNA of 
gene without 
introns 

Nucleus 

o A gene composed of exons and 
introns is transcribed to ANA by 
ANA polymerase. 

e Processing enzymes in the nucleus 
remove the intron·derived ANA 
and splice together the 
exon-derived ANA into mANA. 

e Isolate mANA from the 
cell and add reverse 
transcriptase. 

o First strand 
01 DNA is 
synthesized. e The mANA is digested by 

reverse transcriptase. 

• ••••••• o Add DNA polymerase to 
synthesize second strand 
of DNA. 

Cytoplasm 

Figure 9.9 Making complementary DNA (eDNA) for a 
eukaryotic gene. Reverse transcriptase catalyzes the synthesis of 
double-stranded DNA from an RNA template_ 

Q How does reverse transcriptase differ from DNA polymerase? 

in principle one can work backward through the genetic code to 
obtain the DNA sequence, Unfortunately, the degeneracy of the 
code prevents an unambiguous determination; thus, if the protein 
contains a leucine, for example, which of the six codons for 
leucine is the one in the gene? 

For these reasons, it is rare to clone a gene by synthesizi ng it 
directly, alt hough some commercial products such as insulin, 
interferon, and somatostati n are produced from chemically 
synthesized genes. Desired restriction sites were added to the 
synthetic genes so that the genes could be inserted into plasmid 
vectors for cloning in E. coli. Syn thetic DNA plays a much more 
useful role in selection procedures, as we will see, 

CHECK YOUR UNDERSTANDING 

'" Contrast the five ways of putting DNA into a cell. 9-8 
'" What is the purpose of a genomic library? 9-9 
'" Why isn't cDNA synthetic? 9-10 
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Figure 9.10 A DNA synthesis machine. Short sequences of DNA 
can be synthesized by instruments such as th is one. 

Q What are some of the disadvantages of using a DNA synthesis 
machine? 

Selecting a Clone 
[n cloning, it is necessary to select the particular cell that con tains 
the specific gene of interest. This is d ifficult because out of 
millions of cells, only a very few cells might contain the desired 
gene. Here we will examine a typical screening procedure known 
as blue-white screening, from the color of the bacterial colonies 
formed at the end of the screening process. 

The plasmid vector used contains a gene (al/lpR) coding for 
resis tance to the an t ibiotic ampicillin . The host bacterium will 
not be able to grow on the test med ium, which contains ampi -
cillin, unless the vector has transferred the ampicillin- resistance 
gene. The plasmid vector also contains a second gene, this one for 
the enzyme l3 -galactosidase (/acZ). Notice in Figure 9.3 that there 
are several sites in IneZ that can be cut by restriction enzymes. 

The procedure is shown in Figure 9.11 . The two genes, called 
marker genes, are used so that the insertion of plasmid DNA into 
the host bacterium can be determined. [n the blue-white screening 
procedure, a library of bacteria is cultured in a medium called 
X-gal. X-gal contains two essential components other than those 
necessary to support normal bacterial growth. One is the antibiot-
ic ampicillin, which prevents the growth of any bacterium that has 
not successfully received the ampicillin- resistance gene from the 
plasmid. The other, called X -gal, is a substrate for l3 -galactosidase. 

Only bacteria that picked up the plasmid will grow- because 
they are now ampicillin resistant. Bacteria that picked up the 
recombinant plasmid- in which the new gene was inserted into 
the IneZ gene- will not hydrolyze lactose and will produce white 

-galactosidase gene (/acZ) 

Ampic illi n -resistance 
gene (ampRj 

• Plasmid DNA and foreign DNA 
are both cut with the same 
restriction enzyme. The plasmid 
has the genes lor lactose hydrolysis 
(the lacZgene encodes the enzyme 
IJ-galactosidase) and ampicillin 
resistance. 

e Foreign DNA will insert into 
the lacZgene. The bacterium 
receiving the plasmid vector 
will not produce the enzyme 
IJ-galactosidase if foreign 
DNA has been inserted into 
the plasmid. 

e The recombinant plasmid 
is introduced into a 
bacterium, which becomes 
ampicillin res istant. 

o All treated bacteria are spread 
on a nutrient agar plate 
containing ampicillin and a 
IJ-galactosidase substrate and 
incubated. The IJ-galactosidase 
substrate is called X-gal. 

o Only bacteria that picked up 
the plasmid will grow in the 
presence of ampicillin. 
Bacteria that hydrolyze X-
gal produce galactose and an 
indigo compound. The indigo 
turns the colonies blue. Bacteria 
that cannot hydrolyze X-gat 
produce white colonies. 

r 

Restriction 
site 

Foreign DNA 

Restriction 
sites 

Recombinant 
plasmid 

Bacterium 

with foreign 
DNA 

Figure 9.11 Blue-white screening, one method of selecting 
recombinant bacteria. 

Q Why are some colonies blue and others white? 

colonies. If a bacterium received the original plasmid containing 
the intact lacZ gene, the cells will hydrolyze X-gal to produce a 
blue-colored compound; the colony will be blue. 

What remains to be done can still be difficult. The above pro-
cedure has isolated white colonies known to contain foreign 
DNA, but it is sti ll not known whether this is the desired fragment 
of foreign DNA. A second procedure is needed to identify these 
bacteria. If the foreign DNA in the plasmid codes for the produc-
tion of an identifiable product, the bacterial isolate only needs to 
be grown in culture and tested. However, in some cases the gene 
itself must be identified in the host bacterium. 

Colony hybridization is a common method of identifying 
cells that carry a specific cloned gene. DNA probes, short seg-
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with desired gene from 
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plate to identify colonies 
containing gene of 
interest. 

Figure 9_12 Colony hybridization: us ing a DNA probe to identify 
a cloned gene of interesL 

Q What is a DNA probe? 
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ments of single-stranded DNA that are complementary to the 
desi red gene, are synthesized. If the DNA probe finds a match, it 
will adhere to the target gene. The DNA probe is labeled with a 
radioactive element or fluorescent dye so its presence can be 
determined. A typical colony hybridization experiment is shown 
in Figure 9.12. An array of DNA probes arranged in a DNA chip 
can be used to identify pathogens (see Figure 10.17, page 293). 

Making a Gene Product A We have just seen how to identify cells carrying a par-
t icular gene. The gene products are freque ntly the 

objective of genetic modification. Most of the earliest work in 
genetic modification used E. coli to synthesize the gene products. 
£. coli is easily grown, and researchers are very familiar with this 
bacterium and its genetics. For example, some inducible promoters, 
such as that of the lilc operon, have been cloned, and cloned genes 
can be attached to such promoters. The synthesis of great amounts 
of the cloned gene product can then be directed by the addition 
of an inducer. Such a method has been used to produce gamma 
interferon in E. coli (Figure 9.13). However, E. coli also has several 
disadvantages. Like other gram-negative bacteria, it produces endo-
toxins as part of the outer layer of its cell wall. Because endotoxins 
cause fever and shock in animals, their accidental presence in prod-
ucts intended for human use would be a serious problem. 

Another disadvantage of E. coli is that it does not usually 
secrete protein products. To obtain a product, cells must usually 
be broken open and the product purified from the resulting 
"soup" of cell components. Recovering the product from such a 

I I 
O.2Spm 

Figure 9.13 E. coli genetically engineered to produce gamma 
interferon, a human protein that promotes an immune 
response. The product. visible here as an orange-colored substance, 
can be re leased by lysis of the cell. 

Q What is one advantage of using E. coli for genetic engineering? 
One disadvantage? 



258 PART ONE Fundamentals of Microbiology 

mixture is expensive when done on an industrial scale. It is more 
economical to have an organism secrete the product so that it 
can be recovered continuously from the growth medium. One 
approach has been to link the product to a natural E. coli protein 
that the bacterium does secrete. However, gram-positive bacte-
ria, such as Bacillus subtilis, are more likely to secrete their prod -
ucts and are often preferred industrially for that reason. 

Another microbe being used as a vehicle for expressing genet-
ically engineered genes is baker's yeast, Saccharomyces cerevisiae. Its 
genome is only about four times larger than that of E. coli and is 
probably the best understood eukaryotic genome. Yeasts may carry 
plasmids, and the plasmids are easily transferred into yeast cells 
after their cell walls have been removed. As eukaryotic cells, yeasts 
may be more successful in expressing foreign eukaryotic genes 
than bacteria. Furthermore, yeasts are likely to continuously 
secrete the product. Because of all these factors, yeasts have 
become the eukaryotic workhorse of biotechnology. 

Mammalian cells in culture, even human cells, can be genet-
ically modified much like bacteria to produce various products. 
Scientists have developed effective methods of growi ng certain 
mammalian cells in culture as hosts for growing viruses (see 
Chapter 13, page 378). Mammalian cells are often the best suited 
to making protein products for medical use because the cells 
secrete their products and there is a low risk of toxins or aller-
gens. Using mammalian cells to make foreign gene products o n 
an industrial scale often requires a prelimina ry step of cloning 
the gene in bacteria. Consider the example of colony-stimulating 
factor (CSF). A protein produced naturally in tiny amounts by 
wh ite blood cells, CSF is valuable because it stimulates the 
growth of certain cells that protect against infection. To produce 
huge amounts of CSF industrially, the gene is first inserted into a 
plasmid, and bacteria are used to make multiple copies of the 
plasmid (see Figure 9.1). The recombinant plasmids arc inserted 
into mammalian cells that arc grown in bottles. 

Plant cells can also be grown in culture, altered by recombinant 
DNA techniques, and then used to generate genetically modified 
plants. Such plants may prove useful as sources of valuable prod -
ucts, such as plant alkaloids (the painkiller codeine, for example), 
the isoprenoids that are the basis of synthetic rubber, and melanin 
(the animal skin pigment) for use in sunscreens. Genetically mod-
ified plants have many advantages for the production of human 
therapeutic agents, including vaccines and antibodies. The advan-
tages include large-scale, low-cost production using agriculture 
and low risk of product contamination by mammalian pathogens 
or cancer-causing genes. Genetically modifying plants often 
requires use of a bacterium. We will return to the topic of geneti-
cally mod ified plants later in the chapter (page 264). 

CHECK YOUR UNOERSTANOING 

..r How are recombinant clones identified? 9-11 

..r What types of cells are used for cloning rONA? 9-12 

Applications of rONA 
LEARNING OBJECTIVES 
9-13 list at least five applications of rONA technology. 
9-14 Define RNN 
9-15 Discuss the value of the Human Genome Project 
9-16 Define the folJowing terms : random shotgun sequencing, 

bioinformatics. proteomics. 

9-17 Diagram the Southern blotting procedure, and provide an example 
of its use. 

9-18 Diagram DNA finge rp rinting, and provide an example of its use. 
9-19 Outline genetic engineering with Agrobacterium 

We have now described the entire sequence of events in cloning 
a gene. As indicated earlier, such cloned genes can be appl ied in 
a variety of ways. One is to produce useful substances more effi-
ciently and less expensively (see the box in Chapter 1, page 3). 
Another is to obtain information from the cloned DNA that is 
useful for either basic research, med icine, or fore nsics. A third is 
to use cloned genes to alter the characteristics of cells or organ-
isms. The box in Chapter 27, page 780, describes the use of 
recombinant cells to detect pollutants. 

Therapeutic Applications 
An extremely valuable pharmaceutical product is the hormone 
insul in, a small protei n produced by the pancreas that con trols 
the body's uptake of glucose from blood. For many years, peo-
ple with insulin -dependent diabetes have controlled their dis-
ease by injecting insulin obtained from the pancreases of 
slaugh tered animals. Obtaining this insulin is an expensive 
process, and the insulin from animals is not as effective as 
human insulin. 

Because of the value of human insulin and the small size of 
the protein, producing human insulin by recombinant DNA tech-
niques was an early goal for the pharmaceutical industry. To 
produce the hormone, synthetic genes were firs t constructed for 
each of the two short polypeptide chains that make up the insulin 
molecule. The small size of these chains- only 21 and 30 amino 
acids long- made it possible to use synthetic genes. Following the 
procedure described earlier (page 249), each of the two synthetic 
genes was inserted into a plasmid vector and linked to the end of 
a gene coding for the bacterial enzyme l3-galactosidase, so that the 
insulin polypeptide was coproduced with the enzyme. Two differ-
ent E. coli bacterial cultures were used, one to produce each of the 
insulin polypeptide chains. The polypeptides were then recovered 
from the bacteria, separated from the l3-galactosidase, and chem -
ically joined to make human insulin. This accomplishment was 
one of the early commercial successes of DNA technology, and it 
illustrates a number of the principles and procedures discussed in 
this chapter. 



Another human hormone that is now being produced com -
mercially by genetic modification of E. coli is somatostatin. At one 
time 500,000 sheep brains were needed to produce 5 mg of animal 
somatostatin for experimental purposes. By contrast, only 8 liters 
of a genetically modified bacterial cultu re are now required to 
obtain the equivalent amount of the human hormone. 

Subunit vaccines, consisting only of a protein portion of a 
pathogen, are being made by genetically modifying yeasts. 
Subunit vaccines have been produced for a number of diseases, 
notably hepatitis B. One of the advantages of a subunit vaccine is 
that there is no cha nce of becoming infected from the vaccine. 
The protein is harvested from genetically modified cells and 
purified for use as a vaccine. Animal viruses such as vaccinia 
virus can be genetically modified to carry a gene for another 
microbe's su rface protein. When injected, the virus acts as a vac-
cine against the o ther m icrobe. 

DNA vaccines are usually circular plasm ids that include a 
gene encoding a viral protein under the transcriptional control 
of a promoter region active in human cells. The plasm ids are 
cloned in bacteria . Several trial vaccines against HIV, SARS, 
influenza, and malaria are being tested. Vaccines are discussed in 
Chapter 18 (page 501 ). Table 9.2 lists some o ther important 
rONA products used in medical therapy. 

The importance of recombinant DNA technology to medical 
research cannot be emphasized enough. Artificial blood for use 
in transfusions can now be prepared using human hemoglobin 
produced in genetically modified pigs. Sheep have also been 
genetically modified to produce a number of drugs in their milk. 
This procedure has no apparent effect upon the sheep, and they 
provide a ready source of raw material for the product that does 
not require sacrificing animals. 

Gene therapy may eventually provide cures for some 
genetic diseases. It is possible 10 imagine removing some cells 
from a person and transforming them with a normal gene to 
replace a defective or mutated gene. When these cells are 
retu rned to the person, they should function normally. For 
example, gene therapy has been used 10 treat hemophilia Band 
severe combined immunodeficiency. Adenoviruses and retro -
viruses are used most often 10 deliver genes; however, some 
researchers are working with plasmid vectors. The first gene 
therapy 10 treat hemophilia in humans was done in 1999. 
An attenuated retrovirus was used as the vector. Several gene 
therapy trials are in progress using genetically modified ade-
novirus carrying human gene p53 to treat a variety of cancers. 
The p53 gene, which encodes a tumor-suppressing protein, is 
the most frequently mutated gene in cancer cells. 

The number of gene therapy trials will increase as tech ni-
cal improvements are made and ini tial attempts are success-
ful. However, there is a great deal of preliminary work to do, 
and cures may not be possible for all genet ic diseases. Anti-
sense DNA (see page 267) introduced into cells is also being 

DNA 
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Nucleus 

• Transcription of an abnormal 
gene, cancer gene, or virus 
gene in a host cell. 

RNA :=:: ======c __ transcript '---- • 

mANA 

siANA 

e siANA binds mANA. 

I e Aibosome breaks down 
.. the RNA complex. 

Cytoplasm 

Figure 9_14 Gene silencing could provide treatments for a wide 
range of diseases. 

Q Does RNAi act during or after transcription? 

explored to treat hepatitis, cancers, and one type of coronary 
artery disease. 

Gene silencing is a natural process that occurs in a wide vari-
ety of organ isms and is apparently a defense against viruses and 
transposons. A new technology called RNA interference (RNAi) 
holds promise for gene therapy and treating cancer and viral 
infections. Double-stranded RNAs called small interfering 
RNAs (siRNA) that target a particular gene, such as a virus 
gene, can be introduced into a cell (Figure 9.14) . The siRNA 
molecules bind to mRNA causing its enzymatic destruction, thus 
silencing the expression of a gene. In mice, RNAi has been shown 
to inhibit hepatitis B virus. The siRNA can be injected into a cen 
or introduced in a DNA vector. A small DNA insert encoding 
siRNA against the gene of in terest could be cloned into a DNA 
vector. When transferred into a cell, the cell would produce the 
desired siRNA. 

CHECK YOUR UNDERSTANDING 

-r Explain how rONA technology can be used to treat disease 
and to prevent disease. 9-13 

-r What is gene silencing? 9-14 
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Table 9.2 Some Pharmaceutical Products of Genetic Engineering 

Antitrypsin 

Bone Morpllogenk: Proteins 

Cervical Cancer Vaccine 

Colony.Stimulating Factor 
(CSF) 

Epidermal Growth Factor (EGF) 

Erythropoietin (EPO) 

Factor VII 

Factor VIII 

Interferon 

IFN-a 

IFN-tJ 

IFN-'Y 

Hepatitis B Vaccine 

Human Growth Hormone (hGH) 

Human Insulin 

Influenza Vaccine 

Inter1eukins 

Monoclonal Antibodies 

Orthoclone OKT3 
Muromonab·CD3 

Prourokinase 

Pulmozyme (rhDNase) 

Relaxin 

Superoxide Oismutase (SOD) 

Taxol 

Tissue Plasminogen Activator 
(Activase) 

Tumor Necrosis Factor (TNF) 

Assists emphysema patients; produced by genetica lly mod ified sheep 

Induces new bone formation; useful in healing fractures and reconstructive surgery; produced by 
mammalian cell cul ture 

Consists of viral proteins produced by S. cerevisiae 

Counteracts effects 01 chemotherapy; improves resistance to infectious disease such as AIDS; treatment 
of leukemia; produced by E. coli and S. cerevisiae 

Heals wounds. burns. ulcers; produced by E. coli 

Treatment 01 anemia; produced by mamma lian cell culture 

Treatment 01 hemorrhagic strokes; produced by mammalian cell culture 

Treatment 01 hemophil ia; improves clotting; produced by mammalian cell culture 

Therapy lor leukemia. melanoma. and hepatitis; produced by E. coli and S. cerevisiae (yeast) 

Treatment for multiple sclerosis; produced by mammalian cell culture 

Treatment of chronic granulomatous disease; produced by E. coli 

Produced by S. cerevisiae that carries hepatitis-virus gene on a plasmid 

Corrects growth deliciencies in children; produced by E. coli 

Therapy lor diabetes; better tolera ted than insulin extracted Irom animals; produced by E. coli 

Trial vaccine made from E. coli or S. cerevisiae carrying virus genes 

Regulate the immune system; possible treatment lor cancer; produced by E. coli 

Possible therapy for cancer and transplant rejection; used in diagnostic tests; produced by mammalian 
cell cu lture (from lusion 01 cancer cell and antibody-producing cell) 

Monoclonal antibody used in transplant patients to help suppress the immune system. reducing the chance 
of tissue rejection; produced by mouse cells 

Anticoagulant; therapy for heart attacks; produced by E. coli and yeast 

Enzyme used to break down mucous secretions in cystic librosis patients; produced by mammalian 
cell cu lture 

Used to ease childbirth; produced by E. coli 

Minimizes damage caused by oxygen free rad icals when blood is resupplied to oxygen-deprived tissues; 
produced by S. cerevisiae and Komagataella pastoris (yeast) 

Plant product used lor treatment for ovarian cancer; produced in E. coli 

Dissolves the librin 01 blood clots; therapy for heart attacks; produced by mammal ian cell culture 

Causes disintegration of tumor cells; produced by E. coli 



The Human Genome Project 
One monumental project involving rDNA technology is the 
Human Genome Project. The Human Genome Project was an 
international 13-year effort, formally begun in October 1990 and 
completed in 2003. The goal of this project was to sequence the 
entire human genome, approximately 3 billion nucleotide pairs, 
comprising 20,000 to 25,000 genes. Thousands of people in 
18 countries participated in this project. Researchers collected 
blood (female) or sperm (male) samples from a large number of 
donors. Only a few samples were processed as DNA resources, 
and the source names are protected so that neither donors nor 
scientists know whose samples were used. Development of shot -
gun sequencing (d iscussed short ly) greatly speeded the process, 
and the genome is nearly complete. 

One surprising finding was that less than 2% of the 
genome encodes a func tional product- the other 98% is being 
called "junk DNA." This includes introns, the chromosome 
ends (called te!omeres), and the transposons (repeating 
sequences that make up more than half of the human genome; 
see Chapter 8, page 240). Currently, researchers are locating 
specific genes and determining their functions. 

The next goal of researchers is the Human Proteome Project, 
which will map all the proteins expressed in human cells. Even 
before it is completed, however, it is yielding data that are of 
immense value to our understanding of biology. It will also even -
tually be of great medical benefit, especially for the diagnosis and 
treatment of genetic diseases. 
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Scientific Applications 
Recombinant DNA technology can be used to make products, but 
this is not its only important application. Because of its ability to 
produce many copies of DNA, it can serve as a sort of DNA "print-
ing press." Once a large amount of a particular piece of DNA is 
available, various analytic techniques, discussed in this section, can 
be used to "read" the information contained in the DNA. 

What kind of information can be obtained from cloned DNA? 
One kind is provided by the process of DNA sequencing- the 
determination of the exact sequence of nucleotide bases in DNA. 

One technique for genome sequencing is random sholgun 
sequencing. Small pieces o f a genome are sequenced, and the 
sequences are then assembled using a computer. Any gaps 
between the pieces then have to be found and sequenced 
( Figure 9.15). The sequences of entire viral genomes are now 
relatively easy to obtain. The genomes of Saccharomyces 
cerevisiae yeast, E. coli, and over 70 other microbes have been 
mapped; another 100 are in progress. The Human Genome 
Project was a massive undertaking resulting in sequencing 
the human genome. The published maps are between 70% 
and 99% complete, with some gaps remaining to be filled. Most 
of the gaps are repeated sequences that do not encode genes. 
For example, the S. cerevisiae genome is 93% complete, but the 
gene encoding regions are 100% complete. Computer applica -
tions can also be used to look for protein encoding regions, 
which can then be "translated" by computer software. 

DNA sequencing has produced an enormous amount of 
information that has spawned the new field of bioinformatics, 

o Isolate DNA. 
o Sequence DNA fragments. o Assemble sequences. 

e Fragment DNA 
with restriction 
enzymes. 

e Clone DNA 
in a bacterial 
artificial 
chromosome 
(BAC). 

(a) Constructing a gene library (b) Random sequencing 

Figure 9.15 Random shotgun sequencing. In this technique a genome is cu t into pieces. 
and each piece is sequenced. Then the pieces are fit together. There may be gaps if a specific DNA 
fragment was not sequenced. 

Q Does this technique identify genes and their locations? 

•••• • ••• 

o Edit 
sequences; 
fill in gaps. 

(c) Closure phase 



262 PART ONE Fundamentals of Microbiology 

the SCience of understanding the function of genes through 
computer-assisted analysis. DNA sequences are stored in web-
based databases referred to as GenBank. Genomic information 
can be searched with computer programs to find specific 
sequences or to look for simila r patterns in the genomes of dif-
ferent organisms. Microbial genes are now being searched to 
identify molecules that are the virulence factors of pathogens. By 
comparing genomes, researchers discovered that Chlamydia 
trachomatis (tra -ko'ma-tis) produces a toxin similar to that of 
Clostridium difficile (d if'fl-se-il). 

The next goal is to identify proteins encoded by these genes. 
Proteomics is the science of determining all of the proteins 
expressed in a cell. 

Reverse genetics is an approach to discovering the function 
of a gene from a genetic sequence. Reverse genetics attempts to 
connect a given genetic sequence with specific effects on the 
organism. For example, if you mutate or block a gene (see the 
discussion of gene silencing on page 259), you can then look for 
a characteristic the orga nism lost. 

An example of the use of human DNA sequencing is the 
identification and cloning of the mutant gene that causes cystic 
fibrosis (CF) . CF is characterized by the oversecretion of mucus, 
leading to blocked respiratory passageways. The sequence of the 
mutated gene can be used as a diagnostic tool in a hybridization 
technique called Southern blotting (Figure 9.16), named for Ed 
Southern, who developed the technique in 1975 . 

In this technique, 

o human DNA is first digested with a restriction enzyme, 
yielding thousands of fragments of various sizes. The differ-
ent fragments are then separated by gel electrophoresis. 

e The fragments are put in a well at one end of a layer of 
agarose gel. Then an electrical current is passed through the 
gel. While the charge is applied, the different-sized pieces of 
DNA migrate through the gel at different rates. The frag-
ments are called RFLPs, for restriction fragment length 
polymorph isms. 

e-o The separated fragments are transferred onto a filter by 
blotting. 

" The fragments on the filte r are then exposed to a radioactive 
probe made from the cloned gene of interest, in this case the 
CF gene. The probe will hybridize to th is mutant gene but 
not to the normal gene. 

o Fragments to which the probe binds are identified by expos-
ing the filter to X-ray film . With this method, any person's 
DNA can be tested for the presence of the mutated gene. 

This process, called genetic screening, can now be used to 
screen for several hundred genetic diseases. Such screening pro-
cedures can be performed on prospective parents and also on 
fetal tissue. Two of the more commonly screened genes are those 

associated with inherited forms of breast cancer and the gene 
responsible for Huntington's disease. 

forensic Microbiology 
Several important diagnost ic tools, ma ny of which rely on the 
technique of hybridization, are now available as a result of rDNA 
technology. Recall that hybridization enables the identification of 
a particular DNA sequence among many o thers. This is exactly 
what is necessary in most diagnostic situations-identifying a 
particular pathogen among many others. 

DNA probes such as the ones used to screen gene libraries arc 
promising tools for the rapid identification of microorganisms. 
For use in medical diagnosis, these probes are derived from the 
DNA of a pathogenic microbe and are labeled (with a radioactive 
tag, for example). The probe then serves a diagnostic function by 
combining with the DNA of the pathogen to reveal its location in 
body tissue (or perhaps its presence in food). Probes are also 
being used in nonmedical aspects of microbiology- for exam-
ple, for locating and identifying specific microbes in soil. We will 
discuss PCR and DNA probes further in Chapter 10. 

For several years, microbiologists have used RFLPs in a 
method of identification known as DNA fingerprinting to iden-
tify bacterial or viral pathogens (Figure 9.17). DNA finger print-
ing is also used in forensic medicine to determ ine paternity or to 
prove that blood on a murder suspect's clothes came from the 
murder victim . Sou thern blotting requires substantial amounts 
of DNA. As mentioned earlier, small samples of DNA can be 
quickly amplified, or increased to quantities large enough for 
analysis, by PCR. 

DNA chips (see Figure 10.17, page 293) and PCR microarrays 
that can screen a sample for multiple pathogens at once are being 
developed. In a PCR microarray, up to 22 primers from different 
microorganisms can be used to initiate the PCR. The m icro-
organism is identified if DNA is copied from one of the primers. 

The genomics of pathogens has become a mainstay of moni-
toring, preventing, and controlling infectious disease. The use of 
genomics to trace a d isease outbreak is described in the box on 
page 266. The new field of forensic microbiology developed 
because hospitals and food manufacturers can be sued in courts 
of law and because microorganisms can be used as weapons. The 
requirements to prove in a court of law the source of a microbe 
are stricter than for the medical community. For example, to 
prove intent to commit harm requires collecting evidence prop-
erly and establishing a chain of custody of that evidence. 
Microbial properties that are unimportant in public health may 
be important clues in fo rensic investigations. The American 
Academy of Microbiology recently proposed professional certifi-
cation in fore nsic microbiology. 

DNA can often be extracted from preserved and fossilized 
materials, including mummies and extinct plants and animals. 
Although such material is very rare, and usually partially degraded, 



Restriction enzyme 

r- Gene of interes 

o DNA containing the gene of interest is extracted from human 
cells and cut into fragments by restriction enzymes. 

Paper ""''''-____ __ 

Salt 

e The DNA bands are transferred to a nitrocellulose filter by 
blolting. The solution passes through the gel and filter to the 
paper lowels. 

Radioactively 
labeled probes 

--Sealable 
plastic bag 

o The filter is exposed to a radioactively labeled probe for a 
gene. The probe will base-pair (hybridize) with a 

short sequence present on the gene. 

Figure 9_16 Southern blotting. 

Q What is the purpose of Southern blotting? 
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e The fragments are separated according to size by gel 
electrophoresis. Each band consists of many copies of a 
particular DNA fragmen\. The bands are invisible but can 
be made visible by staining. 
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o This produces a nrtrocellulose filter with DNA fragments 
positioned exactly as on the gel. 

Developed film -----

/ 
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C) The filter is then exposed to X-ray film. The fragment 
conlaining the gene of interest is identified by a band on the 
developed film. 
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E. coli isolates from 
patients whose 
infections were >, 
not juice related 

E. coli isolates from 

Figure 9.17 DNA fingerprints used to trac k an infectious 
disease. This figure shows the re lationship among DNA patterns of 
bacterial isolates from an outbreak of Eschenchia coli 0157:H7. The 
isolates from apple juice are Identical to the patterns of isolates from 
patients who drank the contaminated juice but different from those from 
patients whose infections were not Juice re lated. 

Q What is forensic microbiology? 

PCR enables researchers to study this genetic material that no 
longer exists in its natural form. The study of unusual organisms 
has also led to advances in basic taxonomy; this will be discussed in 
Chapter 10. 

Nanotechnology 
Nanotechnology deals with the design and manufacture of 
extremely small electronic circuits and mechanical devices built 
at the molecular level of matter. Molecule-sized robots or com-
puters can be used to detect contamination in food, diseases in 
plants, or biological weapons. However, the small machines 
require small (a nanometer is 10- 9 meters; 1000 nm fit in I j.Lm ) 
wires and components. Bacteria may prov ide the needed 
small metals. Researchers at the U.S. Geological Survey have 
cultured several anaerobic bacteria that reduce toxic selenium, 
Se4+, to nontoxic elemental Seo which forms into nanospheres 
(Figure 9.18). 

CHECK YOUR UNDERSTANDING 

"f How are shotgun sequencing, bioinformatics, and proteomics 
related to the Human Genome Project? 9-15, 9-16 

"f What is Southern blotting? 9-17 
"f Why do RFLPs result in a DNA fingerprint? 9-18 

Figure 9.18 Bacillus cells 
growing on selenium form 
chains of elemental selenium. 

Q What might bacteria provide 
for nanotechnology? 

Agricultural Applications 
The process of selecting for genetically desirable plants has 
always been a time-consuming one. Performing conventional 
plant crosses is laborious and involves waiting for the plan ted 
seed to germinate and for the plant to mature. Plant breeding has 
been revolution ized by the use of plant cells grown in culture. 
Clones of plant cells, including cells that have been genetically 
altered by recombinant DNA techniques, can be grown in large 
numbers. These cells can then be induced to regenerate whole 
plants, from which seeds can be harvested. 

Recombinant DNA can be introduced into plant cells in sev-
eral ways. Previously we mentioned protoplast fusion and the use 
of DNA-coated "bullets." The most elegant method, however, 
makes use of a plasmid called the Ti plasmid (Ti stands for 
tumor-inducing), which occurs naturally in the bacterium 
Agrobacterillm tlllnefaciens (tu'me-fash-enz). This bacterium 
infects certain plants, in which the Ti plasmid causes the forma-
tion of a tumorlike growth called a crown gall (Figure 9.19 ). 
A part of the Ti plasmid, called T-DNA, integrates into the 
genome of the infected plant. The T-DNA stimulates local cel-
lular growth (the crown gall) and simultaneously causes the 
production of certain products used by the bacteria as a source 
of nutritional carbon and n itrogen. 

For plant scientists, the attraction of the Ti plasmid is that it 
provides a vehicle for introducing rDNA into a plant (Figure 9.20). 
A scientist can insert foreign genes into the T-DNA, put the 
recombinant plasmid back into the Agrobacterium cell, and use 
the bacterium to insert the recombinant Ti plasmid into a plant 
cell. The plant cell with the foreign gene can then be used to 
generate a new plant. With luck, the new plant will express the for -
eign gene. Unfortunately, Agrobacterium does not naturally infect 
grasses, so it cannot be used to improve grains such as wheat, rice, 
or corn. 



Noteworthy accomplishments of this approach are the intro-
duction into plants of resistance to the herbicide glyphosate, and 
a Bacilills thllringicnsis-derived insecticidal toxin (Bt). Normally, 
the herbicide kills both weeds and useful plants by inhibiting 
an enzyme necessary for making certain essential am ino acids. 
Salmonella bacteria happen to have this enzyme, and some salmo-
nellae have a mutant enzyme that is resistant to the herbicide. 
When the DNA for this enzyme is introduced into a crop plant, 
the crop becomes resistant to the herbicide, which then kills only 
the weeds. There is now a variety of plants in which different 
herbicide and pesticide resistances have been engineered . 
Resistance to drought, viral infection, and several other environ-
mental stresses has also been engineered into crop plants. BarilillS 
thllringieusis bacteria are pathogenic to some insects because 
they produce a protein called St toxin that interferes with the 
insect digestive tract. The St gene has been inserted into a variety 
of crop plants, including cotton and potatoes, so insects that eat 
the plants will be killed . 

AgrobacterilJm flJmefaciens 
bacterilJm 

The plasmid 
is reinserted 
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Figure 9.19 Crown gall disease on a rose plant. The tumorlike 
growth is stimulated by a gene on the n plasmid carried by the bactenum 
Agrobactenum flJmefaciens, which has infected the plant. 

Q What are some of the agriculturnl applications of recombinant 
DNA technology? 

carrying foreign 
gene 

into a bacterium. e The bacterium is 
used to insert the 
T-DNA carrying the 
foreign gene into the 
Chromosome of a 
plant cell. 

Restriction 
cleavage 
site Ti 

plasmid 

o The plasmid is removed 
from the bacterium, and 
the T·DNA is cut by a 
restriction enzyme. 

e Foreign DNA is cut 
by the same enzyme. 

Recombinant 
Ti plasmid 

e The foreign DNA is 
inserted into the T·DNA 
of the plasmid. 

Figure 9.20 Using the Ti plasmid as a vector for genetic modification in plants. 

Q Why is the TI plasmid important to biotechnology? 

o A plant is generated from a cell 
Clone. All of its cells carry the 
foreign gene and may express 
it as a new trait. 

•• ." " •• 
o The plant cells 

are grown in 
culture. 
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Norovirus-Who Is Responsible for the Outbreak? 
As you read through this bol(. you will 
encounter a series of questions that micro-
biologists ask themselves as they trace a 
disease outbreak. lA'hether the microbiolo-
gist is called as eJ(pen witness in court will 
depend on whether a lawsuit is filed, Try to 
answer each question before going on to the 
neJ(t one. 

1. 

2. 

i • u 

I .. 
" 
E , 
z 

On May 7. the Kent County (Michigan) 
Health Department was notified of 
a gastroenteritis outbreak among 
115 people. A case was defined as 
vomiting and diarrhea and fever. cramps, 
or nausea. 
What do you need to know? 
III people included 23 school employees. 
55 publishing company employees, 
9 employees of a social service organiza-
tion. and 28 other people (see Figure A). 
What is the next S1ep? 

School 
meal .. .. 
+ 
2 

Initial reports 
01 community 
cases .. 

Date 

Figure A Number of cases reported 

266 

3. On May 2, the school star! was served 

4. 

5. 

6 

a party-sized sandwich catered by a 
national franchise restaurant On May 3. 
the publishing company and social 
service star! luncheons were catered 
by the same restaurant The remaining 
28 people ate sandwiches at the same 
restaurant. 
What do you need to know? 
EJ(posures to 16 food items were ana-
lyzed. Results indicated that eating 
lettuce was significantly associated 
with i(lness. 
What should you do now? 
Reverse transcription peR (RT- PCR) 
using a norovirus primer was done on 
stool samples (Figurll 8J. 
What can you concludll? 
RT-PCR confi rmed norovirus infection. 
Sequence analysis performed on 
2 1 slool specimens demonstrated 
100% sequence homology for the 
21 specimens. 
What would you do nllxt? 

7. Investigators learned that a food handler 
employed by the restaurant had eJ(peri -
enced vomiting and diarrhea on May 1. 
The food handler believed he had 
acquired i(lness from his child. The 
child's illness was traced to an i ll cousin 
who had been eJ(posed to norovirus at a 
child-care center. The food handler's 
vomiting ended by the early morning of 

Reported community 
cases 

• Social service group 
• School employees 
• Publishing company 

employees 

Figure 8 Results of PCR of patient samples 
Lane 1. 123-bp size ladders. Lane 2. negative 
RT-PCR contro l: Lanes 3- 8, patient samples, 
Norovirus IS identified by the 213-bp band 
oIONA. 

May 2. and he reluned 10 work at the 
restaurant later Ihat morning. 
What should you look for now? 

8, Sequence analysis on viruses from the 
food handler and eight ill customers 
were identical to the strains identified 
in step 7. 
Where do you look next? 

9, The lettuce was sliced each morning by 
the food handler who had been sick. 
Inspection revealed that Ihe food prepa-
ration sink was being used for hand-
washing. The sink was not sanitized 
before and after the lettuce was washed. 
State guidelines specify cleaning proce-
dures and the bleach concentrations 
required. The restaurant was not cleaned 
appropriately until after it had been 
closed for nearly 1 week by the health 
department. 

Source. Adapted Irom MMWR 55(14) 395-397. 
ApnI14.2006. 
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Table 9.3 Some Agriculturally Important Products of Genetic Engineering 

Comments 

Agricultural Products 

Bt colton and Bt corn Plants have toxin-producing gene from Bacillus thuringiensis; toxin kills insects that eat plants 

MacGregor tomatoes Antisense gene blocks pectin degradation. so fruits have longer shelf life 

Pseudomonas fluorescens bacterium Has toxin-producing gene from insect pathogen B. thuringiensis; toxin kills root-eating insects that 
ingest bacteria 

Pseudomonas syringae, ice-minus 
bacterium 

Lacks normal protein product that initiates undesirable ice formation on plants 

Rhizobium mefiloli bacterium Modified for enhanced nitrogen fixation 

Round up (glyphosate)-resistant crops 

Animal Husbandry Products 

Plants have bacterial gene: allows use of herbicide on weeds without damaging crops 

Bovine growth hormone (bGH) 

Porcine growth hormone (pGH) 

Improves weight gain and milk production in cattle; produced by E. coli 

Improves weight gain in swine; produced by E. coli 

Transgenic animals Genetic modification of animals to produce medically useful products in their milk 

Other Food Production Products 

Cellulase 

Rennin 

Enzyme that degrades cellu lose to make animal feedstocks; produced by E. coli 

Causes formation of milk curds for dairy products; produced by Aspergillus niger 

Another example involves MacGregor tomatoes, which stay firm 
after harvest because the gene for polygalacturonase (PG), the 
enzyme that breaks down pectin, is suppressed. The suppression 
was accomplished by antisense DNA technology. First, a length of 
DNA complementary to the PG mRNA is synthesized. This 
antisense DNA is taken up by the cell and binds to the mRNA to 
inhibit translation. The DNA-RNA hybrid is broken down by the 
cell's enzymes, freeing the antisense DNA to disable another mRNA. 

Perhaps the most exciting potential use of genetically mod i-
fied plants concerns nitrogen fixatio n, the ability to convert the 
nitrogen gas in the air to compounds that living cells can use (see 
page 77 1). The availability of such nitrogen-containing nutrients 
is usually the main factor limiting crop growth. But in nature, 
only certain bacteria have genes for carrying out this process. 
Some plants, such as alfalfa, benefit from a symbiotic relation-
ship with these microbes. Species of the symbiotic bacterium 
Rl!izobium have already been genetically modified for enhanced 
nitrogen fixatio n. In the future, Rhizobium strains may be 
designed that can colonize such crop plants as corn and wheat, 
perhaps eliminating their requirement for nitrogen fer tilizer. The 
ultimate goal would be to introduce funct ion ing nitrogen -
fixation genes directly into the plants. Although this goal cannot 
be achieved with our current knowledge, work toward it will 
continue because of its potential for dramatically increasing the 
world's food supply. 

An example of a genetically modified bacterium now in agri-
cultural use is Pseudomonas jluorescclls that has been engineered to 
produce a toxin normally produced by Bacillus thurillgiensis. This 
toxin kills certain plant pathogens, such as the European corn 
borer. The genetically altered Pseudomonas, which produces much 
more toxin than B. thuringiensis, can be added to plant seeds and 
in time will enter the vascular system of the growing plant. Its 
toxin is ingested by the feedi ng borer larvae and kills them (but is 
harmless to humans and other warm -blooded animals). 

Animal husbandry has also benefited from rDNA technology. 
We have seen how one of the early commercial products of 
rDNA was human growth hormone. By similar methods it is 
possible to manufacture bovine growth hormone (bGH ). When 
bGH is injected into beef cattle, it increases their weight ga in; in 
dairy cows, it also causes a 10% increase in milk production. 
Such procedures have met with resistance from consumers, espe-
cially in Europe, primarily as a result of as-yet unsubstantiated 
fears that some of the bG H would be p resent in the milk or meat 
of these cattle and m ight be harmful to humans. 

Table 9.3 lists these and several other genetically engineered 
products used in agriculture and animal husbandry. 

CHECK YOUR UNOERSTANOING 

..r Of what value is the plant pathogen Agrobacterium? 9-19 
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Safety Issues and the Ethics 
of Using rDNA 
LEARNING OBJECTIVE 
9-20 list the advantages of. and problems associated with. the use of 

genellc modlftCatloo techniques. 

There will always be concern about the safety of any new tech-
nology, and genetic modification and biotechnology are certainly 
no exceptions. One reason for this concern is that it is nearly 
impossible to prove that something is entirely safe under all 
conceivable conditions. People worry that the same techniques 
that can alter a microbe or plan t to make them useful to humans 
could also inadvertently make them pathogenic to humans 
or otherwise dangerous to living organisms or could create an 
ecological nightmare. Therefore, laboratories engaged in rONA 
research must meet rigorous standards of control to avoid either 
acciden tally releasing genetically modified organisms into the 
environment or exposing humans to any risk of infection. To 
reduce risk further, microbiologists engaged in genetic modifi-
cation often delete from the microbes' genomes certain genes that 
are essential fo r growth in environments outside the laboratory. 
Genetically modified organisms intended for use in the environ-
ment (in agriculture, for example) may be engineered to contain 
"su icide genes" -genes that eventually turn on to produce a toxin 
that kills the microbes, thus ensuring that they will not survive 
in the envi ronment for very long alter they have accomplished 
their task. 

The safety issues in agricultural biotechnology are similar to 
those concern ing chemical pesticides: toxicity to humans and to 
nonpest species. Although not shown to be harmful, genetically 
modified foods have nol been popular with consumers. In 1999, 
researchers in Ohio noticed that humans may develop allergies to 
BacilliiS t/lllrillgiellsis (8t) lox in after working in fields sprayed 
with the insect icide. And an Iowa study showed that the caterpil-
lar stage of monarch butterflies could be killed by ingesting 
windblown Bt-carrying pollen that landed on milkweed, the 
caterpillars' normal food. Crop plan ts can be genetically modi -
fied for herbicide resistance so that fields can be sprayed to elim-
inate weeds without killing the desired crop. However, if the 
modified plants polli nate related weed species, weeds could 
become resistant to herbicides, making it more difficult to con-
trol unwanted plants. An unanswered question is whether releas-
ing genetically modified organisms will alter evolution as genes 
move to wild species. 

These developi ng technologies also raise a variety of moral 
and ethical issues. If genetic screening for diseases becomes 

routine, who should have access to this information? Should 
employers o r insurance com panies have the right to know the 
results of such tests? Restricting access to such informatio n will 
be very difficult, which raises questions concerning the right to 
p rivacy. How can we be assured that such information will not be 
used to discriminate against certain groups? 

Applications o f genetic screening techniques are not limited 
to adults. The ability to diagnose a genetic disease in a fetus adds 
even more controversy to the abortion debate. Genetic counsel-
ing, which provides advice and counseling to prospective paren ts 
with family histories of genetic disease, is becoming more impor-
lant in considerations about whether or not to have children. As 
more is learned about genetic causes for various diseases, such as 
cancer or Huntington's disease, reproductive choices might 
become more difficult for some families. 

What extra burdens does molecular genetics place on our 
already overtaxed health ca re system? Genetic screen ing and gene 
therapy arc expensive proced ures, and we need to consider how 
they will be delivered to the public as the technology develops. 
Will a sufficien t number of genetic counselors be available to 
work with people? Will expensive medical cures and treatments 
be available only to those who can afford them? 

There are probably just as many harmful applications of a 
new technology as there are helpful ones. It is part icularly easy to 
imagine rONA technology being used to develop new and pow-
erful biological weapons. In addition, because such research 
efforts are performed under top-secret conditions, it is vi rtually 
impossible for the general public to learn of them. 

Perhaps more than most new technologies, molecular genet-
ics holds the promise of affecting human life in previously 
un imaginable ways. It is important that society and individuals 
be given every opportunity to understand the potential impact of 
these new developments. 

Like the invention of the microscope, the development of 
rONA techniques is causing profound changes in science, agricul-
ture, and human hea lth care. With this technology only slight ly 
more than 30 years old, it is difficult to predict exact ly what 
changes will occur. However, it is likely that within another 
30 years, many of the treatments and diagnostic methods dis-
cussed in this book will have been replaced by far more powerful 
techniques based o n the unprecedented ability to manipulate 
DNA precisely. 

CHECK YOUR UNDERSTANDING 

.,f Identify two advantages and two problems associated with 
genetically modified organisms. 9-20 
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STUDY OUTLINE 
The MyMicmbiologyPlace website (www.micmbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. e learn and 
practice with animations. tutorials. and MP3 tutor sessions. and e test yourself with Quizzes and a chapter post- test 

Introduction to Biotechnology (p.247) 

I. Biotechnology is the use of microorganisms, cells, or cell 
components to make a product. 

Recombinant DNA Technology (p.24n 
2. Closely related organisms can exchange genes in natural 

recombination. 
3. Genes can be transferred among unrelated species via laboratory 

manipulation, called recombinant DNA technology. 
4. Recombinant DNA is DNA that has been artificially manipulated 

to combine genes from two different sources. 

An Overview of Recombinant DNA 
Procedures (p.24n 

5. A desired gene is inserted 
into a DNA vector, such 
as a plasmid or a viral 
genome. 

6. The vector inserts the 
DNA into a new cell, 
which is grown to form 
a clone. 

7. Large quantities of the 
gene product can be 
harvested from the clone. 

Tools of Biotechnology (pp.247- 252) 

Selection (p.249) 

I. Microbes with desirable traits are selected for culturing 
by artificial selection . 

Mutation (p. 249) 

2. Mutagens are used to cause mutations that might result in 
a microbe with desirable traits. 

3. Site·directed mutagenesis is used to change a specific codon 
m a gene. 

Restriction Enzymes (pp.249- 250) 

4. Prepackaged kits are available for rDNA techniques. 
5. A restriction enzyme recognizes and cuts only one particular 

nucleotide sequence in DNA. 
6. Some restriction enzymes produce sticky ends, short stretches 

of single·stranded DNA at the ends of the DNA fragmrnts. 

7. Fragmrnts of DNA produced by the same restriction enzyme 
will spontaneously join by base pairing. DNA ligase can covalently 
link the DNA backbones. 

Vectors (pp.250-251) 
8. Shuttle vectors are plasmids that can exist ill several different species. 
9. A plasmid containing a new gene can be inserted 

into a cell by transformation. 
10. A virus containing a new gene can insert the 

gene into a cell. 

Polymerase Chain Reaction (pp.251-252) 
II . The polymerase chain reaction (PCR) is used to make 

multiple copies of a desired piece of DNA enzymatically. 
12. PCR can be used to increase the amounts of DNA in samples 

to detectable levels. This may allow sequencing of genes, the 
diagnosis of genetic diseases, or the detection of viruses. 

Techniques of Genetic 
Modification (pp.253-258) 

Inserting Foreign 
DNA into Cells 
(pp. 253-254) 

I. Cells can take up naked 
DNA by transformation. 
Chemical treatments 
are used to make 
cells that are not 
naturally competent 
take up DNA. 

2. Pores made in proto· 
plasts and animal cells by electric current in the process of electro-
poration can provide entrance for new pieces of DNA. 

3. Protoplast fusion is the joining of cells whose cell walls have been 
removed. 

4. Foreign DNA can be introduced into plant cells by shooting 
DNA-coated particles into the cells. 

5. Foreign DNA can be injected into animal cells by using a fine glass 
micropipette. 

Obtaining DNA (pp.254-256) 
6. Genomic libraries can be made by cutting up an entire genome 

with restriction enzymes and inserting the fragments into bacterial 
plasm ids o r phages. 
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7. Complementary DNA (cDNA) made from mRNA by reverse 
transcription can be cloned in genomic libraries. 

S. Synthetic DNA can be made in vitro by a DNA synthesis machine. 

Selecting a Clone (pp. 256-257) 
9. Antibiot ic-resistance markers o n plasmid vectors are used to 

identify cells containing the engineered vector by direc t selection. 
10. In blue· white screening. the vector (Ontains the genes for ampR 

and 
11. The desired gene is inserted into the J3-galactosidase gene si te. 

destroying the gene. 
12. Clones containing the recombinant vector will be resistant to 

ampicillin and unable to hydrolyze X-gal (whi te colonies). Clones 
(Ontaining the vector without the new gene will be blue. Clones 
lacking the vector will not grow. 

13. Clones containing foreign DNA can be tested for the desired gene 
product. 

14. A short piece of labeled DNA called a DNA probe can be used to 
identify clones carrying the desired gene. 

Making a Gene Product (pp.257-258) 
IS. E. coli is used to produce proteins using rDNA because E. coli is 

easily grown and its genom ics are well understood. 
16. Efforts must be made to ensure that E. coli's endotoxin does not 

contaminate a product intended for human use. 
17. To recover the product, E. coli must be lysed. or the gene must be 

linked to a gene tha t produces a naturally secreted protein. 
IS. Yeasts can be genetically modified and are likely to secrete a gene 

product continuously. 
19. Genetically modified mammalian cells can be grown to produce 

proteins such as ho rmones for medical use. 
20. Genetically modified plant cells can be grown and used to produce 

plants with new properties. 

Applications of rDNA (pp.258-267) 

1. Cloned DNA is used 10 produce products, study the cloned DNA. 
and alter the phenotype of an organism. 

Therapeutic Applications Cpp.258-26 1) 
2. Synthetic genes linked to the [3-galactosidase gene (lacZ) in a plas-

mid vector were inserted into E. coli, allowing E. coli to produce 
and secrete the two l}(l lypeptides used to make human insulin. 

3. Cells and viruses can be modified to produce a pathogen's surface 
protein, which can be used as a vaccine. 

4. DNA vaccines consist of rONA cloned in bacteria. 
5. Gene therapy can be used to cure genetic diseases by replacing the 

defective or missing gene. 

The Human Genome Project (p.26 1) 
6. Recombinant DNA techniques were used to map the human 

genome through the Human Genome Project. 

7. This will provide tools fo r d iagnosis and possibly the repair 
of genetic diseases. 

Scientific Applications CW.261-264) 
S. Recombinant DNA techniques can be used to 

increase understanding of DNA, for genetic 
fingerprinting, and for gene therapy. 

9. DNA sequencing machines are used to deter-
mine the nucleotide base sequence of restriction 
fragments in random shotgun sequencing. 

10. liioinformatics is the use of computer applica-
tions to study genetic data; proteomics is the 
study of a cell 's proteins. 

II . Southern blotting can be used to locate a gene in a cell. 
12. DNA probes can be used to quickly identify a pathogen in body 

tissue or food. 
13. Forensic microbiologists usc DNA fingerprinting to identify the 

source of bacterial or viral pathogens. 

Agricultural Applications (pp.26" -267) 
14. Cells from plants with desirable characteristics can be cloned to 

produce many identical cells. These cells can then be used to pro-
duce whole plants from which seeds can be harvested. 

15. Plant cells can be modified by using the Ti plasmid vector. The 
tumor· producing T genes are replaced with desired genes, and the 
recombinant DNA is inserted into Agrobacterirllll. The bacterium 
naturally transforms its plant hosts. 

16. Genes for glyphosate resistance, Bt toxin, and pectinase suppres-
sio n hU\'e been engineered into crop plants. 

17. Genetically modified Rhizobium has enhanced nitrogen fixation. 
IS. Genetically modified PSflldQrJlOII(15 is a biological insecticide that 

produces Bacillus Ilrurillgirmis toxin. 
19. liovine growth hormone is being produced by E. coli. 

Safety Issues and the Ethics 
of Using rDNA (p.268) 

I. Stric t safety standards arc used to avoid the accidental release of 
genetically modified microorganisms. 

2. Some microbes used in rDNA cloning have been altered so that 
they ca nnot survive outside the laboratory. 

3, Microorganisms intended for use in the environment may be 
modified to contain suicide genes so that the organisms do not 
persist in the envi ronment. 

4. Genetic technology raises a number of ethical q uestions: Should 
employers and insurance compan ies have access to a person's 
genetic records? Will some people be targeted for ei ther breed-
ing or steri lization? Will genetic cou nseling be available to 
everyone? 

5. Genetically modified crops must be safe for consumption and fo r 
release in the environment. 
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STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the baCK of the textboOK. 

Review 
I. Compare and contrast the following terms: 

a. eDNA and gelle 
b. res/rie/ioll jragmelll and gelle 
c. DNA probe and gelle 
d. DNA polymerase and DNA ligase 
e. rDNA and eDNA 
f. gellome and prOleome 

2. Differentiate the following terms. Which one is "hit and 
miss"- that is, does not add a specific gene to a cell? 
a. protoplast fusion 
b. gene gun 
c. microinjection 
d. electroporation 

DRAW tT 3. Using the following map of plasmid pMICRO, 
diagram the locations of the restriction fragments that 
result from digesting pMICRO with EcoRI, Hilldlll, and both 
enzymes together following electrophoresis. Which enzyme 
makes the smallest fragment containing the tetracycline-
resistance gene? -" " • 

" • • • • ,g 
• 

Base • , 
Hindlll 

, 0 
EcoAl pairs 00 0 

100 bp 2517 -
200 bp 

1517 -
1200 -

650 bp 1000 -1300 bp 900 -800 -700 -600 -500 -
400 -

550bp 300 -
200 -Hindlll 
100 -

4. Some commonly used restriction enzymes are listed in Table 9.1 
on page 249. 
a. Indicate which enzymes produce sticky ends. 
h. Of what value arc sticky ends in making recombinant DNA? 

5. Suppose you want multiple copies of a gene you have synthe-
sized. How would you obtain the necessary copies by cloning? 
By PCR? 

6. Describe a recombinant DNA experiment in two or three 
sentences. Use the following terms: intron, exon, DNA, mRNA, 
eDNA, RNA polymerase, reverse transcriptase. 

7. List at least two examples of the usc of rDNA in medicine and in 
agriculture. 

8. You are attempting to insert a gene for saltwater tolerance into a 
plant by using the Ti plasmid. In addition to the desired gene, you 
add a gene for tetracycline resistance (terR ) to the plasmid. What 
is the purpose of the terR gene? 

9. How does RNAi "silence" a gene? 

Multiple Choice 
I . Restriction enzymes were first discovered with the observation 

that 
a. DNA is restricted to the nucleus. 
h . phage DNA is destroyed in a host cel l. 
c. foreign DNA is kept out of a cell. 
d. foreign DNA is restricted to the cytoplasm. 
e. all of the above 

2. The DNA probe, 3' -GGcn'A, will hybridize wi th which of the 
following? 
a.5'-CCGUUA d. 3' -CCGAAT 
h.5 ' -CCGAAT e. 3' -GGCAAU 
c. 5'-GGCTTA 

3. Which of the following is the fourth basic step to genetically 
modify a cell? 
a. transformation 
b. ligation 
c. plasmid cleavage 
d. restriction-enzyme digestion of gene 
e. isolation of gene 

4. The following enzymes are used to make cDNA. What is the 
second enzyme used to make eDNA? 
a. reverse transcriptase 
b. ribozyme 
c. RNA polymerase 
d. DNA polymerase 

5. If you put a gene in a virus, the next step in genetic modification 
would be 
a. insertion of a plasmid. d. PCR. 
b. transformation. e. Southern blotting. 
c. transduction. 

6. You have a small gene that you want replicated by PCR. You add 
radioactively labeled nucleotides to the PCR thermakycler. 
After three replication cycles, what percentage of the DNA single-
strands are radioactively labeled? 
a. O% d. 87.5% 
b. 12.5% e. 100% 
c.50% 

Match the following choices to the statements in questions 7 
through 10. 

a. antisense d. Southern blot 
b. clone e. vector 
c. library 

7. Pieces of human DNA stored in yeast cells. 
8. A population of cells carrying a desired plasmid. 
9. Self-replicating DNA for transmitting a gene from one organism 

to another. 
IO. A gene that hybridizes with mRNA. 
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Critical Thinking 
I . Design an experiment using vaccinia virus to make a vaccine 

against the AIDS virus (HIV). 
2. Why did the use of DNA polymerase from the bacterium Thernws 

aqlla/iells allow researchers to add the necessary reagents to tubes 
in a preprogrammed heating block? 

3. The following picture shows bacterial colonies growing on X-gal 
plus ampicillin in a blue-white screening test. Which colonies have 
the recombinant plasmid? The small satellite colonies do not have 
the plasmid. Why did they start growing on the medium 48 hours 
after the larger colonies? 

Clinical Applications 
I . peR has been used to examine oysters for the 

presence of Vibrio cho/erae. Oysters from differ-
ent areas were homogenized, and DNA was 
extracted from the homogenates. The DNA was 
digested by the restriction enzyme HincH. A 
primer fo r the hemolysin gene of v: clw/erae 
was used for the peR reaction. After peR, each 
sample was electrophoresed and stained with 
a probe for the hemolysin gene. Which of 
the oyster samples were (was) positive for 
v: I-low can you tell? Why look for 
v: cholerae in oysters? What is the advantage 
of peR over conventional biochemical tests to 
identify the bacteria? 

, , , 

2. Using the restriction enzyme EeoRI, the following gel electrophore-
sis patterns were obtained from digests of various DNA molecules 
from a transformation experiment. Can you conclude from these 
data that transformation occurred? Explain why or why not. 
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Classification of 
Microorganisms 

The science of classification, especially the classification of living forms, is called taxonomy 
(from the Greek for orderly arrangement). The objective of taxonomy is to classify living 
organisms-that is, to establish the relationships between one group of organisms and 
another and to differentiate them. There may be as many as 100 million different living 
organisms, but fewer than 10% have been discovered, much less classified and identified. 

Taxonomy also provides a common reference for identifying organisms already classified. 
For example, when a bacterium suspected of causing a specific disease is isolated from a 
patient. characteristics of that isolate are matched to lists of characteristics of previously 

classified bacteria to identify the isolate (see the box on page 283). 
Finally, taxonomy is a basic and necessary tool for scientists, 

providing a universal language of communication. 

Modern taxonomy is an exciting and dynamic field. New 
techniques in molecular biology and genetics are providing 
new insights into classification and evolution. In this 
chapter, you will learn the various classification systems, 
the different criteria used for classification, and tests that 
are used to identify microorganisms that have already 
been classified. 

Q 
\¥by does it matter whether an organism 
is classified as a protozoan or a fungus? 
Look for the answer in the chapter. 
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The Study of Phylogenetic 
Relationships 
LEARNING OBJECTIVES 
10-1 Define taxonomy. taxon. and pIryfogerry. 
10-2 Discuss the Ilmltatloos of a two-kmgdom classification system. 
10-3 Identify the contnbutJons of Lmnaeus, von Nagelt Chatloo. 

Whittaker, and Weese, 

10-4 Discuss the advantages of the three-domain system. 
10-5 list the charactenstlcs of the Bacteria. Archaea, and Eukarya 

domains. 

In 2001, an international project called the All Species Inventory 
was launched. Th e project's purpose is to identify and record 
every species of li fe on Earth in the next 25 years. These 
researchers have undertaken a challenging goal: whereas biolo-
gists have identified more than 1. 7 million different organisms 
thus fa r, it is est imated that the number of living species ranges 
from 10 to 100 million. 

Among these many and diverse organisms, however, are 
many similarit ies. For example, all organisms are composed of 
cells surrounded by a plasma membrane, use ATP for energy, 
and store their genetic info rmation in DNA. These similari ties 
are the result of evolut ion, or descent fro m a common ancestor. 
In 1859, the English naturalist Cha rles Darwin proposed that 
natural select ion was responsible fo r the similari ties as well as 
the differences among organisms. The differences can be attrib-
u ted to the survival o f orga nisms with traits best suited to a 
particular environmen t. 

To facilitate research, scholarshi p, and comm unicat ion, we 
use t axonomy-that is, we put organisms in to categories, or 
t axa (si ngular: taxon), to show degrees of sim ilari ties among 
orga nis ms. These simila riti es are du e to relatedn ess- , ll 
organisms are related through evolution. Systematics, or 
phylogeny, is the study of the evolutio nary history of o rgan-
isms. The hierarchy of ta xa reflects evolutionary, or 
phylogenetic, relationships. 

From the time of Aristotle, living organisms were catego-
rized in just two ways, as eith er plants or animals. In 1735, the 
Swed ish botanist Carolus Lin naeus introduced a formal system 
of classificat ion divid ing living organ isms into two kingdoms-
Plantae and Animalia. He used lati nized names to provide one 
common " language" for systematics. As the biological sciences 
developed, however, biologists bega n looking for a natllral clas-
sification system-one that grou ps organ isms based on ances-
tral relationships and allows us to see the order in life. In 1857, 
Carl von Nageli, a con temporary of Pasteur, proposed that bac-
teria and fungi be placed in the plant kingdom. In 1866, Ernst 
Haeckel proposed the Kingdom Protista, to include bacteria, 
protozoa, algae, and fungi. Because of disagreements over the 
definition of protists, for the next 100 years biologists continued 
to follow von Niigeli's placement of bacteria and fung i in the 

plant kingdom. It is ironic that recent DNA sequencing places 
fungi closer to animals than plants. Fungi were placed in their 
own kingdom in 1959. 

With the advent of electro n microscopy, the physical 
differences between cells became appa rent. The te rm 
prokaryote was in troduced in 1937 by Edouard Chatton to dis-
tinguish cells having no nucleus from the nucleated cells of 
plants and anima ls. In 1961, Roger Stanier provided the 
curren t definition of proka ryotes: cells in which the nuclear 
material (nucleop lasm) is not surrou nded by a nuclea r 
membrane. In 1968, Robert G.E. Murray proposed the 
Ki ngdom Prokaryotae. 

In 1969, Robert H. Wh ittaker fou nded the five-kingdom 
system in which prokaryotes were placed in the Kingdom 
Prokaryotae, or Mon era, and eukaryotes comprised the other 
four ki ngdoms. The Kingdom Prokaryotae had been based on 
microscopic observations. Subsequently, new techniques in 
molecular biology revealed that there are actually two types of 
proka ryotic cells and one type of euka ryotic cell. 

CHECK YOUR UNDERSTANDING 

0/ Of what value is taKonomy and systematics? 10-1 
0/ lNhy shouldn't bacteria be placed in the plant kingdom? 

10-2,10-3 

The Three Domains 
The d iscovery of three cell types was based on the observations 
that ribosomes are not the same in all cells (see Chapter 4, 
page 95). Ribosomes provide a method of comparing cells 
because ribosomes are present in all cells. Comparing the 
sequences of nucleotides in ribosomal RNA (see page 292) 
from different kinds of cells shows that there are three distinctly 
different cell groups: the eukaryotes and two d ifferent types of 
prokaryotes- the bacteria and the archaea . 

In 1978, Carl R. WoesI.' proposed elevating the three cell types 
to a level above kingdom, called domain. Woese believed that the 
archaea and the bacteria, although similar in appearance, should 
form their olVn sepa rate domains on the evolutionary tree 
(Figure 10.1 ). Orga nisms are classified by cell type in the three 
domain systems. In addition to differences in rRNA, the three 
domains differ in membrane lipid structure, transfer RNA 
molecules, and sensitivity to antibiotics (Table 10.1). 

In th is widely accepted scheme, an imals, plants, fu ngi, and 
pro tists are kingdoms in the Domain Eukarya. The Domain 
Bacteria includes all of the pathogenic prokaryotes as well as 
many of the nonpathogenic prokaryotes fo und in soil and water. 
The photoautotrophic prokaryotes are also in this domain. The 
Domai n Archaea includes prokaryotes that do not have peptido-
glycan in their cell walls. They often live in extreme environ-
ments and ca rry out unusual metabolic processes. Archaea 
include three major groups: 



This figure shows the relationships among living organisms. The lines show how each group descended 
from its ancestors. The fundamentals of classification and taxonomy are needed to understand the 
susceptibil ity of different microbes to various methods of control, as discussed in Chapters 7 and 20. 
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All organisms evolved from cells that formed 
over 3 billion years ago. The DNA passed on 
from ancestors is described as conSeived. The 
Domain Eukarya includes the kingdoms Fungi, 
Plantae, and Animalia. It also includes the 
protists, discussed on page 26 1. 

3.5 billion years ago. 
Living organism from 
whiCh all currentty living 
organisms descended. 

Key Concept 
Based on similarities in ribosomal RNA, IMng 
organisms are classified into three domains: 

1. The methanogens, strict anaerobes that produce methane 
(CH.) from carbon dioxide and hydrogen . 

2. Extreme halophiles, which require high concentrations of 
salt for survival. 

3. Hyperthermophiles, wh ich normally grow in extremely hot 
environments. 

The evolu tionary relationship of the three domains is the 
subject of curren t research by biologists. Originally, archaea 
were thought to be the most primitive group, whereas bacteria 
were assumed to be more closely rela ted to eukaryo tes. However, 

Bacteria. Archaea, and Eukarya. 

studies of rRNA indicate that a universal ancestor split into 
three lineages. That split led to the Archaea, the Bacteria, and 
what eventually became the nucleoplasm of the eukaryotes. The 
oldest known fossils arc the remains of prokaryotes that lived 
more than 3.5 bill ion years ago. Eukaryotic cells evolved more 
recently, about 1.4 bill ion yea rs ago. According to the endosym-
biotic theory, eukaryotic cells evolved from prokaryotic cells 
living inside one another, as endosymbionls (see Chapter 4, 
page 106). In fact, the similarities between prokaryotic cells and 
eukaryotic organelles provide st riki ng evidence for this 
endosymbiotic relationship (Table 10.2) . 

275 
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Table 10.1 Some Characteristics of Archaea, Bacteria, and Eukarya 

Cell Type 

Cell Wall 

MemlH"ane Lipids 

First Amino Acid In 
Protein Synthesis 

Antibiotic Senshivity 

rRNA Loop· 

Common Arm of 
IRNAI 

Archaea 

5u"olobus 

Prokaryotic 

>-< .5 )J m 

Varies in composition; contains no 
peptidoglycan 

Composed of branched carbon chains 
attached to glycerol by ether linkage 

Methionine 

No 

Lacking 

Lacking 

·Binds to ribosomal pmtein : found in all bacteria. 

Bacteria 

E. coli 

Prokaryotic 

Contains peptidoglycan 

Composed of straight carbon chains 
attached to glycerol by ester linkage 

Formylmethionine 

Present 

Present 

tA sequence of bases in tR NA found in al l eul<aryotes and bactena : guanine-thymine-pseudouridine-cytosine-guanine. 

Table 10.2 Prokaryotic Cells and Eukaryotic Organelles Compared 

Prokaryotic Cell Eukaryotic Cell 

DNA One circular; some two circular; Linear 
some linear 

Hlstones In archaea y" 

First Amino Acid In Formylmethionine (bacteria) Methionine 
Protein Synthesis Methionine (archaea) 

Ribosomes 70S 80S 

Growth Binary fission Mitosis 

Eukarya 

Amoeba 

Eukaryotic 

>-< 
10 JIm 

Varies in composition; contains 
carbohydrates 

Composed of straight carbon chains 
attached to glycerol by ester linkage 

Methionine 

No 

Lacking 

Present 

Eukaryotic Organelles 
(Mitochondria and Chloroplasts) 

Circular 

No 

Formylmethionine 

70S 

Binary fission 
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Figure 10.2 A model of the origin of eukaryotes. Invagination of 
the plasma membrane may have formed the nuclear envelope and 
endoplasmic reticulum. Similarities, including rRNA sequences. indicate 
that endosymbiotic prokaryotes gave rise to mitochondria and chloroplasts. 

Q How many membmnes make up the nuclear envelope of a 
eukaryotic cell? 

The o riginal nucleoplasmic cell was prokaryotic. However, 
infoldings in its plasma membrane may have surrounded the 
nuclear region to produce a true nucleus (Figure 10.2). Recently, 
French researchers provided support for this hypothesis with 
their observations of a true nucleus in Cemmala bacteria (see 
Figure 11.23). Over time, the chromosome of the nucleoplasm 
may have acquired pieces such as transposons (page 237). In some 
cells, this large chromosome may have fragmented into smaller 
linear chromoso mes. Perhaps cells with linear chromosomes had 
an advantage in cell division over those with a large, unwieldy 
circular chromosome. 

T hat nucleoplasmic cell provided the o riginal host in which 
endosymbiotic bacteria developed into organelles (see page 106). 
An example of a modern prokaryote living in a eukar-
yotic cell is shown in Figure 10.3. The cyanobacterium-
like cell and the eukaryotic host require each other for survival. 

In sequencing the genome o f a prokaryote called 
Thermotoga maritima, microbiologis t Karen Nelson has 
discovered that this species has genes similar to members of 
both the Domain Bacteria and the Domain Archaea. Her find -
ings suggest that Thennologa is one of the earliest cells. For 
th is reason, Thermotoga is referred to as one of the "deeply 
bra nching genera," that is, it is near the origin or "root" of the 
evolutionary tree. 
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Protis tan host cell 

',m 
Figure 10.3 Cyanophora paradoxa. This organism. in which the 
eukaryotic host and the bacterium requi re each other fo r survival. provides 
a modern example of how eukaryotic cells might have evolved. 

Q What features do c hloroplasts, mitochondria, and bacteria have in 
common? 

Taxonomy prov ides tools fo r clarifying the evolution of 
organisms, as well as their interrelationships. New o rganisms 
are being discovered every day, and taxonomists continue to 
search for a natural classification system that reflects phyloge-
netic relationships. 

A Phylogenetic Hierarchy 
In a phylogenetic hierarchy, grouping organ isms according to 
common pro perties implies that a group of organisms evolved 
from a common ancestor; each species retains some of the 
characteristics of the ancestor. Some of the information used to 
classify and determine phylogenetic relationships in higher 
organisms comes from fossils. Bones, shells, or sterns that 
contain mineral matter o r have left imprints in rock that was 
once mud are examples of fossils. 

The structu res of most microorganisms are not readily 
fossilized . Some exceptions are the following: 

• A marine protist whose fossil ized colonies form the White 
Cliffs of Dover, England. 

• Stromatol ites, the fossilized remains of filamentous bacteria 
and sediments that flo urished between 0.5 and 2 billion 
years ago (Figure 10.4a and Figure 10.4b). 

• Cyanobacteria-like fossils fo und in rocks in western 
Australia that are 3.0 to 3.5 billion years old. These are 
widely believed to be the o ldest known foss ils. Some fossils 
ofprokaryotes are shown in Figure 10.4c. 
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Figure 10.4 Fossilized prokaryotes. (a) Bacterial communities fo rm 
rocklike pillars called stromatolites. These began growing about 3000 years 
ago. (b) Cut section through a fossilized stromatolite that nourished 2 
billion years ago. (e) Filamentous prokaryotes from the Early Precambrian 
(3.5 billion years ago) of western Australia. 

Q What evidence is lIsed to determine the phylogeny of prokaryotes? 

Because fossil evidence is not available for most prokaryotes, 
their phylogeny must be based on other evidence. But in one 
notable exception, scientists may have isolated living bacteria 
and yeast 25 to 40 million years old. In 1995, the American 
microbiologist Raul Cano and his colleagues reported growing 
BacilillS sphaericus and other as yet unidentified microorganisms 
that had survived embedded in amber (fossilized plant resin) for 

millions of years. If confirmed, this discovery should provide 
more information about the evolution of microorganisms. 

Conclusions from rRNA sequencing and DNA hybridization 
studies (discussed on page 291 ) of selected orders and families of 
euka ryotes are in agreement with the fossil records. This has 
encouraged workers to use DNA hybridization and rRNA 
sequencing to gain an understanding of the evolutionary rela -
tionships among prokaryotic groups. 

CHECK YOUR UNDERSTANDING 

..r What evidence supports classifying organisms into three 
domains? 10-4 

..r Compare archaea and bacteria; bacteria and eukarya: and 
archaea and eukarya. 10-5 

Classification of Organisms 
LEARNING OBJECTIVES 
10-6 Explain why scientific names are used. 
10-7 List the major taxa. 
10-8 DifferentIate culture. clone. and stram. 
10-9 List the major characteristics used to dIfferentIate the three 

kingdoms of multicellular Eukarya. 
10-10 Define protist. 
10-11 Differentiate eukaryotic, prokaryotic. and VIra l species. 

Living organisms are grouped according to similar characteris-
tics (classification), and each organism is assigned a unique 
scientific name. The rules for classifying and naming, which are 
used by biologists worldwide, are discussed next. 

Scientific Nomenclature 
In a world inhabited by millions of living organisms, biologists 
must be sure they know exactly which organism is being 
discussed. We cannot use common names, because the same 
name is often used for many different organisms in different 
locales. For example, there are two different organisms with the 
common name Spanish moss, and neither one is actually a moss. 
Plus, local languages are used for common names. Because com -
mon names can be misleading and are in different la nguages, a 
system of scientific names, referred to as scieutific nomenclature, 
was developed in the eighteenth century. 

Recall from Chapter 1 (page 2) that every organism is assigned 
two names, or a binomial. These names are the genus name 
and specific epithet (species), and both names are printed 
underlined or italicized. The genus name is always capitalized and 
is always a noun. The species name is lowercase and is usually an 
adjective. Because this system gives two names to each organism, 
the system is called binomial nomenclature. 

lit's consider some examples. Our own genus and specific 
epithet are Homo sapiens (ho/mo sa/pe-ens). The noun, or 



genus, means man; the adjective, or specific epithet, means wise. 
A mold that contaminates bread is called Rhizopus stolonifer 
(ri 'zo-pus sto'ion- i-fer). Rhizo- (root) describes rootlike struc-
tures on the fungus; stolo- (a shoot) describes the long hyphae. 
Table l.l on page 4 contains more examples. 

Binomials are used by scientists worldwide, regardless of their 
native language, which enables them to share knowledge efficiently 
and accurately. Several scientific entities are responsible for 
establishing rules governing the naming of organisms. Rules for 
assigning names for protozoa and parasitic worms are published in 
the lmematiollal Code of Zoological Nomellelatllre. Rules fo r assign-
ing names for fung i and algae are published in the ITiternational 
Code of Botanical Nome/lelature. Rules for naming newly classified 
prokaryotes and for assigning prokaryotes to taxa are established by 
the International Committee on Systematics of Prokaryotes and are 
published in the Bacteriological Code. Descriptions of prokaryotes 
and evidence for their classifications are published in the 
bltemational Journal of Systematic ami Evolutionary Microbiology 
before being incorporated into a reference called Bergey's Mallual. 
According to the Bacteriological Code, scientific names are to 
be taken from Latin (a genus name can be taken from Greek) or 
latinized by the addition of the appropriate suffix. Suffixes for order 
and family arc -ales and -aceae, respectively. 

As new laboratory techniques make more detailed characteriza-
tions of microbes possible, two genera may be reclassified as a sin-
gle genus, or a genus may be divided into two or more genera. For 
example, the genera "Diplococcus" and StreptococClls were com-
bined in 1974; the only diplococcal species is now called 
Streptococcus plleumoniae. In 1984, DNA hybridization studies 
indicated that "Streptococcus faecal is" and "Streptococcus faecium" 
were only distantly related to the other streptococcal species; conse-
quently, a new genus called EllferococClls was created, and these 
species were renamed E. faecalis and E. faecilllll (Ie' se-um) . 

In 2001, based on DNA-DNA hybridization and rRNA stud-
ies, some species of Chlamydia were moved to a new genus, 
Chlamydophila, based on rRNA analysis (see page 292). Making 
the transition to a new name can be confusing, so the old name 
is often written in parentheses. For example, a physician looking 
for information on the cause of a patient's pneumonia-like 
symptoms (meliodosis) would find the bacterial name 
Bllrkholderia (Pseudomonas) pselldomallei (berk'hold-er-e-a sii-
do-mal' le-e). 

Obtaining the name of the organism is important in deter-
mining what treatment to use; antifungal drugs will not work 
against bacteria, and antibacterial drugs will not work against 
viruses. 

The Taxonomic Hierarchy 
All organisms can be grouped into a series of su bdivisions that 
make up the taxonomic hierarchy. Linnaeus developed this 
hie rarchy for his classification of plants and animals. 
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A eukaryotic species is a group of closely related organisms 
that breed among themselves. (Bacterial species will be d is-
cussed shortly.) A genus consists of species that differ from 
each other in certain ways but are related by descent. For exam-
ple, QllCrcus (kwer'kus ), the genus name for oak, consists of all 
types of oak trees (white oak, red oak, bur oak, velvet oak, and 
so on) . Even though each species of oak differs from every 
other species, they are all related genetically. Just as a number 
of species make up a genus, related genera make up a family. 
A group of similar families constitutes an order, and a group 
of similar orders makes up a class. Related classes, in turn, 
make up a phylum. Thus, a particular organism (or species) 
has a genus name and specific epithet and belongs to a family, 
order, class, and phylum . 

All phyla or divisions that are related to each other make up 
a kingdom, and related kingdoms art' grouped into a domain 
(Figure 10.5). 

CHECK YOUR UNOERSTANOING 

..r Using Escherichia coli and Entamoeba coli as examples, explain 
why the genus name must always be written out for the first 
use. Why is binomial nomenclature preferable to the use of 
common names? 10-6 

..r Find the gram-positive bacteria Staphylococcus in Appendix F. 
To which bacteria is this genus most closely related: Gemella or 
Streptococcus? 10-7 

Classification of Prokaryotes 
The taxonomic classification scheme for prokaryotes is found in 
Bergey's Mal/llal of Systematic Bacteriology, 2nd edition (see 
Appendix F). The firs t two volumes have been published, with the 
remaining three volumes to follow over the next few years. In 
Bergey's Manllal, prokaryotes are divided into two domains: 
Bacteria and Archaea. Each domain is divided into phyla. 
Remember, the classification is based on similarities in nucleotide 
sequences in rRNA. Classes are divided into orders; orders, into 
families; families, into genera; and genera, into species. 

A prokaryotic species is defined somewhat differently than a 
eukaryotic species, which is a group of closely related organisms that 
can interbreed . Unlike reproduction in eukaryotic organisms, cell 
division in bacteria is not directly tied to sexual conjugation, which 
is infrequent and does not always need to be species-specific. 
A prokaryotic species. therefore, is defined simply as a population 
of cells with similar characteristics. (The types of characteristics will 
be discussed later in this chapter.) The members of a bacterial 
species arc essentially indistinguishable from each other but are dis-
tinguishable from members of other species, usually on the basis of 
several features. As you know, bacteria grown at a given time in 
media are called a culture. A pure culture is often a clone. that is, a 
population of cells derived from a single parent celL All cells in the 
clone should be identicaL However, in some cases, pure cultures of 
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DOMAIN 

KINGDOM 

Phylum 

Class 

Family 

Genus 

Species 

Common 
Mm. 

ANIMALIA 

Chordata 

CarnivOra 

Canis 

Dog 

Ascomycota 

Saccharo-
mycelala s 

Baker's yeast 

Figure 10.5 The taxonomic hierarchy. Organisms are grouped 
according to relatedness. Species that are closely related are grouped into 
a genus. For example. the baker's yeast belongs to the genus that includes 
sourdough yeast (Saccharomyces exJgUus). Related genera. such as 

Q What Is the biological definition of fami/y'l 

Tracheophyla PAOTEOBACTERIA 

Rosales Enterobacteriales 

....... 
O.Spm 

Prai rie rose E. coli 

Saccharomyces and Candllfs. are placed in a family, and so on. Each 
group IS more comprehensIVe. The domain Eukarya includes all organisms 
WIth eukaryotlc cells. 
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Figure 10.6 Phylogenetic relationships of prokaryotes. Arrows 
indicate major lines of descent of bacterial groups. Selected phyla are 
indicated by the white boxes. 

Q Members of which phylum can be identified by Grnm staining? 

the same species are not identical in all ways. Each such group is 
called a strain. Strains are identified by numbers, letters, or names 
that follow the specific epithet. 

Bergey's Manlw/ provides a reference for identifying bacteria 
in the laboratory, as well as a classification scheme for bacteria. 
One scheme for the evolutionary relationships of bacteria is 
shown in Figure 10.6. Characteristics used to classify and identify 
bacteria are discussed in Chapter II. 

Classification of Eukaryotes 
Some kingdoms in the domain Eukarya are shown in Figure 10.1. 

In 1969, simple eukaryotic organisms, mostly unicellular, were 
grouped as the Kingdom Protista, a catchall kingdom for a vari-
ety of organisms. Historically, eukaryotic organisms that didn't fit 
into other kingdoms were placed in the Protista. Approximately 
200,000 species of protistans have been identified thus far, and 
these organisms are nutritionally qui te diverse-from photo-
synthetic to obligate intracellular parasite. Ribosomal RNA 
sequencing is making it possible to d ivide protists into groups 
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ARCHAEA 

Methanogens 

Extreme 
halophiles 

Hyperthermophltes 

based on their descent from common ancestors. Consequently, 
for the time being, the organisms once classified as protists are 
being divided into clades, that is, genetically related groups. For 
convenience, we will continue to use the term protist to refer to 
unicellular eukaryotes and their close relatives. These organisms 
will be discussed in Chapter 12. 

Fungi, plants, and animals make up the three kingdoms 
of more complex eukaryotic organisms, most of which are 
multicellular. 

The Kingdom Fungi includes the unicellular yeasts, multi-
cellular molds, and macroscopic species such as mushrooms. To 
obtain raw materials for vital functio ns, a fungus absorbs 
dissolved organ ic matter through its plasma membrane. The cells 
of a multicellular fungus are commonly joined to form thin 
tubes called hyphae. The hyphae are usually divided into multi-
nucleated units by cross-walls that have holes, so that cytoplasm 
can flow between the cell-like units. Fungi develop from spores 
or from frag ments o f hyphae. (See Figure 12.1, page 331.) 
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The Kingdom Plantae (plants) includes some algae and all 
mosses, ferns, conifers, and flowering plants. All members of 
this kingdom are multicellular. To obtain energy, a plant uses 
photosynthesis, the process that converts carbon dioxide and 
water into organic molecu les used by the cell. 

The kingdom of multicellular organisms called Animalia 
(animals) includes sponges, various worms, insects, and animals 
with backbones (vertebrates). Animals obtain nutrients and energy 
by ingesting organic matter through a mouth of some kind. 

Classification of Viruses 
Viruses are not classified as part of any of the three domains. 
Viruses are not composed of cells, and they use the anabolic 
machinery within living host cells to multiply. A viral genome 
can direct biosynthesis inside a host cell, and some viral genomes 
can become incorporated into the host genome. The ecological 
niche of a virus is its specific host cell, so viruses may be more 
closely related to their hosts than to other viruses. The 
International Committee on Taxonomy of Viruses defines a viral 
species as a population of viruses with sim ilar characteristics 
(including morphology, genes, and enzymes) that occupies a 
particular ecological niche. 

Viruses are obligatory intracellular parasites, so they must 
have evolved after a suitable host cell had evolved. There are two 
hypotheses on the origin of viruses: (I) they arose from inde-
pendently replicating strands of nucleic acids (such as plasmids), 
and (2) they developed from degenerative cells that, through 
many generations, gradually lost the ability to survive indepen -
dently but could survive when associated with another cell. 
Viruses will be discussed in Chapter 13. 

CHECK YOUR UNOERSTANOING 

..r Use the terms species. culture, clone, and strain in one sentence 
to describe growing methicillin-resistant Staphylococcus aureus 
(MRSA). 10-8 

..r Assume you discovered a new organism: it is multicellular, is 
nucleated, is heterotrophic, and has cell walls. To what kingdom 
does it belong? 10-9 

..r Write your own definition of protist. 10-10 

..r Why wouldn't the definition of a viral species work for a 
bacterial species? 10-11 

Methods of Classifying and 
Identifying Microorganisms 
LEARNING OBJECTIVES 
10-12 Compare and contrast classification and Identification. 
10-13 Explain the purpose of Bergey's Manual. 
10-14 Describe how staining and biochemical tests are used to identify 

bacteria. 

10-15 Differentiate Western blotting from Southern blotting. 
10-16 Explain how serological tests and phage typing can be used to 

identify an unknown bacterium. 
10-17 Describe how a newly discovered microbe can be classified by 

DNA base composition. DNA fingerp rinting, and PCR. 
10-18 Describe how microorganisms can be identified by nucleic acid 

hybridization, Southern blotting. DNA chips. ribotyping. and FISH. 
10-19 Differentiate a dichotomous key from a cladogram. 

A classification scheme provides a list of characteristics and a 
means for comparison to aid in the identification of an organ-
ism. Once an organism is identified, it can be placed into a 
previously devised classification scheme. Microorganisms are 
identified for practical purposes-for example, to determine an 
appropriate treatment for an infection. They are not necessarily 
identified by the same techniques by which they are classified. 
Most identification procedures are easily performed in a 
laboratory and use as few procedures or tests as possible. 
Protozoa, parasitic worms, and fungi can usually be identified 
microscopically. Most prokaryotic organisms do not have dis-
tinguishing morphological features or even much variation in 
size and shape. Consequently, microbiologists have developed a 
variety of methods to test metabolic reactions and other char-
acteristics to identify prokaryotes. 

Bergey's Manllal of Determinative Bacteriology has been a 
widely used reference since the first edition was published in 
1923. The American bacteriologist David Bergey was chairman 
of the group who compiled information on the known bacteria 
from articles published in scientific journals. Bergey's Manllal of 
Detemlililltive Bacteriology (9th ed., 1994) does not classify bac-
teria according to evolutionary relatedness but instead provides 
identification (determinative) schemes based on such criteria as 
cell wall composition, morphology, differential staining, oxygen 
requiremen ts, and biochemical testing. * The majority of Bacteria 
and Archaea have not been cultured, and scientists estimate that 
only 1 % of these microbes have been discovered . 

Medical microbiology (the branch of microbiology dealing 
with human pathogens) has dominated the interest in microbes, 
and this interest is reflected in many identification schemes . 
However, to put the pathogenic properties of bacteria in perspec-
tive, of the more than 2600 species listed in the Approved Lists of 
Bacterial Names, fewer than 10% are human pathogens. 

We next discuss several criteria and methods for the classifi-
cation and routine identification of microorganisms. In addition 
to properties of the organism itself, the source and habitat of a 
bacterial isolate are considered as part of the iden tification 

• Both Ikrgcy's MmlUal of Systematic Bacteriology (see page 279) and Bergey's MmlUal 
of Determ;'lative BIlcteriology are refrrred 10 simply as Bergey's Mamml; the complele 
titles are used when the information under discussion is found in one bUI not the 
other, for example, an idenl ificalion lable. 



Mass Deaths of Marine Mammals 
Spur Veterinary Microbiology 
Over the past decade, thousands 
of marine mammals have died une)(-
pectedly all over the world. These deaths 
occur in outbreaks of a dozen to thousands 
of mammals, and microbiologists try to 
determine the cause in each outbreak. In 
2007, deaths of California sea lions were 
attributed \0 leptospirosis, and infectious 
diseases such as toxoplasmosis have been 
killing California sea otters in increasing 
numbers. The current decline in the South-
ern sea otter population is the result of a 
40% mortality rate due to a variety of infec-
tious bacterial diseases. These mortality 
figures raise concerns that entire popu-
lations of marine mammals may ultimately 
be destroyed. 

In 2007, brucellosis killed an endangered 
Maui dolphin. Of even greater concern 
is that large numbers of opportunistic 
pathogens, including 55 species of Vibrio. 
have also been found in dolphins. These 
bacteria are a part of a dolphin's normal 
microbiota and the biota of coastal waters. 
They can cause disease only if the animals· 
immune system, their normal defense 
against infection, has been weakened. 
Arcanobacterium phocae is an opportunistic 
pathogen that causes severe infection in 
wounded seals. 

Phocid distemper virus in seals and 
cetacean morbillivirus (CM) were responsible 
for the deaths of 20,000 marine mammals in 
European waters and for recurring mortality 
episodes in bottlenose dolphins along the 
Atlantic coast of the United States. Evidence 
suggests that pilot whales may be responsi-
ble for transferring CM virus to other species 
across wide expanses of ocean. 

Information Is Scarce 
Such questions are the concern of veterinary 
microbiology, which until recently has been 
a neglected branch of medical microbiology. 
Although the diseases of such animals as 
cattle, chickens, and mink have been stud-
ied, partly because of their availability to 

researchers, the microbiology 01 wild 
animals, especially marine mammals, is a 
relatively newly emerging field. Gathering 
samples from animals that live in the open 
ocean and performing bacteriological 
analyses on them are very difficult. Currently, 
the animals being studied are those that 
have been stranded (figure A) and those 
that come onto the shore to breed, such as 
the northern fur sea lion. 

Microbiologists are identifying bacteria 
in marine mammals by using conventional 
test batteries (Figure B) and genomic data 
of known species. The bacteria are com-
pared with species described in Bergey's 
Manual to assign names or identify them. 
New species of bacteria are being found in 
marine mammals using the FISH technique 
(see page 292). 

Veterinary microbiologists hope that 
increased study of the microbiology of wild 

figure B BIochermcal tests used to identify 
selected specieS of human pathogens Isolated 
from IT\afUl(l mammals. 

figure A Manne mammal researchers examine a 
PaCifIC bottlenosed dolphin 

animals. including marine mammals, will not 
only promote improved wildlife management 
but also provide models for the study of 
human diseases. 

Gram reaction? 

Q Assume you isolated 
a gram-negative rod 
that produces gas 
from glucose, is 
ureaSfl negative, 
citrate negative. 

Glucose fermentation? Morphology 

and indole posi-
tive. What is the 
bacterium? 

P/esiorrtCnBs 
shigelloides 

Acid and gas 

Motile at 3TC? Erysipelothrix 
rtwsiopathiae 

Urea hydrolyzed? Aeromonas 
hydrophila 

Indole produced? 

Mannheimia 
haemolyfiCa 

Pasteurella 
multocKla 

Citrate ubWzed? 

Yersinia 
enrerocollllCa 

Klebsiella 
pneumomae 

Staphylococcus 
Bureus 
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MICROBIOLOGY REQUISITION Date: Time: Slip prepared by: 

Lab: Physician name: Collected by: Patient 1011: 

Date, time received: 

DO NOT WRITE BELOWTHIS LINE USE SEPARATE SLIP FOR EACH REQUEST 
GRAM STAIN REPORT SOURCE OF SPECIMEN TEST{S) REQUESTED a GRAM POS, COCCI, a NOGROWlH 

GROUPS a BLOOO Bacterial a FUNGAL a NO GROWlH IN a GRAM POS. COCCI, a Routine culture: Gram stain, a CEREBROSPINAL FLUID VIRAL PAI RSICHAIN a MIXEO MICROBIOTA anaerobic cultu re, a FLUID (Specify Source) susceptibility testing, ThrGats a Rout ine cu lture a GRAM res RODS a SF'ECIMEN IMPROF'ERLY done for Gp A Strep. a Herpes COllECTEO OR a THROAT a Lellionellacunure lID GRAM NEG. WCCI TRANSPORTED a Direct FA lor 

a GRAM NEG. RODS 
a SPUTUM, •• pectorat.d a Bartonella a _DiffERENT TYF'ESOf a Blood Culture PARASITOLOGY a OTHER Rospir01ory a GRAM NEG. ORGANISMS (Ilescrtbo) Other Non-Routine Cultures a b:am for intestina l ova and 

COCCOBACIlli a NEGATIVE fOR a E, coli0157:H7 
paras ites a URI NE, CI!!.., Catch a Giardiaimmunoassay a YEAST SALMONELLA. SHIGELlA a Vibrio AND CAI,/PYLOBACTEFJ Midstr. am a CryplOSPQridium a rerslnid a OTHER a URINE, loowening c"lI1mr a Pinworm prep a NO rJVA, CYSTS, OR (if H. dUCfty/ a Blood PARASITES SEEN a URI NE,StrtillhtClthotor a B. pertussis a Filaria concentrat ion lID OXIDASE·POSITIVE a URINE, Enti", Firsl Morni"'l a Other a Trichomonas GRAM·NEGATIVE 

DiPlOCOCCI a URI NE,Othor(Oescribt) Sernnlng Cultures a Other 

a BETA a STOOL 
(if Gonococci 

TOXIN ASSAY a Group B Strep STREPGRDUP A BY 
BACITRACIN lSI GU (Specify Soult. ) VI{f1' a Group A Strep a Clostridium dlffieile 

a ABSCESS (Specify Source) 

a TISSUE (Speedy Soo'ce) 

a ULCER (Specify 

a WOUND (Specify 

a STERILIZER TEST , , 
• 

Filled out by one person 

Figure 10.7 A clinical microbiology lab report lonn. In health 
care, morphology and differential staining are important in determining the 
proper treatment for microbial diseases. A clinician completes the form to 
identify the sample and specific tests. In this case, a genitourinary sample 

Q What diseases are suspected If the box is checked? 

processes. In clinical microbiology, a physician will swab a 
patient's pus or tissue surface. The swab is inserted into a tube of 
transport medium. Transport media are usually not nutritive 
and are designed to prolong viability of fast idious pathogens. 
The physician will note the type of specimen and testes) 
requested on a lab requisi tion form (Figure 10.7). The informa-
tion returned by the lab technician will help the physician begin 
treatment (see the box in Chapter 5, page 144). 

a Olher DIRECT (Antigen Detection) 
a ACID·FAST BACilLI a Cryplococcal anligen-CSf 

""' a Baclerial anllgens 
(Specify) 

SPECIAL 
(i' (MIC) 

• 
Filled out by different person 

will be examined for sexually transmitted infections. The red notations are 
the lab technician's report of the Gram stam and culture results, [Minimal 
inhibitory concentration (M IC) of antibiotics wil l be discussed m Chapter 
20, page 572.] 

Morphological Characteristics 

, 

Morphological (structural) characteristics have helped tax-
onomists classify organisms for 200 years. Higher organisms are 
frequently classified according to observed anatomical detail. But 
many microorganisms look too similar to be classified by their 
structures. Through a microscope, organisms that might differ in 
metabolic or physiological properties may look alike. Literally 
hundreds of bacterial species are small rods or small cocci. 



Figure 10.8 The use of metabolic 
characteristics to identify selected genera of 
enteric bacteria. 
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Can they 
ferment lactose? 

Q Assume you have a gram-negative 
bacterium that produces acid from laclosa 
and cannot use citric acid as its sote 
carbon source. What is Iha bacterium? Can they use 

citric acid as their 
sole carbon source? 

Can they use 
citric acid as their 

sole carbon source? 

Shigella: 
produces lysine 
decarbolC}'lase 

A Larger size and the presence of intracellular struc-
tures does not always mean easy classification, 

however. Pnellmocystis (nu-mo-sis'tis) pneumonia is the most 
common opportunistic infection in AIDS patients. Unt il the 
AIDS epidemic, the causative agent of this infection, P. jirovccii 
(ye-ro'vet-zcc) [formerly P. carinii (ka r-i' nc-c)] was rarely seen 
in huma ns. Pncllmocystis lacks structures that can be easily used 
for identification (see Figure 24.20, page 698), and its taxonom -
ic position has been uncertain since its discovery in 1909 by 
Carlos Chagas in mice. Although it was classified as a protozoan, 
recent studies comparing its rRNA sequence with those of proto-
zoa, Ellg/ena, cellular slime molds, plants, mammals, and fungi 
have shown that Pnclllllocystis is actually a member of the 
Kingdom Fungi. Researchers are culturing Pllellmocystis, and 
they have developed some useful treatments for Pncllmocystis 
pneumonia. Perhaps as researchers take into account this organ -
ism's relatedness to fungi, appropriate treatments will result. 

Cell morphology tells us little about phylogenetic relation-
ships. However, morphological characteristics are still useful in 
identifying bacteria. For example, differences in such structures 
as endospores or flagella can be helpful. 

Differential Staining 
Recall from Chapter 3 that one of the first steps in identifying bac-
teria is differential staining. Most bacteria are either gram-positive 
or gram-negative. Other differential stains, such as the acid-fast 
stain, can be useful fo r a more limited group of microorganisms. 
Recall that these stains are based on the chemical composition of 
cell walls and therefore are not useful in identifying either the wall-
less bacteria or the archaea with unusual walls. Microscopic 
examination of a Gram stain or an acid-fas t stain is used to obtain 
information quickly in the clinical environment. 

Salmonella: 
generally 

produces H2S 

ESCherich:::.=- Do they 

acetoin? 

Citrobacfar Enferobacfar 

Biochemical Tests 
Enzymatic activities are widely used to differentiate bacteria. 
Even closely related bacteria can usually be separated into dis-
tinct species by subjecting them to biochemical tests, such as one 
to determine their ability to fe rment an assortment of selected 
carbohydrates. For one example of the use of biochemical tests to 
identify bacteria (in this instance, in marine mammals), see the 
box on page 283. Moreover, biochemical tests can provide insight 
into a species' niche in the ecosystem. For example, a bacterium 
that can fix nitrogen gas or oxidize elemental sulfur will provide 
important nutrients for plants and animals. This will be 
discussed in Chapter 27. 

Enteric, gram-negative bacteria are a large heterogeneous 
group of microbes whose natural habitat is the in testinal tract 
of humans and other animals. This family contai ns several 
pathogens that cause diarrheal illness. A number of tests have 
been developed so that technicians can quickly ide ntify 
the pathogens, a clinician can then provide appropriate treat-
ment, an d epidemio logists can locate the source of an 
illness. All members of the fam ily Enterobacteriaceae are 
oxidase-negative. Among the enteric bacteria are members of 
the genera Escherichia, Ellterobacter, Shigclla, Citrobacter, and 
Sa/monel/a . Escherichia, Enterobacter, and Citrobacter, 
which ferme nt lactose to produce acid and gas, can be d istin-
guished from Sa/monella and Shigclla, which do not. Further 
biochem ical testing, as represented in Figure 10.8, can differen-
tiate among the genera . 

The time needed to identify bacteria can be reduced consid-
erably by the use of selective and differential media or by rapid 
identification methods. Recall from Chapter 6 (page 168) that 
selective media contain ingredients that suppress the growth of 
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o One tube containing media lor 15 biochemical tests is 
inoculated with an unknown enteric bacterium. 

e After incubation, the tube is observed lor results. 

e The value lor each positive test is circled, and the 
numbers from each group 01 tests are added to 
give the ID value. 

® + 1 4 + 2 +0 4 + 2 + 1 4 + 2 + 1 @ +® + <D 
'-v-' ,. --0-<:---'''' ,. --o_e,---J" '-----,,_C---J1 \ " I 
@ (J) @ @ (J) 

o Comparing the resultantlD value with a computerized 
listing shows that the organism in the tube is Proteus 
mirabilis. 

Atypical Test Confirmatory 
ID Value Organism Results Test 

21006 
21007 
21020 

Proteus mirabilis 
ProtellS mirabilis 
Salmonella choleraesuis 

Ornithine-
Ornithine-
l ysine-

Sucrose 

Figure 10.9 One type of rapid identification method for bacteria: Entemtube II from 
Becton Dickinson. This example shows results for a typical stram of P mirabilis. however, other 
strains may produce different test results. which are listed m the Atypical Test Results column. The 
V- P test is used to confirm an identi fi cation. 

Q How can one species have two different to values? 

competing organis ms and encourage the growth of desired ones, 
and that differential media allow the desired o rganism to fo rm a 
colony that is somehow distinctive. 

Bergey's Ma/llwl does not evaluate the relative importance of 
each biochemical test and does not always describe strains. In 
diagnosing an infection, cl inicians must identify a particular 
species and even a particular strain to proceed with proper treat-
ment. To this end, specific series of biochemical tes ts have been 
developed for fas t identification in hospital laboratories. Rap id 
test systems have been developed fo r yeasts and other fungi, as 
well as bacteria. 

Rapid identifkation methods are manufactured for 
groups of medically important bacteria, such as the enterics. 

Such tools are designed to perform several biochemical tests 
simultaneously and can identify bacteria within 4 to 24 hours. 
This is sometimes called numerkal identification because the 
results of each test are assigned a number. In the simplest form, 
a positive test would be assigned a value o f 1, and a negative is 
assigned a value of O. In most commercial testing ki ts, test 
results are assigned numbers ranging from I to 4 that are based 
on the relative reliability and importance of each test, and the 
resulting total is compared to a database of known organisms. 

In the example shown in Figure 10.9, an unknown enteric 
bacterium is inoculated into a tube designed to perform 15 bio-
chemical tests. After incubation, results in each compartment are 
recorded. Notice that each test is assigned a value; the number 



Figure 10.10 A slide agglutination test. (a) In a positive test. the 
grainy appearance is due to the clumping (agglutination) of the bacteria_ 
(b) In a negative test, the bacteria are still evenly distributed in the saline 
and antiserum_ 

Q Agglutination results when the bacteria are mixed 
with ___ 

derived from scoring all the tests is called the ID value. 
Fermentation of glucose is important, and a positive reaction is 
valued at 2, compared with the production of acetoin (V-P test, 
or the Voges-Proskauer test), which has no value. 

A computerized interpretation of the simultaneous 
test results is essential and is provided by the manufacturer. 
A limitation of biochemical testing is that mutations and 
plasmid acquisition can result in strains with different character-
istics. Unless a large number of tests is used, an organ ism could 
be incorrectly identified. 

Serology 
Serology is the science that studies serum and immune responses 
that are evident in serum (see Chapter 18). Microorganisms are 
antigenic; that is, microorganisms that enter an animal's body 
stimulate it to form antibodies. Antibodies are proteins that circu-
late in the blood and combine in a highly specific way with the 
bacteria that caused their production. For example, the immune 
system of a rabbit injected with killed typhoid bacteria (ant igens) 
responds by producing antibodies against typhoid bacteria. 
Solutions of such antibodies used in the identification of many 
medically important microorganisms are commercially available; 
such a solution is called an antiserum (plural: antisera). If an 
unknown bacterium is isolated from a patient, it can be tested 
against known antisera and often identified quickly. 

[n a procedure called a slide agglutination test, samples of 
an unknown bacterium are placed in a drop of saline on each of 
several slides. Then a different known antiserum is added to each 
sample. The bacteria agglutinate (clump) when mixed with anti-
bodies that were produced in response to that species or strain of 
bacterium; a positive test is indicated by the presence of agglut i-
nation. Posit ive and negative slide agglutination tests are shown 
in Figure 10.10. 

Serological testing can differentiate not only among micro-
bial species, but also among strains within species. Strains with 
different antigens are called serotypes, serovars, or biovars. See 
the discussion of Escherichia and Salmonella serovars on page 
310. As mentioned in Chapter 1, Rebecca Lancefield was able to 
classify serotypes of streptococci by studying serological reac-
tions. She found that the different antigens in the cell walls of 
various serotypes of streptococci stimulate the formation of 
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(a) Positive test (b) Negative test 

different antibodies. In contrast, because closely related bacteria 
also produce some of the same antigens, serological testing can 
be used to screen bacterial isolates for possible similari ties. If an 
antiserum reacts with proteins from different bacterial species or 
strains, these bacteria can be tested further for relatedness. 

Serological testing was used to determine whether the 
increase in number of cases of necrotizing fasci itis in the United 
States and England since 1987 was due to a common source of 
the infections. No common source was located, but there has 
been an increase in two serotypes of Streptococcus pyogenes that 
have been dubbed the "flesh-eating" bacteria. 

A test called the enzyme-linked immunosorbent assay 
(ELISA) is widely used because it is fast and can be read by a 
computer scanner (Figure 10.11 ; see also Figure 18.14, page 518). 
In a direct ELISA, known antibodies are placed in (and adhere 
to) the wells of a microplate, and an unknown type of bacterium 
is added to each well. A reaction between the known antibodies 
and the bacteria provides identification of the bacteria. An ELISA 
is used in AIDS testing to detect the presence of antibodies 
against human immunodeficiency virus (HIV ), the virus that 
causes AIDS (see Figure 19.13, page 540). 

Another serological test, Western blotting, is also used to 
identify antibodies in a patient's serum (Figure 10.12). HIV infec-
tion is confirmed by Western blotting, and Lyme disease, caused 
by Borrelia bllrgdorferi, is often diagnosed by the Western blot. 

G Proteins from a known bacterium or virus are separated by 
an electric current in electrophoresis. 

e The proteins are then transferred to a filter by blotting. 
e Patient's serum is washed over the filter. If the patient has 

antibodies to one of the proteins in the filter ( in this case, 
Borre/ia proteins), the antibodies and protein will combine. 
Anti-human serum linked to an enzyme is then washed over 
the filter. 

o This will be made visible as a colored band on the filte r after 
addition of the enzyme's substrate. 
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(b) 

(.) 

Phage Typing 
Like serological testing, phage typing looks for similarities among 
bacteria. Both techniques are useful in tracing the origin and 
course of a disease outbreak. Phage typing is a test for determin -
ing which phages a bacterium is susceptible to. Recall from 
Chapter 8 (page 237) that bacteriophages (phages) are bacterial 
viruses and that they usually cause lysis of the bacterial cells they 
infect. They are highly specialized, in that they usually infect only 
members of a particular species, or even particular strains within 
a species. One bacterial strain might be susceptible to two differ-
ent phages, whereas another strain of the same species might be 
susceptible to those two phages plus a third phage. Bacteriophages 
will be discussed further in Chapter 13. 

The sources of food-associa ted infections can be traced by 
phage typing. One version of this procedure starts with a plate 
totally covered with bacteria growing on agar. A drop of each dif-
ferent phage type to be used in the test is then placed on the 
bacteria . Wherever the phages are able to infect and lyse the bac-
terial cells, clearings in the bacterial growth (called plaques) 
appear (Figure 10.13). Such a test might show, for instance, that 
bacteria isolated from a surgical wound have the same pattern of 
phage sensitivity as those isolated from the operat ing surgeon or 
surgical nurses. This result establishes that the surgeon or a nurse 
is the source of infection. 

Fatty Acid Profiles 
Bacteria synthesize a wide variety of fatty acids, and in general, 
these fatty acids are constant for a part icular species. 
Commercial systems have been designed to separate cellular fatty 
acids to compare them to fatty acid profiles of known organisms. 
Fatty acid profiles, called FAME (fotty acid methyl ester), are 
widely used in clinical and public health laboratories. 

Figure 10.11 An ELISA test. (a) A technician 
uses a micropipette to add samples to a microplate 
for an ELISA (b) ELISA results are then read by the 
computer scanner. 

Q What are the similarities between the slide 
agglutination lest and the ELISA lest? 

Flow Cytometry 
Flow cytometry can be used to identify bacteria m a sample 
without culturing the bacteria. In a flow cytometer, a moving 
fluid containing bacteria is forced through a small opening (see 
Figure 18.12, page 516). The simplest method detects the pres-
ence of bacteria by detecting the difference in electrical conduc-
tivity between cells and the su rrounding medium . If the fl uid 
passing through the o pening is illuminated by a laser, the scatter-
ing of light provides information about the cell size, shape, 
density, and surface, which is analyzed by a computer. 
Fluorescence can be used to detect naturally fluorescent cells, 
such as Pseudomonas, or cells tagged with fluorescent dyes. 

Milk can be a vehicle for disease transmission. A proposed 
test that uses flow cytometry to detect Listeria in milk could 
save time because the bacteria would not need to be cultured for 
identification. Antibodies against Listeria can be labeled with a 
fluo rescent dye and added to the milk to be tested. The milk is 
passed through the flow cytometer, which records the fluores-
cence of the antibody-labeled cells. 

DNA Base Composition 
Taxonomists can use an o rganism's DNA base composition 
to draw conclusions about relatedness. This base composition 
is usually expressed as the percentage of guanine plus cytosine 
(G + C) . The base composition of a single species is theoretically 
a fued property; thus, a comparison of the G + C content in 
different species can reveal the degree of species relatedness. As we 
saw in Chapter 8, each guanine (G) in DNA has a complementary 
cytosine (C). Similarly, each adenine (A) in the DNA has a 
complementary thymine (T). Therefore, the percentage of DNA 
bases that are GC pairs also tells us the percentage that are AT pairs 
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o If Lyme disease is suspected in a patient: Electrophoresis 
is used to separate Borrelia burgdorferi proteins in the 
serum. Proteins move at dille rent rates based on their 
charge and size when the gel is exposed to an electric 
current bacteria y --Polyacrylamide 

9" 

-
Larger 

Smaller e The bands are transferred to a nitrocellulose filter by 
blotting. Each band consists of many molecules of a 
particular protein (antigen). The bands are not visible at 
this point 

Paper to." 

o The proteins (antigens) are positioned on the fi lter 
exaclly as they were on the gel. The filter is then 
washed with patient's serum followed by antihuman 
antibodies tagged with an enzyme. The patient 
antibodies that combine with their specific antigen are 
visible (shown here in red) when the enzyme·s 
substrate is added. 

o The test is read. If the tagged antibodies stick. to the 
filter, evidence of the presence of the microorganism in 
question-in this case, B. burgdorleri---tlas been found 
in the patient's serum. 

Figure 10.12 The Western blot. Proteins separated by 
electrophoresis can be detected by their reactions w ith antibodies. 

Q Name two diseases that may be diagnosed by Western blotting. 

(GC + AT = 100%), Two organisms that are closely related and 
hence have many identical or similar genes will have similar 
amounts of the various bases in their DNA, However, if there is a 
difference of more than 10% in their percentage of GC pairs (for 
example, if one bacterium's DNA contains 40% GC and another 
bacterium has 60% GC), then these two organ isms are probably not 
related, Of course, two organisms that have the same percentage of 

lilter 

./ ./ 

GC are not necessarily closely related; other supporting data are 
needed to draw conclusions about their phylogenetic relationship. 

DNA Fingerprinting 
Actually determining the entire sequence of bases in an organism's 
DNA is now possible with modern b iochemical methods, but this 
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Figure 10.13 Phage typing of a strain of Salmonella enterica. 
The tested strain was grown over the entire plate_ Plaques. or areas of 
lysis. were produced by bacteriophages. indicating that the strain was 
sensitive to infection by these phages. Phage typing is used to distinguish 
S emerica serotypes and Staphylococcus aureus types. 

Q What is being identified in phage typing? 

is currently impractical for laboratory identification because of the 
great amount of time required. However, the use of restriction 
enzymes enables researchers to compare the base sequences of dif-
ferent organ isms. Restriction enzymes cut a molecule of DNA 
ever),,-vhere a specific base sequence occurs, producing restriction 
fragments (as discussed in Chapter 9, page 249). For example, the 
enzyme EeoRI cuts DNA at the arrows in the sequence 

... .. . 

... C TT AA t G .. . 

In this technique, the DNA from two microorganisms is 
treated with the same restriction enzyme, and the rest riction 
fragments (RFLPs) produced are separated by electrophoresis 
(see Figure 9.17, page 264). A comparison of the number and 
sizes of restriction fragments that are produced from different 
organisms provides information about their genetic similari-
ties and differences; the more similar the patterns, or DNA 
jillgerprims, the more closely related the organisms are expected 
to be (Figure 10.14). 

DNA fingerprinting is used to determine the source of 
hospital-acquired infections. In one hospital, patients undergoing 
coronary-bypass surgery developed infections caused by 

Figure 10.14 DNA fingerprints. Plasmids from seven different 
bacteria were digested with the same restrict ion enzyme. Each digest was 
put in a different wel l (origin) in the agarose gel. An electrical current was 
then applied to the gel to separate the fragments by size and electrical 
charge. The DNA was made visible by staining with ethidium bromide. 
which fluoresces under ultraviolet light. Comparison of the lanes shows 
that none of the DNA samples (and therefore none of the bactena) IS 
identical. 

Q What is an RFLP? 

Rhodococcus brollchialis (ro-do-kok'kus bron-kC'al-is). The DNA 
fingerprints of the patients' bacteria and the bacteria of one nurse 
were identical. The hospital was thus able to break the chain of 
transmission of this infection by encouraging this nurse 10 use 
aseptic technique. DNA finge rprinting to locate the source of 
tomato-associated diarrhea is described in the box in Chapter 25 
on page 715. 

The Polymerase Chain Reaction 
When a microorganism cannot be cu ltured by convent ional 
methods, the causative agent of an infectious disease might not 
be recognized. However, a technique called the polymerase 
chain reaction (peR) can be used to increase the amount of 
microbial DNA to levels that can be tested by gel electrophoresis 
(see Chapter 9, page 251). If a primer for a specific microorgan-
ism is used, the presence of amplified DNA indicates that 
microorgan ism is present. 

In 1992, researchers used PCR to determine the causative 
agent of Whipple's disease, which was previously an unknown 
bacterium now named Tropheryma whipple; (tro'fcr-e-ma 
whip'ple-e). Whipple's disease was first described in 1907 by 
George Whipple as a gastrointestinal and nervous system disor-
der caused by an unknown bacillus. No one has been able to cu l-
ture the bacterium to identify it, and thus PCR provides the only 
reliable methods of diagnosing and treating the disease. 

In recent years, PCR made possible several discoveries. For 
example, in 1992, Raul Cano used PCR to amplify DNA from 



Figure 10.15 DNA-DNA hybridization. The 
greater the amount of pairing between DNA 
strands from different organisms (hybridization). 
the more closely the organisms are re lated. 

Q What is the principle invotved in DNA 
probes? 

Organism A DNA 

"""'" , i i i i i i 
! ! ! , 

o Determine degree 
ot hybridization. 

i 
! 

,. 
• 

CHAPTER 10 Classification of Microorganisms 291 

o Heat to separate strands. 

f i iii i , ....... , 'I ,'- "<. 
i , ! 

Organism B DNA 

"""'" , i i i i i 

-? ! ! ! ! 

o Combine single 
strands of DNA. 

i 
, ! c.. 

o Cool to allow renaturation _-----1 ........................ , of double·stranded DNA. 

ii'iil' 
I I I I I <' 

__ 111111111 
Complete hybridization: 

organisms identical 
Partial hybridization: 
organisms related 

No hybridization: "'< 
organisms unrelated 

Bacillus bacteria in amber that was 25 to 40 million years old. 
These primers were made from rRNA sequences in living B. cir-
w/alls to amplify DNA coding for rRNA in the amber. These 
primers will cause amplification of DNA from other Bacillus 
species but do not cause amplification of DNA from other bac-
teria that might have been present, such as Escherichia or 
Pseudomotlas. The DNA was sequenced after amplification. This 
information was used to determine the relationships between the 
ancient bacteria and modern bacteria. 

In 1993, microbiologists identified a Halltavirus as the 
cause of an outbreak of hemorrhagic fever in the American 
Southwest using PCR. The identification was made in record 
time-less than 2 weeks. peR was used in 1994 to identify the 
causative agent of a new tickborne disease (human granulocytic 
ehrlichiosis) as the bacterium Ehr/ichia cllafJeetlsis (cr'lik-c -ii 
charc-en -sis)(page 654). PCR is used to identify the source of 
rabies viruses; see the box in Chapter 22 (page 625). 

TaqMan is a commercial system that uses PCR to identify 
pathogenic E. coli in food and water. With this system, the newly 
amplified E. coli DNA fluoresces and can be detected using gel 
electrophoresis. 

Nucleic Acid Hybridization 
If a double-stranded molecule of DNA is subjected to heat, the 
complementary strands will separate as the hydrogen bonds 
between the bases break. If the single strands are then cooled 
slowly, they will reunite to form a double-stranded molecule 
identical to the original double strand . (This reunion occurs 
because the single strands have complementary sequences. ) 

When this technique is applied to separated DNA strands from 
two different organisms, it is possible to determine the extent of 
similarity between the base sequences of the two organisms. This 
method is known as nucleic acid hybridization. The procedure 
assumes that if two species are similar or related, a major portion 
of their nucleic acid sequences will also be similar. The procedu re 
measures the ability of DNA strands from one organism to 
hybridize (bind through complementary base pairing) with the 
DNA strands of another organism (Figure 10.15). The greater the 
degree of hybridization, the greater the degree of relatedness. 

Sim ilar hybridization reactions can occur between any 
single-stranded nucleic acid chain: DNA-DNA, RNA-RNA, 
DNA-RNA. An RNA transcript will hybrid ize with the separated 
template DNA to form a DNA-RNA hybrid molecule. Nucleic 
acid hybridization reactions are the basis of several techniques 
(described below) that are used to detect the presence of 
microorganisms and to identify unknown organisms. 

Southern Blotting 
Nucleic acid hybridization ca n be used to identify unknown 
microorganisms by Southern blotting (see Figure 9.16, page 
263). In addition, rapid identification methods using DNA 
probes are being developed. One method involves breaking 
DNA extracted from Sa/mollel/a into fragments with a restriction 
enzyme, then selecting a specific fragment as the probe for 
Sa/mollel/a (Figure 10.16). This fragment must be able to 
hybrid ize with the DNA of all Sa/mmlella strains, bu t no t wit h 
the DNA of closely related enteric bacteria. 
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o A Salmonella DNA 
Iragment is cloned in 
E. coli. 

.. ... .... 
O. 0 

o Unknown bacteria 
are collected 
on a filter. 

/ 

e The cells are lysed, 
and the DNA 
is released. 

1'/ 

1/ ...... 

Figure 10.16 A DNA probe used to 
identify bacteria. Southern blotting is 
used to detect specifIC DNA This 
modlfica\Jon of the Southern blot is used to 
detect Salmonella. 

Q Why do the DNA probe and cellular 
DNA hybridize? 

o Cloned DNA Iragments are marked 
with fluorescent dye and separated 
inlo single strands, forming 
DNA probes. o The DNA is separated into 

single strands. 

o 

o 

DNA probes are ackled 
to the DNA from the 
unknown bacteria. 

DNA probes hybridize with 
Salmonella DNA from sample. 
Then excess probe is washed 
011. Floorescence indicates 
presence of Salmone/Ia. 

• 0 •• •••• / 

DNA Chips 
An exciting new technology is the DNA chip, which will make it 
possible to quickly detect a pathogen in a host by identifying a 
gene that is un ique to that pathogen (Figure 10.17). The DNA 
chip is composed of DNA probes. A sample contai ning DNA 
from an unknown organism is labeled with a fluorescent dye and 
added to the chip. Hybridization between the probe DNA and 
DNA in the sample is detected by fluoresence. 

Ribotyping and Ribosomal RNA Sequencing 
Ribotyping is currently being used to determine the phylogenet-
ic relationships among organisms. There are several advantages to 
using rRNA. First . all cells contain ribosomes. Second. RNA genes 
have undergone few changes over time so all members of 
a domain. phylum. and. in some cases. a genus, have the same 
"signatu re" sequences in their rRNA. The rRNA used most often 
is a component of the smaller portion of ribosomes. A third 
advantage of rRNA sequencing is that cells do not have to be cul-
tured in the laboratory. 

DNA can be amplified by peR using an rRNA primer for 
specific signature sequences. The amplified fragments are 

-DNAlrom 
other bacteria / 

subsequently cut with one or more restriction enzymes and sep· 
arated by electrophoresis. The resulting band patterns can then 
be compared. Then the rRNA genes in the amplified fragments 
can be sequenced to determi ne evolutionary rela tionsh ips 
between o rgan isms. This tech nique is useful for classifying a 
newly discovered organism to domain o r phylum or to deter-
mine the general types of organ isms present in one environ· 
mcnt. More specific probes (sec page 291) arc needed to ident ify 
individual species, however. 

Fluorescent In Situ Hybridization (FISH) 
Fluorescent dye-labeled RNA or DNA probes arc used to specif. 
ically stain microorganisms in place, or in situ. This technique is 
called fluorescent in situ hybridization. or FISH. Cells are 
treated so the probe en ters the cells and reacts with target 
ribosome in the cell (in situ ). FISH is used to determinc the 
identity, abundance. and relative activity of microorgan isms in an 
environment and can be used to detect bacteria that have not yet 
been cultured. Using FISH. a tiny bacterium, Pelagibacrer (pel-
aj'e·bak-ter). was discovered in the ocean and determined to be 
related to the rickettsias (page 303). As probes are developed, 



(a) A DNA chip can be 
manufactured to contain 
hundreds of thousands of 
synthetic singfe-stranded 
DNA sequences. Assume 
that each DNA sequence 
was unique to a different 
gene. 

(b) Unknown DNA from a patient is separated into single strands. 
enzymatically cut. and labeled with a fluorescent dye. 

• • 

•• •• 

• • 
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(e) The unknown DNA is inserted inlo 
the chip and allowed to hybridize with 
the DNA on the chip. 

(d) The tagged DNA will bind only to the 
complementary DNA on the chip. The 
bound DNA will be detected by its 
fluorescent dye and analyzed by a 
computer. The red light is a gene 
expressed in normal cells; green is a 
mutated gene expressed in tumor 
cells; and yellow, in both cells. 

Figure 10.17 DNA chip technology. DNA chip technology will 
enable much more rapid. inexpensive analysis using many more probes. 
Chip technology is new: however. scientists soon hope to use DNA chips 
to detect microbes in a human or environmental sample. to identify cancer 
genes. to identify potential suspects in a crime or victims of a crime or 
catastrophe. to identify endangered species. and to match organ donors. If 
the DNA chip in (d) was constructed from different bacterial DNA, each 
spot would represent a bacterium, and the spot giving off fluorescent light 
would identify the bacterium in the sample. 

Q What is on the chip to make it specific for a particu'ar 
microorganism? 
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FISH can be used to detect bacteria in drinking water or bacteria 
in a patient without the normal 24-hour or longer wait required 
for culturing the bacteria (Figure 10.18). 

Putting Classification Methods Together 
Mo rphological characteristics, differential staining, and bio-
chemical tes.ing were the only identification tools available 
just a few years ago. Technological advancements are making it 
possible to use nucleic acid analysis techniques, once reserved 
for classification, for routine identification. Information 
obtained about microbes is used to identify and classify the 
o rganisms. Two methods of using the information arc 
described below. 

Dichotomous Keys 
Dichotomous keys arc widely used for identification. In a 
dichotomous key, identification is based on successive 
questions, and each question has two possible answers 
(dichotomous means cut in two). After answering one question, 
the investigator is directed to another question until an 
organism is identified. Although these keys often have little to 
do with phylogenetic relationships, they arc invaluable for 
identification. For example, a dichotomous key for bac.eria 
could begi n with an easily determ ined characteristic, such as 
cell shape, and move on to the ability to ferment a sugar. 
Dichotomous keys arc shown in Figure 10.8 and in the box on 
page 283. Animations Dichotomous Keys: Overview, Sample with 
Flowchart, Practice. www.microbiologyplace.com 

Cladogmms 
Cladograms arc maps that show evolutionary relationships 
among organisms (dado- means branch). Cladograms are shown 
in Figures 10.1 and 10.6. Each branch point on the cladogram is 
defined by a feature shared by various species on that branch. 
Historically, cladograms for vertebrates were made using fossil 
evidence; however, rRNA sequences are now being used to con-
firm assumptions based on fossils. As we said ea rlier, most 
microorganisms do not leave fossils; therefore, rRNA sequencing 
is primarily used to make cladograms for microorganisms. The 
small rRNA subunit used has 1500 bases, and computer 
programs do the calculations. The steps for constructing a clado-
gram arc shown in Figure 10.19. 

o Two rRNA sequences are aligned, and 
o the percentage of similarity between the sequences is 

calcula.ed. 
e Then the horizontal branches are drawn in a length propor-

tional to the calcu lated percent similarity. All species beyond 
a node (branch point) have simila r rRNA sequences, sug-
gesting that they arose from an ancestor at that node. 
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, 

(, ) 

• 

, .... 
'V .. ' , 

(b) 

Figure 10.18 FISH, or fluorescent in situ hybridization. A DNA or RNA probe attached to 
fluorescent dyes is used to identify chromosomes_ Bacteria seen with phase-contrast microscopy 
Ca) are identified w ith a fluorescent -labeled probe that hybridizes with a specific sequence of ONA in 
Staphylococcus aureus (b) . 

Q What is stained using the FISH technique? 

CHECK YOUR UNDERSTANDING 

..r What is in Bergeys Manuaf? 10-13 

..r What is identified by phage typing? 10-16 

..r Why does peR identify a microbe? 10-17 

..r Design a rapid test for a Staphylococcus aureus. (Hint: See 
Figure 6.10. page 169.) 10-14 

..r Which techniques involve nucleic acid hybridization? 10-18 

..r Is a c ladogram used for identification or c lassification? 10-12, 

..r What is tested in Western blotting and Southern blotting? 10-15 
10-19 

o Determine the sequence 01 
bases in an rRNA molecule for 
each organism. Only a short 
sequence 01 bases is shown for 
this example. 

Lactobacillus brevis 
L. sanfranciscensis 
L. acidophilus 
L. plan/arum 

AGUCCAGAGC 
GUAAAAGAGC 
AGCGGAGAGC 
ACGUUAGAGC 

e Calculate the percentage of similarity 
in the nucleotide bases between 
pairs of species. For example. 

Percent similarity 

there is a 70% similarity 
between the sequences lor L. 
brevis and L. acidophilus. 

o Construct a cladogram. The 
length of the horizontal lines 

L. brevis - L. sanfranCiscensis 
L. brevis - L. acidophilus 
L. brevis - L. plantarum 
L. sanfranCiscensis - L. acidophilus 
L. sanfranCiscensis - L. plantarum 
L. plan/arum - L. acidophilus 

% similarity 
corresponds to the percent 100 

50% 
70% 
60% 
50% 
50% 
60% 

50 
similarity values. Each C' __ "''-_-'' __ ...L' __ "''-_-'' 
branch point, or node, in the 
cladogram represents an 70% node 
ancestor common to al l species L. brevis ---------' ,/' 
beyond that node. Each node L. acidophilus _______ _ 
is defined by a similarity in 
rRNA present in all species L. plantarum 60% beyond that branch point. L. sanfranciscensis 

50% 

Figure 10.19 Building a c ladogram. 

Q Why do L brevis and L. Bcidophifus 
branch from the same node? 
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STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com)will 
help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. 8 learn 
and practice with animations. tutorials. and MP3 tutor sessions. and 
9 test yourself with quizzes and a chapter post-test. 

Introduction (p.273) 

I. Taxonomy is the science of the classification of organisms. Its goal 
is to show relationships among organisms. 

2. Taxonomy also provides a means of identifying organisms. 

The Study of Phylogenetic 
Relationships (pp.274- 278) 

I. Phylogeny is the evolutionary history of a group of organisms. 
2. The taxonomic hierarchy shows evolutionary, or phylogenetic, 

relationships among organisms. 
3. Bacteria were separated into the Kingdom Prokaryotae in 1968. 
4. Living organisms were divided into five kingdoms in 1969. 

The Three Domains (pp. 274- 277) 
5. Living organisms are currently classified into three domains. A 

domain can be divided into kingdoms. 
6. In this system, plants, animals, fungi, and protists belong to the 

Domain Eukarya. 
7. Bacteria (with peptidoglycan) form a second domain. 
8. Archaea (with unusual cell walls) are placed in the Domain 

Archaea. 

A Phylogenetic Hierarchy (pp.277- 278) 
9. Organisms are grouped into taxa according to phylogenetic rela-

tionships (from a common ancestor). 
10. Some of the information for eukaryotic relationships is obtained 

from the fossil record. 
I!. Prokaryotic relationships are determined by rRNA sequencing. 

Classification of Organisms (pp.278- 282) 

Scientific Nomenclature (pp.278- 279) 
I. According to scientific nomenclature, each organism is assigned 

two names, or a binomial: a genus and a specific epithet, or 
• specIes. 

2. Rules for the assignment of names to bacteria are established by 
the International Committee on Systematics of Prokaryotes. 

3. Rules for naming fungi and algae are published in the 
/mernationa/ Code of Botanical Nomenclature. 

4. Rules for naming protozoa are found in the International Code of 
Zoological Nomenclalllre. 

The Taxonomic Hierarchy (p.279) 
5. A eukaryotic species is a group of organisms that interbreeds with 

each other but does not breed with individuals of another species. 

6. Similar species are grouped into a genus; similar genera are 
grouped into a family; families, into an order; orders, into a class; 
classes, into a phylum; phyla, into a kingdom; and kingdoms, into 
a domain. 

Classification of Prokaryotes (pp.279- 281) 
7. Bergey's Manual ofSystemntic Bacteriology is the standard reference 

on bacterial classification. 
8. A group of bacteria derived from a single cell is called a strain. 
9. Closely related strains constitute a bacterial species. 

Classification of Eukaryotes (pp. 281 - 282) 
10. Eukaryotic organisms may be classified into the Kingdom Fungi, 

Plantae, or Animalia. 
11. Protists are mostly unicellular organisms; these organisms are cur-

rently being assigned to kingdoms. 
12. Fungi are absorptive chemoheterotrophs that develop from spores. 
13. Multicellular photoautotrophs are placed in the Kingdom Plantae. 
14. Multicellular ingestive hetcrotrophs are classified as Animalia. 

Classification of Viruses (p.282) 
15. Viruses are not placed in a kingdom. They are not composed of 

cells and cannot grow without a host cell. 
16. A viral species is a population of viruses with similar characteris-

tics that occupies a particular ecological niche. 

Methods of Classifying and Identifying 
Microorganisms (pp.282- 294) 

1. Bergey's Manual of Determillative Bne/eriology is the standard ref-
erence fo r laboratory identification of bacteria. 

2. Morphological characteristics are useful in identifying microor-
ganisms, especially when aided by diffe rential staining techniques. 

3. The presence of various enzymes, as determined by biochemical 
tests, is used in identifying microorganisms. 

4. Serological tests, involving the reactions of microorganisms with 
specific antibodies, arc useful in determining the identity of strains 
and species, as well as relationships among organisms. ELISA and 
Western blotting are examples of serological tests. 

5. Phage typing is the identification of bacterial species and strain5 
by determining their susceptibility to various phages. 

6. Fatty acid profiles can be used to identify some organisms. 
7. Flow cytometry measures physical and chemical characteristics of 

cells. 
8. The percentage of GC base pairs in the nucleic acid of cells can be 

used in the cla5sification of organisms. 
9. The number and sizes of DNA fragments, or DNA fingerprints, 

produced by restriction enzymes are used to determine genetic 
similaritie5. 

10. The polymerase chain reaction (PCR) can be used to amplify a 
small amount of microbial DNA in a sample. The presence or 
identification of an organism i5 indicated by amplified DNA. 
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11. Single strands of DNA, or of DNA and RNA, 
from related organisms will hydrogen-bond to 
form a double-stranded lllolecule; this bonding 
is called nucleic acid hybridization. 

12. Southern blotting, DNA chips, and FISH are 
examples of nucleic acid hybridiza tion 
techniques. 

13. The sequence of bases in ribosomal RNA can be used in the classi-
fication of organisms. 

14. Dichotomous keys are used for the identification of organisms. 
Cladograms show phylogenetic relationships among organisms. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
I. Which of the following organisms are most closely related? Are 

any two the same species? On what did you base your answer? 

Characteristic 

Morphology 
Gram Reacllon 
Glucose 

Utltizallon 
Cytochrome 

Oxidase 
GC Moles % 

A 

Rod , 
Fermen-
tative 

Present 

48-52 

• 
Coccus 

Oxi-
da tive 

Present 

23-40 

c 
Rod 

Fermen-
ta tive 

Absent 

50-54 

D 

Rod , 
Fermen-
tat ive 

Absent 

49-53 

2. Here is some additional information on the organisms in question 1: 

Ol"{Janism 

Aand B 
Aand C 
A and D 
Band C 
Band 0 

% DNA Hybridization 

5- 15 
5-15 

70- 90 
10-20 
2-5 

Which of these organisms are mosl closely related? Compare this 
answer with your response to review question 1. 

Staphylococcus 
aureus 

Streptococcus 
pyogenes 

Mycop/asma 
pneumomae 

C/osrn'dium 
bow/inurn 

Escherichia coli 
Pseudomonas 

aerugmosa 

Campy/obaeter fetus 
Listeria 

monoeytogenes 

Morphology 

Coccus 

Coccus 

Coccus 

Rod 

Rod 
Rod 

Vibrio 
Rod 

Gmm 
Reaction 

, 

, 

Acid from 
Glucose 

, 

, 

, 
, , 

, 

3. Use the information in the table below to com-DRAW IT 
plete the dichotomous key to these organisms. What is the pur-
pose of a d ichotomous key? Look up each genus in Chapter 11, 
and provide an example of why this organism is of interest 
to humans. 

Gram reaction 

Morphology 

Coccus Rod 

I I 
Catalase Endospore 

/'-.-. /'-.-. 

Growth 
in Air 

(21 % Ozl 

Motile by 
Peritrichous 

Flagella 

, 

, 
(Colonies 
< 1 mm) 

, , 

, 

, 
, 

, 

Presence of 
Cytochrome 

Oxidase 

, 
, 

Produce 
Catalase 

, 

, 

, , 
, 
, 



4. DRAW IT Use the additional information shown below to COIl -

struct a dadogram for some of the organisms used in question 3. 
What is the purpose of a c1adogram? How does your dadogram dif-
fer from a dichotomous key for these 

Similarity In rRNA Bases 

P. aeruginoso- M. pneumoniae 
P aeruginosa- G. bow/inurn 

52% 
52% 
79% 
65% 
52% 
52% 

P aeruginosa- E. coli 
M. pneumoniae- C botulinum 
M. pneumoniae- E. coli 
E coli- C bOW/inum 

100 , , 

Multiple Choice 

% similarity 
50 , , , , 

I. Bergey's Manual of Systematic Bacteriology differs from Bergey's 
Mamlili of Determinative Bacteriology in tha t the fo rmer 
a. groups bacteria into species. 
h. groups bacteria according to phylogenetic relationships. 
c. groups bacteria according to pathogenic proprrties. 
d. groups bacteria into 19 species. 
e. all of the above 

2. BlICilills and Lactobacilius are not in the same order. This indicates 
that which one of the following is rIOt sufficient to assign an 
organism to a taxon? 
a. biochemical characteristics d. serology 
b. amino acid sequencing e. morphological characteristics 
c. phage typing 

3. Which of the following is used to classify organisms into the 
Kingdom Fungi? 
a. ability to photosynthesize; possess a cell wall 
b. unicellular; possess cell wall; prokaryotic 
c. unicellular; lacking cell wall; eukaryotic 
d. absorptive; possess cell wall; eukaryotic 
e. ingestive; lacking cell wall; multicellular; prokaryotic 

4. Which of the following is lIot true about scientific nomenclature? 
a . Each name is specific. 
h. Names vary with geographical location. 
c. The names are standardized. 
d. Each name consis ts of a genus and specific epithet. 
e. It was first designed by Linnaeus. 

5. You could identify an unknown bacterium by all of the 
following except 
a. hybridizing a DNA probe from a known bacterium with the 

unknown's DNA. 
h. making a fa tty acid profile of the unknown. 
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c. specific antiserum agglutinating the unknown. 
d. ribosomal RNA sequencing. 
e. percentage of guanine + cytosine. 

6. The wall-less mycoplasmas are considered to be related to gram-
positive bacteria. Which of the following would provide the most 
compelling evidence for this? 
a. They share common rRNA sequences. 
b. Some gram-positive bacteria and some mycoplasmas produce 

catalase. 
c. Both groups are prokaryotic. 
d. Some gram-positive bacteria and some mycoplasmas have coc-

cus-shaped cells. 
e. Both groups contain human pathogens. 

Use the following choices to answer quest ions 7 and S. 
a. Animalia d. Firmicutes (gram-positive bacteria) 
b. Fungi e. Proteobacteria (gram-negative 
c. Plantae bacteria) 

7. Into which group would you place a multicellular organism that 
has a mouth and lives inside the human liver? 

8. Into which group would you place a photosynthetic organism that 
lacks a nucleus and has a thin peptidoglycan wall surrounded by 
an outer membrane? 

Use the following choices to answer questions 9 and 10. 
I. 9 + 2 flagella 4. nucleus 
2. 70S ribosome 5. peptidoglycan 
3. fimbria 6. plasma membrane 

9. Which is (are) found in all three domains? 
a. 2,6 d. I,3,S 
h. S e. all six 
c. 2, 4,6 

10. Which is (are) found ollly in prokaryotes? 
a. I,4,6 d. 4 
b.3,S e. 2,4,S 
c. J, 2 

Critical Thinking 
I. The GC content of Micrococcus is 66--75 moles %, and of 

StaphylococCl/s, 30-40 moles % . According to th is information, 
would you conclude tha t these two genera are closely related? 

2. Describe the use of a DNA probe and PCR for: 
a. rapid identification of an unknown bacterium. 
h. determining which of a group of bacteria are most closely 

related. 
3. SF medium is a selective medium, developed in the 1940s, to test 

for fecal contamination of milk and water. Only certain gram -
positive cocci can grow in this medium. Why is it named SF? 
Using this medium, which genus will you culture? (Him: Refer to 
page 279.) 

Clinical Applications 
I. A 55-year-old veterinarian was admitted to a hospital with a 

2-day history of fever, chest pain, and cough. Gram-positive cocci 
were detected in his sputum, and he was treated for lobar pneu -
monia with penicillin. The next day, another Gram stain of his 
sputum revealed gram -negative rods, and he was switched to 
ampicillin and gentamicin. A sputum culture showed 
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biochemically inactive gram-negative rods identified as Pllntoell 
(Enterobllcter) Ilgg!omerllns. After fluorescent-antibody stain ing 
and phage typing, Yersinill pes/is was identified in the patient's 
sputum and blood, and chloramphenicol and tetracycline were 
administered. The patient died 3 days after admission to the 
hospital. Tetracycline was given to his 220 contacts (hospital 
personnel, family, and co-workers). What disease did the patient 
have? Discuss what went wrong in the diagnosis and how his 
death might have been prevented. Why were the 220 other people 
treated? (Hi ,lt: Refer to Chapter 23.) 

2. A 6-year-old girl was admitted to a hospital with endocarditis. 
Blood cultures showed a gram-positive, aerobic rod identified by 
the hospital laboratory as Corynebllcterium xerosis. The girl died 
after 6 weeks of treatment with intravenous penicillin and chlor-
amphenicol. The bacterium was tested by another laboratory and 
identified as C. diphtherille. The following test results were 
obtained by each laboratory: 

Catalase 

Nitrate reduction 

Urea 
Esculin hydrolysis 
Glucose fermentation 

Sucrose fermentation 
Serological test for 

toxin production 

Hospital Lab 

, 
, 

, 
Not done 

Other lab 

, 
, 

, 
, 
, 

Provide a possible explanation for the incorrect identi fi ca tion. 
What are the potential p ublic health consequences of misidentifying 
C. diplltlu:riac? (Hiut: Refer to Chapter 24.) 

3. Using the following information, create a dicho tomous key for 
distinguishing these unicellular organisms. Which cause human 
disease? 

Mitochoodria? Chlorophyll? Nutritional Motile? 

Euglena 

Giardia 

Nosema 

Pfiesteria 

Tn·chomonas 

Trypanosoma 

, 

, 
, 

, 

, 

Type? 

Both 
Heterotroph 
Heterotroph 
Autotroph 
Heterotroph 

Heterotroph 

, 
, 
, 
, 
, 

Using the additional information shown below, create a dichoto-
mous key for these organisms. Do your two keys differ? Explain 
why. Which key is more useful for laboratory identification? For 
classification? 

rRNA base-ll , , 3 • 5 , , 8 

Euglena C C A G G U U G 
Giardia C C A U A U U U 
Nosema C C A U A U U U 
Pfiesteria C C A A C U U A 
Trichomonas C C A U A U U U 
Trypanosoma C C A C G U U G 

8 ,. " " " " " " " " " ,. 
U U C C A G U U U U A A 
U U G A C G A A G G U C 
U U A A C G A A G G C C 
U U C C A G U U U C A G 
U U G A C G A A G G G C 
U U C C A G U U U A A A 



The Prokaryotes: 
Domains Bacteria 
and Archaea 

When biologists first encountered microscopic bacteria, they were puzzled as to how to 
classify them. Bacteria were clearly not animals or rooted plants. Attempts to build a 
taxonomic system for bacteria based on the phylogenetic system developed for plants and 
animals fai led (see page 274). In the earlier editions of Bergey's Manual bacteria were grouped 
by morphology (rod, coccus), staining reactions, presence of endospores, and other obvious 
features. Although this system had its practical uses, microbiologists were aware that it had 
many limitations, a bit as though bats and birds were being grouped together as being 
winged. The knowledge of bacteria at the molecular level has now expanded to such a degree 

that it is possible to base the latest edition of Bergey's Manual on a 
phylogenetic system. For example, the genera Rickettsia and 

Chlamydia are no longer grouped together by their common 
requirement for intracellular growth. Whi le members of the 

genus, Chlamydia, are now found in a phylum familiarly 
named, Chlamydia, the r ickettsias are now grouped in a 
distant phylum, Proteobacteria, in the strangely named 
class, Alphaproteobacteria. Some microbiologists find 
such changes upsetting, but they reflect important 
differences. These differences are primari ly in the 
ribosomal RNA (rRNA) of the microbes, a genetic 

component which is slow to change (see page 292) 
and performs the same functions in all organisms. 

Q 
Bacteria are single-celled organisms that must 
absorb their nutrients by simple diffusion. The 
dimensions of T l1amibiensis are several hundred 
times larger than most bacteria, much too large for 
simple diffusion to operate. How does the 
bacterium solve this problem? 
Look for the answer in the chapter. 
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The Prokaryotic Groups 
In the second edition of Bergey's MatllUl/, the prokaryotes are 
grouped into two domains, the Archaea and the Bacteria, Both 
domains consist of prokaryotic cells. Spelled without 

capitalization, that is, archaea and bacteria, these terms denote 
organ isms that fit into these domains. Each domain is divided into 
phyla, each phylum into classes, and so on. The phyla discussed in 
this chapter are summarized in Table 11.1 (see also Appendix Fl. 

Table 11.1 Selected Prokaryotes from Bergey's Manual o( Systematic Bacteriology, Second Edition· 

Phylum 
Class 

DOMAIN BACTERIA 
Proteobacteria 

Alphaproteobacteria 

Betaproteobacteria 

Gammaproteobacteria 

Caulobacterales 
Rickettsiales 

Rhizobiales 

Rhodospirillales 

Burkholderiales 

Hydrogenophila les 
Neisseriales 
Nitrosomonadales 

Rhodocyclales 

Chromatiales 
Thiotrichales 

Legionellales 

Pseudomonadales 

Vibrionales 
Enterobacteriales 

Important Genera 

Caulobacter 
Ehrlichia 
Rickeusia 
Wolbachia 
Agrobacterium 
Bartonella 
Beij'erinckia 
Bradyrhizobium 
Brucella 
Hyphomicrobium 
Nitrobacter 
Rhizobium 
Acetobacter 
Azospirillum 
Gluconobacter 
Rhodospirillum 

Burkholderia 
Bordetella 
Sphaerotilus 
Thiobacillus 
Neisseria 
Nitrosomonas 
Spirillum 
Zoogloea 

Chromatium 
Beggiatoa 
Thiomargarita 
Francisella 
Legionella 
Coxiella 
Azomonas 
Azotobacter 
Moraxella 
Pseudomonas 
Vibrio 
Citrobacter 
Emerobacter 
Erwinia 
Escherichia 
Klebsiella 
Proteus 

Special Features 

Stalked 
Obl igately intracell ular human pathogens 
Obligately intracellular human pathogens 
Symbionts of insects 
Plant pathogens 
Human pathogens 
Free-living nitrogen fi)(ers 
Symbiotic nitrogen fi)(ers 
Human pathogens 
Budding 
Nitrifying 
Symbiotic nitrogen fi)(ers 
Acetic acid producers 
Nitrogen fi)(ers 
Acetic acid producers 
Photosynthetic. ano)(ygenic 

Opportunistic pathogens 
Human pathogens 
Sheathed 
Sulfur o)(idizers 
Human pathogens 
Nitrifying 
Found in stagnant fresh water 
Sewage treatment 

Photosynthetic. ano)(ygenic 
Sulfur o)(iders 
Giant bacterium 
Human pathogens 
Human pathogens 
Obligately intracell ular human pathogens 
Free-living nitrogen fixers 
Free-living nitrogen fixers 
Human pathogens 
Opportunistic pathogens 
Human pathogens 
Opportunistic pathogens 
Opportunistic pathogens 
Plant pathogens 
Norma l intestinal bacteria. some pathogens 
Opportunistic pathogens 
Human intestina l bacteria. occasional pathogens 

'See Appendix F for a complete taxonomic li sting. Th is table includes prokilryotes mentioned in thiS text. Descriptions such as pathogenic mean that th is trait is 
common in the genus but not that al l members of the genus may have this trail. 



Table 11.1 (continued) 

Phylum 
Class 

Deltaproteobacteria 

Epsilonproteobacteria 

0 .. "" 

Pasteurel lales 

Bdellovibrionales 

Oesulfovibriona les 
Myxococcales 

Campylobacterales 

Nonproteobacteria, Gram-Negative Bacteria 
Cyanobacteria 

Chlorobi 

Chloroflexl 

Finnicutes (The low G + C Gram-Positive Bacteria) 
Clostridiales 

Mycoplasmatales' 

Bacillales 

Lactobacillales 

Actinobacteria (The High G + C Gram-Positive Bacteria) 
Actinomycetales 
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Important Genera 

Salmonella 
Serratia 
Shigella 
Yersinia 
Haemophilus 
Pasteurella 

Bdellovibrio 

Oesulfovibrio 
Myxococcus 
Stigmatella 

Campy/obacter 
Helicobacter 

Anabaena 
Gloeocapsa 

Chlorobium 

Ch loroflexus 

Clostridium 
Epulopiscium 
Sarcina 

Mycoplasma 
Spiroplasma 
Ureap/asma 

Bacillus 
Listeria 
Staphylococcus 

Enterococcus 
Lactobacil/us 
Streptococcus 

Actinomyces 
Corynebacterium 
Frankia 
Gardnerella 
Mycobacterium 
Nocardia 
Propionibacterium 
Streptomyces 

Special Features 

Human pathogens 
Red pigment, opportunistic pathogens 
Human pathogens 
Human pathogens 
Human pathogens 
Human pathogens 

Parasites of bacteria 

Sulfate reducers 
Gliding, fruit ing 
Gliding, fruit ing 

Human pathogens 
Human pathogens. carcinogenic 

Photosynthetic. oxygenic 
Photosynthetic. oxygenic 

Photosynthetic. anoxygenic 

Photosynthetic, anoxygenic 

Anaerobes, end os pores, some human pathogens 
Giant bacterium 
Occur in cubical packets 

No cell wall, human pathogens 
No cell wall, pleomorphic, plant pathogens 
No cell wall, ammonia from urea 

Endospores, some pathogens 
Human pathogens 
Some human pathogens 

Opportunistic pathogens 
Lactic acid producers 
Many human pathogens 

Filamentous, branching, some human pathogens 
Human patllOgens 
Symbiotic nitrogen-fixers 
Human pathogens 
Acid fast, human pathogens 
Filamentous, branching, opportunistic pathogens 
Propionic acid producers 
Filamentous branching, many produce antibiotics 

'The bactena In the order Mycoplasmatales are genetically related 10 the low G + C gram-positive bactena, but they lack a cell wa ll and stam gram-negatwe. 
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Table 11.1 Selected Prokaryotes from Bergey's Manual of Systematic Bacteriology, 2nd Ed. (continued) 

Phylum 
Class 

Planctomycetes 

Chlamydiae 

Spirochaetes 

Bacteroidetes 

Fusobacteria 

DOMAIN ARCHAEA 

0 .. "" 

Planctomycetales 

Chlamydiales 

Spirochaetales 

Bacteroidales 

Fusobacteriales 

Crenarchaeota (Gram-Negative) 
Desulfurococcales 
Sulfolobales 

Euryarchaeota (Gram-Positive to Variable) 
Methanobacteria res 
Ha lobacteriales 

Important Genera 

Pfanctomyces 
Gemmata 

Chlamydia 
Chlamydophila 

Borrelia 
Leptospira 
Treponema 

Bacteroides 
Prevotella 

Fusobacterium 
Streptobacillus 

Pyrodiclium 
Sulfolobus 

Methanobacterium 
Halobacterium 
Halococcus 

Special Features 

No peptidoglycan in cell wall , sta lked 
No peptidoglycan in cell wall , internal structure 
resembles eukaryotic nucleus 

Intracellular parasites, human pathogens 
Intracellular parasites, human pathogens 

Human pathogens 
Human pathogens 
Human pathogens 

Human intestinal tract 
Human ora l cavity 

Human intestinal tract 
A human pathogen 

Hyperthermophiles 
Hyperthermophiles 

Methanogens 
Require high salt concentration 
Require high salt concentration 

DOMAI N BACTERIA 
Most of us think of bacteria as invisible, potentially harmful litt le 
creatures. Actually, relatively few species of bacteria cause disease 
in humans, animals, plants, o r any other organisms. Once you have 
completed a course in microbiology, you will realize that without 
bacteria, much of life as we know it would not be possible. In this 
chapter, you will learn how bacterial groups are differentiated from 
each other and how important bacteria arc in the world of micro-
biology. Our discussion emphasizes bacteria considered to be of 
practical importance, those important in medicine, or those that 
illustrate biologically unusual or interesting principles. 

The Learning Objectives and Check Your Understanding 
questions throughout this chapter will help you to become famil -
iar with these organisms and to look for similarities and differ-
ences between organisms. You will draw a dichotomous key to 
differentiate the bacteria described in each group. We'll draw the 
first one to get you started . 

The Proteobacteria 
LEARNING OBJECTIVES 
11-1 Differentiate the alphaproteobacteria described in this chapter by 

drawing a dichotomous key. (See sample on the facing page.) 
11-2 Differentiate the betaproteobacteria described in this chapter by 

drawing a dichotomous key. 
11-3 Differentiate the gammaproteobacteria described in this chapter by 

drawing a dichotomous key. 
11-4 Differentiate the deltaproteobacteria described in this chapter by 

drawing a dichotomous key. 
11-5 Differentiate the epsilonproteobacteria described in this chapter by 

drawing a dichotomous key. 



We've drawn the first of these dichotomous keys (for aiphaproteooocteria) 
for you as an example. 

Cause disease in humans 
+ 

Obligate 
intracellular 

Live in insects 
+/'---parasite / ......... 

lVolbachia Have prosthecae 

Cause Survive in 
spotted phagocytes Caulobacter& Chemoautotrophic 
fevers + - Hyphol1licrobiulli _ /"-..+ 

+/'--- ,/ "-
/ ......... Bruceila BarlOlleila Plant Nilrobacter 

Ricketlsill Ehrlichill pathogen 

A 
Agrobaaeriulli Fix nitrogen 

In legume AcclObacter & 
roots GlliCOliobaClcr 

A 
Rhizobia Azospirilllll1l 

The proteobacteria, which includes most of the gram-negative, 
chemoheterotrophic bacteria, arc presumed to have arisen from 
a common photosynthetic ancestor. They arc now the largest 
taxonomic group of bacteria. However, few are now photosyn -
thetic; other metabolic and nutritional capacities have arisen to 
replace th is characteristic. The phylogenetic relationsh ip in these 
groups is based upon rRNA studies. The name Proteobacteria was 
taken from the mythological Greek god Proteus, who could 
assume many shapes. The proteobacteria arc separated into five 
classes designated by Greek letters: alphaproteobacteria, beta pro-
teobacteria, gammaproteobacteria, delta prot eo bacteria, and 
epsilonproteobacteria. 

The Alphaproteobacteria 
As a group, the alphaproteobacteria includes most of the pro-
teobacteria that are capable of growth at very low levels of nutri-
ents. Some have unusual morphology, including protrusions 
such as stalks or buds known as prosthecae. The alpha pro-
teobacteria also include agriculturally important bacteria capa-
ble of inducing nitrogen fixation in symbiosis with plants, and 
several plant and human pathogens. 

Pelagibacter One of the most abundant microorganisms on 
Earth, certainly in the ocean environment, is Pelagibacter ubiqlle 
(pel-aj'e-bak-ter u'bek). It is a member of a group of marine 
microbes discovered by usc of the FISH technique (see page 292) 
and named SAR 11 because of their original discovery in the 
Sargasso Sea. P. ubique is the first member of th is group to be 
successfu lly cultivated . Its genome has been sequenced and 
found to have only 1354 genes. This is very low for a free- living 
organism, although several mycoplasmas (see page 319) have 
even fewer genes. Bacteria in a symbiotic relationship have lower 
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metabolic requirements and have the smallest genomes (see page 
326) . The bacterium is extremely small, a little over 0.3 flm in 
diameter. Its small size and minimal genome probably give it a 
competitive advantage for survival in low-nutrient environ-
ments. In fact, it seems to be the most abundant living organism 
(part of its name, Ilbiql/e, is derived from ubiquitous), on the 
basis of weight, in the oceans, where its sheer numbers must give 
it an important role in the Earth's carbon cycle. 

Azospirillum Agricultural microbiologists have been interested III 

members of the genus Azospirillum (ii.-w-spi' ril -Ium), a soil bacteri-
um that grows in close association with the roots of many plants, 
especially tropical grasses. It uses nutrients excreted by the plants and 
in return fixes nitrogen from the atmosphere. This form of nitrogen 
fixation is most significant in some tropical grasses and in sugar cane, 
although the organism can be isolated from the root system of many 
temperate-climate plants, such as corn. The prefix 1120- is frequently 
encountered in nitrogen-fixing genera of bacteria. It is derived from 
a (without) and zo (life), in reference to the early days of chemistry 
when oxygen was removed, by a burning candle, from an experi-
mental atmosphere. Presumably, mostly nitrogen remained, and 
mammalian life was found to be not possible in this atmosphere. 
Hence, nitrogen came to be associated with absence of life. 

Acetobacter and Gluconobacler Acetabaeter (a'se-to -bak-ter) 
and Gluconobacter (glii'kon -o-bak-tcr) are industrially important 
aerobic organisms that convert ethanol into acetic acid (vinegar). 

Rickettsia In the first edition of Bergey's Manllal, the genera 
Rickettsia, Coxiella, and Chlamydia were grouped closely because 
they share the common characteristic of being obligate intracellular 
parasites-that is, they reproduce only within a mammalian ceiL In 
the second edition they arc now widely separated. A comparison of 
rickettsias, chlamydias, and viruses appears in Table \3.1, page 368. 

The rickettsias are gram-negative rod-shaped bacteria, or coc-
cobacilli (Figure 11.1a). One distinguishing feature of most rick-
ettsias is that they are transmitted to humans by bites of insects and 
ticks, as are the Coxiella (discussed later with gammaproteobacte-
ria). Rickettsia enter their host cell by inducing phagocytosis. They 
quickly enter the cytoplasm of the cell and begin reproducing by 
binary fission (Figure t1.1b). They can usually be cultivated artifi-
cially in cell cultu re or chick embryos (Chapter 13, pages 377-379). 

The rickettsias are responsible for a number of diseases known 
as the spotted fever group. These include epidemic typhus, caused 
by Rickettsia prowazekii (ri-ket'se-a prou-wa-ze' ke-e) and trans-
mitted by lice; endemic murine typhus, caused by R. typhi (ti 'Ie ) 
and transmitted by rat fleas; and Rocky Mountain spotted fever, 
caused by R. rickettsii (ri-ket 'se-e) and transmitted by ticks. In 
humans, rickettsial infections damage the permeability of blood 
capillaries, which results in a characteristic spotted rash. 

Ehrlichia Ehrlichiae are gram -negative, rickettsia-like bacteria 
that live obligately within white blood cells. Ehr/ichia (er ' lik-e-a) 
species are transmitted by ticks to humans and cause ehrlichio-
sis, a somet imes fatal disease. 
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• 
• 

Chicken 

Figure 11.1 Rickettsias. 

Q How are rickettsias transmitted from one 
host to another? 

• nucleus 

(b) Ricketts ias grow only 
within a host cell. such as 
the chicken embryo cel l 
shown here. Note the 
scattered rickettsias within 
the cel l and the compact 
masses 01 rickettsias in the 
cell nucleus. 

(a) A rickettsial cell that has 
just been released Irom a 
host cell 

.04 p m 

Caulobacter and Hyphomicrobium Members of the genus 
Caulobncter (k6-lo-bak'ter) are found in low-nutrient aquatic 
environments, such as lakes. They feature stalks that anchor the 
organisms to surfaces (Figure 11.2 ). This arrangement increases 
their nutrient uptake because they are exposed to a continuously 
changing flow of water and because the stalk increases the 
surface-to-volume ratio of the cell. Also, if the surface to which 
they anchor is a living host, these bacteria can use the host's 
excretions as nutrients. When the nutrient concentration is 
exceptionally low, the size of the stalk increases, evidently to pro-
vide an even greater surface area for nutrient absorption . 

Budding bacteria do not d ivide by binary fission into two 
nearly identical cells. The budding process resembles the asexual 
reproductive processes of many yeasts (Figure 12.3, page 332). 
The parent cell retains its identity while the bud increases in size 
until it separates as a com plete new cell. An example is the 
genus Hyplwmicrobium (hl -fo -ml -kro 'be -um), as shown in 
Figure 11_3. These bacteria, like the caulobacteria, are found in 
low-nutrient aquatic environments and have even been found 
growing in laboratory water baths. Both Caulobacter and 
Hyplwmicrobium produce prominent prosthecae. 

Rhizobium, Bradyrhizobium, and Agrobacterium The Rhizobium 
(rl -zo 'be-um) and Bradyrhizobium (brad-e -rl -w'be -um) are two 
of the more important genera of a group of agriculturally impor-
tant bacteria that specifically infect the roots of leguminous plants, 
such as beans, peas, or clover. For simplicity these bacteria are 
known by the common name of rhizobia. The presence of rhizo-
bia in the roots leads to formation of nodules in which the rhizobia 
and plant form a symbiotic relationship, resulting in the fixat ion 
of nitrogen from the air for use by the plant (see Figure 27.5 on 
page 773). 

Like rhizobia, the genus Agrobacterium (ag'ro -bak-t i're -um) 
has the ability to invade plants. However, they do not induce root 
nodules or fix nitrogen. Of particular interest is Agrobacterium 
tumefaciens. This is a plant pathogen that causes a disease called 
crown gall; the crown is the area of the plant where the roots and 

stem merge. The tumorlike gall is induced when A. tumefaciCIIs 
inserts a plasmid containing bacterial genetic information in to 
the plant's chromosomal DNA (see Figure 9. 19, page 265). For 
this reason, microbial geneticists are very interested in this 

Flagellum 
lost 

Flagellated 
swarmer 
cell 

(.) 

(b) 

Figure 11.2 Caulobacter. 

Stalk 
elongates 

Division begins. 
lIagelium lorms 
on new cell 

New cell 
with flagel lum 
swims 011 as 
swarmer cell 

Stalked cell 
initiates 
new round 01 
replication 

I I 
O.4pm 

Q What is the competitive advantage provided by attaching to a 
surface? 



',m 
Figure 11.3 Hyphomicrobium, a type of budding bacterium. 

Q Most bacteria do not reproduce by budding; what method do 
they use? 

organism. Plasm ids are the most common vector that scientists 
use to carry new genes into a cell, and the thick wall of plants is 
especially difficult to penetrate (sec Figure 9.20, page 265). 

Bartonella The genus Bartonella (bar'to-nel-la) contains several 
members that are human pathogens. The best known is Bartonella 
hense/ac, a gram-negative bacillus thai causes cat-scratch disease. 

Brucella Brucella (bru'scl-Ia) bacteria are small nonmotile coc-
cobacilli. All species of Brucella arc obligate parasites of mam-
mals and cause the disease brucellosis. Of medical interest is the 
ability of Brucella to surv ive phagocytosis, an important element 
of the body's defense against bacteria (see Chapter 16, page 457). 

Nitrobacter and Nitrosomonas Nitrobacter (ni -tro-bak'ter) and 
Hitrosomonas (ni-tro-so-mo'nas) are genera of nitr ifying bacte-
ria that are of great importance to the environment and to agri-
culture. They are chemoau totrophs capable of using inorganic 
chemicals as energy sources and carbon dioxide as the only source 
of carbon, from which they synthesize all of their complex chem-
ical makeup. The energy sources of the genera Nitrobacter and 
Nitrosomonas (the latter is a member of the betaproteobacteria ) 
are reduced nitrogenous compounds. Nitrobacter species oxidize 
ammonium (NH4 +) 10 nitri te (N01 - ), which is in turn oxidized 
by Nitrosomonas species to nitrates (N0 3- ) in the process of 
nitrification. Nitrate is important to agriculture; it is a nitrogen 
form that is highly mobile in soil and therefore likely to be 
encountered and used by plants. 
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Wolbachia Wolbachia (wol-ba 'ke-a) are probably the most 
common infectious bacterial genus in the world. Even so, li tt le is 
known about Wolbadlia; they live only inside the cells of their 
hosts, usually insects (a rela tionship known as endosymbiosis). 
Therefore, Wolbachia escape detection by the usual cult ure meth-
ods. This fascina ting group of bacteria is described further in the 
box on page 307. 

CHECK YOUR UNDERSTANDING 

"" Make a dichotomous key to distinguish the alphaproteobacteria 
described in this chapter. (Hint: See page 303 for a completed 
example.) , 1-1 

The Betaproteobacteria 
There is considerable overlap between the betaproteobacteria and 
the alphaproteobacteria, for example, among the nitrifying bacteria 
discussed earlier. The betaproteobacteria often use nutrient sub-
stances that diffuse away from areas of anaerobic decomposition of 
organic matter, such as hydrogen gas, ammonia, and methane. 
Several important pathogenic bacteria are found in this group. 

Thiobacillus Tltiobacillus (thi-o-ba-sil'lus) species and o ther 
sulfur-oxidizing bacteria are im portant in the sulfur cycle (see 
Figure 27.7, page 774). These chemoau totrophic bacteria are 
capable of obtaining energy by oxidizing the reduced forms of 
sulfur, such as hydrogen sulfide (H1S), or elemental sulfur (So), 
into sulfates (SOi - ). 

Spirillum The habitat of the genus Spirillum (spi-ril' lum ) is 
mainly fresh water. An important morphological difference from 
the helical spirochetes (discussed on page 322) is that Spirillum 
bacteria are motile by convent ional polar flagella, rather than 
axial filaments. The spirilla are relatively large, gram-negative, 
aerobic bacteria. Spirillum voll/tans (vo-lu-tans) is often used as 
a demonstration slide when microbiology students are first 
introduced to the operation o f the microscope (Figure 1'.4). 

Sphaerotilus Sheathed bacteria, which include Splwerotill/s 
tlatallS (sfe-ra' ti -lus na'tans), are found in fresh water and in 
sewage. These gram- negative bacteria with polar flagella form a 
hollow, filamentous sheath in which to live (Figure 11.5). Sheaths 
are protective and also aid in nutrient accumulation. Spllaerotilus 
probably contributes to bulking, an important problem in 
sewage treatment (see Chapter 27). 

Burkholderia The genus BurkllOlderia was formerly grouped with 
the genus Pseudomonas, which is now classified under the 
gammaproteobacteria. Like the pseudomonads, almost all 
BurkllOlderia species are motile by a single polar flagellum or tuft 
of flagella. The best known species is the aerobic, gram-negative 
rod Burkholderia cepacia (berk' hold-cr-e-a se-pa'se-a). It has an 
extraordinary nutritional spectrum and is capable of degrading 
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Figure 11.4 Spirillum va/utans. These large helical bacteria are 
found in aquatic environments. Note the polar flage lla. 

Q Is this bacterium motile? How can you tell? 

more than 100 d ifferent organic molecules. This capability is 
often a factor in the contamination of equipment and drugs in 
hospitals; these bacteria may actually grow in disinfectant solu-
tions (see the box in Chapter 15, page 440) . This bacterium is 
also a problem for persons with the genetic lung disease cystic 
fibrosis, in whom it metabolizes accumulated respiratory secre-
tions. BurkhoIderia pseudolllallei (sudo-mal'le-i) is a resident in 
moist soils and is the cause of a severe disease (melioidosis) 
endemic in southeast Asia and northern Australia. 

Figure 11.5 Sphaerotilus nalans. These sheathed bactena are 
found in dilute sewage and aquatic environments. They form elongated 
sheaths in which the bacteria live. The bacteria have flagella (not vis ible 
here) and can eventually swim free of the sheath. 

Q How does the sheath help the cell? 

Bordetella Of special importance is the nonmotile, aerobic, 
gram-negative rod Bordetella pertussis (bor'de- tel-Iii per-tus'sis) . 
This serious pathogen is the cause of pertussis, or whooping 
cough. 

Neisseria Bacteria of the genus Neisseria (ni -se' re -a) are 
aerobic, gram-negative cocci that usually inhabit the mucous 
membranes of mammals. Pathogenic species include the gono-
coccus bacterium Neisseria gOllorrhoeac (go-no r-re 'i), the 
causative agent of gonorrhoea ( Figure 11.6 and the box in 
Chapter 26, page 75I), and N. mCllil1gitidis {men -nin-ji' ti-dis}, 
the agent of meningococcal meningitis. 

ZoogJoea The genus Zoog/oea {zo'n-gle-a} is important in the 
context of aerobic sewage-treatment processes, such as the acti-
vated sludge system (see Figure 27 .22, page 787) . As they grow, 
ZoogIoea bacteria form fluffy, slimy masses that are essential to 
the proper operation of such systems. 

CHECK YOUR UNDERSTANDING 

..r Make a dichotomous key to distinguish the betaproteobacteria 
described in this chapter. 11-2 

The Gammaproteobacteria 
The gammaproteobacteria constitute the largest subgroup of the 
proteobacteria and include a great variety of physiological types. 
One species that is used in industrial microbiology is described 
in the box in Chapter 28 on page 801. 

I I 
O.SlIm 

Figure 11.6 The gram-negative coccus Neisseria 
gono"hoeae. Notice the paired arrangement (diplococcO. The fimbriae 
enable the organism to attach to mucous membranes and thus contribute 
to its pathogenicity. N gonorrhoeae causes gonorrhea. 

Q For what are fimbriae used? 



Bacteria and Insect Sex 
Wolbachia is quite possibly the 
most common infectious bacterial 
genus on Earth, Al though Ihese bacteria 
were first discovered in 19211, little had been 
known about them until the 19905. They 
escape detection by the usual culture 
methods because they live as endosym-
bionts in the cells of insects and other inver-
tebrates (Figure A). 

of insects and in some amphibians and rep-
tiles. Thus a question arises: Is Wolbachla 
always responsible? 

Eukaryotic species are defined as organ-
isms that reproduce Oflly with members of 
their own species. This reproductive isolation 
prevents the production 01 hybrids and thus 
maintains the uniqueness of each species. In 
the laboratory, researchers have found that 
after antibiotic treatmont, wasps of one 
species will produce hybrid offspring wi th 
another species. This raises the question 
about the influence Wo/bachia has had on 
the evolution of insects. Did insects that 

Figure A Wolbach/a are red InSide the 
cells of thiS fruit fly embryo. 

to/jm 

Wolbachia infect oller a million species 
of insects and other invertebrates. In all, as 
many as 75% of species of animals surveyed 
carry this bacterium. Wolbachia is essent ial 
to nematodes, If the bacterium is killed with 
antibiotics. the host worm dies. Pea aphids 
infected with Wolbachia are not killed by a 
nconally lethal parasitic wasp larva; the 
bacterium is harmless in the aphid but kills 
the wasp. 

were not infected reproduce 
successfully outside their species? 

Figure B In an Infected pair. only fema le hosts can reproduce 

In some insects, WoIbachia destroys 
males of its host species. WoIbachia can tum 
males into females by interfering with the 
male hormOfle. As shown in Figure B, if a 
male and female insect are uninfected with 
Wofbachia. they produce offspring normally. 
If only the male is infected, the insects fa il to 
reproduce. If one or both insects of a mating 
pair are infected, only the infected females 
reproduce-and transmit Wofbachia in the 
cytoplasm of their eggs. Offspring produced 
without fertilization are female. The result is 
that the bacteria are transmi tted to the nex.t 
generation. This type of reproduction, called 
parthenogenesis, has been seen in a variety 

A virulent strain of Wofbachia 
called causes host cells 
to lyse, or Mpop," which eventually 
kills the host insect On the ooe 
hand, the popcorn strain might be 
used 10 kill mosquitoes. On the 
other hand, eliminalJng IAblbachia 
from pest insects could result in 
a lower number 01 females. thus 
reducing population growth. 

The unique biology of 
Wofbachia has attracted re-
searchers interested in 
questions that range from the 
evolutionary implications of 
infection to commercial uses 
of Wolbachia. 

Miles Fe ml les 

Neither infected 
Uninfected offspring 

Male infected 
No offspring 

Female infected 
Infected offspring 

Both infected 
Infected offspring 

Unfertilized female infected 
Infected female offspring 

Beggiatoa Beggiatoa alba (bej'je -a-t6-a al'ba), t he only species 
of this unusual genus, grows in aquatic sedimen ts at t he interface 
bet>.veen th e aerobic and anaerobic layers. Morphologically, it 
resem bl es certain filamentous cyanobacteria (page 313 ), but it is 

not photosynthetic. Motili ty is by gliding. The mechanism is the 
p roduction o f sl im e, which attaches to the surface on which 
movement occurs and also provides lubrication allowing the 
organism to glide. 

307 
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Nutritionally B. alba uses hydrogen sulfide (H2S) as an energy 
source and accumulates internal granules of sulfur. The abllity of this 
organism to obtain energy from an inorganic compound was an 
important factor in the discovery of autotrophic metabolism. 

Francisella Frallcisella (fran'sis -el'la) is a genus of small, 
pleomorphic bacteria that grow only on complex media enriched 
with blood or tissue extracts. Frallcisella tularetlsis (tu'[ar-en-sis) 
causes the disease tularemia . (See the box in Chapter 23, page 644.) 

Pseudomonadales 
Members of the order Pseudomonadales are gram-negative 
aerobic rods or cocci. The most important genus in this grou p is 
Pselldomollas. 

Pseudomonas A very important genus, Pseudomollas (sfl-do-
mo' nas) consists of aerobic, gram-negative rods that arc motile by 
polar flagella, either single or tufts (Figure 11.7). Pseudomonads 
arc very common in soil and other natural environments. 

Many species of pseudomonads excrete extracellular, water-
soluble pigments that diffuse into their media. One species, 
Pselldomollas aerugillosa (a- ru -ji-no'sa), produces a soluble, 
blue-green pigmentation. Under certain conditions, particularly 
in weakened hosts, this organism can infect the urinary tract, 
burns, and wounds, and can cause blood infections (sepsis), 
abscesses, and meningitis. Other pseudomonads produce soluble 
fluorescent pigments that glow when illuminated by ultraviolet 
light. One species, P. syringae (ser'in-gi), is an occasional plant 
pathogen . (Some species of Pseudomonas have been transferred, 
based upon rRNA studies, to the genus Bllrkholderia, which was 
discussed previously with the betaproteobacteria.) 

Figure 11.7 Pseudomonas. This photo of a paIr of Pseudomonas 
bacteria shows polar nagella that are a characteristIc of the genus. In 
some species only a single nagellum is present (see Rgure 4.7b, page 81). 
Note that one cell (on the bottom) is beginnrng to divide. 

Q How does the nutritionat diversity of these bacteria make them a 
probtem in hospitals? 

Pseudomonads have almost as much genetic capacity as the 
eukaryotic yeasts and almost half as much as a fruit fly. Although 
these bacteria are less efficient than some other heterotrophic bacte-
ria in utilizing many of the more common nutrients, they make use 
of their genetic capacity by compensating for this in other ways. For 
example, pseudomonads synthesize an unusually large number of 
enzymes and can metabolize a wide variety of substrates. Therefore, 
they probably contribute significantly to the decomposition of 
uncommon chemicals, such as pesticides, that arc added to soil. 

In hospitals and other places where pharmaceutical agents are 
prepared, the ability of pseudomonads to grow on minute traces 
of unusual carbon sources, such as soap residues or cap-liner adhe-
sives found in a solution, has been unexpectedly troublesome. 
(See the box on page 164.) Pseudomonads are even capable of 
growth in some antiseptics, such as quaternary ammonium com-
pounds. Their resistance to most antibiotics has also been a source 
of medical concern. This resistance is probably related to the char-
acteristics of the cell wall porins, which control the entrance of 
mo[ecules through the cell wall (see Chapter 4, page 87) . The large 
genome of pseudomonads also codes for several very efficient emux 
pump systems (page 575) that eject antibiotics from the cell before 
they can function. Pseudomonads are responsible fo r about one 
in ten nosocomial infections (hospi tal-acquired infections; see 
page 4 13), especially among infections in burn units. Persons with 
cystic fibrosis arc also especially prone to infections by 
Pselldomollas and the closely related BurkllOlderia. 

Although pseudomonads are classified as aerobic, some are 
capable of substituting nitrate for oxygen as a terminal electron 
acceptor. This process, anaerobic respiration, yields almost as 
much energy as aerobic respiration (sec page 132) . In this way, 
pseudomonads cause important losses of valuab[e nitrogen 
in fertilizer and soil. Nitrate (NO] - ) is the form of fertilizer 
n itrogen most easily used by plants. Under anaerobic conditions, 
as in water-logged soil, pseudomonads eventually convert this 
valuable nitrate into nitrogen gas (N2), which is lost to the 
atmosphere (see Figure 27.4, page 770). 

Many pseudomonads can grow at refrigerator temperatures. 
This characteristic, combined with their ability to utilize proteins 
and lipids, makes them an important contributor to food spollage. 

Azotobacter and Azomonas Some nitrogen -fixing bacteria, 
such as Azotobacter (ii-zo- to -bak' ter) and Azomonas (ii-zo -
mo' nas), arc free-living in soil. These large, ovoid, heavily capsu-
lated bacteria are frequently used in laboratory demonstrations 
of nitrogen fixation. However, to fix agriculturally significant 
amounts of nitrogen, they would require energy sources, such as 
carbohydrates, that are in limited supply in soil. 

Moraxella Members of the genus Moraxella (m6-raks-el ' la) are 
strictly aerobic coccobacilli-that is, intermediate in shape 
between cocci and rods. Moraxella laclmata (la-kii-na'ta) is 
implicated in conjunctivitis, an inflammation of the conjunctiva, 
the membrane that covers the eye and lines the eyelids. 



Acinetobacter The genus Acil/etobacter {a-si-ne'to-bak-ter} is 
aerobic and in stained preparations typically forms pairs. The bac-
teria occur naturally in soil and water. A member of this genus, 
Acil/etobacter baumal/ii (bou'man-e-e), is an increasing concern 
to the medical community because of the rapidity with which it 
becomes resistant to antibiotics. Some strains are resistant to most 
available antibiotics. Not yet widespread in the United States, 
A. barlma/rii is an opportunistic pathogen primarily found in a 
hospital setting. The antibiotic resistance of the pathogen, com-
bined with the weakened health of infected hospital patients, has 
resulted in an unusually high mortality rate. A. barmJal/ii is primar-
ily a respiratory pathogen, but it also infects skin and soft tissues 
and wounds and occasionally invades the bloodstream. It is more 
environmentally hardy than most gram-negative bacteria, and, 
once established in a hospital, it becomes difficult to eliminate. 
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The genera Legiol/ella and Coxiella are closely associated in the 
second edition of Bergey's Manrwl, where both are placed in the 
same order, Legionellales. Because the Coxiella share an intra-
cellular lifestyle with the rickettsial bacteria, they were previously 
considered rickettsial in nature and grouped with them. 
Legiol/ella bacteria grow readily on suitable artificial media. 

Legionella Legiol/ella (le-ja-nel'la) bacteria were originally 
isolated during a search for the cause of an outbreak of pneu-
monia now known as legionellosis. The search was difficult 
because these bacteria did not grow on the usual laboratory 
isolation media then available. After intensive effort, special 
media were developed that enabled researchers to isolate and 
culture the first Legiol/ella. Microbes of this genus are now 
known to be relatively common in streams, and they colonize 
such habitats as warm-water supply lines in hospitals and water 
in the cooling towers of air conditioning systems. (See the box 
in Chapter 24, page 691.) An ability to survive and reproduce 
within aquatic amoebae often makes them difficult to erad icate 
in water systems. 

Coxiella Coxiella burnetii (kaks-e-el'la ber-ne'te-e ), which causes 
Q feve r, was formerly grouped with the rickettsia. Like them, 
Coxiella bacteria require a mammalian host cell to reproduce. 
Unlike rickettsias, Coxiella are not transmitted among humans by 
insect or tick bites. Although cattle ticks harbor the organism, it is 
most commonly transmitted by aerosols or contaminated milk. A 
sporelike body is present in C. bllrnetii (see Figure 24.14b, page 
690). This might explain the bacterium's relatively high resis tance 
to the stresses of airborne transmission and heat treatment. 

Vibrionale s 
Members of the order Vibrionales are facu ltatively anaerobic 
gram-negative rods. Many are slightly curved. They are found 
mostly in aquatic habitats. 

Figure 11.8 Vibrio cholerae. Notice the slight curvature of these 
rods, whrch rs a characteristrc of the genus. The crrcles that appear in the 
photo are holes in the membrane filter on which the bacteria are resting. 

Q What disease does Vibrio cholerae cause? 

Vibrio Members of the genus Vibrio (vib're -o ) are rods that 
are often slightly curved (Figure 11.8). One important 
pathogen is Vibrio cholerae (kol'er-I), the causative agent of 
cholera. The d isease is characterized by a profuse and watery 
diarrhea . V. parahaemolyticus (pa-ra-he -mo -li'ti -kus) causes a 
less serious form of gastroenteritis. Usually inhabiting coastal 
salt waters, it is transmitted to humans mostly by raw or under-
cooked shellfish . 

Ente robac teriales 
The members of the order Enterobacteriales are facultatively 
anaerobic, gram -negative rods that are, if motile, peritrichously 
flagella ted. Morphologically, the rods are straight. This is an 
important bacterial group, often commonly called enterics. This 
reflects the fact that they inhabit the intestinal tracts of humans 
and other animals. Most enterics are active fermenters of glucose 
and other carbohydrates. 

Because of the clinical importance of enterics, there are many 
techniques to isolate and identify them. An identification 
method for some enterics is shown in Figure 10.9 (page 286), 
which incorporates a modern tool using 15 biochemical tests. 
Biochemical tests are especially important in clinical laboratory 
work and in food and water microbiology. 

Enterics have fimbriae that help them adhere to surfaces or 
mucous membranes. Specialized sex pili aid in the exchange of 
genetic information between cells, wh ich often includes antibiotic 
resis tance (see Figures 8.26 and 8.27, pages 237 and 238). 
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Enterics, like many bacteria, produce proteins called bacteri-
ocins that cause the lysis of closely related species of bacteria. 
Bacteriocins may help maintain the ecological balance of various 
enteries in the intest ines. 

Escherichia The bacterial speCIes Escherichia coli is one of 
the most common inhabitants of the human intestinal tract and is 
probably the most familiar organism in microbiology. Recall from 
previous chapters that a great deal is known about the biochem-
istry and genetics of E. coli, and it continues to be an important 
tool for basic biological research- many researchers consider it 
almost a laboratory pet. Its presence in water or food is an indica-
tion of fecal contamination (see Chapter 27, page 78I). E. coli is 
not usually pathogenic. However, it can be a cause of urinary tract 
infections, and certain strains produce enterotoxins that cause 
traveler's diarrhea and occasionally cause very serious foodborne 
disease (see E. coli 0l57:H7 in Chapter 25, page 714). 

Salmonella Almost all members of the genus Salmonella 
(sal' mon-el-la) are potentially pathogenic. Accordingly, there are 
extensive biochemical and serological tests to clin ically isolate 
and identify salmonellae. Salmonellae arc common inhabitants 
of the intestinal tracts of many animals, especially poultry and 
cattle. Under unsanitary conditions, they can contaminate food . 

The nomenclature of the genus Salmonella is unusual. 
Instead of multiple species, members of the genus Salmonella 
that are infectious to warm-blooded animals can be considered 
for practical purposes to be a single species, Salmonella enterica 
(en-ter'i-ka). This species is d ivided into more than 2400 
serovars, that is, serological varieties. The term serotype is often 
used to mean the same thing. By way of explanation of these 
terms, when salmonellae are injected into appropriate animals, 
their flage lla, capsules, and cell walls serve as antigens that cause 
the animals to form anribodies in their blood that are specific for 
each of these structures. Thus, serological means are used to dif-
ferentiate the microorgan isms. Serology is discussed more fu lly 
in Chapter 18, but for now it will be sufficient to state that it can 
be used to differentiate and identify bacteria. 

A serovar such as Salmonella typhilllllrium (ti- fi -mur' c- um ) 
is not a species and should be more properly written as 
"Salmonella enterica serovar Typhimurium." The convention 
now used by the Centers for Disease Control and Prevention 
(CDC) is to spell out the entire name at the first mention and 
then abbreviate it as, for example, Salmonella Typhimurium. For 
simplicity, we will identify serovars of salmonellae in this text as 
we would species, that is, S. typhimurium, etc. 

Specific antibodies, which are available commercially, can be 
used to differentiate Salmonella serovars by a system known as the 
Kauffmann-White scheme. This scheme designates an organism 
by numbers and letters that correspond to specific antigens on the 
organism's capsule, cell wall, and flagella, which are identified 
by the letters K, 0, and H, respectively. For example, the antigenic 

formula for the bacterium S. typhimurium is 01,4,[ 5 I, 12:H,i, I ,2. 
Many salmonellae are named only by their antigenic formulas. 
Serovars can be further differentiated by special biochemical or 
physiological properties into biovars, or biotypes. 

A recent taxonomic arrangement based upon the latest 
molecular technology adds another species, Salmonella bongori 
(bon' gor-e) . This is a resident of "cold-blooded" animals- it was 
originally isolated from a lizard in the town of Bongor in the 
African desert nation of Chad-and is rarely found in humans. 

Typhoid fever, caused by Salmonella typhi (ti'Ie ), is the most 
severe illness caused by any member of the genus Salmonella. A less 
severe gastrointestinal disease caused by other salmonellae is called 
salmonellosis. Salmonellosis is one of the most common forms of 
foodborne illness. (See the box in Chapter 25 on page 715.) 

Shigella Species of Shigella (shi-gel' Jii ) are responsible for a dis-
ease called bacilla ry dysentery, or shigellosis. Unlike salmonellae, 
they arc found only in humans. Some strains of Shigella can 
cause life-threatening dysentery (see Chapter 25, page 712). 

Klebsiella Members of the genus Klebsiella (kleb-sc-el' la) are 
commonly found in soil or water. Many isolates arc capable of 
fixing nitrogen from the atmosphere, which has been proposed 
as being a nutritional advantage in isolated popu lations with 
little protein nitrogen in their diet. The species Klebsiella pne/l-
moniae (nii-mo'ne -i) occasionally causes a serious form of 
pneumonia in humans. 

Serratia Serratia marcescens (ser-ra'te-a mar-ses'sens) is a bac-
terial species distinguished by its production of red pigment. In 
hospital situations, the organism can be found on catheters, in 
sali ne irrigation solutions, and in other supposed ly sterile solu-
tions. Such contamination is probably the cause of many urinary 
and respiratory tract infections in hospitals. 

Proteus Colonies of Proteus (pro'te -us) bacteria growing on 
agar exhibit a swarming type of growth. Swarmer cells with ma ny 
flagella (Figure l' .9a) move outward on the edges of the colony 
and then revert to normal cells with only a few flagella and 
reduced motility. Periodically, new generations of highly mOlile 
swarmer cells develop, and the process is repeated. As a result, a 
Proteus colony has the distinctive appearance of a series of con-
cenlric rings (Figure l' .9b). This genus of bacteria is implicated 
in many infections of the urinary tract and in wou nds. 

'The letters derive from the original German us.age: K represents the German for 
capsule. (Salmonellae with capsules are identified serologically by a particular capsu-
lar antigen named Vi, for virulence.) Colonies that spread in a thin film over the agar 
surface were described by the German word for film, haoKh. The motility needed to 
form a film implied the presence ofllagella, and the letter H carne to be assigned to the 
antigens of flagella. Nonmotile bacteria were described as "/,,,e /,auch, without film, 
and the 0 carne to be assigned to the cell surface or body antigens. This terminology 
is also used in the naming of E. coli 0157:H7, Vibri" 0: 1, and others. 



(a) Proteus mirabilis with peritrichous flagella 
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(b) A swarming colony of Proleus mirabilis, 
showing concentric rings of growth 

Figure 1 1.9 Proteus mirabilis. Chemical communication between bacterial cells causes changes 
from cells adapted to swimming in fluid (few flagella) to cells that are able to move on sulfaces 
(numerous fl agella). The concentric growth (b) results from periodic synchronized conversion to the 
highly flagel lated form capable of movement on surfaces. 

Q The pholo of Ihe Proleus ceU is probably a swarmer cell. How would you know? 

Yersinia Yersinia pestis (yer-sin 'e -a pes'tis) causes plague, the 
Black Death of medieval Europe. Urban rats in some parts of the 
world and ground squirrels in the American Southwest carry these 
bacteria. Fleas usually transmit the organisms among animals and 
to humans, although contact with respiratory droplets from 
infecled animals and people can be involved in transmission. 

Erwinia Erwinia (er-wi'ne -a) species are primari ly plant 
pathogens; some cause plant diseases. These species 
duce enzymes that hydrolyze the pectin between individual plant 
cells. This causes the plant cells to separate from each other, a dis-
ease that plant pathologists term plant rat. 

Enterobacter 'l\vo Enlerabacter (en-te-ro-bak 'ter) species, E. 
claacae (klo-a'kl), and E. aeragenes (a-ra 'jen-ez), can cause uri-
nary tract infections and hosp ital-acquired infections. They are 
widely distributed in humans and animals, as well as in water, 
sewage, and soiL 

Pasteurellales 
The bacteria in the Order Pasteurellales are nonmotile; they are 
best known as human and an imal pathogens. 

Pasteurella The genus Pasteurel/a (pas-tyer-eJ'la) is primarily 
known as a pathogen of domestic animals. It causes sepsis in cat-
tle, fowl cholera in chickens and other fowl, and pneumonia in 
several types of animals. The best-known species is Pasteurella 
mU/lacida (mul-to'si-da), wh ich can be transmitted to humans 
by dog and cat bites. It is also a prominent member of the micro-
biota of saliva of the relatively slow-moving Komodo dragon, a 
large reptile found on an Indonesian island, that bites more 
mobile prey and waits several days for their death. The Komodo 

dragon is not venomous, but its prey dies from an especially 
virulent strain of P. multacida introduced by its bite. 

Haemophilus Hae/llaplzilus (he-ma'fil-us) is a very important 
genus of pathogenic bacteria. These organisms inhabit the mucous 
membranes of the upper respiratory tract, mouth, vagina, and 
intestinal tract. The best-known species that affects humans is 
Haet/laphillls inJluenzae (in-flli-en'zi), named long ago because of 
the erroneous belief that it was responsible for influenza. 

The name Hae/llaphilus is derived from the bacteria's require-
ment for blood in their culture medium (hema = blood). They 
are unable to synthesize important parts of the cytochrome sys-
tem needed for respiration, and they obtai n these substances 
from the heme fraction, known as the X factor, of blood hemo-
globin. The culture medium must also supply the cofactor 
nicotinamide adenine dinucleotide (from eit her NAD + or 
NADP+), which is known as V factor. Clinical laboratories use 
tests for the requirement of X and V factors to identify isolates as 
Haemop/li/lls species. 

Haemop/li/lls inf/llenzae is responsible for several important 
diseases. It has been a common cause of meningitis in young 
children and is a frequent cause of earaches. Other clinical 
conditions caused by H. injluenzae include epiglotitis (a life-
threatening condi tion in which the epiglottis becomes infected 
and inflamed), septic arthrit is in children, bronchitis, and pneu-
monia. Haemop/lillls dllcreyi (dli-kra' e) is the cause of the sexu-
ally transmitted disease chancroid. 

CHECK YOUR UNDERSTANDING 

'" Make a dichotomous key to distinguish the orders of 
gammaproteobacteria described in this chapter. 11-3 
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The Deltaproteobacteria 
The deltaproteobacteria are distinctive in that they include some 
bacteria that arc predators on other bacteria. Bacteria in this 
group are also important contributors to the sulfur cycle. 

Bdellovibrio Bdellovibrio (del-lo-vib' re-o) is a particularly inter-
est ing genus. It attacks other gram-negative bacteria. It attaches 
tightly (bdella = leech; Figure 11.10), and after penetrating the 
outer layer of gram-negative bacteria, il reproduces within the 
periplasm. There, the cell elongates into a tight spiral, which then 
fragments almost simultaneously into several individual flagellat -
ed cells. The host cell then lyses, releasing the Bdellovibrio cells. 

Oesulfovibrionales 
Members of the order Desulfovibrionales are sulfur reducing 
bacteria. They are obligately anaerobic bacteria that use oxi-
dized forms of sulfur, such as su lfates (504

2-) or elemental su l-
fur (S°) rather than oxygen as electron acceptors. The product 
of this red uction is hydrogen sulfide (H1S). (Because the H1S is 
not assimilated as a nutrient, this type of metabolism is termed 
dissimilatory.) The activity of these bacteria releases millions 
of tons of HzS into the atmosphere every year and plays a key 
part in the sulfur cycle (sec Figure 27.7 on page 774 ). Sulfur-
oxidizing bacteria such as Beggiaroa are able to use HzS either 
as part of photosynthesis or as an autotrophic energy source. 

Oesulfovibrio The best studied sulfur-reducing genus is 
Desulfovibrio (dC'sul-fo -vib're -o) , which is found in anaerobic 
sediments and in the intestinal tracts of humans and animals. 
Sulfur-reducing and sulfate-reducing bacteria use organic com-
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Figure 11.10 Bdellovibrio bacteriovorus. The yel low bacterium is 
B. bacteriovorus. It is attacking a bacterial cell shown in blue. 

Q Would this bacterium attack Staphylococcus aureus? 

pounds such as lactate, ethanol, or fatty acids as electron donors. 
This reduces sulfur or sulfate to HzS. When H2S reacts with iron 
it forms insoluble FeS, which is responsible for the black color of 
ma ny sediments. 

Myxococcales 
In the first edition of Bergey's Mallual, the Myxococcales were 
classified among the frui ting and gliding bacteria. They illustrate 
the most complex life cycle of all bacteria, part of which is preda-
tory upon other bacteria. 

Myxoeoceus Vegetative cells of the myxobacteria (myxo = nasal 
mucus) move by gliding and leave behind a slime traiL Myxococcus 
xallthus (micks-6-kok'kus zan'thus) and M. fllivus (ful'vus ) are 
well-stud ied representatives of the genus. As they move, their 
source of nutrition is the bacteria they encounter, enzymatically 
lyse, and digest. Large numbers of these gram -negative microbes 
eventually aggregate (Figure 11.11a) . Where the moving cells 
aggregate, they differentiate and form a macroscopic stalked fruit -
ing body that conta ins large numbers of resting cells called 
myxospores (Figure 11.11 b). Differentiation is usually triggered by 
low nutrients. Under proper conditions, usually a change in nutri-
ents, the myxospores germinate and form new vegetative glid ing 
cells. You might note the resemblance to the life cycle of the 
eukaryotic cellular slime molds in Figure 12.22 (page 353). 

CHECK YOUR UNDERSTANDING 

..r Make a dichotomous key to distinguish the deltaproteobacteria 
described in this chapter. 11-4 

The Epsilonproteobacteria 
The epsilonproteobacteria are slender gram -negative rods that 
are helical or curved . We will discuss the two important genera, 
both of which are motile by means of flagella and are 
microaerophilic. 

Campy/obaeter Members of the genus Campylobaeter (kam'pi-
lo-bak-ter) are microaerophilic vibrios; each cell has one polar 
flagellum. One species of Campylobaeta, C. fews (re' tus), causes 
spontaneous abortion in domestic animals. Another species, 
C. jejlllli (je-ju' nil, is a leading cause of outbreaks o f foodborne 
intestinal disease. 

He/ieobaeler Members of the genus Helicobacter are 
microaerophilic curved rods with multiple flagella. The species 
Helicobacter pylori (he'lik-o-bak-tcr pi -lor' e) has been identified as 
the most common cause of peptic ulcers in humans and a cause of 
stomach cancer (Figure 11.12; see also Figure 25. i3 on page 7\9) . 

CHECK YOUR UNDERSTANDING 

..r Make a dichotomous key to distinguish the epsilonproteobac-
teria described in this chapter. 11-5 



o Mature fruiting body 
(sporangioles 
contain 
myxospores) 

e Mounding 

(a) Life cycle of Myxococcales 

o Aggregation 

Figure 11.11 Myxococcales. 

Q What is the feeding stage of this organism? 
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Myxospores are produced by a fruiting body or by 
chemical induction of vegelative cells. 

Myxospores germinate and form gram-negative 
vegetative cells. which divide to reproduce. 

Vegetative myxobacteria are motile by gliding, 
forming visible slime trails. 

Under certain conditions, the vegetative cells swarm 
to central locations, forming an aggregation. e Germination 
Aggregations 01 celts heap up into a mound. an early 
fruiting body. 

Outgrowth o Mounds of myxobacteria differentiate into a fru iting 
body, which produces myxospores packed within 
sporangioles. 

C1Jd 
c1 e Vegetative 

growth 
cycle 

(b) A myxobacterium fruiting 
body; the sporangioles 

contain myxospores 
I I 
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The Nonproteobacteria 
Gram-Negative Bacteria 
LEARNING OBJECTIVES 
11-6 Differentiate the groups of nonproteobacteria gram-negative bac-

teria described in this chapter by drawing a dichotomous key. 
11-7 Compare and contrast purple and green photosynthetic bacteria 

with the cyanobacteria. 

Figure 11.12 Helicobacter pylori. H pylori. a curved rod. is an 
example of a helical bacterium that does not make a complete twist. 

There are a number of important gram-negative bacteria that are 
not closely related to the gram-negative proteobacteria. They 
include several physiologically and morphologically distinctive 
photosynthesizing bacteria, such as those included in the phyla 
Cyanobacteria (cyanobacteria), Chlorobi (green sulfur bacteria), 
and Chloroflexi (green nonsulfur bacteria). The cyanobacteria 
produce oxygen during pho tosynthesis (are oxygenic), and the 
green sulfur and green nonsulfur bacteria do not produce oxygen 
(are alloxygenic). These groups are summarized in Table 11.2. 

Cyanobacteria (The Oxygenic 
Photosynthetic Bacteria) Q How do helical bacteria differ from spirochetes? 

The cyanobacteria, named for their characteristic blue-green 
(cyan) pigmentatio n, were once called blue-green algae. 
Although they resemble the eukaryotic algae and often occupy 
the same environmental niches, this is a misnomer because they 
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Table 11.2 Selected Characteristics of Photosynthesizing Bacteria 

Com_ Electron Donor for Oxygenic or 
Name Example Phylum Commeels CO2 Reduction Anoxygenic 

Cyanobacteria Anabaena Cyanobacteria Plant)ike photosynthesis; some use bacterial Usually H2O Usually oxygenic 
photosynthesis under anaerobic conditions 

Green nonsulfur Chloroflexus Chloroflexi Grow chemoheterotrophically in aerobic Organic compounds Anoxygenic 
bacteria environments 

Green sulfur Chlorobium Chlorobi Deposit sulfur granules inside cells Usually H2S Anoxygenic 
bacteria 

Purple nonsulfur Rhodospirillum Proteobacteria Can grow chemoheterotrophically as well Organic compounds Anoxygenic 
bacteria 

Purple sulfur Chromatium Proteobacteria Deposit sulfur granules inside cells Usually H2S Anoxygenic 
bacteria 

are bacteria; algae are not. However, cyanobacteria do carry out 
oxygenic photosynthesis, as do the eukaryotic plants and algae 
(see Chapter 12). Many of the cyanobacteria are capable of fixing 
nitrogen from the atmosphere. In most cases, this activity is 
located in specialized cells called heterocysts, which contain 
enzymes that fIX nitrogen gas (Nz) into ammon ium (NH4 + ) that 
can be used by the growing cell (Figure 11.13a). Species that 
grow in water usually have gas vacuoles that provide buoyancy, 
helping the cell float at a favorable environment. Cyanobacteria 
that move about on solid surfaces use gliding motility. 

Cyanobacteria are morphologicall y varied. They range 
from unicellular forms that divide by simple binary fission 

(a) Filamentous cyanObacterium showing heterocysts, in 
which nitrogen-fixing activity is located 

Figure 11.13 Cyanobacteria. 
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(Figure 11.13b) , to colon ial forms that divide by multiple fis -
sion, to filamentous forms that reproduce by fragmentation of 
the filaments. The filamentous forms usually exhibit some dif-
ferentiation of cells that are often bound together within an 
envelope or sheath. 

Evidence indicates that oxygenic cyanobacteria played an 
important part in the development of life on Earth, which origi-
nally had very little free oxygen that would support life as we are 
fami liar with it. Fossil evidence indicates that when cyanobacteria 
first appeared, the atmosphere contained only about 0.1 % free 
oxygen. When oxygen-producing eukaryotic plants appeared 

(b) A unicellutar, nonfilamentous cyanObacterium. 
Glooocapsa. Groups of these cells. which divide by binary 
fission. are held together by the surrounding glycocalyx. 

10 "" 

Q How does the photosynthesis of the cyanobacteria differ from that of the purpte sulfur 
bacteria? 



millions of years later, the concentration of oxygen was more than 
10%. The increase presumably was a result of photosynthetic 
activity by cyanobacteria . The atmosphere we breathe today con -
tains about 20% oxygen . 

Cyanobacteria, especially those that fix nitrogen, are extremely 
important to the environment. They occupy environmental niches 
similar to those occupied by the eukaryotic algae (sec Figure 12.10, 
page 341), but the abili ty o f many of the cyanobacteria to fix nit ro-
gen makes them even more adaptable in nutr it ionally poor envi-
ronments. The environmental role of cyanobacteria is presented 
more fully in Chapter 27, in the discussion of eutrophication (the 
nutritional overenrichment of bodies of water). 

Purple and Green Photosynthetic Bacteria 
(The Anoxygenic Photosynthetic Bacteria) 
The photosynthetic bacteria are taxonomically confusing. The 
phyla Cyanobacteria, Chlorobi, and Chloroflexi are gram -
negative, but they arc not genetically included in the proteobac-
teria. The photosynthetic purple sulfur bacteria and purple 
nonsulfur bacteria are genetically included in, respectively, the 
alphaproteobacteria and gammaproteobacteria, although for 
simplicity we will discuss them at this point. These photosyn-
thetic bacteria, which arc not necessarily colored purple or green, 
are generally anaerobic. Their habitat is usually the deep sedi-
ments of lakes and ponds. Like plants, algae, and the cyanobac-
teria, purple and green bacteria carry out photosynthesis to make 
carbohydrates (CH20 ). Growing as they do in aquatic depths, 
these bacteria possess bacteriochlorophyll that makes usc of 
parts o f the visible spectrum not intercepted by photosynthetic 
organisms located at higher levels. Also, unlike plantl ike photo-
synthesis, the photosynthesis of purple or green bacteria is 
anoxygeOlc. 

Cyanobacteria, as well as eukaryotic plants and algae produce 
oxygen (0 2) from water (H20 ) as they carry out photosynthesis: 

The purple sulfur and green sulfur bacteria use reduced sulfur 
compounds, such as hydrogen sulfide (H 2S), instead of water, and 
they produce granules of sulfur (S°) rather than oxygen, as follows: 

Chromatillll! (krD-ma'te -um ), shown in Figure 11 _14, is a 
representative genus. At one time, an important question in biol-
ogy concerned the source of the oxygen produced by plant 
photosynthesis: was it from CO2 or from H20? Until the intro -
duction of radioisotope tracers, which traced the oxygen in water 
and carbon dioxide and finally settled the question, comparison 
of equations I and 2 was the best evidence that the oxygen source 
was from H20. It is importan t, also, to compare these two 
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Figure 11.14 Purple sulfur bacteria. This photomicrograph of cells 
of the genus Chromatium shows the IOtracellular sulfur granules as 
multicolored refractile objects. The reason the sulfur accumulates can be 
surmised from inspection of equation 2 in the discussion. 

Q What does BfI(JJ(ygenic mean? 

equations for an un derstanding of how reduced sulfur 
compounds, such as HzS, can substitute for H 20 in photosyn the-
sis. See " Life Without Sunshine" on page 773. 

Other photoautotrophs, the pllrple lIonsulfllr and green nOIl-
sulfur bacteria, use organic compounds, such as acids and carbo-
hydrates, for the photosynthetic reduction of carbon dioxide. 

Morphologically, the photosynthetic bacteria are very 
d iverse, with spirals, rods, cocci, and even budding forms. 

CHECK YOUR UNDERSTANDING 

,.f Make a dichotomous key to distinguish the gram-negative 
nonproteobacteria described in this chapter. 11-6 

,.f Both the purple and green photosynthetic bacteria and the 
photosynthetic cyanobacteria use plantlike photosynthesis 
to make carbohydrates. In what way does the photosynthesis 
carried out by these two groups differ from plant 
photosynthesis? 11-7 

The Gram-Positive Bacteria 
LEARNING OBJECTIVES 
11-8 Differentiate the genera of firmicutes described in this chapter by 

drawing a dichotomous key. 
11-9 Differentiate the actinobacteria described in this chapter by draw-

ing a dichotomous key. 

The gram-positive bacteria can be divided into two groups: those 
that have a h igh G + C ratio, and those that have a low G + C 
ratio (see "Nucleic page 47). To illustrate the variations in 
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Figure 11.15 Closlridium lelani. The endospores of clostridia 
usua lly distend the cell wall as shown here. 

Q What physiological characteristic of Clostridium makes it a 
problem in contamination of deep wounds? 

lOpm 

G + C ratio, the genus StreptococCl/s has a low G + C content of 
33 to 44%; and the genus Clostridium has a low content of 21 to 
54%. Included with the gram-positive, low G + C bacteria are 
the mycoplasmas, even though they lack a cell wall and therefore 
do not have a Gram reaction. Their G + C ratio is 23 to 40%. 

By contrast, filamentous actinomycetes of the genus 
Streptomyces have a high G + C content of 69 to 73%. Gram -
positive bacteria of a more conventional morphology, such as the 
genera Corynebacterium and Mycobacterium, have a G + C con-
tent of 51 to 63% and 62 to 70%, respectively. 

These bacterial groups are placed into separate phyla, the 
Firmicutes (low G + C ratios) and Actinobacteria (high G + C 
ratios). 

Finnicutes (Low G + C Gram-Positive Bacteria) 
Low G + C gram-positive bacteria are assigned to the phylum 
Firmicutes. This group includes important endospore-forming 
bacteria such as the genera Clostridium and Bacillus. Also of 
extreme importance in medical microbiology are the genera 
StaphylococCl/s, EnterococCl/s, and StreptococCl/s. In industrial 
microbiology, the genus Lactobacillus, which produces lactic 
acid, is well known. The mycoplasma, which do not possess a cell 
wall, are also found in this phylum. 

Clostridiales 

Clostridium Members of the genus Clostridium (klos-tri'de -
urn ) are obligate anaerobes. The rod-shaped cells contain 
endospores that usually d istend the cell (Figure 11.15). The 

1 1 
l00pm 

Figure 11.16 A giant prokaryote, Epulopisc;um fishelsoni. 

Q Why is Epufopiscium nol in the same domain as Paramecium? 

formation of endospores by bacteria is important to both medi-
cine and the food industry because of the endospore's resistance 
to heat and many chemicals. Diseases associated with clostridia 
include tetanus, caused by C. tetani (te'tan-e); botulism, caused 
by C. bofl/lim/nl (bo-tii-li 'num); and gas gangrene, caused by 
C. per/rit/gens (per-frin'jens) and other clostridia. C. perfril/-
gens is also the cause of a common form of foodborne diarrhea. 
C. difficile (dif' fi-se-il ) is an inhabitant of the intestinal tract that 
may cause a serious diarrhea. This occurs only when an tibiotic 
therapy alters the normal intestinal microbiota, allowing over-
growth by toxin-producing C. difficile. 

EpulopiSCium Biologists have long considered bacteria to be small 
by necessity because they lack the nutrient transport systems used 
by higher, eukaryotic organisms and because they depend on sim-
ple diffusion to obtain nutrients. These characteristics would seem 
to critically limit size. So, when a cigar-shaped organism living 
symbiotically in the gut of the Red Sea surgeonfish was first 
observed in 1985, it was considered to be a protozoan . Certainly, its 
size suggested this: the organism was as large as 80 iJ.-m X 600 iJ.-m 
---over half a millimeter in length-large enough to be seen with 
the unaided eye (Figure 11.16). Compared to the familiar bacteri -
um E. coli, which is about I IJ.m X 2 IJ.m, this organism would be 
about a million times larger in volume. 

Further investigation of the new organism showed that 
certain external structures though t to resemble the cilia of proto-
zoa were actually similar to bacterial flagella, and it did not have 
a membrane-enclosed nucleus. Ribosomal RNA analysis con -
clusively placed Epulopiscium (ep'o.-lo-p is-e -um) with the 



Figure 11.17 Bacillus. 

Q What structure is made by 
both Clostridium and 
Bacillus? 
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(a) Bacillus thuringiensis. The diamond-shaped GIl I I 
crystals shown next to the endospore are toxic 2.5 I'm 
to insects that ingest them. This electron 
micrograph was made using the technique of 
shadow casting described on page 63. 

prokaryotes. (The name means "guest at the banquet of a fish." It 
is literally bathed in semidigested food.) It most closely resem-
bles gram-positive bacteria of the genus Clostridium_ Strangely, 
the species Epulopiscium fisllelsol1i (fish -el -so'nc ) docs not 
reproduce by binary fission_ Daughter cells formed within the 
cell are released through a slit opening in the parent cell. This 
may be related 10 the evolutionary development of sporulation. 

Recently it was discovered that this bacterium does not rely 
on diffusion to distribute nutrients. Instead, it makes use of its 
larger genetic capacity- it has 25 times as much DNA as a 
human cell and as many as 85,000 copies of at least one gene-
10 manufacture proteins at internal sites where they arc needed. 
(We will describe another, more recently discovered giant bac-
terium, Thiomargarita, on page 326.) 

Baciliaies 
The order Bacillales includes several important genera of gram-
positive rods and cocci. 

Bacillus Bacteria of the genus Bacillus are typically rods that 
produce endospores. They arc common in soil, and only a few 
are pathogenic 10 humans. Several species produce antibiotics. 

(b) Bacillus cereus. 
This cell of B. cereus 

is shown emerging from 
the endospore. 

Bacil/us anthracis (ba-sil'lus an-thra'sisl causes anthrax, a 
disease of cattle, sheep, and horses that can be transmitted to 
humans. [t is often men tioned as a possible agent of biological 
warfare. (See the box in Chapter 23 on page 644.1 The 
anthrax bacillus is a nonmotile facultative anaerobe, often 
forming chains in culture. The centrally located endospore does 
not d istend the walls. Bacil/us tiluringiensis (thur-in-je -en'sisl 
is probably the best-kn own mic robial insect pathogen 
(Figure 11.17a). It produces intracellular crystals when it sporu-
lates. Commercial preparations containing endospores and 
crystalline toxin (Bt) of this bacterium are sold in gardening sup-
ply shops to be sprayed on plants. Bacillus cereus (se're -usl 
(Figure 11 .17b) is a common bacterium in the environment and 
occasionally is identified as a cause of food poisoning, especially 
in starchy foods such as rice. 

The three species of the genus Bocil/lls that we have just 
described are dramatically different in important ways, especially 
their disease-causing properties. However, they are so closely 
related that taxonomists consider them to be variants of a single 
species, differing almost entirely in genes carried on plasm ids, 
which are easily transferred from one bacterium to another. 
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Figure 11.18 Staphylococcus aureus. Notice the grapelike clusters 
of these gram-positive cocci. 

Q What is an environmental advantage of a pigment? 

StaphylococcuS Staphylococci typically occur in grapelike clus-
ters (Figure 11.18). The most important staphylococcal species is 
Stapllylococcus aureus (staf-i- lo -kok'kus a're-us), which is 
named for its yellow-pigmented colonies (ai/ reus = golden). 
Members of this species are faculta tive anaerobes. 

Some characteristics of the staphylococci account for their 
pathogenicity, which takes many forms. They grow comparatively 
well under conditions of high osmotic pressure and low moisture, 
which partially explains why they can grow and survive in nasal 
secretions (many of us carry the bacteria in our nostrils) and on 
the skin. This also explains how S. allreus can grow in some foods 
with high osmotic pressure (such as ham and other cured meats) 
or in low-moisture foods that tend to inhibit the growth of other 
organisms. The yellow pigment probably confers some protection 
from the antimicrobial effects of sunlight. 

S. aureus produces many toxins that contribute to the bac-
terium's pathogenicity by increasing its ability to invade the body 
or damage tissue. The infection of surgical wounds by S. aureus 
is a common problem in hospitals. And its ability to develop 
resis tance quickly to such antibiotics as penicillin contributes to 
its danger to patients in hospital environments. (See the box in 
Chapter 14, page 422.) S. aurells produces the toxin responsible 
for toxic shock syndrome, a severe infection characterized by 
high fever and vomiting, sometimes even death. S. ai/reus also 
produces an enterotoxin that causes vomiting and nausea when 
ingested; it is one of the most common causes of food poisoning. 

Lactobacillales 
Several important genera are found in the order Lactobacillales. 
The genus Lactobacillus is a representative of the industrially 
important lactic acid-producing bacteria. Most lack a cytochrome 
system and are unable to use oxygen as an electron acceptor. Unlike 
most obligate anaerobes, though, they are aerotolerant and capable 
of growth in the presence of oxygen. But compared to oxygen-
utilizing microbes, they grow poorly. However, the production 
of lactic acid from simple carbohydrates inhibits the growth of 
competing organisms and allows them to grow competitively in 

Figure 11.19 Streptococcus. Notice the chains of cells 
characteristic of most streptococci. Many of the spherical cells are 
dividing and are somewhat oval in appearance- especialty when viewed 
with a light microscope. which has lower magnification than this electron 
micrograph . 

Q How does the arrangement of Streptococcus differ from 
Staphylococcus? 

spite of their inefficient metabolism . The genus Streptococcus 
shares the metabolic characteristics of the genus Lactobacillus. 
There are several industrially important species, but the strepto-
cocci are best known for their pathogenicity. The genera 
EllterococcrlS and Listeria are more conventional metabolically. 
Both are facultative anaerobes and several species are important 
pathogens. 

Lactobacillus In humans, bacteria of the genus Lactobacillus 
(lak-to-ba-sil'lus) are located in the vagina, intestinal tract, and 
oral cavity. Lactobacilli are used commercially in the production 
of sauerkraut, pickles, buttermilk, and yogurt. Typically, a succes-
sion of lactobacilli, each more acid tolerant than its predecessor, 
participates in these lactic acid fermentations. 

Streptococcus Members of the gen us Streptococcus (strep-to-
kok ' kusl are spherical , gram-positive bacteria that typically 
appear in chains (Figure 11.19) . They are a taxonomically com -
plex group, probably responsible for more illnesses and causing 
a greater variety of diseases than any other group of bacteria. 

Pathogenic streptococci produce several extracellular substances 
that contribute to their pathogenicity. Among them are products 
that destroy phagocytic cells that ingest them. Enzymes produced by 
some streptococci spread infections by digesting connective tissue 
of the host, which may also result in extensive tissue destruction. 
(See the discussion on necrotizing fasciitis on page 59 1). Infections 



(8) Individual cells of M. pneumoniae. Arrowheads 
indicate terminal structures that probably aid in 
anachment to eukaryohc cells , which then become 
inlected. 

I I 
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(b) This micrograph shows the filamentous growth of M. 
pneumoniae. Some individual cel ls can also be seen 
(arrow), The organism reproduces by fragmentation of the 
filaments at the bulges. 

I I 
1.S jJm 

Figure 11.20 Mycoplasma pneumoniae. Bacteria such as M. pneumonrae have no cell walls, 
and their morphology is irregular (pleomorphic] 

Q How can the ceil structure of mycoplasmas account for their pleomorphism? 

are also allowed to spread from sites of injury by enzymes that lyse 
the fibrin (a threadlike protein) of blood dots. 

A few nonpathogenic species of streptococci are important in 
the production of dairy products (see Chapter 28, page 798). 

Beta-hemolytic streptococci. A useful basis for the classifica-
tion of some streptococci is their colonial appearance when grown 
on blood agar. The beta-hemolytic species produce a hemolysin that 
forms a clear zone of hemolysis on blood agar (see Figure 6.9 on 
page 168). This group includes the principal pathogen of the strep-
tococci, Streptococcus pyogclle5 (pi -aj'en-ez), also known as the 
beta-hemolytic group A streptococcus. Group A represents one of 
an antigenic group (A through G) within the hemolytic strepto-
cocci. Among the diseases caused by S. pyogencs are scarlet feve r, 
pharyngitis (sore throat), erysipelas, impetigo, and rheumatic feve r. 
The most important virulence factor is the M protein on the bacte-
rial surface (see Figure 21.6, page 591 ) by which the bacteria avoid 
phagocytosis. Another member of the beta-hemolytic streptococci 
is Streptococcus agalactiae (a'gal-aci-e -i), in the beta-hemolytic 
group B. It is the only species with the group B antigen and is the 
cause of an important disease of the newborn, neonatal sepsis. 

Non-beta-hemolytic streptococci. Certain streptococci are 
not beta-hemolytic, but when grown on blood agar, their colonies 
are surrounded by a distinctive greening. These are the alpha-
hemolytic streptococci. The greening represents a partial destruction 
of the red blood cells caused mostly by the action of bacteria-
produced hydrogen peroxide, but it appears only when the bacteria 
grow in the presence of oxygen. The most important pathogen 
in this group is Streptococcus plleumoniac, the cause of pneumo-
coccal pneumonia. Also included among the alpha-hemolytic 

streptococci are species of streptococci called viridans streptococci. 
However, not all species form the alpha-hemolytic green ing 
(virescent = green), so this is not really a satisfactory group name. 
Probably the most significant pathogen of the group is Streptococcus 
mlltalls (mu'tans), the primary cause of dental caries. 

Enterococcus The enterococci are adapted to areas of the body 
that are rich in nutrients but low in oxygen, such as the gastroin-
testinal tract, vagina, and oral cavity. They arc also found in large 
numbers in human stool. Because they are rela tively hardy 
microbes, they persist as contamina nts in a hospital environ-
ment, on hands, bedding, and even as a fecal aerosol. In recent 
years they have become a leading cause of nosocomial infections, 
especially because of their high resistance to most antibiotics. 
Two species, Enterococcus Jaecalis (en -te-ro-kok'kus fe-ka' lis) 
and EllterococClls Jaecilllll (te'se-um), are responsible for much 
of the infections of surgical wounds and the urinary tract. In 
medical settings they frequently enter the bloodstream through 
invasive procedures, such as indwelling catheters. 

Listeria The pathogenic species of the genus Listeria, Listeria 
mOllocytogelles (l is-te' re -a mo-no-si -to' je-nez), can contam inate 
food, especially dairy products. Important characteristics of L. 
mOllocytogelles are that it survives with in phagocytic cells and is 
capable of growth at refrigeration temperatures. If it infects a 
pregnant woman, the organism poses the threat of stillbirth or 
serious damage to the fetus . 

Mycoplasmatales 
The mycoplasmas arc highly pleomorphic because they lack a 
cell wall (Figure 11.20) and can produce filaments that resemble 
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fungi, hence their name (mykes = fungus, and plasma = 
formed ), Cells of the genus Mycoplasma (mt-ko-plaz'ma) are 
very small, ranging in size from 0.1 to 0,25 J,lm, with a cell volume 
that is only about 5% of that of a typical bacillus. Because their 
size and plasticity allowed them to pass through filters that 
retained bacteria, they were originally considered to be viruses. 
Mycoplasmas may represent the smallest self-replicating organ-
isms that are capable of a free-living existence. One species has 
only 517 genes; the minimum necessary is between 265 and 350. 
Studies of their DNA suggest that they are genetically related to 
the gram -positive bacterial group that includes the genera 
Bacillus, StreptococCl/S, and LaclObacillus but have gradually lost 
genetic materiaL The term degenerative evolution has been used 
to describe this process. 

The most significant human pathogen among the mycoplas-
mas is M. pneumoniae (nu-mo'ne-I), which is the cause of a 
common form of mild pneumonia. Other genera in the order 
Mycoplasmatales are Spiroplasma (spt-ro-plaz'ma), cells with a 
tight corkscrew morphology that are serious plant pathogens 
and common parasites of plant-feeding insects, and Ureaplasma 
(u-re-a-plaz'ma), so named because they can enzymatically 
hydrolyze the urea in urine and are occasionally associated with 
urinary tract infections. 

Mycoplasmas can be grown on artificial media that provide 
them with sterols (if necessary) and other special nutritional or 
physical requirements. Colonies are less than 1 mm in diameter 
and have a characteristic "fried egg" appearance when viewed 
under magnification (see Figure 24.13, page 688). For many pur-
poses, cell culture methods are often more satisfactory. [n fact, 
mycoplasmas grow so well by this method that they are a fre-
quent contamination problem in cell culture laboratories. 

CHECK YOUR UNDERSTANDING 

'" Make a dichotomous key to distinguish the low G + C 
gram -positive bacteria described in this chapter. 11-8 

Actinobacteria (High G + C 
Gram-Positive Bacteria) 
High G + C gram -positive bacteria are in the phylum 
Actinobacteria. Many bacteria in this phylum are highly pleo-
morphic in their morphology; the genera Corynebacterium and 
Gardnerella, for example, and several genera such as Streptomyces 
grow only as extended, often branching filaments. Several impor-
tant pathogenic genera are found in the Actinobacteria, such as 
the Mycobacteri[/f/[ species causing tuberculosis and leprosy. The 
genera Streptomyces, Frallkia, Actinomyces, and Nocardia are 
often informally called actinomycetes (from the Greek actina = 
ray) because they have a radiate, or starlike, form of growth by 
reason of their often-branching filaments. Superficially, their 
morphology resembles that of filamentous fungi; however, the 

actinomycetes are prokaryotic cells, and their fila ments have a 
diameter much smaller than that of the eukaryotic molds. Some 
actinomycetes further resemble molds by their possession of 
externally carried asexual spores that are used for reproduction. 
Filamentous bacteria, like filamentous fungi, are very common 
inhabitants in soil, where a fi lamentous pattern of growth has 
advantages. The filamentous organism can bridge water-free 
gaps between soil particles to move to a new nutritional site. 
This morphology also gives the organism a much higher surface-
to-volume ratio and improves its ability to absorb nutrients in 
the highly competitive soil environment. 

Mycobacterium The mycobacteria are aerobic, non- endospore-
forming rods. The name myco, meaning fungusl ike, was derived 
from their occasional exhibition of filamentous growth (sec 
Figure 24.8, page 682). Many of the cha racteristics of mycobacte-
ria, such as acid -fast staining, d rug resistance, and pathogenicity, 
arc related to their distinctive cell wall, which is structurally simi-
lar to gram -negative bacteria (sec Figure 4. i3c, page 86), 
However, the outermost lipopolysaccharide layer in mycobacteria 
is replaced by mycolic acids, which form a waxy, water-resistant 
layer. This makes the bacteria resistant to stresses such as d rying. 
Also, few antimicrobial drugs arc able to enter the cell. (Sec the 
box in Chapter 7 on page 201.) Nutrients enter the cell through 
this layer very slowly, which is a factor in the slow growth rate of 
mycobacteria; it sometimes takes weeks for visible colonies to 
appear. The mycobacteria include the important pathogens 
Mycobacterium tuberCl/losis (mt -ko -bak-ti'rc -um tii -ber-kii -
lo'sis), which causes tuberculosis, and M. leprae (lep'ri), which 
causes leprosy. A number of other mycobacteria species arc fou nd 
in soil and water and arc occasional pathogens. 

Corynebacterium The corynebacteria (cory"e = club-shaped ) 
tend to be pleomorphic, and their morphology often varies with 
the age of the cells. The best-known species is Corynebacterium 
diphtheriae (k6r'i -nc-bak-ti-rc -um dif-thi'rc -i), the causative 
agent of diphtheria. 

Propionibacterium The name of the genus Propiollibacterium 
(pro-pc -on' e -bak-ti-rc -um) is derived from the organism's abil -
ity to form propionic acid; some species are important in the fe r-
mentation of Swiss cheese. PropionibacteriulII awes (ak' nez) arc 
bacteria that are commonly found on human skin and arc impli -
cated as the primary bacterial cause of acne. 

Gardnerella Gardnerella vaginalis (gard-ne-rel'la va-jin -al'is) is 
a bacterium that causes one of the most common forms of 
vagin itis. There has always been some difficulty in assigning a 
taxonomic position in this species, which is gram-variable, and 
which exhibits a highly pleomorphic morphology. 

Frankia The genus Frankia (frank'e -a) causes nitrogen-fixing 
nodules to form in alder tree roots, much as rhizobia cause nod -
ules on the roots of legumes (see Figure 27.5, page 773), 
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in COilS 

(a) Drawing of a typica l slreptomycele showing lilamenlous, branching 
growth with asexual reproductive conidiospores at the filament tips 

(b) Coils of conidiospores supported by filaments of the 
streptomycete 

Figure 11.21 Streptomyces. 

Q Why is Slreptomyces not classified with fungi? 

Streptomyces The genus Streptomyces (strep-to-mi'ses) is the 
best known of the actinomycetes and is one of the bacteria most 
commonly isolated from soi l (Figure 11.21 ). The reproductive 
asexual spo res of Streptomyces are fo rmed at the ends of aerial fil-
amen ts. If each spore lands on a suitable substrate, it is capable 
of germinating into a new colony. These organisms are strict aer-
obes. They often produce extracellular enzymes that enable them 
to utilize proteins, polysaccharides (such as starch and cellulose), 
and many other organic materials found in soil. Streptomyces 
characteristically produce a gaseous compound called geosmin, 
which gives fresh soil its typical musty odor. Species of 
Streptomyces are valuable because they produce most of our 
commercial ant ibiotics (see Table 20.1, page 555). Th is has led to 
intensive study of the genus-there are nearly 500 described 

• speCies. 
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Figure 11.22 Actinomyces. Notice the branched filamentous 
morphology. 

Q Why are these bacteria not classified as fungi? 

Actinomyces The genus Actinomyces (ak-tin -o-mi 'ses) consists 
of facultative anaerobes that are found in the mouth and throat 
of humans and animals. They occasionally form filaments 
that can fragment (Figure 11.22). One species, Actinomyces israelii 
(is-ra' le-e), causes actinomycosis, a tissue-destroying disease 
usually affecting the head, neck, or lungs. 

Nocardia The genus Nocardia (no-br'de -a) morphologically 
resembles Actinomyces; however, these bacteria are aerobic. To 
reproduce, they form rudimentary filaments, which fragment into 
short rods. The structure of their cet! wall resembles that of the 
mycobacteria; therefore, they are often acid-fast. Nocardia species 
are common in soil. Some species, such as Nocardia asteroides 
(as' ter-oi-dez), occasionally cause a chronic, difficult-to-treat pul-
monary infection. N. asteroides is also one of the causative agents of 
mycetoma, a localized destructive infection of the feet or hands. 

CHECK YOUR UNDERSTANDING 

./ Make a dichotomous key to distinguish the high G + C 
gram-positive bacteria described in this chapter. 11-9 

••• 
The fifth and final volume of the second edition of Bergey's 
Manual of Systematic Bacteriology is scheduled to contain a var-
ied assortment of phyla such as Planctomycetes Chlamydi ae, 
Spirochaetes, Bacteroidetes, and Fusobacteria. Several important 
pathogens, such as the genera Chlamydia, Borrelia, and 
Treponema, are included. Members of the genera Bacteroides 
and Fusobacterium are profuse and important inhabitants of the 
human in testinal tract. 
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II' Chlamydia and Chlamydophila Chlamydia and Chlamydophila, 

envelope 

III ' , 0.3 pm 

Figure 11.23 Gemmata obscuriglobus. This planctomycete exhibits 
a double membrane (nuclear envelope) surrounding its nucleoid (see 
Figure 4.6). which resembles a eui<.aryotic nucleus. 

Q Can you see a resemblance between the double membrane 
around the nucleoid In this photo and the membrane around the 
nuclear envelope shown in figure 4.24? 

Planctomycetes 
LEARNING OBJECTIVE 
11-10 Differentiate among planctomycetes. chlamydlas. spirochetes. 

Bacteroldetes. Cylophaga. and Fusobacteria by drawing a 
dichotomous key. 

The planctomycetes, a group of gram-negative, budding bacteria, 
are said to "blur the definition of what bacteria are." Although their 
DNA places them among the bacteria, they resemble the archaea in 
the makeup of their cell walls, and some even have organelles that 
resemble the nucleus of a eukaryotic cell. The members of the genus 
Plal1cromyces are aquatic bacteria that produce stalks resembling 
caulobacteria (page 304), and have cell walls similar to the archaea, 
that is, without peptidoglycan. One species of planctomycetes, 
Gemmata obscurigloblls (jem'ma-Iii ob-sker'e-glob-us) has a dou -
ble internal membrane around its DNA, resembling a eukaryotic 
nucleus (Figure 11.23) . Biologists wonder whether this might make 
Gemmata a model for the origin of the eukaryotic nucleus. 

Chlamydiae 
Members of the phylum Chlamydiae are grouped with other 
genetically similar bacteria that do not contain peptidoglycan in 
their cell walls. We will discuss only the genera Chlamydia and 
Chlamydophila. Earlier editions of Bergey's Manual of Systematic 
Bacteriology grouped these bacteria with the rickettsial bacteria 
because they all grow intracellula rly within host cells. The rick-
ettsia are now classified accord ing 10 their genetic content with 
the alphaproteobacteria . 

which we will call by the common name of the chlamydias, have 
a unique developmental cycle that is perhaps their most distin -
guishing characteristic (Figure ".24a). They are gram-negative 
coccoid bacteria (Figure 11.24b). The elementary body shown 
in Figure 11.24 is the infective agent. Unlike the rickettsias, 
chlamydias do not require insects or ticks for transmission . They 
are transmitted to humans by interpersonal contact or by 
airborne respiratory routes. The chlamydias can be cultivated in 
laboratory animals, cell cultures, o r in the yolk sac of embry-
onated chicken eggs. 

There are three species of the chlamydias that are significant 
pathogens for humans. Chlamydia trachomatis (kla-mi'de-a tra -
ka'ma-tis) is the best known pathogen of the group and respon-
sible for more than one major d isease. These include trachoma, 
one of the most common causes of blindness in humans in the 
less developed countries. It is also considered to be the primary 
causative agent of both nongonococcal urethritis, which may be 
the most common sexually transmitted disease in the United 
States, and lymphogranuloma venereum, another sexually trans-
mitted disease. 

Two members of the genus Chlamydophila (kla-mid-o'fil-a) 
are well -known pathogens. Chlamydophila psinaci (sit'ta-se) is 
the causative agent of the respiratory disease psittacosis 
(ornithosis). Chlamydophila pnellmoniae (nii-ma'ne-i) is the 
cause of a mild form of pneumonia that is especially prevalent in 
young adults. 

Spirochaetes 
The spirochetes have a coiled morphology, resembling a metal 
spring; some are more tightly coiled than others. The most 
distinctive charac ter istic of this order, however, is their 
method of motility, wh ich makes use of two or more axial 
filaments (or emloj1agella) enclosed in the space between an 
outer sheath and the body of the cell. One end of each axial 
filament is attached near a pole of the cell (see Figure 4.10, 
page 84, and figure 11.25). By rotating its axial filament, the 
cell rotates in the opposite direction, like a corkscrew, which 
is very efficient in moving the organism through liquids. For 
bacteria, this is more difficult than it might seem. At the scale 
of a bacterium, water is as viscous as molasses is to a human. 
However, a bacterium can typically move about 100 times its 
body length in a second (or about 50 ).1m/sec), whereas a large 
fish, such as a tuna, can move only about iO times its body 
length in this time. 

Many spirochetes are found in the human oral cavity and are 
probably among the first microorganisms described by van 
Leeuwenhoek in the 1600s that he found in saliva and tooth 
scrapings. An extraordinary location fo r spirochetes is on the 
surfaces of some of the cellulose-d igesting protozoa found in 
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Figure 11.24 Chlamydias. 
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Elementary body .-----..... 1. , • The bacterium'S infectious 
form, the elementary 
body, attaches to a host 
cell. 

f-< 
0.3 pm 

Host cel l \ 
----' -Vacuole forming .-

e The host cell 
phagocytizes the 
elementary body, 
housing it in a vacuole . 

Vacuole 

I 
r _;----'\\ Reticulate body 

e The elementary body 
reorganizes to form a 
reticulate body. 

(b) Micrograph of Chlamydop/lila psilfaci in the cytoplasm of a host cell. 
The elementary bodies are the infectiouS stage; they are dense, dark, 
and re latively small. Reticulate bodies, the form in whiCh chlamydias 
reproduce within the host cell , are larger with a speckled appearance. 
Intermediate bodies, a stage between the two, have a dark center. 

Q Which stage of the life cycle Is Infectious to humans? 

termites, where they may function as substitutes for flagella. See 
the box on page 107. 

Treponema The spirochetes include a number of important 
pathogenic bacteria . The best known is the genus Treponema 
(tre-po-ne'mit), which includes Treponema pallidlll1l (pal' li -
dum), the cause of syphilis (Figure 11.25b). 

Borrelia Members of the genus Borrelia (b6r'rel-e-a) cause 
relapsing fever and Lyme di sease, serious diseases that are usual-
ly transmitted by ticks or lice, 

Leptospira Leptospirosis is a disease usually spread to humans 
by water contaminated by Leptospira (lep-t6-sPl' raj species. The 
bacteria are excreted in the urine of such animals as dogs, rats, 
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i I 
filaments 

(a) This cross section 01 a 
spirochete shows numerous axial 
filaments between the dark cell 
and the outer sheath. 

(b) This micrograph of a portioo of Treponema pallidum 
shows the sheath, which has shrunk away Irom the cell, 
and two axial Iii aments attached near one end 01 the cell 

I I 
O.S jjm 

under the sheath. 
Figure 11.25 Spirochetes. Spirochetes are helical and have axial 
filamen ts under an outer sheath that enables them to move by a 
corkscrewlike rotation. 

Q How does a spirochete's motility differ from that of Spirilfum (see 
Figure 11.4)? 

and swine, so domestic dogs and cats are routinely immunized 
against leptospirosis. The tightly coiled cells of Leptospira are 
shown in Figure 26.4 on page 747. 

Bacteroidetes 
The phylum Bacteroidetes includes several genera of anaerobic 
bacteria. Included are the genus Bacteroides, a common inhabi-
tant of the human intestinal tract, and the genus Prevotella, 
found in the human mouth. Also included in the phylum 
Bacteroidetes are the important soil bacteria with glid ing motil -
ity of the genus Cytophaga. 

Bacteroides Bacteria of the genus Bacteroides (bak-te- roi' dez) 
live in the human intestinal tract in numbers approaching 1 bil-
lion per gram of feces. Some Bacteroides species also reside in 
anaerobic habitats such as the gingival crevice (see Figure 25.2 
on page 707) and are also frequently recovered from deep tissue 
infections. Bacteroides organisms are nonmotile and do not 

form endospores. Infections caused by Bacteroides often result 
from puncture wounds or surgery and are a frequent cause of 
peritonitis, an inflammation resulting from a perforated bowel. 

Cytophaga Members of the genus Cytophaga (si-tar ag-a) are 
important in the degradation of cellulose and chitin, which are 
both abundant in soil. Gliding motility places the microbe in 
close contact with these substrates so that enzymat ic action is 
very efficient. 

Fusobacteria 
The fusiform bacteria comprise another phylum of anaerobes. 
These bacteria are often pleomorphic but, as their name suggests, 
may be spindle-shaped (fIlSO = spindle). 

Fusobacterium Members of the genus Fusobacterium (fu-so-
bak-ti're -um ) are long and slender, with pointed rather than 
blunt ends (Figure 11.26) . In humans, they are found most often 
in the gingival crevice of the gums and may be responsible for 
some dental abscesses. 

CHECK YOUR UNDERSTANDING 

..r Make a dichotomous key to distinguish planctomeycetes, 
chlamydias. spirochetes, Bacteroidetes. Cytophaga. and 
Fusobacterium. 11-10 

Figure 11.26 Fusobacterium. This is a common anaerobiC rod fou nd 
in the human intestine. Notice the characteristic pOinted ends. 

Q In what other place in the human body do you often find 
Fusobacterium? 
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DOMAI N ARCHAEA 
In the late 1970s, a distinctive type of prokaryotic cell was discov-
ered. Most strikingly, their cell walls lacked the peptidoglycan 
common to most bacteria. It soon became clear that they also 
shared many rRNA sequences, and the sequences were different 
from either those of the Domain Bacteria or the eukaryotic 
organisms. These differences were so significant that these 
organisms now const itute a new taxonomic grouping, the 
Domain Archaea . 

Diversity within the Archaea 
LEARNING OBJECTIVE 
11-11 Name a habitat for each group of archaea. 

This exceptionally interesting group of prokaryotes IS highly 
diverse. Most archaea are of conventional morphology, that is, 
rods, cocci, and helixes, but some are of very unusual morphology, 
as illustrated in Figure 11.27. Some are gram-positive, others 
gram-negative; some may divide by binary fission, others by 
fragmentation or budding; a few lack cell walls. Cultivated mem-
bers of the archaea (singular: archaeon) can be placed into five 
physiological or nutritional groups. 

Physiologically, archaea are found under extreme environmen-
tal conditions. Extremophiles, as they are known, include 
halophiles, thermophiles, and acidophiles (also see pages 158-159). 
There are no known pathogenic archaea. Halophiles thrive in salt 
concentrat ions of more than 25%, such as found in the Great Salt 
Lake and solar evaporating ponds. Examples of these are found 
in the genus Halobacterillln (ha-lo-bak-ti're-um), some of which 
may even require such salt concentrations in order to grow. 
The optimal growth temperatures of extremely thermophilic 
archaea is 80°C or higher. The present record growth temperature 
is 121°C, established by archaea growing near a hydrothermal vent 
at 2000 meters deep in the ocean. Acidophilic archaea can be found 
growing at p H values below zero, and frequently at elevated 
temperatures, as well. An example is Silifoloblls (sul'fo-lo-bus), 
whose optimal pH is about 2 and optimal temperature is more 
than 70°C. 

Nutritionally, the ocean contains numerous nitrifying archaea 
that oxidize ammonia for energy. Some might also be found in 
soils. Methmwgel!s are strictly anaerobic archaea that produce 
methane as an end-product by combining hydrogen (H2) with car-
bon dioxide (C02). There are no known bacterial methanogens. 
These archaea are of considerable economic importance when they 
are used in sewage treatment (see the discussion of sludge digestion 
in Chapter 27 on pages 785-787). Methanogens are also part of the 
microbiota of the human colon, vagina, and mouth . 

CHECK YOUR UNDERSTANDING 

.,f What kind of archaea would populate solar evaporating 
ponds? 11-11 

Figure 11.27 Archaea. Pyrodictium abyssl; an unusual member of the 
archaea found growing in deep ocean sediment at a temperature of 
110°C. The cells are disk-shaped with a network of tubules (cannulae). 
Most archaea are more conventional in their morphology. 

Q Do the tenns included in the name, pyro and abyss;' suggest a 
basis for the naming of this bacterium? 

MICROBIAL DIVERSITY 
The Earth provides a seemingly infinite number of environ-
mental niches, and novel life forms have evolved to fill them. 
Many of the microbes that exist in these niches cannot be cul-
tivated by conventional methods on conventional growth 
media and have remained unknown. In recent years, however, 

isolation an d identification methods have become much more 
sophisticated, and microbes that fill these niches are being 
identified-many without being cultivated. Particularly inter-
esting are bacteria that test the theoretical limits of size for 
prokaryotes. 
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Figure 11.28 Thiomargarila namibiensis, Thiomargarita 
namibiensis gets its energy from reduced sulfur compounds such as 
hydrogen sulfide. 

Q Is a bacterium of this size theoretically possible if the interior were 
cytoplasm rather than a nuid-filted vacuole? 

Discoveries Illustrating 
the Range of Diversity 
LEARNING OBJECTIVE 

11-12 list two facto rs that contribute to the limits of our knowledge of 
microbial diversity. 

Earlier in this chapter, we described the giant bacterium 
Epulopiscium. In 1999, another even larger giant bacterium was 
discovered 100 meters deep in the sediments of the coastal waters 
off Namibia, on the southwestern coast of Africa. Named 
Thiomargarita lIamibielisis (thi 'o-mar-gar-e·ta na ' mi-be-en-
sis), meaning "sulfur pearl of Namibia," these spherical organ-
isms, classified with the gammaproteobacteria, are as large as 
750 "un in diameter (Figure 11.28). This is a bit larger than the 
size of a period at the end of this sentence. 

A As we have mentioned, a factor that limits the size 
of prokaryotic cells is that nutrien ts must enter the 

cytoplasm by simple diffusion. T. namibiensis mllllmizes this 
problem by resembling a fluid -filled balloon, the vacuole in the 
interior being surrounded by a relatively thin outer layer of cyto-
plasm. This cytoplasm is equal in volume to that of most other 
prokaryotes. Its energy source is essentially hydrogen sulfide, 
which is plentiful in the sediments in which it is normally found, 
and nitrate, which it must extract intermittently from nitrate-
rich seawaters when storms stir the loose sediment. The cell's 
interior vacuole, which makes up about 98% of the bacterium's 
volume, serves as a storage space to hold the nitrate between 

recharging of its supply. The cell's energy is derived from the oxi· 
dation of hydrogen sulfide; the nitrate, although a source of 
nutritional nitrogen, primarily serves as an electron acceptor in 
the absence of oxygen . 

The discovery of uniquely large bacteria has raised the 
question of how large a prokaryotic cell can be and still absorb 
nutrients. At the other extreme, is there a lower limit for the 
size o f microorganisms-especially their genome? There are 
reports of bacteria as small as 0.02 to 0.03 f-Im (nanobacteria) 
found in deep rock formatio ns. Most microbiologists think that 
these are nonliving artifacts and suggest the name nanons. 
Theoretical considerations have been used to calcu late that a 
cell with a significant metabolism would have to have a d iame-
ter of at least 0 . 1 /-1m. Certain bacteria have extraordinarily 
small genomes. For example, CarsolicIla mddii (kar'son-el·lii 
ru 'de-e ) is a bacterium that lives in a symbiotic relationship 
with its insect host, a sap·eating psyllid (plant louse), and 
requires less genetic capability than would a free·l iving 
microbe. It has only 182 genes, which is close to the 151 genes 
that is the calculated theoretical minimum even for a microbe 
in such a symbiotic relationship. (Compare this with the mini-
mal genetic requirements of the free-living mycoplasmas, on 
page 320). C. ruddii is not completely parasitic in its relation-
ship with its host insect, but it supplies the host with some 
essential amino acids. It is therefore probably in the evolution· 
ary process of becoming an organelle, like the mitochondria of 
mammalian cells (see page 277). 

Until now, microbiologists have described only about 5000 
bacterial species, of which about 3000 are listed in Bergey's 
Manual. The true number may be in the millions. Many bacte· 
ria in soil or water, or elsewhere in nature, cannot be cultivated 
with the media and conditions normally used for bacterial 
growth . Moreover, some bacteria are part of complex food 
chains and can grow only in the presence of other microbes 
that supply specific growth requi rements. Recently, researchers 
have been using the polymerase chain reaction (PCR) to make 
millions of copies of genes found at random in a soil sample. By 
comparing the genes found in many repetitions of this process, 
researchers can estimate the different bacterial species in such a 
sample. One report indicates that a single gram of soil may 
contain 10,000 or so bacterial types- about twice as many as 
have ever been described. 

CHECK YOUR UNOERSTANOING 

..r How can you detect the presence of a bacterium that cannot be 
cultured? 11-12 
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STUDY OUTLINE 
The MyMicrobiolo9yPIace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: 
G take a pre-test and obtain a personal ized study plan. f) learn and 
practice with animations. tutorials. and MP3 tutor sessions. and e test yourself with quizzes and a chapter post-test 

Introduction (p.299) 

I. Bagey's Mali/wi categorizes bacteria into taxa based on rRNA 
sequences. 

2. Bagey's Maullallists identifying characteristics such as Gram stain 
reaction, cellular morphology, oxygen requirements, and nutri -
tional properties. 

The Prokaryotic Groups (p.300) 

I. Prokaryotic organisms are classified into two domains: Archaea 
and Bacteria. 

DOMAIN BACTERIA (pp.302-32' ) 

I. Bacteria are essential to life on Earth. 

The Proteobacteria (pp.302-312) 

I. Members of the phylum Proteobacteria are 
gram-negative. 

2. Alphaproteobacteria includes nitrogen· fixing bac· 
teria , chemoautotrophs, and chemoheterotrophs. 

3. The betaproteobacteria include chemoautotrophs 
and chemoheterotrophs. 

4. Pseudomonadales, l.egionellales, Vibrionales, Enterobacteriales, 
and Pasteurellales are classified as gammaproteobacteria. 

5. Purple and green photosynthetic bacteria are photoautotrophs 
that use light energy and CO2 and do not produce 02' 

6. MyxococclIs and Bdellovibrio in the deltaproteobacteria prey on 
other bacteria. 

7. Epsilonproteobacteria include Campylobacta and Helicobacta. 

The Nonproteobacteria Gram-Negative 
Bacteria (pp.313-315) 

I. Several phyla of gram-negative bacteria are not related phyloge-
netically to the Proteobacteria. 

2. Cyanobacteria are photoautotrophs tha t use light energy and CO2 
and do produce 0 2' 

3. Chemoheterotrophic examples are planctomycetes, chlamydiae, 
spirochetes, bacteroidetes, and fusobacteria . 

The Gram-Positive Bacteria (pp.315-32') 

I. In Bagey's Manllal, gram-positive bacteria are 
divided into those that have low G + C ratio 
and those that have high G + C ratio. 

2. UJw G + C gram-positive bacteria include 
common soil bacteria, the lactic acid bacteria, 
and several human pathogens. 

3. High G + C gram-positive bacteria include 
mycobacteria, corynebacteria, and actinomycetes. 

DOMAIN ARCHAEA (p.325) 

I. Extreme halophiles, extreme thermophiles, and 
methanogens are included in the archaea. 

MICROBIAL DIVERSITY 
(pp. 325-326) 

I . Few of the total number of different prokaryotes have been 
isolated and identified . 

2. PCR can be used to uncover the presence of bacteria that can't be 
cultured in the laboratory. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
1. The following outline can be used to identify important bacteria. 

Fill in a representative genus in the space provided. 

I. Gram-posi tive 
A. Endospore-forming rod 

I. Obligate anaerobe 
2. Not obligate anaerobe 

B. No n-endospore-forming 
I. Cells are rods 

a. Produce conidiospores 
b. Acid·fast 

Representat ive Genus 

('1==== (b) 

1<1 ==== Id) 

2. Cells are cocci 
a.l.ack cytochrome system 
b. Use aerobic respiration 

II. Gram-negat ive 
A. Cells are helical or curved 

I . Axial filament 
2. No axial filament 

B. Cells are rods 
l. Aerobic, non fermenting 
2. Facultatively anaerobic 

Ill . l.ack cell walls 
IV. Obligate intracellular paras ites 

A. Transmitted by ticks 
B. Reticulate bodies in host cells 

1'1 ==== If I 

Igi -==== Ihl _ 

(i l Ij)== 
Ikl = 
II) -==== (ml_ 
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2. Compare and contrast each of the following: 
a . Cyanobacteria and algae 
b. Actinomycetes and fungi 
c. Bacillus and Lactobacillus 
d. Pseudomonas and Escherichia 
e. Leptospira and Spirillum 
f. Escherichia and Bacteroides 
g. Rickettsia and Chlamydia 
h. Ureaplasma and Mycoplasma 

3. Draw a key to differentiate the following bacteria: 
Cyanobacteria, Cytophaga, Desulfovibrio, Frankia, 
Hyphomicrobillm, Methanogens, Myxobacteria, Nitrobacter, purple 
bacteria, Sphaerotilus, and Sulfolobus. 

Multiple Choice 
1. 1f you Gram ·stained the bacteria that live in the human intestine, 

you would expect to find mostly 
a. gram-positive cocci. 
b. gram-negative rods. 
c. gram-positive, endospore· forming rods. 
d. gram-negative, nitrogen-fixing bacteria. 
e. all of the above 

2. Which of the following does /wt belong wi th the others? 
a. Enterobacteriales d. Pasteurellales 
b. Lactobacillales e. Vibrionales 
c. Legionellales 

3. Pathogenic bacteria can be 
a. motile. d. anaerobic. 
b. rods. e. all of the above 
c. COCCI. 

4. Which of the following is an intracellular parasite? 
a. Rickettsia d. Staphylococcus 
b. Mycobacterium e. Streptococcus 
c. Bacillus 

5. Which of the following terms is the most specific? 
a. bacillus d. endospore-forming rods and cocci 
b. Bacillus e. anaerobic 
c. gram-positive 

6. Which one of the following does /wt belong with the others? 
a. Enterococcus d. Streptococcus 
b. Lactobacillus e. all are grouped together 
c. Stap/ly/ocoaus 

7. Which of the following pairs is mismatched? 
a. anaerobic endospore-forming gram-positive rods- Clostridium 
b. facu lta tively anaerobic gram-negative rods- Escherichia 
c. facu lta tively anaerobic gram-negative rods- S/ligelia 
d. pleomorphic gram-positive rods- Corynebacterium 
e. spirochetc-Helicobacter 

8. Spirillum is not classified as a spirochete because spirochetes 
a. do not cause disease. d. are prokaryotes. 
b. possess axial filaments. e. none of the above 
c. possess flagella . 

9. When Legioneila was newly discovered, it was classified with the 
pseudomonads because 
a. it is a pathogen. 
b. it is an aerobic gram-negative rod. 
c. it is difficult to culture. 
d. it is found in water. 
e. none of the above 

10. Cyanobacteria di ffer from purple and green phototrophic bacteria 
because cyanobacteria 
a. produce oxygen during photosynthesis. 
b. do not require light. 
c. use J-i2S as an electron donor. 
d. have a membrane-enclosed nucleus. 
e. all of the above 

Critical Thinking 
I. Place each phylum listed in Table 11.1 in the appropriate 

category: 
a. typical gram -positive cell wall 
b. typical gram -negative cell wall 
c. no peptidoglycan in cell wall 
d. no cell wall 

2. To which of the following is the photosynthetic bacterium 
Chroma/ium most closely related? Briefly explain why. 
a. cyanobacteria 
b. Chloroflexlis 
c. Escherichia 

3. Identify the genus that best fits each of the following descriptions: 
a. This organism can produce a fuel used for home heating and 

for generating electricity. 
b. This gram-positive genus presents the greatest source of bacterial 

damage to the beekeeping industry. 
c. This gram-positive rod is used in dairy fermentations. 
d. This gammaproteobacterial genus is well suited to d egrade 

hydrocarbons in an oil spill. 

Clinical Applications 
1. After contact with a patient's spinal fluid, a lab technician devel-

oped fever, nausea, and purple lesions on her neck and extremities. 
A throat culture grew gram -negative diplococci. What is the genus 
of the bacteria? 

2. Between April] and May 15 of one year, 22 children in three states 
developed diarrhea, fever, and vomiting. The children had each 
received pet ducklings. Gram -negative, facultatively anaerobic bac-
teria were isolated from both the patients' and the ducks' feces; the 
bacteria were identified as serovar C2. What is the genus of these 
bacteria? 

3. A woman complaining of lower abdominal pain with a tempera-
ture of 39"C gave birth soon after to a stillborn baby. Blood cul -
tures from the infant revealed gram-positive rods. The woman had 
a history of eating unheated hot dogs during her pregnancy. 
Which organism is most likely involved? 



The Eukaryotes: 
Fungi, Algae, Protozoa, 
and Helminths 

Over half of the world's population is infected with eukaryotic pathogens. The World Health 
Organization (WHO) ranks six parasitic diseases among the top 20 microbial causes of death 
in the world. Every year, there are over 5 million new cases of malaria. schistosomiasis, 
amoebiasis, hookworm. African trypanosomiasis, and intestinal parasites reported in 
developing countries. Emerging eukaryotic pathogens in developed countries include 
Pneumocystis, the leading cause of death in AIDS patients: the protozoan Cryptosporidium, 
which caused disease in 400,000 people in Milwaukee in 1993: a new protozoan parasite. 
Cyclospora, discovered in the United States in 1993: and new and increased poisonings due to 

algae. Increases in mold-related illness have led to debate about the passage 
of laws regarding safe levels of exposure to molds. 

In this chapter, we examine the eukaryotic microorganisms that 
affect humans: fungi, algae, protozoa, parasitic helminths, and 

the arthropods that transmit diseases. (For a comparison of 
their characterist ics, see Table 12.1.) 

Q 
During the Great Irish Famine of the mid-
nineteenth century, well over I million people 
died or were displaced because of the devastating 
effects of PhYfOphlhora in!eslans, an alga that 
infects potato crops. What damage is PhYfOphlhom 
causing in other parts of the world today? 
Look for the answer in the chapter. 
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.. "", Algae Protozoa Helminths 

Kingdom Fungi "Protists" «Protistsn Animalia 

Nutritional Type Chemoheterotroph Photoautotroph Chemoheterotroph Chemoheterotroph 

Mutticellularity All, except yeasts Some None All 

Cellular Unicellular, filamentous, fleshy Unicellu lar. colonial. Unicellular Tissues and organs 
Arrnngement (such as mushrooms) filamentous; tissues 

Food Acquisition Absorptive Diffusion 
Method 

Characteristic Sexual and asexual spores Pigments 
Features 

Embryo Fonnation None None 

Fungi 
LEARNING OBJECTIVES 
12-1 List the defining characteristics of fungi . 
12-2 Differentiate asexual from sexual reproduction, and describe each 

of these processes In fung i. 
12-3 List the defining characteristics of the three phyla of fungi 

described In thiS chapter. 
12-4 Identify two beneficial and two harmful effects of fung i. 

Over the last 10 years, the incidence of serious fungal infections 
has been increasing. These infections arc occurring as nosocomial 
infections and in people with compromised immune systems. 
In addition, thousands of fungal diseases amict economically 
important plants, costing more than $1 billion annually. 

Fungi arc also beneficial. They arc important in the food chain 
because they decompose dead plant matter, thereby recycling vital 
clements. Through the usc of extracellular enzymes such as cellu-
lases, fungi arc the primary decomposers of the hard parts of plants, 

Absorptive; ingestive Ingestive (mouth); absorptive 
(cytostome) 

Motility; some form Many have elaborate life cycles. 
cysts including egg. laIVa, and adult 

None All 

which cannot be digested by animals. Nearly all plants depend on 
symbiotic fungi, known as mycorrhizae, which help their roots 
absorb minerals and water from the soil (see Chapter 27). Fungi are 
also valuable to animals. Fungi-farming ants cultivate fungi that 
break down cellulose and lignin from plan ts, providing glucose that 
the ants can then digest. Fungi are used by humans for food (mush-
rooms) and to produce foods (bread and citric acid) and drugs 
(alcohol and penicillin). Of the more than 100,000 species of fungi, 
only about 200 are pathogenic to humans and animals. 

The study of fungi is called mycology. We will first look at 
the structures that are the basis of fungal iden tification in a 
cli nical laboratory, then we will explore their life cycles. Recall 
from Chapter \0 that a pathogen must be identified to properly 
treat a disease and to prevent its spread. 

We will also examine nutritional needs. All fungi are 
chemoheterotrophs, requiring organic compounds for energy 
and carbon. Fungi are aerobic or facultatively anaerobic; only a 
few anaerobic fungi are known. 

Table 12.2 lists the basic differences between fungi and bacteria. 

Table 12.2 Selected Features of Fungi and Bacteria Compared 

Cell Type 

Cell Membrane 

Cell wall 

Spores 

Metabolism 

.. "", 
Eukaryotic 

Sterols present 

Glucans; mannans; chitin (no peptidoglycan) 

Sexual and asexual reproductive spores 

Limited to heterotrophic; aerobic, facultatively 
anaerobic 

Bacieria 

Prokaryotic 

Sterols absent. except in Mycoplasma 

Peptidoglycan 

Endospores (not for reproduction); some asexual 
reproductive spores 

Heterotrophic. autotrophic; aerobic. facultatively 
anaerobic. anaerobic 
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Figure 12.1 Characteristics of 
fungal hyphae. (a) Septate hyphae 
have cross-walls. or septa. dividing the 
hyphae into cell-like units. (b) Coenocytic 
hyphae lack septa. (c) Hyphae grow by 
elongating at the tips. 

Q What is a hypha? A mycelium? 

• 

Cell wall 

• • 

(a) Septate hypha (b) Coenocytic hypha (e) Growth of a hypha from a spore 

Characteristics of Fungi 
Yeast identification, like bacterial identification, involves 
biochemical tests. However, multicellular fungi are identified on 
the basis of physical appearance, including colony characteristics 
and reproductive spores. 

Vegetative Structures 
Fungal colon ies are described as vegetative structures because 
they are composed of the cells involved in catabolism and growth. 

Molds and Fleshy Fungi The thallus (body) of a mold o r fleshy 
fungus consists of long filaments of cells joined together; these 
filaments are called hyphae (singular: hypha) . Hyphae can grow 
to immense proportions. The hyphae of a single fungus in 
Oregon extend across 3.5 miles. 

In most molds, the hyphae contain cross-walls called septa 
(singular: sepwm), which d ivide them into d istinct, uninucleate 

(one-nucleus) cell-like units. These hyphae are called septate 
hyphae (Figure 12.1a ). In a few classes of fungi , the hyphae contain 
no septa and appear as long, continuous cells with many nuclei. 
These are called coenocytic hyphae (Figure 12.1b). Even in fungi 
with septate hyphae, there are usually openings in the septa that 
make the cytoplasm of adjacent "cells" continuous; these fungi are 
actually coenocytic organisms, too. 

Hyphae grow by elongating at the tips (Figure 12.1C). Each 
part of a hypha is capable of growth, and when a fragment breaks 
off, it can elongate to form a new hypha. In the laboratory, fungi 
are usually grown from fragments obtained from a fungal thallus. 

The portion of a hypha that obtains nutrients is called the 
vegetative hypha; the portion concerned with reproduction is 
the reproductive or aerial hypha, so named because it projects 
above the surface of the medium on which the fungus is grow-
ing. Aerial hyphae often bear reproductive spores (Figure 12.2a ), 
discussed later. When environmental conditions are suitable, the 

(a) Aspergillus niger I----i (b) A. niger on agar 
2O,m 

Figure 12.2 Aerial and vegetative hyphae. (a) A photomicrograph of ae rial hyphae. showing 
reproductive spores. (b) A colony of Aspergillus niger grown on a glucose agar plate, showing both 
vegetative and aenal hyphae. 

Q How do fungal colonies differ from bacterial colonies? 
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5,m 

Figure 12.3 A budding yeasL A micrograph of Saccharomyces 
cereVlSlae in vanous stages of budding. 

Q How does 8 bud differ from II spore? 

hyphae grow to form a filamentous mass called a mycelium, 
which is visible to the unaided eye (Figure 12.2b). 

Yeasts Yeasts are nonfilamentous, unicellular fungi that are typ-
ically spherical or oval. Like molds, yeasts are widely distributed 
in nature; they are frequently found as a white powdery coating 
on fruits and leaves. Budding yeasts, such as Saccharomyces 
(sak-a- ro -mi'ses), divide unevenly. 

In budding (Figure 12.3 ), the parent cell forms a protuber-
ance (bud) on its outer surface. As the bud elongates, the parent 
cell's nucleus divides, and one nucleus migrates into the bud. Cell 
wall material is then laid down between the bud and parent cell , 
and the bud eventually breaks away. 

One yeast cell can in time produce up to 24 daughter cells by 
budding. Some yeasts produce buds that fail to detach them-
selves; these buds form a short chain of cells called a 
pseudohypha. Candida albicans (kan'did-a al'bi-kanz) attaches 
to human epithelial cells as a yeast but usually requires pseudo-
hyphae to invade deeper tissues (see Figure 21 .17a, page 601). 

Fission yeasts, such as Scllizosacc/wromyces (skiz-o-sak-a-ro-
mi 'scs), divide evenly to produce two new cells. During fission, 
the parent cell elongates, its nucleus divides, and two daughter 
cells arc produced. Increases in the number of yeast cells on a 
solid medium produce a colony similar to a bacterial colony. 

Yeasts are capable of facultative anaerobic growth. Yeasts can 
use oxygen or an organic compound as the final electron accep-
tor; this is a valuable allribute because it allows these fungi to 
survive in various environments. If given access to oxygen, yeasts 
perform aerobic respiration to metabolize carbohydrates to 
carbon dioxide and water; denied oxygen, they ferment carbohy-
drates and produce ethanol and carbon dioxide. This fermenta-
tion is used in the brewing, wine-making, and baking industries. 
Saccharomyces species produce ethanol in brewed beverages and 
carbon dioxide for leavening bread dough. 

Dimorphic Fungi SOme fungi, most notably the pathogenic 
species, exhibit dimorphism-two forms of growth. Such fungi 

Figure 12.4 Fungal dimorphism. Dimorphism in the fungus Mucor 
mdlCus depends on CO2 concentration. On the agar surface. Mucor 
exhibits yeaslhke growth. but 10 the agar it is moldl ike, 

Q What is fun gat dimorphism? 

can grow either as a mold or as a yeast. The moldlike forms produce 
vegetative and aerial hyphae; the yeastlike forms reproduce by bud-
ding. Dimorphism in pathogenic fungi is temperature-dependent: 
at 3PC, the fungus is yeastlike, and at 25°C, it is moldlike. (See 
Figure 24.16, page 695.) However, the appearance of the dimorphic 
(i n this instance, nonpathogenic) fungus shown in Figure 12.4 
changes with CO2 concentration. 

Life Cyc le 
Filamentous fungi can reproduce asexually by fragmentation of 
their hyphae. In addition, both sexual and asexual reproduction in 
fungi occurs by the formatio n of spores. In fact, fungi are usually 
identified by spore type. 

Fungal spores, however, are quite different from bacterial 
endospores. Bacterial endospores allow a bacterial cell to survive 
adverse environmental conditions (see Chapter 4). A single 
vegetative bacterial cell forms one endospore, which eventually 
germinates to produce a single vegetative bacterial cell. This 
process is not reproduction because it does not increase the total 
number of bacterial cells. But after a mold forms a spore, the 
spore detaches from the parent and germinates into a new mold 
(see Figure 12.1c). Unlike the bacterial endospore, this is a true 
reproductive spore; a second organism grows from the spore. 
Although fungal spores can survive for extended periods in dry 
or hot environments, most do not exhibit the extreme tolerance 
and longevity of bacterial endospores. 

Spores are formed from aerial hyphae in a number of 
different ways, depending on the species. Fungal spores can 
be either asexual or sexual. Asexual spores are formed by the 
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hyphae of one organism. When these spores germinate, they 
become organisms that are genetically identical to the parent. 
Sexual spores result from the fusion of nuclei from two opposite 
mating strains of the same species of fungus. Fungi produce sex-
ual spores less frequently than asexual spores. Organisms that 
grow from sexual spores will have genetic characteristics of both 
parental strains. Because spores are of considerable importance 
in identifying fungi, we will next look at some of the various 
types of asexual and sexual spores. 

Asexual Spores Asexual spores are produced by an individual 
fungus through milOsis and subsequent cell division; there is no 
fusion of the nuclei of cells. Two types of asexual spores are 
produced by fungi . One type is a conidiospore, or conidium 
(plural : conidia), a unicellular or multicellular spore that is not 
enclosed in a sac (Figure 12.5a). Conidia are produced in a chain 
at the end of a conidiopbore. Such spores are produced by 
Aspergillus (a-sper-jil'lus). Conidia fo rmed by the fragmenta -
tion of a septate hypha into single, slightly thickened cells are 
called artbroconidia (Figure 12.5b). One species that prod uces 
such spores is Coccidioides immitis (kok-sid -e-oi' dez im' mi-tis) 
(see Figure 24.18, page 696) . Another type of co nidium, 
blastoconidia, consists of buds coming off the parent cell 
(Figure 12.5C). Such spores are found in some yeasts, such as 
Candida albicalls and CryptococCl/s. A cblamydoconidium is 
a thick-walled spore formed by round ing and enlargement 
within a hyphal segment (Figure 12.5d). A fungus that produces 
chlamydoconidia is the yeast C. albicalls. 

The other type of asexual spore is a sporangiospore, formed 
within a sporangium, or sac, at the end of an aerial hypha called 
a sporangiopbore. The sporangium can contain hundreds of 
sporanglOspores (Figure 12.5e). Such spores are produced by 
Rhizopus. 

Sexual Spores A fungal sexual spore results from sexual repro-
duction, which consists of three phases: 

I. Plasmogamy. A haploid nucleus of a donor cell (+) 
penetrates the cytoplasm of a recipient cell (-) . 

2. Karyogamy. The (+) and (-) nuclei fuse 10 form a diploid 
zygote nucleus. 

3. Meiosis. The diploid nucleus gives rise to haploid 
nuclei (sexual spores), some of which may be genetic 
recombinants. 

The sexual spores produced by fungi characterize the phyla. 
In laboratory settings, most fungi exhibit only asexual spores. 
Consequently, clinical identification is based on microscopic 
examination of asexual spores. 

Nutritional Adaptations 
Fungi are generally adapted to environments that would be hostile 
to bacteria. Fungi are chemoheterotrophs, and, like bacteria, they 
absorb nutrients rather than ingesting them as animals do. 

However, fungi differ from bacteria in certain environmental 
requirements and in the following nutritional characteristics: 

• Fungi usually grow beller in an environment with a pH of 
about 5, which is 100 acidic for the growth of most common 
bacteria . 

• Almost all molds are aerobic. Most yeasts are facultative 
anaerobes. 

• Most fungi are more resistant to osmotic pressure than 
bacteria; most can therefore grow in relatively high sugar or 
salt concentrations. 

• Fungi can grow on substances with a very low moisture 
content, generally too low 10 support the growth of bacteria. 

• Fungi require somewhat less nitrogen than bacteria for an 
equivalent amount of growth. 

• Fungi are often capable of metabolizing complex carbohy-
drates, such as lignin (a component of wood), that most 
bacteria cannot use for nutrients. 

These characteristics enable fungi to grow on such unlikely sub-
strates as bathroom walls, shoe leather, and discarded newspapers. 

CHECK YOUR UNOERSTANOING 

..r Assume you isolated a single-celled organism that has a cell 
wall. How would you determine that it is a fungus and not a 
bacterium? 12-1 

..r Contrast the mechanism of conidiospore and ascospore 
formation. 12-2 

Medically Important Phyla of Fungi 
This section provides an overview of medically important phyla 
of fungi . The actual diseases they cause will be studied in 
Chapters 21 through 26. Note that not all fung i cause disease. 

The genera named in the following phyla include many that are 
readily found as contaminants in foods and in laboratory bacterial 
cultures. Although these genera are not all of primary medical 
importance, they are typical examples of their respective groups. 

Zygomycota 
The Zygomycota, or conjugation fungi, are saprophytic molds 
that have coenocytic hyphae. An example is Rhizoplls stolonifer, 
the common black bread mold . The asexual spores of Rhizopus 
are spo rangiospores (Figure 12.6, lower right) . The dark 
sporangiospores inside the sporangium give Rhizoplls its descrip-
tive common name. When the sporangium breaks open, the 
sporangiospores are dispersed . If they fall on a suitable medium, 
they will germinate into a new mold thallus. 

The sexual spores are zygospores. A zygospore is a large 
spore enclosed in a thick wall (Figure 12.6, lower left). This type 
of spore results from the fusion of the nuclei of two cells that are 
morphologically similar to each other. 
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(II) Conidia are arranged in chains at the end of Aspergillus 
flavus conidiophore. 

(e) Blastoconidia are formed from the buds of a parent 
cell of Candida albicans. 

(e) Sporangiospores are formed within a sporangium 
(spore sac) of Rhizopus. 

Ascomycota 

I I 

topm 

topm 

The Ascomycota, or sac fu ngi, include molds with septate hyphae 
and some yeasts. Their asexual spores are usually conidia produced 
in long chains from the conidiophore. The term conidia means 
dust, and these spores freely detach from the chain at the slightest 
disturbance and float in the air like dust. 

(b) Fragmentation of hyphae results in the formation of 
arthroconidia in Coccidioides immilis. 

(d) Chlamydoconidia are thick-walled cel ls within hyphae 
of this Candida albicans. 

Figure 12.5 Representative asexual spores. 

Q What are the green powdery structures on moldy food? 

topm 

An ascospore results from the fusion of the nuclei of two 
cells that can be either morphologically sim ilar or dissimilar. 
These spores are produced in a saclike structure called an ascus 
(Figure 12.7, lower left). The members of this phylum are called 
sac fungi because of the ascus. 
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Sexual reproduction Asexual reproduction 

C!) Zygote produces 
a sporangium. 

o Karyogamy 
,od -' 
meiosis. 

G Zygospore 
lorms. 

Zygosporangium --
containing zygospore 

• 

• Spore germinates 
- __ to produce hyphae. 

; , 
4) Gamete 

forms 
at tip of 
hypha. o Plasmogamy. 

o Aerial hypha 
produces a 
sporangium. 

o Vegetative 
mycelium 
grows. 

Sporangiospores 

• 

--_/ 

Sporangiospores 

e Sporangium 
bursts to 
release 
spores. 

25pm 

Figure 12.6 The life cycle of Rhizopus, a zygomycete. This fungus wil l reproduce asexually 
most of the time. Two opposite mating strains (designated + and - ) are necessary for sexual 
reproduction, 

Q What is an opportunistic mycosis? 

Basidiomycota 
The Basidiomycota, or dub fungi, also possess septate hyphae. 
This phylum includes fungi that produce mushrooms. 
Basidiospores are formed externally on a base pedestal called a 
basidium (Figure 12.8) . (The common name of the fungus is 
derived from the club shape of the basidium.) There are usually 
four basidiospores per basidium. Some of the basidiomycota 
produce asexual conidiospores. 

The fungi we have looked at thus fa r are teleomorphs; that 
is, they produce both sexual and asexua l spores. Some 
ascomycetes have lost the ability to reproduce sexually. These 
asexual fungi are called anamorphs. Penicillium is an example of 
an anamorph that arose from a mutation in a tcleomorph. 

Historically, fungi whose sexual cycle had not been observed 
were put in a "holdi ng category" called Deuterolllycota. Now, 
mycologists are using rRNA sequencing to classify these organ-
isms. Most of these previously unclassified deuteromycetes are 
anamorph phases of Ascomycota, and a few are basidiomycetes. 

Table 12.3 on page 338 lists some fungi that cause human dis-
eases. Two generic names are given for some of the fungi because 
medically important fungi that are well known by their 
anamorph, or asexual, name are often referred to by that name. 

Fungal Diseases 
Any fungal infection is called a mycosis. Mycoses afe generally 
chronic (long-lasting) infections because fungi grow slowly. 
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Sexual reproduction Asexuat reproduction 

o Ascus opens 
to release 
ascospores. 

o Meiosis 
then 
mitosis. 

o Ascospore 
-- __ germinates to 

produce hyphae. 

o Hypha produces 
conidiophore. 

Conidiophore 

Conidia are 
re leased from 

• • 

eo 
Vegetative 
mycelium 
grows. 

-.. -o Karyogamy. ,---.::.:--- e Plasmogamy. 

Ascospore 

e Conidium germinates 
to produce hyphae. 

Conidia 

Conidiophores 

I 
10pm 

Figure 12.7 The life cycle of Talaromyces, an ascomycete. Occasionally, when two 
opposite mating cells from two different strains (+ and --) fuse, sexual reproduction occurs, 

Q Name one ascomycete thai can infect humans. 

Mycoses are classified into five groups according to the degree of 
tissue involvement and mode of entry into the host: systemic, sub-
cutaneous, cutaneous, superficial, or opportunistic. In Chapter 10, 
we saw that fungi are related to animals. Consequently, drugs that 
affect fungal cells may also affect animal cells. This fact makes fun -
gal infections of humans and other animals often d ifficult to treat. 

Systemic mycoses are fungal infections deep within the 
body. They are not restricted to any particular region of the body 

but can affect a number of tissues and organs. Systemic mycoses 
are usually caused by fungi that live in the soil. Inhalation of 
spores is the route of transmission; these infections typically 
begin in the lungs and then spread to other body tissues. They 
arc not contagious from animal to human or from human to 
human. Two systemic mycoses, histoplasmosis and coccid-
ioidomycosis, are discussed in Chapter 24. 
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__ - 0 Basidiospores are formed 
by meiosis. 

Basidiospores mature. 

.",. 0 Basidiospores are discharged. 

e Basidiospore 
germinates 
to produce 
hyphae. 

o Hyphalfragment breaks oil 
vegetative mycelium. 

=r: 

e Vegetative 
mycelium 
grows. 

o Fruiting structure 
("mushroom") 
develops. - . 

e Plasmogamy. 

Fragment grows to produce 
new mycelium. 

Sexual reproduction Asexual reproduction 

Figure 12.8 A generalized life cycle of a basidiomycete. Mushrooms appear after cells 
from two mating strains ( + and - ) have fused. 

Q On what basis are fungi classified into phyla? 

Subcutaneous mycoses are fungal infections beneath the skin 
caused by saprophytic fungi that live in soil and on vegetation. 
Sporotrichosis is a subcutaneous infection acquired by gardeners 
and farmers (Chapter 21, page 601). Infection occurs by direct 
implantation of spores or mycelial fragments into a puncture 
wound in the skin. 

Fungi that infect only the epidermis, hair, and nails are called 
dermatophytes, and their infections are called dermatomycoses or 
cutaneous mycoses (see Figure 21.16, page 600). Dermatophytes 
secrete keratinase, an enzyme that degrades keratin, a protein 
found in hair, skin, and nails. Infection is transmitted from human 
to human or from animal to human by direct contact or by contact 
with infected hairs and epidermal cells (as from barber shop 
clippers or shower room floors ). 

The fungi that cause superficial mycoses are localized along 
hair shafts and in superficial (surface) epidermal cells. These 
infections are prevalent in tropical climates. 

An opportunistic pathogen is generally harmless in its normal 
habitat but can become pathogenic in a host who is seriously 
debilitated or traumatized, who is under treatment with broad-
spectrum antibiotics, whose immune system is suppressed by drugs 
or by an immune disorder, or who has a lung disease. 

Pneulllocystis is an opportunistic pathogen in individuals with 
compromised immune systems and is the most common life-
threatening infection in AIDS patients (see Figure 24.20, page 
698).11 was first classified as a protozoan, but recent studies of its 
RNA indicate it is a unicellular anamorphic fungus. Another 
example of an opportunistic pathogen is the fungus Stachybotrys 
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Table 12.3 Characteristics of Some Pathogenic Fungi 

Phylum 

Zygomycota 

Ascomycota 

Anamorphs 

Basidiomycot8 

' Anamorph name. 
tTeleomorph name. 

Growth 
Characteristics 

Nonseptate 
hyphae 

Dimorphic 

Septate hyphae. 
strong affinity lor 
keratin 

Septate hyphae 

Dimorphic 

Yeastlike, 
pseudohyphae 

Unicellular 

Septate hyphae: 
includes rusts and 
smuts. and plant 
pathogens: yeastlike 
encapsulated cells 

Asexual 
Spono 
T ..... Human Pathogens 

Sporangiospores Rhizopus 

Mucor 

Conidia Aspergillus 

Blastomyces' (Ajel/omycest) 
dermatitidis 

Histoplasma*(Ajellomyces') 
capsulatum 

Conidia Microsporum 

Arthroconidia Trichophyton' 
{Arthroderma t} 

Conidia Epidermophyton 

Sporothrix schenckii, 
Stachybotrys 

Arthroconidia Coccidioides immitis 

Chlamydoconidia Candida albicans 

None Pneumocystis 

Conidia Cryptococcus neotormans' 
(Filobasidiefla)' 

Malassezia 

Type of Cllntcal .... 
Habitat Mycosis Note. 

Ubiquitous Systemic Opportunistic 698 
pathogen 

Ubiquitous System ic Opportunistic 698 
pathogen 

Ubiquitous Systemic Opportunistic 697 
pathogen 

Unknown System ic Inha lation 697 

Soil Systemic Inhalation 695 

Soil. Cutaneous TInea capitis 600 
animals (ringworm) 

Soil. Cutaneous TInea pedis 600 
animals (athlete's 

foot) 

Soil, Cutaneous TInea cruris 600 
humans (jock itch). 

tinea unguium 
(of fingerna ils 
or toenails) 

Soil Subcuta- Puncture 601 
neous wound 

Soil System ic Inhalation 696 

Human Cutaneous, Opportunistic 601 
normal systemic, pathogen 
microbiota mucocuta-

neous 

Ubiquitous Systemic Opportunistic 697 
pathogen 

Soil, bird System ic Inhalation 626 
feces 

Human Cutaneous Dandruff: 586 
skin dermatitis 

(sta'ke-botris), which normally grows on cellulose found in dead 
plants but in recent years has been found growing on water-
damaged walls of homes. 

Mucormycosis is an opportunistic mycosis caused by 
Rhizoplls and Mucor (mti'kar); the infection occurs mostly in 

patients with diabetes mellitus, with leukemia, or undergoing 
treatment with immunosuppressive drugs. Aspergillosis is 
also an opportunistic mycosis; it is caused by Aspergillus (see 
Figure 12.2). This disease occurs in people who have debilitating 
lung diseases or cancer and have inhaled Aspergillus spores. 
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Opportunistic infectio ns by Cryptococcus and Penicillium can 
cause fatal diseases in AIDS patien ts. These opportunistic fu ngi 
may be transmitted from one person to an uninfected person 
but do not usually infect immunocompetent people. Yeast 
infection. or candidiasis, is most frequen tly caused by Candida 
albicalls and may occur as vulvovaginal candidiasis or thrush, a 
mucocutaneous candidiasis. Candidiasis frequently occurs in 
newborns, in people with AIDS, and in people being treated 
with broad -spectrum antibiotics (see Figure 21.17, page 60 I). 

Some fungi cause disease by producing toxins. These toxins 
are discussed in Chapter 15. 

Economic Effects of Fungi 
Fungi have been used in biotechnology for many years. Aspergillus 
lIiger (ni -jer), for example, has been used to produce citric acid for 
foods and beverages since 1914. The yeast Saccharomyces cerevisiae 
is used to make bread and wine. It is also genetically modified to 
produce a variety of proteins, including hepatitis B vaccine. 
Trichoderma is used commercially to produce the enzyme cellulase, 
which is used to remove plant cell walls to produce a clear fruit 
juice. When the anticancer drug taxol, which is produced by yew 
trees, was discovered, there was concern that the yew forests of the 
u.s. Northwest coast would be decimated to harvest the drug. 
However, the fungus Taxomyces (tax'o-mi' ses) also produces taxol. 

Fungi are used as biological controls of pests. In 1990, the 
fungus Entomophaga (en'to-mo-fag-a) unexpectedly proliferated 
and killed gypsy moths that were destroying trees in the eastern 
United States. Scientists are investigating the use of several fungi to 
kill pests: 

• MetarrhiziulII grows on plant roots, and parasitic weevils die 
after eating the roots. 

• A fu ngus that was first spotted o n insects feeding on 
eggplants in Texas may become a new bioco ntrol for the 
widespread and costly agricultural pests known as white-
flies. The fungus COlliothyrium millitalls (kon'c-oth-rc-um 
mi'ni-tanz) feeds on fungi that destroy soybeans and other 
bean crops. 

• A foam filled with Paecilomyces fUrllosoroseus is being used as 
a biological alternative to chemicals to kill termites hiding 
inside tree trunks and other hard-to-reach places. 

In contrast to these beneficial effects, fungi can have undesirable 
effects for agriculture because of their nutritional adaptations. As 
most of us have observed, mold spoilage of fruits, grains, and 
vegetables is relatively common, but bacterial spoilage of such foods 
is not. There is little moisture on the unbroken surfaces of such 
foods, and the interiors of fruits are too acidic for many bacteria to 
grow there. Jams and jellies also tend to be acidic, and they have a 
high osmotic pressure from the sugars they contain. These factors 
all discourage bacterial growth but readily support the growth of 
molds. A paraffin layer on top of a jar of homemade jelly helps 
deter mold growth because molds are aerobic and the paraffin layer 
keeps out the oxygen. However, fresh meats and certain other foods 

are such good substrates for bacterial growth that bacteria not only 
will outgrow molds but also will actively suppress mold growth in 
these foods. 

The spreading chestnut tree, of which Longfellow wrote, no 
longer grows in the United States except in a few widely isolated 
locations; a fungal blight killed virtually all of them . This blight 
was caused by the ascomycete CrYP/lOncctria parasitica (kri-fo-
nek'tre -a par-a-si' ti -ka ), which was introduced from China 
around 1904. The fungus allows the tree roots to live and put 
for th shoots regularly, but then it kills the shoots just as regularly. 
CrypllOnectria-resistant chestnuts are being developed. Another 
imported fu ngal plant disease is Dutch elm disease, caused by 
Ceratocystis ulmi (sc -ra-to -sis ' tis ul' me) . Carried from tree to tree 
by a bark beetle, the fungus blocks the affiicted tree's circulation. 
The d isease has devastated the American elm population. 

CHECK YOUR UNOERSTANOING 

..r List the asexual and sexual spores made by Zygomycetes. 
Ascomycetes. and Basidiomycetes. 12-3 

..r Are yeasts beneficial or harmful? 12-4 

Lichens 
LEARNING OBJECTIVES 
12-5 List the distinguishing characteristics of lichens. and descnbe their 

nutntional needs. 
12-6 Descnbe the roles of the fungus and the alga In a lichen. 

A lichen is a combination of a green alga (or a cyanobacterium ) 
and a fungus. Lichens are placed in the Kingdom Fungi and are 
classified according to the fungal partner, most often an 
ascomycete. The two organisms exist in a mutllalistic relationship, 
in which each partner benefits. The lichen is very different from 
either the alga or fungus growing alone, and if the partners are 
separated, the lichen no longer exists. Approximately 13,500 
species of lichens occupy quite diverse habitats. Because they can 
inhabit areas in which neither fung i nor algae could survive alone, 
lichens are often the first life forms to colonize newly exposed soil 
or rock. Lichens secrete organic acids that chemically weather 
rock, and they accumulate nutrients needed for plant growth. 
Also found on trees, concrete st ructures, and rooftops, lichens are 
some of the slowest-growing organisms on Earth. 

Lichens can be grouped into three morphologic categories 
(Figure 12.9a) . Cmstose lichens grow flush or encrusting onto the 
substratum, foliose lichens are more leaflike, and fruticose lichens 
have fingerlike projections. The lichen's thallus, or body, forms 
when fungal hyphae grow around algal cells to become the medulla 
(Figure 12.9b) . Fungal hyphae project below the lichen body to 
form rbizines, or holdfasts. Fungal hyphae also fo rm a cortex, or 
protective covering, over the algal layer and sometimes under it as 
well. After incorporation into a lichen thallus, the alga continues to 
grow, and the growing hyphae can incorporate new algal cells. 
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(8) Three types 01 lichens 
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Figure 12.9 lichens. The lichen medulla is composed of fungal hyphae surrounding the algal 
layer. The protectIVe cortex IS a layer 01 fungal hyphae that covers the surface and sometimes the 
bottom of the hchen. 

Q In what ways are lichens unique? 

When the algal partner is cultured separately in vitro, about 1 % 
of the carbohydrates produced during photosynthesis are released 
into the culture medium; however, when the alga is associated with 
a fungus, the algal plasma membrane is more permeable, and up to 
60% of the products of photosynthesis are released to the fungus or 
are found as end-products of fungal metabolism. The fungus clear-
ly benefits from this association. The alga, while giving up valuable 
nutrients, is in turn compensated; it receives from the fungus both 
protection from desiccation (cortex) and attachment (rhizines). 

Lichens had considerable economic importance in ancient 
Greece and other parIS of Europe as dyes for clothing. Usnic 
acid from VSI/ea is used as an antim icrobial agent in China. 
Erythrolitmin, the dye used in litmus paper to indicate changes 
in pH, is extracted from a va riety of lichens. Some lichens or 
their acids can cause allergic contact dermatitis in humans. 

Populations of lichens readily incorporate cations (positively 
charged ions) into their thalli. Therefore, the concentrations 
and types of cations in the atmosphere can be determined by chem-
ical analyses of lichen thalli. In addition, the presence or absence of 
species that are quite sensitive to pollutants can be used to ascertain 
air quality. A 1985 study in the Cuyahoga Valley in Ohio revealed 
that 81 % of the 172 lichen species that were present in \917 were 

gone. Because this area is severely affected by air pollution, the infer-
ence is that air pollutants, primarily sulfur dioxide (the major con-
tributor to acid precipitation), caused the death of sensit ive species. 

Lichens arc the major food for tundra herbivores such as 
caribou and reindeer. After the 1986 Chernobyl nuclear disaster, 
70,000 reindeer in Lapland that had been raised for food had to 
be destroyed because of high levels of radiation. The lichens on 
which the reindeer fed had absorbed radioactive cesium - 13?, 
which h::ad spre::ad in the air. 

CHECK YOUR UNDERSTANDING 

-/ What is the role of lichens in nature? 12-5 
-/ What is the role 01 the fungus in a lichen? 12-6 

Algae 
LEARNING OBJECTIVES 
12-7 Ust the defining charactensllcs of algae. 
12-8 Ust the outstanding characteristics of the five phyla of algae 

discussed In this chapter. 
12-9 Identify two beneficial and two harmful effects of algae. 
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Figure 12.10 Algae and their habitats_ (a) Although unicellular 
and filamen tous algae can be found on land, they frequently exist in 
marine and freshwater environments as plankton. M ulticellular green, 
brow n, and red algae requi re a suitable attachment site, adequate water 
for support, and light of the appropriate wavelengths. (bJ Macrocystis 

Q What red alga is toxic for humans? 

Algae are familiar as the large brown kelp in coastal waters, the 
green scum in a puddle, and the green stains on soil or on rocks. 
A few algae are responsible for food poisonings. Some algae arc 
unicellular; others form chains of cells (arc filamentous ); and a 
few have thalli. 

Algae are mostly aquatic, although some are found in soil or on 
trees when sufficient moisture is available there. Unusual algal habi-
tats include the hair of both the sedentary South American sloth 
and the polar bear. Water is necessary fo r physical support, repro-
duction, and the diffusion of nutrients. Generally, algae are found 
in cool temperate waters, although the large floating mats of the 
brown alga Sargasswn (sar-gas'sum) are found in the subtropical 
Sargasso Sea. Some species of brown algae grow in antarctic waters. 

I I (b) Brown alga (Macrocyslis) 0.5 m 

(c) Red alga (MiCrocladia) I I 
to em 

porifera. a brown alga . The hollow stipe and gas-filled pneumatocysts hold 
the thal lus upright ensuring that sufficient sunlight is received for growth. 
(cJ Microc/adia. a red alga. The delicately branched red algae get their 
color from phycobiliprotein accessory pigments, 

Characteristics of Algae 
Algae are relatively simple euka ryotic photoautotrophs that lack 
the tissues (roots, stem, and leaves) of plants. The identification 
of unicellular and filamentous algae requires microscopic exam-
ination. Most algae are found in the ocean. Their locations 
depend on the availability of appropriate nutrients, wavelengths 
of light, and surfaces on which to grow. Probable locations for 
representative algae are shown in Figure 12.108. 

Vegetative Structures 
The body of a multicellular alga is called a thallus. Thalli of the 
larger multicellular algae, those commonly called seaweeds, 
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consist of branched holdfaSIS (wh ich anchor the alga to a 
rock), stem like and often hollow stipes, and leaflike blades 
(Figure 12.10b). The cells covering the thallus can carry out 
photosyn thesis. The thallus lacks the conductive tissue (xylem 
and ph loem) characteristic of vascular plants; algae absorb 
nutrients from the water over their entire surface. The stipe is 
not lignified o r woody, so it does not offer the support of a 
plant's stem ; instead , the surrounding water supports the algal 
thallu s; some algae are also buoyed by a floating, gas-filled 
bladder called a pneumatocyst. 

Life Cycle 
All algae can reproduce asexually. Multicellular algae with thalli 
and filamen tous fOfm s can fragment; each piece is capable of 
formi ng a new thallus or filament. When a unicellu lar alga 
divides, its nucleus divides (mitosis), and the two nuclei move to 
opposite parts of the cell. The cell then divides into two complete 
cells (cytokinesis) . 

Sexual reproduction o ccurs in algae (Figure 12.11 ). In 
some species, asexual rep rodu ction may occur for several gen -
erations and then , under differen t conditions, the same 
species reproduce sexuall y. Other species alternate genera -
tio ns so that the offspring resulting from sexual reprod uctio n 
reproduce asexuall y, and the next gene ration then reproduces 
sexually. 

Nutrition 
Algae is a common name that includes several phyla (Table 12.4). 
Most algae arc photosynthetic; however, the oomycotes, or 
funga l-like algae, are chemohelerotrophs. Photosynthetic algae 
are found throughout the photic (light) zone of bodies of water. 
Chlorophyll a (a light- trapping pigment) and accessory pigments 
involved in photosynthesis are responsible for the distinctive 
colors of many algae. 

Algae arc classified according to their rRNA sequences, struc-
tures, pigments, and o ther qualit ies (see Table 12.4). Following 
are descriptions of some phyla of algae. 

Selected Phyla of Algae 
The brow" algac, or kelp, arc macroscopic; some reach lengths of 
50 m (see Figure 12.10b). Most brown algae arc found in coasta l 
waters. Hrown algae have a phenomenal growth rate. Some grow 
at rates exceeding 20 em per day and therefore can be harvested 
regularly. Algin, a thickener used in many foods (such as ice 
cream and cake decorations), is extracted from their cell walls. 
Algin is also used in the production of a wide variet y of nonfood 
goods, including rubber tires and hand lotion. The brown alga 
Lam ;narin jnpo"icn is used to induce vaginal dilation before 
surgical entry into the uterus through the vagina. 

Sexual reproduc:tion Asexual reproduc:tion 

Flager"''--___ _ 

Zygote 
formation 

• • 
I 

Cell wall 

Gamete formation 

(a) Multicellular green alga (UIIIa) I I (b) Life cycle 01 a unicellular green alga (Chlamydomonas) 

Figure 12.11 Green algae. (a) The multicellular green alga Uiva. (b) The hfe cycle of the 
Unicellular green alga Chlamydomonas. Two ' .... tllplike flagella propel this cell. 

Q What il the primary role of atgae In the ecosystem? 

starch 

Mitosis 
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Table 12.4 Characteristics of Selected Phyla of Algae 

Brown Algae Red Algae Green AJuae Diatoms Dinoflagellates Water Molds 

Phylum Phaeophyta Rhodophyta Chlorophyta Bacillariophyta Dinollagellata Oomycota 

Color Brownish Reddish Green Brownish Brownish Colorless. white 

Cell Wall Cellulose and Cellulose Cellulose Pectin and silica Cellulose in Cellulose 
alginic acid membrane 

Cell Multicellular Most are Unicellular and Unicellular Unicellular Multicellular 
Arrangement multicellular multicellular 

Photosynthetic Chlorophyll Chlorophyll Chlorophyll Chlorophyll Chlorophyll None 
Pigments 11 and c. a and d. a and b a and c. carotene. a and c. carotene. 

xanthophylls phycobiliproteins xanthophylls xanthins 

Sexual y" y" y" y" In a few (?) Yes (similar to 
Reproduction the Zygomycota) 

Storage Material Carbohydrate Glucose polymer Glucose polymer Oil Starch None 

Most red algae have delicately branched thall i and can live at 
greater ocean depths than other algae (see Figure 12. IOc). The 
thalli of a few red algae form crustlike coatings on rocks and 
shells. The red pigments enable red algae to absorb the blue 
light that penetrates deepest in to the ocean. The agar used in 
microbiological media is extracted from many red algae. 
Another gelatinous material, carrageenan, comes from a species 
of red algae commonly called Irish moss. Carrageenan and agar 
can be a thickening ingredient in evaporated milk, ice cream, 
and pharmaceutical agents. Graci/aria species, which grow in 
the Pacific Ocean, are used by humans for food. However, 
members of this genus can produce a lethal toxin. 

Green algae have cellulose cell walls, contain chlorophyll a and b, 
and store starch, as plants do (see Figure 12.lla). Green algae are 
believed to have given rise to terrestrial plants. Most green algae are 
microscopic, although they may be either unicellular or multicel-
lular. Some filamentous kinds form grass-green scum in ponds. 

Diatoms, dinoflagellates, and water molds are grouped in to 
the kingdom Stramenopila. Diatoms (Figure 12.12 ) are unicellu-
lar or filamentous a lgae with complex cell walls that cons ist of 
pectin and a layer of silica. The two parts of the wall fit together 
like the halves of a Petri dish. The distinctive patterns of the walls 
are a useful tool in diatom identification. Diatoms store energy 
captured through photosynthesis in the form of oil. 

The first reported outbreak of a neurological disease caused 
by diatoms was reported in 1987 in Canada. Affected people ate 
mussels that had been feeding on diatoms. The dia toms produced 
domoic acid, a toxin that was then concentrated in the mussels. 
Symptoms included diarrhea and memory loss. The fatality rate 
was less than 4% . Since 1991, hundreds of marine birds and sea 

<'I I I 
100 pm 

(b) Asexual reproduction 01 a diatom 

Figure 12.12 Diatoms. (a) In this micrograph of fSlhmia nervosa. 
notice how the two parts of the cell wall fit together at the arrows. 
(b) Asexual reproduction in a diatom. During mitosis. each daughter cell 
retains one-half of the cell wall from the parent (green) and must 
synthesize the remaining ha lf (blue). 

Q What hllman disease is callsed by diatoms? 

lions have died from the same domoic acid intoxication in 
California. 

Dinoflagellates are un icellular algae collec tively called 
plankton, or free - floating organisms (Figllre 12.13 ). Th eir rigid 
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'---,r-- Flagellum 
I I 

Figure 12.13 Peridinium, a dinoflagellate. Uke some other 
dinoflagellates, Peridlnium has two flagella in perpendicular. opposing 
grooves. When the two flagella beat simultaneously, they cause the 
cell to spin. 

Q What human diseases are caused by dinoflagellates? 

structure is due to cellulose embedded in the plasma membrane. 
Some d inoflagellates produce neurotoxins. In the last 20 years, a 
worldwide increase in toxic marine algae has killed millions of 
fish, hundreds of marine mammals, and even some humans. 
When fish swim through large numbers of the dinoflagellate 
Gymnodinium breve (jim'no-din-e-um brev'e), the algae 
trapped in the gills of the fish release a neurotoxin that stops the 
fish from breathing. Dinoflagellates in the genus AlexandriulIl 
(al-eg'zan-dre -um) produce neurotoxins (called saxitoxins) 
that cause paralytic shellfish poisoning (PSP). The toxin is 
concentrated when large numbers of dinoflagellates are eaten by 
mollusks, such as mussels or dams. Humans who eat these mol -
lusks develop PSI'. Large concentrations of Alexandrium give the 
ocean a deep red color, from wh ich the name red tide originates 
(Figure 27 .15, page 779). Mollusks should not be harvested for 
consumption during a red tide. A disease called ciguatera occurs 
when the dinoflagellate GambierdisellS toxiells (gam'be-er-dis-
kus toks'i-kus) passes up the food chain and is concentrated in 
large fish. Ciguatera is endemic (constantly present) in the south 
Pacific Ocean and the Caribbean Sea. An emerging disease asso-
ciated with Pfiesteria (fe'ster-e-a) is responsible for periodic 
massive fish deaths along the Atlantic Coast. 

Most water molds, or Oomyeota, are decomposers. They form 
the cottony masses on dead algae and animals, usually in fresh 
water (Figure 12.14a). Asexually, the oomycotes resemble the 
zygomycete fungi in that they produce spores in a sporangium 
(spore sac). However, oomycote spores, called zoospores (Figure 
12.14b), have two flagella; fungi do not have flagella . Because of 
their superficial similarity to fungi, oomycotes were previously 
classified with the fung i. Thei r cellulose cell walls always raised 

the question about their relationship to algae, and recent DNA 
analyses have confirmed that oomycotes are more closely related 
to diatoms and dinoflagellates than to fungi. Many of the terres-
trial oomycotes arc plant parasites. The USDA inspects imported 
plants for white rust and other parasites. Often travelers, or even 
commercial plant importers, do not realize that one little blos-
som or seedling could carry a pest that is capable of causing mil-
lions of dolla rs' worth of damage to U.s. agriculture. 

A In Ireland during the mid- 1800s, 1 million people 
died when the country's potato crop fai led. The 

alga that caused the great potato blight, Phytophthora i"festans 
(fi-tortho-ra in-fes' tans), was one of the first microorganisms 
to be associated with a disease. Today, Phytophthora infects soy-
beans, potatoes, and cocoa worldwide. Vegetative hyphae pro-
duce motile zoospores as well as specialized sex hyphae (see 
Figure 12.14). All of the U.S. strains were one mating type ("sex") 
called A I. In the 1990s, the other mating type, A2, was identified 
in the United States. When in close proximity, A 1 and A2 will d if-
feren tiate to produce haploid gametes that can mate to form a 
zygote. When the zygote germinates, the resulting alga will have 
genes from both parents. 

In Australia, P. cill/tallloni has infected about 20% of one 
species of Eucalyptus. Phytophthora was introduced into the 
United States in the 1990s and caused widespread damage to 
fruit and vegetable crops. When California oak trees suddenly 
started dying in 1995, Un iversi ty of California scientists identi -
fied the cause of th is "sudden oak death" to be a new species, 
P. ralllorllln. P. ralllomm also infects redwood trees. 

Roles of Algae in Nature 
Algae are an important part of any aquatic food chain because 
they fix carbon dioxide into organic molecules that can be con-
sumed by chemoheterotrophs. Using the energy produced in 
photophosphorylation, algae convert carbon dioxide in the 
atmosphere into carbohydrates. Molecular oxygen (0 2) is a 
by-product of their photosynthesis. The top few meters of any 
body of water contain planktonic algae. As 75% of the Earth is 
covered with water, it is estimated that 80% of the Earth's O2 is 
produced by planktonic algae. 

Seasonal changes in nutrients, light, and temperature cause 
fluctuations in algal populations; periodic increases in numbers 
of planktonic algae are called algal blooms. Blooms of d inofla-
gellates are responsible for seasonal red tides. Blooms of a certain 
few species indicate that the water in which they grow is polluted 
because these algae thrive in high concentrations of organic mate-
rials that exist in sewage or industrial wastes. When algae die, the 
decomposition of the large numbers of cells associated with an 
algal bloom depletes the level of dissolved oxygen in the water. 
(This phenomenon is discussed in Chapter 27.) 

Much of the world's petroleum was formed from diatoms 
and other planktonic organisms that lived several million years 
ago. When such organisms died and were buried by sediments, 
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Sexual reproduction Asexual reproduction 

o Zygote germinates. 

e Hyphae produce ____ , 
sporangia. .......... 

o Vegetative hyphae 
grow on organic mailer . 

• Zygotes are released. 

o Male antheridial hyphae 
grow around female 
oogonium and insert their 
nuclei into the oogonium . 4) Produce male 

and female hyphae. 

e Motile zoospores 
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zoospore germinates to 
produce hyphae. 

Figure 12.14 Oomycotes. These lunguslike algae are common decomposers in fresh water. 
A few cause diseases of fish and terrestrial plants. Note the fuzzy mass 01 Saprolegnia ferax on 
the fish. 

Q Is Ihis oomycote more closely related to Penicillium or to diatoms? 

the organic molecules they contained did not decompose to be 
returned to the carbon cyde as CO2, Heat and pressure resulting 
from the Earth's geologic movements altered the oil stored in the 
cells, as well as the cell membranes. Oxygen and other elements 
were eliminated, leaving a residue of hydrocarbons in the form of 
petroleum and natural gas deposits. 

Many unicellular algae are symbionts in animals. The giant 
d am Tridacna (tri -dak' na) has evolved special organs that host 
dinoflagellates. As the d am sits in shallow water, the algae prolif-
erate in these organs when they are exposed to the sun . The algae 
release glycerol into the dam's bloodstream, thus supplying the 
dam's carbohydrate requirement. In addition, evidence suggests 
that the dam gets essential proteins by phagocytizing old algae. 

CHECK YOUR UNDERSTANDING 

-r How do algae d iffer from bacteria? From fungi? 12-7 
-r list the cell wall composition and diseases caused by the fol -

lowing algae: diatoms. dinoflagellates, oomycotes. 12-8, 12-9 

Protozoa 
LEARNING OBJECTIVE 
12-10 list the defining characteristics of protozoa. 
12-11 Describe the outstanding character istics 01 the seven phyla of 

protozoa discussed in this chapter, and give an example of each. 
12-12 Differentiate an intermediate host from a definitive host. 
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Figure 12.15 Conjugation in the ciliate protozoan 
Paramecium. Sexual reproduction in ciliates is by conjugation. 
Each cell has two nuclei: a micronucleus and a macronucleus. The 
micronucleus is haploid and is special ized for conjugation. One 
micronucleus from each cell wi ll migrate to the other cel l during 
conjugation. Both cells wil l then go on to produce two daughter cells. 
Condensed chromosomes are visible in the micronuclei. 

Q Does conjllgalion reslIllln more cells? 

Protozoa are unicellular, eukaryotic chemoheterotrophic 
organisms. Among the protozoa are many variations on this 
cell structure, as we shall see. Protozoa inhabit water and soil. 
The feeding and grow ing stage, o r trophozoite. feeds upon 
bacteria and small particulate nutrients. Some protozoa are 
part of the normal microbiota of animals. Nosema /oCllstae 
(no' sc -ma 10 'kus-ti), an insect pathogen, is sold commercially 
as a nontoxic insecticide to ki ll grasshoppers. Because the pro-
tozoa are specific for grasshoppers, they will not affect humans 
or animals that eat grasshoppers. Fire ants cause millions of 
dollars in agricultural damage each year and can cause painful 
stings. Researchers at the u.s. Department of Agriculture are 
studying an apicomplexan protozoan that reduces egg produc-
tion by fire ants. Of the nearly 20,000 species of protozoa, 
relatively few cause human disease. Those few, however, have 
significant health and economic impact. Worldwide, malaria is 
the fourth leading cause of death. 

Characteristics of Protozoa 
The term protozOM! means "first animal," which generally 
describes its animal-like nutrition. In addition to getting food, a 
protozoan must reproduce, and parasitic species must be able to 
get from one host to another. 

Life Cycle 
Protozoa reproduce asexually by fission, budding, or schizogony. 
Schizogony is mult iple fission; the nucleus undergoes multiple 

divisions before the cell divides. After many nuclei are formed, a 
small portion of cytoplasm concentrates around each nucleus, 
and then the single cell separates into daughter cells. 

Sexual reproduction has been observed in some protozoa. 
The ciliates, such as Paramecium, reproduce sexually by 
conjugation (Figure 12.15), which is very different from the bac-
terial process of the same name (see Figure 8.26, page 237). 
During protozoan conjugat ion, two cells fuse, and a haploid 
nucleus (the micronucleus) from each cell migrates to the other 
cell. This haploid micronucleus fuses with the haploid micronu-
cleus within the cell. The parent cells separate, each now a fertil-
ized cell. When the cells later divide, they produce daughter cells 
with recombined DNA. Some protozoa prod uce gametes 
(gametocytes), haploid sex cells. During reproduction, two 
gametes fuse to form a diploid zygote. 

Encystment Under certain adverse conditions, some protozoa 
produce a protective capsule called a cyst. A cyst permits the 
organism to survive when food, moisture, or oxygen are lacking, 
when temperatures are not suitable, or when toxic chemicals arc 
present. A cyst also enables a parasitic species to survive outside a 
host. This is important because parasi tic protozoa may have to be 
excreted from one host in order to get to a new host. The cyst form 
in members of the phylum Apicomplexa is called an oocyst. It is a 
reproductive structure in which new cells are produced asexually. 

Nutrition 
Protozoa are mostly aerobic hcterotrophs, although many intes-
tinal protozoa are capable of anaerobic growth. Two chlorophyll-
containing groups, dinoflagellates and euglenoids, are often 
studied with algae. 

All protozoa live in areas with a large su pply of water. Some 
protozoa transport food across the plasma membrane. However, 
some have a protective covering, or pellicle, and thus require 
specialized structures to take in food. Ciliates take in food by 
wav ing the ir cilia toward a mouthlike opening called a 
cytostome. Amoebas engulf food by surrounding it with 
pseudopods and phagocytizing it. In all protozoa, digestion 
takes place in membrane-enclosed vacuoles, and waste may be 
eliminated through the plasma membrane or through a special-
ized anal pore. 

Medically Important Phyla of Protozoa 
The biology of protozoa is discussed in this chapter. Diseases 
caused by protozoa are described in Part Four. 

Protozoa are a large and diverse group. Current schemes of 
classifying protozoan species into phyla are based on rRNA 
sequencing. Researchers have begun sorting out groups within the 
protists based on their evolutionary history, that is, members in a 
group derived from a single ancestor. At present, the following 
groups are phyla of protists. As more information is obtained, 
some of these groups may be classified as kingdoms, and others 
may be grouped with other kingdoms in the Domain Eukarya. 
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Figure 12.16 Archaezoa. (a) Chilomastix. This flagellate. found in the 
human intestine. may be mildly pathogenic. The cysts survive for months 
outside a human host. The fourth flage llum is used to move food into the 
oral groove. where food vacuoles are formed. (b) Trichomonas vagmalis. 
This flagel late causes unnary and genital tract infections. Notice the small 

Q How do archaezoans obtain energy without mitochondria? 

Archaezoa 
The Archaezoa are eukaryotes that lack mitochondria. They do 
have a unique organelle called a mitosome. M itosomes appear to 
be a remnant of mitochondria that were in an ancient ancestor of 
the archaezoa. Many archaezoans live as symbionts in the diges-
tive tracts of animals. Archaezoans are typically spindle-shaped, 
with flagella projecting from the front end (Figure 12.16a). Most 
have two or more flagella. 

(b) Trichomonas vagina/is 
IOl'm 

(d) Giardia cyst 

undulating membrane. This flagellate does not have a cyst stage. 
(e) Giard/a. The trophozoite of this intestinal parasite has eight flage lla 
and two prominent nuclei, giving it a distinctive appearance. Cd) The 
Giardia cyst provides protection from the environment before it is 
ingested by a new host. 

An example of an archaezoan that is a human parasite is 
Trichomonas vagina/is (trik-o-mo n'as va-jin-al'is), shown in 
Figure 12.16b and Figure 26.16 on page 760. Like some other fla-
gellates, T. vagina/is has an undulating membrane, which consists 
of a membrane bordered by a flagellum. T. vagina/is does not have 
a cyst stage and must be transferred from host to host quickly 
before desiccation occurs. T. vagina/is is found in the vagina and in 
the male urinary trac\. It is usually transmitted by sexual inter-
course but can also be transmitted by toilet facilities or towels. 
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Food vacuole eases, including chronic diarrhea and keratoconjunctivit is 
(inflamma tion of the conjunctiva near the cornea), most 

------, Pseudopods notably in AIDS patients. 
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Figure 12.17 Amoebozoa. (a) To move and to engulf food. amoebas 
(such as this Amoeba proteus) extend cytoplasmic structures called 
pseudopods. Food vacuoles are created when pseudopods surround food 
and bring it into the cell. (b) Entamoeba histolytica. The presence of 
ingested red blood cells is diagnostic for Entamoeba. 

Q How do amoebic dysentery and bacillary dysentery differ? 

Another parasitic archaezoan is Giardia lamblia (je-ar'd e -a 
lam'le -a), sometimes called G. il1testil1alis or G. duodenalis. The 
parasite (Figure 12.16c and Figure 25.17, page 730) is found in 
the small intestine of humans and other mammals. It is excreted 
in the feces as a cyst (Figure 12.16d) and survives in the environ-
ment before being ingested by the next host. Diagnosis of giar-
diasis, the d isease caused by G. lamblia, is often based on the 
identification of cysts in feces. 

Microspora 
Microspora, like the Archaezoa, are unusual eukaryotes 
because they lack mitochondria. Microspora do not have 
microtubules (see Chapter 4, page 98) , and they are obligate 
intracellular parasites. Microsporidial protozoa have been 
reported since 1984 to be the cause of a number o f human dis-

Amoebozoa 
The Amoebozoans, or amoebas, move by extending blunt, 
lobelike projections of the cytoplasm called pseudopods 
(Figure 12.17a) . Any number of pseudopods can flow from one 
side of the amoeba, and the rest of the cell will flow toward the 
pseudopods. 

Entamoeba histolytim (en-ta-me'ba his-to-li'ti-ka) is the only 
pathogenic amoeba found in the human intestine. As many as 10% 
of the human population may be colonized by this amoeba. New 
techniques, including DNA analyses and lectin binding, have 
revealed that the amoeba thought to be E. hislolytim are actually 
two distinct species. The nonpathogenic species, E. dispar (dis'par) 
is most common. The invasive E. histolytim (Figure 12.17b) causes 
amoebic dysentery. In the human intestine, E. histolyhea uses 
proteins called lectins to attach to the galactose of the plasma 
membrane and causes cell lysis. E. dispar does not have galactose-
binding lectins. Entamoeba is transmitted between humans 
through ingestion of the cysts that are excreted in the feces of 
the infected person. Aml1thamoeba (a-kan-tha-me'ba) growing 
in water, including tap water, can infect the cornea and cause 
blindness . 

Since 1990, Balamutilia (bal'am -iith-e-a) has been reported 
as the cause of brain abscesses called granulomatous amoebic 
encephalitis in the United States and other countries. The amoe-
ba most often infects immunocompromised people. Like 
Amntlwmoeba, Balamllthia is a free -living amoeba found in 
water and is not transmitted from human to human. 

Apicomplexa 
The Apicomplexa are not motile in their mature forms and are 
obligate intracellular parasites. Apicomplexans are characterized 
by the presence of a complex of special organelles at the apexes 
(tips) of their cells (hence the phylum name). The organelles in 
these apical complexes contain enzymes that penetrate the host's 
tissues. 

Apicomplexans have a complex life cycle that involves trans-
mission between several hosts. An example of an apicomplexan 
is Plasmodium (plaz-mo' dc -urn), the causative agent of malaria. 
Malaria affects 10% of the world's populat ion, with 300 to 500 
million new cases each year. The com plex life cycle makes it dif-
ficult to develop a vaccine against malaria . 

Plasmodium grows by sexual reproduction in the Anopheles 
(an -or el-h ) mosquito (Figure 12.18). When an Anopheles carry-
ing the infective stage of Plasmodium, called a sporozoite, bites 
a human, sporozoites ca n be injected into the human. The sporo-
zoites undergo schizogony in liver cells and produce thousands 
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Figure 12.18 The life cycle of Plasmodium vivax, the apicomplexan that causes 
malaria. Asexual reproduction (schizogony) of the parasite takes place in the liver and in the red 
blood cells of a human host. Sexual reproduct ion occurs in the intestine of an Anopheles mosquito 
after the mosquito has ingested gametocytes. 

Q What Is the definitive host for Plasmodium? 

of progeny called merozoites, which infect red blood cells. The 
young trophozoite looks like a ring in which the nucleus and 
cytoplasm are visible. This is called a ring stage (see Figure 
23.26b, page 664). The red blood cells eventually rupture and 
release more merozoites. Upon release of the merozoites, their 
waste products, which cause fever and chills, are also released. 
Most of the merozoites infect new red blood cells and perpetuate 
their cycle of asexual reproduction. However, some develop into 
male and female sexual forms (gametocytes). Even though the 
gametocytes themselves cause no further damage, they can be 
picked up by the bite of another Anopheles mosquito; they then 
enter the mosquito's intestine and begin their sexual cycle. Their 
progeny can then be injected into a new human host by the bit-
ing mosquito. 

The mosquito is the definitive host because it harbors the 
sexually reproducing stage of Plasmodium. The host in which 
the parasite undergoes asexual reproduction (in this case, the 
human) is the intermediate host. 

Malaria is diagnosed in the laboratory by microscopic observa-
tion of thick blood smears for the presence of Plasmodium (see 
Figure 23.26, page 664). A peculiar characteristic of malaria is that 
the interval between periods of fever caused by the release of 
merozoites is always the same for a given species of Plasmodium 
and is always a multiple of 24 hours. The reason and mechanism 
for such precision have intrigued scientists. After all, why should a 
parasite need a biological clock? Plasn/odium's development is reg-
ulated by the host's body temperature, which normally fluctuates 
over a 24-hour period. The parasite's careful timing ensures that 
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gametocytes are mature al night, when Allopheles mosquitoes are 
feeding, and thereby facil itates transmission o f the parasite to a 
new host. 

Another apicomplexan parasite of red blood cells is Babesia 
microti (ba-be'se-a mi-kra'te). Babesia causes feve r and anemia 
in immunosuppressed individuals. In the United States, it is trans-
mitted by the tick Ixodes scapillaris (iks-a' -des skap-u-Iar'is). 

Toxoplasma gondii (toks-a- plaz' ma gon' de-e) is another 
apicomplexan intracellular parasite of humans. The life cycle of 
this parasite involves domestic cats. The trophozoites, called 
taehyzoites, reproduce sexually and asexually in an infected cat, 
and ooeysts, each conta ining eight sporozoites, are excreted 
with feces. If the oocysts are ingested by humans or other an i-
mals, the sporozoites emerge as trophozoites, which can repro-
duce in the tissues of the new host (sec Figure 23 .23, page 662). 
T. gondii is dangerous to pregnant women, because it can cause 
congenital infections in utero. Tissue examination and observa-
tion of T gondii are used for diagnosis. Antibodies may be 
detected by ELISA and by indirect fluorescent -antibody tests 
(see Chapter 18). 

Cryptosporidillm (krip-ta-spo-ri' dc-um) lives inside the cells 
lining the small intestine and can be transmitted to humans 
through the feces of cows, rodents, dogs, and cats. Inside the host 
cell, each Cryptosporidillrll organism fo rms four oocysts (see 
Figure 25.18, page 731), each containing four sporozoites. When 
the oocyst ruptures, sporozoites may infec t new cells in the host 
or be released with the feces. See the box on page 355 . 

During the 1980s, epidemics of waterborne diarrhea were 
identified on every continent except Antarctica. The causative 
agent was misidentified as a cyanobacterium because the out -
breaks occurred during warm months, and the disease agent 
looked like a prokaryotic cell. In 1993, the organism was identi-
fied as an apicomplexan similar to CryptosporidiulII. In 2004, the 
new parasite, named Cyc/ospora cayctancrlsis (si '-klo-spo-ra 
ki 'c- tan-en-sis), was responsible for 300 cases of diarrhea asso-
ciated with snow peas in the United States and Canada . 

Ciliophora 
Members of the phylum Ciliophora, or ciliates, have cilia that 
arc similar to but shorter than flagella . The cilia are arranged in 
precise rows on the cell (Figure 12.19). They are moved in uni-
son to propel the cell through its environment and to bring food 
particles to the mouth . 

The only ciliate that is a human parasite is Balalltidirlm coli 
(bal-an-tid'c-um ka'ln, the causative agent of a severe, though 
rare, type of dysentery. When the host ingests cysts, they enter the 
large intestine, into which the trophozoites are released. The 
trophozoites produce proteases and other substances that 
destroy host cells. The trophozoite feeds on host cells and tissue 
fragments . Its cysts are excreted with feces . 

Ciliates, apicomplexans, and dinoflagellates (page 343 ) may 
be placed in their own phylum or kingdom, called Alveolata 

Contractile vacuole 
(a) Paramecium 

Micronucleus Anal pore 
I 

(b) Vorticella 

Figure 12.19 Ciliates_ (a) Paramecium is covered with rows of cilia. 
It has specialized structures for ingestion (mouth). el imination of wastes 
(anal pore), and the regulation of osmotic pressure (contractile vacuoles). 
The macronucleus is involved with protein synthesis and other ongoing 
cellular activities. The micronucleus functions in sexual reproduction. 
(b) Vorticella attaches to objects in water by the base of its stalk. The 
springlike stalk can expand al lowing Vorticella to feed in different areas. 
Cilia surround its cytostome. 

Q What ciliate can calise disease in humans? 

because they all have membrane-bound cavities (alveoli) under 
the cell surface and rRNA sequences in common. 

Euglenozoa 
Two groups of flagella ted cells are included in the Euglenozoa 
based on common rRNA sequences, disk-shaped mitochondria, 
and absence of sexual reproduction . 

Euglenoids are photoautotrophs (Figure 12.20). Euglenoids 
have a semirigid plasma membrane called a pellicle, and they 
move by means of a flagellum at the anterior end . Most eugle-
noids also have a red eyespot at the anterior end. This carotenoid-
containing organelle senses light and directs the cell in the 
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Figure 12.20 Euglena. EuglenOlds are photoautotrophs. Semirigid rings suppOftJng the pellicle 
allow Euglena to change shape. 

Q Why is Euglena classified with the hemoflagellates? 

appropriate direction by using a preemergellt flagellum. Some 
eugleno ids are facul tat ive chemoheterotrophs. In the dark, they 
ingest organ ic mailer through a cylostome. Euglenoids are fre-
quently studied with algae because they can photosynthesize. 

The hemof]agellates (b lood parasites) are transmitted by the 
bites of blood-feeding insects and arc found in the circulatory 
system of the bitten host. To survive in this viscous tluid, hemo-
flagellates usually have long, slender bodies and an und ulat-
ing membrane. The genus Trypallosoma (tri-pa ' n6-s6- ma ) 
includes the species that causes Afri can sleeping sickness, T. bru-
ce; gambicmc (briis'e gam-be-ens'), which is transm itted by 
the tsetse tl y. T. enlZi (kruz 'e; sec Figure 23.22, page 661), the 
causative agent o f Chagas' disease, is transmitted by the " kissing 
bug," so named because it bites on the face (see Figure 12.32d on 
page 363). After en tering the insect, the trypanosome rapidly 
multiplies by schizogony. If the insectlhen defecates while biling 
a human, it can release trypanosomes Ihat can con taminate the 
bite wound. 

Table 12.5 on page 354 lists some typical parasitic protozoa 
and the diseases they cause. 

CHECK YOUR UNDERSTANDING 

,.f Identify three differences between protozoa and animals. 12-10 

,.f Do protozoa have mitochondria? 12·11 
,.f Where does Plasmodium undergo sexual reproduction? 12·12 

Slime Molds 
LEARNING OBJECTIVE 
12-13 Compare and contrast cellular slime molds and plasmodial 

slime molds. 

Slime molds have both fungal and amoebal characteristics; they 
are, however, more closely related to amoeba and placed in the 
phylum Amoebozoa. There are two taxa of slime molds: cellular 
and plasmodial. Cellular slime molds are typical eukaryotic cells 
thaI resemble amoebas. In the life cycle of cellular slime molds 
(Figure 12.21 ), the amoeboid cells live and grow by ingesting fungi 
and bacteria by phagocytosis. Cellular slime molds <Ire of interest 
to biologists who study cellular migration and aggregation, 
because when conditions arc unfavorable, large numbers of amoe-
boid cells aggregate to form a single structu re. Th is aggregation 
occurs because some individual amoebas produce the chemical 
cyclic AMP (cAMP), toward which the other amoebas migrate. 
Some of the amoeboid cells form a stalk; others swarm up the stalk 
to form a spore cap, and most of these d ifferentiate into spores. 
When spores are released under favorable conditions, they ger-
minate to for m single amoebas. 

In 1973, a Dallas resident discovered a pulsating red blob in 
his backyard. The news media claimed that a "new life form n had 
been found. For some people, the Kcreature" evoked spine-chilling 
recollections of an old science fi ction movie. Before imaginations 
got carried away too far, biologists calmed everyone's worst fears 
(or highest hopes). The amorphous mass was merely a plasmodial 
slime mold, they explained. But its unusually large size 46 em in 
diameter-startled even scientists. 
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Figure 12.21 The generalized life cycle of a cellular slime mold. The micrograph shows a 
spore cap of Dicryoslelium. 

Q What characteristics do slime mofds share with protozoa? With fungi? 

Plasmodial slime molds were fi rst scientifically reported in 
1729. They belong to a separate phylum. A plasmodial slime 
mold exists as a mass of protoplasm wi th many nuclei (i t is mul-
tinucleated). This mass of protoplasm is called a plasmodium 
(Figure 12.22). The entire plasmodium moves as a giant amoeba; 
it engulfs organic debris and bacteria. Biologists have found that 
musclelike proteins forming microfilaments account for the 
movement of the plasmodium. 

When plasmodial slime molds are grown in laboratories, a 
phenomenon called cytoplasmic streaming is observed, during 
which the protoplasm within the plasmodium moves and 
changes both its speed and direction so that the oxygen and 
nutrients are evenly distributed. The plasmodium continues 
to grow as long as there is enough food and moisture for it 
to thrive. 

When either is in short supply, the plasmodium separates into 
many groups of protoplasm; each of these groups forms a stalked 
sporangium, in which haploid spores (a resistant, resting form of 

the slime mold ) develop. When conditions improve, these 
spores germinate, fuse to form diploid cells, and develop into a 
multinucleated plasmodium. 

CHECK YOUR UNDERSTANDING 

'" Why are slime molds classified with amoeba and not 
fungi? 12-13 

Helminths 
LEARNING OBJECTIVES 
12-14 List the distinguishing characteristics of parasitic helminths. 
12-15 Provide a ra tionale for the elaborate life cycle of parasitic worms. 
12-16 List the characteristics of the two classes of parasitic platy-

helminths. and give an example of each. 
12-17 Describe a parasit ic infection in which humans serve as a defini-

tive host. as an intermediate host. and as both. 
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Figure 12.22 The life cycle of a plasmodial slime mold. Physarum is pictured in the 
photomicrographs. 

Q How do cellular and acellular slime molds differ? 

12-18 List the characteristiCS of parasitic nematodes, and give an exam-
ple of infective eggs and infective larvae. 

12-19 Compare and contrast platyhelminths and nematodes. 

A number o f parasitic animals spend part or all of their lives in 
humans. Most of these animals belong to IwO phyla: 
Platyhelminthes (fla tworms) and Nematoda (roundworms). 
These worms are commonly called helminths. There are also 
free-living species in these phyla, but we will limit our discussion 

to the parasitic species. Diseases caused by parasitic worms are 
discussed in Part Four. 

Characteristics of Helminths 
Helminths are multicellular eukaryotic animals that generally 
possess digestive, circulatory, nervous, excretory, and reproduc-
tive systems. Parasitic helminths must be highly specialized to 
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Table 12.5 Some Representative Parasitic Protozoa 

Human Dlstlngulshlng Source of Human Figure/Table Page 
Phylum Pathogen. Features """- Infections ......... Reference 

Archaezoa Giardia lamblia Two nuclei, eight Giardia ! enteritis Fecal contamination 15.17 730 
flagella of drinking water 

Trichomonas No encysting Urethritis. vaginitis Contact with Box 16.1 759 
vaginalls stage vaginal-urethral 

discharge 

Microspora Nosema Unknown Diarrhea, Other animals 
ke ra t ocon j u n ctiv i tis, 
conjunctivitis 

Amoebozoa Acanthamoeba Pseudopods Keratitis Water 
Entamoeba Amoebic Fecal contamination 15.19 732 

his/olytica, dysentery of drinking water 
E. dispar 
Balamuthia Encephalitis Water 

Apicomplexa Babesia microti Complex Babesiosis Domestic animals, 666 
ticks 

Cryptosporidium Life cycles may require Diarrhea Humans, other 15.18 731 
more than one host animals, water 

Cyclospora Diarrhea Water Box 15.5 73. 
Plasmodium Malaria Bite of Anopheles 11.18 349 

mosquito 13.15 66. 
Toxoplasma gondii Toxoplasmosis Cats, beef; 13.13 662 

congenital 

Dinonagellates Alexandrium, Photosynthetic. Paralytic shellfish Ingestion of 17.13 779 
Pfiesteria (see Table 11.4) poisoning: ciguatera dinoflagellates in 

mollusks, fish 

Ciliophora Balantidium coli Only parasitic ciliate Balantidial Fecal contamination 
of humans dysentery of drinking water 

Euglenozoa Leishmania Flagellated form in Leishmaniasis Bite of sand fly 13.16 665 
sand fly; ovoid form (Phlebotomus) 
in vertebrate host 

Naegleria fowleri Flagellated and Meningoencephalitis Water in which 12.17 629 
amoeboid forms people swim 

Trypanosoma cruzi Undulating Chagas' disease Bite of Triatoma 23.22 661 
membrane (kissing bug) 

r brucei African Bite of tsetse fly 22.16 629 
gambiense, trypanosomiasis 

rb. rhodesiense 

live inside their hosts. The following generalizations d istinguish 
parasitic helminths from their free-living relatives: 

1. They may lack a digestive system. They can absorb nutrients 
from the host's food, body fluids, and tissues. 

4. TIIeir reproductive system is of tell complex. An individ ual 
produces large numbers of eggs, by which a suitable host is 
infected. 

2. Their lIervous system is reduced. They do not need an exten -
sive nervous system because they do not have to search for 
food or respond much to their environment. The environ-
ment within a host is fairly constan t. 

3. Their means of 10comotiOll is occasionally reduced or completely 
lacking. Hecause they are transferred from host to host, they 
do not need to search actively for a suitable habitat. 

life Cycle 
The life cycle of parasitic helminths can be extremely complex, 
involving a succession of intermediate hosts for completion of 
each larval (developmental) stage of the parasi te and a definitive 
host for the adult parasite. 

Adult helminths may be dioecious; male reproductive organs 
are in one individual, and female reproductive organs are in 



The Most Frequent Cause of Recreational 
Waterborne Diarrhea 
As you read through thiS box. you will 
encounter a series of questions that micro-
biologists ask themselves as they try to diag-
nose a disease. Try to answer each question 
before going on to the next one. 

1. An 8-year-old girl experienced watery 
diarrhea. vomiting. or abdominal 
cramps one week after her birthday 
party. 
Whllt dIseases are possible? (Hint: See 
page 730.) 

2. The result of acid-fast staining of her 
stool is shown in Figure A. 
What Is the disease? 

3. Cryplosporidium oocysts are identified by 
their red coloration when this staining 
technique is used. and in this case. the 
sporozoites were made visible inside the 
oocyst at the arrow. The oocysts 
are infectiOus immediately upon being 
excreted in feces. A follcr.v-up showed 
that 12 people from the birthday party 
had watery diarrhea. vomiting. Of 

abdominal cramps. Their illnesses lasted 
2 to 10 days. 
What else do you need to know? 

4. The birthday party was held al a commu-
nity water park. 
How Is this disease transmitted? 

5. Cryptosporidium infection is Iransmitled 
by the fecal-oral route and results from 
ingesting Cryptesporidium oecysts 
through the consumption of fecally 
contaminated food or water or through 
direct person-to-person or animal-
to-person contact. The infectious dose is 
low; feeding studies have demonstrated 
that ingesting as few as 10 to 

30 oocysts can cause infection In 
healthy persons. Infected persons have 
been reported to shed 10' to 109 oocysts 
in a single bowel movement and to 
excrete oocysts for up to 50 days after 
cessation of diarrhea. 
Cryptosporidium has emerged as the 

most frequently recognized cause of 
recreational water-associated outbreaks 
of gastroenteritis. even in venues with 
disinfected water. It became a reportable 
disease in 1994 (FIgure 8). 

How Can Cryptosporidium 
Outbreaks Be Prevented? 
Cryptosporidium species are known to be 
resistant to most chemical disinfectants. 
such as chlorine. Recommendations to 
reduce the risk of infection include the 
following: 
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Figure 8 Reported cases In the UMed Stales 

Figure A Acid-fast stain of patient's 
feces. 

• Do not swim during and for 2 weeks after 
diarrheal illness. 

• Avoid swalicr.ving pool water. 
• Wash hands after using the restroom or 

changing diapers. 

Source: Adapted from MMWR 56{29l729-732. 
Juty 27. 2007. 

Yn, 

another. In those species. reproduction occurs only when two 
adults of the opposite sex arc in the same host. 

CHECK YOUR UNDERSTANDING 

Adult helminth s may also be monoecious, or 
hermaphroditic- one animal has both male and female 
reproductive organs. Two hermaphrodites may copulate and 
simultaneously ferti lize each other. A few Iypes of hermaphro-
dites fertilize themselves. 

.,f IN'hy are the drugs used to treat parasitic helminths often toxic 
to the host? 12-1. 

.,f Of what value is the complicated life cycle of parasitic 
helminths? 12-15 

355 
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Figure 12.23 Infection by a parasitic platyhelminth. An mcrease 
in the trematode Albeiraia m recent years has caused deformed frogs. 
Frogs with mult iple limbs have been found from Mmnesota to california. 
Cercaria of the trematode mfect tadpoles. The encysted metacercariae 
displace developmg limb buds, causing abnormal limb development. The 
increase m the parasite may be due to fertilizer runoff that increases algae. 
which are food for the paraslte's intermediate host snail. 

Q What tailed stage of the parasite lives in a snail? 

Platyhelminths 
Members of the Phylum Platyhelminthes, the Oatwonns, are 
dorsoventrally flattened. The classes of parasitic flatwo rms include 
the trematodes and cestodes. These parasites cause disease or devel-
opmenlal dislurbances in a wide variety of animals (Figure 12.23) . 

Trematodes 
Trematodes, or flukes, often have flat , leaf-shaped bodies with a 
ventral sucker and an oral sucker (Figure 12.24) . The suckers 
hold the organism in place. Flukes obtain food by absorbing it 
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Venlral ,"",,,'--
Teslis -

(a) Fluke anatomy 

Oral""",, 

(b) ClonorChiS sinensis 

through their nonliving outer covering, called the cuticle. Flukes 
are given common names according to the tissue of the definitive 
host in which the adults live (for example, lung fluke, liver fluke, 
blood fluke ). The Asian liver fluke Clollorchis sineusis (klo-
nor'kis si-nen'sis) is occasionally seen in immigrants in the 
United States, but it cannOI be transmitted because its interme-
diate hosts are not in the United States. 

To exemplify a fluke's life cycle, let's look at the lung fluke, 
Paragonimus westermani (par-a-go n' e-mus we-ster-ma ' ne ). The 
intermediate hosts for this fluke, and therefore the fluke itself, 
occur throughout the world, including the United States and 
Canada. The adult lung fluke lives in the bronchioles of humans 
and other mammals and is approximately 6 mm wide and 
12 mm long. The hermaphroditic adults liberate eggs into the 
bronchi. Because sputum that contains eggs is frequently swal-
lowed, the eggs are usually excreted in feces of the definitive host. 
If the life cycle is to continue, the eggs must reach a body of 
water. A series of steps occurs that ensure adult flukes can mature 
in the lungs of a new host. The life cycle is shown in Figure 12.25. 

In a laboratory diagnosis, sputum and feces are examined 
microscopically for fluke eggs. Infection results from eating 
undercooked crayfish, and the disease can be prevented by thor-
oughly cooking crayfish. 

The cercariae of the blood fluke Schistosoma (shis-to-so' ma l 
arc not ingested . Instead, they burrow through the skin of the 
human host and enter the circulatory system. The adults are 
found in certain abdominal and pelvic veins. The disease schis-
tosomiasis is a major world health problem; it will be discussed 
further in Chapter 23 (page 666). 

Cestodes 
Cestodes, or tapeworms, arc intestinal parasites. Their structure 
is shown in Figure 12.26. The head, or scolex (plural: scoleces), 
has suckers for attaching to the intestinal mucosa of the defini-
tive host; some species also have small hooks for attachment. 
Tapeworms do not ingest the tissues of their hosts; in fac t, they 
completely lack a digestive system. To obta in nutrients from the 
small intestine, they absorb food through their cuticle. The body 
consists of segments called proglotlids. Proglottids are continu-

'mm 

Figure 12.24 Flukes. (a) General anatomy 
of an adult fluke. shown in cross section. The oral 
and ventral suckers attach the fluke to the host. 
The mouth is located in the center of the oral 
sucker. Flukes are hermaphroditic; each animal 
contains both testes and ovaries. (b) The Asian 
liver fluke Clonorchis sinensis. Notice the 
incomplete digestive system. Heavy mfesta tlons 
may block bile ducts from the liver. 

Q Why is the flatwonn digestive system 
called "incomplete"? 
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Asexual reproduction Sexual reproduction 

o Infected crayfish is eaten by human. and 
metacercaria devetops into adult ftuke. 

o Hermaphroditic adult ftuke releases 
eggs into 

Metacercaria 
(0.25-0.5 mm) 

R 'I'll 
Intermediate host 

Cercaria 
(0.5 mm long) 

o Cercaria leaves 
snail and enters 
crayfish. 

Definitive host 

o Free-swimming 
miracidium 
enters snail. 

Inside snail. miracidium 
develops into redia. which 
reproduces asexually 
to produce rediae; several 
cercariae develop within redia. 

"" Adult ftuke 
(7.5-12 mm long) 

• A Eggs reach water ••• V • • after being excreted 

Miracidium 
(0.8 mm I 

in feces. 

e Miracidium 
develops 
in egg and 
hatches 

Figure 12.25 The life cycle of the lung fluke Paragonimus westermani. The trematode 
reproduces sexually in a human and asexually in a snail. its first intermediate host Larvae encysted in 
the second intermediate host. a c rayfish. infect humans when ingested. Also see the Schistosoma life 
cycle in Figure 23.27 (page 667). 

Q Of what value is this complex life cy<:le to Paragonimus? 

ally produced by the neck region of the scolex, as long as the 
scolex is attached and alive. Each mature proglottid con tains 
both male and female reproductive organs. The proglottids far-
thest away from the scolex are the mature ones containing eggs. 
Mature proglottids are essentially bags of eggs, each of which is 
infective to the proper intermediate host. 

Humans as Definitive Hosts The adults of Taenia sagillata 
(te'ne-a sa-ji-na'ta), the beef tapeworm, live in humans and can 
reach a length of 6 meters. The scolex is about 2 millimeters long 
and is followed by a thousand or more prog)ottids. The feces of an 
infected human contain mature proglottids, each of which con-
tains thousands of eggs. As the proglottids wriggle away from the 
fecal material, they increase their chances of being ingested by an 
animal that is grazing. Upon ingestion by cattle, the larvae hatch 
from the eggs and bore through the intestinal wall. The larvae 

migrate to muscle (meat ), in which they encyst as cysticerci. 
When the cysticerci are ingested by humans, all but the scolex is 
digested. The scolex anchors itself in the small intestine and 
begins producing proglottids. 

Diagnosis of tapeworm infection in humans is based on the 
presence of mature proglottids and eggs in feces. Cysticerci can be 
seen macroscopically in meat; their presence is referred to as 
"measly beef." Inspecting beef that is intended for human con-
sumption for "measly" appearance is one way to prevent infections 
by beef tapeworm. Another method of prevention is to avoid the 
use of untreated human sewage as fertilize r in grazing pastures. 

Humans are the only known definitive host of the pork tape-
worm, Taenia soliuffI. Adult worms living in the human intestine 
produce eggs, which are passed out in feces. When eggs are eaten by 
pigs, the larval helm inth encysts in the pig's muscles; humans 
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Scolex 

PO" 

I I 
Q.2mm 

Mature proglottid 
will disintegrate and 
release eggs 

Figure 12.26 General anatomy of an adult tapeworm. The 
scolex, shown in the micrograph. consists of suckers and hooks that 
attach to the host's tissues. The body lengthens as new proglottids form at 
the neck. Each mature proglottid contains both testes and ovaries. 

Q What are the similarities between tapeworms and nukes? 

become infected when they eat undercooked pork. The human-
pig-human cycle of T soliwn is common in Latin America, Asia, 
and Africa. In the United States, however, T solium is virtually non-
existent in pigs; the parasite is transmitted from human to human. 
Eggs shed by one person and ingested by another person hatch, and 
the larvae encyst in the brain and other parts of the body, causing 
cysticercosis (see Figure 25.22, page 733). The human hosting 
T solillm's larvae is serving as an intermediate host. Approximately 
7% of the few hundred cases reported in recent years were acquired 
by people who had never been outside the United States. They may 
have become infected through household contact with people who 
were born in or had traveled in other countries. 

Humans as Intermediate Hosts Humans are the intermediate 
hosts for EchinococCIIs granuloslIs (c -kin-o-kok 'kus gra-nu-lo' sus), 

shown in Figure 12.27. Dogs and coyotes are the definitive hosts 
for this minute (2-8 mm) tapeworm . 

G Eggs are excreted with feces. 
e Eggs are ingested by deer, sheep, or humans. Humans can 

also become infected by contaminating their hands with dog 
feces or saliva from a dog that has licked itself. 

e The eggs hatch in the human's small intestine, and the lar-
vae migrate to the liver or lungs. 

o The larva develops into a hydatid cyst. The cyst contains 
"brood capsules," from which thousands of scoleces might 
be produced . 

o Humans are a dead-end for the parasite, but in the wild, the 
cysts migh t be in a deer that is eaten by a wol f. 

o The scoleces would be able to attach themselves in the 
wolf's intestine and produce proglottids. 

Diagnosis of hydatid cysts is frequently made only on autopsy, 
although X rays can detect the cysts (see Figure 25.21, page 733) . 

CHECK YOUR UNDERSTANDING 

Differentiate Paragonimus and Taenia. 12-16 

Nematodes 
Members of the Phylum Nematoda, the roundworms, are cylin-
drical and tapered at each end. Roundworms have a complete 
digestive system, consisting of a mouth, an intestine, and an 
anus. Most species are dioecious. Males are smaller than females 
and have one or two hardened spicules on their posterior ends. 
Spicules are used to guide sperm to the fema le's genital pore. 

Some species of nematodes are free-living in soil and water, and 
others are parasites on plants and animals. Some nematodes pass 
their entire life cycle, from egg to mature adult, in a single host. 

Nematode infections of humans can be divided into two cat-
egories: those in which the egg is infective, and those in which the 
larva is infective. 

Eggs Infective for Humans 
The pinworm EliterobirlS vermicrllaris (en-te-ro'be-us ver-mi-ku-
lar'is) spends its entire life in a human host (Figure 12.28). Adult 
pinworms are found in the large intestine. From there, the female 
pinworm migrates to the anus to deposit her eggs on the perianal 
skin. The eggs can be ingested by the host or by another person 
exposed through contaminated clothing or bedding. Pinworm 
infections are diagnosed by the Graham sticky-tape method. A 
piece of transparent tape is placed on the perianal skin in such a 
way that the sticky side picks up eggs that were deposited earlier. 
The tape is then microscopically examined for the presence of eggs. 

Ascaris lumbricoides (as'kar- is lum-bri-koi'dez) is a large 
nematode (30 cm in length) that infects over one bill ion people 
worldwide (Figure 25 .24, page 736) . It is dioecious with sexual 
dimorphism; that is, the male and female worms look d isti nctly 
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. . 

o Scoleces Irom 
cyst attach to 
intestine and 
grow into adults. 

o 

Adult tapeworm 

Definitive host eats 
intermediate hosl. 
ingesting cysts. 

o Larvae develop 
into hydatid 
cysls. 

Definitive host 

I I 
0.7 mm 

Egg 
(30-38 

o Adult tapeworm releases 
eggs which are excreted 
by definitive host. 

( e Intermediate h'" 
ingests eggs. 
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Scolex 

o 

Intermediate host 

Eggs hatch. and 
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Hydatid cyst 

10Cm 
Intermediate host 

Figure 12.27 life cycle of the tapewonn Echinococcus granulosus. This ti ny tapeworm is 
fou nd in the intestines of dogs. wolves. and foxes. The adult of the closely related Echinococcus 
multiloculafls. The photomicrograph shows a hydatid cyst. The parasite can complete its life cycle 
only if the cysts are ingested by a definitive host that eats the intermediate host. 

Q Why isn't being in a human of benefit to Echinococcus? 

different, the male being smaller with a curled tail. The adult 
Ascaris lives in the small intestines of humans exclusively; it feeds 
primarily on semidigested food. Eggs, excreted with feces, can 
survive in the soil for long periods until accidentally ingested by 
another host. The eggs hatch in the small intest ine of the host. 
The larvae then burrow out of the intestine and enter the blood. 
They are carried to the lungs, where they grow. The larvae will 
then be coughed up, swallowed, and returned to the small intes-
tine, where they mature into adults. 

Diagnosis is frequently made when the adult worms are 
excreted with feces. Ascaris eggs remain in soil for 10 years. 
Children become infected by putting their hands and toys in 
their mouths. Preventing infection in humans is managed by 
proper sanitary habits. 

larvae Infective for Humans 
Adult hookworms, Necator american liS (ne-ka'tor a-me-ri-ka' nus) 
and Ancylostoma dllodenale (an-sil-os'toma dii'o-den-al-e), live 
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(a) Adult pinworm 

05mm Female 
(8-13 mm long) 

Male 
(2-5 mm long) 

, , 

Figure 12.28 The pinworm Enterobius vermicularis. (a) Adult pinworms live in the large 
intestine of humans_ Most roundworms are dioecious, and the female (left and photomicrograph) is 
often distinctly larger than the male (right)_ (b) Pinworm eggs are deposited by the female on the 
perianal skin at night 

Q Are humans the definitive or intennediate host for pinwonns? 

in the small intestine of humans (Figure 25.23, page 736); the eggs 
are excreted in feces . The larvae hatch in the soil, where they feed 
on bacteria. A larva enters its hosl by penetrating the host's skin. [t 
then enters a blood or lymph vessel, which carries it 10 the lungs. 
It is coughed up in sputum, swallowed, and finally carried to the 
small intestine. Diagnosis is based on the presence of eggs in feces. 
People can avoid hookworm infections by wearing shoes. 

Egg 
(55 JJm 
long) 

(b) Pinworm egg 

Trichinellosis is caused by a nematode that the host acquires 
by eating encysted larvae in undercooked meat of infected ani-
mals (see pages 736-737). The nematode, Dirofilaria immitis 
(dir'6-fi-l:lr-e-ii. im'mi-tis), is spread from host to host through 
the bites of Aedes mosquitoes. It primarily affects dogs and cats, 
but it can infest human lungs. Larvae injected by the mosquito 
migrate to various organs, where they mature into adults. The 
parasitic worm is called a heartworm because the adult stage is 
often in the animal host's heart, where il can kill its host through 
congestive heart fail ure (Figure 12.29). The disease occurs on 
every continent except Antarctica. Wolbachia bacteria appear to 
be essential to development of the worm embryos (see the box in 
Chapter l i on page 307.) 

Figure 12.29 The heartworm Dirofilaria immilis. Four adult 
D. Immill"s in the right ventricle of a dog's heart. Each worm IS 
12- 30 centimeters long. 

Q How do roundworms and flatwonns differ? 

9mm 
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Four genera of roundworms called allisakincs, or wriggly 
worms, can be transmitted to humans from infec ted fish and 
squ id. Anisakine larvae are in the fish's intestinal mesenteries and 
migrate to the muscle when the fish dies. Freezing or thorough 
cooking will kill the larvae. 

Arthropods as Vectors 
LEARNING OBJECTIVES 
12-20 Define arthropod 'Ieclor. 

12-21 Differentiate a tick from a mosquito. and name a disease 
Table 12.6 lists representative parasitic helminths of each 

phylum and class and the diseases they cause. 
transmitted by each. 

Arthropods are animals characterized by segmented bodies, 
hard external skeletons, and jointed legs. With nearly I million 
species, this is the largest phylum in the animal kingdom . 
Although arthropods are not microbes themselves, we will 
briefl y describe them here because a few suck the blood of 
humans and other animals and can transmit microbial dis -
eases while doing so. Arthropods that carry pathogenic 

CHECK YOUR UNOERSTANOING 

..r What is the definitive host for Enterobius? 12-17 

..r What stage of Dirofilaria immitis is infectious for dogs and cats? 
12-18 

..r You find a parasitic worm in a baby's diapers. How would you 
know whether it's a Taenia or a Necator? 12-19 

Table 12.6 Representative Parasitic Helminths 

Human Intennedlete 
Phylum Class Paraehes Hoot 

Peatyhelminthes Trematodes Paragonimus Freshwater 
westermani sna ils and 

crayfish 
Schistosoma Freshwater 

sna ils 
Cestodes Taenia Cattle 

saginata 

Taenia solium Humans: 
pigs 

Echinococcus Humans 
granulosus 

Nematoda Ascaris 
lumbricoides 

Enterobius 
vermicularis 

Necator 
ameflcanus 

Ancylostoma 
duodenale 

Trichinella 
spiralis 

Anisakines Marine fish 
and squid 

Dell.""" 
.... S .. 

Humans: 
lungs 

Humans 

Humans: 
small 
intestine 
Humans 

Dogs and 
other 
animals; 
intestines 

Humans; 
small 
intestine 
Humans: 
large 
intestine 
Humans: 
small 
intestine 
Humans: 
small 
intestine 
Humans. 
pigs. and 
other 
mammals: 
small 
intestine 
Marine 
mammals 

s_ 
Passed to 
Humansj locatJon I. Ftgure M_ DI ..... Humans Reference 

Metacercaria Paragonimiasis Lungs 12.25 
in crayfish: (lung fluke) 
ingested 
Cercariae; Schistosomiasis Veins 23.27 
through skin 23.28 
Cysticerci Tapeworm Small 
in beef: intestine 
ingested 
Eggs: Neurocysti- Brain: any 25.22 
ingested cercosls tissue 
Eggs from Hydatidosis Lungs. 12.27. 
other liver brain 25.23 
animals: 
ingested 

Eggs: Ascariasis Small 25.25 
ingested intestine 

Eggs: Pinworm Large 12.28 
ingested intestine 

Larvae: Hookworm Small 25.24 
through intestine 
skin 
Larvae: Hookworm Small 25.24 
through Intestine 
skin 
Larvae: Trichinellosis Muscles 25.26 
ingested 

Larvae Anisakiasis Gastrointestinal 
in fish: (sashimi worms) tract 
ingested 
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Table 12.7 Important Arthropod Vectors of Human Diseases 

CIa .. 0 .... ' Vector 

Arachnida Mites and ticks Dermacentor (tick) 
Ixodes (tick) 
Ornilhodorus (tick) 

Insecla Sucking lice Pediculus (human louse) 
Fleas Xenopsyffa (rat flea) 
True flies Chrysops (deer fly) 

Aedes (mosquito) 
Anopheles (mosquito) 
Culex (mosquito) 
Glossina (tsetse fly) 

True bugs Triatoma (kissing bug) 

microorganisms are called vectors. Scabies and pediculosis 
are diseases that are caused by arthropods (see Chapter 21, 
pages 602- 603) . 

Representative classes of arthropods include the following: 

• Arachnida (eight legs): spiders, mites, ticks 
• Crustacea (four antennae): crabs, crayfish 
• Insecta (six legs): bees, flies, lice 

Table 12.7 lists those arthropods that are important vectors, 
and Figures 12.30, 12.31 , and 12.32 illustrate some of them. 
These insects and ticks reside on an animal only when they arc 
feeding. An exception to this is the louse, wh ich spends its entire 
life on its host and cannot survive for long away from a host. 

Some vectors are just a mechanical means of transport for a 
pathogen . For example, houseflies lay their eggs on decaying 
organic matter, such as feces . While doing so, a housefly can pick 

Figure 12.30 MosquilO. A female mosquito sucking blood from 
human skin. Mosquitoes transmit several pathogens from person to 
person. including the yel low fever and West Nile viruses. 

Q When is a vector atso a definitive host? 

0 ...... Figure Reference 

Rocky Mountain spotted fever 
Lyme disease. babesiosis. ehrlichiosis 12.31 
Relapsing fever 

Epidemic typhus. relapsing fever 12.32a 
Endemic murine typhus. plague 12.32b 
Tularemia 12.32c 
Dengue fever. yellow fever. heartworm 12.29 
Malaria 12.30 
Arboviral encephal itis 
African trypanosomiasis 
Chagas' disease 12.32d 

up a pathogen on its feet or body and transport the pathogen to 
our food. 

Some parasites mult iply in their vectors. When this happens, 
the parasites can accumulate in the vector's feces or saliva. Large 
numbers of parasites can then be deposited on or in the host 
while the vector is feeding there. The spirochete that causes Lyme 
disease is transmitted by ticks in this manner (see Chapter 23, 
page 651 ), and the West Nile virus is transmitted in the same way 
by mosquitoes (see Chapter 22, page 626). 

As discussed earlier, Plasmodium is an example of a parasite 
that requires that its vector also be the definitive host. 
Plasmodium can sexually reproduce only in the gut of an 

Figure 12.31 Tick. Ixodes pac/ficus is the Lyme disease vector on the 
West Coast. 

Q Why aren't ticks classified as insects? 
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2.5 mm 

1 em 
2em 

(a) Human louse (b) Rat flea (c) Deer fly (d) Kissing bug 

Figure 12.32 Arthropod vectors. (a) The human louse. Pediculus. (b) The rat flea. Xenopsylla. 
(c ) The deer fly. Chrysops. (d) The kiss ing bug. TrialOma. 

Q Name one pathogen carried by each of these vectors. 

Anopheles mosquito. Plasmodium is introduced in to a h u man 
host with the m o squ ito's saliva, which acts as an anticoagulant 
tha t keeps blood flowing. 

To eliminate vectorborne diseases (such as African sleeping 
sickness), health workers focus o n erad icat ing th e vectors. 

CHECK YOUR UNDERSTANDING 

"" Vectors can be divided into three major types. according to the 
roles they play for the parasite. List the three types of vectors 
and a disease transmitted by each. 12-20 

"" Assume you see an arthropod on your arm. How will you 
determine whether it is a tick or a flea? 12-21 

STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. f) learn 
and practice with animations. tutorials. and MP3tutor sessions. and e test yourself with Quiues and a chapter post- test 

Fungi (pp.330- 339) 

I. Mycology is the study of fungi. 
2. The number of serious fungal infections is increasing. 
3. Fungi are aerobic or facultatively anaerobic chemoheterotrophs. 
4. Most fungi are decomposers, and a few are parasites of plants and 

animals. 

Characteristics of Fungi (pp.33\ - 333) 
5. A fungal thallus consists of filaments of cells called hyphae; a mass 

of hyphae is called a mycelium. 
6. Yeasts are unicellular fungi. To reproduce, fission yeasts divide 

symmetrically, whereas budding yeasts divide asymmetrically. 
7. Buds that do not separate from the mother cell form 

pseudohyphae. 
8. Pathogenic dimorphic fungi are yeastlike at 37°C and moldlike 

at 25°C. 
9. Fungi are classified according to rRNA. 

10. Sporangiospores and conidiospores are produced asexually. 

II. Sexual spores are usually produced in response to special 
circumstances, often changes in the environment. 

12. Fungi can grow in acidic, low-moisture, aerobic environments. 
13. They are able to metabolize complex carbohydrates. 

Medically Important Phyla of Fungi (pp.333-335) 
14. The Zygomycota have coenocytic hyphae and 

produce sporangiospores and zygospores. 
15. The Ascomycota have septate hyphae and pro-

duce ascospores and frequently conidiospores. 
16. Basidiomycota have septate hyphae and 

produce basidiospores; some produce 
conidiospores. 

17. Teleomorphic fungi produce sexual and asexual 
spores; anamorphic fungi produce asexual spores only. 

Fungal Diseases (pp.335-339) 
18. Systemic mycoses are fungal infections deep within the body that 

affect many tissues and organs. 
19. Subcutaneous mycoses are fungal infections beneath the skin. 
20. Cutaneous mycoses affect kera tin-containing tissues such as hair, 

nails, and skin. 
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21. Superficial mycoses are localized on hair shafts and superficial 
skin cells. 

22. Opportunistic mycoses are caused by fungi that are not usually 
pathogenic. 

23. Opportunistic mycoses can infect any tissues. However, they are 
usually systemic. 

Economic Effects of Fungi (p.339) 
24. Saccharomyces and Trichoderma are used in the production of foods. 
25. Fungi are used for the biological control of pests. 
26. Mold spoilage of fruits, grains, and vegetables is more common 

than bacterial spoilage of these products. 
27. Many fungi cause diseases in plants. 

Lichens (pp.339-340) 

1. A lichen is a mutualistic combination of an alga (or a cyano-
bacterium) and a fungus. 

2. The alga photosynthesizes, providing carbohydrates for the lichen; 
the fungus provides a holdfast. 

3. Lichens colonize habitats that are unsuitable for either the alga or 
the fungus alone. 

4. Lichens may be classified on the basis of morphology as crustose, 
foliose, or fruticose. 

Algae (pp.340-345) 

1. Algae are unicell ular, filamentous, or m ulticellu lar (thallic). 
2. Most algae live in aquatic environments. 

Characteristics of Algae (pp.341-342) 
3. Algae are eukaryotic; most are photoautotrophs. 
4. The thallus of multicellular algae usually consists of a stipe, a 

holdfast, and blades. 
5. Algae reproduce asexually by cell division and fragmen tation. 
6. Many algae reproduce sexually. 
7. Photoautotrophic algae produce oxygen. 
8. Algae are classified according to their structures and pigments. 

Selected Phyla of Algae (pp.342-344) 
9. Brown algae (kelp) may be harvested for algin. 

10. Red algae grow deeper in the ocean than other algae. 
11. Green algae have cellulose and chlorophyll a and b and store 

starch. 
12. Diatoms are unicellular and have pectin and silica cell walls; some 

produce a neurotoxin. 
13. Dinoflagellates produce ncurotoxins that cause 

paralytic shellfish poisoning and ciguatera. 
14. The oomycotes are heterotrophic; they include 

decomposers and pathogens. 

Roles of Algae in Nature (p.344-345) 
15. Algae are the primary producers in aquatic food chains. 
16. Planktonic algae produce most of the molecular oxygen in the 

Ear th's atmosphere. 

17. Petroleum is the fossil remains of planktonic algae. 
18. Unicellular algae are symbionts in such animals as Tridaclla. 

Protozoa (pp.345-351) 

1. Protozoa are unicellular, eukaryotic chemoheterotrophs. 
2. Protozoa are found in soil and water and as normalmicrobiota in 

animals. 

Characteristics of Protozoa (p. 346) 
3. The vegetative form is called a trophozoite. 
4. Asexual reproduction is by fission, budding, or schizogony. 
5. Sexual reproduction is by conjugation. 
6. During ciliate conjugation, two haploid nuclei fuse to produce a 

zygote. 
7. Some protozoa can produce a cyst that provides protection during 

advcrse environmental conditions. 
8. Protozoa have complex cells with a pellicle, a cytostome, and an 

anal pore. 

Medically Important Phyla of Protozoa (pp.346-35 1) 
9. Archaezoa lack mitochondria and have flagella; they include 

TrichomOllils and Giardia. 
10. Microsporidia lack mi tochondria and microtubules; microsporans 

cause diarrhea in AIDS patients. 
11. Amoebozoa are amoeba; they include En/amoeba and 

AW'lthamoeba. 
12. Apicomplexa have apical organelles for penetrating host tissue; 

they include Plasmodium and Cryptosporidium. 
13. Ciliophora move by means of cilia; Balantidium 

coli is the human parasitic ciliate. 
14. Euglenozoa move by means of flagella and lack 

sexual reproduction; they include Trypauosoma. 

Slime Molds (pp.351-352) 

1. Cellular slime molds resemble amoebas and ingest bacteria by 
phagocytosis. 

2. Plasmodial slime molds consist of a multinucleated mass of 
protoplasm that engulfs organic debris and bacteria as it moves. 

Helminths (pp.352-361) 

1. Parasitic flatworms belong to the Phylum Platyhelminthes. 
2. Parasitic roundworms belong to the Phylum Nematoda. 

Characteristics of Helminths (pp.353-355) 
3. Helminths are multicellular animals; a few are parasites of 

humans. 
4. The anatomy and life cycle of parasitic helminths are modified for 

parasitism. 
5. The adult stage of a parasitic helminth is found in the definitive 

host. 
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6. Each larval stage of a parasitic helminth 
requires an intermediate host. 

7. Helminths can be monoecious or dioecious. 

Platyhelminths (pp. 356- 358) 
8. Flatworms are dorsoventrally flattened animals; 

parasitic flatworms may lack a digestive system. 
9. Adult trematodes, or flukes, have an oral and 

ventral sucker with which they attach to host tissue. 
10. Eggs of trematodes hatch in to free -swimm ing miracidia that enter 

the first intermediate host; two generations of rediae develop; the 
rediae become cercariae that bore out of the first intermediate 
host and penetrate the second intermediate host; cercariae encyst 
as metacercariae; the metacercariae develop into adults in the 
defini tive host. 

11. A cestode, or tapeworm, consists of a scolex (head) and 
proglottids. 

12. Humans serve as the definitive host for the beef tapeworm, and 
cattle are the intermediate host. 

13. Humans serve as the definitive host and can be an intermediate 
host for the pork tapeworm. 

14. Humans serve as the intermediate host for Echhwcoccus granulosus; 
the definitive hosts are dogs, wolves, and foxes. 

Nematodes (pp.358- 361) 
IS. Roundworms have a complete digestive system. 
16. The nematodes that infect humans with their eggs include 

pinworm and Aswris. 
17. The nematodes tha t infect humans with their larvae include 

hookworm and Trichinella. 

Arthropods as Vectors (pp.361 - 363) 

1. Jointed -legged animals, includ ing ticks and 
insects, belong to the Phylum Arthropoda. 

2. Arthropods that carry diseases are called 
vectors. 

3. Vectorborne diseases are most effectively elimi-
nated by controlling o r eradicating the ve(tors. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
I. Following is a list of fungi, their methods of entry into the bod y, 

and sites of infe(\ions they (ause. Categorize each type of mycosis 
as (utaneous, opportunistic, subcutaneous, superficial, or systemic 

Genus Method of Entry Site of Infection Mycosis 

Blas/omyces Inhalation Lungs (.) 
Sporolhrix Puncture Ulcerative lesions (b) 

Microsporum Contact Fingernails (0) 

Trichosporon Contact Hair shafts Cd) 
Aspergillus Inhalation Lungs (,) 

2. A mixrd culturr of Escherichia coli and Penicillium chrysogenum is 
inoculatrd onto thr following w lture mrdia. On which mrdium 
would you exprct each to grow? Why? 
a. 0.5% peptone in tap watrr b. 10% glucosr in tap water 

3. Brirfly dis(uss the importance of lichrns in nature. Briefly discuss 
the importance of algae in na ture. 

4. Differentiatr (ellular and plasmodial slimr molds. How dors ea(h 
survive adverse r nvironmental conditions? 

5. Completr the following tablr. 

Phylum 

Archaezoa 
Microspora 
Amoebozoa 
Apicomplexa 
Ciliophora 
Euglenozoa 

Method of Motility (.) === (0) (,) ==== (9) 
0) 
(k) ==== 

One Human Parasite 

(b) -==== (d) _ 

(0 ==== (h) 
CD 
(I) ==== 

6. Why is it significant that Trichomonas does not have a cyst stage? 
Name a protozoan parasite that does have a cyst stage. 

7. By what means are helminthic parasites transmitted to humans? 
8. A generalized life cycle of the liver fluke Clonorchis 

sinensis is shown below. Label the fluke's stages. Identify the inter-
mediate host(s). Identify the definitive host(s ). To what phylum 
and class does this animal belong? 

r 
o 
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9. Most nematodes are dioecious. What does this term mean? To 
what phylum do nematodes belong? 

Multiple Choice 
1. How many phyla are represented in the following list of organisms: 

Echinococcus, Cyclosportl, Aspergillus, Tnenin, Toxoplnsma, Trichinella? 
a. 1 b. 2 c. 3 d. 4 e. 5 

Use the following choices to answer questions 2 and 3: 
(1 ) metacercaria 
(2) redia 
(3) adult 
(4) miracidium 
(5) cercana 

2. Put the above stages in order of development, beginning with the egg. 
01. 5,4,1,2,3 d.3,4,5,1,2 
b. 4,2,5,1,3 e.2,4,5,1,3 
e.2,5,4,3,1 

3. 1f a snail is thr first intrrmediate host of a parasitr with these 
stages, which stage would be found in the snail? 
a. 1 b. 2 c. 3 d. 4 e. 5 

4. \Vhich of the following statemrnts about yeasts are true? 
(I ) Yeasts arr fungi . 
(2) Yrasts can form pseudohyphae. 
(3) Yrasts rrproduce asexually by budding. 
(4) Yrasts are facultatively anaerobic. 
(5) All yeasts are pathogrnic. 
(6) All yeasts are dimorphic. 
a. I,2,3,4 
b. 3,4,5,6 
c. 2,3,4,5 

d. I,3,5,6 
e. 2,3,4 

5. Which of thr following events follows crll fusion in an 
ascomycetr? 
a. conidiophorr formation 
h. conidiosporr germination 
c. ascus opemng 

d. ascospore formation 
e. conidiospore rrlrase 

6. The drfinitive host for Plasmodium vivilX is 
a. human. 
h. Anopheles. 

c. a sporocyte. 
d. a gametocyte. 

7. Fleas arr thr intermediate host for Dipylidium wllillum tapeworm, 
and dogs are thr drfinitivr host. Which stage of the parasite could 
be found in the flea? 
a. cysticerus larva 
h. proglottids 

c. scolex 
d. adult 

Usc the following choices to answer questions 8-10: 
a. Apicomplexa c. Dinoflagellates 
b. Ciliophora d. Microspora 

8. These are obligate intracellular parasites tha t lack mitochondria. 
9. These are nonmotile parasites with special organelles for 

penetrating host tissue. 
10. These photosynthetic organisms can cause paralytic shell fish . . pOlson mg. 

Critical Thinking 
I. The size of a cell is limited by its surface-to-volume ratio; that is, 

if the volume becomes too great , internal heat cannot be dissipat-
ed, and nutrients and wastes cannot be efficiently transported. 
How do plasmodial slime molds manage 10 circumvent the 
surface-to-volume rule? 

2. The life cycle of the fish tapeworm Diphyllobothrium is similar to 
that of Taenia sagillaw, except that the intermediate host is fish. 
Describe the life cycle and method of transmission to humans. 
Why are freshwater fish more likely to be a source of tapeworm 
infection than marine fish? 

3. Trypmrosoma brllcd gambiellse- part (a) in the figure-is the 
causative agent of African sleeping sickness. To what phylum does 
it belong? Part (b) shows a simplified life cycle for T. b. gambiense. 
Identify the host and vector of this parasite. 

(.J 

(bJ 

Clinical Applications 
1. A gi rl developed generalizrd seizures. A CT scan revealrd a sin-

gle brain lesion consistent with a tumor. Biopsy of the lesion 
showed a cysticercus. The patirnt lived in South Carolina and 
had nrvrr t ravelrd outsidr thr state_ What parasitr causrd hrr 
diseasr? How is this disrasr transm ittrd? How might it br 
prrvrnted? 

2. A California farmrr developed a low-gradr frvrr, myalgia, and 
cough. A chrst X-ray rxam rrvealed an infi lt rate in the lung_ 
Microscopic rxamination ofthr sputum rrvealed round, budding 
cells. A sputum culture grrw mycrlia and arthroconidia. \Vhat 
organism is most likely the cause of thr symptoms? What is caus-
ing the man's disease? How is this disease transmittrd? How might 
it be prevented? 

3. A teenaged male in California complained of remittent fever, 
chills, and headachrs. A blood smear revraled ring-shaped crlls in 
his red blood cells_ He was succrssfully trratrd with primaquine 
and chloroquine. The patient livrs nrar the San Luis Rey River and 
has no history of foreign travel, blood transfusion, or intravenous 
drug use. What is thr disease? How was it acquired? 



Viruses, Viroids, 
and Prions 

Viruses are too small to be seen with a light microscope and cannot be cultured outside their 
hosts. Therefore. although viral diseases are not new, the viruses themselves could not be 
studied until the twentieth century. In 1886, the Dutch chemist Adolf Mayer showed that 
tobacco mosaic disease (lMO) was transmissible from a diseased plant to a healthy plant. 
In 1892, in an attempt to isolate the cause of TMD, the Russian bacteriologist Dimitri 
Iwanowski filtered the sap of diseased plants through a porcelain filter that was designed 
to retain bacteria. He expected to find the microbe trapped in the filter: instead, he found that 
the infectious agent had passed through the minute pores of the filter. When he infected 

healthy plants with the filtered fluid, they contracted TMD. The first human 
disease associated with a filterable agent was yellow fever. 

Advances in the molecular biological techniques in the 1980s 
and 1990s led to the recognition of several new viruses, 

including human immunodeficiency virus (HIV) and SARS-
associated coronavirus. Israeli acute paralysis virus became 
a national concern in 2006, when it killed up to 90% of the 
pollinating bees in some U.S. hives. This new virus was first 
seen in bees in Israel in 2002 and seems to have been in 
the United States since then. Human diseases caused by 
these viruses will be discussed in Part Four. In this 

chapter, we will study the biology of viruses. 

Q 
In 2007, researchers converted skin cells into 
embryonic stem cells. They first inserted RNA 
complementary for four embryonic genes into a 
virus; the resulting provirus inserted the genes into 
the skin cells ' DNA. What virus can do this? 

Look for the answer in the chapter. 
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General Characteristics of Viruses 
LEARNING OBJECTIVE 

13-1 Differentiate a virus from a bacterium_ 

One hundred years ago, researchers could not imagine sub-
microscopic particles, and thus they described the infectious agent 
as contagium vivum j/uidum- a contagious flu id. By the I 930s, 
scientists had begun using the word virus, the Latin word for 
poison, to describe these filterable agents. The nature of viruses, 
however, remained elusive until 1935, when Wendell Stanley, an 
American chemist, isolated tobacco mosaic virus, making it possi-
ble for the firs t time to carry out chemical and structural studies 
on a purified virus. At about the same time, the invention of the 
electron microscope made it possible to see viruses. 

The question of whether viruses are living organisms has an 
ambiguous answer. Life can be defined as a complex set of 
processes resulting from the actions of proteins specified by 
nucleic acids. The nucleic acids of living cells are in action all the 
time. Because vi ruses are inert outside living host cells, in this 
sense they are not considered to be living organisms. However, 
once viruses enter a host cell, the vi ral nucleic acids become 
active, and viral multiplication results. In this sense, viruses are 
alive when they multiply in the host cells they infect. From a clin-
ical point of view, viruses can be considered alive because they 
cause infection and disease, just as pathogenic bacteria, fungi, 
and protozoa do. Depend ing on one's viewpoint, a virus may be 
regarded as an exceptionally complex aggregation of nonliving 
chemicals, or as an exceptionally simple living microorganism. 

How, then, do we define virus? Viruses were originally distin-
guished from other infectious agents because they are especially 
small (filte rable) and because they are obligatory intracellular 
parasites-that is, they absolutely require living host cells in 
order to multiply. However, both of these properties are shared 
by certain small bacteria, such as some rickettsias. Viruses and 
bacteria are compared in lable 13.1 . 

The truly distinctive features of viruses are now known 
to relate to their simple structural organization and their mech-
anism of multiplication . Accordingly, viruses are entities that 

• Contain a single type of nucleic acid, either DNA or RNA. 
• Contain a protein coat (sometimes itself enclosed by an 

envelope of lipids, proteins, and carbohydrates) that 
surrounds the nucleic acid. 

• Multiply inside living cells by using the synthesizing 
machinery of the cell. 

• Cause the synthesis of specialized structures that can transfer 
the viral nucleic acid to other cells. 

Viruses have few or no enzymes of their own for metabolism; 
for example, they lack enzymes for protein synthesis and ATP gen -
eration . To multiply, viruses must take over the metabolic mach in-
ery of the host cell. This fact has considerable medical significance 
for the development of antiviral drugs, because most drugs that 

Table 13.1 Viruses and Bacteria Compared 

Intracellular Parasite 

P1asma Membrane 

Binary Fission 

Pass through 
Bacteriological Fitters 

Possess Both DNA and RNA 

AlP-Generating Metabolism 

Ribosomes 

SensitiYe to Antibiotics 

SensitiYe to Interferon 

Bacteria ....... 
TypIca' Rickettsias! .... - Chlamydias 

No y" y" 

y" y" No 

y" y" No 

No NofYes y" 

No 

Yes/No No 

No 

No 

No No 

would interfere with viral multiplication would also interfere with 
the functioning of the host cell and therefore are too toxic for clin-
ical use. (Ant iviral drugs are discussed in Chapter 20.) 

Host Range 
The host range of a virus is the spectrum of host cells the virus can 
infect. There are viruses that infect invertebrates, vertebrates, 
plants, protists, fungi, and bacteria. However, most viruses are able 
to infect specific types o f cells of only one host species. In rare 
cases, viruses cross the host-range barrier, thus expanding their 
host range. An example is described in the box on page 370. In this 
chapter, we are concerned mainly with viruses that in fect either 
humans or bacteria. Viruses that infect bacteria are called 
bacteriophages, or phages. 

The particular host range of a virus is determined by the 
virus's requirements for its specific attachment to the host cell 
and the availability within the potential host of cellular factors 
required for viral multiplication. For the virus to infect the host 
cell, the outer surface of the virus must chemically interact 
with specific receptor sites on the surface of the celL The two 
complementary components are held together by weak bonds, 
such as hydrogen bonds. The combination of many attachment 
and receptor sites leads to a strong association between host cell 
and virus. For some bacteriophages, the receptor site is part of 
the cell wall of the host; in other cases, it is part of the fimbriae 
or flagella. For animal viruses, the receptor sites are on the plas-
ma membranes of the host cells. 

The potential to use viruses to treat diseases is intriguing 
because of their narrow host range and their ability to kill their 
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Chlamydia elementary body 
300 om 

• 
Bacteriophages 
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Tobacco mosaic virus 
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Vaccinia virus 
300 x 200 x 100 nm 
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Eboia virus 
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Figure 13.1 Virus sizes. The sizes of several viruses (teal blue) and bactena (brown) are 
compared with a human red blood cell , shown to the right of the microbes. Dimensions are given 
in nanometers (nm) and are either diameters or length by width. 

Q How do viruses differ from bactena? 

host cells. The idea of plrage therapy----using bacteriophage to 
treat bacterial infections, has been around for 100 years. Recen t 
advances in OUT understanding of virus-host interactions have 
fueled new studies in the field of phage therapy. 

Experimen tally induced viral infections in cancer patients 
during the 1920s suggested that viruses might have antitumor 
activity. These tumor-destroying, or ollcolyt ic, viruses may selec-
tively infect and kill tumor cells or cause an immune response 
agai nst tumor cells. Some viruses naturally infect tumor cells, 
and ot her viruses can be genetically modified to in fect tumor 
cells. At presen t several studies arc underway to determine the 
killing mechanism of oncolytic viruses and the safety of usi ng 
vi ral therapy. 

Viral Size 
Vi ral sizes arc determined with the aid of electron microscopy. 
Different viruses vary considerably in size. Although most are 
quite a bit smaller than bacteria, some of the larger viruses (such 
as the vaccinia virus) are about the same size as some very small 
bacteria (such as the mycoplasmas, rickettsias, and chlamydias). 
Viruses range from 20 to 1000 nm in length. The comparative 
sizes of several viruses and bacteria are shown in Figure 13.1. 

CHECK YOUR UNDERSTANDING 

..r How could the small size of viruses have helped researchers 
detect viruses before the invention of the electron microscope? 
13-1 



Influenza: Crossing the Species Barrier 
Influenza A viruses are found in many differ-
ent animals, including birds, pigs, whales, 
horses, and seals. Sometimes influenza A 
viruses seen in one species can cross over 
and cause illness in another species. For ex-
ample, up until 1998, only H1Nl viruses cir-
culated widely in the U.S. pig population. In 
1998, H3N2 viruses from humans were intro-
duced into the pig population and caused 
widespread disease among pigs. The sub-
types differ because of certain proteins on 
the surface of the virus (hemagglutinin (HAl 
and neuraminidase [NA) proteins). There are 
16 different HA subtypes and 9 different NA 
subtypes of influenza A viruses. 

Now many different combinations of Hand N 
proteins are possible? 
Each combination is a different subtype. 
When we talk about ""human flu viruses: we 
are referring to those subtypes that occur 
widely in humans. There are only three 
known subtypes of human influenza viruses 
(H1N1. H1N2. and H3N2). 

What's different about the Table A viruses? 
These subtypes occur mainly in birds. Avian 
influenza (bird flu) viruses do not usually 
infect humans. Avian influenza viruses may 
be transmitted to humans: (I) directly from 
birds or from avian-virus-contaminated envi-
ronments or (2) through an intermediate 
host. such as a pig. Pigs are an important 
carrier because they can be infected with 
both human and avian flu. The influenza 
virus genome is composed of eight separate 
segments. A segmented genome allows virus 
genes to mix and create a new influenza A 
virus if viruses from two different species 
infect the same person or animal (see the 
figure). This is known as antigenic shift. 

Why have there been so few human cases 
of avian Influenza? 
Thus far. avian flu viruses have not caused 
outbreaks in the human population because 

Viral Structure 
LEARNING OBJECTIVE 

they are not infective via human-to-human 
transmission. All cases in can be 
attributed to outbreaks in poultry except one 
noteworthy probable transmission from a 
daughter to her mother. 

On what continents have H5Nl human 
inlections occurred? 
During the twentieth century. the emergence 
of new influenza A virus subtypes caused 

three pandemics. all of which spread around 
the world within one year of being detected 
(see B). It is likely that some genetic 
parts of these influenza A strains originally 
came from birds. Many scientists believe it is 
only a matter of time until the next influenza 
pandemic occurs. 

Source. Adapted from MMWR sources. 

Table A Recent Cases of Avian Influenza Virus Infections in Humans 

Influenza virus Location Yea, Human cases 

H5NI Southeast asia 2005-2007 350 sporadic 

H5Nl Egypt 2006-2007 38 

H5Nl China 2006-2007 25 

H7N2 United Kingdom 2007 4 

H5Nl Turkey 2006 2 

H5Nl Iraq 2006 3 

H5Nl Azerbaijan 2006 1 

H5Nl Djibouti 2006 1 

H5Nl Nigeria 2007 1 

H5Nl Southeast Asia 2005 130 sporadic 

H5Nl Southeast Asia 2004 35 sporadic 

H7N3 Canada 2004 Eye infections among poultry workers 

H7N2 New York 2003 1 

H7N7 Netherlands 2003 89 

H5Nl China 2003 2 

H7N2 Virginia 2002 1 

H9N2 China 1999 2 

H5Nl China 1997 18 

13-2 Describe the chemical and physical structure of both an enveloped 
and a nonenveloped virus. 

A virion is a complete, fully developed, infectious viral particle 
composed of nucleic acid and surrounded by a protein coat that 
protects it from the environment and is a vehicle of transmission 
from one host cell to another. Viruses are classified by differences 
in the structures of these coats. 

370 



Table B Influenza A Pandemics During the Twentieth Century -
1918- 19 

1957-58 

1968-69 

HI NI caused up to 50 million deaths worldwide. The origlO of the t918-19 pandemic virus is not clear. 

H2N2 caused about 70.000 deaths in the United States. Firsl identified in China in late February 1957. 
Viruses contained a combination of genes from a human influenza virus and an avian influenza virus. 

H3N2 caused about 34.000 deaths in the Uniled Siaies. This virus contained genes from a human 
influenza virus and an avian influenza virus. 

Bird 

Avian virus (H7N7) 
transmitted to pig 

Wild bird infecled 
with H7N7 

spike 

segments 

Avian virus 

Model for antigenic shih In Influenza virus. 
If a pig were infected with a human In fluenza wus 
afld an aVian inHuenza virus at the same time. the 
ViruseS could reassort arxl produce a new I'IfUS 
that had most of the genes from the human virus 
but a hemagglu1.lnln andlor neuraminidase from 
the al'lan VIruS The new l'lrus mlQhl then 
be able to Infect humans and spread from person 
to person. but II would have surface prolelns 
(hemagglu1.lnlfl and/or neuramlflldase) nol 
prfMOUsly seen m Influenza VIruses thallnfeet 
humans. 

Pig 

Pig infecled 
with HINI 

PigvifUS 

Pig infecled 
with H1Nl, 
H3N2, H7N7 

Genelic exchange 
produces a new virus 

Human (H3N2) virus 
transmitted to pig 

Human 

Human infected 
wilh H3N2 

Human virus 

Nucleic Acid 
In contrast to prokaryotic and eukaryotic cells, in which DNA is 
always the primary genetic material (and RNA plays an auxiliary 
role), a virus can have either DNA or RNA- but never both. The 

nucleic acid of a virus can be single-stranded or double-stranded. 
Thus, there are viruses with the fami liar double-stranded DNA, 
with single-stranded DNA, with double-stranded RNA, and with 
single-stranded RNA. Depending on the virus, the nucleic acid 

3 71 
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Capsomere Nucleic acid 

Capsid 

(a) A polyhedral virus (b) Mas/adenovirus 

can be linear or circular. In some viruses (such as the influenza 
virus), the nucleic acid is in several separate segments. 

The percentage of nucleic acid in relation to protein is about 
1 % fo r the influenza virus and about 50% for certain bacterio-
phages. The total amount of nucleic acid varies from a few thou-
sand nucleotides (or pairs) to as many as 250,000 nucleotides. 
(E. CQli's chromosome consists of approximately 4 million 
nucleotide pairs.) 

Capsid and Envelope 
The nucleic acid of a virus is protected by a protein coat called 
the capsid (Figure 13.2a). The structure of the capsid is ulti-
mately determined by the viral nucleic acid and accounts for 
most of the mass of a virus, especially of small ones. Each capsid 
is composed of protein subunits called capsomeres. In some 
viruses, the proteins composing the capsomeres are of a single 
type; in other viruses, several types of protein may be present. 
Individual capsomeres are often visible in electron micrographs 

N,,'I i acid 

(a) An enveloped helical virus (b) Influenza virus 

"'om 

Figure 13.2 Morphologyofa 
nonenveloped polyhedral virus. 
(a) A diagram of a polyhedral OcosahedraO 
vi rus. (b) A microgra ph of the adenovirus 
MastadencNirus. Individual capsomeres are visible. 

Q What is the chemical composition of a 
capsid? 

(see Figure 13.2b for an example). The arrangement of cap-
someres is characteristic of a particular type of virus. 

In some viruses, the capsid is covered by an envelope 
(Figure 13.3a), which usually consists of some combination of 
lipids, proteins, and carbohydrates. Some animal viruses are 
released from the host cell by an extrusion process that coats 
the virus wi th a layer of the host cell 's plasma membrane; that 
layer becomes the viral envelope. In many cases, the envelope 
contains proteins determined by the viral nucleic acid and 
materials derived from normal host cell components. 

Depending on the virus, envelopes mayor may not be cov-
ered by spikes, which are carbohydrate-protein complexes that 
project from the surface of the envelope. Some viruses attach to 
host cells by means of spikes. Spikes are such a reliable character-
istic of some viruses that they can be used as a means of identi-
fication. The abi lity of certain viruses, such as the influenza virus 
(Figure 13.3b), to clump red blood cells is associated with spikes. 
Such viruses bind to red blood cells and form bridges between 

50 om 

Figure 13.3 Morphology of an enveloped 
helical virus. (a) A diagram of an enveloped 
helical virus. (b) A micrograph of Infiuenzavirus 
A2. Notice the halo of spikes projecting from 
the outer sulface of each envelope (see 
Chapter 24). 

Q What is the nucleic acid in a virus? 
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Figure 13.4 Morphology of a helical acid 

• 
virus. (a) A diagram of a portion of a helical 
virus_ A row of capsomeres has been removed to 
reveal the nucleic acid. (b) A micrograph of Ebola 
virus, a fi lovirus showing a helical rod_ 

:;...' ..... 
. (! ••• \\., 

• 

• •• '. • '. • • .'. • • '. • '. • Q What is the chemical composition 
of a capsomero? .- .. '. • • • • • • .' • , • • 

(al A helical virus 

them. The resulting cl umping is called izemaggiutilwtion and 
is the basis for several useful laboratory tests. (See Figure 18.7, 
page 511.) 

• 
• 
• 
• 
• 

Viruses whose capsids are not covered by an envelope are 
known as nonenveJoped viruses (see Figure 13.2). The capsid of 
a nonenveloped virus protects the nucleic acid from nuclease 
enzymes in biological fluids and promotes the virus's attachment 
to suscept ible host cells. 

When the host has been infected by a virus, the host immune 
system is stimulated to produce antibodies (proteins that react 
with the surface proteins of the vi rus). This interaction between 
host antibodies and vi rus proteins should inactivate the virus 
and stop the infection. However, some viruses can escape anti-
bodies because regions of the genes that code for these viruses' 
surface proteins are susceptible to mutations. The progeny of 
mutant viruses have altered surface proteins, such that the anti-
bodies are not able to react with them. Influenza virus frequent-
ly undergoes such changes in its spikes. This is why you can get 
influenza more than once. Although you may have produced 
antibodies to one influenza virus, the virus can mutate and infect 

• you agam. 

General Morphology 
Viruses may be classified into several different morphological 
types on the basis of their capsid archi tecture. The structure of 
these capsids has been revealed by electron microscopy and a 
technique called X-ray crystallography. 

Helical Viruses 
Helical viruses resemble long rods that may be rigid or flexible. 
The viral nucleic acid is found within a hollow, cylindrical cap-
sid that has a helical structure (Figure 13.4). The viruses that 
cause rabies and Ebola hemorrhagic fever are helical viruses. 

Polyhedral Viruses 
Many animal, plant, and bacterial viruses are polyhedral, or many-
sided, viruses. The capsid of most polyhedral viruses is in the shape 

• 
• 
• 
• 
• 

• • • • ." • • .- Capsid • ." • • • 
• 
• 
• ." • • 
• • " 
• • 

" • • 
(b) Ebola virus >-< 

100 nm 

of an icosahedron, a regular polyhedron with 20 triangular faces and 
12 corners (see Figure 13.2a). The capsomeres of each face form an 
equilateral triangle. An example of a polyhedral virus in the shape 
of an icosahedron is the adenovirus (shown in Figure 13.2b). 
Another icosahedral virus is the poliovirus. 

Enveloped Viruses 
As noted earlier, the capsid of some viruses is covered by an enve-
lope. Enveloped viruses are roughly sphericaL When helical or 
polyhedral viruses are enclosed by envelopes, they are called 
enveloped helical or enveloped polyhedral viruses. An example of an 
enveloped helical virus is the influenza virus (see Figure 13.3b). 
An example of an enveloped polyhedral (icosahedral) virus is the 
herpes simplex virus (see Figure 13.16b). 

Complex Viruses 
Some viruses, particularly bacterial viruses, have complicated 
structures and are called complex viruses. One example of a 
complex virus is a bacteriophage. Some bacteriophages have cap-
sids to which additional structures are attached (Figure 13.5a).ln 
this figure, notice that the capsid (head) is polyhedral and that 
the tail sheath is helicaL The head contains the nucleic acid. Later 
in the chapter, we will discuss the functions of the other struc-
tures, such as the tail sheath, tail fibers, plate, and pin. Another 
example of complex viruses are poxviruses, which do not contain 
clearly identifiable capsids but have several coats around the 
nucleic acid (Figure 13.5b). 

CHECK YOUR UNDERSTANDING 

'" Diagram a nonenveloped polyhedral virus that has spikes. 13-2 

Taxonomy of Viruses 
LEARNING OBJECTIVES 
13-3 Define viral species. 
13-4 Give an example of a family. genus. and common name for a virus. 
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Figure 13.5 Morphology of complex viruses. (a) A diagram and 
micrograph of aT-even bactenophage, (b) A micrograph of variola virus, 
a species in the genus Orthopoxvirus. which causes smallpox, 

Q What Is the value of a capsid to a virus? 

lust as we need taxonomic categories of plants, animals, and bac-
teria, we need viral taxonomy to help us organize and understand 
newly discovered organisms. The o ldest classification of viruses is 
based on symptomatology, such as fo r diseases that affect the res-
pirato ry system. This system was convenient but not scientifically 
acceptable because the same virus may cause more than one dis-
ease, depending on the tissue affected. In addition, this system 
artificially grouped viruses that do not infect humans. 

Virologists began addressing the problem of viral taxonomy 
in 1966 with the format ion of the Intt'rnational Committee on 
Taxonomy of Viruses (ICTV). $inct' then, the ICTV has been 
grouping viruses into families based on (I) nucleic acid type, (2) 
strategy for replication, and (3) morphology. The suffix -virus is 
used for genus names; family names m d in -viridar; and order 

names end in -ales. In fo rmal usage, tht' family and gt'nus names 
are used in the following manner: Family Ht' rpesviridae, genus 
Simplexvirus. human herpesvirus 2. 

A viral species is a grou p of viruses sharing the same genetic 
information and ecological niche (host range). Specific epithets 
for viruses arc not used. Thus, viral species are designated by 
descriptive common names, such as human immunodeficiency 
virus (HI V), with subspecies (if any) designated by a number 
(HIV-J). Table 13.2 presen ts a summary of the classification of 
viruses that infect humans. 

CHECK YOUR UNOERSTANOING 

,.f How does a virus species differ from a bacterial species? 13-3 
,.f Attach the proper endings to Papilloma- to show the family and 

genus that includes HPV. the cause of cervical cancer. 13-4 

Isolation, Cultivation, and 
Identification of Viruses 
LEARNING OBJECTIVES 
13-5 Describe how bactenophages are cultured. 
13-6 Describe how anunal ViruSes are cultured. 
13-7 ust three techniques used to Idenllfy viruses. 

The fact that viruses cannot multiply outside a living host cell 
complicates their detect ion, enumeration, and identification. 
Viruses must be provided with living cells instead of a fairly sim-
ple chemical medium. Living plants and an imals are d ifficult and 
expensive to maintain. and pathogenic viruses that grow only in 
higher primates and human hosts cause additional complica-
tions. However, viruses that usc bacterial cells as a host (bacterio-
phages) are rather easily grown on bacterial cultures. This is one 
reason so much of our understa nding of viral multiplication has 
come from bacteriophages. 

Growing Bacteriophages in the Laboratory 
Bacteriophages can be grown either in suspensions of bacteria in 
liquid media or in bacterial cultures on solid media . The use of 
solid media makes possible the plaque method for detecting and 
counting vi ruses. A sample of bacteriophage is mixed with host 
bacteria and melted agar. The agar containing the bacteriophages 
and host bacteria is then poured into a Petri plate con taining a 
hardened layer of agar growth medium. The virus-bacteria mix-
ture solidifies into a th in top layer that contains a layer of bacte-
ria approximately one cell thick. Each virus infects a bacterium, 
multiplies, and releases several hundred new viruses. These 
newly produced viruses infect other bacteria in the immediate 
vicinity, and more new vi ruses are produced. Following several 
viral multiplication cycles, all the bacteria in the area surround -
ing the original virus are destroyed. This produces a number of 
cleari ngs, or plaques, visible agai nst a lawn of bacterial growth 



Table 13.2 Families of Viruses That Affect Humans 

Characteristicsl 
Dimensions 

Single-Stranded DNA 
Nonenveloped 

18-25 nm 

Double-Stranded DNA 
Nonenveloped 

70-90 nm 

40-57 nm 

Double-Stranded 
DNA Enveloped 

200-350 nm 

150-200 nm 

Viral Family 

Parvoviridae 
a 

Adenoviridae 

Papovaviridae 

Poxviridae 

Herpesviridae 

42 nm Hepadnaviridae 

Single-Stranded RNA, 
+ Strand Nonenveloped 

28-30 nm Picornaviridae 

35-40 nm Caliciviridae 

Single-Stranded RNA, 
+ Strand Enveloped 

60-70 nm Togaviridae 

Importanl Genera 

Human parvovirus B19 

Mastadenovirus 

Papillomavirus (human 
wart virus) 
Po/yomavirus 

Orthopoxvirus (vaccinia 
and smallpox viruses) 
Molluscipoxvirus 

Simplexvirus (HHV-l and 2) 
Varicellovirus (H HV-3) 
Lymphocryptovirus (HHV-4) 
Cytomegalovirus (HHV-5) 
Roseolovirus (HHV-6) 
HHV-7 
Kaposi's sarcoma (HHV-8) 

Hepadnavirus 
(hepatitis B virus) 

Enterovirus 
Rhinovirus (common 
cold virus) 
Hepatitis A virus 
Hepatitis E virus 
Norovirus 

Alphavirus 
Rubivirus (rubella virus) 
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Clinical Of" Special Fealures 

Fifth disease: anemia in immunocompromised patients. Refer to 
Chapter 21. 

Medium-sized viruses that cause various respiratory infections in 
humans: some cause tumors in animals. 

Small viruses that induce tumors: the human wart virus 
(papilloma) and certain viruses that produce cancer in animals 
(polyoma and simian) belong to this fam ily. Refer to Chapters 21 
and 26. 

Very large, complex. brick-shaped viruses that cause diseases 
such as smallpox (variola), mol luscum contagiosum (wartlike 
skin lesion). and cowpox. Refer to Chapter 21. 

Medium-sized viruses that cause various human diseases. 
such as fever blisters. chickenpox. shingles, and infectious 
mononucleosis: causes a type of human cancer called Burkitt's 
lymphoma. Refer to Chapters 21. 23. and 26. 

After protein synthesis. hepatitis B virus uses reverse 
transcriptase to produce its DNA from mRNA: causes 
hepatitis B and liver tumors. Reier to Chapter 25. 

At least 70 human enteroviruses are known. including the 
polio-. co)(sackie-. and echoviruses: more than 100 rhinoviruses 
exist and are the most common cause of colds. Refer to 
Chapters 22. 24. and 25. 
Includes causes of gastroenteritis and one cause of human 
hepatitis. Refer to Chapter 25. 

Included are many viruses transmitted by arthropods (Alphavirus): 
diseases include eastern equ ine encephalitis (EEE) and western 
equine encephalitis (WEE). Rubella virus is transmitted by the 
respiratory route. Reier to Chapters 21. 22. and 23. 
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Table 13.2 Families of Viruses That Affect Humans (continued) 

Characteristics! 
Dimensions 

40-50 nm 

80-160 nm 

- Strand, One 
Strand of RNA 

70-180 nm 

80-14,000 nm 

150-300 nm 

32 nm 

- Strand, Multiple 
Strands of RNA 

80-200 nm 

90-120 nm 

110-130 nm 

Produce DNA 
100-120 nm 

Double-Stranded RNA 
Nonenweloped 

60-80 nm 

Viral Family 

Flaviviridae 

Rhabdoviridae 

Fi loviridae 

Paramyxoviridae 

Deltaviridae o 
Drthomyxoviridae 

Bunyaviridae 

Arenaviridae 

Retroviridae 

Reoviridae 

Importanl Genera 

Flavivirus 
Pestivirus 
Hepatitis C virus 

Coronavirus 

Vesiculovirus (vesicular 
stomatatis virus) 
Lyssavirus (rabies virus) 

Filovirus 

Paramyxovirus 
Morbillivirus (measles virus) 

Hepatitis 0 

Influenza virus A. B. and C 

Bunyavirus (California 
encephalitis virus) 
Hantavirus 

Arenavirus 

Oncoviruses 
Lentivirus (HIV) 

Reovirus 
Rotavirus 

Clinical or Special Fealures 

Can repl icate in arthropods that transmit them: diseases 
include yellow fever. dengue and St. Louis and West Nile 
encephalitis. Refer to Chapters 22. 23. and 25. 

Associated with upper respiratory tract infections and the 
common cold: SARS virus. ReIer to Chapter 24. 

Bullet-shaped viruses with a spiked envelope: cause rabies 
and numerous animal diseases. Refer to Chapter 22. 

Enveloped, helical viruses: Ebola and Marburg viruses are 
filoviruses. Refer to Chapter 23. 

Paramyxoviruses cause parainfluenza, mumps. and Newcastle 
disease in chickens. Refer to Chapters 21, 24. and 25. 

Depend on coinfection with hepadnavirus. Refer to 
Chapter 25. 

Envelope spikes can agglutinate red blood cells. Refer to 
Chapter 24. 

Hanlaviruses cause hemorrhagic fevers such as Korean 
hemorrhagic fever and Hantavirus pulmonary syndrome: 
associated with rodents. Refer to Chapters 22, 23. 

Helical capsids contain RNA-containing granules: cause 
lymphocytic choriomeningitis, Venezuelan hemorrhagic fever, 
and Lassa fever. Refer 10 Chapter 23. 

Includes all RNA tumor viruses. Oncoviruses cause leukemia 
and tumors in animals: the Lentivirus HIV causes AIDS. Refer 
to Chapter 19. 

Involved in mild respiratory infections and gastroenteritis: an 
unclassified species causes Colorado tick fever. Refer to 
Chapter 25. 



Figure 13.6 Viral plaques fonned by bacteriophages. Clear vira l 
plaques of var ious sizes have been formed by bacteriophage h (lambda] 
on a lawn of E. co/l: 

Q What Is a plaque-forming unit? 

on the surface of the agar (Figure 13_6). While the plaques form, 
uninfected bacteria elsewhere in the Petri plate multiply rapidly 
and produce a turbid background. 

Each plaque theoretically corresponds to a single virus in the 
initial suspension. Therefore, the concentrations of viral suspen -
sions measured by the number of plaques are usually given in 
terms of plaque-forming units (PFU). 

Growing Animal Viruses in the laboratory 
In the laboratory, three methods are commonly used for cultur-
ing animal viruses. These methods involve using living animals, 
embryonated eggs, or cell cultures. 

In living Animals 
Some animal viruses can be cultured only in living animals, such 
as mice, rabbits, and guinea pigs. Most experiments to study the 
immune system's response to viral infections must also be per-
formed in virally infected live animals. Animal inoculation may 
be used as a diagnostic procedure for identifying and isolating a 
virus from a clinical specimen. After the animal is inoculated 
with the specimen, the animal is observed for signs of disease or 
is killed so that infected tissues can be examined for the virus. 

Some human viruses cannot be grown in animals or can be 
grown but do not cause disease. The lack of natural animal 
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models for AIDS has slowed our understanding of its disease 
process and prevented experimentation with drugs that inhibit 
growth of the virus in vivo. Chimpanzees can be infected with 
one subspecies of human immunodeficiency virus (HIV- l, genus 
Lentivirus ), but because they do not show symptoms of the dis-
ease, they cannot be used to study the effects of viral growth and 
disease treatments. AIDS vaccines are presently being tested in 
humans, but the disease p rogresses so slowly in humans that it 
can take years to determine the effectiveness of these vaccines. In 
1986, sim ian AIDS (an immunodeficiency disease of green mon -
keys) was repor ted, followed in 1987 by feline AIDS (an immuno-
deficiency disease of domestic cats). These diseases are caused by 
lentiviruses, which are closely related to HIV, and the diseases 
develop within a few months, thus providing a model for study-
ing viral growth in different tissues. In 1990, a way to infect mice 
with human AIDS was found when immunodeficient mice were 
grafted to produce human T cells and human gamma globulin. 
The mice provide a rel iable model for studying viral replication, 
although they do not provide models for vaccine development. 

In Embryonated Eggs 
If the virus will grow in an embryonated egg, this can be a fairly 
convenient and inexpensive form of host for many animal viruses. 
A hole is drilled in the shell of the embryonated egg, and a viral 
suspension or suspected virus-containing tissue is injected into the 
fluid of the egg. There are several membranes in an egg, and the 
virus is injected near the one most appropriate for its growth 
(Figure 13.7). Viral growth is signaled by the death of the embryo, 
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Figure 13.7 Inoculation of an embryonated egg. The injection site 
determines the membrane on which the viruses will grow. 

Q Why are viruses grown in eggs and not in culture media? 
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o A tissue is treated with enzymes 
to separate the cells. 

• Cells are suspended 
in culture medium. 

Normal 
cells 

Translormed 
cells 

e Normal cells or primary cells grow in a monolayer across 
the glass or plastic container. Transformed cells or 
continuous cell cultures do not grow in a monolayer. 

Figure 13.8 Cell cultures. Transformed cells can be grown indefinitely in laboratory culture. 

Q Why are transformed cells referred to as 

by embryo cell damage, or by the formation of typical pocks or 
lesions on the egg membranes. This method was once the most 
widely used method of viral isolation and growth, and it is still 
used to grow viruses for some vaccines. For this reason, you may 
be asked if you are allergic to eggs before receiving a vaccination, 
because egg proteins may be present in the viral vaccine prepara-
tions. (Allergic reactions will be discussed in Chapter 19.) 

In Cell Cultures 
Cell cultures have replaced embryonated eggs as the preferred 
type of growth medium for many vi ruses. Cell cultures consist of 
cells grown in cult ure media in the laboratory. Because these cul-
tures are generally rather homogeneous collections of cells and 
can be propagated and handled much like bacterial cultures, they 
are more convenient to work with than whole animals or embry-
onated eggs. 

Cell culture lines are started by treating a sl ice of animal tissue 
with enzymes that separate the individual cells (Figure 13.8). 
These cells are suspended in a solution that provides the osmotic 
pressure, nutrients, and growth factors needed for the cells to 
grow. Normal cells tend to adhere to the glass or plastic container 
and reproduce to form a monolayer. Viruses infecting such a 
monolayer sometimes cause the cells of the monolayer to deteri-
orate as they multiply. This cell deterioration is called cytopathic 
effect (CPE) , illustrated in Figure 13.9. CPE can be detected and 
coun ted in much the same way as plaques caused by bacterio-
phages on a lawn of bacteria and reported as PFU/mL 

Viruses may be grown in primary or continuous cell lines. 
Primary cell lines, derived from tissue slices, tend to die out 
after only a few generations. Certain cell lines, called diploid cell 
lines, developed from human embryos can be maintained for 
about 100 generations and are widely used for culturing viruses 
that requi re a human host. Cell1ines developed from embryonic 

human cells are used to culture rabies virus for a rabies vaccine 
called human diploid cul ture vaccine (see Chapter 22). 

When viruses are routinely grown in a laboratory, continuous 
cell lines are used. These are transformed (cancerous) cells that 
can be maintained through an indefinite number of generations, 
and they are sometimes called immortal cell lines (see the discus-
sion of transformat ion on page 390). One of these, the HeLa cell 
line, was isolated from the cancer of a woman (Henrietta Lacks) 
who died in 1951. After years of laboratory cultivation, many such 
cell lines have lost almost all the original characteristics of the cell, 
but these changes have not interfered with the use of the cells for 
viral propagation. In spite of the success of cell culture in viral 
isolation and growth, there are still some viruses that have never 
been successfully cultivated in cell cult ure. 

The idea of cell cult ure dates back to the end of the nine-
teenth century, but it was not a practical laboratory technique 

(.J 

Figure 13.9 The cytopathic effect of viruses. (a) Uninfected 
mouse cells al ign next to each other. formmg a monolayer. (b) The same 
cells 24 hours after infection with veSicular stomatitis Vi ruS (VSV) (see 
Rgure 13.1 8a). Notice the cells pile up and "round up: 

Q How did VSV infection affect the cells? 



until the development of antibiotics in the years following World 
War II. A major problem with cell culture is that the cell lines 
must be kept free of microbial contamination. The maintenance 
of cell culture lines requires trained technicians with consider-
able experience working on a full -time basis. Because of these 
difficulties, most hospital laboratories and many state health lab-
oratories do not isolate and identify viruses in clinical work. 
Instead, the tissue or serum samples are sent to cent rallaborato-
ries that specialize in such work. 

Viral Identification 
Identifying viral isolates is not an easy task. For one thing, vi-
ruses cannot be seen at all without the use of an electron m icro-
scope. Serological methods, such as Western blotting, are the 
most commonly used means of identification (see Figure 10.12, 
page 289). In these tests, the virus is detected and identified by its 
reaction with antibodies. We will discuss antibodies in detail in 
Chapter 17 and a number of immunological tests for identifying 
viruses in Chapter 18. Observation of cytopathic effects, 
described in Chapter 15 (page 441), is also useful for the identi-
fication of a virus. 

Virologists can identify and characterize viruses by using 
such modern molecular methods as use of restrict ion fragment 
length polymorphisms (RFLPs) and the polymerase chain reac-
tion (PCR) (Chapter 9, page 251 ). PCR was used to amplify viral 
RNA to identify the West Nile virus in 1999 in the United States 
and the SARS-associated corona virus in China in 2002 . 

CHECK YOUR UNOERSTANOING 

..r What is the plaque method? 13-5 

..r Why are continuous cell lines of more practical use than primary 
cell lines for culturing viruses? 13-6 

..r What tests could you use to identify influenza virus in a 
patient? 13-7 

Viral Multiplication 
LEARNING OBJECTIVES 
13-8 Descnbe the lytic cycle of T-even bacteriophages. 
13-9 Descnbe the lysogenic cycle of bacteriophage lambda. 
13-10 Compare and contrast the multipl ication cycle of DNA and RNA-

containmg animal viruses. 

The nucleic acid in a virion contains only a few of the genes 
needed for the synthesis of new viruses. These include genes for 
the virion's structural components, such as the capsid proteins, 
and genes for a few of the enzymes used in the viral life cycle. 
These enzymes are synthesized and func tional only when the 
virus is within the host cell. Viral enzymes are almost entirely 
concerned with replicating or processing viral nucleic acid. 
Enzymes needed for protein synthesis, ribosomes, tRNA, and 

Eclipse 
period 
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Acute infection 

/ , 

Time ==============l::: 
Figure 13.10 A viral one-step growth curve. No new infective 
virions are found in a culture until after biosynthesis and maturation have 
taken place, Most infected cells die as a result of infection; consequentty. 
new virions will not be produced, 

Q What can be found in the cell during biosynthesis and matumtion? 

energy production are su pplied by the host cell and are used for 
synthesizing viral proteins, including viral enzymes. Although 
the smallest nonenveloped virions do not contain any preformed 
enzymes, the larger virions may contain one or a few enzymes, 
which usually func tion in helping the virus penetrate the host 
cell or replicate its own nucleic acid . 

Thus, for a virus to multiply, it must invade a host cell and 
take over the host's metabolic machinery. A single virion can give 
rise to several or even thousands of similar viruses in a single 
host cell. This process can drastically change the host cell and 
usually causes its death. In a few viral infections, cells survive and 
continue to produce viruses indefini tely. 

T he mu ltiplication of viruses can be demonstrated with 
a one-step growth curve (Figure 13.10) . The da ta are 
obtained by infecting every cell in a culture and then testing the 
culture medium and cells fo r virions and viral proteins and 
nucleic acids. 

Multiplication of Bacteriophages 
Although the means by which a virus enters and exits a host cell 
may vary, the basic mechanism of viral multiplication is similar 
for all viruses. Bacteriophages can multiply by two alternative 
mechanisms: the lytic cycle or the lysogenic cycle. The lytic cycle 
ends with the lysis and death of the host cell, whereas the host 
cell remains alive in the lysogenic cycle. Because the T-evell bac-
teriophages (T2, 14, and T6) have been studied most extensively, 
we will describe the multiplication of T-even bacteriophages in 
their host, E. coli, as an example of the lytic cycle. 
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T-Even Bacteriophages: The Lytic Cycle 
The virions of T-even bacteriophages are large, complex, and 
nonenveloped, with a characteristic head -and -tail structure 
shown in Figure 13,5a and Figure 13.11 . The length of DNA con-
tained in these bacteriophages is only abou l 6% of that contained 
in E. coli, yet the phage has enough DNA for over 100 genes. The 
multiplication cycle of these phages, like that of all viruses, 
occurs in five distinct stages: attachment, penetration, biosynthe-
sis, matu ration, and release. 

Attachment 0 After a chance collision between phage particles 
and bacteria, atfachmellt, or adsorption, occurs. During this 
process, an attachment site on the virus attaches to a comple-
mentary receptor site on the bacterial cell. This attachment is a 
chemical interaction in which weak bonds are formed between 
the attachment and receptor sites. T-even bacteriophages use 
fibers at the end of the tail as attachment sites. The complemen -
tary receptor sites are on the bacterial cell wall. 

Penetration a After attachment, the T-even bacteriophage 
injects its DNA (nucleic acid) into the bacterium. To do this, the 
bacteriophage's tail releases an enzyme, phage lysozyme, which 
breaks down a portion of the bacterial cell wall. During the 
process of penetration, the tail sheath of the phage contracts, and 
the tail core is driven through the cell wall. When the tip of the 
core reaches the plasma membrane, the DNA from the bacterio-
phage's head passes through the tail core, through the plasma 
membrane, and enters the bacterial cell. The capsid remains out -
side the bacterial cell. Therefore, the phage particle functions like 
a hypodermic syringe to inject its DNA in to the bacterial cell. 

Biosynthesis 0 Once the bacteriophage DNA has reached the 
cytoplasm of the host cell, the biosynthesis of viral nucleic acid 
and protein occurs. Host protein synthesis is stopped by virus-
induced degradation of the host DNA, viral proteins that inter-
fere with transcription, or the repression of translation. 

Initially, the phage uses the host cell's nucleotides and sever-
al of its enzymes to synthesize many copies of phage DNA. Soon 
after, the biosynthesis of viral proteins begins. Any RNA tran-
scribed in the cell is mRNA transcribed from phage DNA for the 
biosynthesis of phage enzymes and capsid proteins. The host 
cell's ribosomes, enzymes, and amino adds are used for transla-
tion. Genetic controls regulate when different regions of phage 
DNA are transcribed into mRNA during the multiplication 
cycle. For example, early messages are translated into early phage 
proteins, the enzymes used in the synthesis of phage DNA. Also, 
late messages are translated into late phage proteins for the syn-
thesis of capsid proteins. 

For several minutes following infection, complete phages 
cannot be found in the host cell. Only separate components-
DNA and protein- can be detected. The period during viral 
multiplication when complete, infective virions are not yet p res-
ent is called the eclipse period. 

Maturation 0 In the next sequence of events, matllratiOIl occurs. 
In this process, bacteriophage DNA and capsids are assembled 
into complete virions. The viral components essentially assemble 
into a vi ral particle spontaneously, eliminating the need for many 
nonstructural genes and gene products. The phage heads and tails 
are separately assembled from protein subunits, and the head is 
filled with phage DNA and attached to the tail. 

Release 0 The final stage of viral multiplication is the release of 
virions from the host cell. The term lysis is generally used for this 
stage in the multiplication ofT-even phages because in this case, the 
plasma membrane actually breaks open (lyses). Lysozyme, which is 
encoded by a phage gene, is synthesized within the cell. This 
enzyme causes the bacterial cell wall to break down, and the newly 
produced bacteriophages are released from the host cell. The 
released bacteriophages infect other susceptible cells in the vicinity, 
and the viral multiplication cycle is repeated within those cells. 

Bacteriophage Lambda (A.): The Lysogenic Cycle 
In contrast to T-even bacteriophages, some viruses do not cause 
lysis and death of the host cell when they multiply. These 
lysogenic phages (also called temperate phages) may indeed pro -
ceed through a lytic cycle, but they are also capable of incorpo-
rating their DNA into the host cell's DNA to begin a lysogenic 
cycle. In lysogeny, the phage remains latent (inactive). The par-
ticipating bacterial host cells are known as lysogenic cells. 

We will use the bacteriophage A (lambda), a well-studied lyso-
gen ic phage, as an example of the lysogenic cycle (Figure 13.12). 

o Upon penetration into an E. coli cell, 
a the originally linear phage DNA forms a circle. 
¢\ This circle can multiply and be transcribed, 
Qi) leading to the production of new phage and to cell lysis (the 

lytic cycle). 
€Ii) Alternatively, the ci rcle can recombine with and become 

part of the circular bacterial DNA (the lysogenic cycle). The 
inserted phage DNA is now called a prophage. Most of the 
prophage genes are repressed by two repressor proteins that 
are the products of phage genes. These repressors stop tran-
scription of all the other phage genes by binding to opera-
tors. Thus, the phage genes that would otherwise direct the 
synthesis and release of new virions are turned off, in much 
the same way that the genes of the E. coli lac operon are 
turned off by the lac repressor (Figure 8.12, page 225). 

Every time the host cell's machinery replicates the bacterial 
chromosome, 

e it also replicates the prophage DNA. The prophage remains 
latent within the progeny cells. 

o However, a rare spontaneous event, or the action of UV light 
or certain chemicals, can lead to the excision (popping-out) 
of the phage DNA, and to initiation of the lytic cycle. 



o 

o 

AHachment: 

Bacterial 
chromosome 

Phage attaches 
to host cell. 

Penetration : 
Phage penetrates 
hosi cell and 
injects its DNA. 

Biosynthesis: 
Phage DNA directs 
synthesis 01 viral 
components by the 
host cell. 

Maturation: 
Viral components 
are assembled into 
virions. 

Release: 
Host cell lyses, and 
new virions are 
released. 

Figure 13.11 The lytic cycle of 8 T-even bacteriophage. 

Q WIlel I, the ,..,sult of the lytic cycle? 
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o 
DNA 

Phage attaches 
to host cell and 
injects DNA. 

o Occasionally, the prophage may 
excise from the bacteriat chromosome 
by another recombination event, 
initiating a tytic cycte. 

Bacterial 
chromosome 

Lytic cycle Lysogenic cycle 

Many cell 
divisions 

Cell tyses, releasing 
phage virions. e Phage DNA circutarizes and enters 

lytic cycle or lysogenic cycle. 
Lysogenic bacterium 
reproduces normally. 

New phage DNA and 
proteins are synthesized 
and assembled into virions. 

Figure 13,12 The lysoge nic cycle of bacteriophage" in E. coli. 

Q How does tysogeny differ from the lytic cycle? 

There are three important results of lysogeny. Fi rst, the lyso-
genic cells are immune to reinfection by the same phage. 
(However, the host cell is not immune to infection by other 
phage types. ) The second result of lysogeny is phage conversion; 
that is, the host cell may exhibit new properties. For example, the 
bacterium Corynebacteri1lm diphtheriac, which causes diph the-
ria, is a pathogen whose disease-producing properties are related 
to the synthesis of a toxin . The organism can produce toxin only 
when it carries a lysogenic phage, because the prophage carries 
the gene coding for the toxin . As another example, only strepto-
cocci carryi ng a lysogenic phage are capable of causing toxic 
shock synd rome. The toxin produced by Clostridium botulil!1l1n, 
which causes botulism, is encoded by a prophage gene, as is the 
Shiga toxin produced by pathogenic strains of E. coli. 

The third result of lysogeny is that it makes specialized 
transduction possible. Recall from Chapter 8 that bacterial 
genes can be picked up in a phage coat and transferred to anoth -
er bacterium in a process called generalized transduction (see 
Figure 8.28, page 239). Any bacterial genes can be transferred by 
generalized transduct ion because the host chromosome is bro-
ken down into fragmen ts, any of which can be packaged into a 
phage coat. In specialized transduction, however, only certain 
bacterial genes can be transferred. 

Specialized transduction is mediated by a lysogenic phage, 
which packages bacterial DNA along with its own DNA in the 

OR 

Phage DNA integrates within the 
bacterial chromosome by recombination, 
becoming a prophage. 

same capsid. When a prophage is excised from the host chromo-
some, adjacent genes from either side may remain attached to the 
phage DNA. In Figure 13.13, bacteriophage'" has picked up the 
gal gene for galactose fer mentation from its galactose-positive 
host. The phage carries this gene to a galactose-negative cell, 
wh ich then becomes galactose-positive. 

Certain animal viruses can undergo processes very similar to 
lysogeny. Animal viruses that can remain latent in cells for long 
periods without multiplying or causing disease may become 
inserted into a host chromosome or remain separate from host 
DNA in a repressed state (as some lysogenic phages). Cancer-
causing viruses may also be latent, as will be discussed laler in the 
chapter. Animations Viral Replication: Virulent Bacteriophages, 
Temperate Bacteriophages; Transduction: Specialized Transduction. 
www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

,.f How do bacteriophages get nucleotides and amino acids if they 
don't have any metabolic enzymes? 13-8 

,.f Vibrio cholerae produces toxin and is capable of causing cholera 
only when it is lysogenic. What does this mean? 13-9 

Multiplication of Animal Viruses 
The multiplication of animal viruses follows the basic pattern 
of bacteriophage multiplication but has several differences, 



summarized in Table 13.3. Animal viruses differ from phages in 
their mechanism of entering the host cell. Also, once the virus is 
inside, the synthesis and assembly of the new viral components 
are somewhat different, partly because of the differences between 
prokaryotic cells and eukaryotic cells. Animal viruses may have 
certain types of enzymes not found in phages. Finally, the mech-
anisms of maturation and release, and the effects on the host cell, 
differ in animal viruses and phages. 

In the following discussion of the multiplication of animal 
viruses, we will consider the processes that are shared by both 
DNA- and RNA-containing animal viruses. These processes are 
attachment, entry, uncoating, and release. We will also examine 
how DNA- and RNA-containing viruses differ with respect to 
their processes of biosynthesis. 

Attachment 
Like bacteriophages, animal viruses have attachment sites that 
attach to complementary receptor sites on the host cell's sur-
face. However, the receptor sites of animal cells are proteins 
and glycoproteins of the plasma membrane. Moreover, animal 
viruses do not possess appendages like the tail fibers of some 
bacteriophages. The attachment sites of animal viruses are dis-
tributed over the surface of the virus. The sites themselves vary 
from one group of viruses to another. In adenoviruses, which 
are icosahedral viruses, the attachment sites are small fibe rs at 
the corners of the icosahedron (see Figure i3 .2b). In many of 
the enveloped viruses, such as influenza virus, the attachment 
sites are spikes located on the surface of the envelope (see 
Figure 13.3b) . As soon as one spike attaches to a host receptor, 
additional receptor sites on the same cell migrate to the virus. 
Attachment is completed when many sites are bound. 

Receptor sites arc inherited characterist ics of the host. 
Consequently, the receptor fo r a particular virus can vary from 
person to person. This could account for the individual differ-
ences in susceptibility to a particular virus. For example, people 
who lack the cellular receptor (called P antigen) for parvovirus 
B19, are naturally resistant to infection and do not get fifth dis-
ease (see page 600). Understanding the nature of attachment can 
lead to the development of drugs that prevent viral infect ions. 
Monoclonal antibodies (discussed in Chapter 17) that combine 
with a virus's attachment site or the cell's receptor site may soon 
be used to treat some viral infections. 

Entry 
Following attachment, en try occurs . Viruses enter into 
eukaryotic cells by pinocytosis, an active cellular process by 
which nutrients and other molecules are brought into a cell 
(Chapter 4, page 100). A cell's plasma membrane continuous-
ly fo lds inward to form vesicles. These vesicles contain ele-
men ts that originate outside the cell and are brought into the 
interior of the cell to be digested . If a virion attaches to the 
plasma membrane of a potential host cell, the host cell will 
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donor cell 
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negative 
recipient cell 

U / 
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Galactose-positive 
recombinant cell 

o 

o 

Prophage exists in 
galactose·using host 
(containing the gal gene). 

Phage genome excises, 
carrying with it the adjacent gal 
gene from the host. 

Phage matures and ceil lyses, 
releasing phage carrying gal 
gene. 

Phage infects a ceil that cannot 
utilize galactose (lacking gal 
gene). 

Along with the prophage. the 
bacterial gal gene becomes 
integrated into the new host's 
DNA. 

Lysogenic ceil can now 
metabolize galactose. 

Figure 13.13 Specialized transduction. liVhen a prophage is 
excised from its host chromosome. it can take with it a bit of the adjacent 
DNA from the bacterial chromosome. 

Q How does specialized transduction differ from the lytic cycle? 

enfold the virion into a fold of plasma membrane, forming a 
vesicle (Figure 13.14a). 

Enveloped viruses can enter by an alternative method called 
fusion , in which the viral envelope fuses with the plasma mem-
brane and releases the capsid into the cell's cytoplasm. For exam-
ple, HIV penetrates cells by this method (Figure 13.14b). 
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Table 13.3 Bacteriophage and Animal Viral Multiplication Compared 

..... Bacteriophages Animal Viruses 

Attachment 

Entry 

unt oating 

Tail fibers attach to cell wall proteins Attachment sites are plasma membrane proteins and glycoproteins 

Viral DNA injected into host cell Capsid enters by endocytosis or fusion 

Not required Enzymatic removal of capsid proteins 

'" Biosynthesis In cytoplasm In nucleus (DNA viruses) or cytoplasm (RNA viruses) ," 
Chronic infection Lysogeny Latency; slow viral infections; cancer 

Release Host cell lysed Enveloped viruses bud out; nonenveloped viruses rupture plasma membrane 

Uncoating 
Viruses disappear during the eclipse period of an infection 
because they are taken apart inside the cell. Uncoating is the sep-
aration of the viral nucleic acid from its protein coat once the 
virion is enclosed within the vesicle. The capsid is digested when 
the cell attempts to digest the vesicle's contents, or the nonen -
vcloped capsid may be released into the cytoplasm of the host cell. 

This process varies with the type of virus. Some animal viruses 
accomplish uncoating by the action of lysosomal enzymes of the 
host cell. These enzymes degrade the proteins of the viral capsid. 
The uncoating of poxviruses is completed by a specific enzyme 
encoded by the viral DNA and synthesized soon after infection. 
For other viruses, uncoating appears to be exclusively caused by 
enzymes in the host cell cytoplasm. For at least one virus, the 
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Figure 13.14 The entry of 
viruses into host cells. After 
attachment. viruses enter host cells 
by (a) pinocytosis or (b) fusion. 

Q In which process Is the celf 
actively taking In the virus? 



poliovirus, uncoating seems 10 begin while the ViTUS IS still 
attached to the host cell's plasma membrane. 

The Biosynthesis of DNA Viruses 
Generally, DNA-containing viruses replicate their DNA in the 
nucleus of the host cell by using viral enzymes, and they syn-
thesize thei r capsid and other proteins in the cytoplasm by 
using host cell enzymes. Then the proteins m igrate into the 
nucleus and are joined with the newly synthesized DNA to 
form virions. These virions are transported along the endoplas-
mic reticulum to the host cell's membrane for release. 
Herpesviruses, papovaviruses, ade noviruses, and hepad -
naviruses all fo llow this pattern of biosynthesis (Table 13.4). 
Poxviruses are an exception because all of their components are 
synthesized in the cytoplasm. 

As an example o f the multiplication of a DNA virus, the 
sequence of events in papovavirus is shown in Figure 13.15. 

o-e Following attachment, entry, and uncoating, the viral 
DNA is released into the nucleus of the host cell. 

e Transcription of a po rt ion of the viral DNA- the "early" 
genes-occurs next. Tra nslation follows . The products of 
these genes are enzymes that are required for the multipli -
cation of viral DNA. In most DNA viruses, early tran-
scription is ca rr ied out with the host's transcriptase (RNA 
polymerase); poxviruses, however, contain their own 
transcriptase. 

o Sometime after the initiation of DNA replication, transcrip-
tion and translation of the remaining "late" viral genes occur. 
Late proteins include capsid and other structural proteins. 

e This leads to the synthesis of capsid proteins, which occurs 
in the cytoplasm of the host cell. 
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o After the capsid proteins migrate into the nucleus of the 
host cell, maturation occurs; the viral DNA and capsid 
proteins assemble to form complete viruses. 

G Complete viruses are then released from the host cel l. 

Some DNA viruses are described below. 

Adenoviridae Named after adenoids, from which they were first 
isolated, adenoviruses cause acute respiratory diseases- the 
common cold (Figure 13.16a). 

Poxviridae All diseases caused by poxviruses, including smallpox 
and cowpox, include skin lesions (see Figure 21.10, page 595). 
Pox refers to pus-filled lesions. Viral multiplication is started by 
viral transcriptase; the viral components are synthesized and 
assembled in the cytoplasm of the host cell. 

Herpesviridae Nearly 100 herpesviruses are known (Figure 
13.16b). They are named after the spreading (herpetic) appear-
ance of cold sores. Species of human herpesviruses (HHV) 
include HHV-l and HHV-2, both in the genus Simplexvirus, 
which cause cold sores; H HV -3, genus Varicellovirus, which cause 
chickenpox; HHV-4, genus Lymphocryptovirrls, which causes 
infectious mononucleosis; HHV-5, genus Cytomegalovirus, which 
causes CMV inclusion d isease; H HV-6, genus Roseolovirus, which 
causes roseola; HHV-7, which infects most infants, causing 
measleslike rashes; and HHV-8, wh ich causes Kaposi's sarcoma, 
primarily in AIDS patients. 

Papovaviridae Papovaviruses are named for papillomas (warts), 
polyomas (tumors), and vacuolation (cytoplasmic vacuoles 
produced by some of these viruses) . Warts are caused by mem-
bers of the genus Papillomavirrls. Some Pllpillomavirrls species 

Table 13.4 The Biosynthesis of DNA and RNA Viruses Compared 

Viral Nucleic Ackl 

DNA, single-stranded 

DNA. double-stranded 

DNA. reverse transcriptase 

RNA, + strand 

RNA. - strand 

RNA. double-stranded 

RNA. reverse Iranscriptase 

Virus family 

Parvoviridae 

Herpesviridae 
Papovaviridae 
Poxviridae 

Hepadnaviridae 

Picornaviridae 
Togaviridae 

Rhabdoviridae 

Reoviridae 

Relroviridae 

Special Featu .... ollUosyndlesis 

Cellular enzyme transcribes viral DNA in nucleus 

Cellular enzyme transcribes viral DNA in nucleus 

Viral enzyme transcribes viral DNA in virion, in cytoplasm 

Cellular enzyme transcribes viral DNA in nucleus; reverse Iranscriptase 
copies mRNA 10 make viral DNA 

Viral RNA functions as a template lor synthesis 01 RNA polymerase which 
copies - strand RNA to make mRNA in cytoplasm 

Viral enzyme copies viral RNA to make mRNA in cytoplasm 

Viral enzyme copies - strand RNA to make mRNA in cytoplasm 

Viral enzyme copies viral RNA to make DNA in cytoplasm; DNA moves 10 nucleus 



This figure shows the general replication of DNA-containing viruses, using a papovavirus 
as an example. Understanding the phases of viral replication is important in drug development 
strategies and disease pathology. discussed in later chapters. 

G Virions released. 
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o late translation; 
capsid proteins are 
synthesized. 

o Viral DNA is replicated, 
and some viral proteins 
are made. 

• 

are capable of transforming cells and causing cancer. Viral DNA 
is replicated in the host cell 's nucleus along with host cell chro-
mosomes. Host cells may proliferate, resulting in a tumor. 

Hepadnaviridae Hepadnaviridae are so named because they 
cause hepatitis and con ta in DNA (Figure 25.15, page 725). The 
only genus in this family causes hepatitis B. (Hepatitis A, C, D, E, 

3.6 

o Virion attaches to host cell. 

Host cell 

e Virion enters cell, 
and its DNA is uncoated. 

• 
Viral DNA·---- -.·O · • ,- .. . '. . Capsid ---..,., ---::-
proteins 

e A portion of yiral DNA is 
transcribed, producing mRNA 
that encodes "early" viral proteins. 

Key Concept 
The sequence of fl'lents in the replication of all animal 
vlruleliliultndel the foltowing general features: attachment. 
entry. uneoadng. bIolynthelis of nucleic acids and proteinl, 
maturatlon, and release. 

F, and G viruses, although not related to each other, arc RNA 
viruses. Hepatitis is diseussed in Chapter 25.} Hepadnavi ruses 
differ from other DNA viruses because they syn thesize DNA by 
copying RNA, using viral reverse transeriptase. This enzyme is 
discussed later with the retroviruses, the only other fami ly with 
reverse transcriptase. 



Figure 13.16 DNA-containing 
animal viruses. (a) Negatively 
stained adenoviruses that have been 
concentrated in a centrifuge 
gradient The individual capsomeres 
are clearly visible. (b) The envelope 
around this herpes simplex virus 
capsid has broken, giving a "fried 
egg" appearance. 

Q What is the morphology of 
these viruses? 

(a) Mastadenovirus 

The Biosynthesis of RNA Viruses 
The multiplication of RNA viruses is essentially the same as that 
of DNA viruses, except that several different mechanisms of 
mRNA formation occur among different groups of RNA viruses 
(see Table 13.4). Although the details of these mechanisms are 
beyond the scope of this text, for comparative purposes we will 
trace the multiplication cycles of the four nucleic acid types of 
RNA viruses (th ree of which are shown in Figure 13.17). RNA 
viruses multiply in the host cell's cytoplasm. The major differ-
ences among the multiplication processes of these viruses lie in 
how mRNA and viral RNA are p roduced. Once viral RNA and 
viral proteins are synthesized, maturation occurs by similar 
means among all animal viruses, as will be discussed shortly. 

Picomaviridae Picornaviruses, such as poliovirus (see Chapter 22, 
page 620), are single-stranded RNA viruses. They are the smallest 
viruses; and the prefix pico- (small) plus RNA gives these viruses 
their name. The RNA within the virion is called a sense strand (or 
+ strand), because it can act as mRNA. After attachment, penetra-
tion, and uncoating are completed, the single-stranded viral RNA 
(Figure 13.17a) is translated into two principal proteins, which 
inhibit the host cell's synthesis of RNA and protein and which form 
an enzyme called RNA-dependent RNA polymerase. This enzyme 
catalyzes the synthesis of another strand of RNA, which is comple-
mentary in base sequence to the original infecting strand. This new 
strand, called an antisense strand (or - strand), serves as a tem-
plate to produce additional + strands. The + strands may serve as 
mRNA for the translation of capsid proteins, may become incorpo-
rated into capsid proteins to form a new virus, or may serve as a tem-
plate for continued RNA multiplication. Once viral RNA and viral 
protein are synthesized, maturation occurs. 

Togaviridae Togaviruses, which include arthropod-borne 
arboviruses or alphaviruses (see Chapter 22, page 624), also 
con tain a si ngle + strand of RNA . Togaviruses are enveloped 
vi ruses; their name is from the Latin word for covering, toga. 
Keep in mind that these are not the only enveloped viruses. After 
a - strand is made from the + strand, two types of mRNA are 
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(b) Herpesvirus 
100 nm 80 nm 

transcribed from the - strand. One type of mRNA is a short 
strand that codes for envelope proteins; the other, longer strand 
serves as mRNA for capsid proteins and can become incorpo-
rated into a capsid. 

Rhabdoviridae Rhabdoviruses, such as rabiesvirus (genus 
Lyssavirus; see Chapter 22, page 622), are usually bullet-shaped 
(Figure 13.18a). Rhabdo- is from the Greek word for rod, which is 
not really an accurate description of their morphology. They con -
tain a single - strand of RNA (Figure 13.17b). They also contain 
an RNA-dependent RNA polymerase that uses the - strand as a 
template from which to produce a + strand. The + strand serves 
as mRNA and as a template for synthesis of new viral RNA. 

Reoviridae Reoviruses were named for their habi tats: the respi-
ratory and enteric (digestive) systems of humans. They were not 
associated with any diseases when fi rst discovered, so they were 
considered orphan viruses. Their name comes from the fi rst let-
ters of respiratory, enteric, and orphan. Three serotypes are now 
known to cause respiratory tract and intestinal tract infections. 

The capsid containing the do uble-stranded RNA is digested 
upon entering a host cell. Viral mRNA is prod uced in the 
cytoplasm, where it is used to synthesize more viral proteins 
(Figure 13.17C). One of the newly synthesized viral proteins acts 
as RNA-dependent RNA polymerase to produce more - strands 
of RNA. The mRNA + and - strands form the do uble-stranded 
RNA that is then surrounded by capsid proteins. 

Retroviridae Many retroviruses infect vertebrates (Figure 13.18b). 
One genus of retrovirus, Lentivirus, includes the subspecies HIV-I 
and HIV-2, which cause AIDS (see Chapter 19, pages 539- 548). The 
retroviruses that cause cancer will be discussed later in this chapter. 

The formation of m RNA and RNA for new retrovirus virions 
is shown in Figure 13.19 on page 390. These viruses carry reverse 
transcriptase, which uses the viral RNA as a template to produce 
complementary double-stranded DNA. This enzyme also 
degrades the original viral RNA. The name retrovirus is derived 
from the first letters of reverse transcriptase. The viral DNA is then 



• Attachment. 

::::-• 
Hos/cell 

/ Nucleus 

/" - Cytoplasm 

Maturation 
and release. 

e Entry 
and uncoating. 

genome 

strand of 
viral genome 

\- or antisense 
\" 

viral genome 

ss = single-stranded 
ds = double·stranded 

388 

o Translation and synthesis 
of viral proteins. 

• 
, 

/ Capsid / protein • • ,. • 

e RNA replication by viral RNA-
dependent RNA polymerase. 

- strand is transcribed 
from + viral genome. 

/ 
-; 

" + strand 
mRNA is transcribed / 
from the - strand. 

Capsid 
protein 

. 1 
• 

• ' -• • .. , • 
• 

The + strand (mRNA) must first be 
transcribed from the - viral genome 
before proteins can be synthesized . 

/ 

..... ) 1' -

Y - strandS are ............... 
incorporated 
into capsid 

Additional - strands are 
transcribed from mRNA. 

RNA polymerase initiates production of 
- strands. The mRNA and - strandS form the 
dsRNA that is incorporated as new viral genome. 

a\a. 
• • a .. a • • a . •• 

a .• .•• 

•. 
T • • 

Capsid proteins and RNA-
dependent RNA polymerase 

• 

mRNA is produced inSide the 
capsid and released into the 
cytoplasm of the host. 

\ 
\ 

I I 
/ 

Uncoating releases 
vira l RNA and proteins. 

Viral 
genome 
(RNA) 

(a) ssANA; 

• 

+ or sense strand; 
Pleornavlrldae 

(b) ssRNA; - or 
antisense strand; 
Rhabdovlridae 

_____ Viral 
........- protein " . .' . • 

J 

(e) dsANA; + or sense 
strand with - or antisense 
strand; Aeovirldae 

Figure 13.17 Pathways of multiplication used by various RNA-containing viruses. (a) After uncoating. single-
stranded RNA (ssRNA) vi ruses with a + strand genome are able to synthesize proteins directly from their + strand. Using the 
+ strand as a template. they transcribe - strands to produce additional + strands to serve as mRNA and be incorporated into 
capsid proteins as the vi ral genome. (b) The ssRNA viruses with a - strand genome must transcribe a + strand to serve as 
mRNA before they begin synthesizing proteins. The mRNA transcribes additional - strands for incorporation into capsid 
protein. Both ssRNA and (c) dsRNA viruses must use mRNA (+ strand) to code for proteins, including capsid proteins. 

Q Why is strand RNA made by picomaviruses and reoviruses? By rhabdoviruses? 



integrated into a host cell chromosome as a provirus. Unlike a 
prophage, the provirus never comes out of the chromosome. As a 
provirus, HIV is protected from the host's immune system and 
antiviral drugs. 

Sometimes the provirus simply remains in a latent state and 
replicates when the DNA of the host cell replicates. In other 
cases, the provirus is expressed and produces new viruses, which 
may infect adjacent cells. Mutagens such as gamma radiation can 
induce expression of a provirus. In oncogenic retroviruses, the 
provirus can also convert the host cell into a tumor cell; possible 
mechanisms for this phenomenon will be discussed later. 

Maturation and Release 
The first step in viral maturation is the assembly of the protein 
capsid; this assembly is usually a spontaneous process. The cap-
sids of many animal viruses are enclosed by an envelope consist-
ing of protein, lipid, and carbohydrate, as noted earlier. Examples 
of such viruses include orthomyxoviruses and paramyxoviruses. 
The envelope protein is encoded by the viral genes and is incor-
porated into the plasma membrane of the host cell. The envelope 
lipid and carbohydrate are encoded by host cell genes and are 
present in the plasma membrane. The envelope actually develops 
around the capsid by a process called budding (Figure 13.20). 

After the sequence of attachment, entry, uncoating, and 
biosynthesis of viral nucleic acid and protein, the assembled cap-
sid containing nucleic acid pushes through the plasma mem-
brane. As a result, a portion of the plasma membrane, now the 
envelope, adheres to the virus. This extrusion of a virus from a 
host cell is one method of release. Budding does not immediately 
kill the host cell, and in some cases the host cell survives. 

Nonenveloped viruses are released through ruptures in 
the host cell plasma membrane. In contrast to budding, 
this type of release usually results in the death of the host 
cell. Animations Viral Replication: Overview; Animal Viruses. 
www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

..r Describe the principal events of attachment, entry, uncoating, 
biosynthesis, maturation, and release of an enveloped 
DNA-containing virus. 13-10 

Viruses and Cancer 
LEARNING OBJECTIVES 
13-11 Define oncogene and tJansformed cell. 

13-12 Discuss the relallOnship between DNA- and RNA·containing 
viruses and cancer. 

Several types of cancer are now known to be caused by viruses. 
Molecular biological research shows that the mechanisms of the 
diseases are similar, even when a virus does not cause the cancer. 

CHAPTER 13 Viruses. Viroids. and Prions 389 

(8) A rhaOdovirus 
75 nm 

(b) A retrovirus 
25 nm 

Figure 13.18 RNA-conta ining a nimal viruses. (a) Vesicular 
stomatitis viruses. a member of the fam ily Rhabdovir idae. (b) Mouse 
mammary tumor virus. a Retroviridae. causes tumors in mice. 

Q Why do viruses wi!h a + s!rand of RNA make a - s!rand of RNA? 

T he relationship between cancers and VHuses was first 
demonstrated in 1908, when virologists Wilhelm Ellerman and 
Olaf Bang, working in Denmark, were trying to isolate the 
causative agent of chicken leukemia. They found that leukemia 
could be transferred to healthy chickens by cell-free fi lt ra tes that 
contained viruses. Three years later, F. Peyton Rous, working at 
the Rockefeller Institute in New York, found that a chicken 
sarcoma (cancer of connective tissue) can be similarly transmit-
ted . Virus-induced adenocarcinomas (ca ncers of glandular 
epithelial tissue) in mice were discovered in 1936.At that time, it 
was clearly shown that mouse mammary gland tumors are trans-
mitted from mother to offspring through the mother's milk. 
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Figure 13.19 Multiplication and inheritance processes of the Retroviridae. A retrovi rus 
may become a provirus that repl icates in a latent state. and it may produce new retroviruses. 

Q How does the biosynthesis of a retrovirus diHer from that of other RNA viruses? 

A human cancer-causing virus was discovered and isolated in 
1972 by American bacteriologist Sarah Stewart. 

The viral cause of cancer can often go unrecognized for sev-
eral reasons. First, most of the particles of some viruses infect 
cells but do not induce cancer. Second, cancer might not develop 
un til long after viral infection. Third, cancers do not seem to be 
contagious, as viral diseases usually are. 

The Transformation of Normal 
Cells into Tumor Cells 
Almost anything that can alter the genet ic material of a eukary-
otic cell has the potential to make a normal cell cancerous. These 
cancer-causing alterations to cell ular DNA affect parts of the 
genome called oncogenes. Oncogenes were first identified in 



-------- Viral capsid 

• - - Host cell plasma membrane 
• 

Viral protein 

• • • 
• • • 

• • • • • • 

:'b' • 
• • '----B,' • • • , , 

• , 
• • • , • 
, , , b',: , 

, 
• 

- ------Envelope 

, · ' 
(a) Release by budding 

(b) Alphavirus I I 
100 nm 

Figure 13.20 Budding of an enveloped virus. (a) A diagram of 
the budding process. (b) Frog viruses budding from host cells. CDC 
reports this virus is responsible for mass deaths of frogs worldwide. 

Q Of what is a viral envelope composed? 

cancer-causing viruses and were thought to be a part of the nor-
mal viral genome. However, American microbiologists J. Michael 
Bishop and Harold E. Varmus received the 1989 Nobel Prize in 
Medicine for proving that the cancer-inducing genes carried by 
viru ses are actually derived from an imal cells. Bishop and 
Varmus showed that the cancer-causing src gene in avian sa rco-
ma viruses is derived from a normal part of chicken genes. 

Oncogenes can be activated to abnormal functioning by a 
variety of agents, including mutagenic chemicals, high -energy 
radiation, and viruses. Viruses capable of inducing tumors in 
animals are called oncogenic viruses, or oncoviruses. 
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Approximately 10% of cancers are known to be virus-induced. 
An outstanding feature of all oncogenic viruses is that their 
genetic material integrates into the host cell's DNA and replicates 
along with the host cell 's chromosome. This mechanism is sim i-
lar to the phenomenon of lysogeny in bacteria, and it can alter 
the host cell 's characteristics in the same way. 

Tumor cells undergo transformation; that is, they acquire 
properties that are distinct from the properties of uninfected 
cells or from infected cells that do not form tumors. After being 
transformed by viruses, many tumor cells contain a virus-
specific antigen on their cell surface, called tumor-specific 
transplantation antigen (TSTA), o r an antigen in their nucleus, 
called the T antigen. Transformed cells tend to be less round 
than normal cells, and they tend to exhibit certain chromosomal 
abnormalities, such as unusual numbers of chromosomes and 
fragmented chromosomes. 

DNA Oncogenic Viruses 
Oncogenic viruses are found within several families of DNA-
containing viruses. These groups include the Adenoviridae, 
Herpesviridae, Poxviridae, Papovaviridae, and Hepadnaviridae. 
Among the papovaviruses, papillomaviruses cause uterine (cer-
vical) cancer. 

Virtually all cervical cancers are caused by human papillo -
mavi rus (HPV); HPV-16 accounts for about half of all cervical 
cancers. A vaccine against four HPVs, including HPV-16, is rec-
ommended for 11 - to 12 -year-old girls. 

Epstein-Barr (EB) virus was isolated from Burkitt's lymphoma 
cells in 1964 by Michael Epstein and Yvonne Barr. The proof that 
EB virus can cause cancer was accidentally demonstrated in 1985 
when a 12-year-old boy known only as David received a bone 
marrow transplant. Several months after the transplant, he d ied of 
cancer. An autopsy revealed that the virus had been unwittingly 
introduced into the boy with the bone marrow transplant. 

Another DNA virus that causes cancer is hepatitis B virus 
(HBV). Many animal studies have been performed that have 
clearly indicated the causal role of HBV in liver cancer. In one 
human study, virtually all people with liver cancer had previous 
HBV infections. 

RNA Oncogenic Viruses 
Among the RNA viruses, only the oncoviruses in the family 
Retroviridae cause cancer. The human T-cell leukemia viruses 
(HTLV- l and HTLV-2) are retroviruses that cause adult T-cell 
leukemia and lymphoma in humans. (T cells are a type of white 
blood cell involved in the immune response. ) 

Sarcoma viruses of cats, chickens, and rodents, and the mam-
mary tumor viruses of mice, are also retroviruses. Another retro-
virus, feline leukemia virus (FeLV), causes leukemia in cats and is 
transmissible among cats. There is a test to detect the virus in cat 
serum. 
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Figure 13.21 Latent and persistent viral infections. 

Q How do latent and persistent infections differ? 

A The ability of retroviruses to induce tumors is 
related to their production of a reverse transcriptase 

by the mechanism described earlier (see Figu re 13.19). The 
provirus, which is the double-stranded DNA molecule synthesized 
from the viral RNA, becomes integrated into the host cell's DNA; 
new genetic material is thereby introduced into the host's genome, 
and this is the key reason retroviruses can contribute to cancer. 
Some retroviruses contain oncogenes; others contain promoters 
that turn on oncogenes o r other cancer-causing factors. 

CHECK YOUR UNDERSTANDING 

..r What is a provirus? 13-11 

..r How can an RNA virus cause cancer if it doesn't have DNA to 
insert into a cell's genome? 13-12 

Latent Viral Infections 
LEARNING OBJECTIVE 
13-13 Provide an example of a latent vira l in fecllOn. 

A virus can remain in equilibrium with the host and not actually 
produce disease for a long period, often many years. The onco-
genic viruses just d iscussed are examples of such latent infections. 
All of the human herpesviruses can remain in host cells through-
out the life of an individual. When herpesviruses are reactivated 
by immunosuppression (for example, AIDS), the resulting infec-
tion may be fatal. The classic example of such a latent infection 
in viruses is the infection of the skin by herpes simplex virus, 
which produces cold sores. This virus inhabits the host's nerve 

cells but causes no damage until it is activated by a stimulus such 
as fever or sunburn- hence the term fever blister. 

In some individuals, viruses are produced, but symptoms 
never appear. Even though a large percentage of the human 
population carries the herpes simplex vi rus, only iO to 15% of 
people carrying the virus exhibit the disease. The virus of some 
latent infections can exist in a lysogenic state within host cells. 

The chickenpox virus (Varice//ov irus ) can also exist in a latent 
state. Chickenpox (varicella) is a skin disease that is usually 
acquired in childhood. The virus gai ns access to the skin via the 
blood. From the blood, some viruses may enter nerves, where 
they remain latent. Later, changes in the immune (I -cell) 
response can activate these latent viruses, causing shingles 
(zoster). The shingles rash appears on the skin along the nerve in 
which the virus was latent. Shingles occurs in 10 to 20% ofpeo-
pic who have had chickenpox. 

Persistent Viral Infections 
LEARNING OBJECTIVE 
13-14 Differentiate persistent viral infections from latent vira l infections. 

A persistent or chronic viral infection occurs gradually over a 
long period . Typically, persistent viral infections are fatal. 

A number of persistent viral infections have in fact been 
shown to be caused by conventional viruses. For example, sev-
eral years after causing measles, the measles virus can be 
responsible for a rare form of encephalitis called subacute scle-
rosing panencephalitis (SSPE). A persistent viral infection is 
apparently different from a latent viral infection in that, in 
most persistent viral infections, detectable infectious virus 
gradually builds up over a long period, ra ther than appearing 
suddenly (Figure 13.21 ). 

Several examples of latent and persistent viral infections are 
listed in Ta ble 13.5 . 

CHECK YOUR UNDERSTANDING 

..r Is shingles a persistent or latent infection? 13-13, 13-14 

Prions 
LEARNING OBJECTIVE 
13-15 Discuss how a protem can be mfectious. 

A few infectious diseases are caused by prions. In 1982, 
American neurobiologist Stanley Prusiner proposed that 
infectious proteins caused a neurological disease in sheep 
called scrapie. Ihe infectivity of scrapie-infected brain tissue is 
reduced by treatment with prot eases but not by treatment with 
radiation, suggesting that the infectious agent is pure protein. 
Prusiner coined the name prion for proteinaceous infectious 
particle. 



Nine animal diseases now fall into th is category, includ ing the 
"mad cow disease" that emerged in cattle in Great Britain in 
1987. All nine are neurological diseases called spongiform 
encephalopathies because large vacuoles develop in the brain 
(Figure 22.18a, page 630). The h uman diseases are kuru, 
Creu tzfeldt- Jakob disease (ClD), Gerstmann-St riiussler-
Scheinker syndrome, and fatal familial insomnia. (Neurological 
diseases are discussed in Chapter 22.) These diseases run in fam-
ilies, which indicates a possible genetic cause. However, they can-
not be purely inherited, because mad cow disease arose from 
feeding scrapie-infected sheep meat to cattle, and the new 
(bovine) varia nt was transmitted to humans who ate under-
cooked beef from infected cattle (see Chapter I, page 20). 
Additionally, CJD has been transmitted with transplanted nerve 
tissue and co ntaminated surgical instruments. 

These diseases are caused by the conversion of a normal host 
glycoprotein called Prpc (for cellular prion protein) into an infec-
tious fo rm called PrpSc (for scrapie protein). The gene for Prpc is 
located on chromosome 20 in humans. Recent evidence suggests 
that Prpc is involved in regulating cell death. (See the discussion of 
apoptosis on page 489.) One hypothesis for how an infectious agent 
that lacks any nucleic acid can reproduce is shown in Figure 13.22. 

The actual cause of cell damage is not known. Fragments of 
PrpSc molecules accumulate in the brain, forming plaques; these 
plaques are used for postmortem diagnosis, but they do not appear 
to be the cause of cell damage. Animations Prion Reproduction: 
Overview, Characteristics, Diseases. www.mic robiologyplace.com 

Plant Viruses and Viroids 
LEARNING OBJECTIVES 
13-16 Differentiate virus, viroid, and prion. 
13-17 Descnbe the lytic cycle for a plant ViruS. 

Plant viruses resemble animal viruses in many respects: plant 
viruses are morphologically similar to animal viruses, and they 
have similar types of nucleic acid (Table 13.6). In fact, some plant 
viruses ca n multiply inside insect cells. Pla nt viruses cause ma ny 
diseases of economically important crops, including beans (bean 
mosaic virus), corn and sugarcane (wound tumor virus), and 
potatoes (potato yellow dwarf virus). Viruses can cause color 
change, deformed growth, wilting, and stunted growth in their 
plant hosts. Some hosts, however, remain symptomless and o nly 
serve as reservoirs of infection . 

Plant cells are generally protected from disease by an imper-
meable cell wall. Viruses must enter through wounds or be assist-
ed by other plant parasites, including nematodes, fungi, and, most 
often, insects that suck the plant's sap. Once one plant is infected, 
it can spread infection to other plants in its pollen and seeds. 

In laboratories, plant viruses are cultured in protoplasts (plant 
cells with the cell walls removed) and in insect cell cuitures. 
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Figure 13.22 Howa protein can be infectious. If an abnormal 
prion protein (PrpScJ enters a cell. it changes a normal pnon protein to 
PrpSc. which now can change another normal PrpC. resulting in an 
accumulation of the abnormal PrpSc. 

Q How do prions differ from viruses? 
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Table 13.5 Examples of Latent and Persistent Viral Infections in Humans 

Primary Effect 

latent No symptoms during latency, viruses not usually released. 
Cold sores Sk;in and mucous membrane lesions: genital lesions 
leuk;emia Increased white blood cel l growth 
Shingles Sk;in lesions 

Persistent Viruses continuously released 
CefVical cancer Increased cell growth 
HIVIAIDS Decreased CD 4"'T cells 
liver cancer Increased cell growth 
Persistent enterovirus infection Mental deterioration associated with AIDS 
Progressive encephalitis Rapid mental deterioration 
Subacute sclerosing panencephalitis (SSPE) Mental deterioration 

Table 13.6 Classification of Some Major Plant Viruses 

Charactertstk: 

Double-stranded DNA. 
nonenveloped 

Single-stranded RNA 
+ strand. nonenveloped 

Single-stranded RNA 
- strand, enveloped 

Double-stranded RNA. 
nonenveloped 

Viral family 

Papovaviridae 

Potyviridae 

Tetraviridae 

Rhabdoviridae 

Reovirus 

Viral Genus or 
Unclassified Members 

Cauliflower mosaic virus 

Watermelon wilt 

Tobamovirus 

Potato yellow dwarf virus 

Wound tumor virus 

Morphology 

Causative Virus 

Herpes simplex 1 and 2 
HTlV- l and -2 
Varicellovirus (Herpesvirus) 

Human papillomavirus 
HIV-l and -2 (Lentivirus) 

Hepatitis B virus 
Echoviruses 
Rubella virus 
Measles virus 

M ....... 
Transmission 

Aphids 

Whiteflies 

Wounds 

leafhoppers and aphids 

leafhoppers 

Some plant diseases arc caused by viroids. short pieces of 
naked RNA, only 300 to 400 nucleotides long, with no protein 
coat. The nucleotides arc often interna lly pai red, so the mole-
cule has a closed, folded, three-dimensional structure that pre-
sumably helps protect it from attack by cellu lar enzymes. The 
RNA does not code for any proteins. Thus far, viroids have 
been conclusively identified as pathogens only of plants. 

Annually, infections by viroids, such as potato spindle tuber 
viroid, result in losses of millions of dollars from crop damage 
( Figure 13.23). 

Current research on viroids has revealed similarities between 
the base sequences of viroids and introns. Recall from Chapter 8 
(page 220) that introns are sequences of genetic material that 
do not code for polypeptides. This observation has led to 
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Figure 13.23 Linear and circular potato spindle tuber 
viroid (PSTV). 

Q How do viroids differ from prions? 
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the hypothesis that viroids evolved from introns, leading to 
speculation that fu ture researchers may discover animal viroids. 

CHECK YOUR UNOERSTANOING 

..r Contrast viroids and prions. and for each name a disease it 
causes. 13-15, 13-16 

..r How do plant viruses enter host cells? 13-17 

STUDY OUTLINE 
The MyMicrobiology Place wesbite (_.microbiologyplace.com) 
will help you get ready lor tests with its simple three-step approach: 
G take a pre-test and obtain a personal ized study plan. e learn 
and pmctice with animations, tutorials, and MP3 tutor sessions. and e test yourself with quizzes and a chapter post-test 

General Characteristics 
of Viruses (pp.368-369) 

I. Depending on one's viewpoint, viruses may be regarded as 
exceptionally complex aggregations of nonliving chemicals or as 
exceptionally simple living microbes. 

2. Viruses contain a single type of nucleic acid (DNA or RNA) and a 
protein coat, sometimes enclosed by an envelope composed of 
lipids, proteins, and carbohydrates. 

3. Viruses are obligatory intracellular parasites. They multiply by 
using the host cell's synthesizing machinery to cause the synthesis 
of specialized elements that can transfer the viral nucleic acid to 
other cells. 

Host Range (pp.368- 369) 
4. Host rauge refers to the spectrum of host cells in which a virus can 

multiply. 
5. Most viruses infect only specific types of cells in one host species. 
6. Host range is determined by the specific attachment site on the 

host cell's surface and the availability of host cellular factors. 

Viral Size (p.369) 
7. Viral size is ascertained by electron microscopy. 
8. Viruses range from 20 to IOOO nm in length. 

Viral Structure (pp.370- 373) 

I. A virion is a complete, fully developed viral particle composed of 
nucleic acid surrounded by a coat. 

Nucleic Acid (pp.371 - 372) 
2. Viruses contain ei ther DNA or RNA, never both, and the nucleic 

acid may be single- or double-stranded, linear or circular, or 
divided into several separate molecules. 

3. The proportion of nudeic acid in relation to protein in viruses 
ranges from about 1 % to about 50%. 

Capsid and Envelope (pp.372- 373) 
4. The protein coat surrounding the nucleic acid 

of a virus is called the capsid. 
5. The capsid is composed of subunits, cap-

someres, which can be a single type of protein 
or several types. 

6. The capsid of some viruses is enclosed by an 
envelope consisting of lipids, proteins, and 
carbohydrates. 

7. Some envelopes are covered with carbohydrate-protein complexes 
called spikes. 

General Morphology (p.373) 
8. Helical viruses (for example, Ebola virus) resemble long 

rods, and their capsids arc hollow cylinders surrounding the 
nucleic acid. 

9. Polyhedral viruses (for example, adenovirus) are many-sided. 
Usually the capsid is an icosahedron. 



396 PART TWO A SUfVey or the Microbial World 

10. Enveloped viruses are covered by an envelope and are roughly 
spherical but highly pleomorphic. There are also enveloped helical 
viruses (for example, influenza virus) and enveloped polyhedral 
viruses (for example, Simpiexvirus). 

II. Complex viruses have complex structures. For example, many bac-
teriophages have a polyhedral capsid with a helical tail attached, 

Taxonomy of Viruses (pp.373-374) 

1. Classification of viruses is based on type of nucleic acid, stra tegy 
for replication, and morphology. 

2. Virus family names end in -viridtle; genus names end in -virus. 
3. A viral species is a group of viruses sharing the same genetic 

information and ecological niche. 

Isolation, Cultivation, and 
Identification of Viruses Cpp.374-379) 

1. Viruses must be grown in living cells. 
2. The easiest viruses to grow are bacteriophages. 

Growing Bacteriophages in the laboratory (pp. 374. 377) 
3. The plaque method mixes bacteriophages with host bacteria and 

nutrient agar. 
4. After several viral multiplication cycles, the bacteria in the area 

surrounding the original virus are destroyed; the area of lysis is 
called a plaque. 

5. Each plaque originates with a single viral particle; the concentration 
of viruses is given as plaque-forming units. 

Growing Animal Viruses in the 
Laboratory (pp.377-379) 

6. Cultivation of some animal viruses requires whole animals. 
7. Simian AIDS and feline AIDS provide models for studying human 

AIDS. 
8. Some animal viruses can be cultivated in embryonated eggs. 
9. Cell cultures are cells growing in culture media in the laboratory. 

10. Primary cell lines and embryonic diploid cell lines grow for a short 
time in vitro. 

11. Continuous cell lines can be maintained in vitro indefinitely. 
12. Viral growth can cause cytopathic effects in the cell culture, 

Viral Identification (p.379) 
13. Serological tests are used most often to identify viruses. 
14. Viruses may be identified by RFLPs and PCR. 

Viral Multiplication Cpp.379-389) 

1. Viruses do not contain enzymes for energy production or protein 
synthesis. 

2. For a virus to multiply, it must invade a host cell and direct the host's 
metabolic machinery to produce viral enzymes and components. 

Multiplication of Bacteriophages (pp.379-382) 
3. During the lytic cycle, a phage causes the lysis and death of a host cell. 
4. Some viruses can either cause lysis or have their DNA incorporat-

ed as a prophage into the DNA of the host cell. The latter situation 
is called lysogeny. 

5. During the attachment phase of the lytic cycle, sites on the phage's 
tail fibers attach to complementary receptor si tes on the bacterial cell. 

6. In penetration, phage lysozyme opens a portion 
of the bacterial cell wall, the tail sheath con-
tracts to force the tail core through the cell wall, 
and phage DNA enters the bacterial cell. The 
capsid remains outside. 

7. In biosynthesis, transcription of phage DNA 
produces mRNA coding for proteins necessary for phage 
multiplication. Phage DNA is replicated, and capsid proteins are 
produced. During the eclipse period, separate phage DNA and 
protein can be found. 

8. During maturation, phage DNA and capsids are assembled into 
complete viruses. 

9. During release, phage lysozyme breaks down the bacterial cell wall, 
and the new phages are released. 

10. During the lysogenic cycle, prophage genes are regulated by a 
repressor coded for by the prophage. The prophage is replicated 
each time the cell divides. 

II. Exposure to certain mutagens can lead to excision of the prophage 
and initiation of the lytic cycle. 

12. Because of lysogeny, lysogenic cells become immune to reinfect ion 
with the same phage and may undergo phage conversion. 

13. A lysogenic phage can transfer bacterial genes from one cell 10 
another through transduction. Any genes can be transferred in 
generalized transduction, and specific genes can be transferred in 
specialized transduction. 

Multiplication of Animal Viruses (pp.382-389) 
14. Animal viruses attach to the plasma membrane of the host cell. 
15. Entry occurs by endocytosis or fusion. 
16. Animal viruses are uncoated by viral or host 

cell enzymes. 
17. The DNA of most DNA viruses is released into 

the nucleus of the host cell. Transcription of viral 
DNA and translation produce viral DNA and, 
later, capsid proteins. Capsid proteins are synthesized in the cytoplasm 
of the host cell. 

18. DNA viruses include members of the families Adenoviridae, 
Poxviridae, Herpesviridae, Papovaviridae, and Hepadnaviridae. 

19. Multiplication of RNA viruses occurs in the cytoplasm of the host 
cell. RNA-dependent RNA polymerase synthesizes a double-
stranded RNA. 

20. Picornaviridae + strand RNA acts as mRNA and directs the syn-
thesis of RNA-dependent RNA polymerase. 

21. Togaviridae + strand RNA acts as a template for RNA-dependent RNA 
polymerase, and mRNA is transcribed from a new - RNA strand. 

22. Rhabdoviridae - strand RNA is a template for viral RNA-dependent 
RNA IlOlymerase, which transcribes mRNA. 

23. Reoviridae are digested in host cell cytoplasm to release mRNA for 
viral biosynthesis. 

24. Retroviridae reverse transcriptase (RNA-dependent DNA poly-
merase) transcribes DNA from RNA. 

25. After maturation, viruses are released, One method of release (and 
envelope forma tion) is budding. Nonenveloped viruses are 
released through ruptures in the host cell membrane. 



Viruses and Cancer [pp.389) 

I. The earliest relationship between cancer and viruses was demon-
strated in the early 19005, when chicken leukemia and chicken 
sarcoma were transferred to healthy animals by cell-free filt rates. 

The Transformation of Normal Cells Into 
Tumor Cells (pp.390-391) 

2. When activated, oncogenes transform normal cells into cancerous 
cells. 

3. Viruses capable of producing tumors are called oncogenic viruses. 
4. Several DNA viruses and retroviruses are oncogenic. 
S. The genetic material of oncogenic viruses becomes integrated 

into the host cell 's DNA. 
6. Transformed cells lose contact inhibition, contain virus-specific 

antigens (TSTA and T antigen), exhibit chromosome abnormalities, 
and can produce tumors when injected into susceptible animals. 

DNA Oncogenic Viruses (p.391) 
7. Oncogenic viruses are found among the Adenoviridae, 

Herpesviridae, Poxviridae, and Papovaviridae. 
8. The EB virus, a herpesvirus, causes Burkin's lymphoma and 

nasopharyngeal carcinoma. Hepadllavirus causes liver cancer. 

RNA Oncogenic Viruses (p.391) 
9. Among the RNA viruses, only retroviruses seem to be oncogenic. 

10. HTLV-I and HTLV-2 have been associated with human leukemia 
and lymphoma. 

II. The virus's ability to produce tumors is related to the production 
o f reverse transcriptase. The DNA synthesized from the viral RNA 
becomes incorporated as a provirus into the host cell's DNA. 

12. A provirus can remain latent, can produce viruses, or can trans-
form the host celL 
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latent Viral Infections [p.392) 

I. A la tent viral infection is one in which the virus remains in the 
host cell for long periods without producing an infection. 

2. Examples are cold sores and shingles. 

Persistent Viral Infections (p.392) 

I. Persistent viral infections are disease processes that occur over 
a long period and are generally fatal. 

2. Persistent viral infections are caused by conventional viruses; 
viruses accumulate over a long period . 

Prions (pp.392-393) 

I. Prions are infectious proteins first discovered in the 1980s. 
2. Prion diseases, such as C/O and mad cow d isease, all involve the 

degeneration of brain tissue. 
3. Prion diseases are the result of an altered protein; the cause can be 

a mutation in the normal gene for Prpc or contact with an altered 
protein (PrpSc ) . 

Plant Viruses and Viroids (pp. 393-395) 

I. Plant viruses must enter plant hosts through wounds or with 
invasive parasites, such as insects. 

2. Some plant viruses also multiply in insect (vector) cells. 
3. Viroids are infectious pieces of RNA that cause some plant 

diseases, such as potato spindle tuber disease. 

STUDY QUESTIONS 
Answers to the Review and Mult iple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
I. Why do we classify viruses as obligatory intracellular parasites? 
2. List the four properties that define a virus. What is a virion? 
3. Describe the four morphological classes of viruses, then diagram 

and give an example of each. 
4. Label the principal events of anachment, biosynthe-

sis, entry, and maturation of a + stranded RNA virus. Draw in 
uncoating. 

• • 
.' . . ' • 
• 

5. Compare biosynthesis of a + stranded RNA and a - stranded RNA 
vIrus. 

6. Some antibiotics activate phage genes. MRSA releasing Panton -
Valentine leukocidin causes a life· threatening disease. Why can 
this happen follow ing antibio tic treatment? 

7. Recall from Chapter I that Koch's postulates are used to determine the 
etiology of a disease. Why is it difficult to determine the etiology of 
a. a viral infection, such as influenza? 
b. cancer? 

8. Persistent viral infections such as (a) be 
caused by (b) that are (c) 

9. Plant viruses cannot penetrate intact plant cells because 
(a) ; therefore, they enter cells by (b) ____ _ 
Plant viruses can be cultured in (c) ____ _ 
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Multiple Choice 
I. Place the following in the most likely order for biosynthesis of a 

bacteriophage: (I) phage lysozyme; (2) m RNA; (3) DNA; (4) viral 
proteins; (5) DNA polymerase. 
a. 5,4,3,2,1 
b. I,2,3,4,5 
c. 5,3,4,2,1 

d. 3,5,2,4,1 
e. 2,5,3,4,1 

2. The molecule serving as mRNA can be incorporated in the newly 
synthesized virus capsids of all of the following except 
a. + strand RNA picornaviruses. 
b. + strand RNA togaviruses. 
c. - strand RNA rhabdoviruses. 
d. double-stranded RNA reoviruses. 
e. double-stranded DNA herpesviruses. 

3. A virus with RNA-dependent RNA polymerase 
a. synthesizes DNA from an RNA template. 
b. synthesizes double-stranded RNA from an RNA template. 
c. synthesizes double-stranded RNA from a DNA template. 
d.t ranscribes m RNA from DNA. 
e. none of the above 

4. Which of the following would be the first step in the biosynthesis 
of a virus with reverse transcriptase? 
a. A complementary strand of RNA must be synthesized. 
b. Double-stranderl RNA must be synthesized. 
c. A complementary strand of DNA must be synthesized from an 

RNA template. 
d. A complementary strand of DNA must be synthesized from a 

DNA template. 
e. none of the above 

5. An example of lysogeny in animals could be 
a. slow viral infections. 
b. latent viral infections. 
c. T-even bacteriophages. 
d. infections resulting in cell death. 
e. none of the above 

6. The ability of a virus to infect an organism is regulated by 
a. the host species. 
b.the type of cells. 
c. the availability of an attachment site. 
d. cell factors necessary for viral replication. 
e. all of the above 

7. Which of the following statements is not true? 
a. Viruses contain DNA or RNA. 
b. The nucleic acid of a virus is surrounded by a protein coat. 
c. Viruses multiply inside living cells using viral mRNA, tRNA, 

and ribosomes. 
d. Viruses cause the synthesis of specialized infectious elements. 
e. Viruses multiply inside living cells. 

8. Place the following in the order in which they are found in a host 
cell: (I) capsid proteins; (2) infective phage particles; (3) phage 
nucleic acid. 
a. I,2,3 d. 3,1,2 
b. 3,2,1 e. I,3,2 
c. 2,1,3 

9. Which of the fo llowing does not initiate DNA synthesis? 
a. a double-stranded DNA virus (Poxviridae) 
b. a DNA virus with reverse transcriptase (Hepadnaviridae) 
c. an RNA virus wi th reverse transniptase (Retroviridae) 
d. a single-stranded RNA virus (Togaviridae) 
e. none of the above 

10. A viral species is no t defined on the basis of the disease symptoms 
it causes. The best example of this is 
a. polio. 
b. rabies. 
c. hepatitis. 
d. chickenpox and shingles. 
e. measles. 

Critical Thinking 
1. Discuss the arguments for and against the classification o f viruses 

as living organisms. 
2.ln some viruses, capso meres function as enzymes as well as struc-

tural supports. Of what advantage is this to the virus? 
3. Why was the discovery of simian AIDS and feline AIDS important? 
4. Prophages and proviruses have been described as being similar to 

bacterial plasmids. What similar pro perties do they exhibit? How 
are they different? 

Clinical Applications 
1. A 40-year-old man who was seropositive for HIV experienced 

abdominal pain, fatigue, and low-grade fever (3S0C) for 2 weeks. 
A chest X-ray examination revealed lung infil trates. Gram and 
acid-fast stains were negative. A viral culture revealed the cause of 
his symptoms: a large, enveloped polyhedral virus with double-
stranded DNA. What is the disease? Which virus causes it? Why 
was a viral culture done afte r the Gram and acid-fast stain results 
were obtained? 

2. A newborn female developed extensive vesicular and ulcerative 
lesions over her face and chest. What is the most likely cause of her 
symptoms? How would you determine the viral cause of this dis-
ease wi thout doing a viral culture? 

3. Thir ty-two people in the same town repor ted to their physicians 
with fever (40°C),jaundice, and tender abdomen. AJ132 had eaten 
an ice-slush beverage purchased from a local convenience store. 
Liver func tion tests were abnormal. Over the next several months, 
the symptoms subsided, and liver function returned to normal. 
What is the disease? This disease could be caused by a member of 
the Picornaviridae, Hepadnaviridae, or Flaviviridae. Differentiate 
among these families by method of transmission, morphology, 
nucleic acid, and type of replication. 



Principles of Disease 
and Epidemiology 

Now that you have a basic understanding of the structures and functions of microorganisms 
and some idea of the variety of microorganisms that exist. we can consider how the human 
body and various microorganisms interact in terms of health and disease. 

We all have defenses to keep us healthy. In spite of these, however, we are still susceptible to 
pathogens (disease-causing microorganisms). A rather delicate balance exists between our 
defenses and the pathogenic mechanisms of microorganisms. When our defenses resist these 
pathogenic capabilities, we maintain our health-when the pathogen's capability overcomes 
our defenses. disease results. After the disease has become established. an infected person 

may recover completely, suffer temporary or permanent damage, or die. 

In Part Three we examine some of the principles of infection and 
disease, the mechanisms by which pathogens cause disease, 

the body's defenses against disease, and th e ways that 
microbial diseases can be prevented by immunization and 
controlled by drugs. This first chapter discusses the 
general principles of disease, starting with a discussion of 
the meaning and scope of pathology. In the last section 
of this chapter, "Epidemiology," you will learn how these 
principles are useful in studying and controlling disease. 

Q 
A patient entered the hospital to have torn 
cartilage removed from her right knee. The surgery 
was scheduled as a same-day procedure. 
Unfortunately, she subsequently developed 
pneumonia and wasn't released until 10 days later. 
How would you account for these events? 
Look for the answer in the chapter. 
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Pathology, Infection, and Disease 
LEARNING OBJECTIVE 
14-1 Define pathology. etiology. infection, and disease. 

Pathology is the scientific study of disease (pathos = suffering; 
logos = science), Pathology is first concerned with the cause, or 
etiology, of disease. Second, it deals with pathogenesis, the 
manner in which a d isease develops. Third, pathology is con-
cerned with the structrlrai and functional changes brought about 
by disease and with their final effects on the body. 

Although the terms infection and disease are sometimes used 
interchangeably, they differ somewhat in meaning. Infection is 
the invasion or colonization of the body by pathogenic microor-
ganisms; disease occurs when an infection results in any change 
from a state of health. Disease is an abnormal state in which part 
or all of the body is not properly adjusted or incapable of 
performing its normal funct ions. An infection may exist in the 
absence of detectable disease. For example, the body may be 
infected with the virus that causes AIDS, but there may be no 
symptoms of the disease. 

The presence of a particula r type of microorganism in a part 
of the body where it is not normally found is also called an 
infection- and may lead to disease. For exam ple, although large 
numbers of E. coli are normally present in the healthy intestine, 
their infection of the urinary tract usually results in disease. 

Few microorganisms are pathogenic. In fact, the presence of 
some microorganisms can even benefit the host. Therefore, 
before we discuss the role of microorganisms in causing d isease, 
let's examine the relat ionship of the microorganisms to the 
healthy human body. 

CHECK YOUR UNDERSTANDING 

,.f What are the objectives of pathology? 14-1 

Normal Microbiota 
LEARNING OBJECTIVES 
14-2 Define normal and transient microbiota. 
14-3 Compare commensalism, mutualism, and parasitism, and give an 

example of each. 
14-4 Contrast normal microbiota and transient microbiota with oppor-

tunistic microorganisms. 

Animals, including humans, are generally free of microbes in utero. 
At birth, however, normal and characteristic microbial populations 
begin to establish themselves. lust before a woman gives birth, lac-
tobacilli in her vagina multiply rapidly. The newborn's first contact 
with microorganisms is usually with these lactobacilli, and they 
become the predominant organisms in the newborn's intestine. 
More microorganisms are introduced to the newborn's body from 
the environment when breathing begins and feeding starts. After 
birth, E. coli and other bacteria acquired from foods begin to inhab-
it the large intestine. These microorganisms remain there through-
out life and, in response to altered environmental conditions, may 
increase or decrease in number and contribute to disease. 

Many other usually hannless microorganisms establish them-
selves inside other parts of the normal adult body and on its surface. 
A typical human body contains I X 1013 body cells, yet harbors an 
estimated I X 1014 bacterial cells (10 times more bacterial cells than 
human cells). This gives you an idea of the abundance of microor-
ganisms that normally reside in the human body. The microorgan-
isms that establish more or less permanent residence (colonize) but 
that do not produce disease under normal conditions are members 
of the body's normal microbiota, or normal flora (Figure 14.1 ). 
Others, called transient microbiota, may be present for several days, 
weeks, or months and then disappear. Microorganisms are not found 
throughout the entire human body but are localized in certain 
regions, as shown in Table 14.1 on page 402. 

(a) Bacteria (orange spheres) 
on the surlace of the nasal 
epithelium 

(b) Bacteria on the lining of the 
stomach 

(c) Bacteria in the large 
intestine 

Figure 14.1 Representative normal microbiota for different regions of the body. 

Q Of what value are nonnal microbiota? 



Many factors determine the distribution and composition of 
the normal microbiota. Among these are nutrients, physical and 
chemical fac tors, defenses of the host, and mechanical factors. 
Microbes vary with respect to the types of nutrients that they can 
use as an energy source. Accordingly, microbes can colon ize only 
those body sites that can supply the appropriate nutrien ts. These 
nutrients may be derived from secretory and excretory products 
of cells, substances in body fluids, dead cells, and foods in the 
gastrointestinal tract. 

A number of physical and chemical fac tors affect the growth 
of microbes and thus the growth and composition of the normal 
microbiota. Among these are temperature, pH, available oxygen 
and carbon dioxide, salinity, and sunlight. 

You will learn in Chapters 16 and 17 that the human body has 
certain defenses against microbes. These defenses include a vari-
ety of molecules and activated cells that kill microbes, inhibit 
their growth, prevent their adhesion to host cell surfaces, and 
neutralize toxins that microbes produce. Although these defenses 
are extremely important against pathogens, their role in deter-
mining and regulating the normal microbiota is unclea r. 

Certain regions of the body are subjecled 10 mechanical 
forces that may affect colonization by the normal microbiota. 
For example, the chewing actions of the teeth and tongue 
movements ca n d islodge microbes att ached to tooth and 
mucosal surfaces. In the gastrointestinal tracl, the flow of saliva 
and d igestive secretions and the various muscular movements 
of the throat, eso phagus, stomach, and intestines can 
remove unattached microbes. The flushing action of urine also 
removes unattached microbes. In the respiratory system. mucus 
traps microbes, which cilia then propel toward the th roat for 
elimination. 

The condit ions provided by the host at a particular body site 
vary from one person to another. Among the factors that also 
affect the normal microbiota are age, nutritional status, diet, 
health status, disability, hospitalization, emotional state, stress, 
d imate, geography, personal hygiene. living conditions, occu pa-
tion, and lifestyle. 

The principal normal microbiota in different regions of the 
body and some distinctive features of each region are listed in 
Table 14.1. Normal microbiota are also discussed more specifi-
cally in Part Four. 

Animals with no microbiola whatsoever can be reared in the 
labo ratory. Most germfree mammal s used in research are 
obtained by breeding them in a sterile environ ment. On the one 
hand, research with germfree animals has shown that microbes 
are not absolutely essential to animal life. On the other hand, this 
research has shown that germfree animals have undeveloped 
immune systems and arc unusually susceptible to infection and 
serious disease. Germfree animals also require more calories and 
vitamins than do normal animals. 
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Relationships between the Normal 
Microbiota and the Host 
Once established, the normal microbiota can benefit the host by 
preventing the overgrowth of harmful microorganisms. This 
phenomenon is called microbial antagonism , or competitive 
exclusion. Mic robial antagonism involves competition among 
microbes. One consequence of th is competition is that the 
normal microbiota protect the host against colonization by 
potentially pathogenic microbes by competing for nutrients, 
producing substances harmful to the invading microbes, an? 
affecting conditions such as pH and available oxygen. When thIS 
balance between normal microbiota and pathogenic microbes is 
upset, disease can result. For example, the normal bacterial 
microbiota of the adult human vagina maintains a local pH of 
about 4. The presence of no rmal microbiota inhibits the over-
growth of the yeast Ca"dida albicallS, which can grow when the 
balance between normal microbiota and pathogens is upset and 
when pH is altered. If the bacterial population is eliminated by 
antibiotics, excessive douch ing, or deodorants. the pH of the 
vagina reverts to nearly neutral, and C. albicallS can fl ourish and 
become the domina nt microorganism there. This condition can 
lead to a form of vaginitis (vaginal infection). 

Another example of microbial antagonism occurs in the large 
intestine. E. coli cells produce bacteriod/ls, proteins that inhibit the 
growlh of other bacteria of the same or closely related species, such 
as pathogenic Salmol/ella and Shigella. A bacterium that makes a 
particular bacteriocin is not killed by that bacteriocin but may be 
killed by other ones. Bacteriocins arc used in medical microbiolo-
gy to help identify different strains of bacteria. Such identification 
helps determine whether several outbreaks of an infectious d isease 
are caused by one o r more strains of a bacterium. 

A final example involves another bacterium, Clostridiw" 
difficile (dif -fi-se-i!), also in the large intest ine. The normal 
microbiota of the large intestine effectively inhibit C. difficile, 
possibly by making host receptors unavailable, competing for 
available nutrients, or producing bacteriocins. However, if the 
normal m icrobiota are elim inated (fo r example, by antibiotics), 
C. difficile can become a problem. This microbe is responsible for 
nearly all gast rointestinal infections that follow antibiotic thera -
py, from mild diarrhea to severe or even fatal colitis (inflamma-
tion of the colon). 

The relationship between the normal microbiola and the host 
is called symbiosis, a relat ionship between two organisms in which 
at least one organism is dependent on the other (Figure 14.2). In the 
symbiotic relationship called commensalism, one of the organ-
isms benefits, and the other is unaffected. Many of the microorgan-
isms that make up our normal microbiota arc commensals; these 
include the corynebacteria that inhabit the surface of the eye and 
certain saprophytic mycobacteria that inhabit the ear and external 
genitals. These bacteria live on secretions and sloughed-off cells, 
and they bring no apparent benefit or harm to the host. 
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Table 14.1 Representative Normal Microbiota by Body Region 

Region 

Skin 

Eyes 
(Conjuncttva) 

Principal Components Comments 

Propionibacterium, Staphylococcus, Corynebacterium, 
Micrococcus. Acinetobacter, 8revibacterium; Pityrosporum 
(fungus). Candida (fungus). Malassezia (fungus) 

• Most of the microbes in direct contact with skin do not 
become residents because secret ions from sweat and oil 
glands have antimicrobial properties. 

• Keratin is a resistant barrier. and the low pH of the skin 
inhibits many microbes. 

• The skin also has a relatively low moisture content. 

Staphylococcus epidermidis. S. aureus, diphtheroids. 
Propionibacterium, Corynebacterium. streptococci. 
Micrococcus 

• The conjunctiva. a continuation of the skin or mucous 
membrane. contains basically the same microbiota found 
on the skin. 

Nose and 
(upper respiratory 
system) 

MutUIIIIsm 
Both organisms 
benefit One o'oarlis 

benefits '" 
el(Pf!nse at the 
other Of the 

(conjunctiva) 

systems (lower 
urethra in both 
sexes and vagina 
in femates) 

• Tears and bl inking also eliminate some microbes or inhibit 
others from colonizing. 

Mutualism is a type of symbiosis that benefits both organ-
isms. For example, the large intestine contains bacteria, such as 
E. coli, that syn thesize vitamin K and some B vitamins. These 
vitamins are absorbed into the bloodstream and distributed for 
use by body cells. In exchange, the large intestine provides nutri-
ents used by the bacteria, resulting in their survival. 

Figure 14.2 Symbiosis. 

Recent interest in the importance of bacteria to human 
health has led to the study of probiotics. Probiotics (pro = for, 
bios = life) are live microbial cultures applied to or ingested that 
are intended to exert a beneficial effect. Probiotics may be 
admin istered with prebiotics, which are chemicals that selectively 
promote the growth of beneficial bacteria. Several studies have 
shown that ingesting certain lactic acid bacteria (LAB) can alle-
viate d iarrhea and prevent colonization by Salmonella ellterica 
during antibiotic therapy. If these LAB colonize the large intes-
tine, the lactic acid and bacteriocins they produce can inhibit the 
growth of certain pathogens. Researchers are also testing the use 
of LAB to prevent surgical wound infections caused by 

Q Which type of symbiosis is best represented by the relationship 
between humans and E. cofi? 
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Table 14.1 (continued) 

Region Principal Components Comments 

Nose and 
Throat (Upper 
Respiratory 
System) 

Staphylococcus aureus, S. epidermidis, and aerobic diph-
theroids in the nose: S. epidermidis, S. aureus, diphtheroids, 
Streptococcus pneumoniae, Haemophilus, and Neisseria in the 
throat 

• Although some normal microbiota are potential pathogens, 
their ability to cause disease is reduced by microbial 
antagonism. 

• Nasal secretions kill or inhibit many microbes, and mucus 
and ciliary action remove many microbes, 

Mouth Streptococcus, Lactobacillus, Actinomyces, Bacteroides. 
Veillonella, Neisseria, Haemophifis, Fusobacterium, Treponema, 
Staphylococcus. Corynebacterium, and Candida (fungus) 

• Abundant moisture, warmth. and the constant presence of 
food make the mouth an ideal environment that supports 
very large and diverse microbial populations on the tongue, 
cheeks. teeth. and gums. 

• However, biting. chewing, tongue movements, and salivary 
flow dislodge microbes, Saliva contains several antimicrobial 
substances. 

Large 
Intestine 

Eschen'chia coli, Bacteroides. Fusobacterium, Lactobacillus, 
Enterococcus. Bifidobacterium, Enterobacter, Citrobacter, 
Proteus, Klebsiella, Candida (fungus) 

• The large intestine contains the largest numbers of resident 
microbiota in the body because of its available moisture and 
nutrients. 

• Mucus and periodic shedding of the lining prevent many 
microbes from attaching to the lining of the gastrointestinal 
tract. and the mucosa produces several antimicrobiol 
chemicals. 

• Diarrhea also flushes out some of the normal micro biota. 

Urinary and 
Reproductive 
Systems 

Staphylococcus. Micrococcus, Enterococcus, LiJctobacillus, 
Bacteroides, aerobic diphtheroids, Pseudomonas. Klebsiella, 
and Proteus in urethra: lactobacilli, Streptococcus. 
Clostridium, Candida albicans (fungus), and Trichomonas 
vaginalis (protozoan) in vagina 

• The lower urethra in both sexes has a resident popUlation: 
the vagina has its acid-tolerant population of microbes 
because of the nature of its secretions. 

• Mucus and periodic shedding of the lining prevent microbes 
from attaching to the lining: urine flow mechanically removes 
microbes, and the pH of urine and urea are antimicrobial. 

Staphylococcus aureus and vaginal infections caused by E. coli, In 
a Stanford Universi ty study, HIV infection was reduced in 
women treated with a LAB that was genetically modified to 
produce CD4 protein that binds to HIV. 

In still another kind of symbiosis, one organism benefits by 
deriving nutrients at the expense of the other; this relationsh ip is 
called parasitism. Many disease-causing bacteria are parasites, 

Opportunistic Microorganisms 
Although categorizing symbiotic relationships by type is conve-
nient, keep in mind that under certain conditions the relation-
ship can change. For example, given the proper circumstances, a 
mutualistic organism, such as E. coli, can become harmful, E. coli 
is generally harmless as long as it remains in the large intestine; 
but if it gains access to other body sites, such as the urinary blad-
der, lungs, spinal cord, or wounds, it may cause urinary tract 
infections, pulmonary infections, meningitis, or abscesses, 
respectively. Microbes such as E. coli are called opportunistic 
pathogens. They ordinarily do not cause disease in their normal 

• Cilia and mucus expel microbes from the cervix of the uterus 
into the vagina, and the acidity of the vagina inhibits or kills 
microbes. 

habitat in a healthy person but may do so in a different environ-
ment. For example, microbes that gain access through broken 
skin or mucous membranes can cause opportunistic infections. 
Or, if the host is already weakened or compromised by infection, 
microbes that are usually harmless can cause disease. AIDS is 
often accompanied by a common opportunistic infection, 
Plleumocystis pneumonia, caused by the opportunistic organism 
Plleumocystis jirovecii (see Figure 24.20, page 698 ). This second-
ary infection can develop in AIDS patients because their immune 
systems are suppressed. Before the AIDS epidemic, th is type of 
pneumonia was rare. Opportunistic pathogens possess other 
features that contribute to their ability to cause disease. For 
example, they are present in or on the body or in the external 
environment in relatively large numbers. Some opportunistic 
pathogens may be found in locations in or on the body that are 
somewhat protected from the body's defenses, and some are 
resistant to antibiotics. 

In addition to the usual symbionts, many people carry other 
microorgan isms that are generally regarded as pathogenic but 
thai may not cause disease in those people. Among the pathogens 
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that are frequently carried in healthy individuals are echoviruses 
(echo comes from enteric cytopathogen ic human orphan), which 
can cause intestinal diseases, and adenoviruses, which can cause 
respiratory diseases. Neisseria menirlgitidis, which often resides 
benignly in the respiratory tract, can cause men ingitis, a disease 
that inflames the coverings of the brain and spinal cord. 
StreptococCils pnel/moniae, a normal resident of the nose and 
throat, can cause a type of pneumonia. 

Cooperation among Microorganisms 
It is not only competit ion among microbes that can cause dis -
ease; cooperation among microbes can also be a factor in 
causing disease. For example, pathogens that cause periodon -
tal disease and gingivitis have been found to have receptors, 
not for the teeth, but for the oral streptococci that colonize 
the teeth . 

CHECK YOUR UNDERSTANDING 

..r How do normal microbiota differ from transient microbiota? 14-2 

..r Give several examples of microbial antagonism. 14-3 

..r How can opportunistic pathogens cause infections? 14-4 

The Etiology of Infectious Diseases 
LEARNING OBJECTIVE 
14-5 List Koch's postulates. 

Some diseases-such as polio, Lyme disease, and tuberculosis-
have a well-known etiology. Some have an etiology that is not 
completely understood; for example, the relationship between 
certain viruses and cancer. For still others, such as Alzheimer dis-
ease, the etiology is unknown . Of course, not all diseases are 
caused by microorganisms. For example, the disease hemophilia 
is an inherited (genetic) disease; osteoarthritis and cirrhosis are 
considered degenerative diseases. There are several other cate-
gories of disease, but here we will discuss only il/Jectious diseases, 
those caused by microorganisms. To see how microbiologists 
determine the etiology of an infectious disease, we will discuss in 
greater deta il the work of Robert Koch, which was introduced in 
Chapter I (pages 9-11). 

Koch's Postulates 
In the historical overview of microbiology presented in Chapter I, 
we briefly discussed Koch's famous postulates. Recall that 
Koch was a German physician who played a major role in estab-
lishing that microorganisms cause specific diseases. In 1877, he 
published some early papers on anthrax, a disease of cattle that 
can also occur in humans. Koch demonstrated that certain bacte-
ria, today known as Bacillus anthracis, were always present in the 
blood of animals that had the disease and were not present in 

healthy animals. He knew that the mere presence of the bacteria 
did not prove that they had caused the disease; the bacteria 
could have been there as a result of the disease. Thus, he experi-
mented further. 

He took a sample of blood from a sick animal and injected it 
into a healthy one. The second animal developed the same 
disease and died. He repeated this procedure many times, always 
with the same results. {A key criterion in the validity of any 
scientific proof is that experimental results be repeatable.} Koch 
also cultivated the microorganism in fl uids outside the animal's 
body, and he demonstrated that the bacterium would cause 
anthrax even after many culture transfers. 

Koch showed that a specific infectious disease (anthrax) is 
caused by a specific microorganism (B. allthracis) that can be iso-
lated and cultured on artificial media. He later used the same 
methods to show that the bacterium Mycobacterium tuberCillosis 
is the causative agent of tuberculosis. 

Koch's research provides a framework for the study of the 
etiology of any infectious disease. Today, we refer to Koch's 
experimental requirements as Koch's postulates (Figure 14.3) . 
They are summarized as follows: 

I. The same pathogen must be p resent in every case of the 
disease. 

2. The pathogen must be isolated from the d iseased host and 
grown in pure culture. 

3. The pathogen from the pure culture must cause the disease 
when it is inocu lated into a healthy, suscept ible laboratory 
animal. 

4. The pathogen must be isolated from the inoculated animal 
and must be shown to be the original organism. 

Exceptions to Koch's Postulates 
Although Koch's postulates are useful in determining the 
causative agent of most bacterial diseases, there are some 
exceptions. For example, some microbes have unique culture 
requirements. The bacterium Treponema pallidum is known 
to cause syphilis, but virulent strains have never been cultured 
on artific ial media. The causative agent of le p rosy, 
Mycobacterium leprae, has also never been grown on artificial 
media. Moreover, many rickettsial and viral pathogens cannot 
be cultured on artificial media because they multiply only 
within cells. 

The d iscovery of microorganisms that cannot grow on arti-
ficial media has necessitated some modifications of Koch's 
postulates and the use of alternative methods of culturing and 
detecting certain microbes. For example, when researchers 
looking for the microbial cause of legionellosis ( Legionnaires' 
disease) were unable to isolate the microbe directly from a vic-
tim, they took the alternative step of inoculating a victim's 
lung tissue into guinea pigs. These guinea pigs developed the 



Koch's postulates are used to determine the etiology of a disease, which is the beginning 
of treatment and prevention, as will be seen in Part Four of this book, Microbiologists use 
these steps to identify the cause of emerging diseases. 

fJ) The microorganisms are 
grown in pure culture. 

o Microorganisms are Isolated 
Irom a diseased or dead animal. 

Colony 
. 

e The microorganisms are injecled into a heaUhy laboralory animal. 

! 

fl!) The microorganisms are identilied. 
o The disease is fepfocluced in a laboratory animal; 

microorganisms are isolated from this animal. 

Key Concept 

to Koch'l pOItuiatel, a tpeclfic Infectious 
diM_ I, alloclated with a tpeclfic microbe. 

disease's pneum onia-li ke symptoms, whereas guinea pigs inoc-
ulated wi th tissue from an un afflicted person di d not. Then 
tissue sa mples from the diseased gui nea pigs were cul tured in 
yolk sacs of chick embryos, a method (see Figure 13.7, page 
377) that reveals the growt h of extremely small microbes. Afte r 
the embryos were incubated. electron microscopy revealed 
rod-shaped bacteria in the chick em bryos. Fi nally, modern 
immunological techniques (discussed in Chapter 18) were 
used to show tha t the bacteria in the chick embryos were the 
same bacteria as those in the gui nea pigs and in afflicted 
hu ma ns. 

In a number of sit uations, a human host exhibits certain 
signs and symptoms that are associated only with a certa in 
pathogen and its disease. For example, the pathogens responsi-

••••• . .. ; .. . ........ 

e The microorganisms 
are grown in pure culture. 

Identical microorganisms 
are idenlified. 

ble fo r diph theria and tetanus cause dist inguishi ng signs and 
symptoms that no other microbe can produce. They are 
unequivocally the only organisms that produce thei r respective 
diseases. But some in fectious diseases are not as clear-cu t and 
provide anot her exception to Koch's postulates. For example, 
nephritis (inflam mation of the kidneys) can involve any of sev-
eral different pathogens, all of which cause the same signs and 
symptoms. Th us, it is often difficult to know which particu lar 
microorga nism is causing a disease. Other infec tious diseases 
that someti mes have poorly defi ned etiologies are pneumonia, 
meni ngit is, and peritonitis (inflamma tion of the peritoneum, 
the memb rane that lines the abdomen and covers th e orga ns 
within them). 

405 
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Still another exception to Koch's postulates results because some 
pathogens can cause several disease conditions. Mycobacterium 
tIIberw/osis, for example, is implicated in diseases of the lungs, skin, 
bones, and internal organs. Streptococcus pyogenes can cause sore 
throat, scarlet fever, skin infections (such as erysipelas), and 
osteomyelitis (inflammation of bone), among other diseases. When 
clinical signs and symptoms are used together with laboratory 
methods, these infections can usually be distinguished from infec-
tions of the same organs by other pathogens. 

Ethical considerations may also impose an exception to 
Koch's postulates. For example, some agents that cause disease in 
humans have no other known host. An example is human 
immunodeficiency virus (HIV), the cause of AIDS. This poses 
the ethical question of whether huma ns can be in tentionally 
inoculated with infectious agents. In 172 1, King George I told 
condemned prisoners they could be inoculated with smallpox to 
test a smallpox vaccine (see Chapter 18) . He prom ised their free-
dom if they lived. Huma n experiments with untreatablc diseases 
are not acceptable today. Sometimes accidental inoculation does 
occur. A contaminated red bone marrow transpla nt satisfied the 
third Koch's postulate to prove that a herpesvirus caused cancer 
(see page 375). 

CHECK YOUR UNDERSTANDING 

..r Explain some exceptions to Koch's postulates. 14-5 

Classifying Infectious Diseases 
LEARNING OBJECTIVES 
14-6 Differentiate a communicable from a noncommunicable disease. 

14-7 Categorize diseases according to frequency of occurrence. 
14-8 Categorize diseases according to seventy. 
14-9 Define herd immunity. 

Every disease that affects the body alters body structures and 
functions in part icular ways, and these alterations are usually 
indicated by several kinds of evidence. For example, the pat ient 
may experience certain symptoms, or changes in body function, 
such as pain and malaise (a vague feeling of body discomfort ). 
These subjective changes are not apparent to an observer. The 
patient can also exhibit signs, which are objective changes the 
physician can observe and measure. Frequently evaluated signs 
include lesions (changes produced in tissues by disease), 
swelling, feve r, and paralysis. A specific group of symptoms or 
signs may always accompany a particular disease; such a group is 
called a syndrome. The diagnosis of a disease is made by evalu-
ation of the signs and symptoms, together with the results of lab -
oratory tests. 

Diseases are often classified in terms of how they behave 
within a host and within a given population . Any disease that 

spreads from one host to another, either directly or indirectly, 
is said to be a communicable disease. Chickenpox, measles, 
genital herpes, typhoid fever, and tuberculosis are examples. 
Chickenpox and measles are also examples of contagious 
diseases, that is, diseases that are easily spread from one person 
to another. A noncommunicable disease is not spread from one 
host to another. These diseases are caused by microorganisms 
that normally inhabit the body and only occasionally produce 
disease or by microorganisms that reside outside the body and 
produce disease only when introduced into the body. An exam-
ple is tetanus: Clostridium tetalli produces disease only when it is 
introduced into the body via abrasions or wounds. 

Occurrence of a Disease 
To understand the full scope of a disease, we should know some-
thing about its occurrence. The incidence of a disease is the 
number of people in a population who develop a disease during 
a particular time period. It is an indicator of the spread of the 
disease. The prevalence of a disease is the number of people in a 
population who develop a disease at a specified time, regardless 
of when it first appeared. Prevalence takes into account both old 
and new cases. It's an indicator of how seriously and how long a 
disease affects a population. For example, the incidence of AIDS 
in the United States in 2007 was 56,300 whereas the prevalence in 
that same year was estimated to be about 1,185,000. Knowing the 
incidence and the prevalence of a disease in different populations 
(for example, in populations representing different geographic 
regions or different eth nic groups) enables scientists to estimate 
the range of the disease's occurrence and its tendency to affect 
some groups of people more than others. 

Frequency of occurrence is another criterion that is used in 
the classification of diseases. If a particular disease occurs only 
occasionally, it is called a sporadic disease; typhoid fever in the 
United States is such a disease. A disease constantly present in a 
population is called an endemic disease; an example of such a 
disease is the common cold. If many people in a given area 
acquire a certain disease in a relatively short period, it is called 
an epidemic disease; influenza is an example of a disease that 
often ach ieves epidemic status. Figure 14.4 shows the epidemic 
incidence of AIDS in the United States. Some authorities con-
sider gonorrhea and certain other sexually transmitted infec-
tions to be epidemic at this time as well (see Figures 26.5 and 
26.6, page 749). An epidemic disease that occurs worldwide is 
called a pandemic disease. We experience pandemics of 
influenza from time to time. Some authorities also consider 
AIDS to be pandemic. 

Severity or Duration of a Disease 
Another useful way of defining the scope of a disease is in terms 
of its severity or duration . An acute disease is one that develops 
rapidly but lasts only a short time; a good example is influenza. 
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Figure 14.4 Reported AIDS 
cases in the United States. Notice 
thai the first 250.000 cases occurred 
over a 12-year period. whereas the 
second through fourth 250.000 cases 
in this epidemic occurred in Just 3 to 6 
years. Much of the increase shown for 
1993 is due to an expanded definition 
of AI DS cases adopted in that year. 
Source." CDC 

Firat 250,000 CII ... 250,000 
c .... 

Expansion of __ + 
case definition 

Q What was the incidence of 
AIDS in 20041 

E , 
z 

1979 1982 

A chronic disease develops more slowly, and the body's 
reactions may be less severe, but the disease is likely to continue 
or recur for long periods. Infectious mononucleosis, 
sis, and hepatitis B fall into this category. A d isease that is 
mediate between acute and chronic is described as a subacute 
disease; an example is subacute sclerosing panencephalitis, a rare 
brain disease characterized by diminished intellectual function 
and loss of nervous func tion. A latent disease is one in which the 
causative agent remains inactive for a time but then becomes 
active to produce symptoms of the disease; an example is 
g[es, one of the diseases caused by varicella virus. 

The rate at which a disease or an epidemic spreads and the 
number of individuals involved are determined in part by the 
immunity of the population. Vaccination can provide long-lasting 
and sometimes lifelong protection of an individual against certain 
diseases. People who are immune to an infectious disease will not 
be carriers, thereby reducing the occurrence of the disease. 
Immune ind ividuals act as a barrier to the spread of infect ious 
agents. Even though a highly communicable disease may cause an 
epidemic, many nonimmune people will be protected because of 
the unlikel ihood of their coming into contact with an infected 
person. A great advantage of vaccination is that enough 
als in a population will be protected from a disease to prevent its 
rapid spread to those in the population who are not vaccinated. 
When many immune people are presen t in a community, herd 
immunity exists. 

Extent of Host Involvement 
Infections can also be classified according to the exten t to wh ich 
the host's body is affected. A local infection is one in which the 
invading microorganisms are limited to a relatively small area o f 
the body. Some examples of local infections are boils and 
abscesses. In a systemic (generalized) infection, 
isms or their products are spread throughout the body by the 
blood or lymph. Measles is an example of a systemic infection. 

1985 1988 1991 1994 1997 2000 2003 2006 
Year 

Very often, agents of a local infection en ter a blood o r lymphatic 
vessel and spread to other specific parts of the body, where they 
are confined to specific areas of the body. This condition is called 
a focal infection. Focal infections can arise from infections in 
areas such as the teeth, tonsils, or sinuses. 

Sepsis is a toxic inflammatory condition arising from the 
spread of microbes, especially bacteria or their toxins, from a 
focus of infection. Septicemia, also called blood poisoning, is a 
systemic infection arising from the multiplication of pathogens in 
the blood. Septicemia is a common example of sepsis. The pres-
ence of bacteria in the blood is known as bacteremia. Toxemia 
refers to the presence of toxins in the blood (as occurs in tetanus), 
and viremia refers to the presence of viruses in blood. 

The state of host resistance also determines the extent of 
infections. A primary infection is an acute infection that causes 
the initial illness. A s«ondary infection is one caused by an 
opportunistic pathogen after the primary infection has weak -
ened the body's defenses. Secondary infections of the skin and 
respiratory tract are common and are sometimes more 
ous than the primary infections. Pllewllocystis pneumonia as a 
consequence of AIDS is an example of a secondary infection; 
streptococcal bronchopneumonia fo llowing influenza is an 
example of a secondary infection that is more serious than the 
primary infection. A subclinical (inapparent) infection is one 
that does not cause any noticeable illness. Poliovirus and 
tis A virus, for example, can be carried by people who never 
develop the illness. 

CHECK YOUR UNDERSTANDING 

-r Does Clostridium perfringens (page 646) cause a communicable 
disease? 

-r Distinguish the incidence from the prevalence of a disease. 14·7 
-r list two examples of acute and chronic diseases. 14-8 
-r How does herd immunity develop? 
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Figure 14.5 The stages of a disease. 

Q Doring which periods can a disease be transmitted? 

Patterns of Disease 
LEARNING OBJECTIVES 
14-10 Identify four predisposing factors for disease. 
14-11 Put the following in proper sequence, according to the pattern of 

disease: penod of decline. period of convalescence, penod of 
illness. prodromal period. Incubation period, 

A definite sequence of events usually occurs during infection and 
disease. As you will learn shortly, for an infectious disease to 
occur, there must be a reservoir of infection as a source of 
pathogens. Next, the pathogen must be transmitted to a suscep-
tible host by d irect contact, by ind irect contact, or by vectors. 
Transmission is followed by invasion, in which the microorgan -
ism enters the host and multiplies. Following invasion, the 
microorganism injures the host through a process called patho-
genesis (discussed further in the next chapter). The extent of 
injury depends on the degree to which host cells are damaged, 
either directly or by toxins. Despite the effects of all these factors, 
the occurrence of disease ultimately depends on the resistance of 
the host to the activities of the pathogen. 

Predisposing Factors 
Certain predisposing factors also affect the occurrence of 
disease. A predisposing factor makes the body more suscepti-
ble to a disease and may alter the course o f the disease. Gender 
is sometimes a p redisposing factor; for example, females have 
a higher incidence of urinary tract infections than males, 
whereas males have higher rates o f pneumon ia and meningitis. 
Other aspects of genetic background may playa role as well. 
For example, sickle cell disease is a severe, life-threatening form 
of anemia that occurs when the genes for the disease are inher-
ited from both pa rents. Individuals who carry only one sickle 

cell gene have a condition called sickle cell trait and are normal 
unless specially tested. However, they are relat ively resis tant to 
the most serious form of malaria. The potential that individu-
als in a population might inherit a life- threatening disease is 
more than counterbalanced by protection from malaria among 
carriers of the gene for sickle cell trait. Of course, in countries 
where malaria is not present, sickle cell trait is an entirely 
negative condition. 

Climate and weather seem to have some effect on the incidence 
of infectious diseases. In temperate regions, the incidence of respi-
ratory diseases increases during the winter. This increase may be 
related to the fact that when people stay indoors, the closer contact 
with one other facilitates the spread of respiratory pathogens. 

Other predisposing factors include inadequate nutrition, 
fatigue, age, environment, habits, lifestyle, occupation, preexist -
ing illness, chemotherapy, and emotional disturbances. It is often 
difficult to know the exact relative importance of the various 
predisposing factors. 

Development of Disease 
Once a microorganism overcomes the defenses of the host, devel-
opment of the disease follows a certain sequence that tends to be 
similar whether the disease is acute or chronic (Figure 14.5). 

Incubation Period 
The incubation period is the interval between the initial infec-
tion and the first appearance of any signs or symptoms. In some 
diseases, the incubation period is always the same; in others, it is 
quite variable. The time of incubation depends on the specific 
microorganism involved, its virulence (degree of pathogenicity), 
the number of infecting microorganisms, and the resistance of 
the host. (See Table 15.1, page 430, for the incubation periods of 
a number of microbial diseases.) 

Prodromal Period 
The prodromal period is a relatively short period that follows the 
period of incubation in some diseases. The prodromal period is 
characterized by early, mild symptoms of disease, such as general 
aches and malaise. 

Period of Illness 
During the period of illness, the disease is most severe. The 
person exhibits overt signs and symptoms of disease, such as 
fever, chills, muscle pain (myalgia), sensitivity to light (photo-
phobia), sore throat (pharyngitis), lymph node en largement 
(lymphadenopathy), and gastrointestinal disturbances. During 
the period of illness, the number of white blood cells may 
increase or decrease. Generally, the patient's immune response 
and other defense mechanisms overcome the pathogen, and the 
period of illness ends. When the disease is not successfully 
overcome (or successfully treated), the patient dies during this 
period. 



Period of Decline 
During the period of decline. the signs and symptoms subside. 
The feve r decreases, and the feeling of malaise diminishes. 
During this phase, which may take from less than 24 hours to 
several days, the patient is vulnerable to secondary infections. 

Period of Convalescence 
During the period of convalescence. the person regains strength 
and the body returns to its prediseased state. Recovery has 
occurred. 

We all know that during the period of illness, people can 
serve as reservoirs of disease and can easily spread infections to 
other people. However, you should also know that people can 
spread infect ion during incubation and convalescence as well. 
This is especially true of diseases such as typhoid fever and 
cholera, in which the convalescing person carries the pathogenic 
microorgan ism for months or even years. 

CHECK YOUR UNDERSTANDING 

"" What is a predisposing factor? 14-10 
"" The incubation period for a cold is 3 days. and the period of 

disease is usually 5 days. If the person nex.t to you has a cold, 
when will you know whether you contracted it? 14-11 

The Spread of Infection 
LEARNING OBJECTIVES 
14-12 Define reservoir of mfection. 

14-13 Contrast human. animal. and nonliving reservoirs. and give one 
ex.ample of each. 

14-14 Explain three methods of disease transmission. 

Now that you have an understanding of normal microbiota, the 
eriology of infectious diseases, and the types of infectious dis-
eases, we will examine the sources of pathogens and how diseases 
are transmitted. 

Reservoirs of Infection 
For a disease to perpetuate itself, there must be a continual source 
of the disease organisms. This source can be either a living organ-
ism or an inanimate object that provides a pathogen with adequate 
conditions for su rvival and multiplication and an opportunity for 
transmission. Such a source is called a reservoir of infection. 
These reservoirs may be human, animal, or nonliving. 

Human Reservoirs 
The principal living reservoir of human disease is the human 
body itself. Many people harbor pathogens and transmit them 
directly or indirectly to others. People with signs and symp-
toms of a disease may transmit the disease; in addition, some 
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people can harbor pathogens and transmit them to others 
without exhibiting any signs of illness. These people, called 
carriers, are important living reservoirs of infection. Some 
carriers have inapparent infections for which no signs or 
symptoms are ever exhibited . Other people, such as those with 
latent d iseases, carry a disease during its symptom-free 
stages- during the incubation per iod (before symptoms 
appear) or during the convalescent period (recovery). Typhoid 
Mary is an example of a carrier (see page 714). Human carri-
ers play an important role in the spread of such diseases as 
AIDS, diphtheria, typhoid fever, hepat itis, gono rrhea, amoebic 
dysentery, and streptococcal infections. 

Animal Reservoirs 
Both wild and domestic animals are living reservoirs of 
microorganisms that can cause human d iseases. Diseases 
that occur primarily in wild and domest ic animals and can be 
transmitted to humans are called zoonoses (zo -o-no'-sez) 
(singular: zoonosis). Rabies (found in bats, skunks, foxes, dogs, 
and coyotes), and Lyme disease (found in field mice) are exam-
ples of zoonoses . Other representative zoonoses are presented 
in Table 14.2. 

About 150 zoo noses arc known. The transmission of 
zoonoses to huma ns ca n occur via one of many routes: by direct 
contact with infected animals; by direct contact with domestic 
pet waste (such as cleaning a litter box or bird cage); by contam -
ination of food and water; by air from contaminated hides, fur, 
or feathers; by consuming infected animal products; o r by insect 
vectors (insects that transmit pathogens). 

Nonliving Reservoirs 
The two major nonliving reservoirs of infectious disease are soil 
and water. Soil harbors such pathogens as fungi, which cause 
mycoses such as ringworm and system ic infections; Clostridium 
botulinum, the bacterium that causes botulism; and C. tetani, the 
bacterium that causes tetanus. Because both species of clostridia 
are pari of the normal intestinal microbiota of horses and cattle, 
the bacteria are found especially in soil where animal feces are 
used as fert ilizer. 

Water that has been contaminated by the feces of humans 
and other animals is a reservoir for several pathogens, notably 
those responsible fo r gastrointestinal diseases. These include 
Vibrio cholerae, which causes cholera, and Salmonella typhi, 
which causes typhoid fever. Other nonliving reservoirs include 
foods that are improperly prepared or stored. They may be 
sources of diseases such as trichinellosis and salmonellosis. 

Transmission of Disease 
The causative agents of disease can be transmitted from the 
reservoir of infection to a susceptible host by three principal 
routes: contact, vehicles, and vectors. 
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Table 14.2 Selected Zoonoses 

Chapte. 
Disease Causative Agent Reservoir Transmission Due To Reference 

Viral 
Influenza (some types) Influenzavirus Swine, birds Direct contact 24 
Rabies Lyssavirus Bats, skunks, foxes, dogs. Direct contact (bite) 22 

raccoons 
West Nile encephalitis Flavivirus Horses, birds Aedes and Culex mosquito bite 22 

Hantavirus pulmonary Hantavirus Rodents (primarily deer Direct contact with rodent saliva, feces, or 23 
syndrome mice) urine 

Bacterial 
Anthrax Bacillus anthracis Domestic livestock Direct contact with contaminated hides or 23 

an imals; air; food 
Brucellosis Brucella spp. Domestic livestock Direct contact with contaminated milk, meat, or 23 

an imals 
Plague Yersinia pestis Rodents Flea bites 23 
Cat-scratch disease Bartonella henselae Domestic cats Direct contact 23 
EhrHchiosis Ehrlichia spp. Deer, rodents Tick bites 23 
Leptospirosis Leptospira Wild mammals. domestic Direct contact with urine, soil. water 26 

dogs and cats 
Lyme disease Borrelia burgdorferi Field mice Tick bites 23 
Psittacosis (ornithosis) Chlamydophila psillaci Birds, especially parrots Direct contact 24 

Rocky Mountain spotted Rickettsia rickettsii Rodents Tick bites 23 
fever 
Salmonellosis Salmonella enterica Poultry. rept iles Ingestion of contaminated food and water and 25 

putting hands in mouth 
Endemic typhus Rickettsia typhi Rodents Flea bites 23 

Fungal 
Ringworm Trichophyton Domestic mammals Direct contact: fomites (nonliving objects) 21 

Microsporum 
Epidermophyton 

Protozoan 
Malaria Plasmodium spp. Monkeys Anopheles mosquito bite 23 
Toxoplasmosis Toxoplasma gondii Cats and other mammals Ingestion of contaminated meat or by direct 23 

Helminthic 
Tapeworm (pork) Taenia solium Pigs 
Trichinellosis Trichinella spira/is Pigs, bears 

Contact Transmission 
Contact transmission is the spread of an agent of disease by 
direct contact, indirect contact, or droplet transmission. Direct 
contact transmission, also known as person-to-person trans-
mission, is the direct transmission of an agent by physical con-
tact between its source and a susceptible host; no intermediate 
object is involved (Figure 14.6a). The most common forms of 
direct contact transmission are touching, kissing, and sexual 
intercourse. Among the diseases that can be transmitted by 
direct contact arc viral respiratory tract diseases (the common 
cold and influenza), staphylococcal infections, hepatitis A, 

contact with infected tissues or fecal matter 

Ingestion 01 undercooked contaminated pork 25 
Ingestion 01 undercooked contaminated pork 25 

measles, scarlet feve r, and sexually transmitted infections 
(syphilis, gonorrhea, and genital herpes). Direct contact is also 
one way to spread AIDS and infectious mononucleosis. To 
guard against person-to-person transmission, health care work-
ers use gloves and other protective measures (Figure 14.6b). 
Potential pathogens can also be transmitted by direct contact 
from animals (or animal products) to humans. Examples are the 
pathogens causing rabies and anthrax. 

Indirect contact transmission occurs when the agent of dis-
ease is transmitted from its reservoir to a susceptible host by 
means of a nonliving object. The general term for any nonliving 
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(a) Direct contact transmission (b) Preventing direct contact transmission through Ihe use of gloveS, 
masks, and face shields 

(d) Droplet transmission 

Figure 14.6 Contact transmission. 

Q Can you name a disease tmnsmitted by direct contact, a 
disease trnnsmitted by indirect contact, and a disease trnns-
mitted by droplet tmnsmission? 

(c) Indirect contact transmission 

object involved in the spread of an infection is a fomite. 
Examples of fomites are tissues, handkerchiefs, towels, bedding, 
diapers, drinking cups, eating utensils, toys, money, and ther-
mometers (Figure 14.6c). Contaminated syringes serve as 
fomites in transmitting AIDS and hepatitis B. Other fomites may 
transmit diseases such as tetanus. 

Droplet transmission is a third type of contact transmission 
in which microbes are spread in droplet nuclei (mucus droplets) 
that travel only short distances (Figure 14.6d). These droplets are 
discharged into the air by coughing, sneezing, laughing, o r talk-
ing and travel less than [ meter from the reservoir to the host. 
One sneeze may produce 20,000 droplets. Disease agents that 
travel such short distances are not regarded as airborne (airborne 
transmission is discussed shortly). Examples of diseases spread 

by droplet transmission are influenza, pneumonia, and pertussis 
(whooping cough) . 

Vehicle Transmission 
Vehicle transmission is the transmission of d isease agents by a 
medium, such as water, food, or air (Figure 14.7). Other media 
include blood and other body fl uids, drugs, and intravenous fluids. 
An outbreak of Salmonella infections caused by vehicle transmis-
sion is described in the box in Chapter 25 (page 715) . Here we will 
discuss water, food, and air as vehicles of transmission. 

In waterborne transmission, pathogens are usually spread by 
water contaminated with untreated or poorly treated sewage. 
Diseases transmitted via th is route include cholera, waterborne 
shigellosis, and leptospirosis. In food borne transmission, 
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(a) Water 

(b) Food 

(c) Air 

Figure 14.7 Vehicle transmission. 

Q How does vehicte transmission differ from contact transmission? 

pathogens are generally transmitted in foods that are incom -
pletely cooked, poorly refrigerated, or prepared under unsanitary 
conditions. Foodborne pathogens cause diseases such as food 
poisoning and tapeworm infestation . 

Airborne transmission refers to the spread of agents of infec-
tion by droplet nuclei in dust that t ravel more than 1 meter 
from the reservoir to the hosl. For example, microbes are 
spread by droplets, which may be discharged in a fine spray 
from the mouth and nose during coughing and sneezing (see 
Figure 14.6d). These droplets are small enough to remain air-
borne for prolonged periods. The virus that causes measles and 
the bacterium that causes tuberculosis can be transmitted via 
airborne droplets. Dust particles can harbor various pathogens. 
Staphylococci and streptococci can survive on dust and be 
transmitted by the airborne route. Spo res produced by certain 
fungi are also t ransmitted by the airborne route and can cause 
such diseases as histoplasmosis, coccidioidomycosis, and blas-
tomycosis (see Chapter 24). 

Vectors 
Arthropods are the most important group of disease vectors-ani-
mals that carry pathogens fro m one host to another. (Insects and 
other arthropod vectors are discussed in Chapter 12, page 36 1. ) 
Arthropod vectors transmit disease by two general methods. 
Mechanical transmission is the passive transport of the pathogens 
on the insect's feet or other body parts (Figure 14.8). If the insect 
makes contact with a host's food, pathogens can be transferred to 
the food and laler swallowed by the hosl. Houseflies, for instance, 
can transfer the pathogens of typhoid fever and bacillary dysentery 
(shigellosis) from the feces of infected people to food. 

Biological transmission is an active process and is more 
complex. The arthropod bites an infected person or animal 
and ingests some of the infected blood (see Figure 12.30, 
page 362) . The pathogens then reproduce in the vector, and 
the increase in the number of path ogens increases the possibil-
ity that they will be transmitted to another host. Some pa ra-
sites reproduce in the gut o f the art hropod; these can be passed 

Figure 14.8 Mechanical transmission. 

Q How do mechanical transmission and biological transmission by 
vectors differ? 
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Table 14.3 Representative Arthropod Vectors and the Diseases They Transmit 

Malaria 

African trypanosomiasis 

Chagas' disease 

Yellow fever 

Dengue 

Arthropod-borne encephalitis 

Ehrlichiosis 

Epidemic typhus 

Endemic murine typhus 

Rocky Mountain spotted fever 

Plague 

Relapsing fever 

Lyme disease 

Causative Ag8flt 

Plasmodium spp. 

Trypanosoma brucei gambiense and 
r b. rhodesiense 

T. cruzi 

Alphavirus (yellow fever virus) 

Alphavirus (dengue fever virus) 

Alphavirus (encephalitis virus) 

Ehrlichia spp. 

Rickettsia prowazekii 

R. typhi 

R. rickettsi! 

Yersinia pestis 

Borrelia spp. 

B. burgdorferi 

with feces . If the arthropod defecates or vomits while biting a 
potential host, the parasite can enter the wound. Other 
parasites reproduce in the vector's gut and migrate to the sali-
vary gland; these are directly injected into a bite. Some proto-
zoan and helminthic parasites use the vector as a host for a 
developmental stage in their life cycle. 

Table 14.3 lists a few important arthropod vectors and the 
diseases they transmit. 

CHECK YOUR UNOERSTANOING 

..r Why are carriers important reservoirs of infection? 14-12 

..r How are zoonoses transmitted to humans? 14-13 

..r Give an example of contact transmission, vehicle transmission, 
mechanical transmission. and biological transmission. 14-14 

Nosocomial (Hospital-Acquired) 
Infections 
LEARNING OBJECTIVES 
14-15 Define nosocomial infections. and explain their Importance. 
14-16 Define compromised host. 
14-17 List several methods of disease transmission in hospita ls. 
14-18 Explam how nosocomial mfections can be prevented. 

Arthropod Vector 

Anopheles (mosqu ito) 

Glossina (tsetse fly) 

Triatoma (kissing bug) 

Aedes (mosquito) 

A. aegypti (mosquito) 

Culex (mosquito) 

Ixodes spp. (tick) 

Pediculus humanus (louse) 

Xenopsylla cheopis (rat flea) 

Dermacentor andersoni and other species (tick) 

X. cheopis (rat flea) 

Ornithodorus spp. (soft tick) 

Ixodes spp. (tick) 

Chapte. 
Reference 

23 

22 

23 

23 

23 

22 

23 

23 

23 

23 

23 

23 

23 

A A nosocomial (nos-o-ko'me-al) infection does 
not show any evidence of bei ng present or incubat-

ing at the time of admission to a hospital; it is acquired as a result 
of a hospital stay. (The word nosocomial is derived from the 
Greek word for hospital; the term also includes infect ions 
acquired in nursing homes and other health care facilities.) 

The Centers for Disease Control and Prevention (CDC) esti-
mates that 5 to 15% of all hospital patients acquire some type of 
nosocomial infection. The work of pioneers in aseptic techniques 
such as Lister and Semmelweis (Chapter 1, page 11) decreased 
the rate of nosocomial infections considerably. However, despite 
modern advances in sterilization techniques and disposable 
materials, the rate of nosocomial infections has increased 36% 
during the last 20 years. In the United States, about 2 million 
people per year contract nosocomial infections, and nearly 
20,000 die as a result. Nosocomial infections represent the eighth 
leading cause of death in the United States (the top three are 
heart disease, cancer, and strokes). 

Nosocomial infections result from the interaction of several 
factors: (1) microorganisms in the hospital environment, (2) the 
compromised (or weakened) status of the host, and (3) the chain 
of transmission in the hospital. Figure 14.9 illustrates that the 
presence of anyone of these facto rs alone is generally not enough 
to cause infection; it is the interaction of all three factors that 
poses a significant risk of nosocomial infection. 
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Microorganisms 
in hospital 

environment 

Chain of 
transmission 

Figure 14.9 Nosocomial infections. 

Q What is a nosocomial infection? 

Compromised 
host 

Microorganisms in the Hospital 
Although every effort is made to kill or check the growth of 
microorganisms in the hospital, the hospital environment is a 
major reservoir for a variety of pathogens. One reason is 
that certain normal microbiota of the human body are 
opportunistic and present a particularly strong danger to 
hospital patients. In fact, most of the microbes that cause noso-
comial infections do not cause disease in healthy people but are 

pathogenic only for individuals whose defenses have been weak-
ened by illness or therapy (see the boxes on pages 201 and 422). 

In the 1940s and 1950s, most nosocom ial infections were 
caused by gram-positive microbes. At one time, the gram-
positive Staphylococcus aureus was the primary cause of noso -
comial infections. In the 1970s, gram-negative rods, such as 
E. coli and Pseudomonas aemgil1osa, were the most com-
mon causes of nosocomial infections. Then, during the 1980s, 
antibiot ic-resistant gram-posit ive bacteria, Staphylococcus 
aureus, coagulase-negative staphylococci (see page 432 ), and 
EnterococCl/s spp. , emerged as nosocomial pathogens. By the 
I 990s, these gram-positive bacteria accounted for 34% of noso -
comial infections, and four gram -negative pathogens accounted 
for 32%. In the 2000s, antibiotic resistance in nosocom ial infec-
tions is a major concern . The principal microorganisms 
involved in nosocomial infections arc summarized in Table 14.4. 

In addition to being opportunistic, some microorganisms in the 
hospital become resistant 10 antimicrobial drugs, which are com -
monly used there. For example, P aerugirw5a and other such gram -
negative bacteria tend to be difficult to control with antibiotics 
because of their R factors, which carry genes that determine resis-
tance to antibiotics (see Chapter 8, page 239). As the R fac tors 
recombine, new and multiple resistance fac tors are produced. These 
strains become part of the microbiota of patients and hospital 
personnel and become progressively more resistant to antibiotic 
therapy. In this way, people become part of the reservoir (and chain 
of transmission) for antibiotic-resistant strains of bacteria. Usually, 
if the host's resistance is high, the new strains are not much of a 
problem. However, if disease, surgery, or trauma has weakened the 
host's defenses, secondary infections may be difficult to treat. 

Table 14.4 Microorganisms Involved in Most Nosocomial Infections 

Percentage of 
Microorganism Total Infections 

Coagulase-negative staphylococci 25% 

Staphylococcus aureus 16% 

Enterococcus 10% 

Escherichia coli, Pseudomonas aeruginosa, Enterobacter, 23% 
and Klebsiella pneumoniae 

Clostridium difficile 13% 

Fungi (mostly Candida albicans) 6% 

Other gram-negative bacteria (Acinetobacter. 7% 
Cilrobacler. Haemophilus) 

Source. Data from CDC. National Nosocomial Infections Surveillance_ 

Percentage Resistant 
10 AntIbhMJcs 

89% 

60% 

29% 

5- 32% 

Not reported 

Not reported 

Not reported 

Infecdons caused 

Most common cause of sepsis 

Most frequent cause of pneumonia 

Most common cause of surgical 
wound infections 

Pneumonia and surgical wound 
infections 

Causes nearly half of all 
nosocomial diarrhea 

Urinary tract infections and sepsis 

Urinary tract infections and 
surgical wound infections 



Compromised Host 
A compromised host is one whose resistance to infection is 
impaired by disease, therapy, or burns. Two principal cond itions 
can compromise the host: broken skin or mucous membranes, 
and a suppressed immune system. 

As long as the skin and mucous membranes remain intact, 
they provide formidable physical barriers against most pathogens. 
Burns, surgical wounds, trauma (such as accidental wou nds), 
injections, invasive diagnostic procedures, ventilators, intra-
venous therapy, and urina ry catheters (used to drain urine) can 
all break the first line of defense and make a person more suscep-
tible to disease in hospitals. Burn patients are especially suscepti-
ble to nosocomial infections because their skin is no longer an 
effective barrier to microorganisms. 

The risk of infection is also related to o ther invasive proce-
dures, such as administering anesthesia, which may alter breath-
ing and contribute to pneumonia, and tracheotomy, in which an 
incision is made into the trachea to assist breathing. Patients who 
require invasive procedures usually have a serious underlying 
disease, which further increases susceptibili ty to in fections. 
Invasive devices provide a pathway for microorgan isms in the 
environment to enter the body; they also help transfer microbes 
from one part of the body to another. Pathogens can also prolif-
erate on the devices themselves. (see Figure 1.8 on page 19). 

in healthy individuals, white blood cells called T cells (T lym-
phocytes) provide resistance to disease by killing pathogens 
directly, mobilizing phagocytes and other lymphocytes, and 
secreting chemicals that kill pathogens. White blood cells called 
B cells (B lymphocytes), which develo p into antibody-producing 
cells, also protect against infection. Ant ibodies provide immun i-
ty by such actions as neut ralizing toxins, inhibiting the attach-
ment o f a pathogen to host cells, and helping to lyse pathogens. 
Drugs, radiation therapy, steroid therapy, burns, diabetes, 
leukemia, kidney d isease, stress, and malnutrition ca n all 
adversely affect the actions o f T and B cells and compromise the 
host. in add ition, the AIDS virus destroys certain T cells. 

A summa ry of the principal sites o f nosocomial infections is 
presented in Table 14.5. 

Chain of Transmission 
Given the variety of pathogens (and potential pathogens) in the 
hospital and the compromised stale of the host, routes of transmis-
sion are a constant concern. The principal routes of transmission of 
nosocomial infections are (I ) direct contact transmission from 
hospital staff to patient and from patient to pat ient and (2) indirect 
contact transmission through fo mites and the hospital's ventilation 
system (airborne transmission). 

Because hospi tal personnel are in direct contact with 
patients, they can often transmit disease. For example, a physi-
cian o r nurse may transmit microbes to a patient when changing 
a dressing, or a kitchen worker who ca rries Salmonella can con-
taminate a food supply. 
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Table 14.5 Principal Sites of Nosocomial 
Infections 

Type of Infection 

Urinary tract 
infections 

Surgical si te 
infections 

Lower respiratory 
infections 

Cutaneous infections 

Bacteremia. caused 
prima rily by 
intravenous 
ca theterizations 

Other 

Most common. usually accounts for about 
40% of all nosocomial infections. Typically 
related to urinary ca theterization. 

Ranks second in infection incidence (about 
20%). An estimated 5-12% of all surgical 
patients develop postoperative infections; 
the percentage can reach 30% for certain 
surgeries, such as colon surgery and 
amputations. 

Nosocomial pneumonias account for 
about 15% and have high mortality rates 
(13-55%). Most of these pneumonias are 
related to respiratory devices that aid 
breathing or administer medications. 

Cutaneous infections account fo r about 
8% of nosocomial infections. Newborns 
have a high rate of susceptibility to skin 
and eye infections. 

Bacteremias account for about 6% of 
nosocomial infections. Intravenous 
catheterization is implicated in nosocomial 
infections of the bloodstream. particularly 
infections caused by bacteria and fungi. 

All other infection sites account for about 
11% of nosocomial infections. 

Source. Data from CDC. National Nosocomial InfectIOn Survei llance. 

,,% 

'" ... 11 % 

Urinary tract 
infections 

Surgical site 
infections 

Lower respiralory 
infections 

Bacteremia lransmilled 
primarily by IV 
cathelerizal ions 

Cutaneous infections 

Other 

Certain areas of a hospital are reserved for specialized care; 
these include the burn, hemodialysis, recovery, intensive care, 
and oncology units. Unfortunately, these units also group 
patients together and provide environments for the epidemic 
spread of nosocomial infections from patient to patient. 

Many diagnostic and therapeutic hospital proced ures pro-
vide a fomite route of transmission. The urinary catheter used to 
drain u rine from the urinary bladder is a fomite in many noso-
comial infections. intravenous catheters, which pass through the 
skin and into a vein to provide fluids, nutrients, or medication, 



41 6 PART THREE Interaction Between Microbe and Host 

can also transmit nosocomial infections. Respiratory aids can 
introduce contaminated fluids into the lungs. Needles may intro-
duce pathogens into muscle or blood, and surgical dressings can 
become contaminated and promote disease (see page 422 ). 

Control of Nosocomial Infections 
Control measures aimed at preventing nosocomial infections 
vary from one institution to another, but certain procedures arc 
generally implemented. It is important to reduce the number of 
pathogens to which patients arc exposed by using aseptic tech-
niques, handling contaminated materials carefully, insisting on 
frequent and thorough hand-washing, educating staff members 
about basic infection control measures, and using isolation 
rooms and wards. 

According to the CDC, hand-washing is the single most 
important means of preventing the spread of infection . 
Nevertheless, the CDC reports that adherence of health care 
workers to recommended hand -washing procedures has been 
poor. On average, health care workers wash their hands before 
interacting with patients only 40% of the time. 

In addition to hand -washing, tubs used to bathe patients 
should be disinfected between uses so that bacteria from the pre-
vious patient will not contaminate the next one. Respirators and 
hum idifiers provide both a suitable growth environment for 
some bacteria and a method of airborne transmission . These 
sources of nosocomial infections must be kept scrupulously 
clean and disinfected, and materials used for bandages and intu-
bation (insertion of tubes into o rgans, such as the trachea ) 
should be single-usc disposable o r sterilized before use. 
Packaging used to maintain sterility should be removed asepti-
cally. Physicians can help improve patients' resistance to infec-
tion by prescribing antibiotics only when necessary, avoiding 
invasive procedures if possible, and minimizing the usc of 
immunosuppressive drugs. 

Accredited hospitals should have an infection control 
committee. Most hospitals have at least an infection control nurse 
or epidemiologist (an individual who studies d isease in 
populations). The role of these staff members is to identify 
problem sources, such as antibiotic-resistant strains of bacteria 
and improper sterilization techniques. The infection control 
officer should make periodic examinations of hospital equipment 
to determine the extent of microbial contamination. Samples 
should be taken from tubing, catheters, respirator reservoirs, and 
other equipment. Animations Nosocomial Infections: Overview, 
Prevention. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

..r What interacting factors result in nosocomial infections? 14-15 

..r What is a compromised host? 14-16 

..r How are nosocomial infections primarily transmitted, and how 
can they be prevented? 14-17, 14-18 

Emerging Infectious Diseases 
LEARNING OBJECTIVE 
14-19 list several probable reasons for emerging infectious diseases. 

and name one example for each reason. 

As noted in Chapter I, emerging infectious diseases (EIDs) are 
ones that are new or changing, showing an increase in incidence 
in the recent past, or a potential to increase in the near future. An 
emerging disease can be caused by a virus, a bacterium, a fungus, 
a protozoan, or a helminth. Several criteria are used for identify-
ing an EIO. For example, some d iseases present symptoms that 
are clearly dis tinctive from all other diseases. Some are recog-
nized because improved diagnostic techniques allow the identifi-
cation of a new pathogen . Others are identified when a local 
disease becomes widespread, a rare disease becomes common, a 
mild disease becomes more severe, or an increase in life span per-
mits a slow disease to develop. Exam ples of emerging infectious 
diseases are listed in Table 14.6 and described in the boxes in 
Chapters 8 and 13 (pages 223 and 370). 

A variety of factors contribute to the emergence of new infec-
tious diseases: 

• New strains, such as E. coli 0157:1-17 and avian influenza 
(1-I5N I), may result from genetic recombination between 

. orgamsms. 
• A new serovar, such as Vibrio c1lOlemc 0139, may result from 

changes in or the evolution of existing microorganisms. 
• The widespread, and sometimes unwarranted, use of antibi-

otics and pesticides encourages the growth of more resistant 
populations of microbes and the insects (mosquitoes and 
lice) and ticks that carry them . 

• Global warming and changes in weather patterns may increase 
the distribution and survival of reservoirs and vectors, result-
ing in the introduction and dissemination of diseases such as 
malaria and HalltavirllS pulmonary syndrome. 

• Known diseases, such as cholera and West Nile virus, may 
spread to new geograph ic areas by modern transportation . 
This was less likely 100 years ago, when travel took so long 
that infected travelers either died or recovered during passage. 

• Previously unrecognized infections may appear in individuals 
living or working in regions undergoing ecological changes 
brought about by natural disaster, construction, wars, and 
expanding human settlement. In California, the incidence of 
coccidioidomycosis increased tenfold following the Northridge 
earthquake of 1994. Workers clearing South American fores ts 
are now contracting Venezuelan hemorrhagic fever. 

• Even animal con trol measures may affect the incidence of a 
disease. The increase in Lyme disease in recen t years could be 
due to rising deer populations resulting from the killing of 
deer predators . 



Table 14.6 Emerging Infectious Diseases 

Microorganism 

Bacteria 
Bacillus anthracis 
Bordetella pertussis 
Methicillin-resistant 
Staphylococcus aureus 
Va neomycin-resistant 
Staphylococcus aureus 
Streptococcus pneumoniae 
Streptococcus pyogenes 
Corynebacterium diphtheriae 
Vibrio cholerae 0139 
Vancomycin-resistant enterococci 

Bartonella henselae 
Escherichia coli 0157:H7 
Legionella pneumophila 
Borrelia burgdorferi 

Fungi 
Coccidioides immitis 
Pneumocystis jirovecii 

Protozoa 
Trypanosoma cruzi 
Cyclospora cayetanensis 
Cryptosporidium spp. 

Helminths 
Baylisascaris procyonis 

Viruses 
SARS-associated coronavirus 
Ebola virus 
West Nile virus 
Nipah virus 
Avian influenza A (H5N 1) virus 
Hendra virus 
Hantavirus 
Venezuelan hemorrhagic fever 
Hepatitis E virus 
Hepatitis C virus 
Dengue fever virus 

HIV 

Prions 
Bovine spongi form encephalitis agent 

Year of Emergence 

2001 
2000 
1997 

1996 

1995 
1995 
1994 
1992 
1988 

1983 
1982 
1976 
1975 

1993 
1981 

2007 
1993 
1976 

2001 

2002 
2002,1995,1975 

1999 
1998 
1997 
1994 
1993 
1991 
1990 
1989 
1984 

1983 

1996 
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Disease Caused 

Anthrax 
Whooping cough 
Bacteremia, pneumonia 

Bacteremia, pneumonia 

Antibiotic-resistant pneumonia 
Streptococca l toxic shock syndrome 
Diphtheria epidemic, eastern Europe 
New serovar of cholera, Asia 
Urinary tract infections, 
bacteremia, endocarditis 
Cat-scratch disease 
Hemorrhagic diarrhea 
Legionellosis (Legionnaires' disease) 
Lyme disease 

Coccidioidomycosis 
Pneumonia in immunocompromised individuals 

Chagas' disease in Un ited Slates 
Severe diarrhea and wasting syndrome 
Cryptosporidiosis 

Raccnon roundworm encephali tis, in humans 

Severe acute respiratory syndrome (SARS) 
Ebola hemorrhagic fever 
West Nile encephalitis 
Encephalitis. Malaysia 
Avian influenza (bird lIu) 
Encepha litis- like symptoms. Australia 
Hantavirus pulmonary syndrome 
Hemorrhagic fever. South America 
Hepatitis 
Hepatitis 
Dengue fever and dengue hemorrhagic fever, South and 
Central America and the Caribbean 
AIDS 

Mad cow disease. Great Britain 

Chapter 

23 ,. 
20 

20 

,. 
21 ,. 
25 
26 
23 
23 
25 ,. 
23 

,. ,. 

23 
25 
25 

,. 
23 
22 
22 ,. ,. 
23 
23 
25 
25 
23 

19 

22 



41 8 PART THREE Interaction Between Microbe and Host 

• Failures in public health measures may be a contributing 
factor to the emergence of previously controlled infections. 
For example, the fai lure of adults to get a diphtheria booster 
vaccination led to a diphtheria epidemic in the newly inde-
pendent republics of the former Soviet Union in the 1990s. 

The CDC, the National Institutes of Health (NIH ), and the 
World Health Organization (WHO) have developed plans to 
address issues relating to emerging infectious diseases. Their pri-
orities include the following: 

I. To detect, promptly investigate, and monitor emerging 
infectious pathogens, the d iseases they cause, and facto rs 
that influence their emergence 

2. To expand basic and applied research on ecological and 
environmental factors, microbial changes and adaptations, 
and host interactions that influence EIDs 

3. To enhance the communication of public health informa -
tion and the prompt implementation of prevention 
strategies regarding EIDs 

4. To establish plans to monitor and control EIDs worldwide 

The importance of emerging infectious diseases to the scien-
tific community resulted in a new publication, Emergillg 
Infectious Diseases, devoted exclusively to the topic. It was first 
published in January 1995. 

CHECK YOUR UNOERSTANOING 

..r Give several examples of emerging infectious diseases. 14-19 

Epidemiology 
LEARNING OBJECTIVES 
14-20 Define epidemiology. and deSCribe three types of epidemiologic 

investigations. 
14-21 Identify the function of the CDC. 
14-22 Define the following terms: morbidity. mortality. and notifiable 

infectious diseases. 

In today's crowded, overpopulated world, in which frequen t trav-
el and the mass production and distribution of food and other 
goods are a way of life, d iseases can spread rapidly. A contaminat -
ed food or water supply, for example, can affect many thousands 
of people very quickly. Identifying the causative agent of a disease 
is desirable so that it can be effectively controlled and treated . It 
is also desirable to understand the mode of transmission and 
geographical distribution of the disease. The science that studies 
when and where diseases occur and how they are transmitted in 
populations is called epidemiology (ep-i-dc -mc-ol'6 -jc). 

Modern epidemiology began in the mid-1800s with three now-
famous investigations. John Snow, a British physician, conducted a 
series of investigations related to outbreaks of cholera in London. 
As the cholera epidemic of 1848 to 1849 raged, Snow analyzed the 

death records attributed to cholera, gathered information about the 
victims, and interviewed survivors who lived in the neighborhood. 
Using the information he compiled, Snow made a map showing 
that most individuals who died of cholera drank or brought water 
from the Broad Street pump; those who used other pumps (or 
drank beer, like the workers at a nearby brewery) did not get 
cholera. He concluded that contaminated water from the Broad 
Street pump was the source of the epidemic. When the pump's han-
dle was removed and people could no longer get water from this 
location, the number of cholera cases dropped significantly. 

Between 1846 and 1848, Ignaz Semmelweis meticulously 
recorded the number of births and maternal deaths at Vienna 
General Hospital. The First Maternity Clinic had become a 
source of gossip throughout Vienna because the death rate due 
to puerperal sepsis ranged between 13% and 18%, four times 
that of the Second Maternity Clinic. Puerperal sepsis (childbirth 
fever) is a nosocomial infection that begins in the uterus as a 
result of childbirth or abortion . It is frequently caused by 
Streptococcus pyogelles. The infection progresses to the abdomi-
nal cavity (peritonitis) and in many cases to septicemia (prolifer-
ation of microbes in the blood). Wealthy women did not go to 
the clinic, and poor women had learned they had a better chance 
of surviving childbirth if they gave birth elsewhere before going 
to the hospital. Looking at his data, Semmelweis identified a 
common factor among the wealthy women and the poor women 
who had given birth prior to entering the clinic: they were not 
examined by the medical students, who had spent their morn-
ings dissecting cadavers. In May 1847, he ordered all medical stu-
dents to wash their hands with chloride of lime before entering 
the delivery room, and the mortality rate dropped to under 2% . 

Florence Nightingale recorded statistics on epidemic typhus 
in the English civilian and military populations. In 1858, she 
published a thousand-page report using statistical comparisons 
to demonstrate that diseases, poor food, and unsanitary condi-
tions were killing the soldiers. Her work resulted in reforms in 
the British Army and to her admission to the Statistical Society, 
their first female member. 

These three careful analyses of where and when a disease 
occurs and how it is transmitted within a population constituted 
a new approach to medical research and demonstrated the impor-
tance of epidemiology. The works of Snow, Semmelweis, and 
Nightingale resulted in changes that lowered the incidence of dis-
eases even though knowledge of the causes of infectious disease 
was lim ited. Most physicians believed that the symptoms they saw 
were the causes of the disease, not the result of disease. Koch's 
work on the germ theory of disease was still 30 years in the future. 

An epidemiologist not only determines the etiology of a disease 
but also identifies other possibly important factors and patterns 
concerning the people affected. An important part of the epidemi-
ologist's work is assembling and analyzing such data as age, sex, 
occupation, personal habits, socioeconomic status, history of 
immunization, presence of any other diseases, and the common his-
tory of affected individuals (such as eating the same food or visiting 



the same doctor's office) . Also important for the prevention of 
future outbreaks is knowledge of the site at which a susceptible host 
came into contact with the agent of infection. In addition, the epi-
demiologist considers the period during which the disease occurs, 
either on a seasonal basis (to indicate whether the disease is preva-
lent during the summer or winter) or on a yearly basis (to indicate 
the effects of immunization or an emerging or reemerging disease). 

An epidemiologist is also concerned with various methods for 
controlling a disease. The strategies controlling d iseases include 
the use of drugs (chemotherapy) and vaccines (immunization). 
Other methods include the control of human, animal, and 
nonliving reservoirs of infection, water treatment, proper sewage 
disposal (enteric diseases), cold storage, pasteurization, food 
inspection, adequate cooking (foodborne diseases), improved 
nutrition to bolster host defenses, changes in personal habits, and 
screening of transfused blood and transplanted organs. 

Figure 14.10 contains graphs indicating the incidence of select-
ed diseases. Such graphs provide information about whether dis-
ease outbreaks are sporadic or epidemic and, if epidemic, how the 
disease might have spread. By establishing the frequency of a dis-
ease in a population and identifying the facto rs responsible for its 
transmission, an epidemiologist can provide physicians with infor-
mation that is important in determining the prognosis and treat-
ment of a disease. Epidemiologists also evaluate how effectively a 
disease is being controlled in a community- by a vaccination pro-
gram, for example. Finally, epidemiologists can provide data to help 
in evaluating and planning overall health care for a community. 

Epidemiologists use three basic types of investigations when 
analyzing the occu rrence of a disease: descriptive, analytical, and 
experimental . 

Descriptive Epidemiology 
Descriptive epidemiology entails collecting all data that 
describe the occurrence of the disease under study. Relevant 
information usually includes information abou t the affected 
individuals and the place and period in which the disease 
occurred . Snow's search for the cause of the cholera outbreak in 
London is an example of descriptive epidemiology. 

Such a study is generally retrospective (looking backward after 
the episode has ended). In other words, the epidemiologist back-
tracks to the cause and source of the disease (see the boxes in 
Chapters 21 through 26). The search for the cause of toxic shock 
syndrome is an example of a fairly recent retrospective study. In 
the initial phase of an epidem iological study, retrospective studies 
are more common than prospective (looking forwa rd) studies, in 
which an epidemiologist chooses a group of people who are free 
of a particular disease to study. The group's subsequent disease 
experiences are then recorded for a given period . Prospective 
studies were used to test the Salk polio vaccine in 1954 and 1955. 

Analytical Epidemiology 
Analytical epidemiology analyzes a particular disease to deter-
mine its probable cause. This study can be done in two ways. With 
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Figure 14.10 Epidemiological graphs. (oJ Lyme disease cases. 
showing the annual occurrence of the disease during the covered period. 
(bJ A different perspective of Lyme disease that enabled epidemiologists 
to begin drawing some conclusions about the disease 's epidemiology. This 
graph records the number of cases per 100.000 people. rather than the 
total number of cases. (cJ A graph of the incidence of tuberculos is shows 
a rapid decrease in the rate of infection from 1948 to 1957. 
Source: Data from CDC. 

Q What does graph (b) indicate about transmission of Lyme disease? 
What can you conclude from graph (c)? 

the case control method, the epidemiologist looks for factors that 
might have preceded the disease. A group of people who have the 
disease is compared with another grou p of people who are free of 
the disease. For example, one group with meningitis and one 
without the d isease might be matched by age, sex, socioeconomic 
status, and location. These statistics are compared to determine 
which of all the possible factors-genet ic, environmental, nutri-
tional, and so forth- m ight be responsible for the meningi tis. 
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Nightingale's work was an example of analytical epidemiology, in 
which she compared disease in soldiers and civilians. With the 
cohort method, the epidemiologist studies two populations: one 
that has had contact with the agent causing a disease and another 
that has not (both groups are called cohort grOllps). For example, 
a comparison of one group composed of people who have 
received blood transfusions and one composed of people who 
have not could reveal an association between blood transfusions 
and the incidence of hepatitis B virus. 

Experimental Epidemiology 
Experimental epidemiology begins with a hypothesis about a 
particular disease; experiments to test the hypothesis are then 
conducted with a group of people. One such hypothesis could be 
the assumed effectiveness of a drug. A group of infected individ-
uals is selected and divided randomly so that some receive the 
drug and others receive a placebo, a substance that has no effect. 
If all other factors are kept constant between the two groups, and 
if those people who received the drug recover more rapid ly than 
those who received the placebo, it can be concluded that the drug 
was the experimental fac tor (variable) that made the difference. 

Case Reporting 
We noted earlier in this chapter that establishing the chain of 
transmission for a disease is extremely important. Once known, 
the chai n can be interrupted to slow down or stop the spread of 
the disease. 

An effective way to establish the chain of transmission is case 
reportillg, a procedure that requ ires health care workers to report 
specified diseases to local, state, and national health officials. 
Examples of such diseases are AIDS, measles, gonorrhea, tetanus, 
and typhoid fever. Case reporting provides epidemiologists with 
an approximation of the incidence and prevalence of a disease. 
This information helps officials decide whether or not to investi-
gate a given disease. 

Case reporting provided epidemiologists with valuable leads 
regard ing the origin and spread of AIDS. In fact, one of the first 
clues about AIDS came from reports of young men with Kaposi's 
sarcoma, formerly a disease of older men . Using these reports, 
epidemiologists began various studies of the patients. If an 
epidem iological study shows that a la rge enough segment of the 
population is affected by a disease, an attempt is then made to 
isolate and ident ify its causative agent. Identification is accom -
plished by a number of different microbiological methods. 
Identifying the causative agent often provides valuable informa-
tion regarding the reservoir for the disease. 

Once the chain of transmission is discovered, it is possible to 
apply control measures to stop the disease from spreading. These 
might include elimination of the source of infection, isolation 
and segregation of infected people, the development of vaccines, 
and, as in the case of AIDS, education . 

The Centers for Disease Control 
and Prevention (CDC) 
Epidemiology is a major concern of state and federal public 
health departments. The Centers for Disease Control and 
Prevention (CDC), a branch of the U.S. Public Health Service 
located in Atlanta, Georgia, is a central source of epidemiological 
information in the United States. 

The CDC issues a publication called the Morbidity and 
Mortality Weekly Report (www.cdc.gov).The MMWR. asit 
is called, is read by microbiologists, physicians, and other hospital 
and public health professionals. The MMWR contains data on 
morbidity, the incidence of specific notifiable diseases, and 
mortality, the number of deaths from these diseases. These data 
arc usually organized by state. Notifiable infectious diseases 
shown in Table 14.7, arc diseases for which physicians are 
required by law to report cases to the U.S. Public Health Service. 
As of 2008, a total of 63 infectious diseases were reported at the 
national level. Morbidity rate is the number of people affected by 
a disease in a given period of time in relat ion to the total 
populat ion. Mortality rate is the number of deaths result ing 
from a d isease in a population in a given period of time in rela-
tion to the total population. 

MMWR articles include reports of disease outbreaks, case his-
tories of special interest, and summaries of the status of particular 
diseases during a recent period. These articles often include rec-
ommendations for procedures for diagnosis, immunization, and 
treatment. Several graphs and other data in this textbook arc from 
the MMWR, and the case history boxes are adapted from reports 
from this publication. See the box on page 422, for example. 
Animations Epidemiology: Overview. Occurrence of Disease, 
Transmission of Disease. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

"" After learning that 40 hospital employees developed nausea and 
vomiting, the hospital infection control officer determined that 
39 ill people ate green beans in the hospital cafeteria, compared 
to 34 healthy people who ate in the cafeteria the same day but 
did not eat green beans in the hospital cafeteria. What type of 
epidemiology is this? 14-20 

"" What is the CDC's function? 14-21 
"" In 2003, the morbidity of hemolytic uremic syndrome was 

176. and the mortality was 29. The morbidity of listeriosis was 
696; the mortality was 33. Which disease is more likely to be 
fatal? 14-22 

• • • 
In the next chapter, we consider the mechanisms of patho-

genicity. We will discuss in more detail the methods by which 
microorganisms enter the body and cause disease, the effects of 
disease on the body, and the means by which pathogens leave the 
body. 
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Table 14.7 Nationally Notifiable Infectious Diseases, 2008 

Acquired immunodeficiency syndrome (AIDS) 

Anthrax 

Arbovira l disease 

Botulism 

Brucellosis 

Chancroid 

Chlamydia trachomalis, gen ital infections 

Cholera 

Coccidioidomycosis 

Cryptosporidiosis 

Cyclosporiasis 

Diphtheria 

Ehrlichiosisl Anaplasmosis 

Giardiasis 

Gonorrhea 

Haemophilus influenzae, invasive 

Hansen's disease (leprosy) 

Hantavirus pulmonary syndrome 

Hemolytic uremic syndrome. postdiarrheal 

Hepatitis A 

Hepatitis B 

Hepatitis C 

HIV infection 

Influenza-associated pediatric morta li ty 

Legionel losis 

Listeriosis 

Lyme disease 

Malaria 

Measles 

Meningococcal disease 

Mumps 

Pertussis 

Plague 

Poliomyelitis 

Psittacosis 

Q fever 

Rabies. animal 

Rabies. human 

Rocky Mountain spotted fever 

Rubella 

Rubella. congenital syndrome 

Salmonellosis 

Severe acute respiratory syndrome-associated coronavirus (SARS-CoV) 

Shiga toxin-producing E. coli 

Shigellosis 

Smallpox 

Streptococcal disease, invasive. group A 

Streptococcal toxic shock syndrome 

Streptococcus pneumoniae, drug-resistant 

S pneumoniae, invasive. children 

Syphilis 

Syphilis, congenital 

Tetanus 

Toxic shock syndrome (nonstreptococcal) 

Trichinellosis 

Tuberculosis 

Tularemia 

Typhoid fever 

Vancomycin-intermediate resistant Staphylococcus aureus (VISA) 

Vancomycin-resistant Staphylococcus aureus (VRSA) 

Varicella 

Vibriosis 

Yellow fever 



Nosocomial Infections 
In this box, you will encounter a series of 
queslJons thai epidemiologists ask them-
selves as they try \0 trace an outbreak to its 
source. Try \0 answer each question before 
going to the ne)(1 one. 

1. During one year, 5287 patients devel-
oped bacteremia during their hospital 
stays. All patients had fever (> 38°C), 
chills, and low blood pressure; 111% had 
severe necrotizing fascii!is (see page 
591). Blood cultures were grown on 
mannitol-salt agar, and the bacteria were 
identified as coagulase-positive, gram-
positive cocci (Figure A). 
What organisms are possible agents of 
info eli on? 

2. Staphyfococcus 8ureus was identified by 
biochemical tesMg. Antibiotic-sensitivity 
testing showed that all the isolates were 
methicillin-resistant Sbt were vancomycin-
intermediate resislanL and one was 
vancomycin-reSlSlanL Methicillin-resislant 
S aureus (MRSA) can cause a life-
threatening. necrotIZing illness due to 
a leukocidin to.in (see page 436), 
What else do you need 10 know? 

3. Polymerase chain reaction (PCR) was 
used to determine that strain USAlOO 

figure A The gram-po6ItNe COCCI grown 011 
mannatol-salt agar 

. 22 

caused 80% of the MRSA cases in this 
report USA 100 is the cause of 92% of 
health care strains. The matanty (89%) of 
community-acquired MRSA infections 
are the USA300 strain. The incidence of 
MRSA in the community (not hospital. 
ized) is 0.02-0.04%. 
Based on the Informallon in the table. 
which procedure Increases the likelihood 
of infection most? 

4. Each year. an estimated 250.000 cases of 
bloodstream infections occur in hospitals 
in the United States from inserting 
needles into veins to deliver intravenous 
(IV) solutions. and the estimated mor-
tality for each infection is 12- 25%. People 
receiving hemodialysis are especially 
vulnerable to infections because they 
require access to veins fOf prolonged 
periods and undergo frequent punctures 
of the access site (Figure 8). Moreover. 
patients colonized with MRSA can serve 
as a reservoir for transmission in health 
care settings. The primary risk factor for 
bactenal infections among dialysis 

Proced ... 

Hemodialysis 

Intravenous (IV) catheter 

Surgery 

Urinary bladder catheter 

Ventilator (invasive airway) 

Figure B Hemodialysis procedlJre, 

palients is the frequent access to veins. 
Risk is highest for catheters and lower 
for grafts directly to veins. 
How does antimicrobial thempy 
contribute? 

5. Antimicrobial therapy for hemodialysis-
associated infeclions increases the 
prevalence of antimicrobial resistance. 
Susceptible bacteria are killed. and 
bacteria with a mutation that confers 
resistance are able to grow without 
competition. MRSA strains of health 
care origin, such as USA 1 00. are typi -
cally resistant 10 several antibiolics. 

Source Adapted from M MWR 56(9):197-199. 
Marcil 9, 2007, 

MRSA-Infected Total Number of Patients 
Padents Receiving Procedure 

813 1607 

1057 16.516 

94' 5659 

1750 7919 

722 7367 

AndlMotlc use during Ihe 8 month. prior to Infection 

Vancomycin 21 41 

Fluoroquinolone .. 113 

Cehriaxone " " 
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STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. 0 learn 
and practice with animations, tutorials, and MP3 tutor sessions. and e test yourself with Quiues and a chapter post-test 

Introduction (p.399) 

1. Disease-causing microorganisms arc called pathogens. 
2. Pathogenic microorganisms have special properties that allow 

them to invade the human body or produce toxins. 
3. When a microorganism overcomes the body's defenses, a state of 

disease results. 

Pathology, Infection, and Disease (p.400) 

1. Pathology is the scientific study of disease. 
2. Pathology is concerned with the etiology (cause), pathogenesis 

(development), and effects of disease. 
3. Infection is the invasion and growth of pathogens in the body. 
4. A host is an organism that shelters and supports the growth of 

pathogens. 
5. Disease is an abnormal state in which part or all of the body is 

not properly adjusted or is incapable of performing normal 
functions. 

Normal Microbiota (00· 400-404) 

1. Animals, including humans, arc usually 
germfree in utero. 

2. Microorganisms begin colonization in and 
on the surface of the body soon after birth. 

3. Microorganisms that establish permanent 
colonies inside or on the body without producing disease make up 
the normal microbiota. 

4. Transient microbiota are microbes that are present for various 
periods and then disappear. 

Relationships between the Normal Microbiota and 
the Host (pp. 40 1-403) 

5. The normal microbiota can prevent pathogens from causing 
an infection; this phenomenon is known as microbial 
antagonism. 

6. Normal microbiota and the host exist in symbiosis (living 
together). 

7. The three types of symbiosis arc commensalism (one organism 
benefits, and the other is unaffected), mutualism (both organisms 
benefit), and parasitism (one organism benefits, and one is 
harmed). 

Opportunistic Microorganisms (pp_ 403-404) 
8. Opportunistic pathogens do not cause disease under normal 

conditions but cause disease under special conditions. 

Cooperation among Microorganisms (1'.404) 
9. In some situations, one microorganism makes it possible 

for another to cause a disease or produce more severe 
symptoms. 

The Etiology of Infectious 
Diseases (1'1'.404-406) 

Koch's Postulates (1'.404) 
I . Koch's postulates are criteria for establishing that specific microbes 

cause specific diseases. 
2. Koch's postulates have the following requirements: (I) the 

same pathogen must be present in every case of the disease; 
(2) the pathogen must be isolated in pure culture; (3) the 
pathogen isolated from pure culture must cause the same 
disease in a healthy, susceptible laboratory animal; and (4) 
the pathogen must be reisolated from the inoculated laboratory 
animal. 

Exceptions to Koch's Postulates (1'1'.404-406) 
3. Koch's postulates are modified to establish etiologies of diseases 

caused by viruses and some bacteria, which cannot be grown on 
artificial media. 

4. Some diseases, such as tetanus, have unequivocal signs and 
symptoms. 

5. Some diseases, such as pneumonia and nephritis, may be caused 
by a variety of microbes. 

6. Some pathogens, such as S. pyogencs, cause several different 
diseases. 

7. Certain pathogens, such as HIV, cause disease in humans only. 

Classifying Infectious Diseases (00.406-407) 

I . A patient may exhibit symptoms (subjective changes in body 
functions) and signs (measurable changes), which a physician uses 
to make a diagnosis (identification of the disease). 

2. A specific group of symptoms or signs that always accompanies a 
specific disease is called a syndrome. 

3. Communicable diseases are transmitted directly or indirectly from 
one host to another. 

4. A contagious disease is one that is easily spread from one person 
to another. 

5. Noncommunicable diseases are caused by microorganisms that 
normally grow outside the human body and are not transmitted 
from one host to another. 

Occurrence of a Disease (po 406) 
6. Disease occurrence is reported by incidence (number of people 

contracting the disease) and prevalence (number of cases at a 
particular time). 

7. Diseases are classified by frequency of occurrence: sporadic, 
endemic. epidemic, and pandemic. 
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Severity or Duration of a Disease (pp.406- 407) 
8. The scope of a disease can be defined as awte, chronic, subawte, 

or latent. 
9. Herd immunity is the presence of immunity to a disease in most 

of the population . 

Extent of Host Involvement (p.407) 
10. A local infection affects a small area of the body; a systemic 

infection is spread throughout the body via the cirwlatory 
system. 

11. A primary infection is an acute infection that causes the initial 
illness. 

12. A secondary infection can occur after the host is weakened from a 
primary infection. 

13. An inapparent, or subclinical, infection does not cause any signs of 
disease in the host. 

Patterns of Disease (pp.408- 409) 

Predisposing Factors (p.408) 
I. A predisposing factor is one tha t makes the body more susceptible 

to disease or alters the course of a disease. 
2. Examples indude gender, climate, age, fa tigue, and inadequate 

nutrition. 

Development of Disease (pp. 408- 409) 
3. The inwbation period is the interval between the initial infection 

and the first appearance of signs and symptoms. 
4. The prodromal period is characterized by the appearance of the 

first mild signs and symptoms. 
5. During the period of illness, the disease is at its height, and all 

disease signs and symptoms are apparent. 
6. During the period of decline, the signs and symptoms subside. 
7. During the period of convalescence, the body returns to its 

prediseased state, and health is restored. 

The Spread of Infection (pp.409- 413) 

Reservoirs of Infection (p. 409) 
I. A continual source of infection is called a reservoir of infection . 
2. People who have a disease or are carriers of pathogenic 

microorganisms are human reservoi rs of infection. 
3. Zoonoses are diseases that affect wild and domestic animals and 

can be transmi tted to humans. 
4. Some pathogenic microorganisms grow in nonliving reservoirs, 

such as soil and water. 

Transmission of Disease (pp.409- 413) 
5. Transmission by direct contact involves dose physical contact 

between the souKe of the disease and a susceptible host. 
6. Transmission by fomites (inanimate objects) constitutes indirect 

contact. 
7. Transmission via saliva or mucus in coughing or sneezing is called 

droplet transmission. 
8. Transmission by a medium such as water, food, or air is called 

vehicle transmission. 

9. Airborne transmission refers to pathogens carried on water 
droplets or dust for a distance greater than I meter. 

10. Arthropod vectors carry pathogens from one host to another by 
both mechanical and biologicallransmission. 

Nosocomial (Hospital-Acquired) 
Infections (pp.413- 416) 

1. A nosocomial infection is any infection tha t is acquired during the 
course of stay in a hospital. nursing home, or other health care 
facility. 

2. About 5 to 15% of all hospita lized patients acquire nosocomial 
infections. 

Microorganisms in the Hospital (p.414) 

3. Certain normal microbiota are often responsible for 
nosocomial infections when they are introduced in to the 
body through such medical procedures as surgery and 
cat heteriza t ion. 

4. Opportunistic, drug-resistan t gram -negative bacteria are the most 
frequent causes of nosocomial infections. 

Compromised Host (p.415) 
5. Patients wi th burns, surgical wounds, and suppressed immune 

systems are the most susceptible to nosocomial infections. 

Chain of Transmission (pp.415- 416) 
6. Nosocomial infections are transmitted by direct contact between 

staff members and patients and between patients. 
7. Fomites such as catheters. syringes, and respiratory devices can 

transmit nosocomial infections. 

Control of Nosocomial Infections (p.416) 
8. Aseptic techniques can prevent nosocomial infections. 
9. Hospital infection control staff members are responsible for 

overseeing the proper cleaning, storage. and handling of 
equipment and supplies. 

Emerging Infectious Diseases (pp.416- 418) 

1. New diseases and diseases with increasing incidences are called 
emerging infectious diseases (ElDs). 

2. ElDs can result from the use of antibiotics and pesticides, dimatic 
changes. travel. the lack of vaccinations, and improved case 
reporting. 

3. The CDC, NIH, and WHO are responsible for surveillance and 
responses to emerging infectious diseases. 

Epidemiology (pp.418- 422) 

1. The science of epidemiology is the study of the transmission. 
incidence, and frequency of disease. 

2. Modern epidemiology began in the mid-1800s with the works of 
Snow. Semmelweis. and Nightingale. 

3. In descriptive epidem iology, data about infected people are 
collected and analyzed. 

4. I n analytical epidemiology. a group of infected peo ple is compared 
with an uninfected group. 



5. In experimental epidemiology, controlled experiments designed to 
test hypotheses are performed. 

6. Case reporting provides da ta on incidence and prevalence to local, 
state, and national health officials. 
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7. The Centers for Disease Control and Prevention (CDC) is the main 
source of epidemiologic information in the United States. 

8. The CDC publishes the Morbidity and Morllllity Wukly Report to pro-
vide information on morbidity (incidence) and mortality (deaths). 

STUDY QUESTIONS 
Answers to the Review and Mult iple Choice questions can be found by 
turning to the blue Answers tab in the back of the textbook. 

Review 

• E 
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0 
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I. Differentiate the terms in each of the following pairs: 
a. etiology and pathogenesis 
b. infection and disease 
c. communicable disease and noncommunicable disease 

2. Define symbiosis. Differentiate commensalism, mutualism, and 
parasitism, and give an example of each. 

3. Using the d ata below, draw a graph showing the 
incidence of influenza during a typical year. Indicate the endemic 
and epidemic levels. 
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4. Indicate whether each of the following conditions is typical of 
subacute, chronic, or acute infections. 
a. The patient experiences a rapid onset of malaise; 

symptoms last 5 days. 
b. The patient experiences cough and breathing difficulty for 

months. 
c. The patient has no apparent symptoms and is a known carrier. 

5. Of all the hospital patients with infections, one-third do not enter 
the hospital with an infection. How do they acquire these infections? 
What is the method of transmission of these infections? What is the 
reservoir of infection? 

6. Distinguish symptoms from signs as signals of disease. 
7. How can a local infection become a systemic infection? 
8. Why are some organisms that constitute the normal microbiota 

described as commensals, whereas others are described as 
mutualistic? 

9. Put the following in the correct order to describe the pattern of 
disease: period of convalescence, prodromal period, period of 
decline, incubation period, period of illness. 

Multiple Choice 
I . The emergence of new infectious diseases is probably due to all of 

the following except 
a. the need of bacteria to cause disease. 
b. the ability of humans to travel by air. 
c. changing environments (e.g., flood, drought, pollution). 
d. a pathogen crossing the species barrier. 
e. the increasing human population. 

2. All members of a group of ornithologists studying barn owls in 
the wild have had salmonellosis (Salmoneila gastroenteritis). One 
birder is experiencing her third infection. What is the most likely 
source of their infections? 
a. The ornithologists are eating the same food. 
b. They are contaminating their hands while handling the owls 

and nests. 
c. One of the workers is a Salmonella carrier. 
d. Their drinking water is contaminated. 

3. Which of the following statements is lIot true? 
a. E. coli never causes disease. 
b. E. coli provides vitamin K for its host. 
c. E. coli often exists in a mutualistic relationship with humans. 
d. E. coli gets nutrients from intestinal contents. 

4. Which of the following is not one of Koch's postulates? 
a. The same pathogen must be present in every case of the disease. 
b. The pathogen must be isolated and grown in pure culture from 

the diseased host. 
c. The pathogen from pure culture must cause the disease when 

inoculated into a healthy, susceptible laboratory animal. 
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d. The disease must be transmitted from a diseased animal to a 
healthy, susceptible animal by some form of contact. 

e. The pathogen must be isolated in pure culture from an 
experimentally infected lab animal. 

5. Which one of the following diseases is no/ correctly matched to its 
reservoir? 
a. influenza- human 
b. rabies- animal 
c. botulism- nonliving 
d. anthrax- nonliving 
e. toxoplasmosis--cats 

Use the following information to answer questions 6-7. 
On September 6, a 6-year-old boy experienced fever, chills, and 

vomiting. On September 7, he was hospitalized with diarrhea and 
swollen lymph nodes under both arms. On September 3, the boy had 
been scratched and bitten by a cat. The cat was found dead on September 
5, and Yersinia pestis was isolated from the cat. Chloramphenicol was 
administered to the boy from September 7, when Y. pestis was isolated 
from him. On September 17, the boy's temperature returned to normal; 
and on September 22, he was released from the hospital. 

6. Identify the incubation period for this case of bubonic plague. 
a. September 3- 5. c. September 6-7. 
b. September 3-6. d. September 6-17. 

7 . Identify the prodromal period for this disease. 
a. September 3- 5. c. September 6-7. 
b. September 3-6. d. September 6-17. 

Use the following information to answer questions 8-10. 
A Maryland woman was hospitalized with dehydration; Vibrio 

choierae and Plesiomonas sl!igelioides were isolated from the patient. 
She had neither traveled outside the United States nor eaten raw shell-
fish during the preceding month. She had attended a party 2 days 
before her hospitalization. Two other people at the party had acute 
diarrheal illness and elevated levels of serum antibodies against Vibrio. 
Everyone at the party ate crabs and rice pudding with coconut milk. 
Crabs left over from this party were served at a second party. One of 
the 20 people at the second party had onset of mild diarrhea; speci-
mens from 14 of these people were negative for vibriocidal antibodies. 

8. This is an example of 
a. vehicle transmission. 
b. airborne transmission. 
c. transmission by fomites. 
d. direct contact transmission. 
e. nosocomial transmission. 

9. The etiologic agent of the disease is 
a. Plesiomonas shigelioides. d. coconut milk. 
b. crabs. e. rice pudding. 
c. Vibrio clwlerae. 

10. The source of the disease was 
a. PlesiomOlras shigelioides. d. coconut milk. 
b. crabs. e. rice pudding. 
c. Vibrio clwlerae. 

Critical Thinking 
I. Ten years before Robert Koch published his work on anthrax, 

Anton De Bary showed that potato blight was caused by the alga 
Phylophlhora injesuws. Why do you suppose we use Koch's 
postulates instead of something called "De Bary's postulates"? 

2. Florence Nightingale gathered the following data in 1855. 

Population Sampled 

Englishmen (in general population) 
Engl ish soldiers (in England) 
Engl ish soldiers (in Crimean War) 
Engl ish soldiers (in Crimean War) 

after Nightingale's sanitary reforms 

Deaths from 
Contagious 

Diseases 

0.2% 

18.7% 
42.7% 

2.2% 

Discuss how Nightingale used the three basic types of rpidemiolog-
ical investigation. Thr contagious diseases were primarily cholrra 
and typhus; how arr thesr disrases transmitted and prrvented? 

3. Name thr method of transmission of each of thr following 
diseases: 
a. malaria 
b. tuberculosis 
c. nosocomial infections 
d. salmonellosis 
e. streptococcal 

pharyngitis 

f. mononucleosis 
g. mrasles 
h. hepatitis A 
i. tetanus 
j. hepatitis B 
k. chlamydial urethritis 

4. The following graph shows the incidence of typhoid fever in the 
United States from 1954 through 2007. Mark the graph to show 
when this disease occurred sporadically and epidemically. What 
appears to be the endemic level? What would have to be shown 
to indicate a pandemic of this disease? How is typhoid fever 
transmitted? 
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Clinical Applications 
I. Three days before a nurse developed meningococcemia, she assisted 

with intubation of a patient with a Neisseria menilrgitidis infection. 
Of the 24 medical personnel involved, only this nurse became ill. 
The nurse recalled that she was exposed to nasopharyngeal secre-
tions and did not receive antibiotic prophylaxis. What two mistakes 
did the nurse make? How is meningitis transmitted? 

2. Three patients in a large hospital acqui red infections of Burkholderia 
cepacia during their stay. All three patients received cryoprecipitate, 
which is prepared from blood that has been frozen in a standard 
plastic blood transfer pack. The transfer pack is then placed in a 
water bath 10 thaw. What is the probable origin of the nosocomial 
infections? What characteristics of Burklwlderia would allow it to be 
involved in this type of infection? 

3. Following is a case history of a 49-year-old man. Identify each peri-
od in the pattern of disease that he experienced. On February 7, 



he handled a parakeet with a respiratory illness. On March 9, he 
experienced intense pain in his legs, followed by severe chills and 
headaches. On March 16, he had chest pains, cough, and diarrhea, 
and his temperature was 40°C. Appropria te antibiotics were 
administered on March 17, and his fever subsided within 12 hours. 
He continued taking antibio tics for 14 days. (Note: The disease is 
psittacosis. Can you find the etiology?) 

4. Twenty-one percent of the patients in a large hospi tal acquired 
Clostridium di/fici/e diarrhea and coli tis during their hospital stay. 
These patients required longer hospital stays than uninfected 
patients. Epidemiological studies provided the following informa-
tion. What is the most likely mode of transmission of this bacterium 
in hospitals? How can transmission be prevented? 

Rate of infection for patients: 

Single room 
Double room 
Triple room 

Rale of environmental isolations of C. difflcile: 

7% 

26% 

Bed rail 10% 
Commode 1% 
Floor 18% 
Call bUl10n 6% 
Toilet 3% 

Hands of hospital personnel after contact with 
patients that were culture-positive for C. difflcile: 

Used gloves 0% 
Did not use gloves 59% 
Had C. ditncile before patient contact 3% 
Washed with nondisinfectant soap 40% 
Washed with disinfectant soap 3% 
Did not wash hands 20% 
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5. Mycobacterium aviwn-intracellulare is prevalent in A[DS patients. 
[n an effort to de termine the source of this infection, hospital 
water systems were sampled. The water contained chlorine. 

Percentage of samples with M. awum 

Hot water 
February 
June 

88% 

50% 

Cold water 
February 
June 

22% 

n% 

What is the usual method of transmission for Mycobacterium? 
What is a probable source of infection in hospitals? How can such 
nosocomial infections be prevented? 



Microbial Mechanisms 
of Pathogenicity 

Now that you have a basic understanding of how microorganisms cause disease. we will take 
a look at some of the specific properties of microorganisms that contribute to pathogenicity, 
the ability to cause disease by overcoming the defenses of a host, and virulence, the degree 
or extent of pathogenicity. (As discussed throughout the chapter, the term host usually refers 
to humans.) Microbes don't try to cause disease: the microbial cells are getting food and 
defending themselves. 

To humans, it doesn't make sense for a parasite to kill its host. However, nature does not have 
a plan for evolution; the genetic variations that give rise to evolut ion are due to random 

mutations, not to logic. According to natural selection, organisms best 
adapted to their environments will reproduce. Coevolution between 

a parasite and its host seems to occur: the behavior of one 
influences that of the other. For example, the cholera 

pathogen, Vibrio cho/erae, quickly induces diarrhea, 
threatening the host's life from a loss of fluids and salts 
but providing a way to transmit the pathogen to another 
person by contaminating the water supply. 

Keep in mind that many of the properties contribut ing to 
microbial pathogenicity and virulence are unclear or 

unknown. We do know, however, that if the microbe 
overpowers the host defenses, disease results. 

Q 
Almost every pathogen has a mechanism for 
attaching to host tissues at their portal of entry. 
\¥hat is this attachment called, and how does 
it occur? 
Look for the a nswer in the chapter. 



How Microorganisms Enter a Host 
LEARNING OBJECTIVES 
, 5-1 IdentJfy the principal portals of entry. 

15-2 Define ID5(J and 
'5-3 USlIlQ examples. explain how microbes adhere to host cells. 

To cause diseilse, most pathogens must gain access to the host, 
adhere to host tissues, penetrate or evade host defenses. and 
dam::age the host tissues. However, some microbes do not cause 
disease by directly damaging host tissue. Instead, disease is due to 
the accumulation of microbial waste products. Some microbes, 
such 35 those that cause dental caries and acne, can cause disease 
without penetrating the body. Pathogens can gain entrance to the 
human body and other hosts through several avenues, which are 
called portals of entry. 

Portals of Entry 
The portals of entry for pathogens are mucous membranes, skin, 
and direct deposi tion beneath the skin or membranes (the 
parenteral route). 

Mucous Membranes 
Many bacteria and viruses gain access to the body by penetrating 
mucous membranes lining the respiratory tract, gastrointestinal 
tract, genitourinary tract, and conjunctiva, a delicate membrane 
that covers the eyeballs and lines the eyelids. Most pathogens 
enter through the mucous membranes of the gastrointestinal 
and respiratory tracts. 

The respiratory tract is the easiest and most frequently trav-
eled portal of entry for infectious microorganisms. Microbes are 
inhaled into the nose or mouth in drops of moistu re and dust 
particles. Diseases that are commonly contracted via the respira-
tory tract include the common cold, pneumonia, tuberculosis, 
influenza, measles, and smallpox. 

Microorganisms can gain access to the gastrointestinal tract 
in food and water and via contaminated fingers. Most microbes 
that enter the body in these ways are destroyed by hydrochloric 
acid (Hel) and enzymes in the stomach or by bile and enzymes 
in the small intestine. Those that survive can cause disease. 
Microbes in the gastrointestinal tract can cause poliomyelitis, 
hepatitis A, typhoid fever, amoebic dysentery, giardiasis, shigel-
losis (bacillary dysentery) , and cholera. These pathogens are then 
eliminated with feces and can be transmitted to other hosts via 
contaminated water, food , or finge rs. 

The genitou rinary tract is a portal of entry for pathogens that 
are contracted sexually. Some microbes that cause sexually trans-
mitted infections (STls) may penetrate an unbroken mucous 
membrane. Others require a cut or abrasion of some type. 
Examples of STi s are Hl V infection, genital warts, chlamydia, 
herpes, syphili s, and gonorrhea. 
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Skin 
The skin is the largest organ of the body in terms of surface area 
and weight and is an important defense against disease. Unbroken 
skin is impenetrable by most microorganisms. Some microbes 
gain access to the body through openings in the skin, such as hair 
follicles and sweat gland ducts. Larvae of the hookworm actually 
bore through intact skin, and some fung i grow on the keratin in 
skin or infect the skin itself. 

The conjunctiva is a delicate mucous membrane that lines 
the eyelids and covers the white of the eyeballs. Although it is a 
relatively effective barrier aga inst infection, certain di seases such 
as conjunctivitis, trachoma, and ophthalmia neonatorium arc 
acquired through the conjunctiva. 

The Parenteral Route 
Other microorganisms gain access to the body when they arc 
deposited directly into the tissues beneath the skin or into 
mucous membranes when these barriers arc penetrated or 
injured. This route is called the parenteral route. Punctures, 
injections, bites, cuts, wounds, surgery, and splitt ing of the skin 
or mucous membrane due to swelling or drying can all establish 
parenteral routes. H[V, the hepat itis viruses. and bacteria that 
cause tetanus and gangrene can be transmitted parenterally. 

The Preferred Portal of Entry 
Even after microorganisms have entered the body. they do not 
necessarily cause disease. The occurrence of disease depends on 
several factors, only one of which is the portal of en try. Many 
pathogens have a preferred portal of entry that is a prerequisi te 
to their being able to cause disease. If they gain access to the 
body by another portal, disease might not occur. For example, 
the bacteria of typhoid fever, Salmonella ryphi, produce all the 
signs and symptoms of the disease when swallowed (preferred 
rou te), but if the sa me bacteria are rubbed on the skin, no reac-
tion (or only a slight inflammat ion) occurs. Streptococci that 
are inh aled (preferred route) can cause pneumonia; those that 
are swallowed generally do not produce signs or symptoms. 
Some pathogens, such as Yers;lIia pestis, the microorganism that 
causes plague, and Bacillus a1ltlrracis, the causative agent of 
anthrax, can initiate disease from more than one portal of en try. 
The preferred portals of entry for some common pathogens are 
listed in Table 15.1. 

Numbers of Invading Microbes 
[f only 3 few microbes enter the body, they will probably be over-
come by the host 's defenses. However, if large numbers of microbes 
gain entry, the stage is probably set for disease. Thus, the likelihood 
of disease increases as the number of pathogens increases. 

The virulence of a microbe is often expressed as the IDso 
(infectious dose for 50% of a sample population). The 50 is not 
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Table 15.1 Portals of Entry for the Pathogens of Some Common Diseases 

Portal of Entry Pathogen· Disease Incubation Period 

Mucous Membranes 
Respiratory tract Streptococcus pneumoniae Pneumococcal pneumonia Variable 

Mycobacterium tuberculosis' Tuberculosis Variable 
Bordetella pertussis Whooping cough (pertussis) 12- 20 days 
Influenza virus (Influenza virus) Influenza 18-36 hours 
Measles virus (Morbil/ivirus) Measles (rubeola) 11 - 14 days 
Rubella virus (Rubivirus) German measles (rubel la) 2- 3 weeks 
Epstein-Barr virus (Lymphocryptovirus) Infectious mononucleosis 2- 6 weeks 
Varicella-zoster virus (Varicellovirus) Chickenpox (varicella) 14- 16 days 

(primary infection) 
Histoplasma capsulatum (fungus) Histoplasmosis 5- 18 days 

Gastrointestinal tract Shigella spp. Shigellosis (bacillary dysentery) 1- 2 days 
Brucella spp. Brucellosis (undulant fever) 6- 14 days 
Vibrio cholerae Cholera 1- 3 days 
Salmonella emerica Salmonellosis 7- 22 hours 
Salmonella typhi Typhoid fever 14 days 
Hepatitis A virus (Hepa/ovirus) Hepatitis A 15- 50 days 
Mumps virus (Rubulavirus) Mumps 2- 3 weeks 
Trichinella spiralis (helminth) T rich i nellosis 2- 28 days 

Genitourinary tract Neisseria gonorrhoeae Gonorrhea 3-8 days 
Treponema pal/idum Syphilis 9- 90 days 
Chlamydia trachomalis Nongonococcal urethritis 1-3 weeks 
Herpes simplex virus type 2 Herpes virus infections 4- 10 days 
Human immunodeficiency virus (HIVl AIDS 10 years 
Candida albicans (fungus) Candidiasis 2-5 days 

Skin or Parenteral Route 
Clostridium perfringens Gas gangrene 1- 5 days 
Clostridium tetani Tetanus 3- 21 days 
Rick.ettsia rick.ettsii Rocky Mountain spotted fever 3- 12 days 
Hepatitis B virus (Hepadnavirus)' Hepatitis B 6 weeks- 6 months 
Rabiesvirus (Lyssavirus) Rabies 10 days- l year 
Plasmodium spp. (protozoan) Malaria 2 weeks 

' All pathogens are bacteria, unless Indicated otherwise, For viruses, the Vlral species andlor genus name IS given. 
'"These pathogens can also cause disease after entenng the Dody via the gastromtestmal trac\. 
IThese pathogens can also cause disease after entering the Dody via the parenteral route, Hepatitis B VlrUS and HIV can also cause disease after entering the Dody via 
the geJ1llounnary trac\. 

an absolute value; rather, it is used to compare relative virulence 
under experimental conditions. Bacillus anthracis can cause 
infection via three different portals of entry. The 1050 through 
the skin (cutaneous an thrax) is 10 to 50 endospores; the 1050 for 
inhalation anthrax is inhalation of 10,000 to 20,000 endospores; 
and the IDso for gastrointestinal anthrax is ingestion of 250,000 
to 1,000,000 endospores. These data show that cutaneous 
anthrax is significantly easier to acquire than either the inhala-

tion or the gastrointestinal forms. A study of Vibrio cholerae 
showed that the IOso is 108 cells; but if stomach acid is neutral -
ized with bicarbonate, the number of cells required to cause an 
infection decreases significantly. 

The potency of a toxin is often expressed as the LD50 (lethal 
dose for 50% of a sample population ). For example, the LD50 for 
botulinum toxin in mice is 0.03 nglkg; for Shiga toxin, 250 ng/kg; 
and staphylococcal enterotoxin, 1350 nglkg. In other words, 
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(8) Surface molecules on a pathogen, called 
adhesins or ligands, bind specifically to 
complementary surface receptors on cells 
of certain host tissues. 

(b) E. coli bacteria (yel low-green) on 
human urinary bladder cells. 

I----i (c) Bacteria (purple) adhering to 
111m human skin. 

Figure 15.1 Adherence. 

Q How are most adheslns classified chemically? 

compared to the other two toxins, a much smaller dose ofbotu-
linum toxin is needed to cause symptoms. 

Adherence 

A Almost all pathogens have some means of attach -
ing themselves to host tissues at their portal of 

entry. For most pathogens, this attachment, called adherence (or 
adhesion), is a necessary step in pathogenicity. (Of course, non -
pathogens also have structures for attachment.) The attachment 
between pathogen and host is accomplished by means of surface 
molecules on the pathogen called adhesins or ligands that bind 
specifically to complementary surface receptors on the cells of 
certain host tissues (Figure 15_1 ) . Adhesins may be located on a 
microbe's glycocalyx or on other microbial surface structures, 
such as pili, fimbriae, and flagella (see Chapter 4) . 

The majority of adhesins on the microorgan isms studied so 
far are glycoproteins or lipoproteins. The receptors on host cells 
are typically sugars, such as mannose. Adhesi ns on different 
strains of the same species of pathogen can vary in structure. 
Different cells of the same host can also have different receptors 
that va ry in structure. If adhesins, receptors, or both can be 
altered to interfere with adherence, infection can often be 
prevented (or at least controlled) . 

The following examples illustrate the diversity of adhesins. 
StreptococCils mutans, a bacterium that plays a key role in tooth 
decay, attaches to the surface of teeth by its glycocalyx. An 
enzyme produced by S. mutans, called glucosyltransferase, con-
verts glucose (derived from sucrose or table sugar) into a sticky 
polysaccharide called dextran, which forms the glycocalyx. 
Actinomyces bacterial cells have fimbriae that adhere to the 
glycocalyx of S. mutal/s. The combination of S. mlltans, 
Actinomyces, and dextran make up dental plaque and contribute 
to dental caries (tooth decay; see Chapter 25, page 707). 

Microbes have the ability to come together in masses, cling 
to surfaces, and take in and share available nutrients. These 
communities, which constitute masses of microbes and their 
extracellular products that can attach to living and nonliving 
surfaces, are called biofilms (discussed in more detail in 
Chapter 6, page 162). Examples of biofilms include the dental 
plaque on teeth, the algae on the walls of swimming pools, and 
the scum that accumulates on shower doors. A biofilm forms 
when microbes adhere to a particular surface that is typically 
moist and contains organic matter. The first microbes to attach 
are usually bacteria. Once they adhere to the surface, they 
multiply and secrete a glycocalyx that further attaches the 
bacteria to each other and to the surface (see Figure 6.5, 
page 163). [n some cases, biofilms can be several layers thick 
and may contain several types of microbes. Biofilms represent 
another method of adherence and are im portant because they 
resist disinfectants and antibiotics. This characteristic is signif-
icant, especially when biofilms colonize structures such as 
teeth, medical catheters, stents, heart valves, hip replacement 
components, an d contact lenses. Dental plaque is actually a 
biofilm that mineralizes over time. It is estimated that biofilms 
are involved in 65% of all human bacterial infections. See the 
box in Chapter 6 on page 164. 

Enteropathogenic strains of £. coli (those responsible for 
gastrointestinal disease) have adhesins on fimbriae that adhere 
only to specific kinds of cells in certain regions of the small 
intestine. After adhering, Shigella and £. coli induce endocytosis 
as a vehicle to enter host cells and then multi ply within them 
(see Figure 25.7, page 712). Treponema pallidum, the causative 
agent of syphil is, uses its tapered end as a hook to attach to 
host cells. Listeria monocytogenes, which causes meningitis, 
spontaneous abortions, and stillbirths, produces an adhesin for 
a specific receptor on host cells. Neisseria gonorrllOeae, the 
causative agent of gonorrhea, also has fimbriae containing 
adhesins, which in this case permit attachment to cells with 
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appropriate receptors in the genitourinary tract, eyes, and phar-
ynx. StaphylococCIIs aureus, which can cause skin infections, 
binds to skin by a mechanism of adherence that resembles viral 
attachment (see Chapter 13). 

CHECK YOUR UNOERSTANOING 

..r List three portals of entry, and describe how microorganisms 
gain access through each. 15-1 

..r The LDso of botulinum toxin is 0.03 ng/kg: the LDso of 
Salmonella toxin is 12 mg/kg. Which is the more potent 
toxin? 15-2 

..r How would a drug that binds mannose on human cells affect a 
pathogenic bacterium? 15-3 

How Bacterial Pathogens 
Penetrate Host Defenses 
LEARNING OBJECTIVES 
15-4 Explam how capsules and cell wall components contribute to 

pathogenicity. 
15-5 Compare the effects of coagulases. kinases. hyaluronidase, and 

collagenase. 
15-6 Define and give an example of antigenic vanallon. 
15-7 DeSCribe how bacteria use the host cell's cytoskeleton to enter 

the cell. 

Although some pathogens can cause damage on the surface of 
tissues, most must penetrate tissues to cause disease. Here we will 
consider several factors that contribute to the ability of bacteria 
to invade a host. 

Capsules 
Recall from Chapter 4 that some bacteria make glycocalyx mate-
rial that forms capsules around their cell walls; this property 
increases the virulence of the species. The capsule resists the 
host's defenses by impairing phagocytosis, the process by which 
certain cells of the body engulf and destroy microbes (see 
Chapter 16, page 458). The chemical nature of the capsule 
appears to prevent the phagocytic cell from adhering to the bac-
terium. However, the human body can produce antibodies 
against the capsule, and when these antibodies are p resent on the 
capsule surface, the encapsulated bacteria are easily destroyed by 
phagocytosis. 

One bacterium that owes its virulence to the presence of a 
polysaccharide capsule is StreptococCIIs pneumoniae, the causative 
agent of pneumococcal pneumonia (see Figure 24.12, page 686). 
Some strains of this organism have capsules, and others do not. 
Stra ins with capsules are virulent, but strains without capsules 
are avirulent because they are susceptible to phagocytosis. 
Other bacteria that produce capsules related to virulence are 
Klebsiella pneumoniae, a causative agent of bacterial pneumonia; 

HaemophilllS illJ1uellzae, a cause of pneumonia and meningitis in 
children; Bacillus allthracis, the cause of anthrax; and Yersinia 
pestis, the causative agent of plague. Keep in mind that capsules 
are not the only cause of virulence. Many nonpathogenic bacte-
ria produce capsules, and the virulence of some pathogens is not 
related to the presence of a capsule . 

Cell Wall Components 
The cell walls of certain bacteria contain chemical substances 
that contribute to virulence. For example, StreptococClls pyogenes 
produces a heat-resistant and acid-resistant protein called 
M protein (see Figure 21.6, page 591). This protein is found on 
both the cell surface and fimbriae . The M protein mediates 
attachment of the bacterium to epithelial cells of the host and 
helps the bacterium resist phagocytosis by white blood cells. The 
protein thereby increases the virulence of the microorganism. 
Immun ity to S. pyogenes depends on the body's production of 
an antibody specific to M protein . Neisseria gOllorrhoeae grows 
inside human epithelial cells and leukocytes. These bacteria use 
fimbriae and an outer membrane protein called Opa to attach 
to host cells. Following attachment by both Opa and fimbriae, 
the host cells take in the bacteria . (Bacteria that produce Opa 
form opaque colonies on culture media.) The waxy lipid 
(mycolic acid) that makes up the cell wall of Mycobacterium 
tIIberCIIlosis also increases virulence by resisting digestion by 
phagocytes, and can even multiply inside phagocytes. 

Enzymes 
The virulence of some bacteria is thought to be aided by the pro-
duct ion of extracellular enzymes (exoenzymes) and related sub-
stances. These chemicals can digest materials between cells and 
form or digest blood clots, among other functions. 

Coagulases are bacterial enzymes that coagulate (clot) the 
fibrinogen in blood . Fibrinogen, a plasma protein produced by 
the liver, is converted by coagulases into fibrin, the threads that 
form a blood clot. The fibrin clot may protect the bacterium 
from phagocytosis and isolate it from other defenses of the host. 
Coagulases are produced by some members of the genus 
StaphylococCIIs; they may be involved in the walling-off process in 
boils produced by staphylococci. However, some staphylococci 
that do not produce coagulases are still virulent. (Capsules may 
be more important to their virulence.) 

Bacterial kinases are bacterial enzymes that break down 
fibrin and thus digest clots formed by the body to isolate the 
infection . One of the better-known kinases is fibrinolysin 
(streptokinase), which is produced by such streptococci as 
StreptococCIIs pyogenes. Another kinase, staphylokinase, is pro-
duced by StaphylococCIIs aureus. Injected into the blood, strep-
tokinase has been used to remove some types of blood clots in 
cases of heart attacks due to obstructed coronary arteries. 

Hyaluronidase is another enzyme secreted by certain bacte-
ria, such as streptococci. It hydrolyzes hyaluronic acid, a type of 



polysaccharide that holds together certain cells of the body, par-
ticularly cells in connective tissue. This digesting action is 
thought to be involved in the tissue blackening of infected 
wounds and to help the microorganism spread from its initial 
si te of infection. Hyaluronidase is also produced by some 
clostridia that ca use gas gangrene. For therapeutic use, 
hyaluronidase may be mixed with a drug to promote the spread 
of the drug through a body tissue. 

Another enzyme, coUagenase. produced by several species of 
Clostridium, facilitates the spread of gas gangrene. Collagenase 
breaks down the protein collagen, which forms the connective 
tissue of muscles and other body organs and tissues. 

As a defense against adherence of pathogens to mucosal 
surfaces, the body produces a class of antibodies called IgA 
antibod ies. There arc some pat hogens with the ability to produce 
enzymes, called IgA proteases, that can destroy these antibodies. 
N. gOllorr/rocac has this ability, as do N. mcnillgitidis, the causative 
agent of meningococcal meningitis, and other microbes that 
infect the central nervous system. 

Antigenic Variation 
In Chapter 17 you will learn that adaptive (acquired) immunity 
refers to a specific defensive response of the body to an infection 
or to antigens. In the presence of antigens the body produces 
proteins called antibodies, which bind to the antigens and 
inactivate or destroy them. However, some pathogens can aher 
their surface antigens, by a process called antigenic variation. 
Thus, by the time the body mounts an immune response against 
a pathogen, the pathogen has already altered its antigens and is 
unaffected by the antibodies. Some microbes can activate 
ahernative genes, resulting in antigenic changes. For example, 
N. gOlrorrhocac has several copies of the Opa-encoding gene, 
resuhing in cells with different antigens and in cells that express 
different antigens over time. 

A wide range of microbes is capable of antigenic variation. 
Examples include IrljlllwzaYirlls, the causative agent of influenza 
(flu ); Ncisseria gOl/orr/roetle, the ca usative agent of gonorrhea; 
and Trypa/losoma brllcei gambiense (tri-pa'no-so -ma briis'e 
gam-be -ens'), the causat ive agent of African trypanosomiasis 
(sleeping sickness). Sec Figure 22.16, page 629. 

Penetration into the Host Cell Cytoskeleton 
As previously noted, microbes attach to host cells by adhesins. The 
interaction triggers signals in the host cell that activate factors that 
can result in the entrance of some bacteria. The actual mechanism 
is provided by the host cell cytoskeleton. Recall from Chapter 4 
that eukaryotic cytoplasm has a complex internal structure (the 
cytoskeleton), consisting of protein filaments called microfila-
ments, intermediate filaments, and microtubules. A major com-
ponent of the cytoskeleton is a protein called actin, which is used 
by some microbes to penet rate host cells and by others to move 
through and between host cells. 
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Figure 15.2 Salmonella entering intestinal epithelial cells as a 
result of ruffling. 

Q What are Invasins? 

Sa/mOllcl/ll strains and E. coli make contact with the host cell 
plasma membrane. This leads to dramatic changes in the mem-
brane at the point of contact. The microbes produce surface pro-
teins called invasins that rearrange nearby actin filaments of the 
cytoskeleton. For example, when S. typhimllrillm makes contact 
with a host cell, invasins of the microbe cause the appt'arance of 
the host cell plasma membrane to resemble the splash of a drop 
of a liquid hitting a solid su rface. This effect, called membrane 
rIIfjlillg, is the result of disruption in the cytoskeleton of the host 
cell (Figure 15..2). The microbe sinks into the rume and is 
engulfed by the host cell. 

Once inside the host cell, certain bacteria such as Shigella 
species and Listeria species can actually use actin to propel 
themselves through the host cell cytoplasm and from one host 
cell to another. The condensation of actin on one end of the 
bacteria propels them through the cytoplasm. The bacteria also 
make con tact with membrane junctions that form part of a 
tran sport network between host cells. The bacteria use a glyco-
protein called CIIdllerill, which bridges the junctions, to move 
from cell to cell. 

The study of the numerous interactions between microbes 
and host cell cytoskeleton is a very intense area of investigation 
on virulence mechanisms. 

CHECK YOUR UNDERSTANDING 

t/ What function do capsules and M proteins have in 
common? 15-4 

t/ Would you expect a bacterium to make coagulase and kinase 
simultaneously? 15-5 

t/ Many vaccines provide years of protection against a disease. 
Why doesn't the inlluenza vaccine offer more than a few months 
of protection? 15-6 

t/ How does E. coli cause membrane ruffling? 15-7 
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How Bacterial Pathogens 
Damage Host Cells 
LEARNING OBJECTIVES 
, 5-8 Oescnbe the function of siderophOfes. 
15-9 Provide an ekample of direct damage. and compare thiS to toxin 

production. 
15-10 Contrast the nature and effects of exotoxms and endotoxms. 
, 5-11 Outline the mechanisms of action of A-B tOXins. membrane-disrupting 

toxins. and superantigens. ClaSSIfy diphtheria toxin. erythrogefllC tOXWl. 
botulinum tOXWl. tetanus toxin. Wbno enterotcoon. and staphylococcal 
enterot(»Un. 

15-12 Identify the Importance of the LAL assay. 
15-13 Using examples. describe the roles of plasmids and lysogeny in 

pathogenicity. 

When a microorganism invades a body tissue, it initially encoun-
ters phagocytes of the host. If the phagocytes are successful 
in destroying the invader, no further damage is done to the host. 
But if the pathogen overcomes the host's defense, then the 
microorgan ism can damage host cells in four basic ways: (I) by 
using the host's nutrients; (2) by causing direct damage in the 
immediate vicinity of the invasion; (3) by producing toxins, 
transported by blood and lymph, that damage sites far removed 
from the original site of invasion; and (4) by inducing 
hypersensitivity reactions. This fourth mechanism is considered 
in detail in Chapter 19. For now, we will discuss only the first 
three mechanisms. 

Using the Host's Nutrients: Siderophores 
Iron is required for the growth of most pathogenic bacteria. 
However, the concentration of fret' iron in the human body is fairly 
low because most of the iron is tightly bound to iron-transport 
proteins, such as lactoferrin, transferrin , and fe rritin, as well as 
hemoglobin. These are discussed in more detail in Chapter 16. 
To obtain free iron, so me pathogens secrete proteins called 
siderophores (Figure 15.3 ). When a pathogen needs iron, 
siderophores are released into the medium where they take the iron 
away from iron-transport proteins by binding the iron even more 
tightly. Once the iron-siderophore complex is formed, it is taken up 
by siderophore receptors on the bacterial surface. Then the iron is 
brought into the bacterium. In some cases, the iron is released (rom 
the complex to enter the bacterium; in other cases, the iron enters 
as part of the complex. 

As an alternative to iron acquisition by siderophores, some 
pathogens have receptors that bind directly to iron-tra nsport 
proteins and hemoglobin. Then these are taken into the bacterium 
directly along with the iron. Also, it is possible that some bacteria 
produce toxins (described shortly) when iron levels are low. The 
toxins kill host celis, releasing their iron and thereby making it 
available to the bacteria. 

Direct Damage 

Figure 15.3 Structure of ente robaclin, 
one type of bacterial siderophore. Note 
where the iron (Fe3+) is attached to the 
siderophore. 

Q Of what value are lIiderophores? 

Once pathogens attach to host cells, they can cause direct dam-
age as the pathogens use the host cell for nutrients and produce 
waste products. As pathogens metabolize and multiply in cells, 
the cells usually rupture. Many viruses and some intracellular 
bacteria and protozoa that grow in host cells are released when 
the host cell ruptures. Following their release, pathogens that 
rupture cells can spread to other tissues in even greater numbers. 
Some bacteria, such as E. coli, Slligeli(l, S(l/mollelia, and Neisseri(l 
gOllorrllOe(le, can induce host epithelial cells to engulf them by a 
process that resembles phagocytosis. These pathogens can dis-
rupt host cells as they pass through and can Ihen be ext ruded 
from the host cells by a reverse phagocytosis process, enabling 
them 10 enter other host cells. Some bacteria can also penetrate 
host cells by excreting enzymes and by their own motility; such 
penetration can itself damage the host cell. Most damage by bac-
teria , however, is done by toxins. Animations Virulence Factors: 
Penetrating Host Tissues. Hiding from Host Defenses. Enteric 
Pathogens. www.microbiologyplace.com 

The Production of Toxins 
Toxins are poisonous substances that are produced by certain 
microorganisms. They are often the primary factor contributing 
to the pathogenic properties of those microbes. The capacity of 
microorganisms to produce toxins is called toxigenicity. Toxins 
transported by the blood or lymph can cause serious, and some-
times fata l, effects. Some toxins produce fever, cardiovascular 
disturbances, diarrhea, and shock. Toxins can also inhibit protein 
syn thesis, destroy blood cells and blood vessels, and disrupt the 
nervous system by causing spasms. Of the 220 or so known bac-
terial toxins, nearly 40% cause disease by damaging eukaryotic 
cell membranes. The term toxemia refers to the presence of tox-
ins in the blood . Toxins arc of two general types, based on their 
position relative to the microbial cell: exotoxins and endotoxins. 

Exotoxins 
Exotoxins are produced inside some bacteria as part of their 
growth and metabolism and are secreted by the bacterium into the 
surrounding medium or released following lysis (Figure 15_4a). 
Exotoxins are proteins, and many are enzymes that catalyze only 
certain biochemical reactions. Because of the enzymatic nature of 
most exotoxins, even small amounts are quite harmful because 
they can act over and over again. Bacteria that produce exotoxins 
may be gram-positive or gram-negative. The genes for most (per-
haps all) exotoxins are carried on bacterial plasm ids or phages. 



Damage to the host by bacteria is often due 10 toxins. Many of the diseases discussed in 
Part Four of Ihe book will involve the activity of these toxins. 

Celt walt 
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EKotoKin . • • • •••• 

Endotoxin 
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(a) EKotoKlns are proteins produced inside 
pathogenic bacleria, most commonly gram-positive 
bacteria. as part of !heir growth and metabolism. 
The eKotoKins are then secreted or released into 
the surrounding medium following lysis. 

(b) Endotoxlns are the lipid portiOns of lipopoly-
saccharides (LPSs) that are part of the outer mem-
brane of the cell wall of gram-negative bacteria (lipid A; 
see Figure 4.13c). The endotoxins are liberated when 
the bacteria die and the cell wall breaks apart. 

Key Concept 
Toxins are of two general types: 
exotoxins and endotoxins. 

Because exotoxins are soluble in body fluids, they can easily diffuse 
into the blood and are rapidly transported throughout the body. 

Exotoxins work by destroying particular parts of the host's cells 
or by inh ibiting ceTlain metabolic functions. They are highly spe-
cific in their effecls on body lissues. Exotoxins are among the most 
lethal substances known. Only I mg of the botulinum exotoxin is 
enough to kill I million guinea pigs. Fortunately, only a few bacte-
rial species produce such potent exotoxins. 

Diseases caused by bacteria that produce exotoxins are often 
caused by minute amounts of exotoxins, not by the bacteria 
themselves. It is the exotoxins that produce the specific signs and 
symptoms of the di sease. Thus, exotoxins are disease-specific. 
For example, botulism is usually due to ingesting the exotoxin, 
not a bacterial in fection. Likewise, staphylococcal food poisoning 
is an intoxicatioll, not an infection. 

The body produces antibodies called antitoxins that provide 
immunity to exotoxins. When exotoxins are inactivated by heat 
or by formaldehyde, iodi ne, or other chemicals, they no longer 
cause the disease but can still stimulate the body to produce anti-
toxins. Such altered exotoxins are called toxoids. When toxoids 
are injected into the body as a vaccine, they stimulate antitoxin 
production so that immuni ty is produced. Diphtheria and 
tetanus can be prevented by toxoid vaccination. 

Naming Exotoxins Exotoxins are named on the basis of several 
characteristics. One is the type of host cell that is attacked. For 
example, /I curotoxills attack nerve cells, cardi%xi"s attack heart 
cells, hepatotoxins attack liver cells, /wk%xir,s attack leukocytes, 
cIIlerotoxills attack the lining of the gastrointestinal tract, and 
cytoloxi/ls attack a wide variety of cells. Some exotoxins are named 

for the diseases with which they are associated. Examples incl ude 
diplltlleria loxi" (cause of diphtheria) and letmws loxi" (cause of 
tetanus). Other exotoxins are named for the specific bacterium 
that produces them, for example. bow/inllm loxin (Clostridium 
bOIIl/illllm) and Vibrio elllerotoxill (Vibrio clio/erne). 

Types of Exotoxins Exotoxins are divided into three principal 
types on the basis of their structure and function: (1) A-B toxins, 
(2) membrane-disrupting toxins. and (3) superantigens. 

A-8 Toxins A-B toxins were the first toxins to be studied 
intensively and are so named because they consist of two parts des-
ignated A and B, both of which are polypeptides. Most exotoxins 
are A-B toxins. The A part is the active (enzyme) component, and 
the B part is the binding component. An example of an A-B toxin 
i5 the diphtheria toxin, which is illustrated in Figure 15.5. 

o In the first step. the A-B toxin is released from the bacterium. 
e The B component attaches to a host cell receptor. 
o The plasma membrane of the host cell invaginates (folds 

inward) at the point where the A-B exotoxin and plasma 
receptor make con tact, and the exotoxin enters the cell by 
endocytosis. 

o The A-B exotoxin and receptor are enclosed by a pinched-
off pori ion of the membrane. 

" The A- B components of the exotoxin separate. The A com-
ponent alters the function of the host ceil, often by inhibiting 
protein synthesis. The B component is released from the host 
cell, and the receptor is inserted into the plasma membrane 
for reuse. 
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A (active) 
B (binding) 

Bactarium 

Plasma,- _ _ 
membrane 

Nucleus 

• Cytoplasm 

Host cell 
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o Bacterium 
produces and 
releases 

e B (binding) 
component of 
exotoxin attaches 
to host cell 
receptor. 

e A-B 
enters host cell 
by endocytosis. 

o A-B 
enclosed in 
pinched-oN 
portion or plasma 
membrane during 
pinocytosis. 

4) A-B components of 
separate. 

The A component 
alters cell function 
by inhibiting 
protein synthesis. 
The B component 
is released from 
the host cell. 

Figure 15.5 The action of an A-B exotoxin. A proposed model for 
the mechanism of action of diphtheria 

Q Why is this called an A-B toxin? 

Membrane-Disrupting Toxins Membrane-disrupting 
toxins cause lysis of host cells by disrupting their plasma mem-
branes. Some do this by forming protein channels in the plasma 
membrane; others disrupt the phospholipid portion of the mem-
brane. The cell-lysing exotoxin of Staphylococcus al/rellS is an exam-
ple of an exotoxin that forms protein channels, whereas that of 
Clostridilllll perfril/gens is an example of an exotoxin that d isrupts 
the phospholipids. Membrane-disrupting toxins contribute to 
virulence by killing host cells, especially phagocytes, and by aiding 
the escape of bacteria from sacs within phagocytes (phagosomes) 
into the host cell's cytoplasm. 

Membrane-disrupting toxins that kill phagocytic leukocytes 
(white blood cells) arc called leukocidins. They act by forming pro-
tein channels. Leukocidins arc also active against macrophages, 
phagocytes present in tissues. Most leukocidins arc produced 
by staphylococci and streptococci. The damage to phagocytcs 
decreases host resistance. Membrane-disrupting toxins that destroy 
erythrocytes (red blood cells), also by forming protein channels, arc 
called bemolysins. Important producers of hemolysins include 
staphylococci and streptococci. Hemolysins produced by strepto-
cocci arc called streptolysins. One kind, called streptolysin 0 (SLO), 
is so named because it is inactivated by atmospheric oxygen. 
Another kind of streptolysin is called streptolysin S (SLS) because it 
is stable in an oxygen environment. Both streptolysins can cause 
lysis not only of red blood cells, but also of white blood cells (whose 
fu nction is to kill the streptococci) and other body cells. 

Superantigens Superantigens are antigens that provoke a 
very intense immune response. They arc bacterial proteins. 
Through a series of interactions with various cells of the immune 
system, superantigens nonspecifically stimulate the proliferation 
of immune cells called T cells. These cells arc types of white blood 
cells (lymphocytes) that act against foreign organisms and tissues 
(transplants) and regulate the activation and proliferation of other 
cells of the immune system. In response to superantigens, T cells 
arc stimulated to release enormous amounts of chemicals called 
cytokines. Cytokines are small protein molecules produced by 
various body cells, especially T cells, that regulate immune 
responses and mediate cell-to-cell communication (see Chapter 17, 
page 492). The excessively high levels of cytokines released by T cells 
enter the bloodstream and give rise to a number of symptoms, 
including fever, nausea, vomiting, d iarrhea, and sometimes shock 
and even death. Bacterial superantigens include the staphylococcal 
toxins that cause food poisoning and toxic shock syndrome. 

Representative Exotoxins Next we briefly describe a few of the 
more notable exotoxins (antitoxins will be discussed further in 
Chapter \ 8). 

Diphtheria Toxin Corynebacterium diphtheriae produces the 
diphtheria toxin only when it is infected by a lysogenic phage 
carrying the tox gene. This cytotoxin inhibits protein synthesis in 
eukaryotic cell s. It docs this using an A-B toxin mechanism, which 
is illustrated in Figure 15.5. 



Erythrogenic Toxins Streptococcus pyogenes has the genetic 
material to synthesize three types of cytotoxins, designated A, B, and 
C. These erythrogenic (erythro = red; gen = producing) toxills are 
superantigens that damage the plasma membranes of blood capil-
laries under the skin and produce a red skin rash. Scarlet fever, 
caused by S. pyogelles exotoxins, is named for this characteristic rash. 

Botulinum Toxin Botu/inul/! toxill is produced by C/ostridiul/! 
bow/inum. Although toxin production is associated with the ger-
mination of endospores and the growth of vegetative cells, little of 
the toxin appears in the medium until it is released by lysis late in 
growth. Botulinum toxin is an A-B neurotoxin; it acts at the neu-
romuscular junction (the junction between nerve cells and muscle 
cells) and prevents the transmission of impulses from the nerve 
cell to the muscle. The toxin accomplishes this by binding to nerve 
cells and inhibiting the release of a neurotransmitter called acetyl-
choline. As a result, botulinum toxin causes paralysis in which 
muscle tone is lacking (flaccid paralysis). C. bow/inum produces 
several different types of botulinum toxin, and each possesses a 
different potency. 

Tetanus Toxin Clostridium tetalli produces tetanus neuro-
toxin, also known as tetanospasmin. This A-B toxin reaches the 
central nervo us system and binds to nerve cells that control the 
contraction of various skeletal muscles. These nerve cells nor-
mally send inhibiting impulses that prevent random contractions 
and terminate completed contractions. The binding of 
tetanospasmin blocks this relaxation pathway (see Chapter 22, 
page 61 5) . The result is uncontrollable muscle contractions, pro-
ducing the convulsive symptoms (spasmodic cont ractions) of 
tetanus, o r "lockjaw." 

Vibrio Enterotoxin Vibrio cho/erae produces an A-B entero -
toxin called cholera toxin. Subunit B binds to epithelial cells, and 
subunit A causes cells to secrete large amounts o f fluids and 
electrolytes (io ns). Normal muscular contractions are disturbed, 
leading to severe diarrhea that may be accompanied by vomiting. 
Heat-Iabi/e enterotoxill (so named because it is more sensitive to 
heat than are most toxins), produced by so me strains o f E. coli, 
has an action identical to that of Vibrio enterotoxin. 

Staphylococcal Enterotoxin Staphylococcus aureus pro -
duces a superantigen that affects the intest ines in the same way 
as Vibrio enterotoxin . A strain o f S. a!lreus also produces a super-
antigen that results in the sympto ms associated with toxic shock 
syndrome (see Chapter 21, page 588). A su mmary of diseases 
produced by exotoxins is shown in Table 15.2. 

Endotoxins 
Endoloxins differ from exotoxins in several ways. Endotoxins are 
part of the outer portion of the cell wall of gram-negative bacteria 
(Figure 15.4b). Recall from Chapter 4 that gram-negative bacteria 
have an outer membrane surrounding the peptidoglycan layer of the 
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cell wall. This outer membrane consists of lipoproteins, phospho-
lipids, and lipopolysaccharides (LPSs) (see Figure 4.\3c, page 86). 
The lipid portion of LPS, called lipid A, is the endotoxin. Thus, 
endotoxins are lipopolysaccharides, whereas exotoxins are proteins. 

Endotoxins are released when gram-negative bacteria die and 
their cell walls undergo lysis, thus liberating the endotoxin. 
(Endotoxins are also released d uring bacterial multiplication. ) 
Antibiotics used to treat diseases caused by gram-negative bacte-
ria can lyse the bacterial cells; this reaction releases endotoxin 
and may lead to an immediate worsening of the symptoms, but 
the condition usually improves as the endotoxin breaks down. 
Endotoxins exert their effects by stimulating macrophages to 
release cytokines in very high concentrations. At these levels, 
cytokines are toxic. All endotoxins produce the same signs and 
symptoms, regardless of the species of microorganism, although 
not to the same degree. These include chills, feve r, weakness, 
generalized aches, and, in some cases, shock and even death. 
Endotoxins can also induce miscarriage. 

Another consequence of endotoxins is the activation of 
blood -clotting proteins, causing the fo rmation of small blood 
clots. These blood clots obstruct capillaries, and the resulting 
decreased blood supply induces the death of tissues. This condi-
tion is referred to as disseminated intravascular coagll/ation (DIC). 

The fever (pyrogenic response) caused by endotoxins IS 

believed to occur as depicted in Figure 15.6. 

o Gra m-negative bacteria arc ingested by phagocytes. 
e As the bacteria are degraded in vacuoles, the LPSs of the 

bacterial cell wall arc released . These endotoxins cause 
macrophages to produce cytokines called interleukin-I 
(11-1), for merly called endogenous pyrogen, and tumor 
necrosis factor alpha (TNF-a). 

e The cytokines arc carried via the blood to the hypothalamus, 
a temperature control center in the brain. 

o The cyto kines induce the hypothalamus to release lipids 
called prostaglandins, which reset the thermostat in the 
hypothalamus at a h igher temperature. The result is a fever. 

Bacterial cell death caused by lysis or antibiotics can also produce 
fever by this mechanism. Both aspirin and acetaminophen reduce 
fever by inhibiting the synthesis of prostaglandins. (The function 
of fever in the body is discussed in Chapter 16, page 463.) 

Shock refers to any life-threatening decrease in blood pressure. 
Shock caused by bacteria is called septic shock. Gram-negative 
bacteria cause endotoxic slwck. Like fever, the shock produced by 
endotoxins is related to the secretion of a cytokine by macrophages. 
Phagocytosis of gram-negative bacteria causes the phagocytes to 
secrete tumor necrosis factor (TNF), sometimes called cacllectin. 
TNF binds to many tissues in the body and alters their metabolism 
in a number of ways. One effect of TNF is damage to blood capil-
laries; their permeability is increased, and they lose large amounts 
of flu id . The result is a d rop in blood pressure that results in shock. 
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Table 15.2 Diseases Caused by Exotoxins 

Di_H 

Botulism 

Tetanus 

Diphtheria 

Scalded skin syndrome 

Cholera 

Traveler's diarrhea 

Anthrax 

Gas gangrene and 
food poisoning 

Antibiotic -associated 
diarrhea 

Food poisoning 

Toxic shock 
syndrome (TSS) 

Bacterium 

Clostridium botulinum 

Clostridium tetani 

Corynebacterium diphtheriae 

Staphylococcus C1ureus 

Vibrio cholerae 

Enterotoxigenic Escherichia 
coli and Shigella spp. 

Bacillus anthracis 

Clostridium perfringens 
and other species 
of Clostridium 

Clostridium difficile 

Staphylococcus C1ureus 

Staphylococcus aureus 

Bacterium 

Type of ExotOllin 

A-B 

A-B 

A-B 

A-B 

A-B 

A-B 

A-B 

Membrane-disru pting 

Membrane-disru pting 

Superantigen 

Superantigen 

vessel 

Mechanism 

Neurotoxin prevents the transmission of nerve 
impulses: flaccid paralysis results . 

Neurotoxin blocks nerve impulses to muscle 
relaxation pathway: results in uncontrollable 
muscle contractions. 

Cytotoxin inhibits protein synthesis, especially 
in nerve, heart, and kidney cells. 

One exotoxin causes skin layers to separate 
and slough off (scalded skin). 

Enterotoxin causes secretion of large amounts 
of fluids and electrolytes that result in diarrhea. 

Enterotoxin causes secretion of large amounts 
of fluids and electrolytes that result in diarrhea. 

Two A components enter the cell via the same B. 
The A proteins cause shock and reduce the 
immune response. 

One exotoxin (cytotoxin) causes massive red 
blood cell destruction (hemolysis): another 
exotoxin (enterotoxin) is related to food 
poisoning and causes diarrhea. 

Enterotoxin causes secretion of fluids and 
electrolytes that results in diarrhea: cytotoxin 
disrupts host cytoskeleton. 

Enterotoxin causes secretion of fluids and 
electrolytes that results in diarrhea. 

Toxin causes secretion of fluids and electrolytes 
from capillaries that decreases blood volume 
and lowers blood pressure. 

Hypothalamus of brain 

gland 

o A macrophage ingests a 
gram· negative bacterium, 

G The bacterium is degraded 
in a vacuole, re leasing 
endotoxins that induce the 
macrophage to produce 
cytokines IL· t and TNF·« . 

e The cytokines are 
re leased into the blood· 

o The cytokines induce the 
hypothalamus to produce 
prostaglandins, which reset 
the body's '"thermostar to a 
higher temperature, producing 

stream by the macrophages, 
through which they travel to the 
hypothalamus of the brain. 

Figure 15.6 Erldotoxins and the pyrogenic response. The proposed mechanism 
by which endotoxins cause fever, 

Q What is an endotoxin? 

fever, 



Table 15.3 Exotoxins and Endotoxins 

Bacterial Source 

Relation to 
Microorganism 

Chemistry 

Exotoxin 

Mostly from gram-positive bacteria 

Metabolic product of growing cell 

Proteins. usually with two parts (A-B) 
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Endotoxin 

Gram-negative bacteria 

Present in LPS of outer membrane of cell wall and 
released with destruction of cell or during cell division 

Lipid portion (lipid A) of LPS of outer membrane 
(lipopolysaccharide). 

Pharmacology 
(Effect on Body) 

Specific for a particular cell structure or function in the host 
(mainly affects cel l functions. nerves. and gastrointestina l tract) 

General, such as fever. weaknesses, aches. 
and shock: all produce the same effects 

Heat Stability 

Toxicity (Ability 
to Cause Disease) 

Fever-Producing 

Immunology (Relation 
to Antibodies) 

Lethal Dose 

Representative 
Diseases 

Unstable; can usually be destroyed at 60-60"C 
(except staphylococcal enterotoxin) 

High 

No 

Can be converted to toxoids to immunize 
against toxi n: neutralized by antitoxin 

Small 

Gas gangrene, tetanus. botulism. diphtheria. 
scarlet fever 

Low blood pressure has serious effects on the kidneys, lungs, and 
gastrointestinal tract. In addition, the presence of gram-negative 
bacteria such as Hael/lophi/lls influenwe type b in cerebrospinal 
fluid causes the release of IL- J and TNE These, in turn, cause a 
weakening of the blood- brain barrier that normally protects the 
central nervous system from infection. The weakened barrier lets 
phagocytes in, but this also lets more bacteria enter from the blood-
stream. In the United States, 750,000 cases of septic shock occur 
each year. One-third of the patients die within a month, and near-
ly half die within 6 months. 

Endotoxins do not promote the formation of effective anti-
toxins against the carbohydrate component of an endotoxin. 
Antibodies are produced, but they tend not to counter the effect 
of the toxin; sometimes, in fac t, they actually en hance its effect. 

Representative microorganisms that produce endotoxins are 
Salmonella typhi (the causative agent of typhoid fever), Proteus 
spp. (frequently the causative agents of urinary tract infections), 
and Neisseria meningitidis (the causative agent of men ingococcal 
meningitis), 

It is important to have a sensitive test to identify the presence 
of endotoxins in drugs, medical devices, an d body tluids. 
Materials that have been sterilized may contain endotoxins, even 
though no bacteria can be cultured from them. An example is 

Stable; can withstand autoclaving (121"C for 1 hour) 

Low 

Not easily neutralized by antitoxin: therefore. effective 
toxoids cannot be made to immunize against toxin 

Considerably larger 

Typhoid fever. urinary tract infections. and 
meningococcal meningitis 

discussed in the box on page 440. One such laboratory test is 
called the Umulus amoebocyte lysate (LAL) assay, which can 
detect even minute amoun ts of endotoxin. The hemolymph 
(blood) of the Atlantic coast horseshoe crab, Limllills polyphemus, 
contains white blood cells called amoebocytes, which have large 
amounts of a protein (lysate) that causes clotting. In the presence 
of endotoxin, amoebocytes in the crab hemolymph lyse and lib-
erate their clotting protein. The resulting gel-clot (precipitate) is a 
positive test for the presence of endotoxin. The degree of the reac-
tion is measured usi ng a spectrophotometer (see Figure 6.21, 
page 179). 

Table 15.3 compares exotoxins and endotoxins. Anima-
tions Virulence Factors: Exotoxins. Endotoxins. www.microbiology 
place.com 

Plasm ids, Lysogeny, and Pathogenicity 
Recall from Chapters 4 (page 95) and 8 (page 237) that plasm ids 
are small, circular DNA molecules that are not connected to the 
main bacterial ch romosome and are capable of independent 
replication, One group of plasm ids, called R (resistance) factors, 
is responsible for the resistance of some microorganisms to 
antibiotics. In addition, a plasmid may carry the information 
that determines a microbe's pathogenicity. Examples of virulence 



Inflammation of the Eye 
As you read through this box, you will 
encounter a series of questions that 
infection control officers ask themselves as 
they trace an infection. Try to answer each 
question before going on to the next one. 

1. On October II, an ophthalmologist 
performed outpatient cataract surgery 
on ten patients (Figure A). later thai 
day, he noted that eight of the ten 
patients had an unusual degree of 
inflammation and that their pupils were 
fixed and did not respond to light. Lens 
replacements were performed on the left 
eye of five patients and on the right eye 
of three patients. 
What can you conctude? 

2. Infections take 3 to II days to show 
symptoms. The same-day onset of symp-
toms in these cases suggests a reaction 
to a toxin or other chemical called toxic 
anterior segment syndrome (TASS). 
TASS is caused by (1) chemicals on 
surgical instruments, resulting Irom 
improper or insufficient cleaning; 
(2) products introduced into the eye 
during surgery, such as washing solu-
tions or medications; or (3) other 
substances that enter the eye during 
or alter surgery, such as topical 
ointments or talc Irom surgical gloves. 
What do you need to know now? 

3. The epinephrine used during surgery 
and the enzymatic solution lor the 
ultrasonic bath used to clean surgical 
instruments were sterile. Medications 
with different lot numbers were used in 
each case. The surgeon is board certi-
lied and has 20 years of experience. The 
autoclave used to sterilize ophthalmic 
equipment was functioning nonnally. 
Single-use topical iodine anliseptic 

was used. and a new sterile tip lor the 
corneal extraction was used lor each 
patient. 
What is the nell! step? 

4. An LAL assay of the solution Irom the 
ultrasonic bath was perlormed and was 
positive. 
What does this indicate? 

5. Endotoxin was present in the solution in 
the ultrasonic bath. 
What is the source of the 
endotoxin? Is this condition 
treated with antibiotics? 

6. Gram-negative bacteria such as 
Burkholderla are commonly found in 
liquid reservoirs and moist environments. 
Gram-negative bacteria can colonize 
water pipes and laboratory containers 
used to hold water (Figure Bacteria 
from these biofilms could be washed 
into solutions. The bacteria, killed by 
autoclaving, release endotoxin. Most 
patients recover nicely after treatment 
with a topical anti·inflammatory drug, 
such as pred-
nisone. Antibiotics 
should not be 
used. because 
TASS is not an 
infection. 

Figure A Cataract 

uted to a commercially distributed irri-
gating solution contaminated with 
endotoxin. Preventing TASS depends pri-
marily on using appropriate protocols lor 
cleaning and sterilizing surgical equip-
ment and paying careful attention to all 
solutions, medications. and ophthalmiC 
devices used during surgery. 

Source. Adapte(! from MMWR 56(2 5)629-930. 
June 28. 2007. 

• 

• .. 
• 

.. • • 

• • 

Cataract ex-
traction is one of 
the most common 
surgeries in the 
United States, with 
approximately 2 
million procedures 
performed each 
year. A nationwide 
outbreak of TASS 
in 2005 was attrib- Figure B Bactena such as BurldIoIdena loon 

bIofilms III water pIpeS and stOf&{le containers. 
Inset Gram-stained &.!rkhokJefllJ showing typICal 
bipolar Stallllng. 

10 pm 

factors that are encoded by plasmid genes are tetanus neuro-
toxin, heat -labile enterotoxin, and staphylococcal enterotoxin. 
Other examples are dext ransucrase, an enzyme p roduced by 
Streptococcus IIIlIfans that is involved in tooth decay; adhesins 

and co agulase produced by Staphylococcus al/rellS; and a type of 
fimbria specific to enteropathogenic st rains of E. co/i. 

In Chapter 13, we noted that some bacteriophages (viruses 
that infect bacteria) can incorporate their DNA into the bacterial 
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chromosome, becoming a prophage, and thus remain latent (do 
not cause lysis of the bacterium) . Such a state is called Iysogel/y, 
and cells containing a prophage are said to be lysogenic. One 
outcome of lysogeny is that the host bacterial cell and its progeny 
may exhibit new properties encoded by the bacteriophage DNA. 
Such a change in the characteristics of a microbe due to a 
prophage is called lysogenic conversion. As a result of lysogenic 
conversion, the bacterial cell is immune to infection by the same 
type of phage. In addit ion, lysogenic cells are of medical impor-
tance because some bacterial pathogenesis is caused by the 
prophages they contain. 

Among the bacteriophage genes that contribute to patho-
genicity are the genes for d iphtheria toxin, erythrogenic toxins, 
staphylococcal enterotoxin and pyrogen ic toxin, botulinum neu-
rotoxin, and the capsule produced by Streptococcus pnellmorliae. 
The gene for Shiga toxin in E. coli 0157 is encoded by phage 
genes. Pathogenic strains of Vibrio cllOlerae carry lysogenic 
phages. These phages can tra nsmit the cholera toxin gene to non-
pathogenic V. cholerae strains, increasing the number of patho -
genic bacteria. 

CHECK YOUR UNOERSTANOING 

..r Of what value are siderophores? 15-8 

..r How does toxigenicity differ from direct damage? 15-9 

..r Differentiate an exotoxin from an endotoxin. 15-10 

..r Food pOisoning can be divided into two categories: food infection 
and food intoxication. On the basis of toxin production by bacte-
ria, explain the difference between these two categories. 15-11 

..r Washwater containing Pseudomonas was sterilized and used to 
wash cardiac catheters. Three patients developed fever, chills, 
and hypotension following cardiac catheterization. The water 
and catheters were sterile. Why did the patients show these 
reactions? How should the water have been tested? 15-12 

..r How can lysogeny turn the normally harmless E. coli into a 
pathogen? 15-13 

Pathogenic Properties of Viruses 
LEARNING OBJECTIVE 
15-14 List nme cytopathic effects of viral infecllOns. 

The pathogenic properties of viruses depend on their gaining 
access to a host, evading the host's defenses, and then causing 
damage to or death of the host cell while reproducing themselves. 

Viral Mechanisms for Evading Host Defenses 
Viruses have a variety of mechanisms that enable them to 
evade destruction by the host's immune response (sec Chapter 
17, page 487). For example, viruses can penetrate and grow 
inside host cells, where components of the immune system 
cannot reach them. Viruses gain access to cells because they 
have attachment sites for receptors o n their target cells. When 

CHAPTER 15 Microbial Mechanisms of Pathogenicity 441 

such an attachment site is brought together with an appropri-
ate receptor, the virus can bind to and penetrate the cell. Some 
viruses gain access to host cells because their attachment sites 
mimic substances useful to those cells. For example, the 
attachment sites of rabies virus can mimic the neurotransm it-
ter acetylcholine . As a result, the virus can enter the host cell 
along with the neurot ransmitter. 

The AIDS virus (H IV) goes further by hiding its attach-
ment sites from the immune response and by attacking com-
ponents of the immune system directly. Like most viruses, HI V 
is cell-specific; that is, it attacks only particular body cells. HI V 
attacks only those cells that have a surface marker called the 
CD4 protein, most of which are cells of the immune system 
called T cells (T lymphocytes) . Binding sites on HIV are com-
plementary to the CD4 protein. The surface of the virus is 
folded to form ridges and valleys, and the HIV binding sites 
are located on the floors of the valleys. CD4 proteins are long 
enough and slender enough to reach these binding sites, 
whereas antibody molecules made against HIV are too large to 
make contact with the sites. As a result, it is difficult for these 
antibodies to destroy H IV. 

Cytopathic Effects of Viruses 
Infection of a host cell by an animal virus usually kills the host 
cell (sec Chapter 13, page 378) . Death can be caused by the accu-
mulation of large numbers of multiplying viruses, by the effects 
of viral proteins o n the permeability of the host cell's plasma 
membrane, or by inhibition o f host DNA, RNA, or protein syn-
thesis. The visible effects of viral infection arc known as 
cytopathic effects (ePE). Those cytopathic effects that result in 
cell death arc called cytocidal effects; those that result in cell dam-
age but not cell death are called lIoncytocidal effects. CPEs are 
used to diagnose many viral infections . 

Cytopathic effects va ry with the virus. One difference is the 
point in the viral infection cycle at which the effects occur. 
Some viral infections result in early changes in the host cell; in 
other infections, changes are not seen unti l a much later stage. 
A virus can produce one or more of the following cytopathic 
effects: 

I. At some stage in their multiplication, cytocidal viruses 
cause the macromolecular synthesis within the host cell to 
stop. Some viruses, such as herpes simplex virus, irreversibly 
stop mitosis. 

2. When a cytocidal virus infects a cell, it causes the cell's Iyso-
somes to release their enzymes, resulting in destruction of 
intracellular contents and host cell death . 

3. Inclusion bodies arc granules found in the cytoplasm or 
nucleus of some infected cells (Figure 15.7a). These granules 
are sometimes viral parts-nucleic acids or proteins in the 
process of being assembled into virions. The granules vary in 
size, shape, and staining properties, according to the virus. 
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Nuclei 
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Figure 15.7 Some cytopathic effects of viruses. (a) Cytoplasmic inclusion body in brain 
tissue from a person who died of rabies. (b) Portion of a syncytium (giant cell) formed in a ce ll 
infected with measles ViruS. The cytoplasmic mass is probably the Golgi complexes of fused cells. 

Q What are cytopathic effects? 

Inclusion bodies are characterized by their ability to stain 
with an acidic stain (acidophilic) or with a basic stain 
(basophilic) . Other inclusion bodies arise at sites of earlier 
viral synthesis but do not contain assembled viruses or their 
components. Inclusion bodies are important because their 
presence can help identify the virus causing an infection. For 
example, in most cases, rabies virus produces inclusion bodies 
(Negri bodies) in the cytoplasm of nerve cells, and their pres-
ence in the brain tissue of animals suspected of being rabid 
has been used as one diagnostic tool for rabies. Diagnostic 
inclusion bodies are also associated with measles virus, vac-
cinia virus, smallpox virus, herpesvirus, and adenoviruses. 

4. At times, several adjacent infected cells fuse to form a very 
large multinucleate cell called a syncytium (Figure 15.7b). 
Such giant cells are produced from infections by viruses 
that cause diseases, such as measles, mumps, and the 
common cold . 

5. Some viral infections result in changes in the host cell's func-
tions with no visible changes in the infected cells. For exam-
ple, when measles virus attaches to its receptor called CD46, 
the CD46 prompts the cell to reduce production of an 
immune substance called IL- 12, reducing the host's ability to 
fight the infection. See the box in Chapter 17, page 493 . 

6. Some vi rus-infected cells produce substances called 
interferons. Viral infection induces cells to produce 
interferons, but the host cell's DNA actually codes for the 
interferon . This protects neighboring un infected cells from 
viral infection. (Interferons will be discussed further in 
Chapter 16, page 468 .) 

7. Many viral infections induce antigenic changes on the 
surface of the infected cells. These antigenic changes elicit 

a host antibody response against the infected cell, and thus 
they target the cell for destruction by the host's immune 
system. 

8. Some viruses induce chromosomal changes in the host cell. 
For example, some viral infections result in chromosomal 
damage to the host cell, most often chromosomal breakage. 
Frequently, oncogenes (cancer-causing genes) may be con-
tributed o r activated by a virus. 

9. Most normal cells cease growing in vi tro when they come 
close to another cell, a phenomenon known as contact 
inhibition. Viruses capable of causing cancer trallsform host 
cells, as d iscussed in Chapter 13. Transformation results in an 
abnormal, spindle-shaped cell that does not recognize contact 
inhibition (Figure 15.8). The loss of contact inhibition results 
in unregulated cell growth. 

Some representative vi ruses that cause cytopathic effects are 
presented in Table 15.4. In Part Four of the book we will discuss 
the pathological properties of viruses in more detail. 

CHECK YOUR UNDERSTANDING 

./ Define cytopathic effecls, and give five examples. 15-14 

Pathogenic Properties of Fungi, 
Protozoa, Helminths, and Algae 
LEARNING OBJECTIVE 
15-15 Discuss the causes of symptoms in fungal. protozoan, helminthic, 

and algal diseases. 

This section describes some general pathological effects of fungi, 
protozoa, helminths, and algae that cause human disease. Most 
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Figure 15.8 Transfonned cells in culture. In the center of this 
photomicrograph is a cluster of chick embryo cells transformed by Rous 
sarcoma virus. Such a cluster results from the multiplication of a single cell 
infected with a transforming virus. Notice how the transformed cells 
appear dark. in contrast to the monolayer of light. flat. normal cells around 
them. This appearance is caused by their spindle shapes and their 
uninhibited growth due to the absence of contact inhibition. 

Q What is contact inhibition? 

specific diseases caused by fungi, protozoa, and helminths, along 
with the pathological properties of these organisms, are dis-
cussed in detail in Chapters 21 to 26. 

Fungi 
Although fungi cause disease, they do not have a well-defined 
set of virulence factors. Some fungi have metabolic products that 
are toxic to human hosts. In such cases, however, the toxin is only 
an indirect cause of disease, because the fungus is already 
growing in or on the host. Chronic fungal infect ions, such as 
from molds growing in homes, can also provoke an allergic 
response in the host. 

Trichothecenes are fu ngal toxins that inhibit protein 
synthesis in eukaryotic cells. Ingestion of these toxins causes 
headaches, chi lls, severe nausea, vomiti ng, and visual 
disturbances. These toxins are produced by FllSarium (fu'sar-e-
urn) and Stachybotrys (stak' e-bo-tris) grow ing on grains and 
wallboard in homes. 

There is evidence that some fungi do have virulence 
factors . Two fungi that can ca use ski n infections, Candida albi-
caliS and Trichophyton (trik-o -fi'ton ), secrete pro teases. These 
enzymes may modify host cell membranes to allow attachment 
of the fungi . CryptococClls neofarmans (krip-to -kok'kus ne-o-
for'manz ) is a fungus that causes a type o f meningitis; it 
produces a capsule that helps it resist phagocytosis. Some 
fungi have become resistant to anti fungal drugs by decreasing 
their synthesis o f recepto rs fo r these d rugs. 

The disease called ergotism, which was common in Europe 
during the Mid dle Ages, is caused by a toxin produced by an 
ascomycete plant pathogen, Claviceps pllrpurea (kla'vi-seps 
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Table 15.4 Cytopathic Effects of Selected 
Viruses 

Virus (Genus) 

Poliovirus {Enterovirus) 

Papovavirus 
(family Papovaviridae) 

Adenovirus 
(Mastadenovirus) 

Rhabdovirus 
(family Rhabdoviridae) 

Cytomegalovirus 

Measles virus 
(Morbillivirus) 

Polyomavirus 

HIV {Lenlivirus) 

Cytopathic Effect 

Cytocidal {cell death) 

Acidophilic inclusion bodies 
in nucleus 

Basophilic inclusion bodies 
in nucleus 

Acidophilic inclusion bodies 
in cytoplasm 

Acidophilic inclusion bodies 
in nucleus and cytoplasm 

Cell fusion 

Transformation 

Destruction of T cells 

pur-pu-re'a), that grows on grains. The toxin is contained in 
sclerotia, highly resistant portions of the mycelia of the fun -
gus that can detach. The toxin itself, ergot, is an alkaloid that 
can cause hallucinations resembling those produced by LSD 
(lysergic acid d iethylamide ); in fact, ergot is a natural source of 
LSD. Ergot also constricts capillaries and can cause gangrene 
of the limbs by preventing proper blood circulation in the 
body. Although C. purpllrea still occasionally occurs on grains, 
modern milling usually removes the sclero tia. 

Several other toxins are produced by fungi that grow on 
grains or other plan ts. For example, peanut butter is occasion-
ally recalled because o f excessive amounts of aflatoxin, a toxin 
that has carcinogen ic properties. Aflatoxin is produced by the 
growth of the mold Aspergillus flavlls. When ingested, the toxin 
might be altered in a human body to a mutagenic com pound. 

A few mushrooms produce toxins called myc;:otoxins (toxins 
produced by fungi ). Examples are phalloidin and amanitin, 
produced by Amanita plw/loides (am-an-t ' ta fal-loi ' dez), com-
monly known as the deathcap. These neurotoxins are so potent 
that ingest ion of the Amallita mushroom may result in death. 

Protozoa 
The presence of protozoa and thei r waste products often produces 
disease symptoms in the host (see Table 12.5, page 354). Some pro-
tozoa, such as Plasmodium, the causative agent of malaria, invade 
host cells and reproduce within them, causing their ruptu re. 
Toxoplasma attaches to macrophages and gains entry by phagocy-
tosis. The parasite prevents normal acidification and digestion; 
thus, it can grow in the phagocytic vacuole. Other protozoa, such 
as Giardia lamblia, the causative agent of giardiasis, attach to host 
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cells by a sucking disc (see Figure 25.17, page 730) and digest the 
cells and tissue fluids. 

Some protozoa can evade host defenses and cause d isease 
for very long periods of time. For example, Giardia, which 
causes diarrhea, and Trypanosoma, which causes African 
trypanosomiasis (sleeping sickness), both use antigenic varia-
tion (page 433) to stay one step ahead of the host's immune 
system. The immune system is alerted to recognize foreign 
substances called antigens; the presence of antigens causes the 
immune system to produce antibodies designed to destroy 
them (see Chapter 17). When Trypanosoma is introduced into 
the bloodstream by a tsetse fly, it produces and displays a 
specific antigen. In response, the body produces antibodies 
against that an tigen . However, within 2 weeks, the m icrobe 
stops displaying the original antigen and instead produces and 
displays a different one (sec Figure 22 .16, page 629) . Thus, the 
original antibodies are no longer effective. Because the m icrobe 
can make up to 1000 different antigens, such an infection can 
last for decades. 

Helminths 
The prese nce of helminths also often produces disease 
symptoms in a host (sec Table 12.6, page 361). Some of these 
organisms actually use host tissues for their own growth or 
produce large parasitic masses; the resulting cellular damage 
evo kes the symptoms. An example is the roundworm 
Wuchereria bancrofti (vu- ker-ar' e-a ban-krof'tc), the causative 
agent of elephant iasis. This parasite blocks lymphatic circula-
tion, leading to an accumulation of lymph and even tually 
causing grotesque swelling of the legs and other body parts. 
Waste products of the metabolism of these pa rasites can also 
contribute to the symptoms of a disease. 

Algae 
A few species of algae produce neurotoxi ns. For example, some 
genera of dinofl agellates, such as A/exalldrillnJ, are important 
medically because they produce a neurotoxin called saxitoxin. 
Although mollusks that feed on the dinoflagellates that produce 
saxitoxin show no symptoms of disease, people who eat the 
mollusks develop paralytic shellfish poisoning, with symptoms 
sim ilar to botul ism. Public health agencies frequently prohibit 
human consumptio n of mollusks duri ng red tides (see 
Figure 27.13, page 779). 

CHECK YOUR UNOERSTANOING 

..r Identify one virulence factor that contributes to the pathogenicity 
of each of the follOWing diseases: fungal, protozoan, helminthic, 
and algal. 15-15 

Portals of Exit 
LEARNING OBJECTIVE 
15-16 Differentiate portal of entry and porta l of exit. 

[n the beginning of the chapter, you learned how microbes enter 
the body through a preferred route, or portal of entry. Microbes 
also leave the body via specific routes called portals of exit in 
secretions, excretions, discharges, or tissue that has been shed . In 
general, portals of exit are related to the part of the body that has 
been infected. Thus, in general, a microbe uses the same portal 
for entry and exit. By using various portals of exit, pathogens can 
spread through a population by moving from one susceptible 
host to another. As you learned in Chapter 14, this type of 
information about the dissemination of a disease is very impor-
tant to epidemiologists. 

The most common portals of exit are the respiratory 
and gastrointestinal tracts. For example, many pathogens living 
in the respiratory tract exit in discharges from the mouth and 
nose; such d ischarges are expelled during coughing or sneezing. 
These microorganisms are found in droplets formed from 
mucus. Pathogens that cause tuberculosis, whooping cough, 
pneumonia, scarlet fever, meningococcal meningitis, chicken -
pox, measles, mumps, smallpox, and influenza are discharged 
through the respiratory route. Other pathogens exit via the gas-
trointestinal tract in feces or saliva. Feces may be contam inated 
with pathogens associated with salmonellosis, cholera, typhoid 
fever, shigellosis, amoebic dysentery, and poliomyelitis. Saliva 
can also contain pathogens, such as those that cause rabies, 
mum ps, and infectious mononucleosis. 

Another important route of exit is the genitourinary tract. 
Microbes responsible for sexually transmitted infections are 
found in secretions from the penis and vagina. Urine can also 
contain the pathogens responsible for typhoid fever and 
brucellosis, which can exit via the urinary tract. Skin or wound 
infections are other portals of exit. Infections transmitted from 
the skin include yaws, impetigo, ringworm, herpes simplex, and 
warts. Drainage from wounds can spread infections to another 
person directly or by contact with a contaminated fomite. 
Infected blood can be removed and reinjected by biting insects 
and contaminated needles and syringes to spread infection 
within a population. Examples of d iseases transmitted by biting 
insects are yellow fever, plague, tularemia, and malaria . AIDS 
and hepatitis B may be transmitted by contaminated needles 
and syringes. 

CHECK YOUR UNDERSTANDING 

..r Which are the most often used portals of exit? 15-16 



When the balance between host and microbe is tipped in favor of the microbe, an infection or disease 
results, l earning these mechanisms of microbial pathogenicity is fundamental to understanding how 
the specific pathogens discussed in Part Four of this book are able to overcome the host's defenses. 

Portals o f Entry 

M .... cous membranes 
Respiralory tract 
Gastrointestinal tract 
Genitourinary tract 
Conjul"lCliva 

Skin 
Parenteral route 

N .... mber of 
Invading Microbes 

Adherence 

• • • 

Penetration or Evasion 
of Host Defenses 

Capsules 
Cell wall components 
Enzymes 
Antigenic variation 
Invasins 
Intracellular growlh 

In the next chapter, we will examine a group of nonspecific 
defenses of the host against disease. But before proceeding, 

• 

Damago to Host Cells 

Siderophores 
Direct damage 
Toxins 

Exotoxlns 
Endotoxlns 

lysogenic conversion 
Cytopathic etreets 

Key Concept 

Portals 01 Exit 

Generally the same as 
the portals or entry lor a 
given microbe 

Seve,.. .actor. are required '01" a microbe 10 cause dilene. After 
emeq the host, most padoogens adloere 10 hosI tl"ue, penetrate 
01" evade host defen--. and dnmage hose I"FueL PIIdtogeil' 
lJIu"\y ler we the body via II e ciHc portals of edt, wfIIcti an generally 
the ...... e "las wf1ere they emered initially. 

exa min e Figure 15.9 carefully. It summarizes some key co ncepts 
of the microbial mechanisms of pathogenicity we have discussed 
in this chapter. 

STUDY OUTLINE 
The MyMlcroblology peace webSite <_ .mic robiologyplace.com) 
WIll help you gel ready for tesls With ilS simple three-step approach: o lake a pre-test and obtain a personalized study plan, e learn 
and pracUce WIth animations. lutorials. and MPJ tutor sessions 
and 0 test yO .... r5C1f With quizzes and a chapter post- test 

Introduction (p.428) 

I . Pathogenicity is the ability of a pathogen to produce a disease by 
overcoming the defenses of the host. 

2. Virulence is the degree ofpalhogenicity. 

How Microorganisms Enter a Host 
(pp. 1129-/132) 

I . The specific route by which a particular pathogen gains access to 
the body is called its portal of entry. 

Portals of Entry (p. 429) 
2. Many microorganisms can penetrate mucous membranes of 

the conjunctiva and the respiratory, gastrointestinal, and 
genitourina ry tracts. 

445 
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3. Most microorganisms cannot penetrate intact skin; they enter 
hair follides and sweat ducts. 

4. Some microorganisms can gain access to tissues by inoculation 
through the skin and mucous membranes in bites, injections, 
and other wounds. This route of penetration is called the 
parenteral route. 

The Preferred Portal of Entry (p. "29) 
5. Many microorganisms can cause infections only when they gain 

access through their specific portal of entry. 

Numbers of Invading Microbes (pp. "29- "31) 
6. Virulence can be expressed as LDw (le thal dose fo r 50% of the 

inoculated hosts) or 1030 (infectious dose for 50% of the 
inoculated hosts). 

Adherence (pp.431-432) 
7. Surface projections on a pathogen called adhesins (ligands) adhere 

to complementary receptors on the host cells. 
8. Adhesins can be glycoproteins or lipoproteins and are frequently 

associated with fimbriae. 
9. Mannose is the most common receptor. 

10. Biofilms provide attachment and resistance to antimicrobial 
agents. 

How Bacterial Pathogens Penetrate 
Host Defenses (pp. "32-"3") 

Capsules (p. "32) 
J. Some pathogens ha\'e capsules that prevent them from being 

phagocytized. 

Cell Wall Components (p. 432) 
2. Proteins in the cell wall can facilitate adherence or prevent a 

pathogen from being phagocytized. 

Enzymes (pp. 432-433) 
3. Local infections can be protected in a fibrin dot caused by the 

bacterial enzyme coagulase. 
4. Bacteria can spread from a focal infection by means ofkinases 

(which destroy blood dots), hyaluronidase (which destroys a 
mucopolysaccharide that holds cells together), and collagenase 
(which hydrolyzes connective tissue collagen). 

5. 19A proteases destroy IgA antibodies. 

Antigenic Variation (p.433) 
6. Some microbes vary expressio n of antigens, thus avoiding the 

host's antibodies. 

Penetration into the Host Cell Cytoskeleton (p. 1133) 
7. Bacteria may produce proteins that alte r the actin of the host cell's 

cytoskeleton allowing bacteria into the cell. 

How Bacterial Pathogens Damage 
Host Cells (00. "'-''') 
Using the Host's Nutrients: Siderophores (p. "3") 

I. Bacteria ge t iron from the host using siderophores. 

Direct Damage (1'.11311) 
2. Host cells can be destroyed when pathogens metaboli7.e and 

multiply inside the host cells. 

The Production of Toxins (pp. "311-"39) 
3. Poisonous substances produced by microorganisms are called 

toxins; toxemia refers to the presence of toxins in the blood. 
The ability to produce toxins is called toxigenicity. 

4. Exotoxins arc produced by bacteria and released 
into the surrounding medium. Exotoxins, not • •• • the bacteria, produce the disease symptoms. 

5. Antibodies produced against exotoxins are 
called antitoxins. 

6. A-I! toxins consist of an active component that 

• • • • • ••• 
inhibits a cellular process and a binding component that 
attaches thc two portions to the target cell, e.g., diphtheria toxin. 

7. Membrane.disrupting toxins cause cell lysis, e.g., 
hemolysins. 

8. Superantigens cause release of cytokines, which cause fever, 
nausea, and other symptom s; e.g., toxic shock syndrome toxin. 

9. Endotoxins are lipopolysaccharides (LPS), the lipid A component 
of the cell wall of gram-negative bacteria. 

10. Bacterial cell death, ant ibiotics, and antibodies 
may cause the release of endotoxins. 

1 I . Endotoxins cause fever (by inducing the 
release of interleukin . l ) and shock (because I'" 
of a TNF-induced decrease in blood pressure). 

12. Endotoxins allow bacteria to cross the blood-brain barrier. 
13. The LimIt/us amoebocyte lysate (LAL) assay is used to detect 

endotoxins in drugs and on medical devices. 

Plasm ids, Lysogeny, and Pathogenicity (pp. II"O-1I1I1) 
14. Plasmids may carry genes for antibiotic resistance, toxins, capsules, 

and fimbriae. 
15. Lysogenic conversion can result in bacteria with virulence factors, 

such as toxins or capsules. 

Pathogenic Properties of Viruses (pp. '''-44') 
J. Viruses avoid the host's immune response by growing 

inside cells. 
2. Viruses gain access to host cells because they have attachment sites 

for receptors on the host cell. 
3. Visible signs of viral infections are called cyto-

pathic effects (ePE). 
4. Some viruses cause cytocidal effects (cell death). 

and others cause noncytocidal effects (damage 
but not death). 

5. Cytopathic effects include stopping mitosis, 
lysis, formation of inclusion bodies, cell fusion. antigenic changes, 
chromosomal changes, and transformation. 

Pathogenic Properties of Fungi, 
Protozoa, Helminths, and Algae (pp.44'-44') 

L Symptoms of fungal infections can be caused by capsules, toxins, 
and allergic responses. 



2. Symptoms of protozoan and helminthic diseases (an be (aused by 
damage to host tissue or by the metabolk waste produ(ts of the 
parasite. 

3. Some protozoa (hange their surfa(e antigens while growing in a 
host, thus avoiding destru(tion by the host's antibodies. 

4. Some algae produ(e neurotoxins that (ause paralysis when 
ingested by humans. 
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Portals of Exit (pp.444-445) 

I. Pathogens have definite portals of exi!. 
2. Three wmmon portals of exit are the respiratory tra(t via cough-

ing or sneezing, the gastrointestinal tra(t via saliva or fe(es, and 
the genitourinary trKt via se<:retions from the vagina or penis. 

3. Arthropods and syringes provide a portal of exit for microbes in 
blood. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
I . Compare pathogenidty with virulen(e. 
2. How are (apsules and cell wall wmponents related to pathogenidty? 

Give spedfic examples. 
3. Des<:ribe how hemo!ysins, !eukoddins, wagulase, kinases, 

hyaluronidase, siderophores, and IgA proteases might wntribute 
to pathogenicity. 

4. Explain how drugs that bind each of the following would affe(t 
pathogenicity: 
a. iron in the host's blood 
b. Neisseria gonorrhoeae fimb riae 
c. Streptococcus pyogenes M protein 

5. Compare and contrast the following aspe(ts of endotoxins and 
exotoxins: bacterial source, (hemistry, toxicity, and pharmawlogy. 
Give an example of each toxin. 

6. DRAW IT Label this • diagram to show 
how the Shiga toxin 
enters and inhibits 
protein synthesis in 
a human (ell. 

.. 

• • 

7. Describe the factors wntributing to the pathogenicity of 
fungi, protozoa, and helminths. 

8. Which of the following genera is the most inf«tious? 

Genus 

Legionella 
Salmonella 

t cett 
cetts 

Genus 

Shigella 

Treponema 
200 cetts 
52 cetts 

9. How can viruses and protozoa avoid being killed by the host's 
immune 

Multiple Choice 
I . The removal of plasm ids redu(es virulence in whkh of the following 

organisms? 
a. Clostridium telimi d. Streptococcus /IIutans 
b. Escherichia coli e. C/os/ridium botulinum 
(. Staplly/ococcl/s aI/reus 

2. What is the LD50 for the bacterial toxin tested in the example below? 

Dilution No. of Animals No. of Animals 
(pg/kgJ Died Survived 

,. 6 0 6 

b t 2.5 0 6 , 25 3 3 
d 50 • , 
e. tOO 6 0 

3. Which of the foJ!owing is not a portal of entry for pathogens? 
a. mucous membranes of the respiratory tract 
b. mucous membranes of the gastrointestinal tract 
c. skin 
d. blood 
e. parenteral route 

4. All of the following can occur during bacterial infection. \Vhich 
would prevent all of the others? 
a. vaccination against fimbriae 
b. phagocytosis 
c. inhibition of phagocytic digestion 
d. destruction of adhesins 
e. alteration of cytoskeleton 

5. The 1D50 for Campy/obaeter sp. is 500 cells; the 1D50 for 
Cryptosporitlium sp. is tOO cells. \Vhieh of the following statements 
is 1I0t true? 
a. Both mierobes are pathogens. 
b. Both microbes produce infections in 50% of the inoculated hosts. 
c. Cryptosporitlium is more virulent than Campy/obaeter. 
d. Campy/obaeter and Cryptosporidium are equally virulent; they 

cause infections in the same number of test animals. 
e. The severity of infections caused by Campylobaeter and 

Cryptosporitlillm cannot be determined by the information 
provided. 
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6. An encapsulated bacterium can be virulent because the capsule 
a. resists phagocytosis. 
b. is an endotoxin. 
c. destroys host tissues. 
d. interferes wi th physiological processes. 
e. has no effect; because many pathogens do not have capsules, 

capsules do not contribute to virulence. 
7. A drug that binds to mannose on human cells would prevent 

a. the entrance of Vibrio enterotoxin. 
b. the attachment of pathogenic E. coli. 
c. the action of botulinum toxin. 
d. streptococcal pneumonia. 
e. the action of diphtheria toxin. 

8. The earliest smallpox vaccines were infected tissue rubbed into the 
skin of a healthy person. The recipient of such a vaccine usually 
developed a mild case of smallpox, recovered, and was immune 
thereafter. What is the most likely reason this vaccine did not kill 
more people? 
a. Skin is the wrong portal of entry for smallpox. 
b. The vaccine consisted of a mild form of the virus. 
c. Smallpox is normally transmitted by skin-to-skin contact. 
d. Smallpox is a virus. 
e. The virus mutated. 

9. Which of the fo llowing does not represent the same mechanism 
for avoiding host defenses as the others? 
a. Rabies virus attaches to the receptor for the neurotransmitter 

acetylcholine. 
b. Salmonella attaches to the receptor for epidermal growth factor. 
c. Epstein- Barr (EB) virus binds to the host receptor for 

complement. 
d. Surface protein genes in Neisseria gonorr/lOeae mutate frequently. 
e. none of the above 

10. Which of the following statements is true? 
a. The primary goal of a pathogen is to kill its host. 
b. Evolution selects for the most virulent pathogens. 
c. A successful pathogen doesn't kill its host before it is 

transmitted. 
d. A successful pathogen never kills its host. 

Critical Thinking 
1. The graph below shows confirmed cases of enteropathogenic 

E. co/i. Why is the incidence seasonal? 

.. 
30 

' " , 
z 

10 

May Jun Jul Aug Sep Oct Nov Dec 
Month 

2. The cyanobacterium MicrOCYSlis aerugillosa produces a peptide 
that is toxic 10 humans. According to the graph below, when is this 
bacterium most toxic? 

, 20 -J 10 

Light intensity 

3. When injected into rats, the 1D5O for Sa/monel/a typhimurium is 
106 cells. If sulfonamides are injected with the salmonellae, the 
ID50 is 35 cells. Explain the change in 1D5O value. 

4. How do each of the following strategies contribute 10 the virulence 
of the pathogen? What disease does each organism cause? 

Strategy 

Changes its celt watt after entry into host 
Uses urea to produce ammonia 
Causes host to make more receptors 

Clinical Applications 

Pathogen 

Yersinia pestis 
Helicobacter pylori 
Rhinovirus 

I. On luly 8, a woman was givrn an antibiotic for prrsumptivr 
sinusitis. Howevrr, hrr condition worsrnrd, and she was 
unable 10 rat for 4 days becausr of srvrre pain and tightness 
of thr jaw. On July 12, she was admittrd to a hospital with 
severr facial spasms. Shr reportrd that on luly 5 shr had 
incurrrd a puncture wound at thr basr of her big toe; shr 
clraned the wound but did not seek medical attrntion . What 
causrd hrr symptoms? Was hrr condition dur to an infrction 
or an intoxication? Can shr transmit this condition to anothrr 
prrson? 

2. Explain whrthrr each of thr following rxamples is a food 
infection o r intoxication. What is thr probable etiological 
agent in each case? 
a. Eighty-two people who ate shrimp in Louisiana, developed 

diarrhea, nausra, headache, and fever from 4 hours to 2 days 
after eating. 

b. Two people in Vrrmont who ate barracuda caught in Florida 
developed malaise, nausea, blurred vision, breathing difficulty, 
and numbness 3 to 6 hours after eating. 

3. Cancrr patients undergoing chrmotherapy are normally more 
susceptible to infections. Howrver, a patient recriving an antitumor 
drug that inhibitrd cdl division was resistant to Salmollella . 
Provide a possible mechanism for the resistance. 



Innate Immunity: 
Nonspecific Defenses 
of the Host 

From our discussion to this point, you can see that pathogenic microorgan isms are endowed 
with special properties that enable them to cause disease if given the right opportuni ty. If 
microorganisms never encountered resistance from the host, we would constantly be ill and 
would eventually die of various diseases. In most cases, however. our body's defenses prevent 
this from happening. Some of these defenses are designed to keep out microorganisms 
altogether, other defenses remove the microorganisms if they do get in, and still others 
combat them if they remain inside. 

OUf ability to ward off disease caused by microbes or their products and to protect against 
environmental agents such as pollen, drugs, foods, chemicals, and animal 

dander is called immunity. or resistance. Vulnerability or lack of 
immunity is referred to as susceptibility. We have two lines of 

defense against pathogens. The first line of defense is our skin 
and mucous membranes. The second line of defense 

consists of various defensive cells, inflammation, fever, and 
antimicrobia l substances produced by the body. 

Q 
During one year, nosocomial infections occurred in 
74 patients in one hospital. All 74 patients were 
intubated and mechanically ventilated. The 
infections were caused by Burkholderia cepacia 
transmitted in nonsterile mouthwash. \¥by did 
these patients develop infections while others who 
used the mouthwash were not infected? 
Look for the a nswer in the chapter. 
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First II .... of de,.,,.. Second line of defense 

Figure 16.1 An overview of the body's 
defenses. Innate immunity involves defenses 
against any pathogen. regardless of species: 
adaptive immunity involves defenses against a 
specific pathogen. 

• Intacl skin • Phagocytes. such as 
neutrophils. eosinophils. 
dendritic celis. and 
macrophages 

• Specialized lymphocytes: Q What is the difference between immunity 
and susceptibility? • Mucous membranes 

and their secretions 
• Normal microbiota 

• Inflammalion 
• Fever 
• Antimicrobial substances 

The Concept of Immunity 
LEARNING OBJECTIVES 
16-1 Differentiate innate and adaptive immunity. 
16-2 Defi ne Toll-/ike receptors. 

T celis and B cells 
• Antibodies 

When microbes attack our bodies, we defend ourselves by utilizing 
our various mechanisms of immunity. In general, there are two 
types of immunity: innate and adaptive (Figure 16.1 ). Innate 
immun.ity refers to defenses that are present at birth. They are 
always present and available to provide rapid responses to protect us 
against disease. Innate immunity does not involve specific recogni-
tion of a microbe. Further, innate immunity does not have a mem -
ory response, that is, a more rapid and stronger immune reaction to 
the same microbe at a later date. Among the components of innate 
immunity are the first line of defense (skin and mucous mem -
branes) and the second line of defense (natural kiUer cells and 
phagocytes, inflammation, fever, and antimicrobial substances). 
Innate immune responses represent immunity's early-warning sys-
tem and are designed to prevent microbes from gaining access into 
the body and to help eliminate those that do gain access. 

Adaptive immunity is based on a specific response to a spe-
cific microbe once a microbe has breached the innate immunity 
defenses. It adapts or adjusts to handle a particular microbe. 
Unlike innate immunity, adaptive immunity is slower to respond, 
but it does have a memory component. Adaptive immunity 
involves lymphocytes (a type of white blood cell) called T cells 
(T lymphocytes) and B cells (B lymphocytes) and will be discussed 
in detail in Chapter 17. Here, we concen trate on innate immunity. 

As noted previously, the innate immune system responds 
rapidly to invaders by detecting them and then attempting to 

eliminate them. It has recently been learned that the responses of 
the innate system are activated by protein receptors in the plasma 
membranes of defensive cells; among these activators are Toll-like 
reaptors (TLRs) . These TLRs attach to various components 
commonly found on pathogens that are called pathogen-
associated molewlar patterns (PAMPs). See Figure 16.7. 
Examples include the lipopolysaccharide (LPS) of the outer 
membrane of gram-negative bacteria, the flagellin in the flagella of 
motile bacteria, the peptidoglycan in the cell wall of gram-positive 
bacteria, the DNA of bacteria, and the DNA and RNA of viruses. 
TLRs also attach to components of fungi and parasites. You will 
learn later in this chapter that two of the defensive cells involved in 
innate immunity are called macrophages and dendritic cells. When 
the TLRs on these cells encounter the PAMPs of microbes, such as 
the LPS of gram-negative bacteria, the TLRs induce the defensive 
cens to release chemicals called cytokines. Cytokines (0' to - = cell; 
-kinesis = motion) are proteins that regulate the intensity and 
duration of immune responses. One role of cytokines is to recruit 
other macrophages and dendritic cells, as well as other defensive 
cells, to isolate and destroy the microbes as part of the inflammatory 
response. Cytokines can also activate the T cells and B cens involved 
in adaptive immunity. You will learn more about the different 
cytokines and their functions in Chapter 17. Animation Host 
Defenses: The Big Picture. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

,.f Which defense system, innate or adaptive immunity, prevents 
entry of microbes into the body? 16-1 

,.f What relationship do Toll-like receptors have to pathogen-
associated molecular patterns? 16-2 

FIRST LINE OF DEFENSE: 
SKIN AND MUCOUS MEMBRANES 

LEARNING OBJECTIVES 
16-3 Descnbe the role of the skin and mucous membranes in innate 

immunity. 

16-4 Differentiate physical from chemical factors. and li st five examples 
of each. 

16-5 Descnbe the role of normal mlcrobiota in innate Immunity. 



The skin and mucous membranes are the body's first line of 
defense against environmental pathogens. This function results 
from both physical and chemical factors . Whereas physical factors 
include barriers to entry or processes that remove m icrobes from 
the body's surface, chemical factors include substances made by 
the body that inhibit microbial growth or destroy them . 

Physical Factors 
The intact skin is the human body's largest organ in terms of sur-
face area and weight and is an ext remely important component of 
the firs t line of defense (see Figure 16.1 ). It consists of two distinct 
port ions: the dermis and the epidermis (Figure 16.2). The 
dermis, the skin's inner, thicker portion, is composed of connec-
tive tissue. The epidermis, the outer, thinner portion, is in direct 
contact with the external environment. The epidermis consists of 
many layers of continuous sheets of tightly packed epithelial cells 
with little or no material between the cells. The top layer of epi-
dermal cells is dead and contains a protective protein called 
keratin. The periodic shedding of the top layer helps remove 
microbes at the surface. In addition, the dryness of the skin is a 
major factor in inhibiting microbial growth on the skin. Although 
normal microbiota and other microbes are present on the entire 
skin, they are most numerous on moist areas of the skin . When 
the skin is moist, as in hot, humid climates, skin infections arc 
quite common, especially fungal infections such as athlete's foot. 
These fungi hydrolyze keratin when water is available. 

If we consider the closely packed cells, continuous layering, the 
presence of keratin, and the d ryness and shedding of the skin, we 
can see why the intact skin provides such a formidable barrier to 
the entrance of microorganisms. Microorganisms rarely, if ever, 
penetrate the intact surface of healthy epidermis. However, when 
the epithelial surface is broken, a subcutaneous (below-the-skin) 
infection often develops. The bacteria most likely to cause infec-
tion arc the staphylococci that normally inhabit the epidermis, 
hair follicles, and sweat and oil glands of the skin. Infections of the 
skin and underlying tissues frequently result from burns, cuts, stab 
wounds, or other conditions that break the skin. 

Epithelial cells called endothelial cells that line blood and 
lymphatic vessels are not closely packed like those of the epider-
mis. Although this arrangement permits defensive cells to move 
from blood into tissues during inflammation, it also permits 
microbes to move into and out of blood and lymph. 

Mucous membranes also consist of an epithelial layer and an 
underlying connective tissue layer. Mucous membranes are an 
important component of the first line of defense (see Figure 
16.1 ) and inhibit the entrance of many m icroorganisms. Mucous 
membranes line the entire gastrointestinal, respiratory, and 
genitourinary tracts. The epithcliallayer of a mucous membrane 
secretes a fluid called mucus, a slightly viscous (thick) glycopro-
tein produced by goblet cells of a mucous membrane. Among 
other functions, mucus prevents the tracts from drying out. 
Some pathogens that can thrive on the moist secretions of a 
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Top t.yenI 
of epkililid. 
with kenlUn ;1 

Figure 16.2 A section through human skin. The thin layers at the 
top of this photomicrograph contain kera tin. These layers and the darker 
purple cells beneath them make up the epidermis. The lighter purple 
material below the epidermis is the dermis. 

Q The intact skin and mucous membranes are components of which 
line of defense against pathogens? 

mucous membrane are able to penetrate the membrane if the 
microorganism is present in sufficient numbers. Treponema 
pallidum is such a pathogen. This penetration may be facilitated 
by toxic substances produced by the microorganism, prior injury 
by viral infection, or mucosal irritation. 

Besides the physical barrier presented by the skin and 
mucous membranes, several other physical fac tors help protect 
certain epithelial surfaces. One such mechanism that protects the 
eyes is the lacrimal apparatus, a group of structures that man-
ufactures and drains away tears (Figure 16.3). The lacrimal 
glands, located toward the upper, outermost portion of each eye 
socket, produce the tears and pass them under the upper eyelid. 
From here, tears pass toward the corner of the eye near the nose 
and into two small holes that lead through tubes (lacrimal 
canals) to the nose. The tears are spread over the surface of the 
eyeball by blinking. Normally, the tears evaporate or pass into the 
nose as fast as they are produced. This continual washing action 
helps keep microorganisms from settling on the surface of the 
eye. If an irritat ing substance or large numbers of microorgan-
isms come in contact with the eye, the lacrimal glands start to 
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Nasolacrimal-' 
duct 

Nose--

Figure 16.3 The lacrimal apparatus. The washing action of the 
tears is shown by the red arrow passing over the surface of the eyeball. 
Tears produced by the lacrimal glands pass across the surface of the 
eyeball into two small holes that convey the lears into the lacrimal canals 
and the nasolacrimal duct. 

Q How does the lacrimal apparatus protect the eyes against infections? 

secrete heavily, and the tears accumulate more rapidly than they 
can be carried away. This excessive production is a protective 
mechanism because the excess tears di lute and wash away the 
irritating substance or microorganisms. 

[n a cleansing action very similar to that of tears, saliva, 
produced by the salivary glands, helps dilute the numbers of 
microorgan isms and wash them from both the surface of the 

Computer-enhanced IOJlm 

teeth and the mucous membrane of the mouth . This helps 
prevent colonization by microbes. 

A The respiratory and gastrointestinal tracts have 
many physical forms of defense. Mucus, produced 

by mucous membranes, traps many of the microorganisms that 
enter the respiratory and gastrointestinal tracts. The mucous 
membrane of the nose also has mucus-coated hairs that filter 
inhaled air and trap microorgan isms, dust, and pollutants. The 
cells of the mucous membrane of the lower respiratory tract are 
covered with cilia. By moving synchronously, these cilia propel 
inhaled dust and microorganisms that have become trapped in 
mucus upward toward the throat. This so-called ciliary escalator 
(Figure 16.4) keeps the mucus blanket moving toward the throat 
at a rate of I to 3 cm per hour; coughing and sneezing speed up 
the escalator. Some substances in cigarette smoke are toxic to 
cilia and can seriously impair the fun ctioning of the ciliary 
escalator by inhibiting or destroying the cilia . Mechanically 
ventilated patients arc vulnerable to respiratory tract infections 
because the ciliary escalator mechanism is inhibited. Micro-
organisms are also prevented from entering the lower respira-
tory tract by a small lid of cartilage called the epiglottis. which 
covers the larynx (voicebox) during swallowing. 

The cleansing of the urethra by the flow of urine is another phys-
ical factor that prevents microbial colonization in the genitourinary 
tract. As you will see later, when infections or urinary catheters alter 
urine flow, urinary tract infections may develop. Vaginal secretions 
likewise move microorganisms out of the female body. 

Peristalsis, defecation, and vomiting also expel microbes. 
Peristalsis is a series of coordinated cont ractions that propel food 
along the gastrointestinal tract . Mass peristalsis of large intestinal 
contents into the rectum results in defecation. In response to 
microbial toxins, the muscles of the gastrointestinal tract contract 
vigorously, resulting in vomiting and/or diarrhea, which may also 
rid the body of microbes. 

Figure 16.4 The ciliary 
escalator. 

Q What is the function of 
the ciliary escalator? 



Chemical Factors 
Physical factors alone do not account for the high degree of 
resistance of skin and mucous membranes to microbial invasion. 
Certain chemical fac lors also play important roles. 

Sebaceous (oil) glands of the skin produce an oily substa nce 
called sebum that prevents hair from drying and becoming brittle. 
Sebum also forms a protective film over the surface of the skin. 
One of the components of sebum is unsat urated (allY acids, which 
inhibit the growth of certain pathogenic bacteria and fungi. The 
low pH of the skin, between pH 3 and 5, is caused in part by the 
secretion of fatty acids and lact ic acid. The skin's acidity probably 
discourages the growth of many other microorganisms. 

Bacteria that live commensally on the sk in decompose 
sloughed-off skin cells, and the resultant organic molecules and the 
end-products of their metabol ism produce body odor. As we will 
see in Chapter 21 , certain bacteria commonly found on the skin 
metabolize sebum, and this metabolism forms free fa tty acids that 
cause the inflammatory response associated with acne. Isotretinoin 
(Accutane), a derivative of vitamin A that prevents sebum fo rma-
tion, is a treatment fo r a very severe type of acne called cystic acne. 

The sweat glands of the ski n prod uce perspiration, which 
helps maintain body temperature, eliminate certain wastes, and 
fl ush microorganisms from the surface of the skin. Perspiration 
also contai ns lysozyme, an enzyme capable of breaking down 
cell walls of gram-positive bacteria and, to a lesser extent, gram-
negative bacteria (see Figure 4.13, page 86 ). Specifically, 
lysozyme breaks chemical bonds on peptidoglycan, which 
destroys the cell wa lls. Lysozyme is also fo und in tears, saliva, 
nasal secretions, tissue fluids, and urine, where it exhibits its 
an timicrobial activi ty. Alexander Fleming was studying lysozyme 
in 1929 when he acciden tally discovered the antimicrobial effects 
of penicillin (see Figure 1.5, page 12). 

Saliva contains not on ly an enzyme (salivary amylase) that 
digests starch, but also a number of substances that inhibit 
microbial growth. T hese include lysozyme, urea, and uric acid. 
The p H acid of saliva (6.55-6.85) also inhibits some microbes. 
Saliva also contains an antibody (immunoglobuli n A) that pre-
vents attach ment of microbes so that they cannot penetrate 
mucous membranes. Gastric juice is produced by the glands of 
the stomach. It is a mixture of hydrochloric acid, enzymes, and 
mucus. The very high acid ity of gastric ju ice (pH 1.2-3.0) is suf-
ficient to destroy bacteria and most bacterial toxins, except those 
of Clostridillm bowlillllm and Staphylococcus Ill/rellS. However, 
many enteric pathogens are p rotected by food particles and ca n 
enter the intestines via the gastrointestinal tract. In con trast, the 
bacterium Helicohacter pylori neutralizes stomach acid, thereby 
allowing the bacterium to grow in the stomach. Its growth initi-
ates an imm une response that results in gastritis and ulcers. 

Vaginal secretions playa role in antibacterial activi ty in two 
ways. Glycogen produced by vaginal epithelial cells is broken 
down into lactic acid by Lactob(lciffus acidophilils. This creates an 

CHAPTER 16 Innate Immunity: Nonspecific Defenses of the Host 453 

acid pH (3-5) that inh ibits microbes. Cervical mucus also has 
some antimicrobial activity. 

Urine, in addi tion to containing lysozyme, has an acid pH 
(average 6) that inhibi ts microbes. Also, u rine contains urea and 
other metabolic by-p roducts, such as uric acid, hippuric acid, 
and indicant, which inh ibit microbes. 

Later in the chapter, we will discuss another group of chemi-
cals, the antimicrobial peptides, which playa very important role 
in innate immunity. 

Normal Microbiota 
and Innate Immunity 
Technically speaking, the normal microbiota are not usually 
considered part of the first line of defense of Ihe innate immune 
system, but they are discussed here because of the considerable 
p ro tection they afford (see Figu re 16.1 ). Chapter 14 described 
several relationships between normal microbiota and host cells. 
Some of these relationships help prevent the overgrowth of 
pathogens and thus may be considered components of in nate 
immunity. For example, in microbial antagonism, the normal 
microbiota prevent pathogens from colonizing the host by com-
peting with them for nutrients (competitive exclusion), by pro-
ducing substances that are harm ful to the pathogens, and by 
altering conditions that affect the survival of the pathogens, such 
as p H and oxygen availability. The presence of normal micro-
biola in the vagi na, for example, alters pH , thus prevent ing over-
population by Calldida (llbiclIm, a pathogenic yeast that causes 
vaginitis. In the large intestine, E. coli bacteria produce bacteri-
ocins that inhibit the growth of S(lllllollella and Shigella. 

In commensalism, one organism uses the body of a larger 
organ ism as its physical environment and may make use of the 
body to obtain nutrien ts. Thus in commensalism, one organism 
benefits while the other is unaffected. Most microbes that are 
part of the commensal microbiota are fo u nd on the skin and in 
the gastroi ntestinal tract. The majority of such microbes are bac-
teria that have highly specialized attachment mechanisms and 
precise environmental requirements for survival. Normally, such 
microbes are harmless, but they may cause disease if their envi-
ronmen tal conditions change. These opportunistic pathogens 
include E. coli, StaphylococcllS l/I j rellS, S. epidermidis, EllferocoCClIs 
faeet/lis, PsellllolllOllas aerllgillosa, and oral streptococci. 

CHECK YOUR UNDERSTANDING 

../ Identify one physical factor and one chemical factor that prevent 
microbes from entering the body through skin and mucous 
membranes. 16-3 

../ Identify one physical factor and one chemical factor that prevent 
microbes from entering or colonizing the body through the eyes, 
digestive tracl. and respiratory tract. 16-4 

../ Distinguish microbial antagonism from commensalism. 16-5 
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SECOND LINE OF DEFENSE 
When microbes penetrate the first line of defense, they 
encounter a second line of defense that includes defensive cells, 
such as phagocyt ic cells; inflammation; fever; and antimicrobial 
substances. 

Before we look at the phagocytic cells, it will be helpful to first 
have an understanding of the cellular components of blood. 

Formed Elements in Blood 
LEARNING OBJECTIVES 
16-6 Classify leukocytes. and describe the roles of granulocytes and 

monocytes. 
16-7 Define differential white blood cell count. 

Blood consists of fluid, called plasma, and formed elements--
that is, cells and cell fragments suspended in plasma (Table 16.1 ). 
Of the formed elemen ts listed in Table 16.1, those that concern 
us at present are the leukocytes, or white blood cells. 

Leukocytes are divided into two main categories based on their 
appearance under a light microscope: granulocytes and agranulo-
cytes. Granulocytes owe their name to the presence of large gran-
ules in their cytoplasm that can be seen under a light microscope 
after staining. They are differentiated into three types of ceils on 
the basis of how the granules Slain: neutrophils, basophils, and 
eosinophils. The granules of neutrophils stain pale lilac with a 
mixture of acidic and basic dyes. Neutrophils are also commonly 
called polymorphonuclear leukocytes (PMNs), or polymorph 
(The term polymorphonuclear refers to the fact that the nuclei of 
neutrophils contain two to five lobes.) Neutrophils, which are 
highly phagocytic and motile, are active in the initial stages of an 
infection (see Figure 16.1 ). They have the ability to leave the blood, 
enter an infected tissue, and destroy microbes and foreign parti-
cles. 8asophils stain blue-purple with the basic dye methylene 
blue. Basophils release substances, such as histamine, that are 
important in inflammation and allergic responses. Eosinophils 
stain red or orange with the acidic dye eosin. Eosinophils are 
somewhat phagocytic and also have the ability to leave the blood. 
Their major function is to produce toxic proteins against certain 
parasites, such as helminths. Although eosinophils are physically 
too small to ingest and destroy helminths, they can attach to the 
outer su rface of the parasites and discharge peroxide ions 
that destroy them (see Figure 17.14, page 490). Their number 
increases sign ificantly during certain parasitic worm infections 
and hypersensi tivity (allergy) reactions. 

Agranulocytes also have granules in their cytoplasm, but 
the granules are not visible under the light microscope after 
staining. There are three different types of granulocytes: mono-
cytes, dendritic cells, and lymphocytes. Monocytes are not 
actively phagocytic until they leave circulating blood, enter body 

tissues, and mature into macrophages. In fact, the proliferation 
of lymphocytes is one factor responsible for the swelling of 
lymph nodes during an infection. As blood and lymph that con-
tain microorganisms pass through organs with macrophages, 
the microorganisms are removed by phagocytosis. Macrophages 
also dispose of worn out blood cell s. 

Dendrilic cells (see Figure 16.1) are believed to be derived 
from monocytes. They have long extensions that resemble the 
dendrites of nerve cells, thus their name. Dendritic cells are espe-
cially abundant in the epidermis of the skin, mucous membranes, 
the thymus, and lymph nodes. The function of dend ritic cells is to 
destroy microbes by phagocytosis and to initiate adaptive immu-
nity responses (see Chapter 17, page 490). 

Lymphocytes include natural killer cells, T cells, and B cells. 
Natural kille r (NK) cells are found in blood and in the spleen, 
lymph nodes, and red bone marrow. NK cells have the ability to 
kill a wide variety of infected body cells and certain tumor cells. 
NK cells attack any body cells that display abnormal or unusual 
plasma membrane proteins. The binding of NK cells to a target 
cell, such as an infected human cell, causes the release of vesicles 
containing toxic substances from NK cells. Some granules con-
tain a protein called perforin, which inserts into the plasma 
membrane of the target cell and creates channels (perforations) 
in the membrane. As a result, extracellular fluid flows into the 
target cell and the cell bursts, a process called cytolysis (si -tol'-
i-sis; cyto- = cell; -lysis = loosening). Other granules of NK cells 
release gra nzymes, which are protein-digesting enzymes that 
induce the target cell to undergo apoptosis, or self-destruction. 
This type of attack kills infected cells but not the microbes inside 
the cells; the released microbes, which mayor may not be intact, 
can be destroyed by phagocytes. 

T cells and B cells are not usually phagocytic but playa key 
role in adaptive immunity (see Chapter 17). They occur in lym-
phoid tissues of the lymphatic system and also circulate in blood. 

During many kinds of infections, especially bacterial infec-
tions, the total number of white blood cells increases as a protec-
tive response to combat the microbes; this increase is called 
lellkocytosis. During the active stage of infection, the leukocyte 
count might double, triple, or quadruple, depending on the se\'er-
ity of the infection. Diseases that might cause such an elevation in 
the leukocyte count include meningitis, infectious mononucleosis, 
appendicitis, pneumococcal pneumonia, and gonorrhea. Other 
diseases, such as salmonellosis and brucellosis, and some viral and 
rickettsial infections may cause a decrease in the leukocyte count, 
called ICllkopcllia. Leukopenia may be related to either impaired 
white blood cell production or the effect of increased sensitivity of 
white blood cell membranes to damage by complement, antimi-
crobial serum proteins discussed later in the chapter. Leukocyte 
increase or decrease can be detected by a differential white blood 
cell counl, which is a calculation of the percentage of each kind of 



Table 16.1 Formed Elements in Blood 

I. Elythrocytes (Red Blood Cells) 
4.8- 5.4 million per IlL or mm3 
Function: Transport of O2 and CO2 

II. Leukocytes (White Blood Cells) 
5000- 10,000 per iJL or mm3 

A. Granulocytes (stained) 
1. Neutrophils (PMNs) 

(60- 70% of leUKocytes) 
Function: Phagocytosis 

2. Basophils (0.5- 1%) 
Function: Production of 
histamine 

3. Eosinophils (2- 4%) 
Functions: Production of toxic 
proteins against certain 
parasites; some phagocytosis 

III. Platelets 

150,000-400.000 per iJ l or mm3 
Function: Blood clotting 
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B. Agranulocytes (stained) 
1. Monocytes {3- 8%} 

Function: Phagocytosis 
(when they mature 
into macrophages) 

2. Dendritic cells 
Functions: Derived from monocytes; 
phagocytosis and initiation of 
adaptive immune responses 

3. Lymphocytes (20- 25%) 
• Natural killer (NK) cells 

Function: Destroy target 
cells by cytolysis 
and apoptosis 

• T cells 
Function: Cell -mediated 
immunity 
(discussed in Chapter 17) 

• B cells 
Function: Descendants 
of B cells (plasma cells) 
produce antibodies 

Macrophage 
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>-< 
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white cell in a sample of \ 00 white blood cells. The percentages in 
a normal differential white blood cell count are shown in paren-
theses in Table \6.1. 

The Lymphatic System 
LEARNING OBJECTIVE 
16-8 Differentiate the lymphatic and blood circu latory systems. 

The lymphatic system consists of a flu id called lymph, vessels 
called lymphatic vessels, a number of structures and organs contain-
ing lymphoid tiSSIIe, and rcd bOllc marrow, where stem cells develop 
into blood cells, including lymphocytes (Figure 16.5a). Lymphoid 

Figure 16.5 The lymphatic system. (a) Components olthe lymphatic 
system. The arrows Indicate the direction of lymph flow. (b ) Fluid circu lating 
between tissue cells (interstit ial flu id) is picked up by lymphatic capillaries. 
(c) Details of a lymphatic capillary. 

Q Why do tymph nodes swell during an infection? 

tissue contains large numbers of lymphocytes, including T cells, 
8 cells, and phagocytic cells that participate in immune responses. 

Lymphatic vessels begin as microscopic lymphatic capillaries 
located in spaces between cells (Figure 16.5b and Figure 1 6.5c). The 
lymphatic capillaries permit interstitial flu id derived from blood 
plasma to flow into them, but not out. Within the lymphatic 
capillaries, the fluid is called lymph. Lymphatic capillaries converge 
to form larger lymphatic vessels. These vessels, like veins, have 
one-way valves to keep lymph flowing in one direction only. At 
intervals along the lymphatic vessels, lymph flows through bean-
shaped lymph /lodes (Figure \6.5a). Lymph nodes are the sites of 
activation ofT cells and 8 cells, which destroy microbes by immune 
responses (Chapter \7). Also within lymph nodes are reticular 



fibers, which trap microbes, and macrophages and dendritic celis, 
which destroy microbes by phagocytosis. All lymph eventually 
passes into the thoracic (left lymphatic) dua and right lymphatic 
duct and then into their respective subclavian veins, where the fluid 
is now called blood plasma. The blood plasma moves through the 
cardiovascular system and ultimately becomes interstitial fluid 
between tissue cells, and another cycle begins. 

Lymphoid tissues and organs are scattered throughout the 
mucous membranes that line the gastrointestinal, respiratory, uri-
nary, and reproductive tracts. They protect against microbes that 
are ingested or inhaled . Multiple large aggregations of lymphoid 
tissues are located in specific parts of the body. These include the 
tonsils in the throat and Peyer's patches in the small intestine. See 
Figure 17.9, page 488. 

The spleen contains lymphocytes and macrophages that 
monitor the blood for microbes and secreted products such as 
toxins, much like lymph nodes monitor lymph. The thymus 
serves as a site for T cell maturation. It also contains dendritic 
cells and macrophages. Animation Host Defenses: Overview. 
www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

..r Compare the structures and function of monocytes and 
neutrophils. 16-6 

..r Describe the six different types of white blood celis, and name 
a function for each type. 16-7 

..r What is the function of lymph nodes? 16-8 

Phagocytes 
LEARNING OBJECTIVES 
16-9 Define phagocyte and phagocytosis. 
16-10 Descnbe the process of phagocytosIs, and include the stages of 

adherence and mgestion. 
16-11 Identify six mechanisms of avoiding destrucllOn by phagocytosIs. 

Phagocytosis (from Greek words meaning eat and cell) is the 
ingestion of a microorganism or other substances (such as 
debris) by a cell. We have previously mentioned phagocytosis as 
the method of nutrition of certain protozoa . Phagocytosis is also 
involved in clea ring away debris such as dead body cells and 
denatured proteins. In this chapter, phagocytosis is discussed as a 
means by which cells in the human body counter infection as 
part of the second line of defense. The cells that perform this 
func tion are collectively called phagocytes, all of which are types 
of white blood cells or derivatives of white blood cells. 

Actions of Phagocytic Cells 
When an infection occurs, both granulocytes (especially neu-
trophils, but also eosinophils and dendritic cells) and monocytes 
migrate to the infected area. Du ring this migration, monocytes 
enlarge and develop into actively phagocytic macrophages 
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Figure 16.6 A macrophage engulfing rod-shaped bacteria. 
Macrophages in the mononuclear phagocytic system remove 
microorganisms after the init ial phase of infection. 

Q What are monocytes? 

(Figure 16.6). These cells leave the blood and migrate into tissues 
where they enlarge and develop into macrophages. Some 
macrophages, called fIxed macrophages, or /Jisliacyles, are 
resident in certain tissues and organs of the body. Fixed 
macrophages are found in the liver (Kupffer's cells), lungs (alve-
olar macrophages), nervous system (m icroglial cells), bronchial 
tubes, spleen (splenic macrophages), lymph nodes, red bone 
marrow, and the peritoneal cavity surrounding abdominal 
organs (peritoneal macrophagesl. Other macrophages are moti le 
and are called free (wandering) macrophages, which roam the 
tissues and gather at sites of infection or inflammation. The var-
ious macrophages of the body constitute the mononuclear 
phagocytic (reticuloendothelial) system. 

During the course of an infection, a shift occurs in the type 
of white blood cell that predominates in the bloodstream. 
Granulocytes, especially neutrophils, dominate during the ini-
tial phase of bacterial infection, at which time they are actively 
phagocytic; this dominance is indicated by their increased num-
ber in a differential white blood cell count. However, as the 
infection progresses, the macrophages dominate; they scavenge 
and phagocytize remain ing living bacteria and dead or dying 
bacteria. The increased number of monocytes (which develop 
into macrophages) is also reflected in a differential white blood 
cell count. 



Phagocytosis is an important second line of defense that is activated when the fi rst line fails. Phago-
cytes also play an important role in supporting adaptive immunity by stimulating T and B cells, as will 
be seen in the next chapter. 

Details of adherence 

o Chemotaxis and adherence 
of microbe to phagocyte 

o Ingestion of microbe 
by phagocyte 

o Formation of a phagosome 

o Fusion 01 the phagosome 
with a lysosome to form a 
phagotysosome 

Phases of phagocytosis 

membrane o 

Plasma---1 
membrane 

Digestive 
enzymes 

o Digestion 01 ingested microbe 
by eozymes 

Phagocyte 

o Formation of residual body 
containing indigestible material 

o Discharge 01 waste materials 

The Mechanism of Phagocytosis 
How does phagocytosis occur? For the convenience of study, we 
will divide phagocytosis into fou r main phases: chemotaxis, 
adherence, ingest ion, and digestion (Figure 16.7). 

Chemotaxis 
o Chemotaxis is the chemical att raction of phagocytes 
to microorganisms. (The mechanism of chemotaxis is discussed in 
Chapter 4, page 82.) Among the chemotactic chemicals that attract 
phagocytes are microbial products, components of white blood 
cells and damaged tissue cells, cytokines released by other white 

.5. 

Phagosome 
(phagocytic 
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Key Concept 

• 

Phagocytal m6grate to a lite of Infection and can dellroy 

the Infecting bacteria. The phases of phagocyto"l are 
chemotaxll , adherence, Ingestion, and digestion. 

blood cells, and peptides derived from complement, a system of 
host defense discussed later in the chapter. 

Adherence 
As it pertains to phagocytosis, adherence is the attachment of 
the phagocyte's plasma memb rane 10 the surface of the 
microorganism or other foreign ma lerial. Adherence is facili-
tated by the attachment of pathogen-associated molecu lar 
patterns (PAMPs) of microbes to receplors, such as Toll -li ke 
receptors (TLRs), on the surface of phagocytes. The binding of 
PAM Ps to TLRs not only initiates phagocytosis, but also 



induces the phagocyte to release specific cytokines that recruit 
additional phagocytes. 

In some instances, adherence occurs easily, and the micro-
organism is readily phagocytiz{'d. Microorganisms can b{' more 
readily phagocytized if they are first coat{'d with certain serum 
proteins that promote attachment of th{' microorganisms to the 
phagocyte. This coating process is called opsonization. The 
proteins that act as opsol/ins includ{' some components of the 
complement system and antibody molecules (described later in 
this chapter and in Chapter 17). 

Ingestion 
o Following adherence, ingestion occurs. During this process, the 
plasma membrane of the phagocyte extends projections called 
pseudopods that engulf the microorganism. (See also Figure 16.6.) 
Q Once the microorganism is surrounded, the pseudopods meet 
and fuse, surrounding the microorganism with a sac called a 
phagosome, or p/!(Igoeytic vesicle. The membrane of a phagosome 
has enzymes that pump protons (H+) into the phagosome, reduc-
ing the pH to about 4. At this pH, hydrolytic enzymes arc activated. 

Digestion 
In this phase of phagocytosis, Ihe phagosome pinches off from 
the plasma membrane and enters Ih{' cytoplasm. Within the 
cytoplasm, it con tacts Iysosomes that contain digestive enzymes 
and bactericidal substanc{'S (see Chapter 4, page 104)_ 0 On 
contact, the phagosome and lysosome membranes fuse to form a 
single. larger st ructure called a phagolysosome. 0 The conten ts 
of the phagolysosome broughl in by ingestion are digested in the 
phagolysosome. 

Lysosomal enzymes that attack microbial cells directly include 
lysozyme, which hyclroly-.lCs peptidoglycan in bacterial cell walls. 
A variety of other enzymes, such as lipases, proteases, ribonucle-
ase, and deoxyribonuclease, hydrolyze other macromolecu lar 
components of microorgan isms. Lysosomes also contain enzymes 
that can produce toxic oxygen products such as superoxide radi-
cal (0 17 ), hydrogen peroxide (H 20 2), nitric oxide (NO), singlet 
oxygen (lOn, and hydroxyl radical (O H·) (see Chapter 6, pages 
161-162). Toxic oxygen products are produced by a process called 
an oxitilifive burst. Other enzymes can make use of these toxic 
oxygen products in killing ingested microorganisms. For exam-
ple, the enzyme myeloperoxidase converts chloride (Cn ions and 
hydrogen peroxide into highly toxic hypochlorous acid (HOCI). 
The acid contains hypochlorous ions, which are found in house-
hold bleach and account for its anlimicrobial activity (see 
Chapter 7, page 197)_ 

o After enzymes have digesl{'d the conlents of the 
phagolysosome brought into the cell by ingestion, Ihe phagolyso-
some contains indigestible material and is called a residual bOlly. 
o This residual body then moves toward the cell boundary and 
discharges its wastes outside the cell. 
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Microbial Evasion of Phagocytosis 
The ability of a pathogen to cause disease is related to its 
ability to evade phagocytosis. Some bacteria have structures that 
inhibit adherence, such as the M protein and capsules. As 
mentioned in Chapler 15 (page 432), the M protein of 
Streptococclis pyogerles inhibits Ihe attachment of phagocytes to 
thei r surfaces and makes adherence more difficult. Organisms 
with large capsul('s include StreptococClls pnellmolliac and 
Haemoplli/Ils illJlllellUle type b. Heavily encapsulated microor-
ganisms like these can be phagocytized only if the phagocyte 
traps the microorganism against a rough surface, such as a blood 
vessel, blood dot, or connective tissue fiber, from which the 
microbe cannot slide away. 

Other microbes may be ingested but not killed. For exam ple, 
Staphylococcus produces lcukocidins that may kill phagocytes by 
causing the release of the phagocyte's own lysosomal enzymes 
into its cytoplasm. Sireptolysin released by streptococci has a 
similar mechanism. 

A number of intracellular pathogens secrete pore-forming 
toxins that lyse phagocyte cell membranes once inside the phago-
cyte. For example, Trypallosoll/a cruz; (the causative agent of 
American trypanosomiasis), and Listeria II/ol/oeytogencs (the 
causative agenl of listeriosis), produce membrane attack com-
plexes that lyse phagolysosome membranes and release the 
microbes into the cytoplasm of the phagocyte, where they prop-
agate. Later Ihe microbes secrete more membrane attack com-
plexes that lyse the plasma membrane (see page 465) and release 
the microbes from the phagocyte, resulting in lysis of the phago-
cyte and infection of neighboring cells by the microbe. 

Still other microbes have the ability to survive inside phago-
cytes. Coxiella blmlelii, the causative agent of Q fever, actually 
requires the low pH inside a phagolysosome to replicate. Listeria 
//Ionoeyrogenes, Shigella (the causative agent of sh igellosis), and 
Rickcll5ia (the ca usative agent of Rocky Mountain spotted fever 
and typhus) have the ability to escape from a phagosome before it 
fuses with a lysosome. Mycobacterium tuberculosis (the causative 
agent of tuberculosis), HIV (the causative agent of AIDS), 
Ch/IIII/ydia (the causative agent of trachoma, nongonococcal ure-
thritis, and lymphogranu loma venereum ), Leishmallia (t he 
causative agent of leishmaniasis), and P/asmotiiulII (malarial par-
asites) can prevent both the fusion of a phagosome with a lyso-
some and the proper acidification of digestive enzymes. The 
microbes then mulliply wilhin the phagocyte, almost completely 
filling it. In mOSI cases, Ihe phagocyte dies and the microbes are 
released by autolysis 10 infcci other cells. Still other microbes, 
such as the causalive agents of tularemia and brucellosis, can 
remain dormant within phagocYles for months or years at a time. 

Biofilms also playa role in evading phagocytes. Bacteria that are 
part of biofilms are much more resistant to phagocytosis because 
the phagocytes can not detach bacteria from the biofilm prior to 
phagocytosis. Moreover, the neutrophil response against 
P. aemgilloSt/ in a biofilm is slower than against free-noating 
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bacteria. In addition, although some bacteria in a biofilm, such as 
Pselldomonas aerl/gil/osa, can activate the oxidative burst response, 
it is weaker than in free-floating bacteria. Animations Virulence 
Factors: Hiding from Host Defenses, Inactivating Host Defenses; 
Phagocytosis: Overview, Mechanism, Microbes That Evade 
It. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

..r What do fixed and wandering macrophages do? 16-9 

..r What is the role of TLRs in phagocytosis? 16-10 

..r How does each of these bacteria avoid destruction by phago-
cytes? Streptococcus pneumoniae, Staphylococcus aureus, 
Listeria monocytogenes, Mycobacterium tuberculosis, Rickettsia 
16-11 

• • • 
In addit ion to providing innate (nonspecific) resistance for 

the host, phagocytosis plays a role in adaptive immunity, 
Macrophages help T and B cells perform vital adaptive immune 
functions. In Chapter 17, we will discuss in more detail how 
phagocytosis supports adaptive immunity, 

In the next section, we will see how phagocytosis often occurs 
as part of another innate mechanism of resista nce: inflammation. 

Inflammation 
LEARNING OBJECTIVES 
16-12 List the stages of inflammation. 
16-13 Oescnbe the roles of vasodilatIon, kinrns, prostaglandrns, and 

leukotrienes in inflammatIon. 
16-14 Oescnbe phagocyte migratIon. 

Damage to the body's tissues triggers a local defensive response 
called inflammation, another component of the second line of 
defense (see Figure 16.1). The damage can be caused by microbial 
infection, physical agents (such as heat, radiant energy, electricity, 
or sharp objects), or chemical agents (acids, bases, and gases). 
Inflammation is usually characterized by four signs and symptoms: 
redl/ess, pail/, heat, and swelling. Sometimes a fifth, loss of fimction, 
is present; its occurrence depends on the site and extent of damage. 

If the cause of an inflammation is removed in a relatively 
short period of time, the inflammatory response is intense and is 
referred to as an acute illJ1ammatioll. An example is the response 
to a boil caused by S. {/Incus. If, instead, the cause of an inflam-
mation is difficult or impossible to remove, the inflammatory 
response is longer lasting but less intense (although overall more 
destructive) . Th is type of inflammation is referred to as a chronic 
inJ1ammation. An example is the response to a chronic infection 
such as tuberculosis, caused by M. tuberculosis. 

Inflammation has the following functions: (1) to destroy the 
injurious agent, if possible, and to remove it and its by-products 
from the body; (2) if destruction is not possible, to limit the 

effects on the body by confining or walling off the injurious 
agent and its by-products; and (3) to repair or replace tissue 
damaged by the injurious agent or its by-products. 

During the early stages of inflammation, microbial struc-
tures, such as flagellin, lipopolysaccharides (LPS), and bacterial 
DNA stimulate the Toll-like receptors of macrophages to pro-
duce cytokines, such as tumor necrosis factor alpha (TNF-a ). In 
response to TNF-a in the blood, the liver synthesizes a group of 
proteins called acute-phase proteins; other acute-phase 
proteins are present in the blood in an inactive form and are 
converted to an active form during inflammation . Acute-phase 
proteins induce both local and systemic responses and include 
proteins such as C- reactive protein, mannose-binding lectin 
(page 467), and several specialized proteins such as fibrinogen 
for blood clotting and kinins for vasodilation. 

All of the cells involved in inflammation have receptors for 
TNF-a and are activated by it to produce more of their own 
TNF-a. This amplifies the inflammatory response. Unfor-
tunately, excessive production of TNF-a may lead to disorders 
such as rheumatoid arthrit is and Crohn's disease. In Chapter 18 
(page 507 ), you will learn that monoclonal antibodies are used 
therapeutically to treat such inflammatory d isorders. 

For purposes of our discussion, we will divide the process of 
inflammation into three stages: vasodilation and increased 
permeability of blood vessels, phagocyte migration and phagocy-
tosis, and tissue repair. 

Vasodilation and Increased Permeability 
of Blood Vessels 
Immediately following tissue damage, blood vessels dilate 
(increase in diameter) in the area of damage, and their perme-
ability increases (Figure 16.8a and Figure 16,8b). Dilation of 
blood vessels, called vasodilation, increases blood flow to the 
damaged area and is responsible for the redness (erythema) and 
heat associated with inflammation. 

Increased permeability permits defensive substances nor-
mally retained in the blood to pass through the walls of the blood 
vessels and enter the injured area. The increase in permeability, 
wh ich permits fluid to move from the blood into tissue spaces, is 
responsible for the edema (accumulation of flu id ) of inflamma-
tion . The pain of inflammation can be caused by nerve damage, 
irritation by toxins, or the pressure of edema. 

o Vasodilatio n and the increase in permeability of blood 
vessels arc caused by a number of chemicals released by damaged 
cells in response to injury. One such substance is histamine, a 
chemical present in many cells of the body, especially in mast 
cells in connective tissue, circulating basophils, and blood 
platelets. Hista mine is released in direct response to the injury of 
cells that contain it; it is also released in response to stimulation 
by certain components of the complement system (discussed 
later). Phagocytic granulocytes attracted to the site of injury can 
also produce chemicals that cause the release of histamine. 
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Figure 16.8 The process of inflammation. (a) Damage to 
otherwise healthy tissue- in this case, skin. (b) Vasodilation and 
increased permeability of blood vessels. (c) Phagocyte migration 
and phagocytosis of bacteria and cel lular debris by macrophages 
and neutrophils. Macrophages develop from monocytes. (d) The 
repai r of damaged tissue. 
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Kinins are another group of substances that cause vasodila-
tion and increased permeability of blood vessels. Kinins are pres-
ent in blood plasma, and once activated, they playa role in 
chemotaxis by attracting phagocytic granulocytes, chiefly neu-
trophils, to the injured area. 

Prostaglandins, substances released by damaged cells, inten-
sify the effects of histamine and kinins and help phagocytes 
move through capillary walls. Leukolrienes are substances pro-
duced by mast cells (cells especially numerous in the connective 
tissue of the skin and respiratory system, and in blood vessels) 
and basophils. Leukotrienes cause increased permeability of 
blood vessels and help attach phagocytes to pathogens. Various 
components of the complement system stimulate the release of 
histamine, attract phagocytes, and promote phagocytosis. 

Activated fixed macrophages also secrete cytokines, wh ich 
bring about vasodilation and increased permeability. Vaso-
dilation and the increased permeability of blood vessels also help 
deliver clotting elements of blood into the injured area. 0 The 
blood clots that form around the site of activity prevent the 
microbe (or its toxins) from spreading to other parts of the body. 
EJ As a result, there may be a localized collection of pus, a mix-
ture of dead cells and body fluids, in a cavity formed by the 
breakdown of body tissues. This focus of infection is called an 
abscess. Common abscesses include pustules and boils. 

The next stage in inflammation involves the migration of 
phagocytes to the injured area . 

Phagocyte Migration and Phagocytosis 
Generally, within an hour after the process of infl ammation is 
initiated, phagocytes appear on the scene (Figure 16.8c). 0 As the 
flow of blood gradually decreases, phagocytes (both neutrophils 
and monocytes) begin to stick to the inner surface of the endothe-
lium (lining) o f blood vessels. This sticking process in response 10 
local cytokines is called margination. The cytokines alter cellular 
adhesion molecules (CAMs) on cells lining blood vessels, causing 
the phagocytes to stick at the site of inflammatio n. (Margination is 
also involved in red bone marrow, where cytokines can release 
phagocytes into circulation when they are needed.) Q Then the 
collected phagocytes begin to squeeze between the endothelial cells 
of the blood vessel to reach the damaged area. This migration, 
which resembles amoebo id movement, is called diapedesis; 
the migratory process can take as little as 2 minutes. 0 The 
phagocytes then begin to destroy invading microorganisms 
by phagocytosis. 

As mentioned earlier, certain chemicals attract neutrophils to 
the site of injury (chemotaxis). These include chemicals pro -
duced by microorganisms and even o ther neutrophils; other 
chemicals are kin ins, leukotrienes, chemokines, and components 
of the complement system. Chemokines are cytokines that are 
chemotactic for phagocytes and T cells and thus stimulate both 
the inflammatory response and an adaptive immune response. 

The availability of a steady stream of neutrophils is ensured by 
the production and release of additional granulocytes from red 
bo ne marrow. 

As the inflammatory response continues, monocytes follow 
the granulocytes into the infected area. Once the monocytes are 
contained in the tissue, they undergo changes in biological prop-
erties and become free macrophages. The granulocytes predomi-
nate in the early stages of infection but tend to die off rapidly. 
Macrophages enter the picture during a later stage of the infec-
tion, once granulocytes have accomplished their fu nction. They 
are several times more phagocytic than granulocytes and are large 
enough to phagocytize tissue that has been destroyed, granulo-
cytes that have been destroyed, and invading microorganisms. 

After granulocytes or macrophages engulf large numbers of 
microorgan isms and damaged tissue, they themselves eventually 
die. As a result, pus forms, and its formation usually continues 
until the infection subsides. At times, the pus pushes to the sur-
face of the body or into an internal cavity for dispersal. On other 
occasions the pus remains even after the infection is term inated. 
In this case, the pus is gradually destroyed over a period of days 
and is abso rbed by the body. 

As effective as phagocytosis is in contributing to innate resis-
tance, there are times when the mechanism becomes less func-
tional in response to certain conditions. For example, some 
individuals are born with an inability to produce phagocytes. 
And with age, there is a progressive decline in the efficiency of 
phagocytosis. Recipients o f heart or kidney transplants have 
impaired innate defenses as a result of receiving drugs that pre-
vent the rejection of the transplant. Rad iation treatments can 
also depress innate immune responses by damaging red bone 
marrow. Even certain diseases such as AIDS and cancer ca n cause 
defective func tioning of innate defenses. 

Tissue Repair 
The final stage of inflammation is tissue repair, the process by 
which tissues replace dead or damaged cells (Figure 16.8d). 
Repair begins du ring the active phase of inflammation, but it 
cannot be completed until all harmful substances have been 
removed or neutralized at the site of injury. The ability of a 
tissue to regenerate, or repair itself, depends on the type of tissue. 
For example, skin has a high capacity for regeneration, whereas 
cardiac muscle tissue does not have a high capacity to regenerate. 

A tissue is repaired when its stroma o r parenchyma produces 
new cells. The stroma is the supporting connective tissue, and the 
parenchyma is the func tioning part of the tissue. For example, 
the capsule around the liver that encloses and protects it is part 
of the stroma because it is not involved in the functions of the 
liver; liver cells (hepatocytes) that perform the func tions of the 
liver are part of the parenchyma. If only parenchymal cells 
are active in repair, a perfect or ncar-perfect reconstruction of 
the tissue occurs. A familiar example of perfect reconst ruction is 
a minor skin cut, in which parenchymal cells are more active in 



repair. However, if repair cells of the stroma of the skin arc more 
active, scar tissue is formed. 

As noted earlier, some microbes have various mechanisms that 
enable them to evade phagocytosis. Such microbes often induce a 
chronic inflammato ry response, which can result in significant 
damage to body tissues. The most significant feature of chronic 
inflammation is the accumulation and activation of macrophages 
in the infected area. Cytokines released by activated macrophages 
induce fibroblasts in the tissue stroma to synthesize collagen 
fibe rs. These fibers aggregate to form scar tissue, a process called 
fibrosis. Because scar tissue is not specialized to perform the 
functions o f the previously heal thy tissue, fibrosis can interfere 
with the normal func tion of the tissue. Animation Inflammation: 
Overview, Steps. www.microbiologyplace.com 

CHECK YOUR UNOERSTANOING 

..r What purposes does inflammation serve? 16-12 

..r What causes the redness, swelling, and pain associated with 
inflammation? 16-13 

..r What is margination? 16-14 

Fever 
LEARNING OBJECTIVE 
16-15 Descnbe the cause and effects of fever. 

Inflammation is a local response of the body to injury. There are 
also systemic, or overall, responses; one of the most important is 
fever, an abnormally high body temperature, a third component 
of the second line of defense (see Figure 16.1 ). The most frequent 
cause of fever is infection from bacteria (and their toxins) or 
viruses. 

Body temperature is controlled by a part of the brain called 
the hypothalamus. The hypothalamus is sometimes called the 
body's thermostat, and it is normally set at 37°C (98 .6°F). It is 
believed that certain substances affect the hypothalamus by set-
ting it at a higher temperature. Recall from Chapter 15 that when 
phagocytes ingest gram-negative bacteria, the lipopolysaccha -
rides (LPS) of the cell wall (endotoxins) are released, causing the 
phagocytes to release the cytokines interleukin- I (formerly 
called endogenous pyrogen), along with TNF-a. These cytokines 
cause the hypothalamus to release prostaglandins that reset the 
hypothalamic thermostat at a higher temperature, thereby caus-
ing fever (see Figure 15.6, page 438). 

Assume that the body is invaded by pathogens and that the 
thermostat setting is increased to 39°C (I 02.2"F). To adjust to the 
new thermostat setting, the body responds by constricting blood 
vessels, increasing the rate of metabolism, and shivering, all of 
which raise body temperature. Even though body temperature is 
climbing higher than normal, the skin remains cold, and shiver-
ing occurs. This condition, called a chill, is a definite sign that 
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body temperature is rising. When body temperature reaches the 
setting of the thermostat, the chill disappears. The body will con-
tinue to maintain its temperature at 39"C until the cytokines are 
eliminated . The thermostat is then reset to 37°e. As the infection 
subsides, heat-losing mechanisms such as vasodilation and 
sweating go into operation . The skin becomes warm, and the 
person begins to sweat. This phase of the fever, called the crisis, 
indicates that body temperature is fa ll ing. 

Up to a certain point, fever is considered a defense against 
disease. Interleukin-I helps step up the production o f T cells. 
High body temperature intensifies the effect of antiviral interfer-
o ns (page 468) and increases production of transferrins that 
decrease the iron available to microbes (page 470) . Also, because 
the high temperature speeds up the body's reactions, it may help 
body tissues repair themselves more quickly. 

Among the complications of fever are tachycardia (rapid heart 
rate), wh ich may compromise older persons with cardiopul-
monary d isease; increased metabolic rate, which may produce 
acidosis; dehydration; electrolyte imbalances; seizures in young 
children; and delirium and coma. As a rule, death results if body 
temperature rises above 44 to 46"C ( 112- 114"F). 

CHECK YOUR UNOERSTANOING 

..r Why does a chill indicate that a fever is about to occur? 16-15 

Antimicrobial Substances 
LEARNING OBJECTIVES 
16-16 List the major components of the complement system. 
16-17 Descnbe three pathways of activatlOg complement. 
16-18 Descnbe three consequences of complement activation. 
16-19 Defi ne Interferons. 

16-20 Compare and contrast the actions of IFN-a and IFN-!} with IFN-y. 
16-21 Descnbe the ro le of iron·bindlOg proteins in innate Immunity. 
16-22 Descnbe the ro le of antimicrobial peptides in innate immunity. 

The body produces certain antimicrobial substances, a final 
component of the second line of defense (sec Figure 16.1), in 
addition to the chemical factors mentioned earlier. Among the 
most im portant of these are the proteins of the complement 
system: interferons, iron-binding proteins, and antimicrobial 
peptides. 

The Complement System 
The complement system is a defensive system consisting of over 
30 proteins produced by the liver and found circulating in blood 
serum (sec the box on page 467) and within tissues throughout 
the body. The complement system is so-named because it "com-
plements" the cells of the immune system in destroying microbes. 
The complement system is not adaptable and does nOI change 



The complement system is another way the body fights infection and destroys pathogens. This 
component of innate immunity other immune reactions described in this and the 
following chapters. 
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C3b binds to microbe. resulting in opsonization. 
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Key Concept 

Bursting of microbe due to inllow of extracellular lIuid through 
transmembrane channel formed by membrane attack complex 
(see also Figure 16.10) 

Complement is a group of over 30 
proteins circulating in serum that are 
activated in a cascade: one complement 
protein triggers the next.. The cascade 
can be activated by a pathogen directly 
[It" by an antibody-antigen reaction. 
Together these proteins destroy 
microbes by (1) cell lysis. (2) inflammation, 
and (3) enhanced phagocytosis. 

over the course of a person's lifetime; for these reasons, it belongs 
to the innate immune system. However, it can be recruited and 
brought into action by the adaptive immune system. Together, 
proteins of the complement system destroy microbes by ( I) cytol-
ysis, (2) inflammation, and (3) phagocytosis and also prevent 
excessive damage to host tissues. Complement proteins are 

usually designated by an uppercase letter C and are inactive until 
they are split into fragments (products). The proteins are num-
bered Cl through C9, named for the order in which they were dis-
covered. The fragme nts are activated proteins and are indicated 
by the lowercase letters a and b. For example, inactive comple-
ment protein C3 is split into two activated fragments, C3a and 

4.4 



C3b. The activated fragments carry out the destructive actions of 
the Cl through C9 complement proteins. 

Complement proteins act in a cascade; that is, one reaction 
triggers another, which in turn triggers another, and so on. Also, 
as part of the cascade, more product is formed with each suc-
ceeding reaction so that the effect is amplified many times as the 
reactions continue. 

The Result of Complement Activation 
The C3 protein can be activated by three mechanisms that will be 
described shortly. Activation of C3 (Figure 16.9) is very impor-
tant because it starts a cascade that results in cytolysis, inflamma-
tion, and phagocytosis. 

o Inactive C3 splits into activated C3a and C3b. 
e C3b binds to the surface of a microbe, and receptors on 

phagocytes attach to the C3b. Thus C3b enhances phago-
cytosis by coating a microbe, a process called opsonization, 
or immune adherence. Opson ization promotes attachment 
of a phagocyte to a microbe. 

e C3b also initiates a series of reactions that result in cytolysis. 
First, C3b splits CS into CSb and CSa . Fragments CSb, C6, 
C7, and C8 bind together sequentially and insert into the 
plasma membrane of the invading cell. csb through C8 act 
as a receptor that attracts a C9 fragment. Additional C9 
fragments arc added to fo rm a transmembrane channel. 
Together, CSb through C8 and the multiple C9 fragments 
form the membrane attack complex (MAC). 

o The transmembrane channels (holes) of the MAC result in 
cytolysis, the bu rsting of the microbial cell due to the inflow 
of extracellular fluid through the channels (Figure 16.10). 

e C3a and CSa bind to mast cells and cause them to release 
histamine and other chemicals that increase blood vessel 
permeability during ilJj1ammation (Figure 16.11 ). CSa also 
functions as a very powerful chemotactic factor that attracts 
phagocytes to the site of an infection. 

Figure 16.11 Inflammation stimulated by 
complement. (a) C3a and C5a bound to mast 
cells. basophils. and platelets trigger the release of 
histamine, which increases blood vessel 
permeability. (b) C5a functions as a chemotactic 
factor that attracts phagocytes to the site of 
complement activation. 

Q How is complement inactiYllted? 

Histamine· 
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granule 
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I I 

Figure 16.10 Cytolysis caused by complement. Micrographs of 
a rod-shaped bacterium before cytolysis (left) and after cytolysis (right) . 
Source: Reprinted from Schreiber, R. D. et al. 'Bactericldal ActIvity of the 
Alternative Complement Pathway Generated from 11 Iso lated Plasma Prote ins ." 
Journal of Experimental Medicme, 149:870-882, 1979. 

Q How does complement aid in fighting infections? 

Bacteria that are not killed by the MAC are said to be MAC-
resistant. 

Host cell plasma membranes contain proteins that protect 
against lysis by preventing attachment of the MAC proteins to 
their surfaces. Also, the MAC forms the basis for the complement 
fixation test used to diagnose some diseases. This is explained 
in the box on page 467 and in Chapter 18 (see Figure 18.10, 
page 514) . Gram-negative bacteria are more susceptible to 
cytolysis because they have only one or very few layers of pepti-
doglycan to protect the plasma membrane from the effects of 
complement. The many layers of peptidoglycan of gram-positive 
bacteria limit access of complement to the plasma membrane 
and thus interfere with cytolysis. 
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o. 

Opsonlzatlon Inflammation 

CytOlysis 

o CI is activated by binding to antigen-antibody comptexes. 

e Activated CI sptits C2 into C2a and C2b, and C4 inlo C4a and C4b. 

e C2a and C4b combine and activate C3, splitting it into C3a and C3b 
(see also Figure 16.9). 

Figure 16.12 Classical pathway of complement activation. This 
pathway is initiated by an antigen- antibody reaction. The spl itting of C3 
into C3a and C3b starts a cascade that results in cytolysis. inflammation. 
and opsonization (see also Figure 16.9). 

Q What happens after C3 is cleaved Into C3a and C3b? 

The cascade of complement proteins that occurs during an 
infection is called complement activation and may occur in 
three pathways. 

The Classical Pathway 
The classical pathway ( Figure 16.12), so named because it was 
the first to be discovered, is initiated when antibodies bind to 
antigens (microbes) and occurs as follows: 

o Antibodies attach to antigens (for example, proteins or large 
polysaccharides on the surface of a bacterium or other cell), 

• 
o 

Opsonization Inflammation 

Cytolysis 

Key: W B factor W 0 factor , P factor 

o C3 combines with factors B, 0, and P on the surface of a microbe. 

e This causes C3 to split into fragments C3a and C3b. 

Figure 16.13 Alternative pathway of complement 
activation. This pathway is initiated by contact between certain 
complement proteins eC3 and factors B. D. and P) and a pathogen, 
There are no antibodies involved. Once C3a and C3b are formed. they 
participate in cytolysis. inflammation. and opsonization per the classical 
pathway (see also Figure 169). 

Q How is the alternative pathway similar to the classical pathway? 

for ming antigen- antibody complexes. The antigen-antibody 
complexes b ind and activate Cl. 

e Next, activated Cl activates C2 and C4 by splitting them. C2 
is split into fragments called C2a and C2b, and C4 is split 
into fragments called C4a and C4b. 

e C2a and C4b combine and together they activate C3 by 
splitt ing it into C3a and C3b. The C3 fragments then 
initiate cytolysis, inflammation, and opsonization (see 
Figure 16.9). 

The Alternative Pathway 
The alternative pathway is so named because it was discovered 
after the classical pathway. Unlike the classical pathway, the 
alternative pathway docs not involve antibodies. The alternative 
pathway is activated by conlact between certain complement 
proteins and a pathogen (Figure 16.13) . 4) C3 is constantly pres-
ent in the blood . It combines with complement proteins called 
factor B, factor D, and factor P (properdin) on the surface of a 
pathogen ic microbe. The complement proteins are attracted 10 

microbial cell surface material (most ly lipid-carbohydrate 



Serum Collection 
It is common to draw more than 
one blood sample for laboratory tests. 
The blood is collected in lubes with caps of 
different colors (Figure A). Whole blood may 
be needed to cullure microbes or to type the 
blood. Serum may be needed to test for 
enzymes or other chemicals in the blood. 
Serum is the straw-colored liquid remaining 
after blood is allow to clot Blood plasma is 
the liquid remaining after formed elements 

Figure A CollectIng blood cells and serum. 
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are removed from unclotted blood, for 
eJlample. by centrifugation, 

Figure B TestIng for complement. 

Which sample would you use to count 
blood cells? To test for complement? 
Complement activity is measured because 
complement deficiency may be associated 
with recurrent bacterial infections. Moreover, 
complement is a key component in immune 
complex diseases, A decrease in serum 
complement. which occurs as complement is 
used in immune complexes, can be used to 
monitor progress and treatment of immune 
complex diseases such as systemic lupus 
erythematosus and rheumatoid arthritis. 

Total complement activity is measured 
as shown in Figure B. Dilutions of the 
patienfs serum are mixed with sheep red 
blood cells (ASCs) and antibodies against 
sheep RSCs. following incubation at 37"C 
for 20 minutes. the degree of hemolysis is 
determined. 
What Is the purpose of the RBCs and 
antJRBCs? 
The antibodies will react with the antigen 
(RSes). This will activate complement in the 
patient's serum. The degree of lysis is 
relative to the amount of comple-
ment present and is expressed as 
a percentage of the hemolysis 
produced by a 
serum pool 
collected from 
50 healthy 
blood donors. 

The Lectin Pathway 

Patient's serum 
(source of 

complement) 

Sheep ABC 
+ 

Antibody 10 
sheep ABC 

No hemolysis 
(no complement 

in serum) 

Patient's serum 
(source 01 

complemoot) 

Sheep ABC 
+ 

Antibody to 
sheep ABC 

Hemolysis 
(complement 

in serum) 

complexes of certai n bacteria and fung i), e Once the comple-
ment pro tei ns combine and interact, C3 is split into fragmen ts 
C3a and C3b. As in the classical pathway, C3a participates in 
inflammation, and C3b functions in cytolysis and opsonization 
(see Figure 16.9). 

The lectin pa thway is the most recently discovered mechanism 
for complement activation, When macrophages ingest bacteria, 
viruses, and other foreig n matter by phagocytosis, they release 
cytokines that stimulate the liver to produce lectins. proteins 
thai bind 10 carbohydrates (Figure 16.14). 

' 67 
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0+ 

Opsonization 

Cytolysis 

o Lectin bindS to an invading cetl. 

e Bound tectin sptits C2 and G4. 

C4 

>- Carbohydrate 
containing 
mannose 

---+ Inflammation 

e C2a and C4b combine and activate C3 (see atso Figure 16.9). 

Figure 16.14 The lectin pathway of complement activation. 
When mannose-binding lectin (MBL) binds to mannose on the surface of 
microbes. M BL functions as an opsonin that enhances phagocytosis and 
activates complement (see Figure 16.9). 

Q How do the tectin and alternative pathways differ from the 
classical pathway? 

o One such lectin, mannose-binding lectin (MOL), binds to 
the carbohydrate man nose. MBL binds to many pathogens 
because the MBL molecules recognize a distinctive pattern of 
carbohyd rates that includes mannose, which is fo und in bac-
terial cell walls and on some viruses. As a result of binding, 
MBL functions as an opsonin to enhance phagocytosis and 

e activates C2 and C4; 
e C2a and C4b activate C3 (see Figure 16.9). 

Regulation of Complement 
Once complement is activated, its destructive capabilities usually 
cease very quickly to minimize the destruction of host cells. This 
is accomplished by various regulatory proteins in the host's blood 
and on certain cells, such as blood cells. The regulatory proteins 
are present at higher concentrations than the complement pro-

teins. One example of a regulatory protein is CD59, which pre-
vents the assembly of C9 molecule to fo rm the MAC. The proteins 
bring about the breakdown of activated complement and func-
tion as inhibitors and destructive enzymes. 

Complement and Disease 
In addition to its importance in defense, the complement system 
assumes a role in causing disease as a result of inherited deficiencies. 
Deficiencies of C I, C2, or C4 cause collagen vascular disorders that 
result in hypersensitivity (anaphylaxis) ; deficiency of C3, though 
rare, results in increased susceptibility to recurrent infections with 
pyogenic microbes; and CS through C9 defects result in increased 
susceptibility to Neisseria meningitidis and N. gonorrhoeae 
infections. Complement may playa role in diseases with an immune 
component, such as asthma, systemic lupus erythematosus, various 
forms of arthritis, multiple sclerosis, and inflammatory bowel 
disease. Complement has also been implicated in Alzheimer disease 
and other neurodegenerative disorders. 

Evading the Complement System 
Some bacteria evade the complement system by means of their 
capsules, which prevent complement activation. For exam ple, 
some capsules contain large amounts of a substance called sialic 
acid, which discourages opsonization and MAC formation. 
Other capsules inhibit the formation of C3b and C4b and cover 
the C3b to prevent it from making contact with the receptor on 
phagocytes. Some gram-negative bacteria, such as Salmonella, 
can lengthen the 0 polysaccharide of their LPS (see page 87), 
which prevents MAC forma tion. Other gram-negative bacteria, 
such as Neisseria gonorrhoeae, Bordetella pertussis, and 
Haemophilils il1j1uel1zae, attach their sialic acid to the lipid A of 
their LPS, which ultimately inhibits MAC formation. Gram-
positive cocci release an enzyme that breaks down CSa, the 
fragment that serves as a chemotactic factor that attracts 
phagocytes. With respect to viruses, some viruses, such as the 
Epstein-Barr virus, attach to complement receptors on body cells 
to initiate their life cycle. Animations Complement System: 
Overview, Activation, Resul ts. www.microbiologyplace.com 

CHECK YOUR UNOERSTANOING 

..r What is complement? 16-16 

..r List the steps of complementation activation via (1) the classical 
pathway, (2) the alternative pathway, and (3) the lectin pathway. 
16-17 

..r Summarize the major outcomes of complement activation. 16-18 

Interferons 
Because viruses depend on their host cells to provide many 
functions of viral multiplication, it is difficult to inhibit viral 
multiplication without affecting the host cell itself. One way the 
infected host counters viral infections is with a family of 
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Neighboring host cell 

i i 
proteins 
(AVPs) 

o Viral RNA 
from an 
infecting 
virus enters 
the cell. 

e The infecting 
virus replicates 
inlo new 
viruses. 

e The infecting virus 
also induces the 
host cell to produce 
inlerferon mRNA 
(IFN-mRNA), which 
is translated into 
alpha and 
beta interferons, 

o Interferons released by the 
viruS-infected host cell bind to 
plasma membrane or nuclear 
membrane receptors on 
uninfected neighboring host 
cells, inducing them to 
synthesize antiviral proteins 
(AVPs). These include 
oligoadenylate synthetase and 
protein kinase. 

e New viruses 
released by the 
virus-infected 
hosl cel l infect 
neighboring 
host cel ls. 

G AVPs degrade 
viral mRNA and 
inhibit protein 
synthesis-and 
thus interfere 
with viral 
rep lication. 

Figure 16.15 Antiviral ac tion of alpha and beta interferons (IFNs). Interferons are 
host-cell-specific but not vi rus-specific. 

Q How does interleron stop viruses? 

cytokines called interferons. Interferons (IFNs) are a class of 
similar antiviral proteins produced by certain animal cells, such 
as lymphocytes and macrophages, after viral stimulation . One of 
the principal functions of interferons is to interfere with viral 
multiplication. 

An interesting feature o f interferons is that they are host -
cell- specific but not virus-specific. Interferons produced by 
human cells protect human cells but produce little antiviral 
activity for cells of other species, such as mice or chickens. 
However, the interferons of a species are active aga inst a number 
of different viruses. 

Just as different animal species produce different interferons, 
different types of cells in the same animal also produce d ifferent 
interferons. Human interferons are of three principal types: alpha 
interferon (IFN -a ), beta interferon (IFN -11), and gamma iuterferoll 
(IFN-y). There are also various subtypes of interferons within 
each of the principal groups. In the human body, interferons are 
produced by fibroblasts in connective tissue and by lymphocytes 
and other leukocytes. Each of the three types of interferons pro-
duced by these cells can have a slightly different effect on the body. 

All interferons are small proteins, with molecular weights 
between 15,000 and 30,000. They are quite stable at low pH and 
are fairly resistant to heat. 

Gamma interferon is produced by lymphocytes; it induces 
neutrophils and macrophages to kill bacteria. IFN-y causes 
macrophages to produce nitric oxide that appears to kill bacteria 
as well as tumor cells by inhibiting ATP production. Neutroph ils 
and macrophages in individuals with an inherited condition 
called chronic granulomatous disease (CGD) do not kill bacteria. 
When these people take a recombinant IFN -y, their neutrophils 
and macrophages kill bacteria. Gamma interferon is not a cure 
and must be taken for the life of the CGD individual. As you will 
see in Chapter 17, IFN-y increases the expression of class I and 
class II molecules and increases an tigen presentation. 

Both IFN-o. and IFN-13 are produced by virus-infected host 
cells only in very small quantities and diffuse to uninfected 
neighboring cells (Figure 16.15). They react with plasma or 
nuclear membrane receptors, inducing the uninfected cells to 
manufacture m RNA for the synthesis of antiviral proteins 
(AVPs). These proteins are enzymes that disrupt various stages 
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of viral multiplication . For example, one AVP, called 
oIigoadcnylatc syllfhetasc, degrades viral mRNA . Another, called 
protcin kinasc, inhibits protein synthesis. 

Because of their beneficial properties, interferons would seem 
to be ideal antiviral substances, but certain problems do exist. For 
one thing, interferons are effective for only short periods; they do 
not remain stable for long periods of time in the body. And when 
injected, interferons have side effects, such as nausea, fatigue, 
headache, vomiting, weight loss, and fever. High concentrations 
of interferons are toxic to the heart, liver, kidneys, and red bone 
marrow. They typically playa major role in infections that are 
acute and short term, such as colds and influenza. Another prob-
lem is that they have no effect on viral multiplication in cells 
already infected. Also, some viruses, such as adenoviruses (which 
cause respiratory infections), have resistance mechanisms that 
inhibit AVPs. Further, some viruses, such as the hepatitis B virus, 
do not induce the production of sufficient amounts of interferon 
in host cells following viral stimulation. 

The importance of interferons in protecting the body against 
viruses, as well as their potential as anticancer agents, has made 
their production in large quantities a top health priority. Several 
groups of scientists have successfully applied recombinant DNA 
technology in inducing certa in species of bacteria to produce 
interferons. (This technique is described in Chapter 9.) The 
interferons produced with recombinant DNA techniques, called 
recombinant illferJerons (rlFNs), are important for two reasons: 
they are pure, and they are plentiful. 

In clinical trials, IFNs have exhibited no effects against some 
types of tumors and only limited effects against others. Alpha inter-
feron (Intron A) is approved in the United States for treating sev-
eral virus-associated disorders. One is Kaposi's sarcoma, a cancer 
that often occurs in patients infected with HIV. Other approved uses 
for IFN-a include treating genital herpes, caused by herpesvirus; 
hepatitis Band C, caused by the hepatitis Band C viruses; malignant 
melanoma; Crohn's disease; rheumatoid arthritis; and hairy cell 
leukemia. Alpha interferon also is being tested to sec whether it can 
slow the development of AIDS in HIV-infected people. A form of 

(Betaferon ) slows the progression of multiple sclerosis (MS) 
and lessens the frequency and severity of MS attacks. Another form 
of (Actimmune) is being used to treat osteoporosis. 

Iron-Binding Proteins 
Most pathogenic bacteria require adequate amounts of iron for 
their vegetative growth and reproduction . Humans require iron 
as a component of cytochromes in the electron transport chain, 
a cofactor for enzyme systems, and as a part of hemoglobin, 
which transports oxygen in the body. So, we have an interesting 
situation in which many pathogens and humans compete for 
available iron for their survival. 

The concentration of free iron in the human body is low 
because most of it is bound to molecules such as transferrin, lacto-
fe rrin, ferritin, and hemoglobin. These are called iron-binding 

proteins, and their function is to transport and store iron. 
Transferrin is found in blood and tissue fluids . Lactoferrin is 
found in milk, saliva, and mucus. Ferritin is located in the liver, 
spleen, and red bone marrow, and hemoglobin is located within 
red blood cells. The iron -binding proteins not only transport and 
store iron but also, by doing so, deprive most pathogens of the 
available iron. 

To survive in the human body, many pathogenic bacteria 
obtain iron by secreting proteins called siderophores (see Figure 
15.3 on page 434). Recall that siderophores compete to take 
away iron from iron -binding proteins by binding it more tightly. 
Once the iron -siderophore complex is fo rmed, it is taken up by 
siderophore receptors on the bacterial surface and brought into 
the bacterium; then the iron is split from the siderophore and 
utilized . (In some cases, the iron enters the bacterium while the 
siderophore remains outside.) 

A few pathogens do not use the siderophore mechanism to 
obtain iron. For example, Neisscria merlingitidis, the causative 
agent of meningitis, produces receptors on its surface that bind 
directly to the iron-binding protein. Then the iron-binding pro -
tein, along with its iron, is taken into the bacterial cell. Some 
pathogens, such as StreptococCils pyogelles, release hemolysin, a 
protein that causes the lysis (destruction) of red blood cells. The 
hemoglobin is then degraded by other bacterial proteins to cap-
ture the iron . 

Antimicrobial Peptides 
Although fairly recently discovered, antimicrobial peptides 
(AMPs) may be one of the most important components of 
innate immun ity (sec also Chapter 20, pages 578 to 579). 
Antimicrobial pept ides arc short peptides that consist of a chain 
of about 12 to 50 amino acids synthesized on ribosomes. They 
were first d iscovered in the skin of frogs, the lymph of insects, 
and human neutrophils; to date, over 600 AMPs have been dis-
covered in nearly all plants and animals. AMPs have a broad 
spectrum of antimicrobial activities, including activity against 
bacteria, viruses, fungi, and eukaryotic parasites. Synthesis of 
AMPs is triggered by protein and sugar molecules on the surface 
of microbes. Cells produce AMPs when chemicals in microbes 
attach to Toll-like receptors (see page 458). 

The modes of action of AMPs include inhibiting cell wall 
synthesis; forming pores in the plasma membrane, resulting in 
lysis; and destroying DNA and RNA. Among the AM Ps produced 
by humans are dermcidin, produced by sweat glands; deJensins 
and cathelicidirls, produced by neutrophils, macrophages, and 
epithelium; and thrombocidin, produced by platelets. 

Scientists arc especially interested in AMPs for a number of 
reasons. Besides their broad spectrum of activity, AMPs have 
shown synergy (working together) with other antimicrobial 
agents, so that the effect of them working together is greater than 
that of either working separately. AMPs are also very stable over 
a wide range of pH. What is particularly significant is that 
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microbes do not appear to develop resis tance even though the 
microbes are exposed to them for long periods of time. 

Table 16.2 contains a summary of innate immunity defenses. 

CHECK YOUR UNOERSTANOING In add ition to the killing effect of AM Ps, they also participate 
in a number of other immune functions . For example, AMPs can 
sequester the LPS shed from gram- negative bacter ia . Recall that 
the lipid A component of the LPS functio ns as an e ndotoxin and 
is responsible for the symptoms associated w ith infection by 
gram-negative bacteria (septic shock) . AMPs have been found to 
vigorously attract dendritic cells, which destroy microbes by 
phagocytosis and in itiate an adaptive immune response. AM Ps 
have also been shown to recruit mast cells, which increase blood 
vessel permeability and vasodilation. This brings about inflam-
mation, which destroys microbes, lim its the extent of damage, 
and initiates tissue repair. 

..r What is interferon? 16-19 

..r Why do IFN-o: and IFN-!} share the same receptor on target 
celis, yet IFN-y has a different receptor? 16-20 

..r What is the role of siderophores in infection? 16-21 

..r Why are scientists interested in AMPs? 16-22 

• • • 
In Chapter 17, we will d iscuss the principal fac tors that con -
tribute to adaptive immunity. 

Table 16.2 Summary of Innate Immunity Defenses 

Componenl Functions 

FIRST LINE OF DEFENSE: SKIN AND MUCOUS MEMBRANES 

PHYSICAL FACTORS 
Epidermis of skin 

Mucous membranes 

Mucus 

Lacrimal apparatus 

Saliva 

Hairs 

Cilia 

Epiglottis 

Urine 

Vaginal secretions 

Peristalsis, defecation, and vomiting 

CHEMICAL FACTORS 
Sebum 

lysozyme 

Saliva 

Gastric juice 

Urine 

Vaginal secretions 

Forms a physical barrier to the entrance of microbes. 

Inhibit the entrance of many microbes. but not as effective as in tact skin. 

Traps microbes in respiratory and gastrointestinal tracts. 

Tears dilute and wash away irritating substances and microbes. 

Washes microbes from surfaces of teeth and mucous membranes of mouth. 

Filter out microbes and dust in nose. 

Together with mucus. trap and remove microbes and dust from upper respiratory tract. 

Prevents microbes from entering lower respiratory tract. 

Washes microbes from urethra. 

Move microbes out of female reproductive tract. 

Expel microbes from body. 

Forms a protective acidic film over the skin surface that inhibits growth of many microbes. 

Enzyme that digests peptidoglycan in perspiration. tears. saliva. nasal secretions. urine. and tissue fluids. 

Contains Iyosome. urea. and uric acid. which inhibit microbes: and immunoglobin A. which prevents 
attachment of microbes to mucous membranes. Slight acidity discourages microbial growth. 

Destroys bacteria and most toxins in stomach. 

Contains lysozyme, urea, and uric acid, which inhibi t microbes; slight acidity discourages microbial 
growth. 

Slight acidity discourages bacterial and fungal growth. 
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Table 16.2 s 

Component Functions 

SECOND LINE OF DEFENSE 

Defensive Cells 

Phagocytes Phagocytosis by cells such as neutrophils. eosinophils. dendritic cells. and macrophages. 

Natural killer (NK) cells Kill infected target cells by releasing granules that contain perforin and granzymes. Phagocytes then kill 
the infected microbes. 

Inflammation Confines and destroys microbes and initiates tissue repair. 

, ... , Intensifies the effects of interferons. inhibits growth 01 some microbes, and speeds up body reactions that 
aid repa ir. 

Antimicrobial Substances 

Complement system 

Interferons 

Causes cytolysis 01 microbes, promotes phagocytosis, and contributes to inflammation. 

Protect uninfected host cells from viral infection. 

Iron.Binding Proteins 

Antimicrobial Peptides (AMPs) 

Inhibit growth of certain bacteria by reducing the amount 01 available iron. 

Inhibit cell wall synthesis. lorm pores in the plasma membrane that cause lysis: and destroy DNA and RNA 

STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan, e learn and 
practice with animations. tutorials, and MP3 tutor sessions. and e test yourself with quizzes and a chapter post-test. 

Introduction (p.449) 

I. The ability to ward off disease through body defenses is 
called immunity. 

2. Lack of immunity is called susceptibility. 

The Concept of Immunity (p.450) 

I. Innate immunity refers to all body defenses that protect the body 
against any kind of pathogen. 

2. Adaptive immunity refers to defenses (antibodies) against specific . . mlcroorgamsms. 
3. Toll·like receptors are proteins in plasma membranes of 

macrophages and dendritic cells. TLRs bind to invading microbes. 

FIRST LINE OF DEFENSE: SKIN AND 
MUCOUS MEMBRANES (pp.450-453) 

I. The body's first line of defense against infections is a physical barrier 
and the nonspecific chemicals of the skin and mucous membranes. 

Physical Factors (00.451-452) 

I. The structure of intact skin and the waterproof protein keratin 
provide resistance to microbial invasion. 

2. Some pathogens can penetrate mucous membranes. 
3. The lacrimal apparatus protects the eyes from irritating substances 

and microorganisms. 
4. Saliva washes microorganisms from teeth and gums. 
S. Mucus traps many microorganisms that enter the respiratory 

and gastrointestinal tracts; in the lower respiratory tract, the ciliary 
escalator moves mucus up and out. 

6. The flow of urine moves microorganisms out of the urinary 
tract, and vaginal secretions move microorganisms out of the 
vagma. 

Chemical Factors (p.453) 

I. Sebum contains unsaturated fatty acids, which inhibit the growth 
of pathogenic bacteria. Some bacteria commonly found on the 
skin can metabolize sebum and cause the inflammatory response 
associated with acne. 

2. Perspiration washes microorganisms off the skin. 
3. Lysozyme is found in tears, saliva, nasal secretions, and 

perspiration. 
4. The high acidity (pH 1.2-3.0) of gastric juice prevents microbial 

growth in the stomach. 



Normal Microbiota and 
Innate Immunity (p.453) 

I. Normal microbiota change the environment, a process that can 
prevent the growth of pathogens. 

SECOND LINE OF DEFENSE (PD. '''- ''') 

I. A microbe's penetration of the first line of defense encourages 
production of phagocyles, inflammation, fever, and antimicrobial 
substances. 

Formed Elements in Blood (PD. 450-056) 

I. Blood consists of plasma (fluid) and formed elements (cells and 
cell fragments ). 

2. uukocytes (white blood cells) are divided into granulocytes 
(neutrophils, basophils, eosinophils, and dendritic cells) and 
agranu[ocytes. 

3. During many infections, the number of leukocytes increases 
(leukocytosis); some infections are characterized by leukopenia 
(decrease in leukocytes). 

The lymphatic System (p.456-457) 

I. The lymphatic system consists of lymph vessels, lymph nodes, and 
lymphoid tissue. 

2. Interstitial fluid is returned to blood plasma via lymph vessels. 

Phagocytes (PD. "7-<60) 

I. Phagocytosis is the ingestion of 
microorganisms or particulate matter by a cell. 

2. Phagocytosis is performed by phagocytes, 
certain types of white blood cells or their 
derivatives. 

Actions of Phagocytic Cells (p. 457) 
3. Among the granulocytes, neUlrophils are the most important 

phagocytes. 
4. Enlarged monocytes become wandering macrophages and fixed 

macrophages. 
S. Fixed macrophages are located in selected tissues and are part of 

the mononuclear phagocytic system. 
6. Granulocytes predominate during the early stages of infection, 

whereas monocytes predominate as the infection subsides. 

The Mechanism of Phagocytosis (pp. 458-459) 
7. Chemotaxis is the process by which phagocytes are attracted to . . mlcroorgamsms. 
8. Toll-like receptors on a phagocyte adhere to the microbial cells; 

adherence may be facilitated by opsonization---coating the 
microbe with serum proteins. 

9. Pseudopods of phagocytes engulf the microorganism and enclose 
it in a phagosome to complete ingestion. 

10. Many phagocytized microorganisms are killed by lysosomal 
enzymes and oxidizing agents. 
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Microbial Evasion of Phagocytosis (pp. 459- 460) 
1 L Some microbes are not killed by phagocytes and can even repro-

duce in phagocytes. 
12. Evasion mechanisms include M protein, capsules, Ieukocidins, 

membrane attack complexes, and prevention of phagolysosome 
formation. 

Inflammation (pp.460- 463) 

L Inflammation is a bodily response to cell damage; it is character-
ized by redness, pain, heat, swelling, and sometimes the loss of 
function. 

2. Tumor necrosis factor alpha (TNF-Ct) stimulates production of 
acute-phase proteins. 

Vasodilation and Increased Permeability of Blood 
Vessels (p.460- 462) 

3. The release of histamine, kinins, and prostaglandins causes vasodi-
la tion and increased permeabili ty of blood vessels. 

4. Blood clots can form around an abscess to prevent dissemination 
of the infection. 

Phagocyte Migration and Phagocytosis (p.462) 
5. Phagocytes have the ability to stick to the lining of the blood 

vessels (margination). 
6. They also have the ability to squeeze through blood vessels 

(diapedesis). 
7. Pus is the accumulation of damaged tissue and dead microbes, 

granulocytes, and macrophages. 

Tissue Repair (pp.462- 463) 
8. A tissue is repaired when the stroma (supporting tissue) or 

parenchyma (functioning tissue) produces new cells. 
9. Stromal repair by fibroblasts produces scar tissue. 

Fever (p.463) 

L Fever is an abnormally high body temperature produced in 
response to a bacterial or viral infection. 

2. Bacterial endotoxins, interleukin- l, and tumor necrosis factor 
alpha can induce fever. 

3. A chill indicates a rising body tempera ture; crisis (sweating) 
indicates that the body's temperature is falling . 

Antimicrobial Substances (p. <6,-"') 

The Complement System (pp. 463- 468) 
L The complement system consists of a group of serum proteins that 

activate one another to destroy invading microorganisms. 
2. Complement proteins are activated in a cascade. 
3. C3 activation can result in cell lysis, inflamma-

tion, and opsoni7..ation. 
4. Complement is ac tivated via the classical 

pathway, the alternative pathway, and the lectin 
pathway. 

5. Complement is deac tivated by host-regulatory 
proteins. 
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6. Complement deficiencies can result in an increased susceptibility 
to disease. 

7. Some bacteria evade destruction by wmplement by means of 
(apsules. surface lipid-carbohydrate complexes. and enzymatic 
destruction of CSa, 

Interferons (pp.468- 470) 
8. Interferons (JFNs) arc antiviral proteins produced in response to 

viral infection. 
9. There are th ree types of human interferon: IFN-a, and 

IFN-y. Recombinant interferons have been produ(ed. 
10. The mode of a(tion of IFN-a and is to indu(e uninfec ted 

(ells to produ(e antiviral proteins (AVPs) that prevent viral repli -
(ation. 

II . Interferons are host-(ell- specific but not virus-specific. 
12. Gamma interferon a(tivates neutrophils and macrophages to kill 

bacteria. 

Iron-Binding Proteins (p.470) 
13. Iron-binding proteins transport and store iron and deprive most 

pathogens of the available iron. 

Antimicrobial Peptides (pp . .l!70- .I!72) 
14. Antimicrobial peptides (AMPs) inhibit (ell wall synthesis; form 

pores in plasma membranes, resulting in lysis; and destroy DNA 
and RNA. 

15. Antimicrobial peptides arc produced by nearly all plants and ani-
mals, and ba(terial resistance to AMPs has not yet been seen. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the baCK of the textboOK. 

Review 
I . Identify at least one physical and one (hemical fa(tor that prevent 

microbes from entering the body through ea(h of the following: 
a. urinary tract 
b. reproductive tra(t 

DRAW IT 2. Labclthe following processes that result in phagocy-
tosis: margination, diapedesis, adheren(e, and phagolysosome 
formation. 

I 
3. Define inJlammatioll , and list its characteristics. 
4. What arc interferons? Discuss their roles in innate immunity. 
S. How can the complement system cause endotoxic shock? 
6. Patients wi th X-linked chronic granulomatous disease are suscepti-

ble to infections because their neutrophils don't generate an oxida-
tive burst. What is the relation of the respiratory burst to infection? 

7. Why does hemolysis of red blood cells occur when a person 
receives a transfusion of the wrong type of blood? 

8. Give several examples of how microbes evade the complement 
system. 

9. Are the following involved in innate or adaptive immunity? 
Identify the role of each in immunity: 
a. TLRs 
b. transferrins 
c. antimicrobial peptides 

Multiple Choice 
I. Legiollclia uses C3b receptors to enter mono(ytes. This 

a. prevents phago(ytosis. 
b. degrades wmplement. 
(. ina(tivates (omplement. 
d. prevents inflammation. 
e. prevents cytolysis. 

2. Chlamydia (an prevent the formation of phagolysosomes, and 
therefore Chlamydia (an 
a. avoid being phago(ytized. 
b. avoid destruction by (Omplement. 
(. prevent adheren(e. 
d. avoid being digested. 
e. none of the above 

3. If the following arc placed in the order of o(wrrence, which 
would be the third step? 
a. Emigration 
b. Digestion 
(. Formation of a phagosome 
d. Formation o f a phagolysosome 
e. Margination 

4. If the following arc placed in the o rder of o(wrrence, which 
would be the third step? 
a. A(tivation of CS through C9 
b. Cell lysis 
(. Antigen- antibody reaction 
d. A(tivation of C3 
e. A(tivation of C2 through C4 

5. A human host can prevent a pathogen from getting eno ugh iron by 
a. reducing dietary intake of iron. 
b. binding iron with transferrin. 
(. binding iron with hemoglobin. 
d. excreting excess iron. 
e. binding iron with siderophores. 

6. A decrease in the production of C3 would result in 
a. increased sus<:eptibili ty 10 infe(tion. 
b. increased numbers of white blood (ells. 
(. increased phago(ytosis. 
d. activation of C5 through C9. 
e. none of the above 



7. In 1884. Elie Met<:hnikoff observed blood cells collected around a 
splinter inserted in a sea star embryo. This was the discovery of 
a. blood cells. 
b. sea stars. 
c. phagocytosis. 
d. immunity. 
e. none of the above 

8. Heiicobllcter pylori uses the enzyme urease to counteract a chemi-
cal defense in the human organ in which it lives. This chemical 
defense is 
a. lysozyme. 
b. hydrochloric acid. 
c. superoxide radicals. 
d. sebum. 
e. complement. 

9. Which of the following statements about IFN-ct is not true 
a. It interferes with viral replication. 
b. It is host-cell-specific. 
c. It is released by fibroblasts. 
d. 1t is virus-specific. 
e. It is released by lymphocytes. 

10. Which of the following does not stimulate phagocytes? 
a. cytokines 
b.IFN-y 
c. C3b 
d. lipid A 
e. histamine 

Critical Thinking 
1. Why do serum levels of iron increase during an infection? What 

can a bacterium do to respond to high levels of transferrin? 
2.A variety of drugs with the ability to reduce inflammation are 

available. Comment on the danger of misuse of these anti-
inflammatory drugs. 

3. To be a successful parasite, a microbe must avoid destruction by 
complement. The following list provides examples of complement-
evading techniques. For each microbe, identify the disease it causes, 
and describe how its strategy enables it to avoid destruction by 
complement. 

Pathogen 

Group A streptococci 
Haemoph;lus influenzae type b 
Pseudomonas aerug;nosa 
Trypanosoma cruzi 

Strategy 

C3 does not bind to M protein 
Has a capsule 
Sheds cell wall polysaccharides 
Degrades Cl 
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4. The list below identifies a virulence factor for a selected micro-
organism. Describe the effect of each factor listed. Name a disease 
caused by each organism. 

Microorganism 

Influenzavirus 
Mycobacterium tuberculosis 
Toxoplasma gond;; 
Tn'chopflyton 
Trypanosoma cruzi 

Virulence factor 

Causes release of lysosomal enzymes 
Inhibits lysosome fUSion 
Prevents phagosome acidification 
Secretes keratinase 
Lyses phagosomal membrane 

Clinical Applications 
I. People with Rhinovirus infections of the nose and throat have an 

80-fold increase in kin ins and no increase in histamine. What do 
you expect for rhinoviral symptoms? What disease is caused by 
rhinoviruses? 

2. A hematologist often performs a differential white blood cell 
count on a blood sample. Such a count determines the relative 
numbers of white blood cells. Why are these numbers important? 
What do you think a hematologist would find in a different ial 
white blood cell count of a patient with mononucleosis? With 
neutropenia? With eosinophilia? 

3. uukocyte adherence deficiency (LAD) is an inherited disease 
resulting in the inability of neutrophils to recognize C3b-bound 
microorganisms. What are the most likely consequences of LAD? 

4. The neutrophils of individuals with Chediak- Higashi syndrome 
(CHS) have fewer than normal chemotactic receptors and lysosomes 
that spontaneously rupture. What are the consequences of CHS? 

5. Consider the following. 
a. In laboratory experiments, plant lectins can bind to man nose in 

human plasma membranes. Why doesn't human mannose-
binding lectin bind to human cells? 

b. About 4% of the human population have a mannose-binding 
lectin deficiency. How might this deficiency affect a person? 



Adaptive Immunity: 
Specific Defenses 
of the Host 

In Chapter 16, we discussed innate defenses of the body against microorganisms in the 
environment These defenses include the skin and mucous membranes, phagocytosis. 
and inflammation. Humans, and even the simplest animals, have some defenses that are 
always present to provide instant protection against infection. Taken altogether, these 
defenses are termed innate immunity. Immunity is a term derived from the Latin word 
immunis, meaning to exempt (For a review of the body's innate defense systems, see 
Figure 16.1, page 450). 

Higher animals also are protected by the more specialized adaptive immunity. Adaptive 
immunity is induced: that is. it adapts to a specific microbial invader 

or a foreign substance. Adaptive immunity will be the focus of 
this chapter. 

Q 
\Vhy doesn 't the adaptive immune system 
normally attack your own body tissues? 
Look for the answer in the c/ulpter. 



The Adaptive Immune System 
LEARNING OBJECTIVE 

17-1 Differentiate innate from adaptive immunity. 

[t was recognized long ago that immunity to certain infectious 
diseases can be acquired during an individual's life. If a person 
recovered from smallpox or measles, that person was almost 
always immune to that d isease when exposed to it again . In some 
way they had acquired a memory of the infection , an important 
factor in adaptive immunity. Eventually, as medicine developed 
over the centuries, methods were found to mimic the adaptive 
immunity to disease by deliberately exposing people to harmless 
versions of pathogens that caused certain diseases, thus render-
ing them immune; we now call this vaccination (see Chapter 18, 
pages 501 - 506). Vaccination against smallpox, the first disease 
for which vaccination was developed, predated by nearly a hun-
dred years any knowledge of microscopic pathogens. However, 
the systematic advancement of the science of adaptive immunity 
required the concept of the germ theory of diseases; that is, that 
specific pathogenic microbes are responsible for specific diseases 
(see page 404) . Animation Host Defenses: The Big Picture. 
www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

,.f Is vaccination an example of innate or adaptive immunity? 17-1 

Dual Nature of the Adaptive 
Immune System 
LEARNING OBJECTIVE 
17-2 Differentiate humoral from cellu lar immunity. 

To introduce many of the terms and concepts important to 
understanding adaptive immunity, let's first briefly review the 
development of the theoretical basis. It will also serve to empha-
size the dual nature of adaptive immun ity- that it consists of a 
humoral and a cellular component. 

[n 1887, when Louis Pasteur first observed the immunity that 
developed in chickens when he accidentally injected them with 
weakened pathogens, he erroneously hypothesized that this was 
due to the depletion of some essential nutrient that was required 
by the pathogens to multiply. Events moved rapidly in the next 
few years. Emil von Behring, working with diphtheria and 
tetanus bacteria, showed that the culture medium in which they 
were grown contained an apparent toxin that was fa tal to animals 
when injected into them . When rabbits were injected with very 
small amounts of toxin, however, they would often survive. 
Blood serum from these surviving animals was found to have a 
surprising property. When it was injected into other animals 
after they had received a typically lethal dose of toxin, they 
showed no ill effects. Apparently, some factor in the serum from 
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the survlVlng rabbits had neutralized the lethal toxins. They 
named this fac tor antitoxin. For this work, in 1901, von Behring 
received the first Nobel Prize awarded in Physiology or Medicine. 

Paul Ehrlich, a German physician, found that a measured 
amount of antitoxin would neutralize an equivalent amount of 
toxin . He also determined that the protective nature of antitoxin 
was h ighly specific-it neutralized only the toxin that had given 
rise to it. The scientific community quickly focused attention on 
this new concept of immunity that dearly showed immense 
promise in medicine. It was found that similarly derived protec-
tive serum factors (now called by the more general name of 
alltibodies) were also produced by exposure to bacteria and other 
pathogens. It was soon learned that antibodies arose against not 
only microbial pathogens and toxins, but also many other partic-
ulate substances, such as plant pollen and red blood cells, that the 
body recognized as alien, or ,wnself Such substances that caused 
the productio n of antibodies were called antigells- from 
antIbody generators. The combination of an antibody and a par-
ticulate antigen caused them to visibly clump together or, in 
some cases, lyse. It was found that the lysis of a cell bearing an 
antigen, in response to an antibody against it, required another 
element naturally found in the blood. This was complement 
(see Chapter 16, page 463), so called because it complements the 
action of antibodies. 

Humoral Immunity 
From ancient times until well into the nineteenth century, the 
medical community believed fervently that health depended on 
four different body fluids, or humors: blood, phlegm, black bile, 
and yellow bile. The new science of immunology adopted the 
term humoral immunity when describing immunity brought 
about by antibodies. Animation Humoral Immunity: Overview. 
www.microbiologyplace.com 

Cellular Immunity 
As recently as the mid-1950s, immunology was a relatively sim-
ple science. Med ical science was familiar with innate immunity 
largely based on nonspecific phagocytic cells and a humoral 
immunity based on ant ibodies that specifically targeted certain 
toxins or particulate antigens. Up to that time the thymus, 
a lymphoid organ found in the upper chest, and which slowly 
atrophies after puberty, had no known function. Similarly, in 
birds the bursa of Fabricius, a structure resembling a lymph 
node, also had no known function . Experiments designed to 
determine the function of the thymus or the bursa by removing 
them had no apparent effect. A breakthrough in the science of 
immunology occurred in 1956, when an experimenter hap -
pened to remove the bursa from very young, rather than 
mature, birds. There were, as usual, no discernible effects, and 
the birds were set aside. In an unrelated experiment, nearly 
a year later, these same birds were selected to produce anti-
bodies against pathogenic Salmonella bacteria . This was done 
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by inoculating them with old, presumably weakened, cultures 
of the bacteria and, in effect, vaccinating them . To the surprise 
of the experimenter, the birds produced no antibodies, and 
some of them became ill and died. Following this lead, it was 
found that birds that had their bursa removed as adults had a 
normal immune response- they produced antibodies when 
injected with bacteria. However, when the bursa was removed 
from very young birds, they developed into adult birds with 
defective immune systems. This clearly indicated that the bursa 
was needed for maturatioll of the immune system and the 
eventual abili ty to produce antibodies. 

This important work was obscurely published as a two-page 
note in the journal, Poultry Science. There it might have remained, 
unnoticed by researchers interested in the immunology of 
humans. Someone, however, happened to call it to the attention 
of another immunologist who was also attempting to determine 
the function of the thymus by removing it from his experimental 
mice. Following the direction suggested by the article in Poultry 
Scicnce, this researcher then tried removing the thymus from 
newborn rather than mature mice. These mice, like the chickens 
with their bursa removed, matured into mice that produced no 
antibodies and, importantly, were also very slow in rejecting skin 
transplants from other mice. 

This was a revolutionary development, showing that there was 
more to the immune system than the antibody-based immunity 
that had been taught for the past 50 years. Ehrlich had proposed 
that there were certain specialized cells that made an antibody in 
response to contact with an antigen-which then served as a 
pattern. This new work seemed to point at the need for at least 
two cells to produce an antibody. One type of cell recognized the 
antigen as being foreign and passed this information on to a 
second type of cell that actually produced the antibodies. The 
identity of these cells was unknown, but it was thought that 
they probably were white blood cells called lymphocytes (see 
Table 16.1, page 455 ), which were plentiful in lymphoid tissue 
such as the thymus and the bursa of Fabricius. 

Before this time, the func tion of lymphocytes had been 
mysterious, but by the 1960s the technology required to isolate 
and culture lymphocytes in the laboratory was in place. The 
source of lymphocytes was determined to be in the liver during 
the first few weeks of development. By about the third month, 
the bone marrow replaces the liver as the source of lymphocytes. 
From the red bone marrow, stem cells produce lymphocytes that 
begin their "schooling"-that is, they differentiate. Some mature 
in the bone marrow and become B cells (named for the bursa of 
Fabricius) that recognize antigens and make specific antibodies 
against them. The recognition of different antigens depends on 
receptors to the antigens that coat the surface of the B cell. Other 
lymphocytes mature under the influence of the thymus and arc 
therefore called T lymphocytes, or T cells, the basis of cellular 
inununity. Both T cells and B cells are found primarily in 
blood and lymphoid organs. The T cells, like B cells, respond to 

antigens by means of receptors on their surface-T-cell receptors 
(TCRs). Contact with an antigen complementary to a TCR can 
cause certain types of T cells to proliferate and secrete cytokincs 
rather than antibodies. These are chemical messengers that 
impart instructions to other cells to perform certain functions 
(see page 492). 

CHECK YOUR UNDERSTANDING 

./ How was basic research on chicken diseases related to the 
discoveries of both humoral and cellular immunity? 17-2 

Antigens and Antibodies 
lEARNING OBJECTIVES 
17-3 Define antigen. epltope, and hapten. 
17-4 Explain the function of antibodies. and describe their structural and 

chemical characteristics. 
17-5 Name one function for each of the five classes of antibodies. 

Antigens and antibodies play key roles in the response of the 
immune system. Antigens provoke a highly specific immune 
response that, in humoral immunity, results in the production of 
antibodies that are capable of recognizing the antigen that gave 
rise to them . Antigens that cause such a response are, therefore, 
often more descriptively known as immunogcns. 

The Nature of Antigens 
Most antigens are either proteins or large polysaccharides. 
Lipids and nucleic acids are usually antigenic only when com-
bined with proteins and polysaccharides. Antigenic compounds 
are often components of invading microbes, such as capsules, 
cell walls, flagella, fimbriae, and toxins of bacteria; the coats of 
viruses; or the surfaces of other types of microbes. Nonmicrobial 
antigens include pollen, egg white, blood cell surface molecules, 
serum proteins from other individuals or species, and surface 
molecules of transplanted tissues and organs. 

Generally, antibodies recognize and interact with specific 
regions on antigens called epitopes or antigenic determinants 
(Figure 17.1 ). The nature of this interaction depends on the size, 
shape, and chemical structure of the binding site on the antibody 
molecule. 

Most antigens have a molecular weight of 10,000 or higher. 
A foreign substance that has a low molecular weight is often not 
antigenic unless it is attached to a carrier molecule. These low 
molecular weight compounds are called haptens (from the 
Greek hapto, to grasp; Figure 17.2). Once an antibody against the 
hapten has been formed, the antibody will react with the hapten 
independent of the carrier molecule. Penicillin is a good example 
of a hapten. This drug is not antigenic by itself, but some people 
develop an allergic reaction to it. (Allergic reactions are a type of 



EpitOpeS (antigenic determinants) 
on antigen 

Antibody B 

Figure 17.1 Epitopes (antigenic determinants). In ltlis illustration 
the epitopes are components of ltle antigen- the bacterial cell wall. Each 
antigen carries more ltlan one epitope. Each V-shaped antibody molecule 
has two binding sites ltlat can attach to a specifi c epitope on an antigen, 
An antibody can also bind to identical epitopes on two different cells at ltle 
same time (see Figure 16.5, page 510). which can cause neighboring cells 
to aggregate. 

Q Which antibody type (lgG or IgM) should be the more elficient in 
aggregating cells? 

immune response). In these people, when penicillin combines 
with host proteins, the resulting combined molecule initiates an 
Immune response. 

CHECK YOUR UNDERSTANDING 

..r Does an antibody necessarily react with a bacterium as an 
antigen or as an epitope? 17-3 

The Nature of Antibodies 
Antibodies are globulin proteins (a protein fa mily with a 
compact, globular form)-therefore, we have come to use the 
term immunoglobulins (Ig) for ant ibodies. Globulin proteins 
arc relatively soluble. Antibodies are made in response to an 
antigen and can recognize and bind to the antigen . As was seen 
in Figure 17.1, a bacterium or virus may have several epitopes 
that cause the production of different antibodies. 

Each antibody has at least two identical sites that bind to 
epitopes. These sites are known as antigen-binding sites. The 
number of antigen-binding sites on an antibody is called the 
valence of that antibody. For example, most human antibodies 
have two binding sites; therefore, they arc bivalent. 

Antibody Structure 
Because a bivalent antibody has the simplest molecular structure, it 
is called a monomer. A typical antibody monomer has four protein 
chains: two identical light chains and two identical heavy c/wills. 
("Light" and "heavy" refer to the relative molecular weights.) The 
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Hapten 
molecules 

Carrier 
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Hapten-carrier 
conjugate 

Figure 17.2 Haptens. A hapten is a molecule too small to stimulate 
antibody formation by itself. However. when the hapten is combined with a 
larger carrier molecule. usually a serum protein. the hapten and its carrier 
together fo rm a conjugate that can stimulate an immune response. 

Q How does a hapten diHer from an antigen? 

chains are joined by disulfide links (see Figure 2.15c, page 46) and 
other bonds to form a Y-shaped molecule (Figure 17.3). The 
Y-shaped molecule is flexible and can assume a T shape (notice the 
hinge region in Figure 17.38). 

The two sections located at the ends of the y's arms are called 
variable (V) regions. These bind to the epitopes (Figure 17.3b). 
The am ino acid sequences and, therefore, the three-dimensional 
structure of these two variable regions are identical on anyone 
antibody. Their structure reflects the nature of the an tigen for 
which they are specific-they are specific to the two antigen-
binding sites found on each antibody monomer. The stem of 
the antibody monomer and the lower parts of the arms o f the 
Yare called the constant (C) regions. They are the same for a par-
ticular class of immunoglobulin. There arc five major types of 
C regions, which account for the five major classes of 
immunoglobulins (described shortly). 

The stem of the Y-shaped antibody monomer is called the 
Fe regio/!, so named because when antibody structure was first being 
identified, it was a fragment (F) that crystallized (c) in cold storage. 

These Fc regions are often important in immunological 
reactio ns. If left exposed after both antigen-binding sites attach to 
an antigen such as a bacterium, the Fc regions of adjacent anti-
bodies can bind complement. This leads to the destruction of the 
bacterium (see Figure 16.10, page 465). Co nversely, the Fc region 
may bind to a cell, leaving the antigen-binding sites of adjacent 
antibodies free to react with antigens (see Figure 19.1a, page 524). 

Immunoglobulin Classes 
The sim plest and most abundant immunoglobulins are 
monomers, but they can also assume some differences in size and 
arrangement. 

The five classes of Igs are designated IgG, IgM, 19A, IgD, and 
IgE. Each class has a different role in the immune response. The 
structures of IgG, IgD, and IgE molecules resemble the st ructure 
shown in Figure 17.3a. Molecules of IgA and IgM are aggregates 
of two or five monomers, respectively, that are joined together. 
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Antigen-
binding 
site 

FC (stem) region 

(a) Antibody molecule 

Hinge region 

(b) Enlarged antigen-binding site bound to an epitope 

(c) Antibody motecules shown by atomic torce microscopy 
(see page 65) 

- Antigen 

Figure 17.3 The structure of a typical antibody molecule. The 
V-shaped molecule is composed of two light chains and two heavy chains 
li nked by disulfide bridges (S- S) . Most of the molecule is made up of 
constant regions (C). which are the same fo r all antibodies of the same 
class. The amino acid sequences of the vanable regions (V). which form 
the two antigen-binding sites. differ from molecule to molecule. 

Q What is responsible for the specificity of each different antibody? 

The structures and characteristics of the immunoglobulin classes 
are summarized in Table 17.1. 

IgG IgG (the name is derived from the blood fraction gamma 
globulin; see Figure 17 .1 8, page 495) accounts for about 80% of 
all antibodies in serum. In regions of inflammation these 
monomer antibodies readily cross the walls of blood vessels and 
enter tissue fluids . Maternal IgG antibodies, for example, can 
cross the placenta and confer passive immunity to a fetus (see 
page 494). IgG antibodies protect against circulating bacteria and 
viruses, neutralize bacterial toxins, trigger the complement 
system, and, when bound to antigens, enhance the effectiveness 
of phagocytic cells. 

IgM Antibodies of the IgM (from macro, reflecti ng their large 
size) class make up 5- 10% of the antibodies in serum. IgM 
has a pentamer structure consisting of five monomers 
held together by a polypeptide called a J (joining) cllain (sec 
Table 17.1 ). The large size of the molecu le prevents IgM from 
moving about as freely as IgG does, so IgM ant ibodies gener-
ally remain in blood vessels without entering the surrounding 
tissues. 

IgM is the predominant type of antibody involved in the 
response to the ABO blood group antigens on the surface of red 
blood cells (see Table 19.2, page 527). It is much more effective 
than IgG in causing the clumping of cells and vi ruses (sec the 
discussion of agglutination o n page 484) and in reactions 
involving the activation of complement (see Figure 16.9 on 
page 464). 

The fact that IgM appears first in response to a primary 
infection and is relatively short -lived makes it uniquely valu-
able in the diagnosis of disease. If high concentrations of IgM 
against a pathogen are detected in a patient, it is likely that the 
disease observed is caused by that pathogen. The detection of 
IgG, which is relatively long-lived, may indicate only that 
immunity against a particula r pathogen was acquired in the 
more distant past. 

IgA IgA accounts for only about 10-15% of the antibodies in 
serum, but it is by far the most common form in mucous mem -
branes and in body secretions such as mucus, saliva, tears, and 
breast milk. If we take this into consideration, IgA is the most 
abundant immunoglobulin in the body (lgG is the most abun -
dan t in seru m). The form of IgA that circulates in serum, serum 
IgA, is usually in the form of a monomer. The most effective 
form of IgA, however, consists of two connected monomers that 
form a dimer called secretory IgA. It is produced in this form by 
plasma cells in the mucous membranes. Each d imer then enters 
and passes through a mucosal cell, where it acquires a polypep-
tide called a secretory componellt that protects it from enzymat ic 
degradation . The main function of secretory IgA is probably 
to p revent the attachment of microbial pathogens to mucosal 
surfaces. This is especially important in resistance to intestinal 



Table 17.1 A Summary of Immunoglobulin Classes 

Characteristics 

Structure 

Percentage of Total 
Serum Antibody 

Location 

Molecular Weight 

Half-life in Serum 

Complement Fixation 

ptacental Transfer 

Known Functions 

IgG 

Monomer 

80% 

Blood. lymph. 
intestine 

150.000 

23 days 

IgM 

Pentamer 

5- 10% 

Blood, lymph, 
B cell surface 
(as monomer) 

970.000 

5 days 

No 

Especially effective 
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IgA 

J chain 

Secretory component 

Dimer (with 
secretory 
component) 

10- 15%' 

Secretions 
(tears. saliva. 
mucus. intestine. 
milk). blood. 
lymph 

405.000 

6 days 

No' 

No 

Igo 

Monomer 

0.2% 

B cell surface. 
blood, lymph 

175,000 

3 days 

No 

No 

Serum function 

Ig' 

Monomer 

0.002% 

Bound to mast 
and basophil 
cells throughout 
body. blood 

190,000 

2 days 

No 

No 

Allergic Enhances 
phagocytosis: 
neutralizes toxins 
and viruses; protects 
fetus and newborn 

against microorganisms 
and agglutinating antigens; 
first antibodies produced 

Localized 
protection 
on mucosal 
surfaces 

not known: presence reactions; 
on B cells functions possibly lysis 
in initiation of of parasitic 

in response to initial 
infection 

immune response worms 

'Percentage In serum only; if mucous membranes and body secretions are included. percentage IS much higher. 
tMay be yes via alternative pathway. 

and respiratory pathogens. Because IgA immunity is relatively 
short-lived, the length of immunity to many respiratory infec-
tions is correspondingly short. IgA's presence in a mother's milk, 
especially the colostrum (see page 494) probably helps protect 
infan ts from gastrointestinal infections. 

IgO IgD antibodies make up only about 0.2% of the total serum 
antibodies. Their structure resembles that of IgG molecules. IgO 
antibodies are fou nd in blood, lymph, and particularly on the sur-
faces of B cells (Figure 17.4). IgO has no well-defined function . 

IgE An tibodies of the IgE class are slightly larger than IgG 
molecules; they constitute only 0.0002% of the total serum 
antibodies. IgE molecules bind tightly by their Fe (stem) 
regions to receptors on mast cells and basoph ils, specialized 
cells that participate in allergic reactions (see Chapter 19). 
When an antigen such as pollen cross-links with the IgE anti -
bodies attached to a mast cell or basophil (see Figure 19.1a, 

page 524), that cell releases histamine and other chemical 
mediators. These chemicals provoke a response-for example, 
an allergic reaction such as hay fever. However, the response 
can be protective as well, fo r it attracts complement and phago-
cytic cells. This is especially useful when the an tibodies bind to 
parasitic worms. The concentration of IgE is greatly increased 
during some allergic reactions and parasitic infections, which is 
often diagnostically useful. 

CHECK YOUR UNDERSTANDING 

'" The original theoretical concepts of an antibody called for a rod 
with antigentic determinants at each end. What is the primary 
advantage of the V-shaped structure that eventually emerged? 
17-4 

'" Which class of antibody is most likely to protect you from a 
common cold? 17-5 
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• • Extracellular 
• • antigens 

1 MHC class II with 

II 
with Ag 
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displayed on 
surface 

Figure 17.4 Activation of B cells to produce antibodies. In this 
illustration. the B cell is producing antibodies against aT-dependent 
antigen. 

Q How does activation by T-independenl antigens differ from this 
figure? 

............. 
••••• • 

• • • • • • • • • • 

------_ ........ -... "" 
Cytokines 

Plasma 
cell 

Antibodies 

• Immunoglobulin receptors on 
B cell surface recognize and 
attach to antigen, which is 
then internalized and 
processed. Within the B cell a 
fragment of the antigen 
combines with MHC class II. 

e MHCclass 
II-antigen-fragment 
complex is displayed 
on B cel l surface. 

e Receptor on the T helper cell (T H) 
recognizes complex of MHC class II 
and antigen fragment and is activated-
producing cytokines, which activate the 
B cell. The T H cell has been previously 
activated by an antigen displayed on a 
dendritic cell (see Figure 17.10). 

o B cell is activated by 
cytokines and begins 
clonal expansion. Some 
of the progeny become 
antibody·producing 
plasma cells. 

B Cells and Humoral Immunity 
LEARNING OBJECTIVES 
17-6 Compare and contrast T-dependent and T- independent antigens. 

17-7 Differentiate plasma cell from memory cell. 
17-8 Describe clonal selection. 

17-9 Describe how a human can produce different antibodies. 

As we have seen, the humoral (antibody-mediated) response is 
carried out by antibodies. Antibodies are produced by a special 
group of lymphocytes called B cells. The process that leads to the 
production of antibodies starts when B cells are exposed to free, 
or extracellular, antigens. 

Clonal Selection of Antibody-Producing Cells 
Each B cell carries immunoglobulins on its surface that are part of 
its makeup. The majority of the B cell's surface immunoglobulins 
are IgM and IgD- ali of which are specific fo r the recognition of 
the same epitope. Ten percent or fewer of B cells carry other classes 
of immunoglobulins, but in certain locations their numbers may be 
high; for example, B cells in the intestinal mucosa are rich in 
IgA. B cells may carry at least 100,000 identical immunoglobulin 
molecules embedded in their surface membranes. 

When a B cell's immunoglobulins bind to the epilope for 
which they become specific, the B cell is activated. An act ivated 
B cell undergoes clonal expansion, or proliferation. B cells usually 
requi re the assistance of a T helper cell (T H) as shown in 
Figure 17.4. (T cells will be the subject of a detailed discussion later 

in this chapter). An antigen that requires a T H cell for antibody 
production is known as a T-dependent antigen. T-dependent 
antigens are mainly proteins, such as those found on viruses, 
bacteria, foreign red blood cells, and haptens with thei r carrier 
molecules. For antibodies to be produced in response to a 
T-dependent antigen, it is necessary that both Band T cells be acti-
vated and interact. The process is initiated when the B cell contacts 
an antigen. [t is important to note that the antigen contacts the 
surface immunoglobulins on the B cell and is enzymatically 
processed within the B cell and that fragments of it are combined 
with the majorhistowmpatibilitycomplex (MHC). The MHC is 
a collection of genes that encode molecules of genetically diverse 
glycoproteins (that is, part carbohydrate and part protein) that are 
found on the plasma membranes of mammalian nucleated cells. 
The study of the MHC originated when it was found that tissue 
rejection reflected the presence of cell surface molecules called his-
tocompatibility antigens. Therefore, in humans the MHC is also 
called the human leuckocyte antigen (HLA ) system, which is 
discussed further in Chapter 19, page 533. The combination of the 
antigenic fragments and the MHC are then d isplayed on the B 
cell's surface for the receptors on the T helper cells to identify. The 
MHC molecule identifies the host, and its use here prevents the 
immune system from making antibodies that would be harmful to 
the host. In this instance, the MHC is of class II, which is found 
only on the surface of antigen-presenting cells (APCs)-in this case, 
a H cell. We will encounter other APCs later ill this chapter. 

As shown in Figure 17.4, the T H cell in contact with the anti-
genic fragment presented on the surface of the B cell becomes 
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e Some B cells 
proliferate 
into long-lived 
memory cells, 
which at a later 
date can be 
stimulated to 
become antibody-
producing plasma cells. 
See Figure 17.16. 
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Figure 17.5 Clonal selection and differentiation of B cells. B cells can recognize an 
almost infinite number of antigens, but each particular cell recognizes only one type of antigen. An 
encounter with a particular antigen triggers the proliferation of a cell that is speCific for that antigen 
(here. B cel l "III") into a clone of cells with the same specificity. hence the term clonal selection. 

Q What caused cell to respond? 

activated and begins producing cytokines. These deliver a mes-
sage that causes the activation of the B cell. An activated B cell 
proliferates into a large clone of cells, some of which will differ-
entiate into antibody-producing plasma cells. Other clones of 
the activated B cell become long-lived memory cells that are 

responsible for the enhanced secondary response to an antigen 
(see Figure 17. 16, page 494). This phenomenon, as shown in 
Figure 17.5, is called clonal selection. (A similar process occurs 
with T cells, as we will see later in the chapter.) The pool of 
B cells does not con tain many that are harmfully reactive against 

4.3 
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Polysaccharide 
(T-independent antigen) 

cell receptors 

Figure 17.6 T-independent antigens. T-independent antigens have 
repeating units (epltopes) that can cross-link several antigen receptors on 
the some B cel l. These antigens stimulate the B cell to make antibodies 
without the aid of T helper cells. The polysaccharides of bactenal capsules 
are examples of this type of antigen. 

Q How can you differentiate T-dependent from T-independent antigens? 

host tissue, or self. These are usually eliminated at the immature 
lymphocyte stage by the process of clonal deletion. 

Antigens that stimulate B cells directly without the help of 
T cells are called T-independent antigens. Such antigens are 
characterized by repeating subunits such as are found in 
polysaccharides or lipopolysaccharides. Bacterial capsules are 
often good examples of T-independent antigens. The repeating 
subunits, as shown in Figure 17.6, can bind to multiple B cell 
receptors, which is probably why they do not require T cell 
assistance. T-independent antigens generally provoke a weaker 
immune response than do T-dependent antigens. This response is 
composed primarily of IgM, and no memory cells are generated. 
The immune system of infants may not be stimulated by 
T-independent antigens until about age 2. Animations Antigen 
Processing and Presentation: OvelView; Humoral Immunity: Clonal 
Selection and Expansion. www.microbiologyplace.com 

CHECK YOUR UNOERSTANOING 

Would pneumococcal pneumonia (see Figure 24.12. page 686) 
require a TH cell to stimulate a B cell to form antibodies? 17-6 
Plasma cells produce antibodies; do they also produce memory 
cells? 17-7 
In what way does a B cell that encounters an antigen function 
as an antigen-presenting cell? 17-8 

The Diversity of Antibodies 
The human immune system is capable of recognizing a mind-
boggling number of different antigens-estimates are of a mini-
mum of lOIS antigens. The number of genes required for this 
amount of diversity would seem to require a major part of an 
individual's inherited DNA. The work of the Japanese immunol-
ogist Susumu Tonegawa, for which he received a Nobel prize in 
1987, showed how this diversity could be obtained by a set of just 

hundreds, not billions, of genes. Simplistically, the mechanism is 
analogous to the generation of huge numbers of words from a 
limited alphabet. This "alphabet" is found in the genetic makeup 
of the variable (V) region amino acid sequence of the 
immunoglobulin molecule, which can be linked to various 
amino acid sequences in the antibody's constant (C) region (see 
Figure 17.3). These combinations greatly reduce the amount of 
genetic information needed, so that a different gene is not 
needed to respond to each antigen . 

CHECK YOUR UNOERSTANOING 

On what part of the antibody molecule do we find the amino 
acid sequence that makes the huge genetic diversity of antibody 
production possible? 17-9 

Antigen-Antibody Binding 
and Its Results 
LEARNING OBJECTIVE 
17-10 Descnbe four outcomes of an antigen-antibody reaction. 

When an antibody encounte rs an antigen for which it is 
specific, an antigen-antibody complex rapidly forms . An 
antibody binds to an antigen such as a bacterium at a spe-
cific portion called the epitope, or antigenic determina1lt (see 
Figure 17.1). 

The strength of the bond between an antigen and an antibody 
is called affinity. In general, the closer the physical fit between 
antigen and antibody, the higher the affinity. Antibodies tend to 
recognize the shape of the antigen's epitope. They also exhibit a 
capability for specificity that is remarkable. They can distinguish 
between minor differences in the amino acid sequence of a 
protein and even between two isomers (see Figure 2.13, page 43). 
Therefore, antibodies can be used to differentiate between 
the viruses of chickenpox and measles and between bacteria of 
different species, for example. 

The binding of an antibody to an antigen protects the host by 
tagging foreign cells and molecules for destruction by phagocytes 
and complement. The antibody molecule itself is not damaging to 
the antigen. Foreign organisms and toxins are rendered harmless by 
only a few mechanisms, as summarized in Figure 17.7. These are 
agglutination, opsonization, neutralization, antibody-dependent 
cell-mediated cytotoxicity, and the activation of complement 
leading to inflammation and cell lysis (see Figure 16.10, page 465) . 

In agglutination. antibodies cause antigens to dump to-
gether. For example, the two antigen -binding sites of an IgG anti-
body can combine with epitopes on two different foreign cells, 
aggregating the cells into dumps that are more easily ingested by 
phagocytes. Because of its more numerous binding sites, IgM is 
more effective al cross-linking and aggregating particulate anti-
gens (see Figure 18.5, page 510). IgG requires 100 to 1000 times 
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Agglutination 
(see also Figure 18.5) 
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Figure 17.7 The results of antigen-antibody binding. The bmding of antibodies to antigens 
to form antigen- antibody complexes tags fore ign celis and molecules for destruction by phagocytes 
and complement. 

Q What are some of the possible outcomes of an antigen-antibody reaction? 

as many molecules for the same results. (In Chapter 18, we 
will see how agglutination is important in the diagnosis o f 
some diseases. ) 

For opsonization (from the Greek opsonare, meaning 10 
cater), the antigen, such as a bacterium, is coated with antibod-
ies that enhance its ingestion and lysis by phagocytic cells. 
Antibody*dependent celI*mediated cytotoxicity (see page 491 
and Figure 17.15) resembles opsonization in that the target 
organism becomes coated with antibodies; however, destruction 
of the target cell is by immune system cells that remain external 
to the target cell. 

[n neutralization, IgG antibodies inactivate microbes by 
blocking their attachment to host cells, and they neutralize 
toxins in a similar manner. 

Finally, either IgG or IgM antibodies may trigger activation of 
the complement system. For example, inflammation is caused by 
infection or tissue injury (see Figure 16.8, page 461 ). One aspect of 
inflammation is that it will often cause microbes in the inflamed 
area to become coated with certain proteins. This, in turn, leads to 
the attachment to the microbe o f an antibody--complemenl com -
plex. This complex lyses the microbe, which then attracts phago-
cytes and other defensive immune system cells to the area. 
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Figure 17.8 Differentiation of T cells and B cells. Both B cells and 
T cells originate from stem cells in adult red bone marrow or in the feta l 
liver. (Red blood cells. macrophages. neutrophils. and other white blood 
cells also originate from these same stem cells.) Some cells pass through 
the thymus and emerge as mature T cells. Other cells probably remain in 
the red bone marrow and become B cells. Both types of cells then migrate 
to lymphoid tissues. such as the lymph nodes or spleen. 

Q Which celts, T or B, make antibodies? 

As you will see in Chapter 19, the action of antibodies can 
be harmful. Animation Humoral Immunity: Antibody Fu nction. 
www.microbio)ogyplace.com 

CHECK YOUR UNDERSTANDING 

-r Antibodies and what other component of the immune system 
are required for the lysis of a target antigenic cell? 17-10 

T Cells and Cellular Immunity 
LEARNING OBJECTIVES 
17-11 Describe at least one function of each of the fol lowing: M cells. 

T H t cells. T H2 cells. T c cells. T,eg cells. CTLs. NK cells. 
17-12 Differentiate T helper. T cytotoxic. and T regulatory cells. 
17-13 Differentiate T H t and T H2 cells. 
17-14 Define apoploslS. 

Humoral antibodies are effective against pathogens such as viruses 
and bacteria that are circulating freely, where the antibodies can 

contact them. Intracellular antigens, such as a virus within 
an infected cell, are not exposed to circulating antibodies. Some 
bacteria and parasites can also invade and live within cells. T cells 
probably evolved in response to this aspect of pathogenicity-the 
need to combat intracellular pathogens. They are also the way in 
which the immune system recognizes cells that are nonself, espe-
cially cancer cells. 

Like B cells, each T cell is specific for only a certain antigen. 
Rather than the coating of immunoglobulins that provide the 
specificity for B cells, T cells have TCRs. Like B cells and all 
other cells involved in the immune response, T cells develop 
from stem cells in the fed bone marrow (Figure 17.8). The pre-
cursors of the T cells migrate from the bone marrow and reach 
maturity in the thymus. Most imma ture T cells, an estimated 
98%, are eliminated in the thymus, which is analogous to 
clonal deletion in B cells. This reflects a weeding-out process, 
called thymic selection, of T cells that will not specifica lly rec -
ognize sel f-molecules of MHC. This is important in preventi ng 
the body from attacking its own tissues. Next, mature T cells 
migrate from the thymus by way of the blood and lymphatic 
system to various lymphoid tissues (see Figure 16.5, page 456) 
where they are most likely to encounter antigens. 

Most pathogens of the type that the cellular immune system is 
designed to combat first enter the gastrointestinal tract or lu ngs, 
where they encounter a barrier of epithelial cells. Normally, they 
can pass this barrier in the gastrointestinal tract only by way of a 
scattered array of gateway cells called microfold cells, or M cells 
(Figure 17.9; see also Figure 25.7, page 712). (Instead of the 
myriad of fingerlike microvilli found on the surface of absorptive 
epithelial cells of the intestinal tract, M cells have microfolds). 
M cells are located over Peyer's patches, which are secondary 
lymphoid organs located on the intestinal walL M cells are well 
adapted to take up antigens from the intestinal tract and allow 
their transfer to the lym phocytes and antigen -presenting cells of 
the immune system fou nd throughout the intestinal tract, just 
under the epithelial-cell layer but especially in the Peyer's patches. 
It is also here that antibodies, mostly IgA essential for mucosal 
immunity, are formed and migrate to the mucosal lining. 

The recogn ition of antigens by a T cell requires that they be 
first processed by specialized antigen-presenting cells (APes). 
This resembles the situation previously discussed in humoral 
immunity in which a B cell served as the APC (see Figure 17.4). 
After processing, an antigenic fragment is presented on the APC 
surface together with a molecule of the MHC. APCs are 
described fully on page 489; they include activated macrophages 
and, most important, dendritic cells. 

The body's ability to make new T cells decreases 
with age, beginn ing in late adolescence. Eventually, the T-cell-
producing thymus becomes less active, and red bone marrow 
produces fewer B cells. As a result, the immune system is 
relatively weak in older adults. However, sufficient long-lived 
T and B memory cells survive to make immunization of older 



adults effective for such diseases as influenza and pneumococcal 
pneumonia. Animations Cell-Mediated Im mlJnity: Overview, 
Helper T Cells. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

..r What antibody is the primary one produced when an antigen is 
taken up by an M cell? 17-11 

Classes of T Cells 
There arc classes ofT cells that have different func tions, rather like 
the classes of immunoglobulins. For example, T helper cells coop-
erate with B cells in the production of antibodies, mainly through 
cytokine signaling (sec Figure 17.4). Therefore, T helper cells are 
an important part of humoral immunity; they arc an even more 
essential clement of cellular immunity. In their contributions to 
cellular immunity, T cells do not contribute to the production of 
antibodies but interact more directly with antigens. Primarily, the 
two populations of T cells that concern us here are T helper cells 
(TH ) cells and T cytotoxic cells (TcJ. A Te cell can differentiate 
into an effector cell called a cytotoxic T lymphocyte (crL). 

T cells are also classified by certain glycoproteins on their 
surface called clusters of differentiation. or CD. These are mem-
brane molecules that arc especially important for adhesion to 
receptors. The CDs of greatest interest are CD4 and CDS; cells that 
carry these molecules are named CD4+ and CDS+ cells, respec-
tively. (For the importance of these molecules in HIV infection, see 
Figure 19.13 on page 540) . T H cells are classified as CD4+, which 
bind to MHC class II molecules on B cells and APCs (Figures 17.4 
and 17.10). Te cells are classified as CD8+, which bind to MHC 
class I molecules (Figure 17.11 and page 488). 

T Helper Cells (CD4 + T Cells) 
We have seen that an essential part of the body's innate defenses 
is phagocytosis by cells such as macrophages. Macrophages, when 
functioning as APCs, also arc important in adaptive cellular 
immunity. T H cells can recognize an antigen presented on the sur-
face of a macrophage and activate the macrophage, making it 
more effective in both phagocytosis and in antigen presentation. 
Even more important as APCs are dendritic cells. (See page 490.) 
Dendritic cells arc especially important in the activation of CD4 + 
T cells and in developing their effector functions (Figure 17.10). 

For a CD4 + T cell 10 become activated, its TCR recognizes an 
antigen that has been processed and is presented as fragments 
held in a complex with proteins of MHC class II on the surface of 
the APC. This is the initial signal for activation; a second signal, 
the costimuiatory signal, which is present on the APC and the T H 
cell, is also required. Because activation should be di rected against 
harmful pathogens, the displayed antigenic fragme nts should 
include Toll-like receptors (see Chapter 16, page 450), which signal 
a dangerous microbe. The activated T H cell begins to proliferate 
at the rate of two to three cell cycles a day and to secrete cytokines, 
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(8) M cell on Peyer's patch. Note the tips of the closely 
packed microvilli on the surrounding epithelial cel ls. 

(b) M cells facilitate contact between antigens passing through the intestinal 
tract and cells of the body's immune system. 

Figure 17.9 M cells. M cells are located within Peyer's patches 
(see Figure 165. page 456). which are located on the intestinal wall. Their 
function is to transport antigens encountered in the digestive tract to 
contact lymphocytes and antigen-presenting cells (see page 488) of the 
immune system. 

Q Why are M cells especially important for immune defenses against 
diseases affecting the digestive system? 

which are essential for its effector functions. The proliferating T H 
cell differentiates into populations of T HI and T H2 cells; it also 
forms a population of memory cells. 

The cytokines produced by THt cells, especially IFN -'Y, 
activate mostly those cells related to important elemen ts of cell u-
lar immunity, such as delayed-type hypersensitivity (see page 
529), and are also responsible for activation of macrophages (see 
page 490). They also stimulate the production of antibodies that 
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(required to activate T cells 
that have not previously encountered antigen) 

o An APC encounters and ingests a 
microorganism. The antigen is enzymatically 
processed into short peptides, which 
combine with MHC class II molecules and 
are displayed on the surface of the APC. 

e A receptor (TCR) on the surface of the CD4+ T 
helper cell (T H cell) binds to the MHC-antigen 
complex. If this includes a Tol l·like receptor, the 
APC is stimulated to secrete a costimulatory 
molecule. These two signals activate the T H cell, 
which produces cytokines. 

e The cytokines cause the T H 
cell to prol iferate and to 
develop its effector functions. 

Figure 17.10 Activation of CD4 + T helper cells. To activate a CD4 + T helper ce ll. at least 
two signals are requi red: the fi rst signal is the binding of the TCR to the processed antigen, and the 
second signal requires a costlmulating cytoki ne. such as I L·2 and others. Once activated. the T H cell 
secretes cytokines that affect the effec tor fu nctions of multi ple cell types of the immune system. 

Q What is the role of the macrophage? 

promote phagocytosis and are especially effective in enhancing the 
activity of complement, such as opsonization and inflammation 
(see Figure 16.9, page 464). As shown in Figure 17.11 , the genera-
tion of cytotoxic T lymphocytes also requires action by a T HI cell. 

T"2 ails produce cytokines that are associated primarily with 
the production of antibodies, especially 19E, thai are important in 
allergic reactions (see the discussion of hypersensitivity on page 
523). They are also important in the activation of the eosinophils 
that defend against infections by extracellular parasiles such as 
helminths (see Figure 17.15 on page 491). Animation: Antigen 
Processing and Presentation: Sleps. www.microbiologyplace.com 

T Cytotoxic Cells (CDS+ T cells) 
T cytotoxic cells, despite their name, are not capable of attacking 
any target cell as they emerge from the thymus; rather, they are 
precursors to CTl.s, which do have this capability. This differentia-
tion requires sequential, and complex, activation of the precursor 
T c by an ant igen processed by a dendritic cell and interaction with 

aT H cell and costimulatory signals. The resulting CTL is an effec-
tor cell that has the ability to recognize and kill target cells that are 
considered nonself (see Figure 17. 11 ). Primarily, these target cells 
are self·cells that have been altered by infection with a pathogen, 
especially viruses. On their surface they carry fragments of 
endogenous antigens that are generally synthesized within the cell 
and are mostly of viral or parasitic origin. Other important target 
cells are tumor cells (see Figure 19.10, page 535) and transplanted 
foreign tissue. Rather than reacting wi th antigenic fragments 
presented by an APC in complex with MHC class II molecules, 
the CDS+ T cell recognizes endogenous antigens on the ta rget cell 's 
surface that are in combination with an MHC class I molecule. 
MHC class I molecules are found on nucleated cells; therefore, 
a CTL can attack almost any cell of the host that has been altered. 

In its attack, a CTL attaches to the target cell and releases 
a pore- forming protein, perforin. Pore formation contributes to 
the subsequent death of the cell and is similar to the action of the 
complement membrane attack complex described in Chapter 16 
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T cell 

,foi,""i T lymphocyte (CTl) 

Infected 
target cell , 
is lysed ____ 

• , 

o A normal cell will not trigger a response by a 
cytotoxiC T lymphocyte (CTl), but a 
virus-infected cell (shown here) or a cancer cell 
produces abnormal endogenous antigens. 

e The abnormal antigen is presented on the cell 
surface in association with MHC class 1 
molecules. CD8· T cells with receptors for the 
antigen are transformed into CTLs. 

e The CTL induces destruction of the 
viruS-infected cell by apoptosis. 

Figure 17.11 Killing of virus-infected targe t ce ll by cytotoxic T lymphocyte, 

Q Differentiate a CDS" T cell from a CD4+ T ceff. 

(see page 465). Granzymes, proteases that induce apoptosis, are 
then able to enter through the pore. Apoptos is (from the Greek 
for falling away like leaves) is also called programmed cell death. 
Cells that d ie from apoptosis first cut their genome into frag -
ments, and the external membranes bulge outward in a manner 
called blebbing (Figure 17.12 ). Signals are displayed on the cell's 
surface that attract circulating phagocytes to digest the remains 
before any significant leakage of contents occurs. This has the 

I I 

Figure 17.12 Apoptosis. A normal B cell is shown at the bottom 
of the pho to. A B cell undergoing apoptosis is at the top. Notice the 
bubble-like blebs. 

Q What Is apoptosis? 

advantage of preventing the spread of infectious viruses in to 
o ther cells. Also, after apoptosis the immune response is rapidly 
ended, which lessens nonspecific damage to tissue. 

T Regulatory Cells 
T regulato ry cells (T formerly called T suppressor cells, 
make up about 5- 10% of the T cell population. They are a 
subset of the CD4 + T helper cells and are distingu ished by 
carrying an additional CD25 molecule. Their primary function 
is to combat autoimmunity by suppressing T cells that escape 
deletion in the thymus without the necessary Ueducat ion" to 
avoid react ing against the body's self. They are also useful in 
protecting, from the immune system, the intest inal bacteria 
required for digestion and other useful functions . Similarly, 
in pregnancy they may playa role in protecting the fetus 
from reject ion as nonself. Animation Cell-Mediated Immunity: 
Cytotoxic T Cells. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

,.f Which T cell type is generally involved when a B cell reacts with 
an antigen and produces antibodies against the antigen? 17-12 

,.f Which is the T cell type that is generally involved in allergic 
reactions? 17-13 

,.f What is another name for apoptosis, one that describes its 
function? 17-14 

Antigen-Presenting Cells (APCs) 
LEARNING OBJECTIVE 
17-15 Define antigen-presenting cel/. 

Although B cells are a form of antigen -presenting cell (APC) 
that we have already discussed with humoral immunity, we will 
now consider other APCs associated with cellular immunity. 
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Figure 17.13 A dendritic cell_ These antigen-presenting cells are 
named for the ir long arms, or dendrites. They are especially plentiful in 
the skin and mucous membranes. 

Q What is the role of dendritic cells in immunity? 

These APC's are the dendritic cells and the activated macro-
phages. Animation Antigen Processing and Presentation: MHC. 
www_microbiologyplace.com 

Dendritic Cells 
Dendritic cells (DCs) are characterized by long extensions called 
dendrites (Figure 11.13 ) because they resemble the dendrites of 
nerve cells. They were first identified in anatomical studies of the 
skin by Langerhans in 1868, and the dendritic cells in the skin and 
genital tract are still called Lal1gerhal1s cells, or Lal1gerhal1s DC. 
(Vaccines injected between skin layers, where there arc more such 
dendritic cells, arc often more effective than injections into 
muscle), This represents only one of at least four populations of 
DCs named for their derivation or location. Other populations 
arc found in the lymph nodes, spleen, thymus, blood, and various 
tissues, except the brain. Dendritic cells that act as sentinels in 
these tissues engulf invading microbes, degrade them, and trans-
fer them to lymph nodes for display to T cells located 
there. Dendritic cells arc the principal APCs to induce immune 
responses by T cells. Macrophages, although more efficient for 
phagocytosis, are less efficient in antigen presentation for T cells 
in cellular immunity, but they playa key role in the later stages of 
the adaptive response. 

Figure 17.14 Activated macmphages. When activated, 
macrophages become larger and ruffl ed. 

Q How do macrophages become activated? 

Macrophages 
Macrophages (from the Greek for large eaters) are cells usually 
found in a resting state. We have already discussed the function of 
macrophages in phagocytosis. They are important for innate 
immunity and for ridding the body of worn out blood cells and 
other debris, such as cellular remnants from apoptosis. Their 
phagocytic capabilities are greatly increased when they are stimu-
lated to become activated ma(:rophages (Figure 17.14). This 
activation can be initiated by ingestion of antigenic material. 
Other stimul i, such as cytokines produced by an activated helper 
T cell, can further enhance their capabilities. Once activated, 
macrophages are more effective as phagocytes and as APCs. 
Activated macrophages are important factors in the control of 
cancer cells and such intracellular pathogens as the tubercle 
bacillus and virus-infected cells. Their appearance becomes 
recognizably different as well- they are larger and become 
ruffled. 

After taking up an antigen, APCs tend to migrate to lymph 
nodes or other lymphoid centers on the mucosa, where they 
present the antigen to T cells located there. T cells carrying recep-
tors that are capable of binding with any specific antigen are 
present in relatively limited numbers. Migration increases the 
opportunity for these particular T cells to encounter the antigen 
for which they are specific. 

CHECK YOUR UNDERSTANDING 

..{" Are dendritic cells considered primarily part of the humoral or 
the cellular immune system? 17-15 



Extracellular Killing 
by the Immune System 
LEARNING OBJECTIVE 

17-16 Describe the function of natural killer cells_ 

We have seen how the action of a CTL can lead to the de-
struction of a target cell. A component of the innate immune 
system that has not yet been discussed can also destroy certain 
virus-infected cells and tumor cells. These are granular leuko-
cytes ( 10-15% of circulating lymphocytes) called natural 
killer (NK) cells. They can also attack parasites, which are nor-
mally much larger than bacteria, as ill ustrated in Figure 17.15. 
[n contrast to CTLs, NK cells are not immunologically specific; 
that is, they do not need to be stimulated by an antigen. 
They first contact the target cell and determine if it expresses 
MHC class 1 self-antigens. If it does not- which is often true in 
the ea rly stages of viral infection and with some infecting 
viruses that have developed a system of in terfer ing with the usual 
presen tation of antigens on an APC- they kill the target cell by 
mechanisms similar to that of a CTL. Tumor cells also have a 
reduced number of MHC class I molecules on their surfaces. N K 
cells cause pores to form in the target cell, which leads to ei ther 
lysis or apoptosis. 

The functions of NK cells and the other principal cells involved 
in cellular immunity are briefly summarized in Table 17.2. 

CHECK YOUR UNDERSTANDING 

,.f How does the natural killer cell respond if the target cell does 
not have MHC class I molecules on its surface? 17-16 

Antibody-Dependent 
Cell-Mediated Cytotoxicity 
LEARNING OBJECTIVE 
17-17 Describe the role of antibodies and natural killer cells in antibody-

dependent cell-mediated cytotoxicity. 

With the help of antibodies produced by the humoral immune 
system, the cell - mediated immune system can stimulate natural 
killer cells (see page 454) and cells of the innate defense system, 
such as macrophages, to ki ll targeted cells. In this way, an 
organism such as a protozoan o r a helminth that is too 
large to be phagocyt ized can be attacked by immune system 
cells. This is referred to as antibody-dependent cell-mediated 
cytotoxicity (ADCCl. As is illustrated in Figure 17.15, the target 
cell is first coated with antibodies. A variety of cells of the 
immune system bind to the Fe regions of these antibodies, 
and thus to the target cell. The target cell is then lysed by 
substances secreted by the attacking cells. 
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Table 17.2 Principal Cells That Function 
in Cell-Mediated Immunity 

Cell 

T Helper (TH1) Cell 

T Helper (TH2) Cell 

Cytoloxlc T Lymphocyte 
(CTL) 

T Regulalory (Treg) cell 

AClivaled Macrophage 

Nalural Killer (NK) Cell 

Funclion 

Activates cells re lated to cell-mediated 
immunity: macrophages, Te cells, and 
natural killer cells 

Stimula tes production of eosinoph ils, 
IgM, and IgE 

Destroys target cells on contact; 
generated from T cytotoxic (T e) cell 

Regulates immune response and 
helps maintain tolerance 

Enhanced phagocytic activity; attacks 
cancer cells 

Attacks and destroys target cells; 
participates in antibody-dependent 
cell-mediated cytotoxicity 

CHECK YOUR UNDERSTANDING 

,.f What makes a natural killer cell, which is not immunologically 
specific, attack a particular target cell? 17-17 

Cytokines: Chemical Messengers 
of Immune Cells 
LEARNING OBJECTIVE 
17-18 Identify at least one function of each of the following : cytokines, 

interleukins, chemokines. in terferons, TNF, and hematopoietic 
cytokines. 

The immune response requires complex interactions between 
differen t cells. The communication required for this is mediated 
by chemical messengers called cytokines (from the Greek fo r cell 
and to move) . T hese are soluble proteins or glycoproteins that are 
produced by practically all cells of the immune system in response 
to a stimulus. M any cytokines-there are probably more than 
200-have common names that reflect their functions known at 
the time o f their discovery; some are now known to have multiple 
functions . A cytokine acts only on a cell that has a receptor for it . 

Cytokines that serve as communicators between leukocytes 
(white blood cells) are now known as interleukins (between 
leukocytes). When enough information, including the amino acid 
sequence, is known, these cytokines are ass igned an in terleukin 
number, such as IL- l, and so on, by an international committee. 
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_ Cytotoxic cylokines 
_ Lytic enzymes 
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(8) Organisms, such as many parasiles, Ihal are too large lor ingesl ion by 
phagocytic cells musl be allacked exlernally, 

(b) Eosinophils adhering to the larval slage of a 
parasilic fluke 

Figure 17.15 Antibody-depende nt cell-mediated cytotoxicity 
(ADee), If an organism, such as a parasitic worm, is too large for 
ingestion and destruction by phagocytosis, it can be attacked by immune 
system cells that remain external to it. 0 The target cell is first coated 
with antibodies. e Cells of the immune system. such as eosinophi ls. 
macrophages. and NK cel ls (not shown). bind to the Fe reg ions of the 
attached antibodies. e The target cell is then lysed by substances 
secreted by the cells of the immune system. 

Q Why is ADCC important protection against parasitic proto:loa and 
helminths? 

The role of cytokines m stimulating the Immune system has 
suggested their use as therapeutic agents (see the box on the 
facing page.) 

A family of small cytokines that induces the migration of 
leukocytes into areas of infection or tissue damage is called 
chemokines, from chemotaxis. They arc especially important in 
inflammation. Certain chemokine receptors are important for 
infection by HIV (see Chapter 19, page 541) . 

Another family of cytokines is the interferons (see page 468), 
originally named fo r one of their func tions, protecting cells from 
viral infection. They are assigned designations such as IFN-a, and 
so on (see page 469). A number of these arc available as commer-
cial products in treating disease conditions such as hepatit is and 
some cancers. 

A very important cytokine fami ly is that of tumor necrosis 
factor, known by abbreviations such as TNF-a, and so on . TNF 
was originally named because tumor cells were observed to 
be one of its targets. These cytokines arc a strong factor in 
inflammatory reactions of auto immune d iseases such as 
rheumatoid arthrit is. Monoclonal antibodies (sec page 507) 
that block the act ion of TNF are an available therapy for some 
of these conditions. 

A family of cytokines, hematopoietic cytokines, function 
in controlling the pathways by which stem cells develop 
into different red or white blood cells (see page 486). Some of 
these are interleukins with designations such as IL-3, and so on 
(some are used therapeutically, as described in the box on 
page 493); others are termed colollY stil1/11latillg factors (CS F), 
An example is G-CSF (granulocyte-colony stimulating factor). 
This particular CSF stimulates the production of neu -
trophils from their granulocyte/monocyte precursors. 
Another, GM -CSF, is used therapeutically to increase the num -
bers of protective macrophages and granulocytes in patients 
undergoing red bone marrow transplants. 

Cytokines, among o ther things, may stimulate cells to 
produce more cytokines. This feedbac k loop occasionally gets 
out of control, resulting in a harmful overproduction 
of cytokines-a cytokine storm. These can do significant dam -
age to tissues, which appears to be a factor in the pathology of 
certain diseases and conditions such as influenza, graft-versus-
host disease (page 536), and sepsis. Also, sec the discussion of 
superantigens on page 436. 

A You have now learned that there are several mech-
anisms at work to prevent the adaptive immune 

system from attacking so-called self. These include the deletion of 
immune system cells that fail to recognize the host's own tissues. 
They also include the major histocompatibility complex system, 
such as found on antigen-presenting cells (see Figure 17.11 ), that 
must combine with foreign antigens before they stimulate 
humoral or cellular immune reactions. There are still questions 



Interleukin-12: The Next "Magic Bullet"? 
Worldwide, HIV I AI OS-related 
illnesses kill 3 million people. and 
measles kills 1 million people annually. If 
laboratory tests are any indication of the 
future, the cytokine IL-12 (interleukin-12) 
could be the "magic bullet" against cancer 
and a host of other diseases. 

Since its discovery in the 19805, IL-12 
proved to be different from the other 
cytokines. It inhibits the humoral response 
and activates THI cellular immunity (see 
Figure A). 

Scientists at the National Institute of 
Allergy and Infectious Diseases (NIAID) 
have found that treating mice with IL-12 can 
help activate phagocytes to kill Histoplasma 
fungi, Leishmania, Cryptosporidium. and 
Toxoplasma gondii protozoa. as well as 
Mycobacterium avium. The last three are 
common opportunistic infections in people 
with late-stage AIDS. The NIAID recently 
began recruiting people with both AIDS and 
Mycobacterium avium complex into a clinical 
trial to test IL-12. 

Researchers have shown that H IV and 
measles virus decrease the production of 
IL-12, which may make the patient more 
susceptible to secondary infections. When 
treated with IL-12, however. TH celis taken 
from HJV-positive people responded to 
viruses, including HIY. 

Interleukin-12 is known to inhibit about 
20 kinds of tumors in mice by inhibiting 

blood vessel growth to tumors. Several 
clinical trials are in progress to test the 
effectiveness of IL-12 in patients with 
advanced kidney cancer. 

Because IL-12 activates the T HI path-
way, it can cause the symptoms associated 
with chronic inflammatory diseases. includ-
ing Crohn's disease. psoriasis. rheumatoid 
arthritis, and multiple sclerosis. N IAID 
researchers developed the concept of 
blocking IL-12 in patients with these 
diseases. There are two approaches to 
blocking IL-12. One approach uses RNAi 
to block transcription, thus preventing pro-
duction and secretion of IL-12. The other 
approach, which uses monoclonal antibod-
ies that bind secreted IL-12. was tested on 
more than 300 psoriasis patients in 2007. 
Patients showed dramatic improvements 
after treatment with IL-12 monoclonal 
antibodies compared to the placebo-treated 
patients. 

Will I L-12 be a panacea? 
Further studies are needed to 

• 

• 

Figure A Interleukin·12 leads 
to a T HI ce ll response. 

determine whether treatment 
with IL-12 could have 
adverse effects. such 
as autoimmune 
disease. or 
whether block-
ing IL-12 could 
allow growth of 
cancer cells. 

that have not been totally answered, such as why the body does 
not reject the fetus, which is nonself. 

antibody in the serum. After the initial contact with an 
antigen, the exposed person's serum contains no detectable 
antibodies for 4 to 7 days. Then there is a slow rise in antibody 
titer: first, IgM class antibodies are produced, followed by IgG 
peaking in about 10 to 17 days, after which ant ibody titer grad-
ually declines. This pattern is characteristic of a primary 
response to an antigen. 

CHECK YOUR UNOERSTANOING 

..r What is the function of cytokines? 17-18 

Immunological Memory 
LEARNING OBJECTIVE 
17-19 Distinguish a pnmary from a secondary immune response. 

The intensity of the ant ibody-mediated humoral respo nse 
can be reflected by the antibody titer, the relative amount of 

The antibody-mediated immune responses of the host 
intensify after a second exposure to an antigen. This secondary 
response is also called the memory (or anamnestic) response. 
As shown in Figure 17.16 this response is comparatively more 
rapid, reaching a peak in only 2 to 7 days, lasts many days, and is 
considerably greater in magnitude. By way of explanation, as is 
shown in Figure 17.5, some activated B cells do not become 

4.3 
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Figure 17.16 The primary and secondary immune responses 
to an antigen. IgM appears first in response to the mitial exposure. IgG 
follows and provides longer-term immunity. The second exposure to the 
same antigen stimulates the memory cells (formed at the time of mitial 
exposure) to rapidly produce a large amount of antibody. The antibodies 
produced in response to this second exposure are mostly IgG. 

Q Why do many diseases, such as measles, occur only once in a 
person, yet others, such as colds, occur more than once? 

72 

antibody-producing plasma cells but persist as long-lived but 
nonproliferating memory cells. Years, or even decades later, if 
these cells are st imulated by the same antigen, they very rapidly 
differentiate into antibody-producing plasma cells. 

A similar response occurs with T cells, which, as we see in 
Chapter 19, is necessary for establishing the lifelong memory for 
dist inguishing self from nonsel f. Animations Humoral Immunity: 
Primary Immune Response, Secondary Immune Response. 
www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

'" Is the anamnestic response primary or secondary? 17-19 

Types of Adaptive Immunity 
LEARNING OBJECTIVE 
17-20 Contrast the four types of adaptive immunity. 

Adaptive immunity refers to the protection an animal develops 
against certain specific microbes or foreig n substances. The 
various manifestations of adaptive immu nity are summarized in 
Figure 17.17. 

Immunity can be acquired either actively or passively. 
Immunity is acquired actively when a person is exposed to 
microorganisms or foreign substances and the immune system 
responds. Immu nity is acquired passively when antibodies are 

Naturally 
acquired 

Ac::tive Passive 

Antigens enter Antibodies 
the body pass from 
naturally; mother to 

body induces fetus via 
antibodies placenta or 

",d to infant 
specialized via the 

Auaptive 
immunity 

Artificially 
acquired 

Passive 

Antigens are Preformed 
introduced in antibodies in 

vaccines; immune 
body serum are 

produces introduced by 
antibodies injection 

" d lymphocytes mother's milk specialized 
lymphocytes 

Figure 17.17 Types of adaptive immunity. 

Q Which type of immunity, active or passive, lasts longer? 

transferred from one person to another. Passive immunity in the 
recipient lasts only as long as the antibodies are present- in 
most cases, a few weeks. Bo th actively acquired immunity and 
passively acqu ired immunity can be obtained by nat ural or artifi-
cial means. 

• Naturally acquired active immunity develops when a person 
is exposed to antigens, becomes ill, and then recovers. Once 
acquired, immunity is lifelong for some diseases, such as 
measles. For certain other diseases, especially intestinal diseases, 
the immunity may last for only a few years. Subclinical infec-
tions or it/apparent infections (those that produce no noticeable 
symptoms o r signs of illness) can also confer immunity. 

• Naturally acquired passive immunity involves the natural 
transfer of ant ibodies from a mother to her infant. 
Antibod ies in a pregnant wo man cross the placenta to her 
fetus- transplacental transfer. If the mot her is immune to 
diphtheria, rubella, or polio, for example, the newborn will 
be temporarily immune to these d iseases as well. Certain 
antibodies are also passed from the mother to her nursing 
infan t in breast milk, especially in the first secretions, called 
colostmm. In the infant, this passive immunity generally lasts 
only as long as the transmitted antibodies persist- usually a 
few weeks or months. These maternal antibodies are essen-
tial for providing immunity to the in fant until its own 
immune system matures. Colostrum is even more important 
to some other mammals; calves, for example, do not have 



antibodies that cross the placenta and rely on colostrum 
ingested during the first day of life. Researchers often specify 
fetal calf serum for certain experimen tal uses because it does 
not conta in maternal antibodies. 

• ArtificiaUy acquired active immunity is the result of 
vaccinat ion-which will be discussed in Chapter 18. 
Vaccination, also called immunization. introduces 
vaccines into the body. These are antigens such as killed or 
living microorganisms or inactivated bacterial toxins. 

• Artificially acquired passive immunity involves the 
injection of antibodies ( rather than antigens) into the body. 
These antibodies come from an animal or person who is 
already immune to the disease. 

Because blood serum is easily obtained (sec the box on page 
467) and contains a considerable concentration of antibod ies, 
antiserum has become a generic term for blood-derived fluid s 
containing antibodies. Hence, the study of reactions between anti-
bodics and antigens is called serology. As shown in Figure 17_18, 
when a sample of serum is subjected to an electrical current in the 
laboratory during gel electrophoresis (see Chapter 9), the proteins 
dissolved within it move at different rates. The globulin proteins 
separate into fractions that arc termed alpha (a), beta (P), and 
gamma (y) for their rela tive motility. Because the gamma fraction, 
called gamma globulin, contains most of the antibodies, it is often 
used to transfer passive immunity. 

When immune serum globulin from an individual who is 
immune to a disease is injected into another individual, it confers 
an immed iate passive protection against the d isease. However, 
although artificially acquired passive immun ity is immediate, it is 
short- lived because antibodies arc degraded by the recipient. The 
half-life of an injected antibody (the time required for half of the 
antibodies to disappear) is typically about 3 weeks. 

CHECK YOUR UNDERSTANOING 

../ What type of adaptive immunity is involved when gamma globulin 
is injected into a person? 17-20 
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Figure 17_18 The se paration of serum proteins by gel 
electrophoresis. In thiS procedure. serum is placed In a trough cut Into 
a gel. In response to an electrical current. the negatively charged proteins 
of the serum migrate through the gel from the negatively charged end 
(cathode) to the positively charged end (anode). 

Q What serum 'mctlon contains the most antibodies? 

• • • 

This chapter on immunology is intended to provide you with the 
general concepts on the subject. It should give you the information 
you need to understand the chapters that follow, which emphasize 
some of the more practical and clinical aspects of immunology. 
Immunology can be a very complex subject; some of you, in 
pursuit of you r academic major, will be taking a full cou rse in 
immunology later and will study the subject in much more detail. 
The presentation here, you will then find, has been considerably 
simplified- although you might not have realized it. Figure 17.19 
summarizes the material covered in this chapter, especially empha-
sizing the dual nature of immunology. 



Figul 17 :J 

This figure summarizes the functions of the adaptive immune system covered in Chapter 17. 
Refer to Figure 16,1, on page 450, to review how adaptive immunity fits into the bigger picture 
of the body's defenses. The basic concepts of immunity summarized here are necessary for 
understanding the practical and clinical aspects of immunology covered in subsequent chapters. 
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HUMORAL (ANTIBODY-MEDIATED) IMMUNE SYSTEM 
Control of freely circulating pathogens 

CELLULAR (CELL-MEDIATED) IMMUNE SYSTEM 
Control of intracel lular pathogens 

Extracellular antigens 

A B cell binds to the 
antigen for which it is 
specific. AT-dependent 
B cell requires cooperation 
with a T helper (T H) cell. 

The B cell. often with 
stimulation by cytokines from 
aT H cell. differentiates into a 
plasma cell. Some 
become memory cells. 

Plasma cell 

Plasma cells pro-
liferate and produce 
antibodies against 
the antigen. 

B cell 

Cytokines 

I 

Cytokines 
activate 
T helper"",,-
(T H) cell 

Cytokines from the T H cell 
transform B cel ls into 
antibodY'producing plasma 
cel ls (see step 2 and 
Figure 17.4). 

Memory cell 

Some T and B cells 
differentiate into 
memory cells that re-
spond rapidly to any 
secondary encounter 
with an antigen (see 
Figure 17.16). 

"" 
T cell 

/ 

Exposure to a processed intracel lular 
antigen: intracellular antigens 
expressed on the surface of a cell 
infected by a virus, bacterium, or 
parasite (also may be expressed on 
the surface of an APC). 

A T cell binds to MHC-antigen 
complexes on the surface of the 
infected cell, activating the T cell 
(with its cytokine receptors). 

/Cytokines 

Cytotoxic /' 
T lymphocyte 

lysed target cell 

Activation of 
macrophage 
(enhanced 
phagocytic 
activity). 

The CDS· T cell 
becomes a cytotoxic 
T lymphocyte (CTl) 
able to induce 
apoptosis of the 
target cell (see 
Figure 17.11). 

The adaptive immune system is divided into two parts, each respon-
sible for dealing with pathogens in different ways. Humoral immunity, 
also called antibody-mediated immunity, is directed at freely circulating 
pathogens and depends on B cells. Cellular immunity, also called 
cell-mediated immunity, depends on T cells to eliminate intracellular 
pathogens, reject foreign tissue recognized as nonself, and destroy 
tumor cells. These two systems function interdependently to keep the 
body free of pathogens • 
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STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
Will he lp you get ready for tests with its simple three-step approach: 
G take a pre-test and obtain a personalized study plan. e learn 
and practice with animations, tutorials, and MP3 tutor sessions, and e test yourself with quiues and a chapter post- test 

The Adaptive Immune System [p.477) 

1. An individual's genetically predetermined resistance to certain 
diseases is called innate immunity. 

2. Adaptive immunity is the ability of the body to specifically react to 
a microbial infection. 

Dual Nature of the Adaptive Immune 
System (pp.477-478) 

1. Red bone marrow stem cells produce lymphocytes. Lymphocytes 
that mature in bone marrow become B cells. 

2. Humoral immunity involves antibodies, which are found in serum 
and lymph and are produced by B cells. 

3. Lymphocytes that migrate through the thymus become T cells. 
Cellular immunity involves T cells. 

4. T cell receptors recognize antigens. 

Antigens and Antibodies [pp.478-482) 

The Nature of Antigens (pp.478-479) 
1. An antigen (or immunogen) is a chemical substance that causes 

the body to produce specific antibodies. 
2. As a rule, antigens are proteins or large polysac· 

charides. Antibodies are formed against specific 
regions on antigens called epitopes, or antigenic 
determinants. 

3. A hapten is a low-molecular-weight substance 
that cannot cause the formation of antibodies unless combined with 
a carrier molecule; haptens react wi th their antibodies indepen-
dently of the carrier molecule. 

The Nature of Antibodies (pp.479-482) 
4. An antibody, or immunoglobulin, is a protein produced by B cells 

in response to an antigen and is capable of combining specifically 
with that antigen. 

5. Typical monomers consist of four polypeptide chains: two heavy 
chains and two light chains. 

6. Within each chain is a variable (V) region that binds the epitope 
and a constant (C) region that distinguishes the different classes of 
antibodies. 

7. An antibody monomer is Y-shaped or T-shaped: the V regions 
form the tips, the C regions form the base and Fe (stem) region. 

8. The Fe region can attach to a host cell or to complement. 
9. IgG antibodies are the most prevalent in serum; they provide nat-

urally acquired passive immunity, neutralize bacterial toxins, par· 
ticipate in complement fixation, and enhance phagocytosis. 

10. IgM antibodies consist of five monomers held by a joining chain; 
they are involved in agglutination and complement fixation . 

11. Serum IgA antibodies are monomers; secretory IgA antibodies are 
dimers that protect mucosal surfaces from invasion by pathogens. 

12. IgD antibodies are on B cells; they may delete B cells that produce 
antibodies against self. 

13. IgE antibodies bind to mast cells and basophils and are involved in 
allergic reactions. 

B Cells and Humoral Immunity [pp.482- 486) 

Clonal Selection of Antibody-Producing 
Cells (pp.482- 488) 

1. Red bone marrow stem cells give rise to B cells with IgM 
and IgD on their surfaces, which recognize specific epitopes. 

2. For T·dependent antigens, B cells are selected by antigens with 
repeating epitopes. 

3. For T· independent antigens, B cells are activated by a T cell. The 
T cell was activated by an antigenic fragment presented with host 
MHC II. 

4. Activated B cells differentiate into plasma cells and memory cells. 
5. B cells that recognize self are eliminated by clonal deletion. 

The Diversity of Antibodies (p.484) 
6. During development, the genes in embryonic B cells recombine so 

that mature B cells each have different genes for the V region of 
their antibodies. 

Antigen-Antibody Binding 
and Its Results [pp.484-486) 

I. An antigen- antibody complex forms when an anti-
body binds to its specific epitopes on an antigen. 

2. Agglutination results when an antibody 
combines with epitopes on two different cells. 

3. Opsonization enhances phagocytosis of the antigen. 
4. Antibodies that attach to microbes or toxins cause neutralization. 
5. Complement activation results in cell lysis. 

T Cells and Cellular Immunity [pp.486- 489) 

1. Red bone marrow stem cells give rise to T cells, which mature in 
the thymus gland. Thymic selection removes T cells that 
don't recognize MHC·self molecules. 

2. T·cell receptors on T cells recognize antigens. 
3. T cells recognize antigens processed by antigen-presenting cells. 
4. T cells recognize antigens in association with MHC on an APC. 

Classes of T Cells (p.487) 

5. T cells are classified according to their functions and cell-surface 
glycoproteins called CDs. 

T Helper Cells (CD4 + T Cells) (pp.487- 488) 

6. T H I cells activate cells involved in cellular immunity. 
7. T H2 cells are associated with allergic reactions and parasitic 

infections. 
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8. T helper cells, or CD4-+- T cells, are activated by MHC class lion 
APCs. After binding an APC, CD4-+- T cells secrete cytokines that 
activa te other T cells and B cells. 

T Cytotoxic Cells (CDS+ T Cells) (pp.488-489) 
9. T cytotoxic cells (T cl, or CDS-+- T cells, are activated by endogenous 

antigens and MHC class I on a target cell and are transformed into 
aCYL. 

10. CTLs lyse or induce apoptosis in the target cell. 

T Regulatory Cells (p.489) 
II . T regulatory cells (Treg) suppress T cells against self. 

Antigen-Presenting Cells (APCs) (pp.489-490) 

I. APCs include B cells, dendritic cells, and macrophages. 
2. Dendritic cells are the primary APCs. 
3. Activated macrophages are effective phagocytes and APCs. 
4. APCs carry antigens to lymphoid tissues where T cells that recog-

nize the antigen are located. 

Extracellular Killing by the Immune 
System [p.491) 

I . Natural killer (NK) cells lyse virus-infected cells, tumo r cells, and 
parasites. They kill cells that do not express MHC class I antigens. 

Antibody-Dependent Cell-Mediated 
Cytotoxicity (pp.491-492) 

I . In ADCC, NK cells and macrophages lyse antibody-coated cells. 

Cytokines: Chemical Messengers 
of Immune Cells (pp.492-493) 

I . Cells of the immune system communicate wi th each other by 
means of chemicals called cytokines. 

2. Interleukins (lL) are cytokines that serve as communicators 
between leukocytes. 

3. Chemokines cause leukocytes to migrate to an infection. 
4. Alpha interferon and protect cells against viruses. Gamma 

interferon increases phagocytosis. 
5. Tumor necrosis fac tor promotes the inflammatory reaction. 
6. Hematopoietic cytokines promote development of white blood cells. 
7. Overproduction of cytokines leads to a cytokine storm, which 

results in tissue damage. 

Immunological Memory [pp. 493-494) 

I . The relative amount of antibody in serum is called the an tibody 
titer. 

2. The response of the body to the first co ntac t wi th an antigen is 
called the primary response. It is characterized by the appearance 
of IgM followed by 19G. 

3. Subsequent contact with the same antigen results in a very high 
antibody titer and is called the secondary, anamnestic, or memory 
response. The antibod ies are primarily IgG. 

Types of Adaptive Immunity [pp.494-496) 

I . Immuni ty resul ting from infection is called naturally acquired 
active immunity; this type o f immunity may be long-las ting. 

2. Antibodies transferred from a mother to a fetus (transplacental 
transfer) or 10 a newborn in colostrum results in naturally 
acquired passive immunity in the newborn; this type o f immunity 
can last up to a few months. 

3. Immunity result ing from vaccination is called artificially acquired 
active immunity and can be lo ng-lasting. 

4. Artificially acquired passive immunity refers to humoral antibodies 
acquired by injection; this type of immunity can last for a few weeks. 

5. Serum containing antibodies is often called an tiserum. 
6. When serum is separated by gel electrophoresis, antibodies are 

found in the gam ma fraction of the serum and are termed 
immune serum globulin, or gamma globulin. 

STUDY QUESTIONS 
Answers to the Review and Multiple choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
I . Contrast thr trrms in thr following pairs: 

a. innate and adaptive immun ity 
h. humoral and cellular immunity 
c. active and passive immun ity 
d. TH 1 and TH2 cells 
e. natural and artificial immunity 
f. T-dependent and T-independent antigens 
g. CDS-+- T crll and CTL 
h. immunoglobulin and TCR 

2. What does MHC stand for? What is the (unction o( MHC? 
What types ofT cells interact with MHC class I? With MHC 
class II? 

DRAW IT 3. Label the heavy chains, ligh t chains, and variable 
and Fe regions of this typical antibody. Indica te where the 
antibody binds to antigen. Sketch an IgM antibody. 



4. Diagram the roles that T cells and B cells play in immunity. 
5. Explain a function for the following types of cells: T c. T H, and 

T cos' What is a cytokine? 

6. DRAW IT 
a. In the graph below, at time A the host was injected with tetanus 

toxoid. Show the response to a booster close at time B. 
b. Draw the antibody response of this same individual to exposure to 

a new antigen indicated at time R 

I 

I 
A B 

Time (weeks) --------------_ 

7. How would each of the following prevent infection? 
a. antibudies against Neisseria gonorrlweae fimhriae 
b . antibodies against host cell mannose 

8. How can a human make over ten billion different antibodies with 
only 35,000 different genes? 

9. Explain why a person who recovers from a disease can attend others 
with the disease without fear of contracting it. 

Multiple Choice 
Match the following choices to questions 1-4: 

a. innate resistance 
b. naturally acquired ac tive immunity 
c. naturally acquired passive immunity 
d. artificially acquired active immunity 
e. artificially acquired passive immunity 

I . The type of protection provided by the injection of diphtheria 
toxoid. 

2. The type of protection provided by the injection of antirabies serum. 
3. The type of protection resulting from recovery from an infection. 
4.A newborn's immunity to yellow fever. 

Match the following choices to the statements in questions 5-7: 
a. IgA d. lgG 
b. ldD e. IgM 
c. lgE 

5. Antibodies that protect the fetus and newborn. 
6. The first antibodies synthesized; especially effective against . . mtcroorgalllsms. 
7. Antibodies that are bound to mast cells and involved in allergic 

reactions. 
8. Put the following in the correct sequence to elicit an antibody 

response: (I) T H cell recognizes B cell; (2) APC contacts an tigen; 
(3) antigen fragment goes to surface of APC; (4) TH recognizes 
antigen digest and MHC; (5) B cell proliferates. 
a. I,2,3,4,5 d. 2,3,4,1,5 
b. s,4,3,2,1 
c. 3,4,5,1,2 

e.4,5,3,1,2 
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9. A kidney-transplant patient experienced a cytotoxic rejection of 
his new kidney. Place the following in order for that rejection: 
(I) apoptosis occurs; (2) CDg+ T cell becomes CTl ; (3) granzymes 
released; (4) MHC class I activates CD8+ T cell; (5) perforin 
released. 
a. I,2,3,4,s 
b. s,4,3,2,1 
c. 4, 2, 5, 3,1 
d. 3,4,s,I,2 
e. 2,3,4,I,s 

10. Patients with Chediak- Higashi syndrome suffer from various 
types of cancer. These patients are most likely lacking which 
of the following: 
a. T R cells d. NK cells 
b. T H 1 cells e. T H2 cells 
c. B cells 

Critical Thinking 
I. Injections of T c cells completely removed all hepatitis B viruses 

from infected mice, but they killed only 5% of the infected liver 
cells. Explain how T c cells cured the mice. 

2. Why is dietary protein deficiency associated with increased 
susceptibility to infections? 

3. A positive tuberculin skin test shows cellular immunity to 
Mycobacterium tuberculosis. How could a person acquire this 
immunity? 

4. On her vacation to Australia, Janet was bitten by a poisonous sea 
snake. She survived because the emergency room physician injected 
her with antivenin to neutralize the toxin. What is antivenin? How 
is it obtained? 

Clinical Applications 
I. A woman had life-threatening salmonellosis that was successfully 

treated with anti -Salmondla. Why did this treatment work, when 
antibiotics and her own immune system failed? 

2. A patient with AIDS has a low T H cell count. Why does this 
patient have trouble making antibodies? How does this patient 
make any antibodies? 

3. A patient with chronic diarrhea was found to lack IgA in his 
secretions, although he had a normal level of serum IgA. What 
was this patient found to be unable to produce? 

4. Newborns (under I year) who contract dengue fever have a higher 
chance of dying from it if their mothers had dengue fever prior to 
pregnancy. Explain why. 

5. A woman died from a Capnocytophaga bacterial infection introduced 
by a dog bite. Capllocytophaga kills only people who lack a spleen. 
What is the relationship between infection and the spleen? 



Practical Applications 
of Immunology 

In Chapter 17, we learned the basics of the immune system, in which the body recognizes 
foreign microbes, toxins, or tissues. In response, the body forms antibodies and activates other 
immune system cells that are programmed to recognize and neutralize or destroy this foreign 
material if the body encounters it again. 

In thi s chapter, we will discuss some useful tools that have been developed from knowledge of 
the basics of the immune system. Vaccines were briefly mentioned in the previous chapter: in 
this chapter we will expand our discussion of this important field of immunology. The 
diagnosis of disease frequently depends on tests that make use of antibodies and the 

specificity of the immune system. 

Q 
The bacteria shown in the microscope here would 
be visible even ir fluorescent antibodies were not 
attached to them . Why would this test be even 
more valuable ror testing ror such organisms as the 
rabies vi rus? 
Look for' the answer in the chapter. 



Vaccines 
LEARNING OBJECTIVES 
18-1 Define vaccine. 
18-2 Explain why vaccination works. 
18-3 Differentiate the following, and provide an example of each : attenu-

ated, inactivated, toxoid, subunit. and conjugated vaccines. 
18-4 Contrast subunit vaccines and nucleic acid vaccines. 
18-5 Compare and contrast the production of whole-agent vaccines, 

recombinant vaccines. and DNA vaccines. 
18-6 Define adjuvant 
18-7 Explain the value of vaccines, and discuss acceptable risks for 

vaccmes. 

Long before the invention of vaccines. it was known that people 
who recovered from certain diseases, such as smallpox, were 
immune to the disease thereafter. Chi nese physicians may have 
been the first to try to exploit this phenomenon to prevent dis-
ease when they had children inhale dried smallpox scabs. 

[n 1717, Lady Mary Montagu reported from her travels in 
Turkey that an "old woman comes with a nutshell full of the mat-
ter of the best sort of smallpox and asks what veins you please to 
have opened, and puts into the vein as much venom as can lie 
upon the head of her needle." Th is practice usually led to a week 
of mild illness, and the person was subsequently protected from 
smallpox. Called variolation, this procedure became common-
place in England. Unfortunately, however, it sometimes resulted 
in a serious case of smallpox. [n eighteenth -century England, the 
mortality rate associated with variolation was about I %, still a 
significant improvement over the 50% mortality rate that could 
be expected from smallpox. 

One person who received this treatment, at the age of 8, 
was Edward Jenner. As a physician, Jenner subsequently 
encountered patients who did not respond with the usual 
reactions to variolation . Many of them, especially dairymaids, 
told him that they had no fear of smallpox because they had 
already had cowpox. Cowpox is a mild d isease that causes lesions 
on cows' udders; dairymaids' hands often became infected 
during milking. Motivated by his childhood memory of 
variolation, Jenner began a series of experiments in 1798 in 
which he deliberately inoculated people with cowpox in an 
attempt to prevent smallpox. To honor Jenner's work, the term 
vaccination (from the Lati n vacca, meaning cow) was coined. A 
vaccine is a suspension of organ isms or fractions of organisms 
that is used to induce immunity. Two centuries later, the disease 
of smallpox has been eliminated worldwide by vaccination, and 
two other viral diseases, measles and polio, are also targeted for 
elimination . See the box on page 505. Animation Vaccines: 
Function. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

,.f What is the etymology (origin) of the word vaccine? 18-1 
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Principles and Effects of Vaccination 
We now know that Jenner's inoculations worked because the cow-
pox virus, which is not a serious pathogen, is closely related to the 
smallpox virus. The injection, by skin scratches, provoked a pri-
mary immune response in the recipients, leading to the formation 
of antibodies and long-term memory cells. Later, when the recip-
ient encountered the smallpox virus, the memory cells were stim-
ulated, producing a rapid, intense secondary immune response 
(see Figure 17.16, page 494). This response mimics the immunity 
gained by recovering from the disease. The cowpox vaccine was 
soon replaced by a vaccinia virus vaccine. The vaccinia virus also 
confers immunity to smallpox, although, strangely, little is known 
with certainty about the origin of this important virus. It is genet-
ically distinct from cowpox virus and may be a hybrid of an acci-
dental mixing of cowpox and smallpox viruses or perhaps once 
may have been the cause of a now-extinct disease, horsepox. The 
development of vaccines based on the model of the smallpox 
vaccine is the single most important application o f immunology. 

Many communicable d iseases can be controlled by behavioral 
and environmental methods. For example, proper sanitation can 
prevent the spread of cholera, and the use of condoms can slow 
the spread of sexually transmitted infections. If prevention fails, 
bacterial diseases can often be treated with antibiotics. Viral dis-
eases, however, often cannot be effectively treated once con -
tracted. Therefore, vaccination is frequently the only feasible 
method of cont rolling viral disease. Controlling a disease does not 
necessarily require that everyone be immune to it. If most of the 
population is immune, a phenomenon called herd immlmity, out -
breaks are limited to sporadic cases because there are not enough 
susceptible individuals to support the spread of epidemics. 

The principal vaccines used to preven t bacterial and viral dis-
eases in the United States are listed in Table 18.1 and Table 18.2. 
Recommendations for childhood immunizations aga inst some 
of these diseases are given in Table 18.3. American travelers who 
might be exposed to cholera, yellow fever, or other diseases not 
endemic in the United States can obtain current immunization 
recommendations from the U.S. Public Health Service and local 
public health agencies. 

CHECK YOUR UNDERSTANDING 

,.f Vaccination is often the only feasible way to control most viral 
diseases; why is this? 18-2 

Types of Vaccines and Their Characteristics 
There are now several basic Iypes of vaccine. Some of the newer 
vaccines take full advantage of knowledge and technology devel-
oped in recent years. 

Attenuated whole-agent vaccines use living but attenuated 
(weakened) microbes. Live vaccines more closely mimic an actual 
infection. Lifelong immunity, especially with viruses, is often 
achieved withou t booster immunizations, and an effectiveness 
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Table 18.1 Principal Vaccines Used in the United States to Prevent Bacterial Diseases in Humans 

Vaccine Recommendation ...... , 
Diphtheria Purified diphtheria toxoid See Table 1 B.3. Every 10 years for adults 

Need not established Men ingococcal 
meningitis 

Purified polysaccharide from 
Neisseria meningitidis 

For people with substantial risk of infection. 
Recommended for college freshmen. 
especially if living in dormitories. 

Pertussis 
(whooping cough) 

Killed whole or acellular 
fragments of Bordetella pertussis 

Children prior to school age; see Table 18.3. For high-risk adults: available 
for ages 10- 18 years 

Pneumococcal 
pneumonia 

Purified polysaccharide from 
7 strains of Streptococcus pneumoniae 

For adults with certain chronic diseases; 
people over 65; children 2-23 months. 

None if first dose 
administered 2: 24 months 

Tetanus Purified tetanus toxoid See Table 18.3. Every 10 years for adults 

Haemophifus influenzae 
type b meningitis 

Polysaccharide from Haemophilus 
influenzae type b conjugated with 
protein to enhance effectiveness 

Children prior to school age; see Table 18.3. None recommended 

rate of95% is not unusual. This long-term effectiveness probably 
occurs because the attenuated viruses replicate in the body, 
increasing the original dose and acting as a series of secondary 
(booster) immunizations. 

Examples of attenuated vaccines are the Sabin polio vaccine 
and those used against measles, mumps, and rubella (MMR). 
The widely used vaccine against the tuberculosis bacillus and 
certain of the newly introduced, orally administered typhoid 
vaccines contain attenuated bacteria. Attenuated microbes are 
usually derived from mutations accumulated during long-term 
artificial culture. A danger of such vaccines is that the 
live microbes can backmutate to a virulent form (discussed on 
page 506). Attenuated vaccines are not recommended for people 
whose immune systems are comprom ised. If available, inacti -
vated vaccines are substituted. 

Inactivated whole-agent vaccines use microbes that have 
been killed, usually by formalin or phenol. Inactivated virus 
vaccines used in humans include those against rabies (animals 
sometimes receive a live vaccine considered too hazardous 
for humans), influenza (Figure 18.1 ), and polio (the Salk polio 
vaccine). Inactivated bacterial vaccines include those for pneumo-
coccal pneumonia and cholera. Several long-used inactivated vac-
cines that are being replaced fo r most uses by newer, more effective 
types are those for pertussis (whooping cough) and typhoid. 

Toxoids, which are inactivated toxins, are vaccines directed 
at the toxins produced by a pathogen. The tetanus and diph -
theria toxoids have long been part of the standard ch ildhood 
immunization series. They require a series of injections for full 
immunity, followed by boosters every 10 years. Many older 
adults have not received boosters; they are likely to have low lev-
els of protection . 

Figure 18.1 Influenza viruses are gmwn in embryonated eggs. 
(See Figure 13.7, page 377.) The viruses will be inactivated to make a 
vaccine 

Q Could this method of viral cultivation be a problem for people who 
are allergic to eggs? 

Subunit vaccines use only those antigenic fragments of a 
microorganism that best stimulate an immune response. Subunit 
vaccines that are produced by genetic modification techniques, 
mean ing that other microbes are programmed to produce the 
desired antigenic fraction, are called recombinant vaccines. 
For example, the vaccine against the hepatitis B virus consists of 
a portion of the viral protein coat that is produced by a geneti-
cally modified yeast. 
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Table 18.2 Principal Vaccines Used in the United States to Prevent Viral Diseases in Humans 

Influenza 

Measles 

Mumps 

Rubella 

Chickenpox 

Poliomyelitis 

Rabies 

Hepatitis e 

Hepatitis A 

Smallpox 

Herpes zoster 

Human 
papilloma virus 

Vaccine 

Injected vaccine. inactivated 
virus (nasally administered 
vaccine with attenuated virus 
is now available for some) 

Attenuated virus 

Attenuated virus 

Attenuated virus 

Attenuated virus 

Killed virus 

Killed virus 

Recommendation 

For chronically ill. including children over 6 months. Adults 
over age 65. Healthy children aged 6-23 months (because 
higher risk of related hospitalizations). Health care workers 
and others in contact with high risk groups. Healthy 
persons aged 5-49 years can receive intranasal vaccine. 

For infants aged 15 months. 

For infants aged 15 months. 

For infants aged 15 months: for women of 
childbearing age who are not pregnant. 

For infants aged 12 months. 

For children. see Table 18.3: for adults. 
as risk to exposure warrants. 

For field biologists in contact with wildlife 
in endemic areas: for veterinarians; for 
people exposed to rabies virus by bites. 

Antigenic fragments of virus For infants and children. see Table 18.3; for adults. 
especially health care workers. homosexual men. 
injecting drug users. heterosexual people with multiple 
partners. and household contacts of hepatitis e carriers. 

Inactivated virus Mostly for travel to endemic areas and 
protecting contacts during outbreaks. 

Live vaccinia virus Certain military and health care personnel. 

Attenuated virus Adults over age 60. 

Antigenic fragments of virus All females under age 26. 

Booster 

Annual 

Adults if exposed during outbreak 

Adults if exposed during outbreak 

Adults if exposed during outbreak 

(Duration of immunity not known) 

(Duration of immunity not known) 

Every 2 years 

Duration of protection at least 
7 years; need for boosters uncertain 

Duration of protection estimated 
at about 10 years 

Duration of protection estimated 
at about 3 to 5 years 

None recommended 

Duration at least 5 years 

Subun it vaccines are inherently safer because they cannot 
reproduce in the recipient. They also contain little or no extrane-
ous material and therefore tend to produce fewer adverse effects. 
Similarly, it is possible to separate the frac tions of a disrupted 
bacterial cell, retaining the desired antigenic fractions. The newer 
acellular vaccines for pertussis use this approach. 

Conjugated vaccines have been developed in recent years to 
deal with the poor immune response of children to vaccines based 
on capsular polysaccharides. As shown in Figure 17.6 (page 484), 
polysaccharides arc T-independent antigens; children's immune 
systems do not respond well to these antigens until the age of 15 
to 24 months. Therefore, the polysaccharides arc combined with 
proteins such as diphtheria toxoid; this approach has led to the 
very successful vaccine for Haemophillls illjIllel1zae type b, which 
gives significant protection even at 2 months. 

DNA. Th e injection can be made by conventional needle or, more 
efficiently, by the "gene gun" method described in Chapter 9, 
page 253, and Figure 9.6, which delivers the vaccine into many 
skin cell nuclei. The protein antigens are carried to the red bone 
marrow and st imulate both humoral and cellular immunity. They 
also tend to be expressed for extended times, with good immu-
nological memory. However, vaccines based on polysaccharide 
capsules of bacteria cannot be made by this method. 

Nucleic acid vaccines, often called DNA vaccines, are among 
the newest and most prom ising vaccines. Experiments with 
animals show that plasm ids of "naked" DNA injected into muscle 
results in the production of the protein antigen encoded in the 

Two DNA vaccines for animals have been approved; one 
that protects horses from West Ni le vi rus, and another that 
protects domestically reared salmon from a serious viral disease. 
Clinical tests in humans are underway testing DNA vaccines for 
a number of different diseases; human immunization with 
some of these vaccines can be expected in the next few years. 
Such vaccines would have particular advantages for the less 
developed parts of the world . The "gene gun" would elim-
inate the need for large supplies of syringes and needles, and 
these vaccines would not require refrigeration. Manufacturing 
operations for such vaccines are very similar for different 
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Table 18.3 Recommended Immunization Schedule for Persons Aged 0-6 Years-
United States, 2008 (CDC) 

1 2 o • 12 I. ,. 19-23 2-3 .... 
vaccine .. Birth month months months months months months months months years 

0-0 
ye ... 

Hepatitis B HepB 

Rotavirus 

Diphtheria, 
Tetanus, 
Pertussis 

HBemophilus 
influenzBe type b 

Pneumococcal' 

Inactivated 
Poliovirus 

InRuenza 

Measles, Mumps, 
Rubella 

Varicella 

Hepatitis A' 

Meningococcal' 

Rota 

DTaP 

Hib 

PCV 

IPV 

Rota 

DTaP 

Hib 

PCV 

IPV 

Rota 

DTaP or. P or,P 

Hib Hib 

PCV 

IPV 

MMR 

Yalicella Yalicella 

Mev. 

Note Vaccines are listed under routinely recommended ages BNt indicate range of recommended ages for immunizallOn. For those who fal l behind or start late. 
see the catch-up schedule. AddlllOnal informallOn at wwwcdc,gov/vacclnesireclschedulesl 
• PCV - Prieumococcal conjugate vaccine, PPV - Prieumococcal polysaccharide vaCCine. 
t The two doses at least 6 mo. apart. 
I Meningococcal conjugate vaccine (MCV4) for chi ldren aged 2- 10 years with defectIVe Immune systems and certa in other high nsk sltuallOns, 

diseases, which should lower costs. Animation Vaccines: 
Types. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

"" Experience has shown that attenuated vaccines tend to be more 
effective than inactivated vaccines. Why? 18-3 

"" Which is more likely to be useful in preventing a disease caused 
by an encapsulated bacterium such as the pneumococcus: a 
subunit vaccine or a nucleic acid vaccine? 18-4 

The Development of New Vaccines 
An effective vaccine is the most desi rable method of disease con-
trol. It prevents the targeted disease from ever occurring at all in 
an individual, and it is generally the most economical. This is 
especially important in developing parts of the world. 

Although interest in vaccine development declined with the 
introduct ion of antibiotics, it has intensified in recent yea rs. Fear 
of litigation contributed to the decrease in the development of 
new vaccines in the United States. However, passage of the 
National Childhood Vaccine Injury Act in 1986, which limits the 
liability of vaccine manufacturers, has now helped reverse this 

trend. Even so, pharmaceutical companies find that the most 
profitable drugs are those that must be taken daily for extended 
periods, for example, drugs taken for high blood pressure. In 
contrast, a vaccine that is required for a few injections or even 
only once in a lifetime is inherently less attractive. 

Historically, vaccines could be developed only by growing the 
pathogen in usefully large amounts. The early successful viral vac-
cines were developed by animal cultivation. The vaccin ia virus for 
smallpox was grown on the shaved bellies of calves, for example. 

The introduction of vaccines against polio, measles, 
mumps, and a number of other viral diseases that would not 
grow in anything but a living human awaited the development 
of cell culture techniques. Cell cult ures from human sources or, 
more often, from animals such as monkeys that are closely 
related to humans enabled growth of these viruses on a large 
scale. A convenient animal that will grow many viruses is the 
chick embryo (see Figure 13.7, page 377). Viruses for several 
vaccines (influenza, for example) are grown this way (see 
Figure 18.1). Interestingly, the first vaccine against hepatit is 
B virus used viral antigens extracted from the blood of chroni-
cally infected humans because no other source was available. 



A World Health Problem 
As you read through this box. you will 
encounter a series of questions that public 
health scientists ask themselves as they try 
to reduce the occurrence of diseases. Try to 
answer each question before going to the 
next one. 

1. On May 14. a 17-year-old girl devel-
oped a fever and tiny red spots with 
blue-white centers inside her mouth 
(Flgure A). She developed a rash on her 
face on May 16: the rash spread over 
her trunk and extremities. Subsequently, 
a 2-year-old developed a fever and 
pneumonia. In all. 34 people from her 
church developed a maculopapular rash 
and fever and at least one of 
the following: fever. cough. conjunctivitis. 
coldlike symptoms. 

2. 

3. 

4. 

What is Ihe disease? (Hint: See 
Table 21.1 on page 589.) 

Measles was confirmed by testing for 
IgM measles antibodies. Measles is a 
highly contagious viral illness that can 
cause pneumonia. diarrhea. encephalitis. 
and death. 
Whal do you need to know? 
The index patient had traveled to 
Romania for 2 weeks. She and the other 
infected people had not been vaccinated 
against measles. 
Why didn'l more people get 
measles? 
In 1920. prior to development of the 
measles vaccine. nearly 500.000 cases 
of measles occurred. with over 
7500 deaths. in the United States. In 
2007. only 30 cases of measles were 
reported in the United States (Figure B). 

Figure A Koplik's spots inSide the cheeks. 
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Figure B Reponed numbers of measles cases in the United States. 1960-2007. (CDC, 2008) 

However, measles is still endemic in 
many countries (Figure C). Worldwide. 
there are 70 million cases each year. 
Measles is still one of the top 20 causes 
of death. killing 600 children per day. 
What would happen if we slopped 
vaccinating againsl measles? 
If there were no vaccines. there would 
be many more cases of disease. Along 
with more disease. there would be 
serious sequelae and more deaths. 
Some vaccine-preventable diseases are 
still quite prevalent in other par ts of 
the world. As occurred in this case. 
travelers can unknowingly bring these 
diseases into the United States. and if 
we were not protected by vaccinations. 
these diseases could quickly spread 

throughout the population. causing 
epidemics here. 

The Measles Initiative is a part-
nership-led by the American Red 
Cross. the United Nations Foundation. 
UNICEF, the U.s. Centers for Disease 
Control and Prevention. and the World 
Health Organization-committed to 
reducing measles deaths worldwide. 
The Measles Initiative has supported the 
vaccination of more than 400 million 
children in over 50 countries. In 2000, 
measles caused approximately 
757,000 deaths, mostly in children 
under 5. By 2006. measles deaths were 
reduced to 242.000 people worldwide. 

Source. Adapted from MMWR 54(42) .1 073- 1075. 
October 28. 2005. 

Figure C Countries with the highest measles mortal ity. 
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Recombinant vaccines and DNA vaccines do not need a cell 
or animal host to grow the vaccine's microbe. This avoids a major 
problem with certa in viruses that so far have not been grown in 
cell culture-hepatit is B, for example. 

Plants arc also a potential source for vaccines. There have 
already been human tr ials with potatoes that have been engi-
neered to produce antigenic proteins from certa in pathogen ic 
bacteria and viruses. It is more likely, however, that plants for this 
purpose will not be used directly as food, but as a production 
system for doses of antigenic proteins that would be taken orally 
as pills. Oral vaccines would be welcomed for many reasons even 
beyond eliminating a need for injections. For one, they would be 
especially effective in protecting against the diseases caused by 
pathogens invading the body through the mucous membranes. 
This obviously includes intestinal diseases such as cholera, but 
the pathogens causing AIDS, influenza, and some other nonin -
testinal diseases initially invade the body through mucous mem-
branes elsewhere, such as the nose, gen itals, and lungs. Tobacco 
pla nts are a leading candidate for this use because they are 
unlikely to contaminate the food chain. 

The so-called golden age of immunology occurred from 
about 1870 to 1910, when most of the basic elements of 
immunology were discovered and several important vaccines 
were developed. We may soon be entering another golden age, in 
which new technologies are brought to bear on emerging infec-
tious d iseases and problems arising from the decreasing effec-
tiveness of antibiotics. It is remarkable that there are no useful 
vaccines against chlamydias, fungi, protozoa, or helm inthic pa r-
asites of humans. Moreover, vaccines for some diseases, such as 
cholera and tuberculosis, are not reliably protective. At present, 
vaccines for at least 7S diseases are under development, ranging 
from those for prominent deadly diseases such as AIDS and 
malaria to such commonplace conditions as earaches. But we 
will probably fi nd that the easy vaccines have already been made. 

Infectious diseases are not the only possible target of vac-
cines. Resea rchers are investigat ing vaccines' potential fo r treat-
ing and preventing cocaine addiction, Alzheimer disease, and 
cancer and for contraception. 

Work is underway to improve effectiveness of antigens. For 
example, chemicals added for this purpose, called adjuvants (from 
the Latin adjuvare, meaning to help), greatly improve the effective-
ness of many antigens. Alum is the adjuvant with the longest 
history of use. It causes local inflammatory reactions that appar-
ently increase vaccine effectiveness. Other adjuvants have recently 
been registered for use, including an oil-based substance, MFS9, 
and virosomes. These are not inflammatory in their activity but 
mimic certain bacterial components and facilitate transport to 
lymph nodes and uptake by antigen-presenting cells. 

Currently, nearly 20 separate inject ions are recommended for 
infants and children, sometimes requiring three o r more at one 
appointment. Developing additional multiple combinations of 
vaccines would be of some help. The u.S. Food and Drug 

Administration (FDA) has recently approved such a combina-
tion for five childhood diseases. Delivery in ways other than by 
needle would also be a desirable advance. Many have already 
received injection by high-pressure "guns," wh ich are commonly 
used for mass inoculations, and an intranasal spray for influenza 
is now available. Most current vaccines have primarily induced 
humoral, or antibody-based, immunity. Vaccines effective 
against diseases such as HIV infection, tuberculosis, and malaria 
will require induction of effective cellular immunity as well. 
These requ irements are not necessarily mutually exclusive. 

CHECK YOUR UNOERSTANOING 

..r Which type of vaccine did Louis Pasteur develop. whole-agent, 
recombinant, or DNA? 18-5 

..r What is the derivation of the word adjuvant! 18-6 

Safety of Vaccines 
We have seen how variolation, the first attempt to provide immunity 
to smallpox, sometimes caused the disease il was intended to 
prevent. At the time, however, the risk was considered very worth-
while. As you will see later in this book, the oral polio vaccine on rare 
occasions may cause the disease. In 1999, a vaccine to prevent infant 
diarrhea caused by rotaviruses was withdrawn from the market 
because several recipients developed a life-threatening intestinal 
obstruction. However, public reaction to such risks has changed; 
most parents have never seen a case of polio or measles and there-
fore tend to view the risk of these diseases as a remote abstraction. 
Moreover, reports or rumors of harmful effects often lead people to 
avoid certain vaccines for themselves or their children. In particular, 
a possible connection between the MMR vaccine and autism has 
received widespread publicity. Autism is a poorly understood devel-
opmental condition that causes a child to withdraw from reality. 
Because autism is usually diagnosed at the age of 18 to 30 months, 
about the time vaccine immunization schedules are nearing com-
pletion, some people have attempted to make a cause-and-effect 
connection. Medically, however, most experts agree that autism is a 
condition with a major genetic component and begins before birth. 
Extensive scientific surveys have provided no evidence to support a 
connection between the usual childhood vaccines and autism or 
any other disease condition. Some experts even recommend again 
introducing the rota virus vaccine that was withdrawn in the United 
States, maintaining that it would be well justified on a risk-versus-
benefit calculation in much of the underdeveloped world. No 
vaccine will ever be perfectly safe or perfectly effective-neither is 
any antibiotic or most other drugs, for that matter. Nevertheless, 
vaccines still remain the safest and most effective means of prevent-
ing infectious disease in children. 

CHECK YOUR UNOERSTANOING 

..r What is the name of a currently used oral vaccine that occasion-
ally causes the disease it is intended to prevent? 18-7 



Diagnostic Immunology 
LEARNING OBJECTIVES 
18-8 DifferentlSte sensitivity from specificity in a diagnostic test 

18-9 Define monoclonal antibodIeS. and Identify their advantage over 
convenllOnal antibody production. 

18-10 Explain how precipitation reactions and Immunodiffusion tests 
work. 

18-11 Differentiate direct from Indirect agglutmatlOn tests 
18-12 Differentiate agglutination from precipitation tests. 
18-13 Define hemagglutination 

18-14 Explain how a neutrahzatlon test works. 

18-15 Differentiate precipitation from neutralization tests. 

18-16 Explam the basis for the complement-fixation test. 

18-17 Compare and contrast direct and indirect fluorescent-antibody 
tests. 

18-18 Explam how direct and Indirect ELISA tests work. 

18-19 Explain how Western blotting works. 

18-20 Explain the Importance of monoclonal antibodies. 

Throughout most of history. diagnosing a disease was essentially 
a matter of observing a patient's signs and symptoms. The writ-
ings of ancient and medieval physicians left descriptions of many 
diseases that are recognizable even today. Essential elements of 
diagnostic tests are sensitivity and specificity. Sensitivity is the 
probability that the test is reactive if the specimen is a true posi-
tive. Specificity is the probability that a positive test will IIot be 
reactive if a specimen is a true negative. 

Immunologic-Based Diagnostic Tests 
Knowledge of the high specificity of the imm une system soon 
suggested that this might be used in diagnosing diseases. In fact , 
it was an accidental observation that led to one of the first diag-
nostic tests for an infectious disease. More than 100 years ago, 
Robert Koch was trying to develop a vaccine against tuberculo -
sis. He observed that when guinea pigs with the disease were 
injected with a suspension of Mycobacterilllll frlberCli/osis, the site 
of the injection became red and slightly swollen a day or two 
later. You may recognize this symptom as a positive result for the 
widely used tuberculin skin tes t (see Figure 24.10, page 684)-
many colleges and universities require the tes t as part of admis-
sion procedures. Koch. of course, had no idea of the mechan ism 
of cell-mediated immunity that caused this phenomenon, nor 
did he know of the existence of antibodies. 

Since the time of Robert Koch, immunology has given us many 
other invaluable diagnostic tools, most of wh ich are based on inter-
actions of humoral antibodies with antigens. A known antibody 
can be used to identify an IInhlOw" pathogen (antigen ) by its 
reaction with it. This reaction can be reversed, and a hlOWII 
pathogen can be used, for example, to determine the presence of an 
unknown antibody in a person's blood- which would determine 
whether he or she had immunity to the pathogen. One problem 
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that must be overcome in antibody-based diagnostic tests is that 
antibodies cannot be seen directly. E\'en at magnifications of well 
over 100,OOOX, they appear only as fuzzy, ill-defined particles (see 
Figure 17.3c on page 480). Therefore, their presence must be estab-
lished indirectly. We will describe a number of ingenious solutions 
to this problem. 

Other problems that had to be overcome were that antibod-
ies produced in an animal were mixed with numerous other 
antibodies produced in that an imal and the quantities of any 
particular antibody were severely lim ited. 

CHECK YOUR UNDERSTANDING 

0/ What property of the immune system suggested its use as an 
aid for diagnosing disease: specificity or senSitivity? 18-8 

Monoclonal Antibodies 
As soon as it was determined that antibodies were produced by 
specialized cells (B cells), it was understood that these were a 
potential source of a single type of antibody. If such a B cell pro-
ducing a single type of antibody cou ld be isolated and cultivated, 
it would be able to produce the desired antibody in nearly unlim -
ited quantities and without contam ination by other antibodies. 
Unfortunately, a B cell reproduces only a few times under the 
usual cell culture co nditions. Th is problem was largely solved 
with the discovery of a method to isolate and indefinitely culti-
vate B cells capable of producing a single type of antibody. Neils 
jerne, Georges Koehler, and Milstein made this discovery 
in 1975, for which they were awarded a Nobel prize. 

Scien tists have long observed that antibody-producing B cells 
may become cancerous. In this case, their proliferation is 
unchecked, and they are called myelomas. These cancerous B cells 
can be isolated and propagated indefinitely in cell culture. 
Cancer cells, in this sense, are " immortal." The breakthrough 
came in combining an "immortal" cancerous B cell with an 
antibody-producing normal B cell. When fused, this combi-
nation is termed a hybridoma. 

When a hybridoma is grown in culture, its genetically identi-
cal cells continue to produce the type of ant ibody characteristic 
of the ancestral B cell. The importance of the techn ique is that 
clones of the antibody-secreting cells now can be maintained 
indefinitely in cell culture and can produce immense quanti ties 
of iden tical antibody molecules. Because all of these antibody 
molecules are produced by a single hybridoma clone. they are 
called monoclonal antibodies, or Mabs (Figure 18.2). 

Monoclonal antibodies are useful for three reasons: they 
arc uniform; they are highly specific; and they can be produced 
readily in large quantities. Because of these qualities, Mabs have 
assumed enormous importance as diagnostic tools. For instance, 
commercial kits use Mabs to recognize several bacterial 
pathogens, and nonprescription pregnancy tes ts use Mabs to 
indicate the presence of a hormone excreted only in the urine of 
a pregnant woman (see Figure 18. 13, page 517). 



An appreciation of how monoclonal a ntibodies, a n important advance in medicine, a re produced is 
he lpful for understanding the functions and applications of many common d iagnostic and thera· 
peutic tools that Wi ll be discussed in this a nd s ubsequent chapters. 
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o The miKiure of cetls is placed 
in a selective medium that allows 
only hybrid cells to grow. Hybrid cell - 11 IL. II 1 J- Myeloma cell 

'- ;:..... _____ Spleen cell 
" V- j 

e Hybrid cells proliferate 
into clones called hybridomas. 
The hybridomas are screened 
tor production of the desired 
anlibody. 

l 
H 

Key Concept 
The fusion of cuhured myeloma 
cells (cancerous 8 cell$) with 
aMlbody·produc::ing spleen cells 
form. a hybridoma. Hybridomas can 
be cuhured to produc::e large 
quantities of identical antibodln. 
called rnooodonaI aMibodies. 

o The selected hybrklomas 
are then cultured 10 produce 
large quantities of 
monoclonal antibodies. 

Desired monoclonal 
antibodies 

Monoclonal antibodies are also being used therapeutically to 
overcome unwanted effects of the immune system. For example, 
IIIlIromollab-CDJ has been used since 1986 to minimize rejection of 
kidney transplants. For these purposes, monoclonal antibodies are 

5.8 

prepared that react with the T cells that are responsible for rejecting 
the transplanted tissue. The Mabs suppress the T cell activity. 

The usc of Mabs is revolutionizing the treatment of many 
illnesses. The FDA has approved several for the treatment of 



specific diseases. The inflammation of rheumatoid arthritis and 
the intestinal inflammatory condition Crohn's disease can be 
treated with infliximab (Remicade) or entanercept (Ellbrel), which 
target and block the action of a cause of the inflammation, tumor 
necrosis factor alpha (see page 492). A cancer of the lymphatic 
system, non-Hodgkin's lymphoma, can be treated with a combi-
nation of Mabs, ibritlllllollab (Zevalil1) and rituximab (Rituxal1). 
These target and destroy cancer cells but are used only when other 
treatments have proved unsuccessful. Breast cancer can be treated 
with some success with trastllzlIIl1ab (Hercepril1). This Mab binds 
to a specific site called the HER-2 receptor, which occurs in about 
30% of women; this limits the spread of the cancer. 

The therapeutic use of Mabs had been limited because these 
antibodies once were produced only by mouse (murine) cells. 
The immune systems of pat ients reacted against the foreign 
mouse proteins, leading to rashes, swelling, and even occasional 
kidney failure, plus the destruction of the Mabs. For example, the 
success of muromollab-CD3 in minimizing tissue rejection was 
severely limited by side effects related to the administration of 
the foreign (murine) fraction of the monoclonal ant ibody. 

In recognition of this problem, researchers are developing 
new generations of Mabs that are less likely to cause side effects 
due to their "foreignness." Essentially, the more huma n the anti-
body, the more successful it is likely to be. Researchers are explor-
ing several approaches. 

Chimeric monoclonal antibodies use genetically modified 
mice to make a human- murine hybrid . The variable part of the 
an tibody molecu le, including the antigen-binding sites (see 
Figure 17.3a), is murine. The remainder of the antibody 
molecule, the constant region, has been derived from a human 
source. These Mabs are about 66% human . An example is 
rituximab. 

Humanized antibodies are constructed so that the murine 
port ion is limited to the antigen-binding sites. The balance of the 
variable region and all of the constant region are derived from 
human sources. Such Mabs are about 90% human. Examples are 
alemtuzumab and trastuzumab. 

The eventual goal is to develop fuUy human antibodies. One 
approach is to genetically modify mice to contain human anti-
body genes. The m ice would produce antibod ies that are fully 
human; in some cases, it might even be possible to produce an 
antibody that is an exact match to the patient. 

It is also possible that Mab therapies may succeed so well that 
it would be difficult to produce them in sufficient volumes. 
Several potential solutions to this problem are under investiga-
tion . For example, the use of mice could be avoided entirely by 
using bacteriophages to insert desired genes into bacteria, which 
would be able to produce the desired Mabs on an industrial scale. 
Another approach to the problem is to genetically modify ani -
mals that can secrete the Mabs in their milk. Genetic alteration of 
plants to produce Mabs is another possible avenue to large-scale 
production. 
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Figure 18.3 A prec ipitation c urve. The curve is based on the ratio 
of ant igen to antibody_ The maximum amount of precipitate forms in the 
zone of equivalence. where the ratio is roughly equivalent. 

Q How does precipitation differ from agglutination? 

CHECK YOUR UNDERSTANDING 

'" The blood of an infected cow would have a considerable amount 
of antibodies against the infectious pathogen in its blood. How 
would an equivalent amount of monoclonal antibodies be more 
useful? 18-9 

Precipitation Reactions 
Precipitation reactions involve the reaction of soluble antigens 
with IgG or IgM antibodies to form large, interlocking molecu-
lar aggregates called lattices. 

Precipitation reactions occur in two distinct stages. First, the 
antigens and antibodies rapidly form small antigen- antibody 
complexes. This interaction occurs within seconds and is 
followed by a slower reaction, which may take minutes to hours, 
in which the antigen- antibody complexes form lattices that 
precipitate from solution. Precipitation reactions normall y 
occur only when the ratio of antigen to antibody is optimal. 
Figure 18.3 shows that no visible p recipitate forms when either 
component is in excess. The opt imal ratio is produced when 
separate solutions of antigen and antibody are placed adjacent 
to each other and allowed to diffuse together. In a precipitin 
ring test (Figure 18.4), a cloudy line of precipitation (ring) 
appears in the area in which the optimal ratio has been reached 
(the zone of equivalence). 

Immunodiffusion tests are precipitation reactions car-
ried out in an agar gel medium, on eit her a Petri plate or a 
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Antigens 
(soluble) 

Zone of equivalence: 
visible precipitate 

Antibodies 

(b) 

Preciprtation 
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Figure 18.4 The precipitin ring test. (a) This draWing shows the 
diffusion of antigens and antibodies toward each other in a small-diameter 
lest tube. lfI/here they reach equal proportions. In the zone of equivalence. 
a Visible line Of nng of precipitate is formed. (b) A photogrnph of a 
precipitin band. 

Q What causes the visible line? 

microscope slide. A line of visible precipitate develops between 
the wells at the point where the optimal antigen-antibody ratio is 
reached. 

Other tests use elect rophoresis to speed up the movement of 
anl igen and antibody in a gel, sometimes in less than an hour. 
wilh this method. The techn iques of immunodiffusion and elec-
tropho resis can be combined in a procedure called 
immunoelectrophoresis. The procedure is used in research to 
separate proteins in human serum and is the basis of certain 
diagnostic tests. It is an essential part of the Western blot test 
used in AIDS testing (see Figure 10.12, page 289 and page 516). 

CHECK YOUR UNDERSTANDING 

lfI/hy does the reaction of a precipitation test become visible only 
in a narrow range? 18-10 

Agglutination Reactions 
Whereas precipitation reactions involve soluble antigens, aggluti-
na tion reactions involve either particu/(l/e antigens (particles 
such as cells that carry ant igenic molecules) or soluble antigens 
adhering to particles. These ant igens can be linked together by 
antibodies to fo rm visible :;Iggregates, a reaction called 
agglutination (Figure 18.5). Agglutination reactions are very 
sensitive, relatively easy to read (see Figure 10. 10, page 287), and 
aV:;lilable in great va rielY. Agglutination tests are classified :;IS 
ei ther direct or indirect. 

Figure 18.5 An agglutination reaction. When antibodies react With 
epltopes on antigens carried on neighbOring cells. such as these bacteria 
(or red blood cells). the particulate an\lgens (cells) agglutill3te. IgM. the 
most efficient Immunoglobulin for agglutination. is shown here. but IgG 
also participates in agglutination reactions. 

Q Draw an agglutinat10n reaction Involving IgG. 

Direct Agglutination Tests 
Direct agglutination tests detect antibodies against relatively large 
cellular antigens, such as those on red blood cells, bacteria, and 
fungi. At one time they were carried out in a series of test tubes, but 
now they are usually done in plastic microtiter plates, which have 
many shallow wells that rake the place of the individual test tubes. 
The amount of particulate antigen in each well is the same, but the 
amount of serum that contains antibodies is diluted, so that each 
successive well has half the antibodies of the previous well. These 
tests are used, for example, to test for brucellosis and to separate 
Salmow?11n isolates into serovaTS, types defined by serological means. 

Clearly, the more antibody we start with, the more dilutions 
it will take to lower the amount to the point where there is not 
enough antibody for the antigen to react with. This is the mea-
sure of titer, or concent ration of serum antibody (Figure 18.6). 
For infec tious diseases in general, the higher the serum antibody 
titer, the greater the immunity to the disease. However, the titer 
alone is of limited use in diagnosing an existing illness. There is 
no way to know whether the measured antibodies were gen-
erated in response to the immediate infect ion or to an earlier 
illness. For diagnostic purposes, 11 rise ill titer is significan t; that 
is, the titer is higher later in the cou rse of the disease than at its 
outset. Also, if it can be demonstr:;l ted that the person's blood had 
no antibody titer before the illness but has a significant titer 
while the disease is progressing, thi s change, called 
seroconversion. is also diagnost ic. Th is situatio n is frequen tly 
encountered with HIV infections_ 
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1:20 1:40 1:80 1:160 1:320 1:640 Control (a) Each well in this microtite r plate contains, from left to right, only ha ll the 
concentration of serum that is contained in the preceding well. Each well contains 
the same concentration of particulate antigens, in this instance red blood celts . Top view 

of wells 

Enlarged 
photo of 
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of wells 
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(b) In a positive (agglutinated) reaction, sufficient antibodies are present in the serum to 
link the antigens together, forming a mat 01 antigen-antibody complexes on the bottom of 
the wel l. 

(b) Agglutinated (e) Nonagglutinated 

(e) In a negative (nonagglutinated) reaction, nol enough antibodies are present to cause 
the linking 01 antigens. The particulate antigens roll down the sloping sides 01 the well , 
lorming a pellet at the bottom. In this example, the antibody liter is 160 because the well 
with a 1 :160 concentration is the most dilute concentration that produces a positive 
reaction. 

Figure 18.6 Measuring antibody titer with the direct agglutination test. 

Q What Is meant by the term antibody lifer? 

Some d iagnostic tests specifically identify IgM antibodies. As 
discussed in Chapter 17, short-lived IgM is more likely to reflect 
a response to a current disease condition. 

Indirect (Passive) Agglutination Tests 
Antibodies against soluble antigens can be detected by agglutina-
tion tests if the antigens are adsorbed onto particles such as 
bentonite clay or, most often, minute latex spheres, each about 

Figure 18.7 Reactions in indirect 
agglutination tests. These tests are performed 
using antigens or antibodies coated onto particles 
such as minute latex spheres. 

Q Differentiate direct from indirect 
agglutination tests. 

Antigen attached 
10 bead 

one-tenth of the diameter of a bacterium. Such tests, known as 
latex agglutination tes ts, are commonly used for the rapid detection 
of serum antibodies against many bacterial and viral diseases. In 
such indirect (passive) agglutination tests, the antibody reacts 
with the soluble antigen adhering to the particles (Figure 18.7). 
The particles then agglutinate with one another, much as particles 
do in the direct agglutination tests. The same principle can be 
applied in reverse by using particles coated with antibodies to 

IgM antibody 

(a) Reaction in a positive indirect test for 
ant ibodies. When particles (latex beads here) 
are coated with antigens. agglutination 
indicates the presence of antibodies, such as 
the IgM shown here. 

(b) Reaction in a positive indirect test for antigens. 
When particles are coated with monoclonal 
antibodies. agglutination indicates the presence 
of antigens. 
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Red blood cells Viruses 

detect the antigens against which they are specific. This approach 
is especially common in tests for the streptococci that cause sore 
throats. A diagnosis can be completed in about 10 minutes. 

Hemagglutination 
When agglutination reactions involve the clumping of red blood 
cells, the reaction is called hemagglutination. These reactions, 
which involve red blood cell surface ant igens and their com-
plementary antibodies, are used routinely in blood typing 
(see Table 19.2, page 527) and in the diagnosis of infectious 
mononucleosis. 

Certain viruses, such as those causing mumps, measles, and 
influenza, have the abi lity to agglutinate red blood cells without 
an antigen- antibody reaction; this process is called viral hemag-
glutination (Figure 18.8). This type of hemagglutination can be 
inhibited by antibodies that neut ralize the agglutinating virus. 
Diagnostic tests based on such neutralization reactions are dis-
cussed in the next section. 

CHECK YOUR UNDERSTANDING 

'" Why wouldn't a direct agglutination test work very well with 
viruses" 18-11 

'" Which test detects soluble antigens. agglutination or 
precipitation? 18-12 

'" Certain diagnostic tests require red blood cells that clump 
visibly. What are these tests called? 18-13 

Neutralization Reactions 
Neutralization is an antigen- antibody reaction in which the 
harmful effects of a bacterial exotoxin or a virus are blocked by 
specific antibodies. These reactions were first described in 1890, 
when investigators observed that immune serum could neutralize 
the toxic substances produced by the diphtheria pathogen, 
Corynebacterium diphtlleriae. Such a neutralizing substance, which 
is called an antitoxin, is a specific antibody produced by a host as it 
responds to a bacterial exotoxin or its corresponding toxoid (inac-
tivated toxin). The antitoxin combines with the exotoxin to neutral-
ize it (Figure 18.9a). Antitoxins produced in an animal can be 
injected into humans to provide passive immunity against a toxin. 
Antitoxins from horses are routinely used to prevent or treat diph-
theria and botulism; tetanus antitoxin is usually of human origin. 

Hemagglutination 

Figure 18.8 Viral hemagglutination. Viral 
hemagglutination is not an antigen-antibody 
reaction. 

Q What causes agglutination in viral hemag-
glutination? 

These therapeutic uses of neutralization reactions have led to 
their use as diagnostic tests. Viruses that exhibit their cytopathic 
(cell-damaging) effects in cell cultu re or embryonated eggs can be 
used to detect the presence of neutralizing viral antibodies (see 
page 441). If the serum to be tested contains antibodies against the 
particular virus, the antibodies will prevent that virus from infect-
ing cells in the cell culture or eggs, and no cytopathic effects will be 
seen. Such tests, known as in vitro neutralization tests, can thus be 
used both to identify a virus and to ascertain the viral antibody titer. 
In vitro neutralization tests are comparatively complex to carry out 
and are becoming less common in modern clinical laboratories. 

A neut ralization test used mostly for the serological typing of 
viruses is the viral hemagglutination inhibition test. Certain 
viruses such as those causing influenza, mumps, and measles have 
surface proteins that will cause the agglutination of red blood cells. 
This test finds its most common use in the subtyping of influenza 
viruses, although more laboratories are likely to be familiar with 
ELISA tests for this purpose. If a person's serum contains anti-
bodies against these viruses, these antibodies will react with the 
viruses and neutralize them (Figure 18.9b). For example, ifhemag-
glutination occurs in a mixture of measles virus and red blood cells 
but does not occur when the patient's serum is added to the 
mixture, this result indicates that the serum contains an tibodies 
that have bound to and neutralized the measles virus. 

CHECK YOUR UNDERSTANDING 

'" In what way is there a connection between hemagglutination 
and certain viruses" 18-14 

'" Which of these tests is an antigen-antibody reaction: precipita-
tion or viral hemagglutination inhibition? 18-15 

Complement-Fixation Reactions 
In Chapter 16 (pages 463-468), we discussed a group of serum 
proteins collectively called complement. During most 
antigen- antibody reactions, complement binds to the 
antigen-antibody complex and is used up, or fixed. This process 
of complement ftxation can be used to detect very small 
amounts of antibody. Antibodies that do not produce a 
visible reaction, such as precipitation or agglutination, can 
be demonstrated by the fixing of complement during the 
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(b) Viral hemagglutination test to detect anlibodies to a virus. These viruses will normally cause hemagglutination when mixed with red blood 
cells. If antibodies to the virus are present, as shown here. they neutralize and inhibit hemagglutination. 

Figure 18.9 Reactions in neutralization tests. 

Q Why does hemagglutination Indicate that a patient does not have a specific disease? 

antigen- antibody reaction. Complement fixation was once used 
in the diagnosis of syphilis (Wassermann test) and is still used 
to diagnose certain viral, fungal, and rickettsial diseases. The 
complement-fixation test requires great care and good controls, 
one reason the trend is to replace it with newer, simpler tests. 
The test is performed in two stages: complement fixation and 
indicator (Figure 18.10). 

CHECK YOUR UNDERSTANDING 

'" Why is complement given its name? 18-16 

Fluorescent-Antibody Techniques 
Fluorescent-antibody (FA) techniques can identify micro-
organisms in clinical specimens and can detect the presence of 
a specific antibody in serum (Figure 18.1 1). These techniques 
combine fluorescent dyes such as fluorescein isothiocyanate 
(FITe ) with antibodies to make them fluoresce when exposed 
to ultraviolet light (see Figure 3.6, page 61). These procedures 
are quick, sensitive, and very specific; the FA test for rabies 
can be performed in a few hours and has an accuracy rate close 
to 100%. 

A Fluorescent -antibody tests are of two types, direct 
and indirect. Direct FA tests are usually used to 

identify a microorganism in a clinical specimen (Figure 18.11a). 
During this procedure, the specimen containing the antigen to 
be identified is fixed onto a slide. Fluorescein-labeled anti-
bodies are then added, and the slide is incubated briefly. Next the 
slide is washed to remove any antibody not bound to antigen 
and is then exam ined under the fluorescence microscope fo r 
yellow-green fluorescence. The residual antibody will be visible 
even if the antigen, such as a virus, is submicroscopic in size. 

Indirect FA tests arc used to detect the presence of a specific 
antibody in serum following exposure to a microorganism 
(Figure 18.11b). They are often more sensitive than direct tests. 
During this procedure, a known antigen is fixed onto a slide. The 
test serum is then added, and, if antibody that is specific to that 
microbe is present, it reacts with the antigen to form a 
bound complex. Fo r the antigen- antibody complex to be seen, 
fluorescein-labeled antihuman immune serum globulin (anti-
HISG), an antibody that reacts specifically with any human 
antibody, is added to the slide. Anti- HI SG will be present only if 
the specific antibody has reacted with its antigen and is therefore 
present as welL After the slide has been incubated and washed 
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Figure 18.10 The complement-fixation test. This test is used to 
indicate the presence of antibodies to a known antigen. Complement Will 
combine (be tilted) with an antibody that is reacting with an antigen. If all 
the complement is tilted in the complement-fixallOn stage. then none will 
remain to cause hemolYSIS of the red blood cells in the indicator stage. 

Q Why does red blood cell lysis indicate that the patient does not 
have a specific disease? 

(to remove unbound antibody), it is examined under a fluores -
cence microscope. If the known antigen fixed to the slide appears 
fluo rescent, the antibody specific to the test antigen is present. 

An especially interesting adaptation of fluorescent antibodies 
is the fluorescence-activated ceU sorter (FACS). In Chapter 17, 
we learned that T cells carry antigenically specific molecules such 
as CD4 and CDS on their surface, and these are characteristic of 
certain groups of T cells. The depletion of CD4 + T cells is used 
10 follow the progression of AIDS; their populations can be 
determined with a FACS. 

The FACS is a modification of a flow cytometer, in which a sus-
pension of cells leaves a nozzle as droplets containing no more 
than one cell each (see page 288) . A laser beam strikes each celI-
containing droplet and is then received by a detector that dcter-
mines certain characteristics such as size (Figure 18.12). If the 
cells carry FA markers to identify them as CD4+ or CDS+ T cells, 
the detector can measure this fluorescence. As the laser beam 
detects a cell of a preselected size or fluorescence, an electrical 
charge, either positive or negative, can be imparted to it. As the 
charged droplet falls between electrically charged plates, it is 
attracted 10 one receiving tube or another, effectively separating 
cells of different types. Millions of cells can be separated in an 
hour with this process, all under sterile conditions, which allows 
them to be used in experimental work. 

An interesting application of the flow cytometer is sorting 
sperm cells to separate male (Y-carrying) and female (X-carrying) 
sperm. The female sperm (meaning that it will result in a female 
embryo when it ferti lizes the egg) contains more DNA, 2.8% 
more in humans, 4% in animals. When the sperm is stained with 
a fluorescent dye specific fo r DNA, the female sperm glows more 
brightly when illuminated by the laser beam because it has more 
DNA and therefore can be separated out. The technique was 
developed for agricultural purposes. However, it has received 
medical approval for use in humans where couples carry genes for 
inherited diseases that affect only boys. 

CHECK YOUR UNOERSTANOING 

V Which test is used to detect antibodies against a pathogen: the 
direct or the indirect fluorescent-antibody test? 18-17 

Enzyme-linked Immunosorbent 
Assay (ELISA) 
The enzyme-linked immunosorbent assay (ELISA) is the most 
widely used of a group of tests known as enzyme immunoassay 
(EIA ). There are two basic methods. The direct ELISA detects 
antigens, and the illdirect ELISA detects antibodies. A microtiter 
plate with numerous shallow wells is used in both procedures 
(see Figure IO.lla, page 288). Variations of the test exist; for 
example, the reagents can be bound to tiny latex particles rather 
than to the surfaces of the microtiter plates. ELISA procedures 
are popular primarily because they require little interpretive skill 
10 read; the results tend to be dearly positive or dearly negative. 
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Figure 18.11 Fluorescent-antibody (FA) techniques. 
(a) A direct FA test to identify group A streptococci. (b) In an indirect FA 
test such as that used in the diagnosis of syphil is, the nuorescent dye is 
attached to antihuman immune serum globulin. which reacts with any 
human immunoglobulin (such as the Treponema pallidum- specific 

Q Differentiate a direct from an indirect FA test. 

Many ELI SA tests are available for clinical use in the form 
of commercially prepared kits. Procedures are often h ighly 
automated, with the resu lts read by a scanner and printed 
out by computer (see Figu re 10.11, page 288 ). Some tests based 
on this principle are also available for use by the public; 
one example is a commonly availabl e home pregn ancy 
test (Figure 18.13).* 

• An Egyptian papyrus dating to 135{1 B.C. described a pregnancy test in which a 
woman would urinate on wheat and barley *eds for sewral days . Growth of the seeds 
was an indication of pregnancy. In 1963 this throry was tested. and 70% of the time 
the urine of a pregnant woman did indeed promote growth whereas the urine of men 
or nonpregnant women did not. Elevated Irvels of estrogens were considered a li kely 
cause. (The u* of two seed species was intended to determine gender: barley, male: 
wheat . female). 

+ 

Fluorescenl dye--labeled 
anti·human immune 

serum globulin 
(will react with 

any immunoglobulin) 

Fluorescent spirochetes 
(see Figure 3.Gb) 

anti body) that has previously reacted with the antigen. The reaction is 
viewed through a fi uorescence microscope. and the ant igen with which 
the dye-tagged antibody has reacted fl uoresces (glows) in the ultraviolet 
illumination. 

Direct ELISA 
The direct ELI SA method is shown in Figure 18.14a (page 518 ). 
A common use of the direct ELISA test is to detect the p resence 
of drugs in urine. For these tests, antibodies specific for the drug 
are adsorbed to the well o n the microtiter plate. (The availability 
of monoclonal antibodies has been essential to the widespread 
use of the ELISA test. ) When the patient's urine sample is added 
to the well, any of the drug thai it contained would bind to the 
antibody and is captured . The well is rinsed to remove any 
unbound drug. To make a visible test, more antibodies specific to 
the drug are now added (these antibodies have an enzyme 
attached to them- therefore, the term enzyme-linked ) and will 
react with the already-captured d rug, form ing a "sandwich" of 
antibody/drugJenzyme-linked antibody. This positive test can be 
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Fluorescently -,,,It 
labeled cells 

Laser beam 
j I I , , ' , 

/ 

detector 

Electrically 
charged 
metal plates 

Collection 
tubes 

0' Electrode 

o 
o 
o 
o 

o 

o 

o A mixture of cells is 
treated to label cells 
that have certain 
antigens with 
fluorascent,antibody 
markers, 

• Cell mixture leaves 
nozzle in droplets, 

e Laser beam strikes 
each droplet 

o Fluorescence detector 
iden@es fluorescent 
cells by fluorescent 
light emitted by cell, 

e Electrode gives 
positive charge to 
identified cells, 

o As cells drop between 
electricalty charged 
plates, the cells with 
a positive charge 
move doser to the 
negative plate, 

G The separated cells 
fall into different 
collection tubes, 

Figure 18,12 The cell sorter 
(FACS)_ This technique can be used to separate different classes 
of T cells, A f luorescence-labeled ant ibody reacts with. for example. 
the CD4 molecule on a T cell, 

Q Provide an applicalion of FACS 10 follow Ihe progress of HIV 
infeclion, 

detected by adding a substrate for the linked enzyme; a visible 
color is produced by the enzyme reacting with its substrate. 

Indirect ELISA 
The indirect ELISA text, illustrated in Figure 18,14b, detects anti-
bodies in a patient's sample rather than an antigen such as a drug. 
Indirect ELI SA tests are used, for exam ple, to screen blood for 

antibodies to HIV (see page 545) , For such a purpose, the 
microtiter well contains an antigen, such as the inactivated virus 
that causes the disease the test is designed to diagnose, A sample 
of the patient's blood is added to the well; if it contains antibod-
ies against the virus, they will react with the virus, The well is 
rinsed to remove unbound antibodies, If antibodies in the blood 
and the virus in the well have attached to each other, they will 
remain in the well-a positive test, To make a positive test visible, 
some anti-H ISG (an immunoglobulin that will attach to any anti-
body, including the one in the patient's serum that has attached to 
the virus in the well; see page 513) is added, The anti-HISG is 
linked to an enzyme, A positive tes t consists of a "sandwich" or a 
virus/antibody/enzyme-linked-anti-HISG, At this point, the sub-
strate for the enzyme is added, and a positive test is detected by 
the color change caused by the enzyme linked to the anti-H ISG, 

Western Blotting (Immunoblotting) 
Western blOHing, often simply called immzmoblottillg, can be used 
to identify a specific protein in a mixture, When this specific pro-
tein is an antibody, the technique is valuable in diagnosing disease, 
The components of the mixture are separated by electrophoresis in 
a gel and then transferred to a protein-binding sheet (blotter). 
There the protein/antigen is flooded with an enzyme-linked ant i-
body. The location of the antigen and the enzyme-linked antibody 
reactant can be visualized, usually with a color-reacting label simi-
lar to an ELISA test reaction (see Figure 18,14) , The most frequent 
application is in a confi rmatory test for HIV infection (see 
page 545). Figure 10,1 2 on page 289 illustrates the procedure,' 

CHECK YOUR UNOERSTANOING 

..r Which test is used to detect antibodies against a pathogen. the 
direct or the indirect ELISA test? 18-18 

..r How are antibodies detected in Western blotting? 18-19 

The Future of Diagnostic and 
Therapeutic Immunology 
The introduction of monoclonal antibodies has revolutionized 
diagnostic immunology by making available large, economical 
amounts of specific antibodies, This has led to many newer diag-
nostic tests that are more sensitive, specific, rapid, and simpler to 
use. For example, tests to diagnose sexually transmitted chlamydial 
infections and certain protozoan-caused intestinal parasitic dis-
eases are coming into common use, These tests had previously 
required relatively difficult culture or microscopic methods for 
diagnosis, At the same time, the use of many of the classic sero-
logical tests, such as complement- fixation tests, is declining, 

'The naming of Western blotting is a bit of scientific whimsy. The Southern blotting 
procedure used for detecting DNA fragments (page 262). which was named for the 
inventor Ed Southern, led to a similar procedure for detc<:ting mRNA fragments 
being named Northern blo tting, This «di re<:tional system" was continued when a new 
blott ing procedure for identifying proteins was developed- hence, Western blotting, 
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---"'<--0 Free monoclonal antibody specific 
for hCG, a hormone produced during 
pregnancy. 

'-- O Capture monoclonal antibody bound 
to substrate. 

e Sandwich formed by combination of 
capture anti body and free antibody when 
hCG is present, creating a color change. 

Figure 18.13 The use of monoclonal antibodies in a home pregnancy test Home 
pregnancy tests detect a hormone called human chorionic gonadotropin (hCG) that is excreted only 
in the urine of a pregnant woman. 

Q What is the antigen In the home pregnancy test? 

Most newer tests will require less human judgment to read, and 
they require fewer highly trained personnel. 

The use of certain lIoflimmullO/ogica/ tests, such as the PCR 
and DNA probes that were discussed in Chapter 10 (page 292 ), is 
increasing. Some of these tests will become automated to a sig-
nificant degree. For example, a DNA chip (see Figure 10.17, 
page 293) containing over 50,000 DNA probes for genetic infor-
mation expected in possible pathogens can be exposed to a test 
sample. This chip is scanned and its data automatically analyzed. 
PCR tests are also becoming highly automated. 

Most of the diagnostic tests described in this chapter are 
those used in the developed world, where laboratory budgets are 
lavish compared to the funds available in much of the world. In 
many countries the money avai lable for all medical expenditures, 
for diagnosis and treatment alike, is tragically small. 

The diseases that most of these diagnostic methods target are 
also those that are more likely to be found in developed coun-
tries. In many parts of the world, especially tropical Africa and 
tropical Asia, there is an urgent need for diagnostic tests for dis-
eases endemic in those areas, such as malaria, leishmaniasis, 
AIDS, Chagas' disease, and tuberculosis. These tests will need to 
be inexpensive and simple enough to be carried out by person-
nel with minimal training. 

The tests described in this chapter are most often used to 
detect existing disease. In the future, diagnostic test ing will 
probably also be directed at preventing disease. In the Uni ted 
States we regularly see reports of outbreaks of foodborne disease. 

Sampling methods that would allow complete iden tification, 
(including specific pathogenic serovars), wit hin a few hours, or 
even minutes, would be a vast savi ng in time. Such rapid diag-
nostic tests would be especially valuable for tracking outbreaks of 
infectious disease carried by fruits and vegetables, such as the 
Salmonella outbreak in the summer of 2008. These products do 
not have the iden tifying marks that facilitate the tracking of 
packaged food products. This saving in time would be translated 
into immense economic savings for growers and retailers. It 
would also lead to less human illness and, perhaps, a saving 
of lives. 

Not every topic discussed in this chapter is necessarily directed 
at the detection and prevention of disease. As was mentioned on 
page 509, Mabs have applications in the therapy of disease as well. 
These are already in use to treat certain cancers such as breast 
cancer and non-Hodgkin's lymphoma, as well as inflammatory 
diseases such as rheumatoid arthri tis. Currently, Mabs are being 
tested for many disease conditions; these include asthma, sepsis, 
coronary artery disease, and several viral infections. They are also 
being studied as a way to treat the immune-caused neurological 
disease, multiple sclerosis. 

CHECK YOUR UNDERSTANDING 

'" How has the development of monoclonal antibodies revolution -
ized diagnostic immunology? 18-20 
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y 
o Antibody is adsorbed to well. 

f) Patient sample is added; 
complementary antigen binds 
to antibody. 

• Enzyme-linked antibody specific 
for test antigen is added and binds 
to antigen, forming sandwich. 

• Enzyme's substrate ( ) is added, 
and reaction produces a product that 
causes a visible COlor change (. ). 

(a) A positive direct ELISA to detect antigens 

o Antigen is adsorbed to welt. 

f) Patient serum is added: 
complementary antibody 
binds to antigen. 

• Enzyme·linked anti·HISG (see 
page 513) is added and binds 
to bound antibody. 

• •• •• • •• • 

• Enzyme's substrate ( ) is added, 
and reaction produces a product that 
causes a vis ible COlor change (. j. 

(b) A posrtive indirect ELISA to detect antibodies 

Figure 18.14 The ELISA method. The components are usually contained in small wel ls of a microtiter plate. 
For an illustration of a technic ian carrying out an ELISA test on such a microtiter plate and the use of a computer 10 
read the results. see Figure 10.11 on page 288_ 

Q Differentiate a direct from an indirect ELISA test. 
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STUDY OUTLINE 
The MyMicmbiologyPlace website (www.micmbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. e learn and 
practice with animations, tutorials, and MPJ tutor sessions, and e test yourself with quizzes and a chapter post-test 

Vaccines (pp. 501 - 506) 

1. Edward Jenner developed the modern practice of vaccination 
when he inoculated people with cowpox virus to protect them 
against smallpox. 

Principles and Effects of Vaccination (p.501) 
2. Herd immunity results when most of a population is immune to a 

disease. 

Types of Vaccines and Their Characteristics 
(pp.50 1-505) 

3. Attenuated whole-agent vaccines consist of attenuated (weakened) 
microorganisms; attenuated virus vaccines generally provide life-
long immunity. 

4. Inactivated whole-agent vaccines consist of killed bacteria or viruses. 
5. Toxoids are inactivated toxins. 
6. Subunit vaccines consist of antigenic fragments of a microorgan-

ism; these include recombinant vaccines and acellular vaccines. 
7. Conjugated vaccines combine the desired an tigen wi th a protein 

tha t boosts the immune response. 
8. Nucleic acid vaccines, or DNA vaccines, cause the recipient to 

make the antigenic protein. 

The Development of New Vaccines (pp. 505- 506) 
9. Viruses for vaccines may be grown in animals, cell cultures, or 

chick embryos. 
10. Recombinant vaccines and nucleic acid vaccines do not need to be 

grown in cells or animals. 
II. Genetically modified plants may someday provide edible vaccines. 
12. Adjuvants improve the effectiveness of some antigens. 

Safety of Vaccines (p. 506) 
13. Vaccines are the safest and most effective means of controlling 

infectious diseases. 

Diagnostic Immunology (p.507) 

Immunologic-Based Diagnostic Tests (p.507) 
1. Many tests based on the interactions of antibodies and antigens 

have been developed to determine the presence of antibodies or 
antigens in a patient. 

2. The sensitivity of a diagnostic test is determined by the percentage 
of positive samples it correctly detects; and its specifici ty is deter-
mined by the percentage of false positive results it gives. 

/ Monoclonal Antibodies (pp.507- 509) 
3. Hybridomas are produced in the laboratory by 

fusing a cancerous cell with an antibody-secret-
ing plasma cell. 

4. A hybridoma cell culture produces large quantities of the plasma 
cell's antibodies, called monoclonal antibodies. 

5. Monoclonal antibodies are used in serological identification tests, 
to prevent tissue rejections, and to make immunotoxins to treat 
cancer. 

Precipitation Reactions (pp.509-510) 
6. The interaction of soluble antigens with 19G or IgM antibodies 

leads to precipitation reactions. 
7. Precipitation reactions depend on the formation of lattices and 

occur best when antigen and antibody are present in optimal pro-
portions. Excesses of either component decrease lattice formation 
and subsequent precipitation. 

8. The precipitin ring test is performed in a small tube. 
9. Immunodiffusion procedures are precipitation reactions carried 

out in an agar gel medium. 
10. Immunoelectrophoresis combines electrophoresis wi th immuno-

diffusion for the analysis of serum proteins. 

Agglutination Reactions (pp.510- 512) 
11. The interaction of particulate antigens (cells that carry antigens) 

with antibodies leads to agglutination reactions. 
12. Diseases may be diagnosed by combining the patient 's serum with 

a known antigen. 
13. Diseases can be diagnosed by a rising titer or seroconversion (from 

no antibodies to the presence of antibodies) . 
14. Direct agglutination reactions can be used to determine antibody 

titer. 
15. Antibodies cause visible agglutination of soluble antigens affixed 

to latex spheres in indirect or passive agglutination tests. 
16. HemaggiUlination reactions involve agglutination reactions using red 

blood cells. Hemagglutination reactions are used in blood typing, the 
diagnosis of certain diseases, and the identification of viruses. 

Neutralization Reactions (p.512) 
17. In neutral ization reactions, the harmful effects of a bacterial exo-

toxin or virus are eliminated by a specific antibody. 
18. An antitoxin is an antibody produced in response 

to a bacterial exotoxin or a toxoid that neutral izes 
the exotoxin. 

19. In a virus neutralization test, the presence of 
antibodies against a virus can be detected by the 
antibodies' ability to prevent cytopathic effects of 
viruses in cell cultures. 

20. Antibodies against certain viruses can be detected by their ability 
to interfere with viral hemagglutination in viral hemagglutination 
inhibition tests. 

Complement-Fixation Reactions (pp.512- 513) 
21. Complement-fixation reactions are serological tests based on the 

depletion of a fixed amount of complement in the presence of an 
antigen- antibody reaction. 

Fluorescent-Antibody Techniques (pp.513-514) 
22. Fluorescent-antibody techniques use antibodies labeled with tluo-

rescent dyes. 
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23. Direct fluorescent -antibody tests are used to identify spedfic . . mICroorgan isms. 
24. Indirect fluorescent -antibody tests are used to demonstrate the 

presence of antibody in serum. 
25. A fluorescence -activated cell sorter can be used to detect and 

count cells labeled with fluorescent antibodies. 

Enzyme-Linked Immunosorbent 
Assay (ELISA) (pp.514- 516) 
26. ELISA techniques use antibodies linked to an 

enzyme. 
27. Antigen- antibody reactions are detected by 

enzyme activity. If the indicator enzyme is pres-
ent in the test well, an antigen- antibody reaction has occurred. 

28. The direct ELISA is used to detect antigens against a specific anti -
body bound in a test well. 

29. The indirect ELISA is used to detect antibodies against an antigen 
bound in a test well. 

Western Blotting (Immunoblotting) (p.516) 
30. Serum antibodies separated by electrophoresis are identified with 

an enzyme-linked antibody. 

The Future of Diagnostic Immunology (p.516- 518) 
31. The use of monoclonal antibodies will continue to make new 

diagnostic tests possible. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers at the back of the textbook. 

Review 
I . Classify the following vaccines by type. Which could cause the dis-

ease it is supposed to prevent? 
a. attenuated measles virus 
b. dead Rickettsia prowazekii 
c. Vibrio cholerae toxoid 
d. hepatitis B antigen produced in yeast cells 
e. purified polysaccharides from StreptoCQccu5 pyogenes 
f. Haemophilus influen:we polysaccharide bound to diphtheria toxoid 
g. a plasmid containing genes for influenza A protein 

2. Define the following terms, and give an example of how each reac-
tion is used diagnostically: 
a. viral hemagglutination 
b. hemagglutination inhibition 
c. passive agglutination 

3. Label the components of the direct and indirect FA 
tests in thc following situations. Which test is direct? Which test 
provides de fi nitive proof of disease? 

(II) Rabies can be diagnosed 
postmortem by mixing fluorescent-
labeled antibodies with brain tissue. 

(b) Syphilis can be diagnosed by 
adding the patient's serum to a slide 
fixed with Treponema pallidum. Anti-
human immune serum globulin tagged 
with a fluorescent dye is added. 

DRAW IT 4. Label components of the direct and indirect ELI SA 
tests in the following situations. Which test is direct? Which test 
provides definitive proof of disease? 

(a) Respiratory secretions to detect respiratory syncytial virus. 

. " . .' '. . • 

(b) Blood 10 delect human immunodeficiency virus antibodies. 

5. How arc monoclonal antibodies produced? What is their 
advantage over horse serum? 

6. Explain the effects of excess antigen and antibody on thc precipi -
tation reaction. How is the precipi tin ring test different from an 
immunodiffusion test? 

7. How docs the antigen in an agglutination reaction differ from that 
in a precipitation reaction? 



8. Match the following serological tests in column A to the descrip-
tions in column B. 

Column A 

_____ a. Precipitation 

_____ b. Western 
blotting 

_____ c. Agglutination 

_____ d. Complement 
fixation 

_____ e. Neutralization 

____ f. ELISA 

Column B 

1. Occurs with particulate 
antigens 

2. Uses an enzyme for the 
indicator 

3. Uses red blood cells for 
the indicator 

4. Uses ant ihuman immune 
serum globulin 

S. Occurs with a free 
soluble antigen 

6. Used to determine the 
presence of antitoxin 

9. Match each of the following tests in column A to its posi tive reac-
tion in column B. 

Column A 

_____ a. Agglutination 
_____ b. Complement 

fixation 
____ c. ELISA 
____ d. FA test 
_____ e. Neutralization 
_____ f. Precipitation 

Multiple Choice 

Column 8 

1. Peroxidase activity 
2. Harmful effects of agents 

not seen 

3. No hemolysis 
4. Cloudy white line 
S. Cell clumping 
6. Fluorescence 

Use the following choices to answer questions I and 2: 
a. hemolysis 
b. hemagglutination 
c. hemagglutination-inhibition 
d. no hemolysis 
c. precipitin ring forms 

1. Patient's serum, influenza virus, sheep red blood cdls, and anti -
sheep red blood cdls are mixed in a tube. What happens if the 
patient has antibodies against influenza? 

2. Patient's serum, Clilamydia. guinea pig complement, sheep red 
blood cells, and an ti-sheep red blood cdls are mixed in a tube. 
What happens if the patient has antibodies against Chlamydia? 

3. The examples in questions 1 and 2 are 
a. direct tests. b. indirect tests. 

Use the following choices to answer questions 4 and 5: 
a. anti -Bmcella c. substrate for the enzyme 
b. Brucella 

4. Which is the third step in a direct EUSA test? 
5. Which item is from the patient in an indirect ELISA test? 
6.ln an immunodiffusion test, a strip of filter paper containing 

diphtheria antitoxin is placed on a solid culture medium. 
Then bacteria are streaked perpendicular to the filter paper. If the 
bacteria are toxigenic, 
a. the filter paper will turn red. 
b. a line of antigen- antibody precipitate will form. 
c. the cells will lyse. 
d. the cells will fluoresce. 
c. none of the above 
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Use the following choices to answer questions 7- 9. 
a. direct fluorescent antibody d. killed rabies virus 
b. indirect fluorescent antibody e. none of the above 
Co rabies immune globulin 

7. Treatment given to a person bitten by a rabid bat. 
8. Test used to identify rabies virus in the brain of a dog. 
9. Test used to detect the presence of antibodies in a patient's serum. 

10. In an agglutination test, eight serial dilutions to determine anti -
body titer were se t up: Tube 1 contained a 1:2 dilution; tube 2, a 
1:4, and so on. If tube 5 is the last tube showing agglutination, 
what is the an tibody titer? 
a.S b. 1:5 c. 32 d. 1:32 

Critical Thinking 
1. What problems are associated with the use of attenuated whole-

agent vaccines? 
2. Many of the serological tests require a supply of antibodies against 

pathogens. For example, to test for Salmollella, anti-Salmonella 
antibodies are mixed with the unknown bacterium. How are these 
antibodies obtained? 

3. A test for antibodies against Treponema pallidum uses the antigen 
cardiolipin and the patient's serum (suspected of having antibodies). 
Why do the antibodies react with cardiolipin? What is the disease? 

Clinical Applications 
1. Which of the following is proof of a disease state? Why doesn't the 

other situation confirm a disease state? What is the disease? 
a. Mycobacterium tuberculosis is isolated from a patient. 
b. Antibodies against M. wberculosis are found in a patient. 

2. Streptococcal erythrogenic toxin is injected into a person's skin in 
the Dick test. What results are expected if a person has antibodies 
against this toxin? What type of immunological reaction is this? 
What is the disease? 

3. The following data were obtained from FA tests for anti-Legiollella 
in four people. What conclusions can you draw? What is the disease? 

Antibody nter 

Day 1 Day 7 Day 14 Day 21 

Patient A '" 256 '" 1 024 

Patient B 0 0 0 0 
Patient C 256 256 256 256 
Patient 0 0 0 '" '" 

4. Maria decided against the relatively new chickenpox vaccine and 
used her parents' method: she wanted her children to get chicken -
pox so that they would develop natural immunity. Her two chil-
dren did get chickenpox. Her son had slight itching and skin vesi -
cles, but her daughter was hospitalized for months with strepto-
coccal cellulitis and underwent several skin grafts before recover-
ing. Maria's housekeeper contracted chickenpox from the children 
and subsequently died. Almost half of the deaths due to chicken-
pox occur in adults. 
a. What responsibilities do parents have for their children's health? 
b. What rights do individuals have? Should vaccination be 

required by law? 
(:. What responsibilities do individuals (e.g., parents) have for the 

health of society? 
d. Vaccines are given to healthy prople, so what risks are acceptable? 



Disorders Associated 
with the Immune System 

In this chapter, we will see that not all immune system responses produce a desirable result. 
A familiar example is hay fever. which results from repeated exposure to plant pollen. Most of 
us also know that a blood transfusion will be rejected if the blood of the donor and the blood 
of the recipient are not compatible and that rejection is also a potential problem with 
transplanted organs. One's own tissue may be mistakenly attacked by the immune system. 
causing diseases we classify as autoimmune. Certain antigens. called superantigens, 
indiscriminately activate many T-cell receptors at once (see cytokine storm in Chapter 17, 

page 493), resulting in damage to tissue (see also Chapter 15, page 436). 

Some people are born with a defective immune system, and in 
all of us the effectiveness of our immune system declines with 

age. Our immune systems can be deliberately crippled 
(immunosuppressed) to prevent the rejection of transplanted 

organs. Disease can also impair the immune system, 
especially infection by HIV, a virus that specifically attacks 
the immune system. 

Q 
How can microscopic pollen from plants cause 
acule discomfort to many people? 
Look for the answer in the chopter. 



Table 19.1 Types of Hypersensitivity 

Type of Reaction 
nme Before 
Clinteal Signs 
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Characteristics Examples 

Type I {Anaphylactic} < 30 min Ig£ binds to mast ce lls or basophils: 
causes degranulation of mast cell or 
basophil and release of reactive 
substances such as histamine 

Anaphylactic shock from drug 
injections and insect venom: 
common allergic conditions. 
such as hay fever. asthma 

Type II (Cytotoxic) 5-12 hours Antigen causes formation of IgM and 
IgG antibodies that bind to target 
cell: when combined with action of 
complement, destroys target cell 

Transfusion reactions. Rh 
incompatibil ity 

Type III (Immune 
Complex) 

3-8 hours Antibodies and antigens form complexes 
that cause damaging inflammation 

Arthus reactions. serum sickness 

Type IV (Delayed Cell-
Mediated, or Delayed 
Hypersensitivity) 

24-48 hours Antigens activate Tc that kill target cell Rejection of transplanted tissues: 
contact dermatit is. such as 

Hypersensitivity 
LEARNING OBJECTIVES 
19-1 Define hypersensitIVIty. 
19-2 Describe the mechanism of anaphylaxis. 

19-3 Compare and contrast systemic and localized anaphylaxis. 

19-4 Explain how allergy skin tests work. 

19-5 Define desensitization and blocking antibody. 
19-6 Describe the mechanism of cytotoxic reactions and how drugs 

can induce them. 

19-7 Describe the basis of the ABO and Rh blood group systems. 

19-8 Explain the relationships among blood groups. blood. transfusions. 
and hemolytic disease of the newborn. 

19-9 Describe the mechanism of immune complex reactions. 

19-10 Describe the mechanism of delayed cel l-mediated reactions. and 
name two examples, 

The term hypersensitivity refers to an antigenic response beyond 
that which is considered normal; the term allergy is more famili ar 
and is essentially synonymous. Hypersensitivity responses occur 
in individuals who have been sensitized by previous exposure to 
an antigen, which in this context is sometimes called an allergen. 
When an individual who was previously sensitized is exposed to 
that antigen again, his or her immune system reacts to it in a 
damaging man ner. The four principal types of hypersensitivity 
reactions, summarized in Table 19.1 , are anaphylactic, cytotoxic, 
immune complex, and cell-mediated (or delayed -type) reactions. 

CHECK YOUR UNDERSTANDING 

./ Are all immune responses beneficial? 19-1 

poison ivy: certain chronic diseases. 
such as tuberculosis 

Type I (Anaphylactic) Reactions 
Type I, or anaphylactic, react ions often occur within 2 to 30 min-
utes after a person sensitized to an antigen is reexposed to that 
antigen. Anaphylaxis means opposite of protected," from the 
prefix ana-, meaning against, and the Greek phylaxis, meaning 
protection. Anaphylaxis is an inclusive term for the reactions 
caused when certain antigens combine with IgE antibodies. 
Anaphylactic responses can be systemic reactions, which produce 
shock and breathing difficulties and are sometimes fatal, or 
localized reactions, which include common allergic conditions 
such as hay fever, asthma, and hives (slightly raised, often itchy 
and reddened areas of the skin). 

The IgE antibodies produced in respo nse to an antigen, such 
as insect venom or plant pollen, bind to the surfaces of cells such 
as mast cells and basophils. These two cell types arc similar in 
morphology and in their contribution to allergic reactions. 
Mast cells arc especially prevalent in the connective tissue of the 
skin and respiratory tract and in surrounding blood vessels. The 
name is from the German word mastzellell, meaning fed"; 
they are packed with granules that at o ne time were mistakenly 
tho ught to have been ingested (Figure 19.1a) . 8asophils circu-
late in the bloodstream, where they constitu te fewer than 1 % of 
the leukocytes. Both arc filled with granules containing a variety 
of chemicals called mecliators. 

Mast cells and basophils can have as many as 500,000 sites for 
IgE attachment. The Fc (stem) region of an IgE antibody (see 
Figure 17.3, page 481) can attach to one of these specific receptor 
sites on such a cell, leaving two antigen-binding sites free. Of 
course, the attached IgE monomers will not all be specific for the 
same antigen. But when an antigen such as plant pollen encounters 
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(0) IgE antibodies, produced in response to an antigen, coat mast 
cells and basophils. When an antigen bridges the gap between two 
adjacent antibody molecules of the same specific ity, the cell under· 
goes degranulation and releases histamine and other mediators. 

10 jJm 

(b) A degranulated mast cell that has reacted with an antigen and 
released granules 01 histamine and other reactive mediators. 

Figure 19.1 The mechanism of anaphylaxis. 

Q What type of celfs do IgE antibodies bind to? 

nvo adjacent antibodies of the same appropriate specificity, it can 
bind to one antigen-binding site on each antibody, bridging the 
space between them. This bridge triggers the mast cell or basophil 
to undergo degranulation, which releases the granules inside these 
cells and also the mediators they contain (Figure 19.1 b). 

These mediators cause the unpleasant and damaging effects of 
an allergic reaction . The best-known mediator is histamine. The 
release of histamine increases the permeability and distension of 
blood capillaries, resulting in edema (swelling) and erythema 
(redness ). Other effects include increased mucus secretion 
(a runny nose, for exam ple) and smooth muscle contraction, 
which in the respiratory bronchi results in breath ing difficulty. 

Other mediators include leukotrienes of vanous types and 
prostaglandins. These mediators are not preformed and stored 
in the granules but are synthesized by the antigen-triggered cell. 
Because leukotrienes tend to cause prolonged contractions of cer-
tain smooth muscles, their action contributes to the spasms of the 
bronchial tubes that occur during asthmatic attacks. 
Prostaglandins affect smooth muscles of the respiratory system 
and increase mucus secretion. 

Collectively, all these mediators serve as chemotactic agents 
that, in a few hours, attract neutrophils and eosinophils to the 
site of the degranulated cell. They then activate various factors 
that cause inflammatory symptoms, such as distension of the 
capillaries, swelling, increased secretion of mucus, and involun-
tary contractions of smooth muscles. 

Systemic Anaphylaxis 
At the turn of the twentieth century, two French biologists 
studied the responses of dogs to the venom of stinging jellyfish. 
Large doses of venom usually ki lled the dogs, but sometimes a 
few survived the injections. These surviving dogs were used 
for repeat experiments with the venom, and the resuits were 
surprising. Even a very tiny dose of the venom, one that should 
have been almost harmless, killed the dogs. They suffered diffi-
culty in respiration, entered shock as their cardiovascular 
systems collapsed, and quickly died. This phenomenon was 
called anaphylactic shock. 

Systemic anaphylaxis (or anaphylactic sIwek ) can result 
when an individual sensitized to an antigen is exposed to it again. 
Injected antigens are more likely to cause a dramatic response 
than antigens introduced via other portals of entry. The release 
of mediators causes peripheral blood vessels throughout the 
body to enlarge, resulting in a drop in blood pressure (shock). 
This reaction can be fatal within a few minutes. There is very 
little time to act once someone develops systemic anaphylaxis. 
Treatment usually involves self-administration with a preloaded 
syringe of epinephrine, a drug that constricts blood vessels and 
raises the blood pressure. In the United States, 50 to 60 people die 
each year from anaphylactic shock caused by insect stings. 

You may be acquainted with someone who reacts to peni -
cillin in this way. In these individuals, the penicillin, which is a 
hapten (it cannot induce antibody formation by itself; see 
Chapter 17 ), combines with a carrier serum protein. Only then 
is penicillin imm unogenic. Penicillin allergy probably occurs 
in about 2% of the population . Skin tests for penicillin sensi-
tivity are available. Patients who have a positive skin test can be 
desensi tized (see page 526) by an orally administered series o f 
increasing doses of penicill in V. The interval between doses is 
on ly 15 minutes and is completed wi thin 4 hours. The desen-
sitization is valid only for an uninterrupted penicillin series 
immediately following the procedure. Allergy to penicillin 
also includes risk from exposure to some related drugs, such as 
carbapenem (page 56l). 
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(a) A micrograph of pollen grains (b) A micrograph of a house dust mile 

Figure 19.2 localized anaphylaxis. Inhaled antigens such as these are a common cause of 
localized anaphylaxis. 

Q Compare localized and systemic anaphylaxis. 

Localized Anaphylaxis 
Whereas sens itization to injected antigens is a common 
cause of systemic anaphylaxis, localized anaphylaxis is usually 
associated with antigens that are ingested (foods) or inhaled 
(pollen)( Figure 19.28). The symptoms depend primarily on the 
route by which the antigen enters the body. 

A In allergies involving the upper respiratory system, 
such as hay fever, sensitization usually involves mast 

cells in the mucous membranes of the upper respiratory tract. The 
airborne antigen might be a common environmental material 
such as plant pollen, fungal spores, feces of house dust mites 
(Figure 19.2b), or animal The typical symptoms are itchy 
and teary eyes, congested nasal passages, coughing, and sneezing. 
Antihistamine drugs, which compete for histamine receptor sites, 
are often used to treat these symptoms. 

Asthma is an allergic reaction that mainly affects the lower 
respiratory system. Symptoms such as wheezing and shortness of 
breat h are caused by the constriction of smooth muscles in the 
bronchial tubes. 

For unknown reasons, asthma is becoming a near epidemic, 
affecting about 10% of children in Western society, although they 
often outgrow it in time. It is speculated that lack of childhood 
exposure in the developed world to many infections, the so·called 
hygiene hypothesis, is a factor in the increase in the incidence of 
asthma. Mental or emotional stress can also be a contributing 
fac tor in precipitating an attack. Symptoms of asthma are usually 

• is a general term for microscopic particles from the fur or skin of animals. 
A cat. for example, carries about 100 mg of dander on its coat and sheds about 
0.1 mg a day. This accumulates in upholstery and carpeting. People with allergies to 
mice, gerbils, and similar small animals are more likely ro be allergic to components 
of urine accumulating in 

controlled by aerosol inhalants, which, unfortunately, may be 
difficult for very small children to use. Xolair (omalizumab) is a 
newly available drug but is a very expensive treatment for severe 
allergic asthma. It blocks IgE. 

Antigens that enter the body via the gastrointestinal tract can 
also sensitize an individual. Many of us may know someone who 
is allergic to a particular food . Frequently, so-called food allergies 
may not be related to hypersensitivity at all and are more accu-
rately described as food illfo/erances. For example, many people are 
unable to digest the lactose in milk because they lack the enzyme 
that breaks down this disaccharide milk sugar. The lactose enters 
the intestine, where it osmotically retains fl uid, causing diarrhea. 

Gastrointestinal upset is a common symptom of food aller-
gies, but it can also result from many other factors . Hives are 
more characteristic of a true food allergy, and ingestion of the 
antigen may result in systemic anaphylaxis. Death has even 
resulted when a person sensitive to fis h ate french fries that had 
been prepared in oil previously used to fry fish . Skin tests are not 
reliable indicators for the diagnosis o f food -related allergies, and 
completely controlled tests for hypersensitivity to ingested foods 
are very difficult to perform. Only eight foods are responsible for 
97% of food-related allergies: eggs, peanu ts, tree-grown nuts, 
milk, soy, fish, wheat, and peas. Most children exhibiting allergies 
to milk, egg, wheat, and soy develop tolerance as they age, but 
reactions to peanuts, tree nuts, and seafood tend to persist. 

An estimated 1.5 million Americans are allergic to peanuts, 
and as many as 100 deaths occur annually. Therefore, consider-
able research is underway on the problem, ranging from drugs 
and vaccines to developing less allergenic peanuts. It is interest-
ing that China has a relatively low incidence of peanut allergy, 
although peanuts are common in Chinese foods. This may be 
because Chinese cookery involves boiling and lower-tem perature 
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Figure 19.3 A skin test to identify allergens. Drops of flu id 
containing test substances are placed on the skin. A light scratch is made 
with a needle to allow the substances to penetrate the skin. Reddening 
and swelling at the site identify the substance as a probable cause of an 
allergic reaction. 

Q What is scrntched into the skin In a skin test? 

frying, whereas dry roasting of peanuts concentrates allergic 
properties. Some children who have a relatively low level of 
peanut-specific IgE may outgrow their peanut allergy. 

Sulfites, to which many people have an allergy, are a frequent 
problem. Their use is widespread in foods and beverages; and, 
although food labels should indicate their presence, they may be 
difficult to avoid in practice. A food product may have come into 
contact with a food allergen through processing machinery or 
cookware previously used for o ther foods. In one U.S. Food and 
Drug Adm inistration report, 25% of bakery, ice cream, and 
candy products tested positive for peanut allergens even though 
peanuts were not listed on the required product labels. In the 
United States it is estimated that 200 persons a year die of severe 
allergic reactions to foods. 

Preventing Anaphylactic Reactions 
Avoiding contact with the sensitizing antigen is the most obvious 
way to prevent allergic reactions. Unfortunately, avoidance is not 
always possible. Some individuals experience an allergic reaction 
after eating an assortment of foods. In such cases, they may not 
know exactly what antigen they are sensitive to. In some cases, 
skin tests might be of use in diagnosis (Figure 19.3). These tests 
involve inoculating small amounts of the suspected antigen just 
beneath the epidermis of the skin . Sensitivity to the antigen is 
indicated by a rapid inflammatory reaction that produces red-
ness, swelling, and itch ing at the inoculation site. This small 
affected area is called a wheal. 

Once the responsible antigen has been identified, the person 
can either try to avoid contact with it or undergo desensitization. 
This procedure usually consists of a series of gradually increasing 
dosages of the antigen carefully injected beneath the skin. 

The objective is to cause the production of IgG rather than IgE 
antibodies in the hope that the circulating IgG antibodies will act 
as blocking antibodies to intercept and neutralize the antigens 
before they can react with cell-bound IgE. Desensitization is not a 
routinely successful procedure, but it is effective in 65-75% of 
individuals whose allergies are induced by inhaled antigens and in 
a reported 97% of people allergic to insect venom . 

CHECK YOUR UNOERSTANOING 

..r In what tissues do we find the mast cells that are major contrib-
utors to allergic reactions such as hay fever? 19-2 

..r Which is the more dangerous to life, systemic or localized ana-
phylaxis? 19-3 

..r How can we tell whether a person is sensitive to a particular 
allergen, such as a tree pollen? 19-4 

..r Which antibody types need to be blocked to desensitize a 
person subject to allergies? 19-5 

Type II (Cytotoxic) Reactions 
Type II (cytotoxic) reactions generally involve the activation of 
complement by the combination of IgG or IgM antibodies with 
an antigen ic cell. This activation stimulates complement to lyse 
the affected cell, which might be either a foreign cell or a host cell 
that carries a foreign antigenic determinant (such as a drug) on 
its surface. Additional cellular damage may be caused within 5 to 
8 hours by the action of macrophages and o ther cells that attack 
antibody-coated cells. 

The most familiar cytotoxic hypersensitivity reactions are 
transfusioll reactions, in which red blood cells are destroyed as a 
result of reacting with circulating antibodies. These involve 
blood group systems that include the ABO and Rh ant igens. 

The ABO Blood Group System 
In 190], Karl Landsteiner discovered that human blood could be 
grouped into four principal types, which were designated A, B, 
AB, and O. This method of classification is called the ABO blood 
group system. Since then, other blood grou p systems, such as 
the Lewis system and the MN system, have been discovered, but 
our d iscussion will be limited to two of the best known, the ABO 
and the Rh systems. The main features of the ABO blood group 
system are summarized in Table 19.2. 

A person's ABO blood type depends on the presence or 
absence of carbohydrate antigens located on the cell membranes 
of red blood cells (RBCs). Cells of blood type 0 lack both A and 
B antigens. Table 19.2 shows that the plasma of individuals with 
a given blood type, such as A, have antibodies against the alter-
native blood type, anti-B antibody. These antibodies are pre-
sumed to arise in response to microorgan isms and ingested 
foodstuffs that have antigen ic determinants very similar to blood 
group antigens. Individuals with type AB cells have plasma with 
no antibodies to either A or B antigens. Type 0 individuals have 
antibodies against both A and B antigens. 
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Table 19.2 The ABO Blood Group System 

Frequency ('¥II U.s. Population) 

Blood That Can 
Blood Group 

AB 

Erythrocyte or Red 
Blood Cell Antigens Illustration Plesme Antibodies Be Received White .. - "'ian 

A and B Neither anli-A nor anli -B 
antibodies 

A. B. AB. 0 3 • 5 

B B Anti -A B. a 9 20 27 

A A " - Anti-B A.O 41 27 28 , 
< , , < 

a Neither A nor B Anti -A and Anti -B a 47 49 40 

When a transfusion is incompatible, as when type B blood is 
transfused into a person with type A blood, the antigens on the type 
B blood cells will react with anti-B antibodies in the recipient's 
serum. This antigen- antibody reaction activates complement, 
which in turn causes lysis of the dono r's RBCs as they enter the .. , reCIpients system. 

A rela tionsh ip bel\veen blood types and certain d iseases has 
been observed, which may be related to the skewing of blood types 
in certa in geographical areas. For example, individuals with type ° blood are more susceptible to the incidence and severity of 
cholera and other diarrheas, whereas individuals with type Bare 
much less affected. This tendency seems to be reflected in the 
blood types found in the Indian subcontinent, where type B is 
common and type ° less so. Iceland has a relatively low percentage 
of blood types A and AB, possibly caused by the greater suscepti -
bility of these blood types to a succession of smallpox epidemics 
within this geograph ically restr icted population. More than half 
of the population of Africa is of type 0, which tends to be less 
severely affected by malaria. 

The Rh Blood Group System 
In the 1930s, researchers discovered the presence of a d iffe rent 
surface antigen on human red blood cells. Soon after they injected 
rabbits with RBCs from rhesus monkeys, the rabbit serum 
contained antibodies that were directed against the monkey blood 
cells but that would also agglutinate some human RBCs. This indi -
cated that a common antigen was present on both human and 
monkey red blood cells. The antigen was named the Rh factor (Rh 
for rhesus monkey). The roughly 85% of the population whose 

cells possess this antigen are called Rh +; those lacking this RBC 
antigen (about 15%) are Rh - . Antibodies that react with the 
Rh antigen do not occur naturally in the serum ofRh - individuals, 
but exposure to this antigen can sensitize their immu ne systems to 
produce anti-Rh antibodies. 

Blood Transfusions and Rh Incompatibility If blood from an 
Rh + donor is given to an Rh - recipient, the donor's RBCs stim-
ulate the production of anti-Rh ant ibodies in the recipient. If the 
recipient then receives Rh + RBCs in a subsequent transfusion, a 
rapid, serious hemolytic reaction will develop. 

Hemolytic Disease of the Newbom Blood transfusions arc not 
the only way in which an Rh - person can become sensitized to Rh + 
blood. When an Rh - woman and an Rh + man produce a child, 
there is a 50% chance that the child will be Rh + (Figure 19.4) . If the 
child is Rh +, the Rh - mother can become sensitized to this antigen 
during birth when the placental membranes tear and the fetal Rh + 
RBCs enter the maternal circulation, causing the mother's body to 
produce anti-Rh antibodies of the IgG type. If the fetus in a subse-
quent pregnancy is Rh +, her anti-Rh antibodies will cross the pla-
centa and destroy the fetal RBCs. The fetal body responds to this 
immune attack by producing large numbers of immature RBCs 
called erythroblasts. Thus, the term erythroblastosis Jetalis was once 
used to describe what is now called hemolytic disease of the 
newborn (HDNB). Before the birth of a fetus with this condition, 
the maternal circulation removes most of the toxic by-products 
of fetal RBC d isintegration. After birth, however, the fetal blood 
is no longer purified by the mother, and the newborn develops 
jaundice and severe anemia. 
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Figure 19 .• Hemolytic disease ofthe newborn. 

Q What type of antibodies CI"O$S the placenta? 

HDNB is usually prevented today by passive immunization of 
the Rh - mother at the time of delivery of any Rh + infant with anti-
Rh antibodies, which are available commercially (RhoGAM ). These 
anti-Rh antibodies combine with any fetal Rh+ RBCs that have 
entered the mother's circulation, so it is much less likely that she will 
become sensitized to the Rh antigen. [f the disease is not prevented, 
the newborn's Rh + blood, contaminated with maternal antibodies, 
may have to be replaced by transfusion of uncontaminated blood. 

Drug-Induced Cytotoxic Reactions 
Blood platelets (thrombocytes) arc minute cell-like bodies that are 
destroyed by drug-induced cytotoxic reactions in the disease called 
thrombocytopenic purpura. The drug molecules are usually 
haptem because they are too small to be ant igenic by themselves; 
but, in the situation illustrated in Figure 19.5, a platelet has become 
coated with molecules of a drug (quinine is a familia r example), 
and the combination is antigenic. Both antibody and complement 
are needed for lysis of the platelet. Because platelets are necessary 
for blood dotting, their loss results in hemorrhages that appear on 
the skin as purple spots (purpura). 

Drugs may bind si milarly to white or red blood celis, causing 
local hemorrhaging and yielding symptoms described as "blue-
berry muffin" skin mottling. Immune-caused dest ruction of 
granulocytic white cells is called agranulocytosis, and it affects 
the body's phagocyt ic defenses. When RBCs are destroyed in the 
same ma nner, the condition is termed hemolytic anemia. 

CHECK YOUR UNDERSTANDING 

,.f' What, besides an allergen and an antibody, is required to pre-
cipitate a cytotoxic reaction? 19-6 

,.f' What are the antigens located on the cell membranes of type a 
blood? 19-7 

,.f' If a fetus that is Rh + can be damaged by anti-Rh antibodies of 
the mother. why does such damage never happen during the 
first such pregnancy? 19-8 

Type III (Immune Complex) Reactions 
Type III reactions involve an tibodies against soluble antigens 
ci rculating in the serum. (In contrast, type II immune reactions 
are di rected against antigens located on cell or tissue su rfaces. ) 
The antigen-an tibody complexes are deposited in organs and 
cause inflamma tory damage. 

Immune complexes form only when certain ratios of anti-
gen and an tibody occur. The antibod ies involved are usually 
IgG. A significant excess of an tibody leads to the fo rma tion of 
complement-fixi ng complexes that are rapid ly removed from 
the body by phagocytosis. When there is a significan t excess 
of antigen, soluble complexes form that do not fix comple-
ment and do not cause inflammation. However, when a certain 
antigen-antibody rat io exists, usually with a sl ight excess of 
antigen, the soluble complexes that form are small and escape 
phagocytosis. 
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Figure 19.5 Drug-induced thrombocytopenic purpura. 
Molecules of a drug such as quinine accumulate on the surface of a 
platelet and slImulate an immune response that destmys the platelet. 

Q What actually destroys the platelets in thrombocytopenic 
purpura? 

Figure 19.6 Immune complex-mediated 
hypersensitivity. 

Q Name one immune complex disease. 

Basement 
membrane of __ 
blood vessel 

Endothelial ---' 
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Figure 19.6 illustrates the consequences. These complexes 
circulate in the blood, pass between endothelial cells of the 
blood vessels, and become trapped in the basement membrane 
benea th the cells. In this location, they may activate comple-
ment and cause a transient inflammatory reaction: attracting 
neutrophils that release enzymes. Repeated introduction of the 
same antigen can lead to more serious inflammatory reactions, 
causing damage to the basement membrane's endothelial cells 
within 2 to 8 hours. 

Glomerulonephritis is an immune complex condition, usually 
resulting from an infection, that causes inflammatory damage to the 
kidney glomeruli, which are sites of blood filtration . 

CHECK YOUR UNDERSTANDING 

..r Are the antigens causing immune complex reactions soluble or 
insoluble? 19-9 

Type IV (Delayed Cell-Mediated) Reactions 
up to this point we have discussed humoral immune responses 
involving IgE, IgG, or IgM. Type IV reactions involve cell-mediated 
immune responses and are caused mainly by T cells. Instead of 
occurring within a few minutes or hours after a sensitized individ -
ual is again exposed to an antigen, these delayed cell-mediated 
reactions, (or delayed hypersensitivity) are not apparent for a day 
or more. A major factor in the delay is the time required for the par-
ticipating T cells and macrophages to migrate to and accumulate 
near the foreign antigens. Transplant rejection is most commonly 
mediated by cytotoxic T lymphocytes (CTls; page 487), but other 
mechanisms are by antibody-dependent cell-mediated cytotoxicity 
(ADCC; page 492) or complement-mediated lysis (page 464). 
Another example is described in the box on page 531. 

Imooone complexes 
are deposited in wall 
01 blood vessel. 

o Presence of immune 
complexes activates 
complement and 
attracts inflammatory 
cells such as 
neutrophils. membrane. 
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Figure 19.7 The development of an allergy 
(allergic contact dennatitis) to catechols from 
the poison ivy plant. Pentadecacatechol is a mixture 
of catechols. which are oi ls secreted by the plant that 
dissolve easily in skin oils and penetrate the skin. In the 
skin, Ule catechols function as haptens- that is, they 
combine wiU1 skin proteins to become antigenic and 
provoke an immune response. The first contact with 
poison ivy sensitizes the susceptible person, and 
subsequent exposure results in contact dermatitis. 

7-10 days .. • • • '. 1-2 days .. 
T cells: • T memory cells: .. Many active T cells: 

Sensi1ization slep Immune response Disease .. 
(No dermatitis) Dermatitis 

Q How does a hapten calise an allergic reaction? 
PRIMARY CONTACT SECONDARY CONTACT 

Causes of Delayed Cell-Mediated Reactions 
Sensitizatio n for delayed hypersensitivity reactions occurs 
when certain foreign antigens, particularly those that bind 
to tissue cells, are phagocytized by macrophages and then p re-
sented to receptors on the T-cell surface. Contact between the 
antigenic determinant sites and the appropriate T cell causes 
the T cell to proliferate into mature differentiated T cells and 
memory cells. 

When a person sensitized in this way is reexposed to the same 
antigen, a delayed hypersensitivity reaction might result. 
Memory cells from the initial exposure activate T cells, which 
release destructive cytokines in their interaction with the target 
antigen . In addition, some cytokines contribute to the inflamma-
tory reaction to the fore ign antigen by attracting macrophages to 
the site and activating them. 

Delayed Cell-Mediated Hypersensitivity 
Reactions of the Skin 
We have seen that hypersensitivity symptoms are frequently 
displayed on the skin . One delayed hypersensitivity reaction 
that involves the skin is the familiar skin test for tuberculosis. 

Because Mycobacterium tuberculosis is often located within 
macrophages, this organism can stimulate a delayed cell -
mediated immune response. As a screening test, protein com-
ponen ts of the bacteria are injected into the skin. If the 
recipient has (or has had) a previous infection by tuberculo-
sis bacteria, an inflammatory reaction to the injection of 
these antigens will appear on the skin in I to 2 days (see 
Figure 24.11, page 686); th is interval is typical of delayed 
hypersensitivity reactions. 

Allergic contact dermatitis, another common manifestation 
of delayed cell -mediated hypersensitivity, is usually caused by 
haptens that combine with proteins (particularly the amino acid 
lysine) in the skin of some people to produce an immune 
response. Reactions to poison ivy (Figure 19.7), cosmetics, and the 
metals in jewelry (especially nickel ) are familiar examples of these 
allergies. 

The increasing exposure to latex in condoms, in certain 
catheters, and in gloves used by health care workers has led to a 
greater awareness of hypersensitivity to latex. Death from 
anaphylactic shock can also occur. During a recent 4-year period, 
15 fatalities among patients were caused by exposure to latex 



A Delayed Rash 
As you read through this box, you will 
encounter a series of questions that health 
care professionals ask as they determine the 
cause of a patient's symptoms. Try 10 answer 
each question before going on to the next 
one. 

1. A 65-year-old woman with hip and 
shoulder replacements made a routine 
dental appointment. She asked for her 
usual prescription of cephalothin. The 
nurse practitioner prescribed penicillin, 
saying it is less expensive. Because of 
her hip and shoulder implants, anti -
biotics were prescribed for 2 days after 
any dental work. 
Why are patients with medical implants 
more susceptible to infection from dental 
work? 

2. Oral bacteria introduced 10 the 
stream during dental work can colonize 
on medical implants. The resulting 
biofilm may be a source of serious sys-
temic infections. The dental cleaning 
went well. Seven days later, the woman 
developed a maculopapular rash over 
her legs and torso (see the figure). 
What are the most likely causes of a rash, 
in the absence of fever or other signs of 
infection? 

3. A rash is likely due to an allergic 
reaction. 

4. 

5. 

6. 

What questions would you ask the 
patient? 
The patient had not tried any new 
foods, cleaning agents, or clothing. 
She said the only thing different during 
the past 10 days was her taking the 
penicillin. The nurse practitioner said 
penicillin couldn't be the cause because 
responses to penicillin occur within 
minutes to hours after exposure. 
Was the nurse practitioner correct? 
Immediate reactions that occur within 
minutes to hours suggest an antibody-
mediated allergy. Delayed reactions, 
such as in this patient, that occur after 
days to weeks suggest a type IV cell-
mediated reaction. 
What cells are responsible for a type IV 
hypersensitivity? What antibodies are 
involved In a type I hypersensitivity? 
Sensitized T cells are involved in 
delayed hypersensitivity reactions. 
including antibiotic-induced rashes. 
Drug-specific IgE antibodies are 
responsible for type I immediate hyper-
sensitivity reactions. 

7. 

8. 

What should the nurse practitioner have 
asked? 
The nurse practitioner should have 
asked whether the patient had any drug 
allergies. However. in this case. the 
patient had no prior drug-induced allergy. 
Was this the patient's first exposure to 
penicillin? 
Allergic reactions do not occur on the 
first exposure to an antigen. The prior 
exposure could have occurred once 
during the patient's life. Many immu-
nologists feel that the overuse of 
penicillin 40 years ago for bacterial 
infections resulted in an increased 
frequency of allergic reactions. 
Most patients who have a history of 
penicillin allergy. however, will tolerate 
cephalosporins. 

tubing used for enemas or, during abdominal surgery, to the 
latex gloves of the surgeon. Many hospitals now even restrict 
entry of latex balloons. 

and Drug Administration (FDA) registration as a Class II 
medical device that can be labeled as nonallergenic. 

Among physicians and nurses, 5-12% report this type of 
hypersensitivity to latex surgical gloves (Figure 19.8). Several 
different proteins in natural rubber may be involved, and 
different proteins may cause different immune reactions. Low-
protein latex gloves, which are also powder-free to minimize 
aerosols, elicit fewer adverse reactions. Synthetic polymers 
such as vinyl and, especially, nit rile are alternatives to latex, but 
even nit rile gloves occasionally cause allergic reactions. Most 
gloves that are made of natural latex, as well as those made of 
nitrile and neoprene, contain chemical additives called accel -
erators. Accelerators promote cross- linkage, which adds 
strength and resiliency, but they have been implicated in aller-
gic reactions. One type of nitrile glove that does not contain 
accelerators has been developed and has received u.S . Food 

Many persons who develop an allergy to latex for some reason 
also have evidence of allergies to certain fru its, most commonly 
avocado, chestnut, banana, and kiwi. Latex paint, however, does 
not pose a threat of hypersensitivity reactions. Despite its name, 
latex paint contains no natural latex, but only synthetic nonaller-
genic chemical polymers. 

The identity of the environmental factor causing the dermatitis 
can usually be determined by a patch test. Samples of suspected 
materials are taped to the skin; after 48 hours, the area is examined 
for inflammation. 

CHECK YOUR UNOERSTANOING 

..r What is the primary reason for the delay in a delayed cell-mediated 
reaction? 19-10 

531 
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Figure 19.8 Allergic contact dermatitis. This person's hand 
exhibits a severe case of delayed contact dermatitis from wearing latex 
surgical gloves_ 

Q What is allergic contact dermatitis? 

Autoimmune Diseases 
LEARNING OBJECTIVES 
19-11 Describe a mechanism for self-tolerance_ 
19-12 Give an example of immune complex, cytotoxic, and cell-mediated 

autoimmune diseases_ 

When the action of the immune system is in response to se[f-
antigens and causes damage to one's own o rgans, the result is an 
autoimmune disease. More than 40 autoimmune diseases have 
been identified. Although relatively rare, they affect about 5% of 
the population in the developed world . About 75% of the cases 
of autoimmune d isease selectively affect women . Treatments for 
autoimmune diseases are improving as knowledge of the mech-
an isms controlling immune reactions improves. 

Autoimmune diseases occur when there is a loss of self-
tolerance, the immune system's ability to discrimi nate self from 
nonself. In the generally accepted model by which T cells become 
capable of dis tinguishing self from nonself, the cells acquire this 
ability during their passage through the thymus. As we saw in 
Chapter 17 (page 485), any T cells that will target host cells are 
eliminated by thymic se1ectiol! during this period. This step 
makes it unlikely that the T cell will attack its own tissue cells. 

In autoimmune d iseases, the loss of self-tolerance leads to the 
production of antibodies or a response by sensitized T cells 
against a person's own tissue antigens. Autoimmune reactions, 

and the diseases they cause, can be cytotoxic, immune complex, 
or cell-mediated in nature. 

Autoimmunity involves antibodies that attack self. These 
antibodies may be made in response to an infectious agent such 
as a virus, but sequence similarities between viral and self-
proteins may cause the antibodies to attack self cells. Hepatitis 
C virus may be responsible for autoimmune hepatitis by this 
mechanism . 

Cytotoxic Autoimmune Reactions 
Graves' disease and myasthenia gravis are two examples of disor-
ders caused by cytotoxic autoimmune reactions. Both diseases 
involve antibody reactions to cell-surface antigens, although 
there is no cytotoxic destruction of the cells. 

Graves' disease is caused by antibodies called long-acting 
thyroid stimulators. These antibodies attach to receptors on 
thyroid gland cells that arc the normal ta rget cells of the thyroid-
stimulating hormone produced by the p ituitary gland. The result 
is that the thyroid gland is stimulated to produce increased 
amounts of thyroid hormones and becomes greatly enlarged. 
The most striking signs of the disease arc goiter (a disfigur-
ing swelling of the thyroid gland) and markedly bulging, 
staring eyes. 

Myasthenia gravis is a disease in which muscles become 
progressively weaker. It is caused by antibodies that coat the 
acetylcholine receptors at the junctions at which nerve 
impulses reach the muscles. Eventually, the muscles controlling 
the diaphragm and the rib cage may fail to receive the necessary 
nerve signals, and respiratory arrest and death result. 

Immune Complex Autoimmune Reactions 
Systemic lupus erythematosus is a systemic autoimmune disease, 
involving immune complex reactions, that mainly affects women. 
The etiology of the disease is not completely understood, but 
afflicted individuals produce antibodies directed at components of 
their own cells, including DNA, which is probably released during 
the normal breakdown of tissues, especially the skin. The most 
damaging effects of the disease result from deposits of immune 
complexes in the kidney glomeruli. 

Crippling rheumatoid arthritis is a disease in which 
immune complexes of IgM, IgG, and complement arc deposited 
in the joints. In fact, immune complexes called rheumatoid fac-
tors may be formed by IgM binding to the Fc region of normal 
IgG. These factors are found in 70% of individuals suffering 
from rheumatoid arthritis. The chronic inflammation caused by 
this deposition eventually leads to severe damage to the cart ilage 
and bone of the joint. 

Cell-Mediated Autoimmune Reactions 
Multiple sclerosis is one of the more common autoimmune 
diseases, affecting mostly younger adults. Most individuals 



with multiple sclerosis are whites living in northern lati tudes; 
women are twice as likely to have the disease. It is a neurologi-
cal disease in which T cells and macrophages attack the myelin 
sheath of nerves. Symptoms range from only fat igue and weak-
ness to, in some cases, eventual severe paralysis. The d isease 
progresses slowly, over many years. New attacks tha t worsen the 
condition are often sepa rated by long periods of remission. 
There is considerable evidence of genetic susceptibili ty, proba-
bly not from a single gene, but from several genes that interact. 
The etiology of mu ltiple sclerosis is unknown, but epidemio-
logical evidence indicates that it probably involves some infec-
tive agent or agents acquired during early adolescence. The 
Epstein-Barr virus (page 391) is frequently mentioned as a 
prime suspect. No cure exists, but treatments with interferons 
and several drugs that interfere with immune processes can sig-
nificantly slow progression of symptoms. 

Insulin-dependent diabetes mellitus is a familiar condition 
caused by immunological dest ruction of insulin-secreting cells 
of the pa ncreas. T cells are clearly implicated in th is disease; ani-
mals that are genetically likely 10 develop diabetes fail 10 do so 
when their thymus is removed in infancy. 

The fa irly common skin condition psoriasis is an autoim-
mune disorder characterized by itchy-red patches of thickened 
skin. As many as 25% of patients develop psoriatic arthritis. 
Several topical and systemic therapies such as corticosteroids and 
methotrexate are available to help control psoriasis of the skin. 
Psoriasis is considered to be a T HI d isease and can be effectively 
treated with immunosuppressa nts that target T cells and espe-
cially the cytokine, TNF-a (see page 460), an important facto r in 
inflammation. For psoriatic arthritis, as well as rheumatoid 
arthritis, the most effective treatments are injections of mono-
clonal antibodies that inhibit TNF-a. See the box in Chapter 17 
on page 494 for another new treatment. 

CHECK YOUR UNOERSTANOING 

..r What is the importance of clonal deletion in the thymus? 19-11 

..r What organ is affected in Graves' disease? 19-12 

Reactions Related to the Human 
Leukocyte Antigen (HLA) Complex 
LEARNING OBJECTIVES 
19-13 Define HLA complex. and ex.plain its importance in disease sus-

ceptibility and tissue transplants. 

19-14 Explam how a transplant is rejected. 

19-15 Define pdv/feged site. 

19-16 Discuss the role of stem cells in transplantation. 

19-17 Define autograft isograft allograft. and xenotransplant. 

19-18 Explam how graft-versus-host disease occurs. 

19-19 Explam how rejection of a transplant is prevented. 
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Lymphocyte ___ -, 
being tested 

o Anti-HLA antibodies 
attach to HLAs on 
tymphocyte. 

e _ Complement ,,' 
• lrypan blue dye 

are added. 

o Cell damaged 
by complement 
takes up dye. 

Figure 19.9 Tissue typing, a serological method. Lymphocytes 
from the person being tested are incubated with laboratory test stocks of 
anti -H LA antibodies specific for a particular HlA If the antibodies react 
with the antigens on a lymphocyte. then complement damages the 
lymphocyte and dye can enter the cell. Such a posit ive test result indicates 
that the person has the particular H LA bemg tested for. 

Q Why is tissue typing done? 

The inherited genetic characteristics of individuals are expressed 
not only in the color of their eyes and the curl of their hair but 
also in the com position of the self molecules on their cell sur-
faces. Some of these are called histocompatibility antigens. 
The genes controlling the production of the most important of 
these self molecules are known as the major histocompatibility 
complex (MHC). In humans, these genes are called the human 
leukocyte antigen (HLA) complex. We encountered these self 
molecules in Chapter 17 (page 482), where we saw that most 
antigens can stim ulate an immune reaction only if they are asso-
ciated with an MHC molecule. 

A process called HLA typing is used to identify and compare 
HLAs. Certain H LAs are related to an increased susceptibility 10 

specific d iseases; one medical application of HLA typing is 10 

identify such susceptibility. A few of these relationships are sum -
marized in Table 19.3. 

Another important medical application of HLA typing is in 
transplant surgery, in which the donor and the recipien t must be 
matched by tisslle typing. The serological technique shown in 
Figure 19.9 is the one most often used. In serological tissue typ -
ing, the laboratory uses standardized an tisera or monoclonal 
antibodies that are specific for particular HLAs. 
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Table 19.3 Diseases Related to Specific Human Leukocyte Antigens (HLAs) 

Innammatory Diseases 

Multiple sclerosis 

Rheumatic fever 

Endocrine Diseases 

Addison's disease 

Graves' disease 

Malignant Disease 

Hodgkin's disease 

'Compared to the general population. 

Increased RIsk of Occurrence 
with Specific HLA" 

5 times 

4- 5 times 

4- 10 times 

10- 12 times 

1.4- 1.8 times 

A promising new technique for analyzing HLA is the use of 
peR, the polymerase chain reaction, to amplify the cell's DNA 
(see Figure 9.4, page 252 ). If this is done for both donor and 
recipient, a match between donor DNA and recipient DNA can 
then be made. Having such a DNA match and matching ABO 
blood type between the donor and the recipient should result in 
a much higher success rate in transplant surgery. 

Other factors may be involved in the success of a transplant, 
however. In Chapter 17, we briefly introduced a hypothesis that 
the body's reaction to transplanted foreign tissue may be a 
response to surgery-damaged cells. In other words, tissue rejec-
tion may result from a learned react ion to the danger signal posed 
by damaged cells, ra ther than a learned reaction to nonsdf. 

CHECK YOUR UNDERSTANDING 

..r What is the relationship between the major histocompatibility 
complex in humans and the human leukocyte antigen 
complex? 19-13 

Reactions to Transplantation 
In sixteenth-century italy, crimes were often punished by cutting 
off the offender's nose. A surgeon of the time, in his attempts to 
repair this mutilation, observed that if skin was taken from the 
patient, it healed properly, but if it was taken from another per-
son, it did not. He called this a manifestation of "the force and 
power of individuality." 

We now know the principles behind this phenomenon. 
Transplants recognized as nonself are rejected- attacked by T 
cells that directly lyse the grafted cells, by macrophages activated 
by T cells, and, in certain cases, by antibodies, which activate the 

Description 

Progressive inflammatory disease affecting nervous system 

Cross-reaction with antibodies against streptococcal antigen 

Deficiency in production of hormones by adrenal gland 

Antibodies attached to certain receptors in the thyroid gland 
cause it to enlarge and produce excessive hormones 

Cancer of lymph nodes 

complement system and injure blood vessels supplying the trans-
planted tissue. However, transplants that are not rejected can add 
many healthy years to a person's life. 

Since the fi rst kidney transplant was performed in 1954, this 
particular type of transplant has become a nearly routine med-
ical procedure. Other types of transplants that are now feasib le 
include bone marrow, lungs, heart, liver, and cornea. Tissues and 
organs for transplant are usually taken from recently deceased 
individuals, although one of a pair of organs, such as a kidney, 
occasionally comes from a living donor. A donor can also donate 
as much as half of a healthy liver. 

Privileged Sites and Privileged Tissue 
Some transplants o r grafts do not stimulate an immune response. 
A transplanted cornea, for example, is rarely rejected, mainly 
because antibodies usually do not circulate into that portion of 
the eye, which is therefore considered an immunologically 
privileged site. (However, rejections do occur, especially when 
the cornea has developed many blood vessels from corneal infec-
tions or damage. ) The brain is also an immunologically privileged 
site, probably because it does not have lymphatic vessels and 
because the walls of the blood vessels in the brain differ from 
blood vessel walls elsewhere in the body (the blood- brain barrier 
is discussed in Chapter 22 ). Someday it may even be possible to 
graft foreign nerves to replace damaged nerves in the brain and 
spinal cord. 

How animals tolerate pregnancy without rejecting the fetus is 
only partially understood. During pregnancy, the tissues of two 
genetically d ifferent individuals are in direct contact. An impor-
tant factor seems to be that the MHC classes I and II in the cells 
that form the outer layer of the placenta, and come into contact 



with maternal tissue, are not of the specific types that stimulate a 
cellular immune response. The fetus is also protected by certain 
proteins it synthesizes, which have immunosuppressive proper-
ties. But there is no single, simple explanation. 

It is possible to transplant privileged tissue that does 
not stimulate an immune rejection . An example is replacing a 
person's damaged heart valve with a valve from a p ig's heart. 
However, privileged sites and tissues are more the exception 
than the rule. 

Stem Cells 
A development that prom ises to transform transplantation 
medicine is the use of stem cells (see Figure 17.8, page 487), 
maste r cells that are capable of generating any of the 
myriad cell types that make up the body. The most interest is 
centered on embryonic stem cells (ESCs). These cells can be 
isolated from the very earliest stage of an embryo, usually from 
disca rded emb ryos created for attempts at in vitro fertiliza-
tion. The ESCs are pluripotent, meaning they are capable of 
generating many di fferent types of tissue cells. Figure 19.10 
shows how these cells are harvested from the blastocyst stage, 
a hollow ball of iOO to 150 undifferentiated cells that is 
reached a few days after the egg is fertilized. When cultured, 
ESCs can be trained to produce different cell lines, such as 
muscle, nerve, o r blood cells . 

In the medical community there is great interest in using 
ESCs in therapy. For example, theoretically these cells could be 
used to regenerate damaged heart tissue or the failing insulin -
producing cells in the pancreas that lead to d iabetes. Damaged 
cartilage in the joints of rheumatoid arthritis patients might 
be replaced. Neurological conditions such as Parkinson disease 
or t rauma-caused paralysis might also be candidates for treat-
men!. There is even the prospect of growing complete new 
organs. In some instances the origina l donor might be the 
reci pient, ensu ring a genetic match of the tissues. Fortunately, 
human ESCs seem to express few MHC class I antigens and no 
class II antigens. This eases the problem of imm une rejection 
but does not solve it. In any case, researchers want to create 
pluripotent cells that genetically match the patient or other-
wise evade immune rejection. 

Because ESCs are derived from embryos, even at their 
microscopic stage, many people object to their use. Possible 
alternatives are adult stem cells (ASes), which exist in some 
tissues such as the blood or skin . These produce only a very 
few different cell types, mostly of the tissue type of o rigin, and 
are difficult to cultivate. A promising new avenu e of research 
is to genetically reprogram ASCs by using viruses to insert 
genes into skin cells, or other adult cells, to convert them into 
iudrlCed pluripotent stem cells (iPS). Other nonembryonic 
sources of stem cells are cord blood cells, considered ASCs, 
harvested from umbilical cords (see page 536). These are pri-
marily hematopoietic stem cells (HSCs ), which are progenitors 
of blood and lymphatic (immune system) cells . Bone marrow 
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o (1 day) Embryo, usually a fertilized egg discarded from attempt at 
in vitro fertilization. 

"'nm,,,b,,ryobtast (inner celt 
./ of embryonic cells) 

/' ),"" "It mass 

e (1-5 days) Blastocyst stage; the embryo divides repeatedly and 
forms a hollow ball of cells about the size of the period at the end 
of a sentence. 

! ! .• .... 
Blood and Pancreatic 
lymphatic cells islel cells 

, 

! 
Slem cell lines 

Nerve cells 

o Embryonic stem celts from embryoblast are grown on feeder cells in 
culture medium. Stem cell lines and groups of stem cells form 
colonies in culture medium. Different conditions, as well as growth factors 
added to culture medium. direct slem cells to become stem cel l lines 
for various tissues of the body (e.g., blood and lymphatic cells, pancreatic 
islet celis, nerve cells). 

Figure 19.10 Derivation of embryonic stem cells. 

Q What does pluripotent mean? 

transplants (see page 536) are a form of stem cell transplanta-
tion, mostly HSCs. 

Grafts 
When one's own tissue is grafted to another part of the body, as 
is done in burn treatment or in plastic surgery, the graft is not 
rejected . Recent tech nology has made it possible to use a few cells 



536 PART THREE Interaction Between Microbe and Host 

of a burn patient's uninjured skin to culture extensive sheets of 
new skin . This new skin is an example of an autograft. Identical 
twins have the same genetic makeup; therefore, skin or organs 
such as kidneys may be transplanted between them without 
provoking an immune response. Such a transplant is called 
an isograft. 

Most transplants, however, are made between people who are 
not identical twins, and these transplants do trigger an immune 
response. Attempts are made to match the HLAs of the donor 
and recipient as closely as possible to reduce the chances of 
rejection. Because HLAs of close relat ives are most likely to 
match, blood relatives, especially siblings, are the preferred 
donors. Grafts between people who are not identical twins are 
called allografts. 

Because of the shortage of available organs, medical 
resea rchers hope to increase the success of xenotransplantation 
products (formerly called xenografts), which are tissues or 
organs that have been transplanted from animals. However, the 
body tends to mount an especially severe immune assault on 
such transpla nts. Unsatisfactory attempts have been made to usc 
organs from baboons and other nonhuman primates. Research 
interest is high in genetically modifying pigs-an animal that is 
in plentiful supply, is of the right size, and generates relatively lit-
tle public sympathy-to make acceptable donors of organs. The 
primary concern about xenotransplantation products is the pos-
sibility of transferring harmful animal viruses. 

Preliminary research is underway that may eventually 
allow some bones and organs to be grown from the host's own 
tissue cells. 

To be successful, xenotransplantation products must over-
come hyperacute rejection, caused by the development in early 
infancy of antibod ies against all distantly related animals such as 
pigs. With the aid of complement, these antibodies attack the 
transplanted an imal tissue and destroy it within an hour. 
Hyperacute rejection occu rs in human -to-human transplants 
only when antibod ies have been preformed because o f previous 
transfusions, transplantations, or pregnancies. Liver transpla nta-
tion among humans is unusual in one respect; this organ usually 
resists hyperacute rejection, and HLA typing is not as important 
as in other types of tissue. 

Bone Marrow Transplants 
Transplants of bone marrow are frequently in the news. The 
recipients are usually individuals who lack the capacity to pro-
duce B cells and T cells vital for immunity or who are suffering 
from leukemia. Recall from Chapter 17 that bone marrow stem 
cells give rise to red blood cells and immune system lympho-
cytes. The goal of bone marrow tra nsplants is to enable the 
recipient to produce healt hy red blood, or immune system, cells. 
However, such transplants can result in graft-versus-host 
(GVH) disease. The transplanted bone marrow contains 
immunocompetent cells that mount primarily a cell-mediated 

immune response against the tissue into which they have been 
tra nsplanted . Because the recipients lack effective immunity, 
GVH disease is a serious complication and can even be fata l. 

An extremely promising techn ique for avoiding this problem 
is the use of umbilical cord blood instead of bone marrow. This 
blood is harvested from the placenta and umbilical cords of new-
borns, material that would otherwise be disca rded. It is very rich 
in the stem cells found in bone marrow. Not only do these cells 
proliferate into the variety of cells required by the recipient, but 
also, because stem cells from this source are younger and less 
mature, the "matching" requirements are also less stringent than 
with bone marrow. As a result , GV H disease is less likely to occur. 

CHECK YOUR UNDERSTANDING 

..r What immune system cells are involved in the rejection of non-
self transplants? 19-14 

..r Why is a transplanted cornea usually not rejected as nonself? 
19-15 

..r Differentiate an embryonic stem cell from an adult stem cell. 
19-16 

..r Which type of transplant is most subject to hyperacute rejec-
tion? 19-17 

..r When red bone marrow is transplanted, many immunocompe-
tent cells are included. How can this be bad? 19-18 

Immunosuppression 
To keep the problem of transplant rejection in perspective, it is 
useful to remember that the immune system is simply doing its 
job and has no way of recognizing that its attack against the 
transplant is not helpful. In an attempt to prevent rejection, the 
recipient of an allograft usually receives treatment to suppress 
this normal immune response against the graft. 

In transplantation surgery, it is generally desirable to sup-
press cell-mediated immunity, the most important factor in 
transplant rejection. If humoral (antibody-based) immunity is 
not suppressed, much of the abili ty to resist microbial infection 
will remain . In 1976, the drug cyclosporine was isolated from a 
mold. The successful transplantation of organs such as hearts 
and livers generally dates from the discovery of cydosporine. 
Cyclosporine suppresses the secretion of interleukin-2 (IL-2), 
disrupting cell -mediated immunity by cytotoxic T cells. 
Following the success of this drug, other immunosuppressant 
drugs soon followed. Tacro/imus (FKS06) has a mechanism sim-
ilar to that of cydosporine and is a frequent alternative, although 
both have many serious side effects. Neither cyclosporine nor 
tacrolimus has much effect on antibody production by the 
humoral immune system. Both of these drugs rema in the main-
stay for most regimens to prevent rejection of transplants. Some 
newer drugs, such as sirolimrlS (Rapamune), are among those 
that inhibit both cell-mediated and humoral immunity. This can 
be an advantage if chronic or hyperacute rejection by antibodies 



(a) The small CTL has already 
made a perforation in the cancer 
cell. 
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Figure 19.11 The interaction between a cytotoxic T lymphocyte (CTL) and a cancer cell. 

Q CTLs can lyse cancer celis. How do they do this? (Hint; See Figure 17.10.) 

are a consideration . Sirolimus is best known for its use in stents, 
cylindrical meshes designed to keep blood vessels open after 
removal of blockages. Drugs such as mycophenolate mofetil 
inhibit the proliferation of T cells and B cells. Some biological 
agents such as the chimeric monoclonal antibodies (page 509) 
basilixilllab and dacliZllmab also block IL-2 and are useful 
immunosuppressives. Immunosuppressive agents are usually 
administered in combinations. 

An interesting observation is that occasionally a transplant 
recipient discontinues using immunosuppressant drugs but, sur-
prisingly, does not reject the transplant. The reasons for this are 
uncertain. 

CHECK YOUR UNDERSTANDING 

./ What cytokine is usually the target of immunosuppressant drugs 
intended to block transplant rejection? 19-19 

The Immune System and Cancer 
LEARNING OBJECTIVES 
19-20 Descri be how the immune system responds to cancer and how 

cells evade immune responses. 
19-21 Give two examples of immunotherapy. 

Like an infectious disease, cancer represents a failure of the 
body's defenses, including the immune system. Some of the most 
promising avenues for effective cancer therapy make use of 
immunological techniques. 

Nearly iOO years ago it was recognized that cancer cells arise 
frequently in the body and that they are usually eliminated by the 
immune system much like any other invading cell-the concept of 
immune surveillance. It was postulated that the cell-mediated 
immune system probably arose to combat cancer cells and that the 
appearance of a cancerous growth represented a failure of the 
immune system. This concept has been supported by the observa-
tion that cancers occur most often in older adults, whose immune 
systems are becoming less efficient, or in the very young, whose 
immune systems may not have developed fully or properly. Also, 
individuals who are immunosuppressed by either natural or arti-
ficial means are more susceptible to certain cancers. 

A cell becomes cancerous when it undergoes transformation 
and begins to proliferate without control (see Chapter 13, page 
389) . The surfaces of tumor cells acquire tumor-associated antigens 
that mark them as nonself to the immune system. Figure 19.11 
illustrates the attack on such a cancer cell by activated T c cells 
(cytotoxic T lymphocytes, or CTLs). Activated macrophages can 
also destroy cancer cells. Although a healthy immune system serves 
to prevent most cancers, it has limitations. In some cases there is no 
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antigenic epitope for the immune system to target. Tumor cells can 
even reproduce so rapidly that they exceed the capacity of the 
immune system to deal with them. Finally, if the tumor cell begins 
reproducing in tissues and becomes vascularized (connected to the 
body's blood supply), it usually becomes invisible to the immune 
system. 

Immunotherapy for Cancer 
The hypothesis that cancer represents a fa ilure of the immune 
system has led to the thought that the immune system might be 
used to prevent or cure cancer-that is, immunotherapy. 

At the turn of the twentieth century, William B. Coley, a 
physician at a New York City hospital, observed that if cancer 
patients contracted typhoid fever, their cancers often diminished 
noticeably. Following this lead, Coley made mixtures o f killed 
streptococci (gram-positive) and Serratia marcescel1s (gram-
negative) bacteria. These so-called Coley's toxins were injected 
into cancer patients to simulate a bacterial infection . Some of 
this work was very promising, but its results were inconsistent, 
and advances in surgery and radiation treatment caused it to be 
nearly forgotten. It is now recognized that endotoxins from such 
bacteria are powerful stimulants for the production of tumor 
necrosis factor (TNF) by macrophages. TNF is a small protein 
that interferes with the blood supply of cancers in animals. 

Other research determined many years ago that if animals 
were injected with dead tumor cells, as with a vaccine, they did 
not develop tumors when injected with live cells from these 
tumors. Sim ilarly, cancers sometimes undergo spontaneous 
remission that is probably related to the immune system gaining 
the advantage. Treating or preventing cancer by immunological 
means will probably be an increasingly important approach. An 
attractive aspect is that this approach avoids the damage to 
healthy cells caused by chemotherapy and rad iation treatments. 
Already, a vaccine for Marek's disease, a cancer of chickens, has 
been successful. Vaccines to protect cats from feline leukemia 
have also been shown to provide considerable protection. 

Cancer vaccines might be either therapel/tic (used to treat 
existing cancers) or prophylactic (to prevent the development of 
cancer). Actually, prophylact ic vaccines already exist. Hepatitis B 
virus is a common cause of liver cancer, and a vaccine against 
infection by this virus is widely used . A vaccine recommended 
for young girls, Gardasil, minimizes the chance of later develop-
ment of cervical cancer caused by strains of a virus that also 
causes genital warts. 

Although work with potential cancer vaccines has been in 
progress for almost a century, it is an area that is only in an early 
stage. Currently, a cancer vaccine would probably be most useful at 
preventing recurrences after other forms of treatment because the 
immune system would have to deal with a smaller number of cells. 

Monoclonal antibodies are a promising tool for delivering 
cancer treatment. A humanized monoclonal antibody, Herceptin 
(see Chapter 18, page 509), is currently being used to treat a form 

of breast cancer. Herceptin specifically neutralizes a genetically 
determined growth facto r, HER2, that promotes the proliferation 
of the cancer cells. It is expressed in relatively high quantities in 
about 25-30% of breast cancer patients. 

Another approach is to combine a monoclonal antibody with 
a toxic agent, form ing an immunotoxin. Theoretically, an 
immunotoxin might be used to specifically target and kill cells of 
a tumor with li ll ie damage to healthy cells. There have been some 
promising results in clinical trials, but not with large tumor 
masses in which many of the tumor cells cannot be reached by 
the immunotoxin. 

CHECK YOUR UNDERSTANDING 

..r What is the function of tumor-associated antigens in the devel-
opment of cancer? 19-20 

..r Give an example of a prophylactic cancer vaccine that is in cur-
rent use. 19-21 

Immunodeficiencies 
LEARNING OBJECTIVE 
19-22 Compare and contrast congenital and acquired immunodeficiencies. 

The absence of a sufficient immune response is called an 
immunodeficiency, which can be either congenital or acquired. 

Congenital Immunodeficiencies 
Some people are born with a defective immune system. Defects 
in, or the absence of, a number of inherited genes can result in 
congenital immunodeficiencies. For example, ind ividuals with 
a certain recessive trait, DiGeorge's syndrome, do not have a thy-
mus gland and therefore lack cell-mediated immunity. An animal 
equ ivalent, which is extremely valuable for research in transplan -
tation science, is the nude (hairless) mouse (Figure 19.12). These 
mice have no thymus (the coincidental hairlessness is controlled 
by the same gene) and therefore do not produce T cells and do 
not reject transplanted tissue. Even chicken skin, complete with 
feathers, is readily accepted as a graft. 

Acquired Immunodeficiencies 
A variety of drugs, cancers, or infectious agents can result in 
acquired immunodeficiencies. For example, Hodgkin's disease (a 
type of cancer) lowers the cell-mediated response. Many viruses 
are capable of infecting and killing lymphocytes, lowering the 
immune response. Removal of the spleen decreases humoral 
immunity. Table 19.4 summarizes several of the beller known 
immu ne deficiency conditions, including AIDS. 

CHECK YOUR UNDERSTANDING 

..r Is AIDS an acquired or a congenital immunodeficiency? 19-22 



Figure 19.12 A nude (hairless) mouse infected with 
Mycobacterium leprae in the hind foot. Nude mice have 
no thymus and therefore no cell-mediated immunity. The immune 
response to infection by M leprae (leprosy pathogen) depends 
on cell-mediated immunity, so these animals play an important 
ro le in leprosy research. 

Q What is the role of the thymus gland in immunity? 

Table 19.4 Immunodeficiencies 

Disease 
Acquired immunodeficiency 
syndrome (AIDS) 

Selective IgA immunodeficiency 

Common variable 
hypogammaglobulinemia 

Reticular dysgenesis 

Severe combined 
immunodeficiency 

Thymic aplasia 
(DiGeorge syndrome) 

Wiskott-Aldrich syndrome 

X-linked infantile (Bruton's) 
agammaglobulinemia 

Cells Affected 

Virus destroys 
CD4+ T cells 

B, T cells 

B, T cells (decreased 
immunoglobulins) 

B, T. and stem cells (a combined 
immunodeficiency: deficiencies 
in Band T cells and neutrophils) 

B. T. and stem cells 
(deficiency of both Band T cells) 

T cells (defective thymus 
causes deficiency of T cells) 

B, T cells (few platelets in 
blood, abnormal T cel ls) 

B cells (decreased 
immunoglobulins) 
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Acquired Immunodeficiency 
Syndrome (AIDS) 
LEARNING OBJECTIVES 
19-23 Give two examples of how infectious diseases emerge. 
19-24 Explain the attachment of HIV to a host cell . 
19-25 Ust two ways in which HIVavoids the host's antibodies. 
19-26 Describe the stages of HIV infection. 
19-27 Describe the effects of HIV infection on the immune system. 
19-28 Describe how HIV infection is diagnosed. 
19-29 Ust the routes of HIV transmission. 
19-30 Identify geographic patterns of HIV transmission. 
19-31 list the current methods of preventing and treating HIV infection . 

[n 1981 , a cluster of cases of Plleumocystis pneumonia (see page 
21 ) appeared in the Los Angeles area. This extremely rare d isease 
usually occurred only in immunosuppressed individuals. 
investigators soon correlated the appearance of this d isease with 
an unusual incidence of a rare form of cancer of the skin and 
blood vessels called Kaposi 's sarcoma. The people affected were all 
young homosexual men, and all showed a loss of immune func-
tion. By 1983, the pathogen causing the loss of immune func tion 

Comments 
Allows cancer and bacteria l. viral. funga l. and protozoan 
diseases: caused by HIV infection 

Affects about 1 in 700, causing frequent mucosal 
infections; speci fic cause uncertain 

Frequent viral and bacterial infections; second most common 
immune deficiency, affecting about 1 in 70,000; inheri ted 

Usually fatal in early infancy: very rare; inherited: bone 
marrow transplant a possible treatment 

Affects about 1 in 100,000: allows severe infections: 
inherited: treated with bone marrow, fetal thymus transplants: 
gene therapy treatment is promising 

Absence of cell-mediated immunity; usually fatal in infancy 
from Pneumocyslis pneumonia or viral or fungal infections: 
due to fa ilure of the thymus to develop in embryo 

Frequent infections by viruses, fungi, protozoa: eczema, 
defective blood clotting; usually causes death in childhood: 
inherited on X chromosome 

Frequent extracellular bacterial infections; affects 
about 1 in 200,000: the first immunodeficiency disorder 
recognized (1952): inherited on X chromosome 
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Glycoprotein spike: 
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transcriptase 
enzyme 

,,---- Envetope 
- Core with 

protein coat 

Structure of HIV and Infection of 
a CD4+ T cell. The gp120 glyco-
protein spike on the membrane 
attaches to a receptor on the CD4+ 
celi. The gp41 transmembrane 
glycoprotein probably facilitates 
fusion by attaching to a proposed 
fusion receptor on the CD4+ cell. 

gp120 

o Attachment. The gp12Q spike 
attaches to a receptor and to a 
CCR5 or CXCR4 coreceptor 
on the cell. 

Viral envelope 

\- 1' 

e Fusion. The gp41 participates 
in fusion of the HIV wrth the 
celi. 

Envelope 

e Entry_ Fol lowing fusion with the 
cel l, an entry pore is created. 
After entry, the viral envelope 
remains behind and the HIV 
uncoats, releasing the RNA 
core (see Figure 19.14b) for 
directing synthesis of the new 
viruses. 

Figure 19.13 HIV structure and attachment to receptors on target T cell. 

Q Why does HfV preferentially infect CD4+ cells? 

had been identified as a virus that selectively infects T helper cells. 
This virus is now known as human immunodeficiency virus, or 
HTV (see Figure l.le, page 5). 

The Origin of AIDS 
HTV is now believed to have arisen by the mutation of a virus that 
had been endemic in wildlife in some areas of central Africa. 
Genetic studies of the virus have led to the conclusion that HTV-2 
(a type of HTV that is weakly contagious and not often found out-
side of West Africa) is a mutation of a simian immunodeficiency 
virus (STV). Mangabey monkeys in West Africa are naturally and 
harmlessly infected with this STV. More recently, studies show that 
HTV- l (the primary HTV found worldwide in humans) is geneti-
cally related to another STV that is carried by chimpanzees in 
Central Africa. 

These STV infections apparently crossed over relatively recently 
(well into the twentieth century) into the human population, 
known to eat "bushmeat." Mathematical models of the supposed 
evolution of HTV, by Bette Korber of the Los Alamos National 
Laboratory, calculate that the virus probably made the transition 
to humans around 1930. The disease may have smoldered with 
little notice as long as transmission was limited to small villages 
where rates of sexual promiscuity were lower. The virus could 
not have killed or incapacitated its hosts quickly; otherwise, it 
could not have been maintained in the village population. 
With the sudden end of European colonialism, the social structure 
of sub-Saharan Africa was disrupted. The population became 

urbanized; the developments that result from urbanization 
and contribute to an increase in sexual promiscuity, such as an 
increase in prostitution and the growth of highway transportation, 
are believed to be responsible for the spread of the disease. The ear-
liest documented case of AIDS is from a patient in Leopoldville, 
Belgian Congo (now Kinshasa, capital of the Democratic Republic 
of the Congo). This man d ied in 1959; preserved samples of his 
blood contain antibodies to HTV. In the Western world, the first 
confirmed case of AIDS was the death of a Norwegian sailor 
in 1976, who probably was infected in 1961 or 1962 by contacts in 
western Africa. 

CHECK YOUR UNOERSTANOING 

..r On what continent did the HIV-l virus arise? 19-23 

HIV Infection 
One of the most common misconceptions is that HIV infection 
is synonymous with AIDS. AIDS denotes only the final stage of a 
long infection. 

The Structure of HIV 
HTV, of the genus LelltJvirlls, is a retrovirus (see Figure 13.19, page 
390) . It has two identical strands of RNA, the enzyme reverse 
transcriptase, and an envelope of phospholipid ( Figure 19.13). 
The envelope has glycoprotein spikes termed gpl20 (the notation 
for a glycoprotein with a molecular weight of 120,000). 
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. Vi,,", beginning to bud from T cel l 
Progeny HIV 

(a) Latent infection. Viral DNA is integrated into cellular 
DNA and forms a provirus (see page 389) that can later be 
activated to produce infective viruses. 

Figure 19.14 Latent and active HIV infection in CD4+ T cells. 

Q What is a tatent infection? 

The Infectiveness and Pathogenicity of HIV 
There is a strong association between HIV infection and the 
immune system. HIV is often spread by dendritic cells, which 
pick up the virus and ca rry it to the lymphoid organs. There 
it contacts cells of the immu ne system, most notably activated 
T cells, and stimulates an initial strong immune response. 

To be infective, HIV must go through the steps of attachment, 
fusion, and entry in a manner similar to that shown in Figure 13.14 
on page 384 and Figure 19.13. Attachment to the target cell 
depends on the glycoprotein spike (gp I20) combining with the 
CD4 + receptor. Approximately 65,000 of these receptors are found 
on each CD4 + T helper cell, which is the main target of HIV infec-
tion. Certain coreceptors are also required. The two best-known 
chemokine coreceptors are named CCR5 and CXCR4·. 
Macrophages and monocytes (page 454) also carry CD4 mole-
cuIcs. (Many cells that do not express the CD4 molecule can also 
become infected, an indication that other receptors can also serve 
for infection by H IV). 

'This nomenclature is based on the kginning amino acid sequence in these proteins. 
The term CCRS indicates that the beginning sequence consists of cysteines. thus cc. 
The leller R is a convention representing the balance of the protein molecu le. and the 
number is for identification. If some other amino acid is located ktw""n the first two 
cysteines. this is shown in the naming- for example, CXCR4. 

(b) Active infection. The provirus is activated. allowing it to 
control the synthesis of new viruses. which bud from the host cell. 
Final assembly takes place at the cell membrane, taking up the 
viral envelope proteins as the virus buds from the cell. 

In the host cell, viral RNA is released and transcribed into 
DNA by the enzyme reverse transcriptase. This viral DNA 
then becomes integrated into the chromosomal DNA of the 
host cell. The DNA may control the production of an active 
infection in which new viruses bud from the host cell, as shown 
in Figure 19.14b. 

Alternatively, this integrated DNA may not produce new HIV 
but rema ins hidden in the host cell's chromosome as a provirus 
(Figure 19.14a and Figure 19.15a). HI V produced by a host cell 
is not necessarily released from the cell but may remain as latem 
virions in vacuo les within the cell (Figure 19.15b). In fact, a 
subset of the HIV-infected cells, instead of being killed, become 
long- lived memory T cells in which the reservoir of latent HIV 
can persist for decades. This ability of the virus to remain as a 
provirus or latent virus within host cells shelters it from the 
immune system. Another way HIV evades the imm une system is 
cell-cell [llsion, by which the virus moves from an infected cell to 
an adjacent uninfected cell. 

The virus also evades immune defenses by undergoing rapid 
antigenic changes. Retroviruses, with the reverse transcriptase 
enzyme step, have a high mutation rate compared to DNA viruses. 
They also lack the corrective "proofread ing" capacity of DNA 
viruses. As a result, a mutation is probably introduced at every 
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Vacuole 

(a) Latently Infected macrophage. HIV can persist either as a provirus 
or as a complete virion in vacuoles. 

, " , ' 

C-mRNA 

- , ' , 

Core with viral RNA 

(b) Activated macrophage. New viruses are produced Irom provirus. 
Completed virions are either released or persist in the macrophage 
within vacuoles. 

Figure 19.15 Latent and active HIV infection in macrophages. 

Q How does an active infection differ from a latent infection? 

position in the HIV genome many times each day in an infected 
person. This may amount to an accumulation of I million variants 
of the virus in an asymptomatic person and 100 million variants 
during the final stages of the infection. These dramatic numbers 
illustrate the potential problems of drug resistance and obstacles to 
the development of vaccines and diagnostic tests. 

Clades (Subtypes) of HIV 
Worldwide, the H IV genome is beginn ing to separate into distinc-
tive groupings. Based on sequencing of the viral genomes, there 
are currently three HIV- I groups named M (main), 0 (orlllier), 
and N (non M or 0). Wilhin group M there are nine clades (Greek 
for branches) designated A to 0, F to H, J, and K. (There are also 
some subtypes for groups 0 and N). The most prevalent in the 
world are clades C and E (actually, clade E is a recombinant 
renamed CRF-OIAE). Clade C, which is spreading through central 
Africa down 10 South Africa, is also the most common in India 
and southeast Asia and is becoming dominant in parts of China. 
This clade may now represent half of all HIV infections world-
wide. Clade E is found mostly in southeast Asia. In North and 
South America and Europe, clade B is the most prevalent. These 
groupings are undergoing constant revision and recombination. 

The Stages of HIV Infection 
The progress of HIV infection in adults can be divided into three 
clinical phases (Figure 19.16): 

Pilase I. The number of viral RNA molecules per milliliter of 
blood plasma may reach more than 10 million in the first week 
or so. Billions of CD4 + T cells may be infected within a couple of 
weeks. Immune responses and fewer uninfected cells to target 
deplete viral numbers in blood plasma sharply within a few 
weeks. The infection may be asymptomatic or cause lym-
phadenopathy (swollen lymph nodes). 

Pilase 2. The numbers of CD4 + T cells decline steadily. HIV 
replication continues but at a relatively low level, probably con-
trolled by CDS + T cells (see page 489 in Chapter 17) and occurs 
mainly in lymphatic tissue. Only a relatively few infected cells 
release HIV, although many may contain viruses in latent or 
proviral form. There are few serious disease symptoms, but a 
decline in immune response may become apparent by the 
appearance of persistent infections by the yeast Caudida albim/ls, 
which can appear in the mouth, throat, or vagina. Other condi-
tions may include fever and persistent diarrhea. Oral leukoplakia 
(whitish patches on oral mucosa), which results from reactiva-
tion of latent Epstein -Barr viruses, shingles, and other indica-
tions of declining immunity, may appear. 

Pilase 3. Clinical AIDS emerges, usually within 10 years of 
infection. CD4 + T cell counts are below 350 cells/f.ll (200 cells/f.ll 
defines AIDS). Important AIDS indicator conditions appear, 
such as C. albicaus infections of bronchi, trachea, or lungs; 
cytomegalovirus eye infections; tuberculosis; Puel/moeys/is 
pneumonia; toxoplasmosis of the brain; and Kaposi's sarcoma. 

The Cen ters for Disease Con trol and Prevention (CDC ) clas-
sifies the progress of HIV infections based on T cell popu lations. 
The purpose is primarily to furnish guidance for treatment, 
such as when to administer certain d rugs. The normal popula-
tion of a healthy individual is SOO to 1000 CD4 + T cellsff.ll. In 
the United States, a count below 200/f.ll is considered diagnostic 
for AIDS, regardless of the clinical category observed. 



Understanding how the HIV infection progresses in a host is integral to understanding the 
diagnosis, transmission, prevention, and treatment of this pandemic, all of which are discussed 
in this chapter. 
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Key Concept 
HIV progresses as It destroys the T cells essential for our 
defenses against Infectious disease and cancer. AIDS is 
the flnal stage In this progressive Infection. 

-

The progression from initial HIV infection to AIDS usually 
takes about iO years in adults. This figure is typical in industrialized 
countries; in Africa. it is often about half this. Cellular warfare on 
an immense scale occurs during this time. At least 100 billion HIVs 
are generated every day, each with a remarkably short half-life 
of about 6 hours. These viruses must be cleared by the body's 
defenses, which include antibod ies, cytotoxic T cells, and 

macrophages. Almost all HIVs, at least 99%, are produced by 
infected CD4+ T cells, which survive for only about 2 days (T cells 
normally live for several years) . Everyday, an average of about 2 bil-
lion CD4+ T cells are produced in an attempt to compensate for 
losses. Over time, however, there is a daily net loss of at least 20 mil-
lion CD4 + T cells, one of the main markers for the progression of 
HIV infection. The most recent studies show that the decrease in 
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Table 19.5 Some Common Diseases Associated with AIDS 

Pathogen or Disease Dbease Description 

Protozoa 

Cryptosporidium hominis 

Toxoplasma gondii 

Persistent diarrhea 

Encephalitis 

Isospora belli Gastroenteritis 

Viruses 

Cytomegalovirus Fever. encephal it is. blindness 

Herpes simplex virus 

Va ricella -zoster virus 

Vesicles of skin and mucous membranes 

Shingles 

Bacteria 

Tuberculosis Mycobacterium tuberculosis 

M. avium-intracellulare May infect many organs: gastroenteritis and other highly variable symptoms 

Fungi 

Pneumocystis jirovecii 

Histoplasma capsulatum 

Cryptococcus necformans 

Candida albicans 

life- threatening pneumonia 

Disseminated infection 

Disseminated. but especially meningitis 

C. albicans 

Overgrowth on oral and vaginal mucous membranes (category B stage of HIV infection) 

Overgrowth in esophagus. lungs (category C stage of HIV infection) 

Cancers or Precancerous Conditions 

Kaposi's sarcoma 

Hairy leukoplakia 

Cervical dysplasia 

Cancer of skin and blood vessels (caused by human herpesvirus 8) 

Whitish patches on mucous membranes: commonly considered precancerous 

Abnormal cervical growth 

CD4 + T cells is not due entirely to direct vi ral destruction of the 
cells; rather. it is caused primarily by shortened life of the cells and 
the body's failure to compensate by increasing production of 
replacement T cells. 

Resistance to H IV Infection 
A feature of H1 V infect ion is that the virus proliferates despite 
efforts of the humoral and cellular immune systems. As shown in 
Figure 19.16, the H1V infection stimulates an initial strong and 
fairly effective immune response. A few months after infection, 
vi rus levels decline greatly. The most important factor in this is 
probably cytotoxic T cells (CDS+ T cells). Neutralizing antibod-
ies do not emerge until the viremia has passed its peak and rapid 
genetic changes in the virus lower the effectiveness of antibodies, 
but CDS+ T cells continue to suppress viral numbers. However, 
once HIV infection is established. it becomes relentlessly pro-
gressive in virtually all patients. This is largely because HIV 
establishes a pool of latently infected CD4 + T cells early on, and 
almost no patients completely clear the infection. This reservoir 

is not eradicated even when antiviral therapy reduces the viremia 
to undetectable levels (less than 50 molecules per milliliter). The 
establishment of a latent infection contrasts with almost all other 
viral infections and is a challenge to any vaccine. 

Survival with HIV Infection 
HIV infection devastates the immune system, which is then 
unable to respond effectively to pathogens. The diseases or con-
ditions most commonly associated with HIV infection and AIDS 
are summarized in Table 19.5. Success in treating these condi-
tions has extended the lives of many H IV-infected people. 

The age of the infected person can also be an important factor. 
Older adults are less able to replace CD4 + T cell populations. 
Infants and younger children have an immune system that is not 
fully developed. They are much more susceptible to opportunistic 
infections. 

Infants born to HIV-positive mothers are not always 
infected- in fac t, only about 20% are. Infants who are most 
seriously infected survive less than IS months . 



Exposed, But Not Infected, Population About 1% of the popu-
lation has a major deletion in CCR5, and these persons (mostly of 
European ancestry; the mutation is rare in African and Asian 
populations) arc unusually resistant to repeated exposures to HIV. 
In this population, the CCR5 molecule does not appear on the cell 
surface, so the infection cannot be completed. (Rare strains of HIV 
do not require CCR5 and infect the cells anyway). 

Another notable population that is resistant to infection 
by HIV has appeared among certain African prostitutes, who are 
repeatedly exposed but remain HIV negative. These individuals 
produce CTl s that arc unusually effective in combating HIV 

Long-Term Nonprogressors Even though infected, some 
individuals remain free of symptoms and do not progress to 
the stage of AIDS, and their CD4 + Tcell counts remain stable. 
Survival exceeding 25 years is predicted . The exact mechanism, 
or mechanisms, by which the patient successfully combats the 
infection is still uncertain, although there arc several hypothe-
ses. In some cases, a genetic factor blocks efficient b inding of 
HIV to the CCR5 coreceptor. There is also evidence that some 
nonprogressors produce an antiviral factor that inhibits HIV 
replication. 

CHECK YOUR UNOERSTANOING 

..r What is the primary receptor on host cells to which HIV 
attaches? 19-24 

..r Would an antibody against the coat of HIV be able to react with 
a provirus? 19-25 

..r Would a CD4 + T cell count of 300/iJi be diagnostic of AIDS? 
19-26 

..r Which cells of the immune system are the main target of an HIV 
infection? 19-27 

Diagnostic Methods 
The CDC now recommends routine screening for HIV infections 
in several circumstances, especially in patients beginning 
treatment for tuberculosis and in patients seeking treatment for 
sexually transmitted infections. The standard procedure for 
detecting HIVantibodies has been an ELISA test (see Figure 18 .14, 
page 578), which is considered the most sensitive. There arc now 
several relatively inexpensive, rapid tests (10 to 20 minutes) avail-
able for HIV screening that are especially useful at urgent care 
clinics and emergency departments, as well as in developing, 
resource-poor countries. The tests usc urine or fingerstick 
amounts of blood, and the OraQuick test can even use an oral 
swab of flu id. Some of these tests can potentially be used for 
home testing. An estimated 25% of HIV-positive Americans do 
not realize they arc infected; this lack of knowledge fuels the spread 
of the disease. Inexpensive, rapid routine screening tests should be 
valuable in changing this. 
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Positive screening tests for antibodies must be confirmed by 
additional testing, usually by the Western blot test (see Figure 10.12, 
page 289). 

A problem with antibody-type testing is the window of 
time between infection and the appearance of detectable antibodies, 
or seroconversion. This interval, which can be as long as 
3 months, is illustrated in Figure 19.16, where seroconversion 
follows the peak number of viruses in circulation. Because of 
this delay, the recipient of an organ transplant or a blood transfu-
sion can become infected with HIV even though antibody tests 
did not show the presence of the virus. Improvements in testing have 
gradually narrowed the window to 21 to 25 days. 

An alternative to the Western blot confirmatory test has 
recently received FDA approval. Instead of antibodies, the 
APTIMA assay detects the RNA of the HI V-I virus and should 
also be easier to read than the Western blot test. This test can 
also be used to detect early HIV infections, before appearance 
of antibodies. Its sensitivity is comparable to approved tests 
used to measure plasma viral load (PVL) in the blood of 
patients and monitor the treatment and progression of AIDS. 
Conventional PVL tests that detect viral RNA use methods 
such as PCR (see page 25t) or nucleic acid hybridization (see 
page 291), are costiy, and require 2 or 3 days to complete . Viral 
RNA can be detected in 7 to 10 days and, less reliably, in 2 to 
4 days. To ensure safety of the blood supply as much as possi-
ble, the American Red Cross has introduced testing for anti-
HIV antibody and nucleic acid hyb ridization testing for viral 
HIV{see the box on page 727). 

Tests that detect viral RNA are the only option during the 
primary infection, before antibodies appear, and in infants of 
H IV-infected mothers who have circulating maternal antibodies 
that interfere with conventional tests to detect antibodies. 

A caution to keep in mind in testing for HIV is that current 
tests may not reliably detect all of the myriad variants of rapidly 
mutating HIV, especially subtypes that are not normally present 
in a population. Furthermore, PVl tests sample only the virions 
circulating in the blood, which is very low compared to the esti-
mated several hundred billion H IV-infected cells. 

CHECK YOUR UNOERSTANOING 

..r What form of nucleic acid is detected in a PVl test for HIV? 
19-28 

HIV Transmission 
The transmission of HIV requires the transfer of, or direct contact 
with, infected body fluids . The most important of these is blood, 
which contains 1000 to 100,000 infective viruses per milliliter, 
and semen, which contains about 10 to 50 viruses per milliliter. 
The viruses are often located within cells in these fluids, especially 
in macrophages. HIV can survive more than 1.5 days inside a cell 
but only about 6 hours outside a cell. 
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Table 19.6 CDC's Universal Precautions for Health Care Personnel 

Gloves Disposable gloves shou ld be used for direct exposure to infected blood. other body fluids, and tissues. 
Double-gloving is recommended during invasive surgical procedures. Personnel should not work when they 
have open skin lesions. dermatitis exuding fluids. or cutaneous wounds. 

Gowns, Masks, 
and Goggles 

Masks and protective eyewear are recommended when splashes are expected. such as during airway 
manipulation. endoscopy. and dental procedures. and in the laboratory. 

Needles To minimize the risk of needlesticks. needles should not be resheathed and should be put in a puncture-
proof container for sterilization and disposal. More expensive. safer needle devices that minimize the risk 
of needlesticks are available. 

Disinfection Routine housekeeping in health care settings should include washing floors. walls, and other areas not nor-
mally associated wi th disease transmissions with a 1: 1 00 dilution of household bleach. A 1:10 dilution is rec-
ommended for disinfecting a spill. 

Preventive Treatment 
after Exposure 

Accidental exposure cannot always be prevented. Stud ies indicate that exposed individuals can reduce their 
risk by the prophylactic use of two or three antiviral drugs for.ll weeks. 

Source, Adapted from MMWR, 2004 , 

Routes of HIV transmission include intimate sexual contact, 
breast milk, transplacental infection of a fetus, blood-contaminated 
needles, organ transplants, artificial insemination, and blood trans-
fusion. The risk to health care workers can be greater. For instance, 
the risk of infection from needlestick injury is 3 out of 1000, or 
0.3%. As a precaution, health care workers should be vaccinated 
against HBV. Avoiding exposure is the health care worker's first line 
of defense against HIV. The CDC has developed the strategy of 
following wliversa/ precautions in all health care settings. These are 
described in Table 19.6. Probably the most dangerous form of 
sexual contact is anal-receptive intercourse. Vaginal intercourse is 
much more likely to transmit HIV from man to woman 
than vice versa, and transmission either way is much greater when 
genital lesions are present. Although rare, transmission can occur by 
oral-genital contact. 

HI V is not transmitted by insects or casual contact, such as 
hugging, or sharing household items. Saliva generally contains 
less than I virus per milliliter, and kissing is not known to 
transmit the virus. In developed countries, transmission 
by transfusion is unli kely because blood is tested for HIV or 
HI V antibodies. However, there will always be a slight risk, as 
discussed earlier. 

CHECK YOUR UNDERSTANDING 

"" What is considered to be the most dangerous form of sexual 
contact for transmission of HIV? 19-29 

AIDS Worldwide 
Approximately 25 million people have died from AIDS 
( Figure 19.17). An estimated 5 million are becoming infected 

every year. It is the leading cause of death in sub-Saharan Africa. 
As the disease becomes established in the huge populations of 
Asia, especially China and Ind ia, the incidence of HIV could 
exceed more than a million new cases a year. Eastern Europe, 
Russia, and central Asia are also areas reporting a steep rise in 
HIV infections. In Western Europe and the Un ited States, the 
mortali ty from AIDS has decreased because of the availability of 
effective antiviral drugs. It is projected that by 2010 there will be 
a total of more than 100 million HIV-infected individuals in the 
world; more than 90% of these will be in developing countries. 
Deaths from HIV-related causes by 2010 will probably exceed 
8 million per year. 

Early in the HIV/AIDS pandemic, transmission in the United 
States and Europe was most commonly by male homosexual 
activity and with the usc of injected drugs. These factors arc still 
very important in the Western world, particularly in North and 
Sou th America and Europe. Currently, one-third of all HIV infec-
tions in eastern Europe and central and southeast Asia arc by 
injected drug usc. These infections arc also important as a bridge 
leading to other forms of transmission . Worldwide, heterosexual 
transmission is predominant (about 85%), especially in the less 
developed parts of the world such as the center of the pandemic 
in sub-Saharan Africa. A feature of the pandemic in recent times 
has been the increasing percentage of women infected (about 
42% worldwide, most living in sub-Saharan Africa), with associ-
ated mother-to-child transmission. Most of these cases arc young 
women infected by older men. 

CHECK YOUR UNDERSTANDING 

"" What is the most common mode. worldwide. by which HIV is 
transmitted? 19-30 
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Q Where do you think the most accurate figures would be available? 

Preventing and Treating AIDS 
At present, for most of the world the only practical means of con-
trol is to minimize transmission. This requires education programs 
to promote the usc of condoms, as well as d iscouraging sexual 
promiscu ity. An interesting d iscovery is that male circumcision 
lessens the rate of infection by at least 60%. In high- income coun-
tries, the availability of medications has made HIV infection no 
longer a certain death sentence. Unfortunately, improvements in 
managing HIV infectio n have resulted in a relaxed atti tude toward 
safer-sex pract ices. The fact tends to be overlooked that the avail-
able d rugs only delay the progress of the infection-they are not a 
cure. Attempts to prevent the usc of contaminated needles among 
injected drug users is also important. To be effective, educational 
programs often require fundamental social changes that are not 
easy to accomplish. but they have slowed the infection rate in some 
areas, such as Thailand. 

HIV Vaccines 
An important consideration fo r vaccine development is the fac t 
that the immune system has not shown much capab ili ty in cop-
ing with natural infections. In some 60 m illion HIV infections 
worldwide. there is not a single known case in wh ich the 

immune system has erad icated the virus. Obstacles to develop-
ing a vaccine for HIV are formidable, and the landscape is now 
littered with unsuccessful vaccine trials. The rapid mutation 
nile of HIV ma kes it difficult to develop a vaccine that is effec-
tive against all mutational variants of the virus that appear dur-
ing the course of an infection. Fu rthermore, the virus has 
developed clades that differ substantially from one geograph ic 
area to another, and each wo uld probably require an appropr i-
ate vaccine. 

Ideally, a vaccine would produce antibodies that would prevent 
infC1:tion. As we have seen, however, the virus resists antibody 
binding unti l a last -second exposure just before attachment and 
entry into the host cell. For persons al ready infected, a successful 
cell-mediated-type vaccine would be necessary to control the pro-
gression of the d isease. To be considered successful, however, the 
vaccine \\'ould have to stimulate the production of CfLs that are 
more effective than those produced in response to a natural infec-
tion. Cells infC1:ted by HIV, it happens, are not very susceptible to 
attack by c r Ls. There is also the problem of a persistent, but 
immunologically invisible, viral population in the form of 
proviruscs and latent viruses (see Figure 19. 15). Finally, a vaccine 
would have to be affordable in regions of the world where eco-
nomic subsistence is often marginal. All in all, the development of 
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an HIV vaccine is a formidable task. Some experts believe that no 
HIV vaccine is possible that will confer nearly complete protec-
tion, such as those for smallpox or measles. It is thought that a 
more practical goal may be to develop a vaccine with more mod-
est goals than "sterilizing immunity." Perhaps a vaccine would 
stimulate cell-mediated immunity in already infected persons and 
help the patient's existing immune system to clear the virus. 

Chemotherapy 
Much progress has been made in using chemotherapy to inhibit 
H IV infections . Drugs that are available for chemotherapy of 
H IV are discussed on page 571 . The first target of anti-HIV drugs 
was the enzyme reverse transcriptase (page 255), an enzyme not 
present in human cells. These nucleoside reverse transcriptase 
inhibitors are analogs of nucleosides and cause the termination of 
the synthesis of viral DNA by competitive inhibition (page 120). 
There are other drugs that inhibit reverse transcription but 
are not analogs of nucleic acids; these are the so-called I/on -
nucleoside reverse transcriptase inhibitors. 

To reproduce, the virus makes use of certain protease enzymes 
that cut proteins into pieces, which are then reassembled into the 
coat of new HIV particles. Drugs called protease inhibitors inhibit 
this enzyme and are now in use. 

For infection to take place, the virus must accomplish a series 
of steps. It must attach to the cell's CD4 receptors, an interplay 
between the gp 120 spike on the virus and the coreceptor (such as 
CCR5) must occur, and fi nally there must be a fusion with the 
cell to allow viral entry into the cell (see Figure 19.13). One of 
the newer anti-HIV drugs, grouped as fusion inhibitors, targets 
the gp41 region of the viral envelope. 

After fusion has been completed, reverse transcription pro-
duces a double-stranded eDNA version of HIV, which enters the 
nucleus. Within the nucleus, the complex containing the eDNA 
must be integrated into the host chromosome to form the HIV 
provirus. This step requires an enzyme, HIV integrase, wh ich is 
a target for drugs called illtegrase inllibitors. Several other points 
of attack for anti-HIV drugs exist, and drugs such as maturation 
inhibitors, targeted at these are under investigation or are in 
clinical trials. 

Because of the increasing number of drugs that control 
reproduction of the virus, at least temporarily, HIV infection is 
almost at the stage where it can be considered a treatable 
chronic disease-assuming that the treatment is affordable. 
The rapid reproductive rate and frequent occurrence of drug-

resistant mutations dictates that multiple drugs, given simulta-
neously, must be used. The current treatment is termed highly 
active antiretroviral therapy (HAART). This therapy consists 
of administering drug combinations; one of the most common 
combinations is two nucleoside analog reverse transcriptase 
inhibitors plus either a non-nucleoside reverse transcriptase 
inhibitor or a protease inhibitor. Patients are often required to 
take as many as 40 pills a day on a complex schedule, which 
must be adhered to rigorously because the virus is unforgiving. 
Even so, resis tant strains of the virus are likely to emerge. As 
one scientist put it, drug resistance in HIV is driven by selective 
pressures that Darwin never imagined. Experience has also 
shown that eliminating all viruses in latent form in lymphoid 
tissue is especially difficult. The number of HIVs in circulation 
is often reduced to fewer than can be detected, but this is not 
the same as eradication. A caution is that a patient with a viral 
load at an undetectable level might st ill be infective. Frequent 
testing for viruses (not antibodies; see the discussion of diag-
nostic tests on page 545) is required to follow effectiveness of 
the treatment. A rise in numbers probably indicates develop-
ment of a resista nt population . 

One clearly successful application of chemotherapy has 
been to reduce the chance of HIV transm ission from an 
infected mother to her newborn. The administration of even 
one nucleoside reverse transcriptase drug alone reduces the 
incidence. 

The AIDS Epidemic and the Importance 
of Scientific Research 
The AIDS epidemic gives clear evidence of the value of basic sci-
entific resea rch. Without the advances in molecular biology of 
the past century, we would have been unable even to identify the 
causative agent of AIDS. We would not have been able to de-
velop the tests for screening donated blood, to identify points in 
the viral life cycle for which selectively toxic drugs could be 
developed, or even to monitor the course of the infection. In the 
lifetime of most of us, we will have the opportunity to witness 
medical history being made as the struggle with this deadly and 
elusive virus continues. 

CHECK YOUR UNOERSTANOING 

..r Does circumcision make a man more or less likely to acquire 
HIV infection? 19-31 
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STUDY OUTLINE 
The MyMicrobiology Place wesbite (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: 
O take a pre-test and obtain a persona lized study plan. e learn 
and practice with animations. tutorials. and MP3 tutor sessions. and o test yourself with quizzes and a chapter post-test. 

Introduction (p.522) 

I . Hay fever, transplant rejection, and autoimmunity are examples of 
harmful immune reactions. 

2. Immunosuppression is inhibition of the immune system. 
3. Superantigells activate many T-cell receptors tha t can cause 

adverse host responses. 

Hypersensitivity (pp.523-531) 

I . Hypersensitivity reactions represent immuno-
logical responses to an antigen (allergen) that 
lead to tissue damage rather than immunity. 

2. Hypersensitivity reactions occur when a person 
has been sensitized to an antigen. 

3. Hypersensitivity reactions can be divided into 
four classes: types I, II, and III are immediate 
reactions based on humoral immunity, and type 
IV is a delayed reaction based on cell-mediated immunity. 

Type I (Anaphylactic) Reactions 
(pp. 523-526) 

4. Anaphylactic reactions involve the production of IgE antibodies 
that bind to mast cells and basophils to sensitize the host. 

5. The binding of two adjacent JgE antibodies to an antigen causes 
the target cell to release chemical mediators, such as histamine, 
leukotrienes, and prostaglandins, which cause the observed allergic 
reactions. 

6. Systemic anaphylaxis may develop in minutes 
after injection or ingestion of the antigen; this 
may result in circulatory collapse and death. 

7. Localized anaphylaxis is exemplified by hives, 
hay feve r, and asthma. 

8. Skin testing is useful in determining sensitivity 
to an antigen. 

9. Desensitization to an antigen can be achieved by repeated injec-
tions of the antigen, which leads to the formation of blocking 
(JgG) antibodies. 

Type II (Cytotoxic) Reactions (pp.526-528) 
10. Type II reactions are mediated by IgG or IgM antibodies and 

complement. 
II . The antibodies are directed toward foreign cells or host cells. 

Complement fixation may result in cell lysis. Macrophages and 
other cells may also damage the antibody-coated cells. 

The ABO Blood Group System (pp. 526-5m 
12. Human blood may be grouped into four principal types, designat-

ed A, B, AB, and 0. 
J 3. The presence or absence of two carbohydrate antigens designated 

A and B on the surface of the red blood cell determines a person's 
blood type. 

14. Naturally occurring antibodies are present in serum against the 
opposite AB antigen. 

15. Incompatible blood transfusions lead to the complement-mediated 
lysis of the donor red blood cells. 

The Rh Blood Group System (pp.527-528) 
16. Approximately 85% of the human population possesses another 

blood group antigen, designated the Rh antigen; these individuals 
are designated Rh +. 

17. The absence of this antigen in certain individuals (Rh - ) can lead 
to sensitization upon exposure to it. 

18. An Rh+ person can receive Rh + or Rh - blood transfusions. 
19. When an Rh - person receives Rh + blood, tha t person will 

produce anti-Rh antibodies. 
20. Subsequent exposure to Rh + cells will resuit in a rapid, serious 

hemolytic reaction. 
2 1. An Rh - mother carrying an Rh + fetus will produce anti-Rh 

antibodies. 
22. Subsequent pregnancies involving Rh incompatibility may result 

in hemolytic disease of the newborn. 
23. The disease may be prevented by passive immunization of the 

mother wi th anti- Rh antibodies. 

Drug-Induced Cytotoxic Reactions (p. 528) 
24. In the disease thrombocytopenic purpura, platelets are destroyed 

by antibodies and complement. 
25. Agranulocytosis and hemolytic anemia result from antibodies 

against one's own blood cells coated with drug molecules. 

Type III (Immune Complex) 
Reactions (pp. 528-529) 
26. Immune complex diseases occur when IgG 

an tibodies and soluble antigen form small 
complexes that lodge in the basement mem-
branes of cells. 

27. Subsequent complement fixation results in inflammation. 
28. Glomerulonephritis is an immune complex disease. 

Type IV (Delayed Cell-Mediated) Reactions 
(pp.529-531) 
29. Delayed cell-me<liated hypersensitivity reactions are due primarily 

to T cell proliferation. 
30. Sensitized T cells secrete cytokincs in response to the appropriate 

an tigen. 
31. Cytokines attract and activate macrophages and initiate tissue 

damage. 
32. The tuberculin skin test and allergic contact dermatitis are exam-

ples of delayed hypersensitivities. 

Autoimmune Diseases (pp.532-533) 
1. Autoimmunity results from a loss of self- tolerance. 
2. Self-tolerance occurs during fetal development; T cells that will 

target host cells are eliminated (clonal deletion) or inactivated. 
3. Autoimmunity may be due to antibodies agains t infectious agents. 
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4. d isease and gravis cytotoxic autoimmune 
in which to 

5. lupus erythematosus and ar thri tis 
immune complex in which 
of immune complexes resulls in 

6. Multiple sclerosis, insulin-dependent diabetes mellitus, and psoriasis 
are autoimmune reactions mediated by T 

Reactions Related to the Human 
Leukocyte Antigen (H LA) Complex 
(pp. 533-537) 

1. Histocompatibility self molecules on cell surfaces 
genetic differences among individuals; these coded for 
by MHC or HLA gene complexes. 

2. To prevent the reiection of transplants, HLA and ABO blood 
group antigens of the d onor and recipient are matched as dosd y 
as possible. 

3. Transplants recognized as foreign antigens may be lysed by T cells 
and attacked by macrophages and complement-fixing antibodies. 

4. Transplantation to a privi leged site (such as the cornea) or of a 
privileged tissue (such as pig heart valves) does not cause an 
Immune response. 

5. Pluripotent stem cells differentiate into a variety of tissues tha t 
may provide tissues fo r transplant. 

6. Four types of transplants ha\'e been defined on the basis of genetic 
relationships between the donor and the rec ipient: autografts, iso-
grafts. allografts, and xenot ransplants. 

7. marrow (wi th immunocompetent cells) can cause graft-
versus-host d isease. 

8. Successful transplan t surgery often requi res immunosuppressant 
drugs to prevent an immune response to the transplanted tissue. 

The Immune System and Cancer 
(pp. 537-536) 

I. Cancer cells are normal cells that have undergone transformation, 
divide uncontrollably, and possess tumor-associated antigens. 

1. The response of the immunc system to cancer is caUed immuno-
logical surveillance. 

3. T c cells recogni1.1" and lyse cancerous cclls. 
4. Cancer cells can escape detection and destruction by the immune 

system. 
5. Cancer cells may grow faster than the immune system can respond. 

Immunotherapy for Cancer (p.538) 
6. Vaccines against liver and cervical cancer are available. 
7. Herceptin consists of monoclonal antibodies against a breast 

cancer growth factor. 
8. Immunotoxins are chemical poisons linked to a monoclonal anti -

body; the antibody selectively locates the cancer cell for release of 
the poison. 

Immunodeficiencies [p.538) 

1. Immunodeficiencies can be congenital or acquired. 
2. Congeni tal immunodeficiencies arc due to defective or absent genes. 
3. A variety of drugs, cancers, and infectious diseases can cause 

acquired immunodcficiencies. 

Acquired Immunodeficiency Syndrome 
(AIDS) [pp.539-"') 

The Origin of AIDS (p. 540) 
I . HIV is thought to have originated in central 

Africa and was brought to other countries by 
modern transportation and unsafe sexual 
practices. 

HIV Infection (Pi>. 
2. AIDS is the final stage of HIV infection. 
3. H IV is a retrovirus with single-stranded RNA, rcverse transcrip-

tase, and a phospholipid envelope with gpl20 spikcs. 
4. HIV spikes attach to CD4+ and coreceplOrs on host cells; thc 

CD4 + receptor is fo und on T helper cclis, macrophages, and 
dendritic cells. 

5. Viral RNA is transcribed to DNA by reverse transcriptase. The 
viral DNA becomes integrated into the host chromosome to direc t 
synthesis of new viruses or to remain lalent as a provirus. 

6. HIV evades the immune system in latency, in vacuolcs, by using 
cell-<ell fusion, and by antigenic change. 

7. Genet ically distinct groups of H IV are classified into clades. 
8. HIV infection is categorized by symptoms: Phase I (asympto-

matic) and Phase 2 (selected symptoms) are reported as AIDS if 
CD4 + T cells fall below 200 cells/Il l; Phase 3 (AIDS indicator 
conditions) is reported as AIDS. 

9. H IV infection is also categorized by CD4 + T cell numbers: 200 
CD4 + cells/Ill is repor ted as AIDS. 

10. The progression from HIV infection to AIDS takes about 10 years. 
) I. The life of an AIDS patient can be prolonged by the proper treat-

ment of opportunistic infections. 
12. People lacking CCR5 are resistant to HIV infection. 

Diagnostic Methods (p. 545) 
13. ]-I IV an tibodies arc d etected by ELISA and Western blotting. 
14. Plasma viral load tests detect viral nucleic acid and are used to 

quantify H IV in blood. 

HIV Transmission (pp.545-546) 
15. HIV is transmitted by sexual contact, breast milk, contaminated 

needles, transplacental infection, artificial insemination, and blood 
transfusion. 

16. [n developed countries, blood transfusions are not a likely source 
of infection because blood is tested for H IV antibodies. 

AI OS Worldwide (p. 546) 
17. Heterosexual intercourse is the primary method of H IV 

transmission. 

Preventing and Treating AIDS (pp.547-546) 
20. The use of condoms and sterile needles pre\'ents the transmission 

of HIV. 
21. Vaccine development is difficult because the virus remains inside 

host cells. 
22. Current chemotherapeutic agents target the virus enzymes, includ-

ing reverse transcrip tase, integrase, and protease. 
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STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
DRAW IT I . Label IgE, antigen, and mast cell, and add an antihis-

tamine to the following figure. What type of cell is this? Singulair 
stops inflammation by blocking lcukotriene receptors. Add this 
action to the figure. 

2.ln the laboratory, blood is typed by looking for hemagglutination. 
For example, anli-A antibodies and type A RBCs dump. In a type 
A person, anti-A antibodies will cause hemolysis. Why? 

3. Discuss the roles of antibodies and antigens in an incompatible 
tissue transplant. 

4. Explain what happens when a person develops a contact sensitivity 
to poison oak. 
a. What causes the observed symptoms? 
b. How did the sensitivity develop? 
c. How might this person be desensitized to poison oak? 

5. Why does an ANA (antinudear antibody) test diagnose lupus? 
6. Differentiate the three types of autoimmune diseases. Name an 

example of each type. 
7. Summarize the causes of immunodeficiencies. What is the effect of 

an immunodeficiency? 
8.ln what ways do tumor cells differ antigenically from normal 

cells? Explain how tumor cells may be destroyed by the immune 
system. 

9. If tumor cells can be destroyed by the immune system, how does 
cancer develop? What does immunotherapy involve? 

Multiple Choice 
1. Desensitization to prevent an allergic response can be accom-

plished by injecting small, repeated doses of 
a. IgE antibodies. 
b. the antigen (allergen). 
c. histamine. 
d.lgG antibodies. 
e. antihistamine. 

2. What does "pluripotent" mean? 
a. Ability of a single cell to develop into an embryonic or adult 

stem cell. 
b. Ability of a stem cell to develop into many different cell types. 
c. A cell without MHC I and MHC II antigens. 
d. Ability of a single stem cell to heal different types of diseases. 
e. Ability of an adult cell to become a stem cell. 

3. Cytotoxic autoimmunity differs from immune complex autoim-
munity in that cytotoxic reactions 
a. involve antibodies. 
b. do not involve complement. 
c. are caused by T cells. 
d. do not involve IgE antibodies. 
e. none of the above 

4. Antibodies agains t HIV are ineffective for all of the following rea-
sons except 
a. the fact that antibodies aren't made against HIY. 
b. transmission by cell- cell fusion. 
c. antigenic changes. 
d. latency. 
e. persistence of virus particles in vacuoles. 

5. Which of the following is not the cause of a natural immuno-
deficiency? 
a. a recessive gene resulting in lack of a thymus gland 
b. a recessive gene resulting in few B cells 
c. HIV infection 
d. immunosuppressant drugs 
e. none of the above 

6. Which antibodies will be found naturally in the serum of a person 
with blood type A, Rh +? 
a. anti A, anti B, anti Rh 
b. anti A, anti Rh 
c. anti A 
d. anti B, anti Rh 
e. anti B 

Use the following choices to match the type of hypersensitivity to the 
examples in questions 7 through 10. 

a. type I hypersensitivity 
b. type II hypersensitivity 
c. type III hypersensitivi ty 
d. type IV hypersensitivity 
e. all of the above 

7. Localized anaphylaxis. 
8. Allergic contact dermatitis. 
9. Due to immune complexes. 

10. Reaction to an incompatible blood transfusion. 

Critical Thinking 
I. When and how does our immune system discriminate between 

self and nonself antigens? 
2. The first preparations used for ar tificially acquired passive immu-

nity were antibodies in horse serum. A complication tha t resulted 
from the therapeutic use of horse serum was immune complex 
disease. Why did this occur? 



552 PART THREE Interaction Between Microbe and Host 

3. Do people with AIDS make antibodies? If so, why are they said to 
have an immune deficiency? 

4. What arc the methods of action of an ti -AI DS drugs? 

Clinical Applications 
I. Fungal infections such as athlete's foot are chronic. These fungi 

degrade skin keratin but are not invasive and do not produce tox-
ins. Why do you suppose that many of the symptoms of a fungal 
infection are due to hypersensitivity to the fungus? 

2. After working in a mushroom farm fo r several months, a worker 
develops these symptoms: hives, edema, and swelling lymph nodes. 
3. What do these symptoms indicate? 
b. What mediators cause these symptoms? 

c. How may sensitivity to a particular antigen be determined? 
d. Other employees do not appear to have any immunological 

reactions. What could explain this? 
(Hi",; The allergen is conidiospores from molds growing in the 
mushroom farm.) 

3. Physicians administering live, allenuated mumps and measles vac-
cines prepared in chick embryos are instructed to have epineph-
rine available. Epinephrine will not treat these viral infections. 
What is the purpose of keeping this drug on hand? 

4. A woman with blood type A + once received a transfusion of AB+ 
blood. When she carried a type B+ fetus, the fetus developed 
hemolytic disease of the newborn. Explain why this fetus devel-
oped this condition even though another type B+ fetus in a dif-
ferent type A+ mother was normal. 



Antimicrobial Drugs 

When the body's normal defenses cannot prevent or overcome a disease, it often can be treated 
by chemotherapy with antimicrobial drugs. Like the disinfectants discussed in Chapter 7, 
antimicrobial drugs act by killing or by interfering with the growth of microorganisms. Unlike 
disinfectants, however, antimicrobial drugs must often act within the host without damaging the 
host This is the important principle of selective toxicity. 

Antibiotics were one of the most important discoveries of modern medicine. Within the 
memory of many people is a time when little could be done to treat many lethal infectious 
diseases. The introduction of antimicrobials such as penicillin and sulfanilamide to treat 

conditions such as a ruptured appendix or so-called blood poisoning 
(sepsis) resulted in cures that seemed almost miraculous. 

Today, we are seeing the advances represented by these 
miracle drugs threatened by the development of antibiotic 

resistance. For example, there are frequent reports of 
staphylococcal pathogens that are resistant to practically 
all the available antibiotics. Certain populations of the 
pathogens causing tuberculosis are now resistant to 
essentially all of the available antibiotics that were once 
effective. In some cases, medicine now has only a few 

more weapons to treat the diseases caused by these 
pathogens than were available a century ago. 

Q 
This bacterium is lysing because an antibiotic 
disrupted its cell wall. Why doesn't the antibiotic 
lyse human cells? 
Look for the answer in the chapter. 
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The History of Chemotherapy 
LEARNING OBJECTIVES 
20-1 Identify the contributions of Paul Ehrl ich and Alexander Fleming 

to chemotherapy. 
20-2 Name the microbes that produce most antibiotics. 

The birth of modern chemotherapy is credited to the efforts of 
Paul Ehrlich in Germany during the early part of the twentieth 
century. While attempting to stain bacteria without staining the 
surrounding tissue, he speculated about some "magic bullet" that 
would selectively find and destroy pathogens but not harm 
the host. This idea provided the basis for chemotherapy, a term 
he coined. 

[n 1928, Alexander Fleming observed that the growth of the 
bacterium Staphylococcus aureus was inhibited in the area 
surrounding the colony of a mold that had contaminated a 
Petri plate (Figure 1.5, page 12). The mold was identified as 
Pellicillillm notatum, and its active compound, which was isolated a 
short time later, was named penicillin . Similar inhibitory reactions 
be\'.veen colonies on solid media are commonly observed in micro-
biology, and the mechanism of inhibition is called antibiosis 
(Figure 20.1 ). From this word comes the term antibiotic, a 
substance produced by microorganisms that in small amounts 
inhibits another microorganism. Therefore, the wholly synthetic 
sulfa drugs, for example, are technically not antibiotics, a d istinction 
often ignored in practice. The discovery of sulfa drugs arose from a 
systematic survey of chemicals, looking for any that would be a 
"magic bullet," by German industrial scientists beginning in 1927. 
In 1932, a compound termed Prontosil Red (it was a sulfanilamide-
containing dye) was found that controlled streptococcal infections 
in mice. It was later found that the active principle in the compound 
was the sulfanilamide component, and during World War II the 
Allied armies made wide use of this. The discovery and use of sulfa 
drugs made it clear that practical antimicrobials could be effective 
against systemic bacterial infections and resurrected interest in the 
earlier reports of penicillin. 

In 1940, a group of scientists at Oxford University headed 
by Howard Florey and Ernst Chain succeeded in the first clinical 
trials of penicillin. Under wartime conditions in the United 
Kingdom, research into the development and large-scale produc-
tion of penicillin was not possible, and this work was transferred 
to the United States. The original culture of P notatllm (later 
renamed Pellicillillm chrysogel!!lIn) was not a very efficient 
producer of the antibiotic. It was soon replaced by a more prolific 
strain. This valuable organism was first isolated from a moldy 
cantaloupe bought at a market in Peoria, Illinois. 

Antibiotics are actually rather easy to discover, but few are 
of medical or commercial value. Some are used commercially 
other than fo r treating disease- for example, as a supplement in 
animal feed (see the box on page 577). 

Figure 20.1 l aboratory observation of antibiosis. Anyone plating 
out microbes from natural environments. especially soil. wil l frequent ly see 
examples of bacterial inhibit ion by antibiotics produced by bacteria. most 
commonly Streptomyces species. 

Q Woutd there be any adllantage to a soil microbe to produce an 
antibiotic? 

More than half of our antibiotics are produced by species of 
Streptomyces, filamentous bacteria that commonly inhabit soil. 
A few antibiotics are produced by endospore-forming bacteria 
such as RacilillS, and others are produced by molds, mostly of the 
genera Pelliciliium and Cephalospori/lm (sef-a-lo-sp6're-um). 
See Table 20.1 for the sources of many antibiotics in use today-
a surprisingly limited group of organisms. One study screened 
400,000 microbial cultures that yielded only three useful drugs. 
It is especially interesting to note that practically all antibiotic-
producing microbes have some sort of sporulation process. 

Antibiotic Discovery Today 
Most antibiotics in use today were discovered by methods that 
required identifying and growing colonies of antibiotic-producing 
organisms, mostly by screening soil samples. It is rather easy to 
identify microbes in such samples that have antimicrobial activity; 
however, many are toxic or otherwise not commercially useful. 
Also, these proved to be examples of "low-hanging fruit," and 
continued work often resulted in discovery of the same antibiotics. 
As an example, streptomycin is produced by about 1% of isolates 
of actinomycetes from soil. To fi nd an antibiotic that is produced 
by only one soil or sea microbe in 10 mill ion, though, is a daunt-
ing task. What is needed are so-called high-throughput methods 
that screen very high numbers of microbes. 



Microorganism 

Gram·Positive Rods 
Bacillus sublilis 
Paenibacillus polymyxa 

Actinomycetes 
Streptomyces nodosus 

Streptomycems venezuelae 
Streptomyces aureofaciens 

Saccharopolyspora erythraea 
Streptomyces fradiae 

Streptomyces griseus 
Micromonospora purpurea 

Fungi 
Cephalosporium spp. 
Penicillium griseofulvum 

Penicillium chrysogenum 

CHECK YOUR UNDERSTANDING 

'" Who coined the tenn magic bullet? 20-' 

Antibiotic 

Bacitracin 
Polymyxin 

Amphotericin B 
Chloramphenicol 
Chlortetracycline and 
tetracycline 
Erythromycin 
Neomycin 
Streptomycin 
Gentamicin 

Cephalothin 
Griseofulvin 
Penicillin 

'" More than half our antibiotics are produced by a certain species 
of bacteria. What is it? 20-2 

The Spectrum of 
Antimicrobial Activity 
LEARNING OBJECTIVES 
20·3 Describe the problems of chemotherapy for viral. fungal. protozoan. 

and helminthic infections. 
20·4 Defi ne the following terms: spectrum of activity. broad-spectrum 

antibiotic. superinfection. 

II is comparatively easy to find or develop drugs that are effective 
against prokaryotic cells and that do not affect the eukaryotic 
cells of humans. These two cell types differ substantially in many 
ways, such as in the presence or absence of cell walls, the fine 
structure of their ribosomes, and details of their metabolism. 
Thus, selective toxicity has numerous targets. The problem is 
more difficult when the pathogen is a eukaryotic cell, such as a 
fungus, protozoan, or helminth. At the cellular level, these 
organisms resemble the human cell much more closely than a 
bacterial cell does. We will see that our arsenal against these types 
of pathogens is much more limited than our arsenal of antibac· 
terial drugs. Viral infect ions are particularly difficult to treat 
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because the pathogen is within the human host's cells and 
because the genetic information of the virus is directing the 
human cell to make viruses rather than to synthesize normal 
cellular materials. 

Some drugs have a narrow spectrum of microbial activity, or 
range of different microbial types they affect. Penicillin G, for 
example, affects gram -positive bacteria but very few gram-negative 
bacteria. Antibiotics that affect a broad range of gram-positive or 
gram-negative bacteria are therefore called broad·spectrum 
antibiotics. 

A primary factor involved in the selective toxicity of antibacte-
rial action lies in the lipopolysaccharide outer layer of gram-negative 
bacteria and the porins that form water-filled channels across this 
layer (see Figure 4.13c, page 86). Drugs that pass through the porin 
channels must be relat ively small and preferably hydrophilic. Drugs 
that are lipophilic (having an affinity for lipids) or especially large 
do not enter gram-negative bacteria readily. 

Table 20.2 summarizes the spectrum of activity of a number 
of chemotherapeutic drugs. Because the identity of the pathogen 
is not always immediately known, a broad-spectrum drug would 
seem to have an advantage in treating a disease by saving valuable 
t ime. The disadvantage is that these drugs destroy many normal 
microbiota of the host. The normal microbiota ordinarily 
compete with and check the growth of pathogens or other 
microbes. If the antibiotic does not destroy certain organisms 
in the normal microbiota but does destroy their competitors, the 
survivors may flourish and become opportunistic pathogens. 
An example that sometimes occurs is overgrowth by the yeastlike 
fungus Candida albical1s, which is not sensitive to bacterial 
antibiotics. This overgrowth is called a superinfection. a 
term that is also applied to growth of a target pathogen that has 
developed resistance to the antibiotic. In this situat ion, such an 
antibiotic-resistant strain replaces the original sensitive strain, 
and the infection continues. 

CHECK YOUR UNDERSTANDING 

'" Identify at least one reason why it is so difficult to target a 
pathogenic virus without damaging the hosfs celis. 20·3 

'" Why are antibiotics with a very broad spectrum of activity not as 
useful as one might first think? 20·4 

The Action of Antimicrobial Drugs 
LEARNING OBJECTIVE 
20·5 Identify five modes of acllOn of antimicrobial drugs. 

Antimicrobial drugs are either bactericidal (they kill microbes 
directly) or bacteriostatic (they prevent microbes from growing). 
In bacteriostasis, the host's own defenses, such as phagocytosis and 
antibody production, usually des troy the microorganisms. The 
major modes of action are summarized in Figure 20.2. 



This figure illustrates the five modes of action of antimicrobials that will be discussed in detail in this 
chapter, The limited spectrum of activity of individual antibiotics is important to understanding the appro-
priate applications for different drugs and the mechanisms of antibiotic resistance. 

1. Inhibition 01 cell wall syntheSis: ;;" penicillins, cephaJosporins, I 
bacitracin, 

Transc,iplion Translation 

Protein 
mRNA 

:........... J 
3. Inhibition 01 nucleic acid 
replication aootranscriplion: 
quinoJones, rilampin 

Enzymatic 
activity, 
synthesis of 
essential 
metabolites 

4, Injury to plasma membrane: 
polymyxin B 

5. I i synthesis 
of essential metabolites: 
sulfanilamide, trimethoprim 

Inhibiting Cell Wall Synthesis 
Penicillin, the fi rsl antibiotic to be discovered and used (if one 
does not also consider the sulfa drugs), is an example of an 
inhibitor of cell wall synthesis. 

A Recall from Chapter 4 that the cell wall of a bac-
terium consists of a macromolecular network 

called peptidoglycan. Peptidoglycan is found only in bacterial 
cell walls. Penicillin and certain other antibiotics prevent the 
syn thesis of intact peptidoglycan; consequently, the cell wall is 

55. 

Key Concept 
AntlmlcrolKfll drugl functlon In one of the following nwe ways: 
Inhibiting cell wall Iynthelll, Inhibiting protein Iynthells. inhibiting 
nuclek: acid synthelll, Injuring the pfasma membrane, or InhiblUng 
Iynthnls of eaaentlal metabolites. 

greatly weakened, and the cell undergoes lysis (Figure 20.3 ). 
Because penicillin targets the synthesis process, on ly actively 
growing cells are affected by these an tib iotics-and, because 
human cells do not have peptidoglycan cell walls, penicillin has 
very litt le toxicity for host cells. 

Inhibiting Protein Synthesis 
Because protein synthesis is a common feature of all cells, whether 
prokaryotic or eukaryotic, it would seem an unlikely target for 
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Table 20.2 The Spectrum of Activity of Antibiotics and Other Antimicrobial Drugs 

.......... 
Mycobacteria· 

Gram-Negative 
..... ri. 

Gram-Poshlve 
Bactari. 

Chlamydlas. 
Rickettsiast .. "", Protozoa Helmlmhs Viruses 

Penicillin G 

Streptomycin 

Tetracycline 

Isoniazid , 
'Growth of these frequently occurs with in macrophages or \Issue structures. 
IObligately Intracellular bacteria. 

selective toxicity. One notable difference between prokaryotes 
and eukaryotes, however, is the structure of their ribosomes. As 
discussed in Chapter 4 (page 95), eukaryotic cells have 80S ribo-
somes; prokaryotic cells have 70S ribosomes. (The 70S ribosome is 
made up of a 50S and a 305 unit. The 5 stands for Svedberg unit, 
which describes the relat ive rate of sedimen tation in a high-speed 
centrifuge. ) The difference in ribosomal structure accounts for the 

(a) Rod-shaped bacterium before penicill in. - , , 
... 'I'm 

Figure 20.3 The inhibition of bacterial cell synthesis by penicillin. 

Q Why don'l penicillins affecllhe human cell? 

, 

Ketocon-
azole 

Mefloquine 
(malaria) 

Niclosamide 
(tapeworms) 

Praziquantel 
(flukes) 

Acyclovir 

selective toxICIty of antibiotics that affect protein synthesis. 
However, mitochondria (important eukaryotic organelles) also 
contain 70S ribosomes similar to those of bacteria. Antibiotics 
targeting the 70S ribosomes can therefore have adverse effects on 
the cells of the host. Among the antibiotics that interfere with 
protein synthesis are chloramphenicol, erythromycin, strepto-
mycin, and the tetracyclines (Figure 20.4). 

(b) The bacterial cell lysing as penicillin 
weakens the cell wall 

- , , 
tiIIIIiI 11'm 
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Protein 
synthesis 

site 

(a) Three-dimensional detail of the protein 
synthesis site showing the 305 and 50S 
subunit portions of the 70S prokaryotic 
ribosome 

Messenger 
RNA 

3' 

Growing polypeptide 

Binds to 50S portion and inhibits 
formation of peptide bond 

synthesis site 

Changes shape of 305 portion, 
causing code on mRNA to be 
read incorrectly 

70S prokaryotic 
ribosome Interfere with attachment of 

tRNA to mRNA- ribosome complex 
Translation 

(b) Diagram indicating the different points at which chloramphenicol, 
the tetracyclines, and streptomycin exert their activities 

Figure 20.4 The inhibition of protein synthesis by antibiotics. (a) The inset shows how the 70S 
prokl:lryotic ribosome IS assembled from two subunits, 30S and 50s. Note how the gro-wing peptide chain 
passes through a tunnel in the 50s subunit from the site of protein synthesis. (b) The diagram shows the 
different points at vvh ich chloramphenicol. the and exert their activities. 

Q Why do antibiotics that inhibit protein synthesis affect bacteria and not human cells? 

Injuring the Plasma Membrane 
Certain antibiotics, especially polypeptide antibio tics, bring 
about changes in the permeabil ity of the plasma membrane; 
these changes result in the loss of important metabolites from 
the microbial cell. 

Some antifungal drugs, such as amphotericin B, miconazole, 
and ketoconazole, are effective against a considerable range of 
fungal diseases. Such drugs combine with sterols in the fungal 
plasma membrane to disrupt the membrane (Figure 20.5). 
Because bacterial plasma membranes generally lack sterols, these 
antibiotics do not act on bacteria. 

Inhibiting Nucleic Acid Synthesis 
A number of antibiotics interfere with the processes of DNA 
replication and transcription in microorganisms. Some drugs 
with this mode of action have an extremely limited usefulness 
because they interfere with mammalian DNA and RNA as well. 

Inhibiting the Synthesis 
of Essential Metabolites 
[n Chapter 5, we mentioned that a particular enzymatic 
activity of a microorganism can be competitively illhibited by a 
substance (alltime tabolite ) that closely resembles the normal 
substrate for the enzyme (see Figure 5.7, page 121). An 
example of competitive inhibition is the relationship between 
the antimetabolite sulfanilamide (a sulfa drug) and para-
aminobenzoic acid (PABA). In many microorganisms, PABA 
is the substrate for an enzymatic reaction leading to the 
synthesis of folic acid, a vitamin that functions as a coenzyme 
for the synthesis of the purine and pyrimidine bases of nucleic 
acids and many amino acids. Animation Chemotherapeutic 
Agents: Modes of Action. www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

,.f What cellular function is inhibited by tetracyclines? 20-5 



I 

Figure 20.5 Injury to the plasma membrane of a yeast cell 
caused by an antifungal drug. The ce ll releases its cytoplasmic contents 
as the plasma membrane is disrupted by the antifungal drug miconazole. 

Q Many antifungal drugs combine with sterols in the plasma 
membrane. Why don't they combine with sterols in human cell 
membranes? 

A Survey of Commonly Used 
Antimicrobial Drugs 
LEARNING OBJECTIVES 
20-6 b:plain why the drugs described in this section are specific 

for bacteria. 
20-7 List the advantages of each of the following over penicillin : 

semisynthetic penicill ins. cephalosporins, and vancomycin. 
20-8 b:plain why isoniazid (INH) and ethambutal are antimycobacterial 

agents, 
20-9 Describe how each of the fol lowing inhibits protein synthesis: 

aminoglycosides. tetracycl ines. chloramphenicol. macrolides. 
20-10 Compare the mode of action of polymyxin B. bacitracin. and 

neomycin. 
20-11 Describe how rifamycins and quinolones kill bacteria. 

20-12 Describe how sulfa drugs inhibit microbial growth. 
20-13 b:plain the modes of action of currently used antifungal drugs. 

20-14 b:plain the modes of action of currently used antiviral drugs. 
20-15 b:plain the modes of action of currently used antiprotozoan and 

antihelminthic drugs. 

Table 20.3 (pages 562-563) and Table 20.4 (page 564) summarize 
commonly used antimicrobial drugs. 
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Antibacterial Antibiotics: Inhibitors 
of Cell Wall Synthesis 
For antibiotics to function as a "magic bullet," they usually must 
target microbial structures or functions that are not shared 
with mammalian structures or functions. As was described 
in Chapter 4, the eukaryotic mammalian cell usually does not 
have a cell wall; instead, it has only a plasma membrane. Even 
this membrane differs in composition from the plasma mem -
brane of prokaryotic cells. For this reason, the microbial cell wall 
is an attractive target for the action of antibiotics. 

Penicillin 
The term penicillin refers to a group of over 50 chemically 
related antibiotics (Figure 20.6) . All penicillins have a common 
core structure contain ing a J3-lactam ring called the nucleus. 
Penicillin molecules are d ifferentiated by the chemical side 
chains attached to their nuclei. Penicillins can be produced 
either naturally or semisynthetically. Penicillins prevent the 
cross-linking of the peptidoglycans, which interferes with the 
final stages of the construction of the cell walls, primarily of 
gram -positive bacteria (see Figure 4.13a, page 86). 

Natural Penicillins Penicillin extracted from cultures of the 
mold Penicillium exists in several closely related forms. These 
are the so-called natural penicillins (Figure 20.6a). The proto -
type compound of all the penicillins is penicillin C. It has a nar-
row but useful spectrum of activity and is often the drug of 
choice against most staphylococci, streptococci, and several 
spirochetes. When injected intramuscularly, penicillin G is rap -
idly excreted from the body in 3 to 6 hours (Figure 20.7). When 
taken orally, the acidity of the digestive fluids in the stomach 
dimin ishes its concentration. Procaine penicillin, a combination 
of the drugs procaine and penicillin G, is retained at detectable 
concentrations for up to 24 hours; the concentration peaks at 
about 4 hours. Still longer retention times can be achieved with 
benzathine penicillin, a combination of benzathine and pen i-
cillin G. Although retention times of as long as 4 months can be 
obtained, the concentration of the drug is so low that the organ-
isms must be very sensitive to it. Penicillin V, which is stable in 
stomach acids and can be taken orally, and penicillin G are the 
natural penicillins most often used. 

Natural penicillins have some disadvantages. Chief among 
them are their narrow spectrum of activity and their susceptibil-
ity to penicillinases. Penicillinases are enzymes produced by 
many bacteria, most notably Staphylococcus species, that cleave 
the J3-lactam ring of the penicillin molecule (Figure 20.S) . 
Because of this characteristic, penicillinases are sometimes called 
/3-lactamases. 
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{al Natural penicillins 

Penicillin G (requires injection) 

Penk:illin V (can be taken orally) 

(b) Semisynthetic penicillins 

Common nucleus • { \ 

, Common nucleus • , 

Figure 20.6 The structure of penicillins. 
antibacterial antibiotics. The portion that all penicillins 
have in common- which contains the f3-lactam ring- " 
shaded in purple. The unshaded portions represent the side 
chains that distinguish one penicillin fro m another. 

Q What does semisynthetic mean? 

Oxacillin: 
Narrow spectrum. only 
gram-positives. but resislant 
to penicil linase 

o s 

O I / , / CHJ C- C--C-NH- CH- CH C 
I I I I I ' CH3 
N C o- c...L N CH- COOH 

Ampicillin: 
Extended spectrum, 
many gram-negatives 

' 0 / ' CH3 \ 
p-Iactam ring 

o 

O I / S, / CHJ CH - C- NH - CH CH C 
I I I I ' CHJ NH2 O- C-N CH- COOH 

Semisynthetic Penicillins A large number of semisynthetic 
penicillins have been developed in attempts to overcome the 
disadvantages of natural penicilli ns (Figure 20.6b), Scientists 
develop these penicilli ns in either of two ways. First, they can 
interrupt synthesis of the molecule by Penicillium and obtain 
only the common penicillin nucleus for use. Second, they can 
remove the side chains from the completed natural molecules 
and then chemically add other side chains that make them 
more resistant to penic ill inase, o r the scientists can give them 
an extended spectrum. Thus the term sem isyntlletic: part of the 

penicillin is produced by the mold, and part is added 
synthetically, 

Penicillinase-Resistant Penicillins Resis tance of staphylococ-
cal infections to penicillin soon became a problem because of 
a plasmid-borne gene for [3-lactamase, An tibiotics that were 
relatively resistant to this enzyme, such as the sem isynthetic 
penicillin, methicillin, were introduced, but resis tance to 
them also soon appeared; thus the organisms were termed 
methicillin-resistant Staphylococcus lIurellS (MRSA), usually 

• • 

Penicillin G (injected intramuscularly) 

g Penicillin G (oral) 
0 •• 
0 Procaine penicillin 
0 -• -0 • Benzathine penicillin 
0 
0 
0 u 

0 2 4 6 12 18 24 
Time (hr) 

30 

Figure 20.7 Retention of penicillin G. Penicillin G is normally injected 
(solid red line): when administered by this route, the drug is present in high 
concentrations in the blood but disappears quickly, Taken orally (dotted red 
line), penicillin G is destroyed by stomach acids and is not very effective. It is 
possible to improve retention of penicillin G by combining it with compounds 
such as procaine and benzathine (blue and purple lines). However, the blood 
concentration reached is low. and the target bacterium must be extremely 
sensitive to the antibiotic. 

Q How does a low concentration of penicillin G select for penicillin-
resistant bacteria? 
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Figure 20.8 The effect of penicillinase on 
penicillins. Bacterial production of this enzyme, 
which is shown brea king the J3-lactam ring, is by far 
the most common form of resistance to penicil lins. 

ring 

R is an abbreviation for the chemical side groups 
that differentiate similar or otherwise-identical 
compounds. 

o 
I /S, /CH3 __ - NH - CH - CH C, III III CH3 0-0 N CH- COOH 

I I 
OMH Q What is penicillinase? Penicillin Penicilloic acid 

pronounced masa (see the box on page 593). Resistance be-
came so prevalent that meth icillin has been discontinued in the 
United States. The term has come to be applied to strains that 
have developed resistance to a wide range of penicillins and 
cephalosporins. This includes other penicillinase-resistant 
antibiotics, such as oxacillin, and those combined with p-Iacta-
mase inhibitors (discussed below) . See the discussion of antibi-
otic resistance on page 573. 

Extended-Spectrum Penicillins To overcome the problem 
of the narrow spectrum of activity of natural penicillins, 
broader-spectrum semisynthetic penicillins have been devel -
oped. These new penicillins are effective against many gram-
negative bacteria as well as gram -positive ones, although they 
are not resistant to penicillinases. The fi rst such penicillins 
were the aminopenicillins, such as ampicillin and amoxicillin . 
When bacterial resistance to these became more common, the 
carboxypenicillins were developed. Members of this group, 
such as carbenicillin and ticarcillin, have even greater activity 
against gram-negative bacteria and have the special advantage 
of activity against Pseudomonas aeruginosa. 

Among the more recent addit ions to the penicill in fami ly are 
the ureidopenicillins, such as mez/ocil/ill and az/ocillill. These 
broader-spectrum penicillins are modifications of the structure 
of ampicillin. The search for even more effective modifications of 
penicillin continues. 

Penicillins Plus J-Lactamase Inhibitors A different approach 
to the proliferation of penicillinase is to combine penicillins with 
potassium clam/anate (clavu/anic acid), a product of a strepto-
mycete. Potassium clavulanate is a noncompetitive inhibitor of 
penicillinase with essentially no antimicrobial activity of its own. 
It has been combined with some new broader-spectrum pen i-
cillins, such as amoxicillin (the combination is best known by its 
trade name Augmentin). 

Carbapenems 
The carbapenems are a class of p-Iactam antibiotics that substi -
tute a carbon atom for a sulfur atom and add a double bond to 
the penicillin nucleus. These antibiotics, which inhibit cell wall 
synthesis, have an extremely broad spectrum of activity. 
Representative of this group is Primaxin, a combination of 

IIIl1penem and ci/astatin. The cilastatin has no antimicrobial 
activity but prevents degradation of the combination in the kid -
neys. Tests have demonstrated that Primaxin is active agai nst 
98% of all organisms isolated from hospital patients. 

Monobactams 
Another method of avoiding the effects of penicillinase is 
shown by aztreonam, which is the first member of a new class 
of antibiotics. It is a synthetic antibiotic that has only a single 
ring rather than the conventional J3 -lactam double ring, and is 
therefore known as a monobactam. Aztreonam's spectrum of 
activity is remarkable for a penicillin -related compound- this 
antibiotic, which has unusually low toxicity, affects only certain 
gram-negative bacteria, including pseudomonads and E. coli. 

Cephalosporins 
In structure, the nuclei of cephalosporins resemble those of 
penicillin (Figure 20.9 ). Cephalosporins inhibit cell wall synthe-
sis in essentially the same way as do penicillins. They are more 
widely used than any other p-lactam antibiotics. Their p-lactam 
ring differs slightly from that of penicillin, but bacteria have 
developed p-lactamases that inactivate them. 

,8-lactam ring Cephalosporin nucleus 

Penicillin nucleus 

Figure 20.9 The nuclear structures of cephalosporin 
and penicillin compared. 

Q Would a effective against penicillin G be likely to 
affect cephalosporins? 
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Table 20.3 Antibacterial Drugs 

Drugs by Mode of Action 

INHIBITORS OF CELL WALL SYNTHESIS 

Natural Penicillins 
Penicillin G 
Penicillin V 

Semisynthetic Penicillins 
Oxacillin 
Ampicillin 
Amoxicillin 
Aztreonam 
Imipenem 

Cephalosporins 
Cephaloth in 
Cefixime 

Polypeptide Antibiotics 
Bacitracin 
Vancomycin 

Antimycobacterial Antibiotics 
Isoniazid 
Ethambutol 

INHIBITORS OF PROTEIN SYNTHESIS 
Chloramphenicol 

Aminoglycosides 
Streptomycin 
Neomycin 
Gentamicin 

Tetracyclines 
Tetracycline. oxytetracycline, ch lortetracycline 

Macrolides 
Erythromycin 
Azithromycin. clarithromycin 
Telithromycin (Ketek) 

Streptogramins 
Quinupristin and da lfopristin (Synercid) 

Oxazmidinones 
Linezolid (Zyvox) 

INJURY TO THE PLASMA MEMBRANE 

Polymyxin B 

INHIBITORS OF NUCLEIC ACID SYNTHESIS 

Rifamycins 
Rilampin (or rifampicin) 

Comments 

Against gram-positive bacteria. requires injection 
Against gram-positive bacteria. ora l administration 

Resistant to penicillinase 
Broad spectrum 
Broad spectrum: combined with inhibitor of penicillinase 
A monobactam: effective for gram-negative bacteria. including Pseudomonas spp. 
A carbapenem: very broad spectrum 

First-generation cephalosporin; activity similar to penicillin: requires injection 
Fourth -generation cephalosporin: oral administration 

Against gram-positive bacteria: topical application 
A glycopeptide type: penicillinase-resistant; against gram-posit ive bacteria 

Inhibits synthesis of mycolic acid component of cell wall of Mycobacterium spp. 
Inhibits incorporation of mycolic acid into cell wall of Mycobacterium spp. 

Broad spectrum. potentia lly toxic 

Broad spectrum. including mycobacteria 
Topical use. broad spectrum 
Broad spectrum. including Pseudomonas spp. 

Broad spectrum. including ch lamydias and rickettsias: animal feed additives 

Alternative to penicill in 
Semisynthetic; broader spectrum and better tissue penetration than erythromycin 
New generation of semisynthetic macrolides: used to cope with resistance to other 
macrolides 

Alternat ive for treating vancomycin-resistant gram-positive bacteria 

Useful primari ly against penici ll in-resistant gram-positive bacteria 

Topical use. gram-negative bacteria. including Pseudomonas spp. 

Inhibits synthesis of mRNA: treatment 01 tuberculosis 
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Table 20.3 (continued) 

Drugs by Mode of Action Comments 

Quinolones and Fluoroquinolones 

Nalidixic acid. nofloxacin. ciprofloxacin 
Gatifloxacin 

Inhibit DNA synthesis: broad spectrum: urinary tract infections 
Newest generation quinolone: increased potency against gram-positive bacteria 

COMPETITIVE INHIBITORS OF THE SYNTHESIS 
OF ESSENTIAL METABOLITES 

Sulfonamides 
Trimethoprim-su Ifamethoxazole Broad spectrum: combination is widely used 

The differential grouping of cephalosporins is most commonly 
done by reference to generations, reflecting their continued devel-
opment. The first -generation cephalosporins have a relatively nar-
row spectrum of activity, primarily against gram-positive bacteria. 
An example is cephalothin. Second-generat ion cephalosporins have 
a more extended gram-negative spectrum. Examples are the intra-
venous drug cefamandole and the oral drug cefac/or. The third -
generation drugs, such as ceftazidime, are the most active against 
gram-negative bacteria, including some pseudomonads, but most 
must be injected. An oral third-generation cephalosporin is 
cefixime. The fourth -generation drugs, such as cefepime, require 
injections but have the most extended spectrum of activity. 

Polypeptide Antibiotics 
Bacitracin Bacitracin (the name is derived from its source, a 
Bacillus isolated from a wound on a girl named Tracy) is a 
polypeptide antibiotic effective primarily against gram-positive 
bacteria, such as staphylococci and streptococci. Bacitracin 
inhibits the syn thesis of cell walls at an earlier stage than peni-
cillins and cephalosporins. It interferes with the synthesis of the 
linear strands of the peptidoglycans (see Figure 4. 13a, page 86.) 
Its use is res tricted to topical application for superficial infections. 

Vancomycin Vancomycin (optimistically named from the word 
vanqllish ) is one of a small group of glycopeptide antibiotics 
derived from a species of Streptomyces found in the jungles of 
Borneo. Originally, toxicity of vancomycin was a serious problem, 
but improved purification procedures in its manufacture have 
largely corrected th is. Although it has a very narrow spectrum of 
activity, which is based on inhibition of cell wall synthesis, van-
comycin has been extremely important in addressing the problem 
of M RSA (see page 561). Vancomycin has been considered the last 
line of antibiotic defense fo r treatment of Staphylococclls allrells 
infections that are resistant to other antibiotics. The widespread 
use of vancomycin to treat MRSA has led to the appearance of 
vancomycin-resistant enterococci (VRE). These are oppor-
tunistic, gram-positive pathogens that are particularly trouble-
some in hospital sett ings (see page 319 and the box on page 593). 
This appearance of vancomycin-resistant pathogens, leaving few 
effective alternatives, is considered a medical emergency. 

Antimycobacterial Antibiotics 
The cell wall of members of the genus Mycobacterium differs 
from the cell wall of most other bacteria. It incorporates mycolic 
acids that are a factor in their staining properties, causing them 
to stain as acid -fast (page 70). The genus includes important 
pathogens, such as those that cause leprosy and tuberculosis. 

Isoniazid (INH) is a very effective synthetic antimicrobial drug 
against Mycobacterium fIIberculosis. The primary effect of INH is to 
inhibit the synthesis of mycolic acids, which are components of cell 
walls only of the mycobacteria. It has little effect on nonmycobacte-
ria. When used to treat tuberculosis, INH is usually administered 
simultancously with other drugs, such as rifampin (also known as 
rifampicin) or ethambutoL This minimizes development of drug 
resistance. Because the tubercle bacillus is usually found only within 
macrophages or walled off in tissue, any antitubercular drug must 
be able to penetrate into such sites. 

Ethambutol is effective only against mycobacteria. The drug 
apparently inhibits incorporation of mycolic acid into the cell 
walL It is a comparatively weak antitubercular drug; its principal 
use is as the secondary drug to avoid resistance problems. 

CHECK YOUR UNDERSTANDING 

"" One of the most successful groups of antibiotics targets the 
synthesis of bacterial cell walls; why does the antibiotic not 
affect the mammalian cell? 20-6 

"" What phenomenon prompted the development of the first 
semisynthetic antibiotics. such as methicillin? 20-7 

"" In what genus of bacteria do we find mycolic acids in the cell 
wall? 20-8 

Inhibitors of Protein Synthesis 
Chloramphenicol 
Chloramphenicol inhibits the formation of peptide bonds in 
the growing polypeptide chain by reacting with the 50S por-
tion of the 70S prokaryotic ribosome. Because of its simple 
structure (Figure 20.10 ), it is less expensive for the pharmaceu -
tical industry to synthesize it chemically than to isolate it from 
Streptomyces. It is relatively inexpensive, and has a broad 



Table 20.4 Antifungal, Antiviral, Antiprotozoan, and Antihelminthic Drugs 

ANTIFUNGAL DRUGS 

Agents Affecting Fungal Sterols 
(Plasma M embrane) 

Polyenes 
Amphotericin B 

Azo/es 
Clotrimazole, miconazole 
Ketoconazole 
Voriconazole 

AJlylamines 
Terbinafine, naftifine 

Agents Affecting Fungal 
Cell Walls 

Echlnocandlns 
Caspofungin (Cancidas) 

Agents Inhibiting Nucleic Acids 
Flucytosine 

Other Antifungal Drugs 
Griseofulvin 
Tolnaftate 

ANTIVIRAL DRUGS 
Nucleoside and Nucleotide 
Analogs 

Acyclovir, ganciclovir, 
ribavirin,lamivudine 
Cidofovir 

Adefovir dipivoxil (Hepsera) 

AUachment and Uncoating 
Zanamivir,oseltamivir 
Amantadine. zimantadine 

Interferons 
alpha interferon 

ANTI PROTOZOAN DRUGS 
Chloroquine 
Diiodohydroxyquin 
Metronidazole, Tinidazole 
Nitazoxanide 

ANTIHELMINTHIC DRUGS 
Niclosamide 

5.4 

Praziquantel 
Pyantel pamoate 
Mebendazole, albendazole 
Ivermectin 

Mode of Action 

Injury to plasma membrane 

Inh ibit synthesis of plasma membrane 
Inh ibits synthesis of plasma membrane 
Inh ibits synthesis of plasma membrane 

Inh ibit synthesis of plasma membrane 

New class 01 antifungals that inhibit 
synthesis 01 cell wall 

Inh ibits synthesis of RNA and therefore 
protein synthesis 

Inh ibition of mitotic microtubules 
Unknown 

Inhibit DNA or RNA synthesis 

Inhibits DNA or RNA synthesis 

Competitive inhibitor for HBV reverse 
transcriptase 

Inh ibit neuraminidase on influenza virus 
Inh ibit uncoating 

Inh ibits spread of virus to new cells 

Inh ibits DNA synthesis 
Unknown 
Interleres with anaerobic metabolisms 
Interfere with anaerobic metabolism 

Comments 

Systemic funga l infections; fungicidal 

Topical use 
Can be taken orally for systemic fungal infections 
Can penetrate blood- bra in barrier to treat aspergillosis of the 
central nervous system 

New class of antifungals frequently used to treat diseases 
resistant to azoles 

Fungal infections of the skin 
Athlete's foot 

Used primarily against herpesviruses 

Cytomegalovirus infections; possibly effective against 
smallpox 
For resistance against lamivudine 

Treatment of influenza 
Treatment of influenza 

Vira l hepatitis 

Malaria: effective against red blood cell stage only 
Amoebic infections; amoebicidal 
Giardiasis, amebiasis, trichomoniasis 
Giardiasis; only drug approved for cryptosporidiosis 

Prevents ATP generation in mitochondria Tapeworm infections; kills tapeworms 
Alters permeability of plasma membranes Tapeworm and fluke infections; kills flatworms 
Neuromuscular block Intestinal roundworms; kills roundworms 
Inh ibit absorption of nutrients Intestinal roundworms 
Paralyzes worm Intestinal roundworms primarily: occasional use for scabies 

mite and lice 
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Figure 20.10 The structure of the antibacterial antibiotic 
chloramphenicol. Notice the simple structure. which makes 
synthesizing this drug less expensive than isolating it from Streptomyces. 

Q What effect does the binding of chloramphenicol to the 50S 
portion of the ribosomes have on a cell? 

spectrum, so chloramphenicol is often used where low cost is 
essential. Its small molecular size promotes its diffusion into 
areas of the body that are normally inaccessible to many other 
drugs. However, chloramphenicol has serious adverse effects; 
most important is the suppression of bone marrow activity. 
This supp ression affects the formation of blood cells. In about 
1 in 40,000 users, the drug appears to cause aplastic anemia, a 
potentially fatal condition; the normal rate for this condition 
is only about 1 in 500,000 individuals. Physicians are advised 
not to use the drug for triv ial conditions or ones for which 
suitable alternatives are available. 

Other antibiotics inhibiting protein synthesis by binding at 
the same ribosomal site as chloramphenicol are clindamycin and 
metronidazole (see page 471). These three drugs are structurally 
unrelated, bu t all have potent anaerobic activity. Clindamycin 
has a noted association with Clostridium difficile-associated diar-
rhea (see page 720). Its effect iveness against anaerobes has led to 
its use in the treatment of acne. 

Aminoglycosides 
Aminoglycosides are a group of antibiotics in which amino sugars 
are linked by glycoside bonds. Aminoglycoside antibiotics, such as 
streptomycin and gemamicin, interfere with the initial steps of pro-
tein synthesis by changing the shape of the 30S portion of the 70S 
prokaryotic ribosome. This interference causes the genetic code of 
the mRNA to be read incorrectly. They were among the first antibi-
otics to have significant activity against gram-negative bacteria. 
Probably the best-known aminoglycoside is streptomycin, which 
was discovered in 1944. Streptomycin is still used as an alternative 
drug in the treatment of tuberculosis, but rapid development of 
resistance and serious toxic effcxts have diminished its usefulness. 

Aminoglycosides can affect hearing by causing permanent 
damage to the auditory nerve, and damage to the kidneys has also 
been reported. As a result, their usc has been declining. Neomycirl is 
present in many nonprescription topical preparations. Gentamicin 
(spelled with an "i" to reflect its source, the filamentous bacterium 
Micromonospora) is especially useful against Pseudomonas infcx-
tions. Pseudomonads are a major problem for persons suffering 
from cystic fibrosis. The aminoglycoside tobramycin is adminis-
tered in an aerosol to help control infections that occur in patients 
with cystic fibrosis. 
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Figure 20.11 The structure of the antibacterial antibiotic 
tetracycline. Other tetracycline-type an tibiot ics share the 
four -cyclic-ring structure of tetracycline and closely resemble it. 

Q How do tetracyclines affect bacteria? 

Tetracyclines 
Tetracyclines are a group of closely related broad-spectrum 
antibiotics produced by Streptomyces spp. The tetracyclines inter-
fere with the attachment of the tRNA carrying the amino acids to 
the ribosome at the 30S portion of the 70S ribosome, preventing 
the addition of amino acids to the growing polypeptide chain. 
They do not interfere with mammalian ribosomes because 
they do not penetrate very well into intact mammalian cells. 
However, at least small amounts are able to enter the host cell, as 
is apparent from the fact that the intracellular pathogen ic 
rickettsias and chlamydias are sensitive to tetracyclines. The 
selective toxicity of these drugs is due to a greater sensitivity of 
the bacteria at the ribosomal level. Tetracyclines not only are 
effect ive against gram -positive and gram-negative bacteria but 
also penetrate body tissues well and are especially valuable 
against the intracellular rickettsias and chlamydias. Three of 
the more common ly used tetracyclines are oxytetracyclille 
(Terramycin ), chlortetracycline (Aureomycin ), and tetracycline 
itself (Figure 20.11 ). 

Some semisynthetic tetracycl ines, such as doxycycline and 
minocyclille, are available. They have the advantage of longer 
retention in the body. A derivative of minocycline that has a 
broad spectrum of activity is a new class of antibiotics, the gly-
cylcyclines. The first of this class is tigecycline (Tygacil), which 
was developed as a response to MRSA . 

Tetracyclines are used to treat many urinary tract infec-
tions, mycoplasmal pneumonia, and chlamydial and rickettsial 
infections. They are also frequently used as alternative drugs 
for such diseases as syphilis and gonorrhea. Tetracyclines often 
suppress the normal intestinal microbiota because of their 
broad spectrum, causing gastrointestinal upsets and often 
leading to superinfect ions, particularly by the fungus Calldida 
albiC(l/lS. They are not advised for children, who might experi-
ence a brownish discoloration of the teeth, or for pregnant 
women, in whom they might cause liver damage. Tetracyclines 
are among the most common antibiotics added to animal 
feeds, where their use results in significantly faster weight gain; 
however, some human health problems can also result (see the 
box on page 577). 
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Figure 20.12 The structure of the antibacterial antibiotic 
erythromycin, a representative macrolide. All macro Ii des have the 
macro cyclic lactone ring shown here. 

Q How do macrolides affect bacteria? 

Macrolides 
Macrolides are a group of an tibiotics named for the presence of 
a macrocyclic lactone ring. The best-known macrolide in clinical 
use is erythromycin (Figure 20.12 ). Its mode of action is the inh i-
bition of protein synthesis, apparently by blocking the tunnel 
shown in Figure 20.4a. However, erythromycin is not able to 
penetrate the cell walls of most gram-negative bacilli. Its spec-
trum of activity is therefore similar to that of penicillin G, and it 
is a frequent alternative drug to penicillin. Because it can be 
administered orally, an orange-flavored preparation of erythro-
mycin is a frequent penicillin substitute for the treatment of 
streptococcal and staphylococcal infections in children. 
Erythromycin is the drug of choice for the treatment oflegionel -
losis, mycoplasmal pneumonia, and several other infections. 

Other macrolides now available include azitllromyein and 
ciarithromyein. Compared to erythromycin, they have a broader 
antimicrobial spectrum and penetrate tissues better. This is espe-
cially important in the treatment of conditions caused by intra-
cellular bacteria such as Clllamydia, a frequent cause of sexually 
transmitted infection. 

A new generation of semisynthetic macrolides, the ketolides, 
is being developed to cope with increasing resistance to other 
macrolides. The prototype of this generation is telithroll/yein 
(Ketek). However, it has a number of significant restrictions 
related to toxicity. 

Streptogramins 
We ment ioned previously that the appearance of vancomycin-
resistant pathogens constitutes a serious medical problem. One 
answer may be a unique group of antibiotics, the streptogramins. 
The first of these drugs to be released, Synercid, is a combination of 
two cyclic peptides, qllinllpristin and dal[opristin, which are dis-
tantly related to the macrolides. They block protein synthesis by 

attaching to the 50S portion of the ribosome, as do other antibiotics 
such as chloramphenicoL Synercid, however, acts at uniquely differ-
ent points on the ribosome. Dalfopristin blocks an early step in 
protein synthesis, and quinupristin blocks a later step. The combi-
nation causes incomplete peptide chains to be released and is syn-
ergistic in its action (see page 578) . Synercid is effective against a 
broad range of gram-positive bacteria that are resistant to other 
antibiotics. This makes Synercid especially valuable, even though it 
is expensive and has a high incidence of adverse side effects. 

Oxazolidinones 
The oxazolidinones are another new class of antibiotics devel -
oped in response to vancomycin resistance. When the FDA 
approved this class of antibiotic in 2001, it represented the first 
new class of antibiotics approved in 25 years. Like several other 
antibiotics that inhibit protein synthesis, oxazolidinone antibi-
otics act on the ribosome (see Figure 20.4, page 558). However, 
they are unique in their target, binding to the 50S ribosomal 
subunit close to the point where it interfaces with the 30S 
subunit. These drugs are totally synthetic, which may make 
resistance slower to develop. Like vancomycin, they have no use-
fulness against gram -negative bacteria, but they are active against 
certain enterococci that arc not sensitive to Synercid. One mem-
ber of this antibiotic group is lillezolid (Zyvox), used mainly to 
combat MRSA. 

CHECK YOUR UNOERSTANOING 

..r Why does erythromycin. a macrolide antibiotic. have a spectrum 
of activity limited largely to gram-positive bacteria even though 
its mode of action is similar to that of the broad-spectrum 
tetracyclines? 20-9 

Injury to the Plasma Membrane 
The synthesis of bacterial plasma membranes requires the 
synthesis of fatty acids as building blocks. Blocking this is the tar-
get of several antibiotics and antimicrobials. Examples are the 
tuberculosis drug isoniazid (page 563 ) and the household ant i-
bacterial triciosan (page 196). A new antibiotic, platellSimycin, 
also exploits the fatty-acid biosynthesis essential for plasma 
membranes. It is especially significant because it represents 
another rare example of a new chemical class of antibiotic to 
appear in the last 40 years. (Linezolid and daptomycin are other 
examples) . This class of antibiotic may be another weapon to use 
against the threat of MRSA. 

Polymyxin B is a bactericidal antibiotic effect ive against 
gram-negative bacteria. For many years, it was one of very few 
drugs used against infections by gram -negative Pseudomonas. 
Polymyxin B is seldom used today except in the topical treatment 
of superficial infections. 

Both bacitracin and polymyxin B are available in nonprescrip-
tion antiseptic ointments, in which they are usually combined with 



neomycin, a broad-spectrum aminoglycoside. In a rare exception 
to the rule, these antibiotics do not require a prescription. 

Many of the antimicrobial peptides discussed on page 578 
ta rget the synthesis of the plasma membrane. 

CHECK YOUR UNOERSTANOING 

..r Of the three drugs often found in over-the-counter antiseptic 
creams-polymyxin B, bacitracin. and neomycin-which has a 
mode of action most similar to that of penicillin? 20-10 

Inhibitors of Nucleic Acid 
(DNA/RNA) Synthesis 
Rifamycins 
The best-known derivative of the rifamycin family of antibiotics 
is rifampin. These drugs are st ructurally related to the macrolides 
and inhibit the synthesis of mRNA. By far the most important 
use of rifampin is against mycobacteria in the treatment of 
tuberculosis and leprosy. A valuable characteristic of rifampin is 
its ability to penetrate tissues and reach therapeutic levels in cere-
brospinal fluid and abscesses. This characteristic is probably an 
important facto r in its antitubercular activity, because the tuber-
culosis pathogen is usually located inside tissues or macrophages. 
An unusual side effect of rifampin is the appearance of orange-
red urine, feces, saliva, sweat, and even tears. 

Quinolones and Fluoroquinolones 
In the early 1960s, the synthetic drug nalidixic acid was 
developed- the first of the quinolone group of antimicrobials. 
It exerted a unique bactericidal effect by selectively in hibiting an 
enzyme (DNA gyrase) needed for the replication of DNA. 
Although nalidixic acid found only limited use (its only applica-
tion being for urinary tract infec tions), it led to the development 
in the 1980s of a prolific group of synthetic quino[ones, the 
Ouoroquinolones. 

The fluoroquinolones are divided into groups, each of which 
has a progressively broader spectrum of activity. The earliest 
generations include widely used norj1oxacin and ciproj1oxacin. 
The latter is better known under its trade name of Cipro and has 
had wide publicity for its use against anthrax infections. A 
newer group of fluoroquinolones includes gatij1oxacin, gemi-
j1oxacirl, and moxij1oxacirl. These antibiotics, with the exception 
of moxifloxacin, are often the drugs of choice for urinary tract 
infections and certai n types of pneumonia. As a group, the 
fluoroquinolones are relatively nontoxic. Resistance to them ca n 
develop rapidly, even during a course of treatment. 

CHECK YOUR UNOERSTANOING 

..r What group of antibiotics interferes with the DNA-replicating 
enzyme DNA gyrase? 20-11 
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Competitive Inhibitors of the Synthesis 
of Essential Metabolites 
Sulfonamides 
As noted earlier, sulfonamides. or sulfa drugs, were among the 
first synthetic antimicrobial drugs used to treat microbial dis-
eases. Antibiotics have diminished the importance of sulfa drugs 
in chemotherapy, but they continue to be used to treat certain 
urinary tract infections and have other specialized uses, as in the 
combination drug silver SIIlfadiazitle, used to control infections 
in burn patients. Sulfonamides are bacteriostatic; their action is 
due to their structural similarity to para-aminobenzoic acid 
(PABA) (see the d iscussion and formulas on page 121 ). Microbes 
sensitive to sulfa drugs must synthesize PABA, whereas humans 
ingest it with their diet. 

Probably the most widely used sulfa drug today is a combi -
nation of trimethoprim and sulfametllOxazole (TMP-SMZ). This 
combination is an excellent example of drug synergism. When 
used in combination, only 10% of the concentration is needed, 
compared to concentrations needed when each drug is used 
alone. The combination also has a broader spectrum of action 
and greatly reduces the emergence of resistant strains. 
(Synergism is discussed more fully later in the chapter; see 
Figure 20.23.) 

Figure 20.13 illustrates how the two drugs interfere with dif-
ferent steps of a metabolic sequence lead ing to the synthesis of 
precursors of proteins, DNA, and RNA. 

CHECK YOUR UNOERSTANOING 

..r Both humans and bacteria need the essential nutrient para-
aminobenzoic acid; why. then. are only bacteria affected by sulfa 
drugs? 20-12 

Antifungal Drugs 
Eukaryotes, such as fungi, use the same mechanisms to syn the-
size proteins and nucleic acids as higher an imals. Therefore it is 
more difficult to find a point of selective toxicity in eukaryotes 
than in prokaryotes. Moreover, fungal infect ions are becoming 
more frequent because of their role as opportunistic infections in 
immunosuppressed individuals, especially those with AIDS. 

Agents Affecting Fungal Sterols 
Many antifungal drugs target the sterols in the plasma mem-
brane. In fungal membranes, the principal sterol is ergosterol; 
in animal membranes, cholesterol. When the biosynthesis of 
ergosterol in a fungal membrane is interrupted, the membrane 
becomes excessively permeable, killing the cell. Inhibition of 
ergosterol biosynthesis is the basis for the selective toxicity o f 
many antifungals, which include members of the polyene, azoIc, 
and allylamine groups. 
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Polyenes Amphotericin B is the most commonly used member 
of the antifungal polyene antibiotics (Figure 20.14). For many 
years amphotericin B, produced by Streptomyces species of soil 
bacteria, has been a mainstay of clinical treatment fo r systemic 
fungal diseases such as h istoplasmosis, coccidioidomycosis, and 
blastomycosis. The drug's toxicity, particu larly to the kidneys, is 
a strongly limiting factor in these uses. Administering the drug 
encapsulated in lipids (liposomes) appea rs to minimize toxicity. 

Azoles Some of the most widely used antifungal drugs are repre-
sented among the azole antibiotics. Before they made their 
appearance, the only drugs available for systemic fungal 
infections were amphotericin Band flucy tocine (discussed 
below). The first azoles were imidazoles. such as clotrimazole and 
micol1azole (Figure 20.15), which are now sold without a prescrip-
tion for topical application for treatment of cutaneous mycoses, 
such as athlete's fOOl and vaginal yeast infections. An important 
addition to this group was ketoconazole, which has an unusually 
broad spectrum of activity among fungi. Ketoconazole, taken 
orally, proved to be an alternative to amphotericin B for many 
systemic fungal infections. Ketoconazole topical ointments are 
used to treat dermatomycoses of the skin. 

The use of ketoconazole for systemic infections diminished 
when the less toxic triazole antifungal antibiotics were introduced. 
The original drugs of this type were fluconazole and itraconazole. 
They are much more water soluble, making them easier to usc and 
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Figure 20.14 The structure of the antifungal drug amphotericin 
B, representative of the polyenes. 

Q Why do polyenes injure fungal plasma membmnes and not bacterial 
membmnes? 
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Figure 20.15 The structure of the antifungal drug miconazole, 
representative of the imidazoles. 

Q How do azoles alfe<:l fungi? 

more effective aga inst systemic infections. The triazole group has 
recently expanded since the introduction of voriconazole, which has 
become the new standard for treatment of Aspergillus infections in 
immunocompromiscd patients. The newest triawle drug to be 
approved is posacollllzo!e (Noxafil), which will probably be used to 
treat a number of systemic fungal infectio ns. 

Allylamines The allylamines represent a recen tly developed 
class of antifungals that inhibit the biosynthesis of ergosterols in 
a manner that is fu nctionally distinct. Terbil!ajillc and tI(l/tifinc, 
examples of this group, are freq uently used when resistance to 
azole- type antifungals ilriseS. 

Agents Affecting Fungal Cell Walls 
The fungal cell wall contains compounds that are un ique to these 
organisms. Other than ergosterol, a primary target for selective 
toxicity among these compounds is ['i-glucan. The fi rst of a new 
class of ilntifungill drugs is the echinocandins, wh ich inhibit the 
biosynthesis of glucans, resulting in an incomplete cell wall and 
cen lysis. A member of the echinocandin group, caspofimgill 
(Ca llcid(/$) is now available commercially, and o thers can be 
expected . This new anti fungal agent is expected to become espe-
cially valuable for combating systemic Aspergillus infections in 
perso ns whose immune system is comprom ised. It is also effec-
tive against important fungi such as Candida spp. 

Agents Inhibiting Nucleic Acids 
Flucyto$i"e, an analog of the pyrimidine cytosine, interferes with 
the biosynthesis of RNA and therefore protein synthesis. The 
selective toxicity lies in the ability of the fungal cell to convert 
flucy tocine into 5-fluorou racil, which is incorporated into RNA 
and even tually disrupts protei n synthesis. Mammalian cells lack 
the enzyme to make this conversion of the drug. Flucytosine has 
a narrow spectrum of activi ty, and toxici ty to the kidneys and 
bone marrow further limit its use. 

Other Antifungal Drugs 
Griseofillyill is an antibiot ic produced by a species of Penicillium. 
It has the in teresti ng property of bein g active against su perficial 
dermatophytic funga l infection s of the hair (tinea capi tis, or 
ringworm ) and nails. even though its route of administration is 
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oral. The drug apparently binds selectively to the keratin found 
in the skin , hair follicles, and nails. Its mode of action is pri -
marily to block microtubule assembly, which in lerferes wilh 
mitosis and thereby inh ibits fungal reproduction. 

Toll/aftate is a common alterniltive to miconilzole as il topical 
agent for the treatment of athlete's foot. Its mechanism of action 
is not known. Undecylel/ic acid is a fatty acid that has antifungal 
activity against athlete's foot, although it is not as effective as tol-
naftate or the imidazoles. 

Pentamidine iseliliollate is used in treating PI/erll/locyst;s 
pneumonia, a frequent compl ication of AIDS. The drug's mode 
of action is unknown, but it appears to bind DNA. 

CHECK YOUR UNDERSTANDING 

./ What sterol in the cell membrane of fung i is the most common 
target for antifungal action? 20-13 

Antiviral Drugs 
In developed parts of the world, it is estimated that at least 60% 
of infectious illnesses are caused by viruses, and about 15% by 
bacteria. Every year, at least 90% of the u.s. population su ffers 
from a viral disease. Yet relatively few antiviral drugs have been 
approved in the United States, and they are effective against on ly 
an extremely limited group of diseases. Many of the recently 
developed antiviral drugs are directed against HI V, the pathogen 
responsible for the pandemic of AIDS. Therefore, as a practical 
matter the discussion of antivirals is often separated into agen ts 
thilt are directed at chemotherapy of HIV (see page 548) and 
those with more general (non-H IV) applications (see Table 2004 ). 

Because viruses replicate within the host's cells, very often 
using the genet ic and metabolic mechanisms of the host's own 
cells, it is relatively difficult to target the virus without damaging 
the host's cellular machinery. Many of the antivirals in usc today 
arc analogs of components of viral DNA or RNA. However, as 
more becomes known about the reproduction of viruses, more 
ta rgets suggest themselves for antiviral action. 

Nucleoside and Nucleotide Analogs 
Several important antiviral drugs are analogs of nucleosides and 
nucleotides (pilge 47). Among the nucleoside analogs, acyclovir is 
the o ne more widely used (Figure 20.16). Although best known 
for treating genital herpes, it is generally useful for most her-
pesvirus infections, especially in immunosuppressed individuals. 
The antiviral drugs famciclovir, wh ich can be taken orally, and 
gatlciclovir are derivatives of acyclovir and have a similar mode of 
action. R;bayiriu resembles the nucleoside guanine and acceler-
ates the already high mutation ra te of RNA viruses u ntil the 
accu mulation of errors reaches a crisis point, ki lling the virus. 
The nucleoside analog /amiVlldiue is used to treat hepatitis B. 
More recently, a nucleotide analog, adeloyir d;piyoxil (Hepsem), 
has been introduced for patients resistant to the nucleoside 
lamivudine. A nucleoside analog, cidofovir, is currently used for 
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(b) The enzyme thymidine kinase combines phosphates with nucleosides to form nucleotides, which are then incorporated into DNA. 
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(c) Acyclovir has no effect on a cell not infected by a virus, that is, with normal thymidine kinase. In a viral ly infected cell, the thymidine kinase is altered and 
converts the acyclovir (which resembles the nucleoside deoxyguanosine) to a false nucleotide, which blocks DNA synthesis by DNA polymerase. 

Figure 20.16 The structure and function of the antiviral drug acyclovir. 

Q Why are viral infections generally difficult to treat with chemotherapeutic agents? 

treatment of cytomegalovirus infections of the eye, but this drug 
is especially interesting because it shows promise as a possible 
treatment of small pox. 

Other Enzyme Inhibitors 
Two inhibitors of the enzyme neuraminidase (page 694) have 
been introduced for treatment of influenza. These are umamivir 
(Relenza) and oseltamivir (Tamiflu). 

Interferons 
Cells infected by a virus often produce interferon, which inhibits 
fur ther spread of the infection . Interferons are classified as 
cytokines, discussed in Chapter 17. Alpha interferon (see 
Chapter 16, page 468 ) is curren tly a drug of choice for viral 
hepati tis infections. The production of interferons can be stim-
ulated by a recently introduced an tiviral, imiquimod. This drug 
is often prescribed to treat genital warts. 



CHECK YOUR UNDERSTANDING 

,.f One of the most widely used antivirals, acyclovir. inhibits the 
synthesis of DNA. Humans also synthesize DNA, so why is the 
drug still useful in treating viral infections? 20-14 

Antivirals for Treating HIV/AIDS 
The interest in effective treatments fo r the pandemic of HIV 
infections requires a separate discussion of the many antiviral 
drugs developed for this. HIV is an RNA virus, and its reproduc-
tion depends on the enzyme reverse transcriptase, wh ich controls 
the synthesis of RNA from DNA (see page 387). Analogs of 
nucleotides or nuc1eosides are often a basis for drugs to block this 
essential step. In fact, the term antiretroviral currently implies 
that a drug is used to treat HIV infections (see the discussion of 
HAART on page 548). A well-known example of a nuclcosidc ana-
log is zidovudine. An example of a nucleotide analog is tenofovir. In 
consideration of the large number of drugs required to treat HIV, 
especially to minimize development of resistant strains, combina-
tions of drugs have been developed. An example is Atripla, wh ich 
combines tenofovir, emtricitabine, and efavirenz. 

Not all drugs that inhibit reverse transcriptase are nucleoside 
or nucleotide analogs. For example, a few non-nucleoside agents, 
such as ncvirapine, block RNA synthesis by other mechanisms. 

As the reproduction of H IV became better understood, other 
approaches to its control became available. When the host cell 
(at the direction of the infecting HIV) makes a new virus, it must 
begin by cutting up large proteins with protease enzymes. The 
resulting fragments are then used to assemble new viruses. 
Analogs of amino acid sequences in the large proteins can serve 
as inhibitors of these proteases by competitively interfering with 
their activity. The protease inhibitors atazanavir, indinavir, and 
saquinavir have proved especially effective when combined with 
inhibitors or reverse transcriptase. 

Entry of HIV into the cell by fusion can be blocked by fusion 
inhibitors such as cnfuvirtidc- which, however, is daun tingly 
expensive and must be injected twice daily. It is a synthetic pep-
tide that blocks cell fusion and entry by mimicking a region of 
the gp41 HIV-1 envelope (see Figure 19.13, page 540) . 

Drugs that use new targets of HIV reproduction are being 
considered, and several are undergoing clinical tests. Among these 
are integrase inhibitors, which inhibit an enzyme that integrates 
viral DNA into the DNA of the infected cell. Blocking entry 
into the cell by targeting the CCR5 coreceptor (see page 541 ) is 
another approach being tested. 

Antiprotozoan and Antihelminthic Drugs 
For hundreds of years, quinine from the Peruvian cinchona tree 
was the only drug known to be effective for treating a parasitic 
infection (malaria). It was first introduced into Europe in the 
early 1600s and was known as "Jesuit's powder." There are now 
many antiprotozoan and antihelminthic drugs, although many 
of them are still considered experimental. This does not preclude 
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their use, however, by qualified physicians. The Centers for 
Disease Control and Prevention (CDC) provides several of them 
on request when they are not available commercially. 

Antiprotozoan Drugs 
Quilline is still used to control the protozoan disease malaria, but 
synthetic derivatives, such as chloroquillc. have largely replaced it. 
For preventing malaria in areas where the disease has developed 
resistance to chloroquine, the new drug mejloquine (Lariam ) is 
recommended, although serious psychiatric side effects have 
been reported. Quinacrille is the drug of choice for treating the 
protozoan disease giardiasis. Diiodohydroxyquin (iodoqllillo/) is 
an important drug prescribed for several intestinal amoebic dis-
eases, but its dosage must be carefully controlled to avoid optic 
nerve damage. Its mode of action is unknown. 

Metrollidazole (Flagyl) is one of the most widely used antipro-
tozoan drugs. It is unique in that it acts not only against parasitic 
protozoa but also against obligately anaerobic bacteria. For exam-
ple, as an antiprotozoan agent, it is the drug of choice for vagini tis 
caused by Trichomollas vaginalis. It is also used in treating giardia-
sis and amoebic dysentery. The mode of action is to interfere with 
anaerobic metabolism, which incidentally these protozoans share 
with certain obligately anaerobic bacteria, such as Clostridium. 

Tillidazole, a drug similar to metronidazole, has only recently 
been approved for use in the United States- although it has long 
been used elsewhere under the trade name of Fasigyn. It is effec-
tive in treating giardiasis, amebiasis, and trichomoniasis. Another 
new antiprotozoan agent, and the first to be approved for the 
chemotheraphy of diarrhea caused by Cryptosporidillm homillis, 
is IIitazoxallide. It is active in treating giardiasis and amebiasis. 
Interestingly, it is also effective in treating several helminthic dis-
eases, as well as having activity against some anaerobic bacteria. 

Antihelminthic Drugs 
With the increased popularity of sushi, a Japanese specialty often 
made with raw fish, the CDC began to notice an increased inci-
dence of tapeworm infections. To estimate the incidence, the CDC 
documents requests for lIie/osamide, which is the usual first choice 
in treatment. The drug is effective because it inhibits ATP produc-
tion under aerobic conditions. Praziqllallfel is about equally effec-
tive for the treatment of tapeworms; it kills worms by altering the 
permeability of their plasma membranes. Praziquantel has a broad 
spectrum of activity and is highly recommended for treating sev-
eral fluke-caused diseases. especially schistosom iasis. It causes the 
helminths to undergo muscular spasms and also makes them sus-
ceptible to attack by the immune system. Apparently, its action 
exposes surface antigens, which antibodies can then reach. 

Mebelldazole and albelldazole are broad-spectrum anti-
helm inthics that have few side effects and have become the drugs 
of choice for treat ing many intestinal helminthic infections. The 
mode of action of both drugs is to inhibit the formation of 
microtubules in the cytoplasm, which interferes with the absorp-
tion of nutrients by the parasite. These drugs are also widely used 
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Figure 20.17 The disk-diffusion method for determining the 
activity of antimicrobials. Each disk contains a different 
chemotherapeutic agent, which diffuses into the surrounding agar. 
The clear zones indicate inhibition of growth of the microorganism 
swabbed onto the agar surface. 

Q Which agent is the most effective against the bacterium being 
tested? 

in the livestock industry; for veterinary applications they are rel-
atively more effective in ruminant animals. 

lvermectin is a drug with a wide range of applications. It is 
known to be produced by only one species of organism, 
Streptomyces avermectinill5, which was isolated from the soil near a 
Japanese golf course. It is effective against many nematodes (round-
worms) and several mites (such as scabies), ticks, and insects (such 
as head lice). (Some mites and insects happen to share certain simi-
lar metabolic channels with affected helminths.) Its primary use has 
been in the livestock industry as a broad-spectrum antihelminthic. 
Its exact mode of action is uncertain, but the final result is paralysis 
and death of the helminth without affecting mammalian hosts. 

CHECK YOUR UNDERSTANDING 

-r What was the first drug available for use against parasitic 
infections? 20-15 

Tests to Guide Chemotherapy 
LEARNING OBJECTIVE 
20-16 Describe two tests for microbial susceptibi lity to chemotherapeutic 

agents. 

Different microbial species and strains have d ifferent degrees of 
susceptibility to different chemotherapeutic agents. Moreover, 
the susceptibility of a microorganism can change with time, even 

during therapy with a specific drug. Thus, a physician must know 
the sensitivities of the pathogen before treatment can be started. 
However, physicia ns often cannot wait for sensitivity tests and 
must begin treatment based on their "best guess" estimation of 
the most likely pathogen causing the illness. 

Several tes ts ca n be used to indicate which chemotherapeutic 
agent is most likely 10 combat a specific pathogen . However, if 
the organisms have been identified-for example, Pseudomonas 
aerllginosa, beta-hemolytic streptococci, or gonococci-certain 
drugs can be selected without specific testing for susceptibility. 
Tests are necessary only when susceptibility is not predictable or 
when antibiotic resistance problems develop. 

The Diffusion Methods 
Probably the most widely used, although not necessarily the best, 
method of testing is the disk-diffusion method, also known as 
the Kirby-BarlCr test (Figure 20.17) . A Petri plate containing an 
agar medium is inoculated ("seeded") uniformly over its entire 
surface with a standardized amount of a test organism. Next, filter 
paper disks impregnated with known concentrations of 
chemotherapeutic agents are placed on the solidified agar surface. 
During incubation, the chemotherapeutic agents diffuse from the 
disks into the agar. The farthe r the agent diffuses from the disk, the 
lower its concentration. If the chemotherapeutic agent is effective, 
a zone of inhibition forms around the disk after a standardized 
incubation. The diameter of the zone can be measured; in general, 
the larger the zone, the more sensitive the microbe is to the antibi-
otic. The zone diameter is compared to a standard table for that 
drug and concentration, and the organism is reported as sensitive, 
interlllediate, or resistant. For a drug with poor solubility, however, 
the zone of inhibition indicating that the microbe is sensitive will 
be smaller than for another drug that is more soluble and has dif-
fused more widely. Results obtained by the disk-diffusion method 
are often inadequate for many clinical purposes. However, the test 
is simple and inexpensive and is most often used when more 
sophisticated laboratory fac ilities are not available. 

A more advanced diffusion method, the E test, enables a lab 
technician 10 estimate the minimal inhibitory concentration 
(MIC), the lowest antibiotic concentration that prevents visible 
bacterial growth. A plastic-coated strip contains a gradient of 
antibiotic concentrations, and the MIC can be read from a scale 
printed on the strip (Figure 20.18). 

Broth Dilution Tests 
A weakness of the d iffusion method is that it does not determine 
whether a drug is bactericidal and not just bacteriostatic. A broth 
dilution test is often useful in determining the MIC and the 
minimal bactericidal concentration (MBC) of an antimicrobial 
drug. The MIC is determined by making a sequence of decreasing 
concentrations of the drug in a broth, which is then inoculated 
with the test bacteria (Figure 20.19). The wells that do not show 



growth (higher concentration than the MIC) can be cultured in 
broth or on agar plates free of the drug. If growth occurs in this 
broth, the drug was not bactericidal, and the MBC can be deter-
mined . Determining the MIC and MBC is important because it 
avoids the excessive or erroneous use of expensive antibiotics and 
minimizes the cha nce of toxic reactions that larger-than-
necessary doses might cause. 

Dilution tests are often highly automated. The drugs are pur-
chased already diluted into broth in wells fo rmed in a plastic tray. 
A suspension of the test organism is prepared and inoculated 
into all the wells simultaneously by a special inoculating device. 
After incubation, the turbidity may be read visually, although 
clinical laboratories with high workloads may read the trays with 
special scanners that enter the data into a computer that provides 
a printout of the MIC. 

Other tests are also useful for the clinician; a determination of 
the microbe's ability to produce p-Iactamase is one example. One 
popular, rapid method makes use of a cephalosporin that changes 
color when its p-lactam ring is opened. In addition, a measurement 
of the serum concentration of an antimicrobial is especially impor-
tant when toxic drugs are used. These assays tend to vary with the 
drug and may not always be suitable for smaller laboratories. 

The hospital personnel responsible for infection control pre-
pare periodic reports called antibiograms that record the sus-
ceptibility of organisms encountered clinically. These reports are 
especially useful for detecting the emergence of strains of 
pathogens resistant to the antibiotics in use in the institution. 

CHECK YOUR UNOERSTANOING 

..r In the disk-diffusion (Kirby-Bauer) test, the zone of inhibition 
indicating sensitivity around the disk varies with the antibiotic. 
Why? 20-16 

Figure 20.19 A microdilution, or microtiter, plate 
used for testing for minimal inhibitory concentration 
(MIC) of antibiotics. Such plates contain as many as 
96 shallow wells that contain measured concentrations of 
antibiotics. They are usually purchased frozen or freeze dried 
(page 170). The test microbe is added simultaneously, wi th 
a special dispenser. to all the wells in a row of test 
antibiotics. A bullon of growth appears if the antibiotic has 
no effect on the microbe: the microbe is recorded as not 
sensitive. If there is no growth in a well. the microbe is 
sensitive to the antibiotic at that concentration. To ensure 
that the microbe is capable of growth in the absence of the 
antibiotic. wells that contain no antibiotic are also inoculated 
(positive control). To ensure against contamination by 
unwanted microbes. wells that contain nutrient broth but no 
antibiotics or inoculum are included (negative control). 

Q What is MIC? 
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Figure 20.18 The E test (for epsilometer), a gradient diffusion 
method that detennines antibiotic sensitivity and estimates 
minimal inhibitory concentration (MIC). The plastic strip. which is 
placed on an agar surface inoculated with test bacteria. contains an 
increasing gradient of the antibiotic. The MI C is clearly shown. 

Q What is the MIC of the central E test? 

Resistance to Antimicrobial Drugs 
LEARNING OBJECTIVE 
20-17 Describe the mechanisms of drug resistance. 

One of the triumphs of modern medicine has been the develop-
ment of antibiotics and other antimicrobials. But the development 
of resistance to them by the target microbes is an increasing con-
cern. To illustrate this concept, human populations often have a 
relative resistance to diseases to which they have been exposed for 

Doxycycline 
(Growth in all wells. resistant) 

Sulfamethoxazole 
(Trailing end point; usually read where there 
is an estimated 80% reduction in growth) 

Streptomycin 
(No growth in any well ; sensitive at all 
concentrations) 

Ethambutol 

Kanamycin 

(Growth in fourth wells ; 
equally sensitive to 
ethambutol and kanamycin) 

Decreasing concentration of drug • 
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many generations. For example, when Europeans first colonized 
tropical climes, they proved highly susceptible to diseases to which 
they had never been exposed, although the local populations were 
relatively resistant. Antibiotics represent, in a sense, a disease 
fo r bacteria. When first exposed to a new antibiotic, the suscepti-
bility of microbes tends to be high, and their mortality rate is also 
high; there may be only a handful of survivors from a population 
of billions. The surviving microbes usually have some genetic 
characteristic that accounts for their survival, and their progeny 
are similarly resistant. 

Such genetic differences arise from random mutations. 
These mutational differences can be spread horizolltally among 
bacteria by processes such as conjugation (page 236) or transduc-
tion (page 237). Drug resistance is often carried by plasmids or by 
small segments of DNA called transposons, which can jump from 
one piece of DNA to another (Chapter 8, page 240) . Some plas-
mids, including those called resistance (R) factors, can be trans-
ferred between bacterial cells in a population and between different 
but closely related bacterial populations (see Figure 8.29, page 240). 
R factors often contain genes for resistance to several antibiotics. 

Once acquired, however, the mutation is transmitted by nor-
mal reproduction, and the progeny carry the genetic characteris-
tics o f the parent microbe. Because of the rapid reproductive rate 
of bacteria, only a short time elapses before practically the entire 
population is resistant to the new antibiotic. 

Mechanisms of Resistance 
There are only a few major mechanisms by which bacteria 
become resistant to chemotherapeutic agents. See Figure 20.20. 

Enzymatic Destruction or Inactivation of the Drug 
Destruction or inactivation by enzymes mainly affects antibiotics 
that are natural products, such as the penicillins and 
cephalosporins. Totally synthetic chemical groups of antibiotics 
such as the fluoroquinolones are less likely to be affected in this 
ma nner, although they can be neutralized in other ways. This 
may simply reflect the fact that the microbes have had fewer years 
to adapt to these unfamiliar chemica l structures. The 
penicillin/cephalosporin antibiot ics, and also the carbapenems, 
share a structure, the ring, which is the target for P-
lactamase enzymes that selectively hydrolyze it. Nearly 200 vari-
ations of these enzymes are now known, each effective against 
minor variations in the p -Iactam ring structure. When th is prob -
lem first appeared, the basic penicillin molecule was modified. 
The first of these penicillinase-resistant drugs was methicillin 
(see pages 560-561), but resistance to methicill in soon ap -
peared. The best-known of these resistant bacteria is the noto-
rious pathogen MRSA (page 561), which is actually resistant to 
practically all antibiotics, not just methicill in. Also, S. al/rellS is 
not the only bacterium of concern; other important pathogens 
such as StreptococCIIs p"ellmoniae also have developed resistance 
to p -Iactam antibiotics. Furthermore, MRSA has continued to 

develop resistance against a succession of new drugs such as van-
comycin, even though this antibiotic has a mode of action 
against cell wall synthesis that is totally different from that of the 
penicillins. Fortunately, vancomycin-resistant strains have not 
yet become widespread. These highly adaptable bacteria have 
even developed resistance against antibiotic combinations that 
include clavulanic acid, specifically developed as an inhibitor of 
p -Iactamases (see page 561). At first, MRSA was almost exclu-
sively a problem in hospitals and similar health-related settings, 
accounting for about 20% of bloodstream infections there. 
However, it is now the cause of frequent outbreaks in the general 
commun ity, affecting otherwise healthy individuals and causing 
significant mortality. It has become the most frequent cause of 
skin and soft-tissue infections presenting at emergency depart -
ments in the Un ited States. In consequence, the descript ive 
terminology now refers to commullity-associated MRSA and 
health care-associated MRSA. Lest one think that this mechanism 
of resistance is limited to there are unrelated 
enzymes that modify and inactivate chloramphenicol and the 
aminoglycoside group of antibiotics. 

Prevention of Penetmtion to the Target Site 
within the Microbe 
Gram-negative bacteria are relatively more resistant to antibiotics 
because of the nature of their cell wall, which restricts absorption 
of many molecules to movements through openings called porins 
(see page 87) . Some bacterial mutants modify the porin opening 
so that antibiotics are u nable to enter the periplasmic space. 
Perhaps even more important, when are present in 
the periplasmic space, the antibiotic remains outside the cell, 
where the enzyme, which is too large to enter even through an 
unmodified porin, can reach and inactivate it. 

Altemtion of the Drug's Target Site 
The synthesis of proteins involves the movement of a ribosome 
along a strand of messenger RNA, as shown in Figure 20A. 
Several antibiotics, especially those of the aminoglycoside, tetra-
cycline, and macrolide groups, utilize a mode of action that 
inhibits protein synthesis at this site. Minor modifications at this 
site can neutralize the effects of antibiotics without significantly 
affecting cellular function . 

Interestingly, the main mechanism by which MRSA gained 
ascendancy over methicillin was not by a new inactivating enzyme, 
but by modifying the penicillin-binding protein (PBP) on the cell's 
membrane. p-Lactam antibiotics act by binding with the PB P, 
which is required to initiate the cross-linking of peptidoglycan and 
fo rm the cell wall. MRSA strains become resis tant because they 
have an addit ional, modified, PBP. The antibiotics continue to 
inhibit the activity of the normal PB Ps, preventing their participa-
tion in forming the cell wall. But the additional PBP present on the 
mutants, although it binds weakly with the antibiotic, still allows 
synthesis of cell walls that is adequate for survival of MRSA strains. 



Just as the number of targets for the action of antibiotics is limited, as s hown in Figure 20.2, the 
number of mechanisms by which bacteria are resistant to antibiotics is also limited. This figure 
illustrates the four major mechanisms of antibiotic resistance that are discussed in detail in this 
chapter. Knowing how these mechanisms work is the basis for understanding why it is important 
to prescribe the appropriate antimicrobials to combat specific diseases (l ike those discussed in the 
next six chapters). 

2. Inactivaling 

larget molecule antibiotic 

Rapid Efflux (Ejection) of the Antibiotic 
Certain proteins in the plasma membranes of gram-negative bacte-
ria act as pumps that expel antibiotics, preventing them from reach-
ing an effective concentration. This mechanism was originally 
observed with tetracycline antibiotics, but it confers resistance to 
practically all major classes of antibiotics. Bacteria normally have 
many such efflux pumps to eliminate toxic substances. 

Variations on these mechan isms also occur. For example, a 
microbe could become resistant to trimethoprim by synthesizing 
very large amoun ts of the enzyme against which the drug is tar-
geted. Conversely, polyene antibiotics can become less effective 
when resistant organisms produce smaller amounts of the sterols 
against which the drug is effect ive. Of particular concern is the 
possibilit y that such resistant m//tams will increasingly replace 
the susceptible normal popu lat ions. Figure 20.21 shows how rap-
idly bacterial numbers increase as resistance develops. 

Antibiotic Misuse 
Antibiotics have been much misused, nowhere more so than in the 
less-developed areas of the world. Well- trained personnel arc 

Key Concept 
The foor main mechani$m, of microbial 
rnistance to anlimicroblal agents .re 
bIodling enlry of the drug into the eMI, 
inactivation o f the drug by enzymes, 
alteoltion of the drug" tatgel tiles, and 
efflux of the drug II om the ce41. 

scarce, especially in rural areas, which is perhaps one reason why 
ant ibiotics can almost universally be purchased without prescrip-
tions in these countries. A survey in rural Bangladesh, for example, 
showed that only 8% of antibiotics had been prescribed by a physi-
cian. In much of the world, antibiotics are sold to treat headaches 
and for other inappropriate uses (Figure 20,22). Even when the use 
of antibiotics is appropriate, dose regimens are usually shorter 
than needed to eradicte the infection, thereby encouraging the sur-
vival of resistant strains of bacteria . Outdated, adulterated 
(impure), and even counterfeit antibiotics are common. 

The developed world is also contribu ting to the rise of antibi-
otic resistance. The CDC estimates that in the United States, 30% 
of the antibiotic prescriptions for ear infectio ns, 100% of the 
prescriptions for the common cold, and 50% of prescriptions for 
sore th roats were unnecessary or inappropria te to treat the prob-
lem pathogen. At least half of the more than 100,000 tons of 
antibiotics consu med in the United States each year arc not used 
to treat disease but are used in animal feeds to promote growth-
a practice that many people feel should be controlled (see the 
box on page 577). 

575 
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Initiation of 
antibiotic therapy 

Antibiotic resistance 01 bacterial 
population measured by amount 01 
antibiotic needed to control growth 
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Figure 20.21 The development of an antibiotic-resistant 
mutant during antibiotic therapy. The patient suffering from a 
chronic kidney infection caused by a gram-negative bacterium, was 
treated with streptomycin, The red Ime records the antibiotic resistance 

E 

of the bacterial population. Until about the fourth day. essential ly all of the 
bacterial population is sensitive to the antibiotic. At this time, resistant 
mutants that require 50,000 of antibiotic (a very high amount) to 
control them appear, and their numbers increase rapidly. The black line 
records the bacterial population in the patient. After antibiotiC therapy is 
begun. the population declines until the fourth day, At this time. mutants 
in the population that are res istant to streptomycin appear. The bacterial 
population in the patient rises as these resistan t mutants replace the 
senSitive population, 

Q This test used streptomycin and a gram-negative bacterium. What 
would the lines have looked like if penicillin G had been the 
antibiotic? 

Cost and Prevention of Resistance 
Antibiotic resistance is costly in many ways beyond those that are 
apparent in higher rates of disease and mortality. Developing 
new drugs to replace those that have lost effectiveness is costly. 
Almost all of these drugs will be more expensive, sometimes 
priced in a range that makes them difficult to afford even in 
highly developed countries. In less-developed parts of the world, 
the costs are simply unaffordable. 

There are many strategies that patien ts and health care work-
ers can adopt to prevent the development of resis tance. Even if 
they feel they have recovered, patients should always finish the full 
regimen of their antibiotic prescriptions to discourage the survival 
and proliferation of the antibiotic-resistant microbes. Patients 
should never use leftover antibiotics to treat new illnesses or use 
antibiotics that were prescribed to someone else. Health care 
workers should avoid unnecessary prescriptions and ensure that 
the choice and dosages of antimicrobials are appropriate to the 
situation. Prescribing the most specific antibiotic possible, instead 

Figure 20.22 Antibiotics have been sold without prescriptions 
for many decades in much of the world. 

Q How does this practice lead to development of resistant strains 
of pathogens? 

of broad-spectrum antimicrobials, also decreases the chances that 
the antibiotic will inadvertently cause resistance among the 
patient's normal flora. 

Stra ins of bacteria that are resistant to antibiotics are partic-
ularly common among hospital workers, where antibiotics are in 
constant use. When antibiotics are injected, as many are, the 
syringe must first be held vertically and cleared of air bubbles, a 
practice that causes aerosols of the antibiotic solution to form. 
When the nurse or physician inhales these aerosols, the microbial 
inhabitants of the nostrils are exposed to the drug. Many hospi-
tals have special monitoring committees to review the use of 
antibiotics for effectiveness and cost. 

CHECK YOUR UNDERSTANDING 

"f What is the most common mechanism that a bacterium uses to 
resist the effects of penicillin? 20-17 

Antibiotic Safety 
In our discussions of antibiotics, we have occasionally men-
tioned side effects. These may be potentially serious, such as 
liver or kidney damage or hea ring impairment. Admin istering 
almost any drug involves assessing risks against benefits; this is 
called the therapeutic itulex. Sometimes, the use of another drug 
can cause toxic effects that do nOI occur when the drug is taken 
alone. One drug may also neutralize the intended effects of the 
other. For example, a few antibiotics have been reported to neu-
tralize the effectiveness of contraceptive pills. Also, some indi-
viduals may have hypersensitivity reactions, for example, to 
pen icill ins (see the box on page 531). 



Antibiotics in Animal Feed Linked to Human Disease 
As you read through this box, you will 
encounter a series of questions thaI micro-
biologists ask as they combat antibiotic 
resistance. Try to answer each question 
before going on to the next one. 

1. Livestock growers use antibiotics in the 
feed of closely penned animals because 
the drugs reduce the number of 
bacterial infections and accelerate the 
animals' growth. Today, more than half 
the antibiotics used worldwide are given 
to farm animals. 
Meat and milk that reach the consumer's 
table are not heavily laden with anti-
biotics, so what Is the risk of using 
antibiotics in animal feed? 

2. The constant presence of antibiotics in 
Ihese animals is an example of 
of the fittest: Antibiotics kill some bac-
teria. but other bacteria have properties 
that help them survive. 
How do bacteria acquire resistance 
genel? 

3. Resistance to antimicrobial drugs in 
bacteria results from mutations. These 
mutations can be transmitted to other 
bacteria via horizontal gene transfer 
(Figure A). 
What evidence would show that 
veterinary use of antibiotics promotes 
resistance? 

4. Vancomycin-resistant Enterococcus spp. 
(VRE) were first isolated in France in 
1986 and were found in the United 
States in 1989. Vancomycin and another 
glycopeptide, avoparcin, were widely 
used in animal feed in Europe. In 1996, 
veterinary use of avoparcin was banned 
in Germany. After the ban, VRE-positive 
samples decreased from 100% to 25%, 
and the human carrier rale dropped 
from 12% to 3%. 
ClImpyfobacfer jejunl is a commensat in 
the intestines of poultry. What human 
disease does C. jejuni cause? 

5. Annually in the United States, 
Campylobaclef causes over 2 million 
food borne infections. Fluoroquinolone 

(FQ)-resistant C. jejuni in humans 
emerged in the 1990s (figure B). 
What FQs are used to treat human 
infections? (Hint: See Table 20.3.) 

6. The emergence corresponds with the 
presence of FQ-resistant C. Jejuni in 
grocery store-purchased chicken meat 
Fa-resistant c. jejuni could be selected 
for in patients who had previousty 
taken an FQ. However. a study of 
Campylobacler isolates from patients 
between 1997 and 2001 showed that 
patients infected with FQ-resistant 
C. jejuni had not taken an FQ prior to 
their illness and had not traveled out of 
the United States. 
Suggest a way to decrease emergence of 
FQ resistance. 

7. The use of Fa in chicken feed was 
banned in 2005. 10 hope of reducing 
Fa resistance. A variety of approaches 
may be necessary to reduce the possi-
bility of illness: (1) prevent colonization 
in the animals at the farm. (2) reduce 
fecal contamination 01 meat during 

25 

o 

Fa ,,, 
humans 

plasmid 

Figure A CephaIOSDOnn-resistan-ce In E Coil 
transferred by conjugation to Salmonella en/eriea 
In the Intestinal tracts 01 turkeys. 

processing at the slaughterhouse. and 
(3) use proper storage and cooking 
methods. 

Data sources CDC and Na1lOOa1 AntlmocrOOl8l 
Resistance MOOII.onog System. 

Fa ,,, 
poultry 

Year 

Fa lor 
poultry 

discontinued 

Figure B Aouroquoolone-reSlStant Csmpy/obacler jeJUfII. in the United SllItes, 1982-2005. 
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Figure 20.23 An exa mple of synergis m between two different 
antibiotics. The photograph shows the surface of a Petri plate seeded 
with bacteria . The paper disk at the le ft contains the antibiotic amoxicillin 
plus clavulanic acid. The disk on the right contains the antibiotic 
aztreonam. The dashed circles drawn over the photo show the clear areas 
surrounding each disk where bacterial growth would have been inhibited 
if there had been no synergy. The addit ional clear area between these two 
areas and outside the drawn circles illustrates inhibition of bacterial 
growth through the effects of synergy. 

Q What would the plate look like if the two antibiotics had been 
antagonistic? 

A pregnant woman should take only those antibiotics that are 
classified by the U.S. Food and Drug Administration as presen t-
ing no evidence of risk to the fetus. 

Effects of Combinations of Drugs 
LEARNING OBJECTIVE 
20-18 Compare and contrast synergism and antagonism. 

The chemotherapeutic effect of two drugs given simultane-
ously is sometimes greater than the effect of either given alone 
(Figure 20.23) . This phenomenon, called synergism, was intro -
duced earlier. For exam ple, in the treatment of bacterial endo-
carditis, penicillin and streptomycin are much more effective 
when taken together than when either drug is taken alone. 
Damage to bacterial cell walls by penicillin makes it easier for 
streptomycin to enter. 

Other combinations of drugs can show antagonism. For 
example, the simultaneous use of penicillin and tetracycline is 
often less effective than when either drug is used alone. By 
stopping the growth of the bacteria, the bacteriostatic drug tetra-
cycline interferes with the action of penicillin, which requires 
bacterial growth . 

CHECK YOUR UNDERSTANDING 

Tetracycline sometimes interferes with the activity of penicillin. 
How? 20-18 

The Future of Chemotherapeutic 
Agents 
LEARNING OBJECTIVE 
20-19 Identify three areas of research on new chemotherapeutic agents. 

As resistance con tinues to develop against existing antibiotics that 
have relied on a limited range of targets, research has expanded 
into investigating new targets for antimicrobial activity other than 
those summarized in Figure 20.2. Most of our present antibiotics 
are the products of other microorganisms. Interest is now focus-
ing on antibiotics produced by plants and animals, as well. 

Antimicrobial Peptides 
Higher organisms, even those that do not have an adaptive immune 
system, often exhibit extraordinary resistance to microbial 
infections. This has drawn the attention of scientists seeking a 
replacement for antibiotics that are losing their effectiveness. 

Microorganisms are not the only o rganisms that produce 
antimicrobial substances. Essential to the innate immune sys-
tem of many birds, amphibians, plan ts, and mammals 
are antimicrobial peptides that they produce. Antimicrobial 
peptides are, in fact, part of the defense systems of most forms of 
life. Literally hundreds of such peptides have been identified. 
They tend to have 100 or fewer amino acids and carry a positive 
electrical charge, for which they are sometimes termed cationic 
peptides. This is a primary factor in their activity because it allows 
them to disrupt microbial membranes that are rich in phos-
pholipids with a negative, anionic charge. Enveloped viruses are 
also affected selectively by similar interaction . In the case of 
nonenveloped viruses, antimicrobial peptides may interact with 
viral receptors on the host ceil, blocking their attachment. 
Bacteria are probably affected by the peptides' action against 
other intracellular targets, as well, including nucleic acid and pro-
tein synthesis and even formation of the cell wall. Although many 
of these peptides are able to directly damage bacteria, viruses, or 
fungi, mostly by targeting their membranes, they are probably 
more important in stimulating the host's innate immune and 
inflammatory responses. 

Amphibian skin glands are a rich source of antimicrobial 
peptides. The best known of these are the magainins (from the 
Hebrew for shield ), which have a particularly broad spectrum 
of activity. Nisin, which we have mentioned for its use as a 
food preservative, is a bacterioc in- like antimicrobial (see pages 
200, 40 I, and 309 ) that resembles magainin in its mode of 
action on membranes. It is especially interesting that th is 
antimicrobial has been used for decades without significant 
development of resistance. 

Invertebrates such as insects lack the adaptive immune sys-
tem that has developed in vertebrate species and must rely on 
their innate immune systems to combat pathogens. However, the 
evidence indicates that this response must be very effective. Even 



more important, these peptides have been around for immense 
periods of time without having developed m icrobial resistance to 
them. The gia nt silk moth is protected by a peptide, cecropin, and 
bee venom contains another antibacterial pept ide, me/inin, both 
of which are undergoing testing. 

One unexpected fruit of investigation into immune strategies in 
invertebrates was the discovery of pathogen-associated molecular 
patterns (see page 450), such as Toll-like receptors (TLRs) .* This 
was a major development in the field of immunology because it 
showed that TLRs arc fundamental components of pathogenic bac-
teria and serve as an early warning system in adaptive immunity. 

The most abunda nt antimicrobial peptides arc the dcfclISins 
that are found in insects, plants, and invertebrates-and in birds 
and mammals, as well. These are most active against bacteria and 
fungi . Phagocytized microbes are exposed to defensins in neu-
trophils, and defensins are released by Paneth cells (specialized 
secretory cells) in the intestinal tract. They are also found in 
human skin and mucous membranes. 

Antisense Agents 
Another promising new approach is the use of short synthetic 
strands of DNA, called antisense agents. (Because antisense 
agents involve nucleic acids, persons investigating them whimsi-
cally call them "nubiotics.") The principle is to identify sites on 
the DNA or RNA of the pathogen that are responsible for the 
pathogenic effects. Segments of DNA are then synthesized that 
will selectively recognize and bind to the target site, a process 
that blocks the biosynthesis of the target protein. This approach 
has a great advantage: it prevents a pathogen ic protein from 
being produced, rather than trying to selectively neut ralize it 
once it is made. An antiviral based o n ant isense principles, 
fomivirscn, has been approved for treating the eye disease cyto-
megalovirus retinitis. 

Mammalian cells have a mechanism that, on occasion, can 
prevent RNA from giving rise to the proteins for which they are 
encoded. This has its uses, for example, when an infecting virus 
tries to take over the cell's metabolism to make vi ral proteins. 
The mechanism, called RNA interference (RNAi). is proposed 
as the basis of drugs called small interfering RNAs (siRNAs) 
that could selectively block protein synthesis in pathogens (sec 
page 259) . This is similar in principle to antisense agents but is 
much mOTe effective-at least in theory. No resistance mecha-
nisms currently exist in bacteria. Ra ther than blocking a single 
messenger RNA, siRNAs serve as catalysts that would repeat 
their activity indefinitely. There are many difficulties that will 
need to be solved before commercially practical drugs appear, 
however. 

'Fruit flie, defend themsdve, from fungal infections by means of a protein called 
Toll-named for the German word for weird or ,trange. The term derive, from the 
fact that the Toll protein (,ee Toll-like receprors. page 450) also i, involved in de"dop-
men! of the embryo, and flies without it ha"e a strange, or weird, appearance. 
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Other, even more exotic, approaches to solving the problem 
of antibiotic resistance are being considered . Even before the 
age of antibiotics, the use of bacteriophages was considered a 
possibility for disease therapy. These viruses are highly selective 
in their infective activity, but experiments with them were not 
very productive. Russian scientists, in particular, have contin-
ued to experiment with so-called phage therapy. Current 
thinking is that rather than using intact phage, for which 
bacteria rapidly develop resistant strains, certain peptides pro-
duced by phage that lyse bacteria might be the basis of practi-
cal antimicrobials. 

Studies of other vertebrates have also proven productive. 
Compared to mammals, sharks have a rudimentary immune sys-
tem . The observation that sharks are resistant to infection even 
in highly contam inated water led to the discovery of an interest-
ing steroid, squalaminc, that is about as powerful as ampicillin 
against many pathogens-at least in the laboratory. 

A truly novel approach to controlling pathogens has been 
discovered in laboratory experiments. Antibiotics now in use 
control pathogens by targeting growth and reproduction 
factors . The new experiments illustrate an alterna tive 
approach: blocking the production of factors that make the 
pathogen virulent. A screening of small molecules uncovered 
an experimental compound, virstatill, which inhibited the 
production of toxin and an attachment pilus required for the 
pathogenicity of the cholera bacillus. Virstatin turned off syn-
thesis of the toxin and also lowered the numbers of the 
pathogen retained in the intestinal tract- wit hout influencing 
bacterial growth . The continuing growth of the bacteria may 
faci litate the development of a normal immune response, 
which cou ld well be helpful in preventing later infections. This 
is not the only novel antim icrobial under investigation; some 
are aimed at, for example, sequestering iro n necessary for 
growth and blocking formation o f attachment fimbriae. Most 
of these new approaches are still in the investigat ive stages. 
There is special interest in antiviral drugs, as well as in anti-
fungal and antiparasit ic drugs, because our arsenal in these 
categories is especially limited. 

A problem with developing antimicrobial agents is that they 
are not especially profitable. Like vaccines, they arc used only at 
infrequent occasions. Pharmaceutical companies are under-
standably more interested in developing drugs that treat chronic 
conditions, such as high blood pressure or diabetes, for which 
the patient requires years of regular medication. Animations 
Antibiotic Resistance: Origins of Resistance: Fonns of Resistance. 
www.microbiologyplace.com 

CHECK YOUR UNDERSTANDING 

..r Why is the positive electric charge on antimicrobial peptides 
such a probable factor in the mode of action? 20-19 
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• • • 
The past few chapters have shown how profoundly science has 
changed the effects of infectio us disease on human mortality and 
life span. At the turn of the twentieth century, the most common 
causes of death were infectious diseases. Most of these, including 
tuberculosis, typhoid fever, and diphtheria, were caused by 
bacteria . At the beginning of the twenty-first century, viral 

diseases such as influenza, viral pneumonias, and AIDS are the 
only infectious diseases among the ten leading causes of death in 
the United States. These facts bear testimony to the effectiveness 
of san itation, vaccines, and (as discussed in this chapter) the dis-
covery and use of antibiotics. In Chapters 21 through 26, we will 
see that the struggle against infectio us disease continues. 

STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a study plan. 0 learn and 
practice with animations, tu torials. and MPJ tutor sessions. and o test yourself with quiues and a chapter post-test 

Introduction Cp· 553) 

I. An antimicrobial drug is a chemical substance that destroys patho-
genic microorganisms with minimal damage to host tissues. 

2. Chemotherapeutic agents include chemicals that combat disease in 
the body. 

The History of Chemotherapy (pp. 554-555) 

I. Paul Ehrlich developed the concept of 
chemotherapy to treat microbial diseases; he 
predicted the development of chemotherapeu-
tic agents, which would kill pathogens without 
harming the host. 

2. Sulfa d rugs came into prominence in the late 1930s. 
3. Alexander Fleming discovered the first an tibiotic, penicillin, in 

1929; its first clinical trials were done in 1940. 

The Spectrum of Antimicrobial 
Activity Cp· 555) 

1. Antibacterial drugs affect many targets in a prokaryotic cell. 
2. Fungal, protozoan, and helminthic infections arc more difficult to 

treat because these organisms have eukaryotic cells. 
3. Narrow-spe(trum drugs affect only a select group of microbes-

gram-positive cells, for example; broad-spe(trum drugs affe(t a 
more diverse range of microbes. 

4. Small, hydrophilic drugs can affect gram-negative cells. 
5. Antimicrobial agents should not cause ex(essive harm to normal 

miuobiota. 
6. Superinfections o(Cur when a pathogen develops resistance to the 

drug being used or when normally res istant microbiota multiply 
excessively. 

The Action of Antimicrobial Drugs 
(pp. 555-559) 

I. General action is either by directly killing microorganisms 
(bactericidal) or by inhibi ting their growth (bacteriostatic). 

2. Some agents, such as penicillin, inhibit cell wall synthesis in 
bacteria. 

3. Other agents, such as chloramphenicol, tetracyclines, and 
streptomycin, inhibit protein synthesis by ac ting on 70S 
ribosomes. 

4. Antifungal agents target plasma membranes. 
5. Some agents inhibit nucleic acid synthesis. 
6. Agents such as sulfanilamide act as antimetabolites by 

competitively inhibiting enzyme activity. 

A Survey of Commonly Used 
Antimicrobial Drugs Cpp.559-572) 

Antibacterial Antibiotics: Inhibitors of 
Cell Wall Synthesis (pp.559-563) 

I. All penicillins contain a I}-lactam ring. 
2. Natural penicillins produced by Penicillium 

are effective against gram-positive cocci and 
spirochetes. 

3. Penicillinases (I}-iactamases) are bacterial 
enzymes that destroy natural penicillins. 

4. Semisynthetic penicillins are made in the laboratory by adding 
different side chains onto the I}- Iactam ring made by 
the fungus . 

5. Semisynthetic penicillins are resis tant to penicillinases and have a 
broader spectrum of activity than natural penicillins. 

6. Carbapcnems are broad-spectrum antibiotics that inhibit cell wall 
synthesis. 

7. The monobactam aztreonam affects only gram-negative 
bacteria. 

8. Cephalosporins inhibit cell wall synthesis and arc used against 
penicillin-resistant strains. 

9. Polypeptides such as bacitracin inhibit cell wall synthesis primarily 
in gram-positive bacteria. 

10. Vancomycin inhibits cell wall synthesis and may be used to kill 
penicillinase-producing staphylococci. 

Antimycobacterial Antibiotics (p.563) 
11. Isoniazid (IN H) and ethambutol inhibit cell wall synthesis in 

mycobacteria. 

Inhibitors of Protein Synthesis (pp.563-566) 
12. Chloramphenicol, aminoglycosides, tetracyclines, macrolides, and 

streptogramins inhibit protein synthesis at 70$ ribosomes. 
13. Oxawlidinones prevent formation of 70S ribosomes. 



Injury to the Plasma Membrane (pp.566-567) 
14. A new class of antibiotics inhibi ts fatty-acid synthesis, essential for 

plasma membranes. 
15. Polymyxin B and bacitracin Cause damage to plasma membranes. 

Inhibitors of Nucleic Acid (DNA/RNA) 
Synthesis (p. 567) 
16. Rifamycin inhibits mRNA synthesis; it is used to treat tuberculosis. 
17. Quinolones and fluoroquinolones inhibit DNA gyrase for treating 

urinary tract infections. 

Competitive Inhibitors of the Synthesis 
of Essential Metabolites (p.56n 
18. $ulfonamides competitively inhibit folic acid synthesis. 
19. TM P-$MZ competitively inhibits dihydrofolic acid synthesis. 

Antifungal Drugs (pp.567-569) 
20. Polyenes, such as nystatin and amphotericin B, combine with 

plasma membrane sterols and are fungicidal. 
21. Azoles and aUylamines interfere with sterol synthesis and are used 

to treat cutaneous and systemic mycoses. 
22. Echinocandins interfere with fungal cell wall synthesis. 
23. The antifungal agent flucytosine is an antimetabolite of cytosine. 
24. Griseofulvin interferes with eukaryotic cell division and is used 

primarily to treat skin infections caused by fungi. 

Antiviral Drugs (pp.569-571) 
25. Nucleoside and nucleotide analogs, such as acyclovir and 

zidovudine, inhibi t DNA or RNA synthesis. 
26. Inhibitors of viral enzymes are used to treat influenza and H[V 

infection. 
27. Alpha interferons inhibit the spread of viruses to new cdls. 

Antiprotozoan and Antihelminthic Drugs (pp.571-572) 
28. Chloroquine, quinacrine, diiodohydroxyquin, pentamidine, and 

metronidazole are used to treat protozoan infections. 
29. Antihelminthic drugs include mebendazole, praziquantel, and 

ivermectin. 

Tests to Guide Chemotherapy (pp.572-573) 

I. Tests are used to determine which chemotherapeutic agent is most 
likely to combat a specific pathogen. 

2. These tests are used when susceptibility cannot be predicted or 
when drug resistance arises. 

The Diffusion Methods (p.572) 
3. [n the disk-diffusion test, also known as the 

Kirby-Bauer test, a bacterial culture is inoc-
ulated on an agar medium, and filter paper 
disks impregnated with chemotherapeutic 
agents are overlaid on the culture. 
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4. After incubation, the diameter of the lOne of inhibition is used 10 
determine whether the organism is sensitive, intermediate, or 
resistant to the drug. 

5. MIC is the lowest concentration of drug capable of preventing 
microbial growth; MIC can be estimated using the E test. 

Broth Dilution Tests (pp.572- 573) 
6. In a broth dilution test, the microorganism is grown in liquid 

media containing different concentrations of a chemotherapeutic 
agent. 

7. The lowest concentration of a chemotherapeutic agent that 
kills bacteria is calted the minimum bactericidal concentra-
tion (MBC). 

Resistance to Antimicrobial Drugs 
(pp. 573-576) 

1. Hereditary drug resistance (R) factors are carried by plasmids and 
transposons. 

2. Resistance may be due to enzymatic destruction of a drug, 
prevention of penetration of the drug to its target site, 
cellular or metabolic changes at target sites, or rapid efflux 
of the antibiotic. 

3. Resistance can be minimized by the discriminating use of drugs in 
appropriate concentrations and dosages. 

Antibiotic Safety (pp.576- 578) 

1. The risk (e,g., side effects) versus the benefit (e.g., curing an 
infection) must be evaluated prior to using antibiotics. 

Effects of Combinations of Drugs (p.578) 

1. Some combinations of drugs are synergistic; they are more 
effective when taken together. 

2. Some combinations of drugs are antagonistic; when taken 
together, both drugs become less effective than when taken alone. 

The Future of Chemotherapeutic 
Agents (pp.578- 580) 

1. Many bacterial diseases, previously treatable with antibiotics, 
have become resistant to antibiotics, 

2. Chemicals produced by plants and animals are providing new 
antimicrobial agents called antimicrobial peptides. 

3. Protein synthesis in pathogens can be blocked by siRNAs. 
4. New agents may inhibit bacterial virulence factors. 
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STUDY QUESTIONS 
Answers to the Revlew and Multiple ChOice questions can be found in the 
blue Answers tab althe book of the tenbook. 

Review 
DRAW IT I. Show where the following antibiotics work: 

ciprofioxacin, tetracycline, streptomycin, vancomycin, polymyxin B, 
sulfanilamide, rifampin, erythromycin. 

2. List and explain live criteria used to identify an effecth'e antimi-
crobial agent. 

3. What similar problems are encou ntered with antiviral, antifungal, 
an tiprotowan, and antihelminthic drugs? 

4. Define flrug rnis/m,ce. How is it produced? What measures can be 
taken to minimize drug resistance? 

S. List the advantages of using two chemotherapeutic agents simulta-
neously to treat a disease. What problem can be encountered using 
two drugs? 

6. Why does a cell die from the following antimicrobial actions? 
a. Colis timethate binds to phospholipids. 
b. Kanamycin binds to 70S ribosomes. 

7. How does each of the following inhibit translation? 
a. chloroamphcnicol d .streptomycin 
b. erythromycin e.oxazolidinone 
c. tetracycline f. streptogramin 

8. Dideoxyinosine (ddl) is an antimetabolite of guanine. The --OH is 
missing from carbon 3 in ddl. How does ddl inhibit DNA synthesis? 

9. Compare the method of action of the following pairs: 
a. penicillin and echi nocandin 
b. imidazole and polymyxin B 

Multiple Choice 
I. Which of the following pairs is mismatched? 

a. antihelminthic-inhibition of oxidath'e phosphorylation 
b. antihelminthic-inhibition of cell wall synthesis 
c. antifungal-injury to plasma membrane 
d. antifungal-inhibition of mitosis 
e. antiviral-inhibition o f DNA synthesis 

2. All of the following are modes of action of antiviral drugs except 
a. inhibition of protein synthesis at 70S ribosomes. 
b. inhibition of DNA synthesis. 

c. inhibition of RNA synthesis. 
d . inhibition of uncoating. 
e. none of the above 

3. Which of the following modes of action would not be fungicidal? 
a. inhibition of peptidoglycan synlhesis 
b. inhibition of mitosis 
c. injury to the plasma membrane 
d. inhibition of nucleic acid synthesis 
e. none of the above 

4. An antimicrobial agent should meet all of the following criteria except 
a. select ive toxicity. 
b. the product ion of hypersensitivities. 
c. a narrow spectrum of activity. 
d . no production of drug resistance. 
e. none of the above 

5. The most selective antimicrobial activity would be exhibited by a 
drug that 
a. inhibits cell wall synthesis. 
b. inhibits protein synthesis. 
c. injures the plasma membrane. 
d . inhibits nucleic acid synthesis. 
e. all of the above 

6. Antibiotics that inhibit translation have side effects 
a. because all cells have proteins. 
b. only in the few cells that make proteins. 
c. because eukaryot ic cells have 80S ribosomes. 
d . at the 70S ribosomes in eukaryotic cells. 
e. none of the above 

7. Which of the following will no/ affect eukaryotic cells? 
a. inhibition of the mitotic spindle 
b. binding with sterols 
c. binding to 80S ribosomes 
d. binding to DNA 
e. All of the above will affect them. 

8. Cell membrane damage causes death because 
a. the cell osmotic lysis. 
b. ce ll contents leak out. 
c. the cell plasmolyzes. 
d . the cell lacks a wall. 
e. none of the above 

9. A drug that intercalates into DNA has the following effects. Which 
one leads to the others? 
a. It disrupts transcription. 
b.1t disrupts translation. 
c. It interferes with DNA replication. 
d .1t causes mutations. 
e. It alters proteins. 

10. Chlol';lmphenicol binds to the 50S ponion of a ribosome, which 
will interfere with 
a. transcription in prokaryotic cells. 
b. transcription in eukaryotic cells. 
c. translation in prokaryotic cells. 
d. translation in eukaryotic cells. 
e. DNA synthesis. 



Critical Thinking 
I. Which of the following can affect human cells? Explain why or 

why no!. 
a. penicillin c. erythromycin 
b. indinavir d. polymyxin 

2. Why is idoxuridine rffrclive if host cells also contain DNA? 
3. Some bacteria become resistant to tetracycline because they don't 

make porins. Why can a porin-deficient mutant be detected by its 
inability to grow on a medium containing a single carbon source 
such as succinic acid? 

4. The following data weTe obtained from a disk-diffusion les\. 

Antibiotic Zone of Inhibition 

A 

B 

C 

D 

15 mm 

Omm 

'mm 
15 mm 

a. Which antibiotic was most effective against the bacteria being 

b. Which antibiotic would you recommend for treatment of a dis-
ease caused by this bacterium? 

c. Was antibiotic A bactericidal or I-Iow can you tell? 
5. Why do you suppose Streptomyces griseus produces an enzyme that 

inactivates streptomycin? Why is this enzyme produced early in 
metabolism? 

6. The following results were obtained from a broth dilution test for 
microbial susceptibility. 

Antibiotic 
Concentration 

200 (Jg/mt 

100 (Jg/ml 
50 (Jg/ml 

25 (Jg/ml 

Growth 

+ 
+ 

Growth in 
Subculture 

+ 
+ 
+ 

a. The MIC of this antibiotic is 
b. The MBC of this antibiotic is _ 

CHAPTER 20 Antimicrobial Drugs 583 

Clinical Applications 
I. Two patients received corneal transplants of the right eye on the 

same day, in the same facility, from the same donor. The corneas 
were kept in a solution of gentamicin and streptomycin, and 
transplantation was completed within 48 hours of tissue recovery. 
Both cornea recipients developed eye infections caused by 
Clostridium perfringens and were treated with gentamicin. The eye 
inflammations persisted . The infections were resolved after treat-
ment was changed 10 penicillin G. What would you see in a Gram 
stain of a sample from the infected Why didn't the first 
round of treatment cure the infection? 

2. A patient with a urinary bladder infection took nalidixic acid, but 
her condition did not improve. Explain why her infection disap-
peared when she switched 10 a sulfonamide. 

3. A patient with streptococcal sore throat takes penicillin for 2 days 
of a prescribed I O-day regimen. Because he feels better, he then 
saves the remaining penicillin fo r some other time. After 3 more 
days, he suffers a relapse of the sore throat. Discuss the probable 
cause of the relapse. 



Microbial Diseases 
of the Skin and Eyes 

The skin, which covers and protects the body, is the body's first line of defense against 
pathogens. As a physical barrier, it is almost impossible for pathogens to penetrate the intact 
skin. Microbes can, however, enter through skin breaks that are not readily apparent, and the 
larval forms of a few parasites can penetrate intact skin. 

The skin is an inhospitable place for most microorganisms because the secretions of the skin 
are acidic and most of the skin contains little moisture. Some parts of the body, such as the 
armpit and the area between the legs, have enough moisture, though, to support relatively 
large bacterial populations. Drier regions, such as the scalp, support rather small numbers of 

microorganisms. 

Beyond these ecological factors, the skin contains peptide 
antibiotics called defensins that have a wide spectrum of 

antimicrobial activity (see page 470). These are also found 
in mucous membranes, especially those lin ing the 
gastrointestinal tract. 

Q 
How does the morphology of Candida albical1s 
contribute to the microbe's pathogenicity? 
Look for the answer in the chopter. 



Structure and Function of the Skin 
LEARNING OBJECTIVE 

21-1 Describe the structure of the skin and mucous membranes and the 
ways pathogens can invade the skin. 

The skin of an average adult occupies a surface area of about 1.9 m2 

and varies in thickness from 0.05 to 3.0 mm. As we mentioned in 
Chapter 16, skin consists of two principal parts, the epidermis and 
the dermis (Figure 21.1 ). The epidermis is the thin outer portion, 
composed of several [ayers of epithelial cells. The outermost layer of 
the epidermis, the stratum corneum, consists of many rows of dead 
cells that contain a waterproofing protein called keratin. The epi-
dermis, when unbroken, is an effective physical barrier against 

. . mICroorgamsms. 
The dermis is the inner, relatively thick portion of skin, com -

posed mainly of connective tissue. The hair folli cles, sweat gland 
ducts, and oil gland ducts in the dermis provide passageways 
through which microorganisms can enter the skin and penetrate 
deeper tissues. 

Perspiration provides moisture and some nutrients for micro-
bial growth. However, it contains salt, which inhibits many 
microorgan isms; the enzyme lysozyme, which is capable of 
breaking down the cell walls of certain bacteria; and antimicro-
bial peptides. 

Sebum, secreted by oil glands, is a mixture of lipids (unsatu -
rated fatty acids), proteins, and salts that p revents skin and hair 
from drying out. Although the fatty acids inhibit the growth of 
certain pathogens, sebum, like perspiration, is also nutritive for . . many microorgalllsms. 

Mucous Membranes 
[n the linings of body cavities, such as those associated with the 
gastrointestinal, respiratory, urinary, and genital tracts, the outer 
protective barrier differs from the skin. It consists of sheets of 
tightly packed epithelial cells. These cells are attached at their bases 
to a layer of extracellular material called the basement membrane. 
Many of these cells secrete mucus-hence the name mucous 
membrane, o r mucosa.. Other mucosal cells have cilia; and, in the 
respiratory system, the mucous layer traps particles, including 
m icroorgan isms, wh ich the cil ia sweep upward out of the body 
(see Figure 16.4, page 452 ). Mucous membranes are often acidic, 
which tends to lim it their microbial populat ions. Also, the mem-
branes of the eyes are mechanically washed by tears, and the 
lysozyme in tears destroys the cell walls of certain bacteria. 
Mucous membranes are often folded to maximize surface area; 
the total surface area in an average human is about 400 m 2, m uch 
more than the surface area of the skin. 

CHECK YOUR UNDERSTANDING 

,.f The moisture provided by perspiration encourages microbial 
growth on the skin. What factors in perspiration discourage 
microbial growth? 21-1 
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Hair 
I 

Oil gland Hair erector 
(produces sebum) muscle 

•• 

Adipose Nerve 
tissue (fat) 

Blood 
vessels 

Sweat gland 
(produces 
perspiration) 

• • 

Duct 01 
sweat gland 

Figure 21.1 The structure of human skin. Notice the passageways 
between the hair follicle and hair shafl. through which microbes can 
penetrate the deeper tissues. They can also enter the skin through 
sweat pores. 

Q Whal do you perceive from this illustration to be Ihe weak polms 
thai would allow microbes to reach the underlying lissue by 
penetrating iniaci skin? 

Normal Microbiota of the Skin 
LEARNING OBJECTIVE 
21-2 Provide examples of normal skin micro biota. and state the general 

locations and ecological roles of its members. 

Although the skin is generally inhospitable to most microorgan-
isms, it supports the growth of certain microbes that are 
established as part of the normal microbiota. On superficial skin 
surfaces, certain aerobic bacteria produce fatty acids from sebum. 
These acids inhibit m any microbes and a llow better-adapted 
bacteria to flourish. 
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Microorganisms that find the skin a satisfactory environment 
are resis tant to drying and to relat ively high salt concentrat ions. 
The skin's normal micro biota contain relatively large numbers of 
gram-positive bacteria, such as staphylococci and micrococci. 
Some of these are capable of growth at sodium chloride (table 
salt) concentrations of 7.5% or more. Scanning electron micro-
graphs show that bacteria on the skin tend to be grouped into 
small clumps. Vigorous washing can reduce their numbers but 
will not eliminate them . Microorganisms remaining in hair 
follicles and sweat gla nds after washing will soon reestablish the 
normal populations. Areas of the body with more moisture, such 
as the armpits and between the legs, have higher populat ions of 
microbes. These metabolize secretions from the sweat glands and 
are the main contributors to body odor. 

Also part of the skin's normal microbiota are gram-positive 
pleomorphic rods called diphtheroids. Some diphtheroids, such 
as Propionibacterirun awes, are typically anaerobic and inhabit 
hair follicles. Their growth is supported by secretions from the 
oil glands (sebum), which, as we will sec, makes them a factor in 
acne. These bacteria produce propionic acid, which helps main-
tain the low pH of skin, generally between 3 and 5. Other diph -
theroids, such as Corynebacterium xerosis (ze-ro'sis), arc aerobic 
and occu py the skin surface. A yeast, Malassezia (mal' as-sez-e -a) 
furfur is capable of growing on oily skin secretions and is thought 
to be responsible for the scaling skin condition known as 
dandruff Shampoos for treating dandruff contain the antibiotic 
ketoconazole or zinc pyrithione or selenium sulfide. All are active 
against this yeast. 

CHECK YOUR UNOERSTANOING 

..r Are skin bacteria more likely to be gram-positive or 
gram-negative? 21-2 

Microbial Diseases of the Skin 
LEARNING OBJECTIVES 
21-3 DifferentIate staphylococci from streptococci. and name several 

skin infections caused by each. 
21-4 List the causative agent mode of transmissIon, and clinical 

symptoms of Pseudomonas dermatitis, otitIS extema, acne, 
and Buruli ulcer. 

21-5 List the causative agent mode of transmissIon, and clinical 
symptoms of these skm infections: warts. smallpox, monkeypox, 
chickenpox, shingles, cold sores, measles. rubella. fifth disease, 
and roseola. 

21-6 DifferentIate cutaneous from subcutaneous mycoses, and provide 
an example of each. 

21-7 List the causative agent and predIsposing factors for candidiasis. 
21-8 List the causative agent mode of transmiSSIon, clinrcal symptoms. 

and treatment for scabIes and pediculosis. 

Rashes and lesions on the skin do not necessarily indicate an 
infection of the skin; in fac t, many diseases manifested by skin 
lesions are actually systemic d iseases affecting internal organs. 
Variations in these lesions are often usefu l in describing the 
symptoms of the disease. For example, small, fluid -filled lesions 
are vesicles (Figure 21.2a). Vesicles larger than about I cm in 
diameter are termed buUae (Figure 21 .2b). Flat, reddened lesions 
are known as macules (Figure 21 .2c). Raised lesions are called 
papules or, when they contain pus, pustules (Figure 21 .2d). 
Although the focus of infection is often elsewhere in the body, it 
is conven ient to classify these diseases by the organ most obvi-
ously affected: the skin . A skin rash that arises from disease con-
ditions is called an exanthem; on mucous membranes, such as 
the interior of the mouth, such a rash is called an enanthem. 

Preliminary diagnoses of diseases associated with the skin are 
often based on the appearance of rashes; these are summarized 
in Diseases in Focus 21 .1,21 .2, and 2 1. 3. 

Bacterial Diseases of the Skin 
Two genera of bacteria, StaphylococClls and Streptococcus, are fre-
quent causes of skin-related diseases and merit special d iscus-
sion. We will also discuss these bacteria in subsequent chapters in 
relation to other organs and conditions. Superficial staphylococ-
cal and streptococcal infections of the skin are very common. 
The bacteria frequently come into contact with the skin and have 
adapted fairly well to the physiological conditions there. Both 
genera also produce invasive enzymes and damaging toxins. 

Staphylococcal Skin Infections 
Staphylococci are spherical gram-positive bacteria that form irreg-
ular clusters like grapes (see Figure 4.ld, page 37, and Figure 11 .18, 
page 318) . For almost all clinical purposes, these bacteria can be 
divided into those that produce coagulase, an enzyme that coag-
ulates (clots) fibrin in blood, and those that do not. 

Coagulase-negative strains, such as StaphylococClls epider-
midis, are very common on the skin, where they may represent 
90% of the normal microbiota. They are generally pathogenic 
only when the skin barrier is broken or is invaded by medical 
procedures, such as the insertion and removal of catheters into 
veins. On the surface of the catheter (Figure 21.3), the bacteria 
are surrounded by a slime layer of capsular material (see discus-
sions ofbiofilms on pages 18 and 162). This is a primary factor 
in their importance as a nosocomial pathogen because it protects 
the bacteria from desiccation and disinfectants. 

S. ill/reuS is the most pathogenic of the staphylococci (also see 
the discussion of MRSA in Chapter 20). It is a permanent resi-
dent of the nasal passages of 20% of the population, and an addi-
tional60% carry it there occasionally. Exposed on surfaces, it can 
survive for months. Typically, it forms golden-yellow colonies. 
This pigmentation is protective against the antimicrobial effects 
of sunlight; mutants without it are also more susceptible to 
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Figure 21.2 Skin I I I 
10m I I 10m I lesions. (a) Vesicles are small. 

/,FIUid I I 
fluid-filled lesions. (b) Bullae I I 

are larger fluid -fi lled lesions. I Fluid I 
Epidermis I 

(e) Macules are fla t lesions that I 
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are often reddish. (d) Papules I 
are raised lesions; when they I 

I 
contain pus. as shown here. they I 
are called pustules. I 

Q Dermis I Are these skin I lesions eltanthems I 
or enanthems? I 

(a) Vesicle 

10m 

• 
(c) Macule 

killing by neutrophils. Compared to its more innocuous relative 
S. epidermidis, S. aI/relis has about 300,000 more base pairs in its 
genome-much of it devoted to an impressive array of virulence 
factors and means of evading host defenses. Almost all patho-
genic strains of S. allrells are coagulase-positive. There is a high 
correlation between the bacterium's ability to form coagulase 
and its production of damaging toxins, several of which facili-
tate the spread of the organism in tissue, damage tissue, or are 
lethal to host defenses. In addition, some strains can cause life-
threatening sepsis (Chapter 23, page 639), and others produce 
enterotoxins that affect the gastrointestinal tract (see Chapter 25, 
pages 711 t0712). 

Once S. allreus infects the skin, it stimulates a vigorous 
intlammatory response, and macrophages and neutrophils are 
attracted to the site of infection. However, the bacteria often 
evade these normal host defenses. Most strains of the pathogen 
secrete a protein that blocks chemotaxis of neutrophils to the 
infection site, and if the bacterium does encounter phagocytic 
cells, it often produces toxins that kills them. It is resistant to 
opsonization (see page 459) but, fail ing this, it can survive well 
within the phagosome. Other proteins it secretes neutralize the 
antimicrobial peptide defensins on skin, and its cell wall is 
lysozyme resistant (see page 88). It sometimes responds to the 

(b) Bulla 

(d) Pustule (papule) 

Surface 
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under the biofilm. 

Figure 21.3 Coagulase-negative staphyfococci. These slime-
produclllg bacteria adhere to surfaces such as the plastic catheter III the 
photos, Once they have adhered to the surface (a), they begin to divide, 
Eventually (b), the entire surface is coated with a biofilm containing the 
organisms, 

Q What is the most likely source of the bacteria that grew on the 
catheter? 
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Figure 21.4 lesions of impetigo. This disease is characterized by 
isolated pustules that become crusted. 

Q What other bacteria also cause impetigo? 

immune system as a superantigen (see page 436) but often is able 
10 evade the adaptive immune system entirely. All humans 
possess antibodies against S. al/rellS, but they do not effectively 
prevent repeated infections. Antibiotic-resistant strains of 
S. allrells have emerged and are difficult to treat (see pages 563 
and 574) . These strains are causing infections in hospitals and in 
the community (see the box on page 593 .) 

Because this organism is so commonly present in human 
nasal passages, it is often transported from there 10 the skin. 
There it can enter the body through natural openings in the skin 
barrier, such as the hair follicle; see Figure 21 .1. Such infections, 
or folliculitis, of len occur as pimples. The infected follicle of an 
eyelash is called a sty. A more serious hair follicle infection is the 
furuncle (boil), which is a type of abscess, a localized region of 
pus surrounded by inflamed tissue. Antibiotics do not penetrate 
well into abscesses, and the infection is therefore difficult 10 treat. 
Draining pus from the abscess is frequently a preliminary step to 
successful treatment. 

When the body fa ils to wall off a furuncle, neighboring tissue 
can be progressively invaded. The extensive damage is called a 
carbuncle, a hard, round deep inflammation of tissue under the 
skin. At this stage of infection, the patient usually exhibits the 
symptoms of generalized illness with fever. 

Staphylococci are the most important causative organism 
of impetigo. This is a highly contagious skin infection mostly 
affecting children 2 to 5 years of age, among whom it is spread 
by di rect contact. Streptococcus pyogenes, a pathogen that we will 
be discussing shortly, can also cause impetigo, although in fewer 
cases. Sometimes both S. allrells and S. pyogenes are involved. 
The disease takes two forms; nonblll/olls impetigo (see the bulla 
in Figure 2 1. 2b) is the more common. The pathogen usually 
enters through some minor break in the skin. The infection 
can also spread to surrounding areas-a process called 
alltoinoculation. Symptoms result from the host's response to 

Figure 21.5 les ions of scalded s kin syndrome. Some 
staphylococci produce a toxin that causes the skin to peel off in sheets. 
as on the hand of this infant. It is especially likely to occur in children 
under age 2. 

Q What Is the name of the toxin that produces this syndrome? 

the infection . The lesions eventually rupture and form light-
colored crusts, as shown in Figure 21.4. Topical antibiotics are 
sometimes applied, but the lesions generally heal without treat -
ment and without scarring. 

The other type of impetigo, bill/oils impetigo, is caused by a 
staphylococcal toxin and is a localized form of staphylococcal 
scalded skin syndrome. Actually, there are two serotypes of the 
toxin; toxin A, which remains localized, causes bullous impetigo, 
and toxin B, which circulates to distant sites, causes scalded skin 
syndrome. Both toxins cause a separation of the skin layers, 
exfoliation. See Figure 21.5. Outbreaks of bullous impetigo are 
a frequent problem in hospital nurseries, where the condition 
is known as pemphigus neonatorum, or impetigo of the 
newborn. (See the discussion of hexachlorophene in Chapter 7, 
page 196). 

Scalded skin syndrome is also characteristic of the late stages of 
toxic shock syndrome (TSS). In this potentially life-threatening 
condition, feve r, vomiting, and a sunburnlike rash are followed by 
shock and sometimes organ failure, especially of the kidneys. TSS 
originally became known as a result of staphylococcal growth 
associated with the use of a new type of highly absorbent vaginal 
tampon; the correlation is especially high for cases in which the 
tampons remain in place too long. A novel staphylococcal toxin 
called toxic siwek syndrome toxin 1 (TSST·l) is formed at the 
growth site and circulates in the bloodstream. The symptoms are 



Macular Rashes 
Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that fit the information derived from examining a patient. A differential diagnosis is important 
for providing initial treatment and for laboratory testing. For example. a 4-year-old boy with a 
history of cough, conjunctivitis. and fever (38.3°C) now has a macular rash that starts on his 
face and neck and is spreading to the rest of his body. Use the table below to identify 
infections that could cause these symptoms. For the solution, go 10 
www.microbiologyplace.com. 

01 ..... Pathogen 
Portal of 

'''''' Symptoms 
Method of 
Transmission Treatment 

VIRAL DISEASES. Usually diagnosed by clinical signs and symptoms and may be confirmed by serology or PCR. 

Measles Measles virus Respi ratory Skin rash of reddish macules first appearing Aerosol No treatment; 
(rubeola) tract on face and spreading to trunk and preexposure 

extremities vaccine 

Rubella Rubella virus Respiratory M ild macular disease with a rash resembling Aerosol No treatment; 
(German tract measles, but less extensive and disappearing preexposure 
measles) in 3 days or less vaccine 

Fifth disease Human Respiratory M ild disease w ith a macular facial rash Aerosol None 
(erythema parvovlrus tract 
infectiosum) 819 

Roseola Human Respi ratory High fever fo llowed by macular body rash Aerosol None 
herpesvirus 6. tract 
human 
herpesvirus 7 

FUNGAL DISEASE. Confirmed by Gram staining of skin scrapings. 

Candidiasis Candida 
albicans 

Skin; mucous 
membranes 

Macular rash 

thought to be a result of the superantigenic properties of the toxin 
(see the discussion of superantigens on page 436). 

Today a minority of the cases of TSS are associated with 
menstruation . Nonmenstrual TSS occurs from staphylococcal 
infections that follow nasal surgery in which absorbent packing 
is used, after surgical incisions, and in women who have just 
given birth. 

Streptococcal Skin Infections 
Streptococci are gram-positive spher ical bacteria . Unlike 
staphylococci, streptococcal cells usually grow in chains (see 
Figure 11.19, page 318 ). Prior to division, the individual cocci 
elongate o n the axis of the chain, and then the cells divide (see 
Figure 4.la, page 37). Streptococci cause a wide range of disease 

Direct contact; 
endogenous 
infection 

M iconazole. 
clotrimozole 
(topical ly) 

conditions beyond those covered in this chapter, including 
meningitis, pneumonia, sore throats, otitis media, endocarditis, 
puerperal fever, and even dental caries. 

As streptococci grow, they secrete toxins and enzymes, vir-
ulence facto rs that vary with the different streptococcal species. 
Among these toxins are hemolysillS, which lyse red blood cells. 
Depending on the hemolysin they p roduce, streptococci are 
categorized as alpha-hemolytic, beta-hemolytic, and gamma-
hemolytic (actually non hemolytic) streptococci (see Figure 6.9, 
page 168). Hemolysins can lyse not only red blood cells, but 
almost any type of cell. [t is uncertain, though, just what part 
they play in streptococcal pathogenicity. 

Beta-hemolytic streptococci are often associated with human 
disease. This group is further d ifferentiated into serological groups, 
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Vesicular and Pustular Rashes 
Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that fit the information derived from examining a patient. A differential diagnosis is important 
for providing initial treatment and for laboratory testing. For example, an 8-year-old boy has 
a rash consisting of vesicular lesions of 5 days' duration on his neck and stomach. Within 
5 days, 73 students in his elementary school had illness matching the case definition for this 
disease. Use the table below to identify infections that could cause these symptoms. For the 
solution, go to www.microbiologyplace.com. 

Portal of 
Disease Pathogen """ S)'fI1ptoms 

BACTERIAL DISEASE. Usually diagnosed by culturing the bacteria. 

Impetigo Staphylococcus 
aureus 

Skin Vesicles on skin 

Method of 
Transmission 

Direct contact; 
fomites 

• -

VIRAL DISEASES. Usually diagnosed by clinical signs and symptoms and may be confirmed by serology or PCR 

Smallpox Smallpox Respiratory Pustules that may be nearly Aerosol 
(variola) (variola) virus tract confluent on skin 

Monkeypox Monkeypox Respiratory Pustules. similar to smallpox Direct contact wi th or 
virus tract aerosols lrom inlected 

small mammals 

Chickenpox Varicella-zoster Respiratory Vesicles in most cases Aerosol 
(varicella) virus tract confined to face, throat. 

and lower back 

Shingles Varicella -zoster Endogenous' Vesicles typ ically on one Recurrence 01 latent 
(herpes-zoster) virus infection 01 side 01 waist, lace and scalp, chickenpox infection 

peripheral or upper chest 
nerves 

Herpes Herpes simplex Skin; mucous Vesicles around mouth; can Initial infection by direct 
simplex virus type 1 membranes also affect other areas of skin contact; recurring latent 

and mucous membranes infection 

"Endogenous Infectiorls are Irlfectiorls caused by mlcroorgarllsms al ready part of the host mlcrobiota 

Treatment 

Topical 
antibiotics 

None 

None 

Acyclovir lor 
immunocompromised 
patients; preexposure 
vaccine 

Acyclovir preventive 
vaccine 

Acyclovir 

designated A through T, according to antigenic carbohydrates in 
their cell walls. The group A streptococci (GAS), which are synony-
mous with the species Streptococcus pyogelles, are the most impor-
tant of the beta-hemolytic streptococci. They are among the most 
common human pathogens and are responsible for a number of 
human diseases-some of them deadly. This group of pathogens is 
divided into over 80 immunological types according to the anti-
genic properties of the M protein found in some strains 
( Figure 21.6) . This protein is external to the cell wall on a fuzzy layer 
of fibrils . The M protein prevents the activation of complement and 
allows the microbe to evade phagocytosis and killing by neutrophils 
(see page 454). It also appears to help the bacteria adhere to and 
colonize mucous membranes. Another virulence factor of the GAS 

is their capsule of hyaluronic acid. Exceptionally virulent strains 
have a mucoid appearance on blood-agar plates from heavy encap-
sulation and are rich in M protein. Hyaluronic acid is poorly 
immunogenic (it resembles human connective tissue) and few anti -
bodies against the capsule are produced. 
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The GAS produce substances that promote the rapid spread of 
infection through tissue and by liquefying pus. Among these are 
streptokillases (enzymes that dissolve blood clots), hyaluronidase 
(an enzyme that d issolves the hyaluronic acid in the connective 
tissue, where it serves to cement the cells together), and deoxyri -
bOIiIle/eases (enzymes thaI degrade DNA). These streptococci also 
produce certain enzymes, called streptolysills, that lyse red blood 
cells and are toxic to neutrophi[s. 
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Figure 21.6 The M protein of group A beta-hemolytic strep-
tococci. (a) Part of a cell that carries the M protein on a fuzzy 
layer of surface fibrils. (b) Part of a cell that lacks the M protein. 

Q Is the M protein more likely to be antigenic than a poly-
saccharide capsule? 

Streptococcal skin infections are generally localized, but if the 
bacteria reach deeper tissue, they can be highly destructive. 

When S. pyogcllcs infects the dermal layer of the skin, it causes 
a serious disease, erysipelas. In this disease, the skin erupts into 
reddish patches with raised margins (Figure 21.7). It can progress 
to local tissue destruction and even enter the bloodst ream, causing 
sepsis (page 639), The infection usually appears first on the face 
and often has been preceded by a streptococcal sore throat. High 
fever is common. Fortunately, S. pyogenes has remained sensitive to 
j3-lactam-type ant ibiotics, especially cephalosporin. 

Figure 21.7 Lesions of erysipelas, caused by group A 
beta-hemolytic streptococcal toxins. 

Q What is the name of the toxin that produces skin reddening? 

CHAPTER 21 Microbial Diseases of the Skin and Eyes 591 

Figure 21.8 Necrotizing fasciitis due to group A 
streptococci. Extensive damage may require reconstructive surgery or 
even amputation of limbs. 

Q What is the name of the primary toxin that leads to tissue invasion 
by the pathogen? 

Some \5,000 cases of invasive group A streptococcal infection, 
caused by the "flesh-eating bacteria;' occur each year in the United 
States. The infection may be precipitated by minor breaks in the 
skin. and early symptoms are often unrecognized, delaying diagno-
sis and treatment- with serious consequences. Once established, 
necrotizing fasciitis (Figure 21.S) may destroy tissue as rapidly as 
a surgeon can remove it, and mortality rates from systemic toxicity 
can exceed 40%. Streptococci are considered the most common 
causative organism, although other bacteria cause similar con -
ditions. An important factor is an exotoxin produced by certain 
streptococcal M-protein types, exotoxin A, which acts as a super-
antigen, causing the immune system to contribute to the damage. 
Broad-spectrum antibiotics are usually prescribed because of the 
possibility that multiple bacterial pathogens are present. 

Necrotizing fasciitis is often associated with streptococcal 
toxic shock syndrome (streptococcaJ TSS), which resembles 
staphylococcal TSS, described on page 588. In cases of strepto-
coccal TSS, a rash is less likely to be present, but bacteremia is 
more likely to occur. M proteins shed from the surfaces of these 
streptococci form a complex with fibrinogen that binds to neu -
trophils. Th is causes the activation of the neutrophils, precipitat -
ing the release of damaging enzymes and consequent shock and 
organ damage. 

Infections by Pseudomonads 
Pseudomonads are aerobic gram-negative rods that are wide-
spread in soil and water. Capable of surviving in any moist envi-
ronment, they can grow on traces of unusual organic malter, 
such as soap (i]ms or cap liner adhesives, and are resistant to 
many antibiotics and disinfectants. The most prominent species 
is Pseudomonas aeruginosa, which is considered the model of an 
opportunistic pathogen. 

Pseudomonads frequently cause outbreaks of Pseudo-
monas dermatitis. This is a self-limiting rash of about 
2 weeks' du ration, often associated with swimming pools and 



Patchy Redness and Pimple-like Conditions 
Differential diagnosis is the process of identifying a disease from a list of possible diseases that 
fit the information derived from examining a patienl A differential diagnosis is important for 
providing initial treatment and lab testing. For example, an II-manth-old boy came to a clinic 
with a I-week history 01 an itchy red rash under his arms, He seemed more bothered al night 
and had no fever. Use the table below to identify infections that could cause these symptoms. 
For the solulion, go to www.microbiologyplace.com. 

Dil eaM Pathogen 
Portal of 
En.'}' Symptoms 

BACTERIAL DISEASES. Usually diagnosed by culturing the bacteria. 

Folliculitis Staphylococcus Hair follicle Infection of 
8ureus hair follicle 

Toxic shock Staphylococcus Surgical incisions Fever, rash, 
syndrome 8ureus shock 

Nec rotizing Streptococcus Skin abrasions Extensive soft-tissue 
'asclilis pyogenes destruction 

Erysipelas Streptococcus Skin; mucO!.JS Reddish patches on skin; 
pyogenes membranes often with high fever 

Pseudomonlls Pseudomonas Skin abrasions Superficial rash 
dennatitis aerugmosa 

Otitis extema Pseudomonas Eo< Superficial infection 
aerugmosa of external ear canal 

Acne PropionibacterIUm Sebum channels Inflammatory lesions 
acnes originating with 

accumulations of sebum 
that rupture a hair follicle 

Burufi ulcer Mycobacterium Skin Localized swelling or hardness 
ulcerans progressing to deep ulcer 

VIRAL DISEASES, Usually diagnosed by clinical signs and symptoms. 

Warts Papillomavirus Skin A horny projection of 
the skin formed by 
proliferation of cells 

FUNGAL DISEASES. Diagnosis is confirmed by microscopic examination. 

Ringworm 
(tinea) 

Sporotrichosis 

Microsporum. 
Trichophyton, 
Epidermophyton 
spp. 

Sporothr"'( 
schenkii 

Skin 

Skin abrasions 

Skin lesions of highly 
varied appearance; on 
scalp may cause local 
loss of hair 

Ulcer at site of infection 
spreading into nearby 
lymphatic vessels 

PARASITIC INFESTATIONS. Diagnosis is confirmed by microscopic exammation of parasIte. 

M ethod of 
Transml.llon 

Direct contact: fomites: 
endogenous infection' 

Endogenous 
infection' 

Direct contact 

Endogenous 
infection' 

Swimmmg water, 
hot tubs 

Swimming water 

Direct contact 

Contaminated water 

Direct contact 

Direct contact; fomites 

Soil 

Treatment 

Draining of pus; 
topical antibiotics 

Antibiotics, depending 
on sensitivity profile 

Surgical tissue removal; 
broad-spectrum antibiotics 

Cephalosporin 

Usually self-limiting 

Fluoroquinolones 

Benzoyl peroxide. 
isotretinoin. azelaic acid 

Antimycobacterial drugs 

May be removed by IiquKl 
nitrogen cryotherapy, electro-
desicaltion, acids. laser.! 

Griseofulvin (orally): 
miconazole, clotrimazole 
(topically) 

Potassium iodide 
solution (orally) 

Scabies Sarcoptes scabiei Skin 
(mite) 

Papules, itching Direct contact Gamma benzene 
hexachloride, 
permethrin (topically) 

Pediculosis 
(lice) 

Pediculus Skin 
humanus capitis 

Itching 

'Endogenoos Infections are InfectIons caused by mIcroorganIsms already part of 1M hoSI 

Primarily direct con tact; Topical insecticide 
possible fomites such preparations 
as bedding, combs 



Infections in the Gym 
As you read through this box you will 
encounter a series of questions that epi-
demiologists ask themselves as they try 
to trace on outbreak to its source. Try to 
answer each question before going on 
to the next one. 

1. A 21 -year-old college football player 
went to the college health center with 
an 11 em x 5 em area of redness on his 
right thigh. It was swollen and warm 
and tender when touched. His tempera-
ture was normal. He was given 
sulfamethoxazole- tri methopri m. 
What is your diagnosis? 

Figure A 

Negative control 

Figure B 

I I 

Isolate from palient 

2. After 2 days, he returned saying the 
area was worse. Examination revealed 
a broader area of redness. He was 
diagnosed with cellulitis. The pustule 
was opened and drained. 
What do you need to know now? 

3. Results of Gram stains of the pus are 
shown in Figure A. A coagulase test 
was also performed on a culture 
(Figure 8J. 
What is the cause of the infection? 

4. The presence of gram -positive, 
coagulase-positive cocci indicate 
Staphylococcus aureus. 
What treatment is recommended? 

5. The results of sensitivity testing are 
shown in Figure C. (P = penicillin, 
M = methicillin, E = erythromycin, 
V = vancomycin, X = trimethoprim-
sulfamethoxazole.J 
What treatment is appropriate? 

6. Over a 3-month period, 10 members of 
the college football and fencing teams 
reported to the health center with cel -
lulitis. Seven were hospitalized; one 
received surgical debridement and skin 
grafts. 
What is the most likely source of the 
methicillin-resistant Staphylococcus 
aureus (MRSA)? 

Although the investigations described in 
this report did not determine definitively the 
roots of MRSA transmission, three factors 
might have contributed to transmission in 
these outbreaks. First, abrasions and other 
skin trauma, which can facilitate entry of 

Figure C 

pathogens. are likely in some sports. 
Second. some sports involve frequent 
physical contact among players. S. aureus 
and other skin microbiota can be transmit-
ted easily from person to person with 
direct contact. Third. shared equipment or 
other personal items that are not cleaned 
or laundered between users could be a 
vehicle for S. aureus transmission. 

Investigation of outbreaks of MRSA 
among professional football (2004) and 
baseball (2005) players showed that all 
of the infections occurred at the site of a 
turl burn and rapidly progressed to large 
abscesses that required surgery to drain. 
MRSA was recovered from whirlpools and 
taping gel and from 35 of the 84 nasal 
swabs from players and staff members. 

Recurrence of infections might be 
avoided if physicians obtain cultures more 
routinely when athletes have infected 
wounds. 

Source: Adapted from MMWR 52(33):793-795. 
August 22. 2003: MMWR 55(24) :677-679. June 23. 
2006. 

pool-type saunas and hot tubs. When many people use these 
facilities, the alkalinity rises, and the chlorines become less effec-
tive; at the same time, the concentration of nutrients that support 
the growth of pseudomonads increases. Hot water causes hair fol -
licles to open wider, facilitating the entry of bacteria. Competition 
swimmers are often troubled with otitis externa, or "swimmer's 
ear," a painful infection of the external ear canal leading to the 
eardrum that is frequently caused by pseudomonads. 

grows in dense biofilms (see Figure B, page 57) that contribute to its 
frequent identification as a cause of nosocomial infections of 
indweUing medical tubes or devices. This bacterium is also a serious 
opportunistic pathogen for patients with the genetic lung disease 
cystic fibrosis; biofilm formation plays a prominent part in this. 

P. aeruginosa produces several exotoxins that account for much 
of its pathogenicity. It also has an endotoxin. P. aeruginosa often 

P. aeruginosa is also a very common and serious opportunis-
tic pathogen in burn patients, particularly those with second-
and third-degree burns. Infection may produce blue-green pus, 
whose color is caused by the bacterial pigment pyocyanin. Of 
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concern in many hospitals is the ease with which P. aerugillosa 
grows in flower vases, mop water, and even dilute disinfectants. 

The relative resistance to antibiotics that characterizes 
pseudomonads is still a problem. However, in recent years, several 
new antibiotics have been developed, and chemotherapy to treat 
these infections is not as restricted as it once was. The quinolones 
and the newer, antipseudomonal antibiotics are the usual 
drugs of choice. Silver sulfadiazine is very useful in the treatment 
of burn infections by P. aeruginosa. 

Buruli Ulcer 
Buruli ulcer, named for a now-renamed region of Uganda in 
Africa, is a disease found primarily in western and central Africa. 
It has also appeared in localized tropical and temperate areas 
around the globe-including Mexico, Australia, and areas of 
South America. The disease is caused by Mycobacterium u/cerans, 
which is similar to the mycobacteria that cause tuberculosis and 
leprosy. When the pathogen is introduced into the skin, it causes 
a disease that progresses slowly with few serious ea rly signs or 
symptoms. Eventually, however, the result is a deep ulcer that 
often becomes massive and seriously damaging. Unt reated, this 
can be so extensive as to require amputation or plastic surgery. 
This tissue damage is attributed to the production of a toxin, 
mycolactol1e. Epidemiologically, the infection is associated with 
contact with swamps and slow-flowing waters. 

The incidence of the d isease has increased and now exceeds 
the incidence of leprosy and, in some areas, even tuberculosis. 
The World Health Organization recently identified it as a global 
threat to public health . 

Buruli ulcer is diagnosed primarily by the appearance of the 
ulcer, although awareness is higher in endemic areas, and is treated 
by antimycobacterial drugs such as streptomycin-rifampicin 
combinations. 

Acne 
Acne is probably the most common skin disease in humans, 
affecting an estimated 17 million people in the United States. 
More than 85% of all teenagers have the problem to some degree. 
Acne can be classified by type of lesion into three categories: 
comedonal acne, inflammatory acne, and nodular cystic acne. 
They require different treatments. 

Normally, ski n cells that are shed inside the hair follicle are 
able to leave, but acne develops when cells are shed in higher 
than normal numbers, they combine wit h sebum, and the mix-
ture clogs the follicle. As sebum accumulates, whiteheads 
(comedos) form; if the blockage protrudes through the skin, a 
blackhead (comedone or o pen comedo) forms . The dark color 
of blackheads is due not to di rt , but to lip id oxidation and other 
causes. Topical agents do not affect sebum fo rmation, which is 
a root cause of acne and depends on hormones such as estro-
gens or androgens. Diet has no known effect on sebum produc-
tion, but pregnancy, some hormone -based cont raceptive 

methods, and hormonal changes with age do reduce sebum 
formatio n. 

Comedonal (mild) acne is usually treated with topical agents 
such as azelaic acid (Azclex), salicyclic acid preparations, or 
retinoids (which are derivatives of vitam in A, such as tretinoin, 
tazarotene [Tazorac], or adapalene [Differin J) . These topical 
agents do not affect sebum formation. 

Inflammatory (moderate) acne arises from bacterial action, 
especially Propionibacterium ames, an anaerobic diphtheroid 
commonly found on the skin. P ames has a nutritional require-
ment for glycerol in sebum; in metabolizing the sebum, it forms 
free fatty acids that cause an inflammatory response. Neutroph ils 
that secrete enzymes that damage the wall of the hair foll icle are 
attracted to the site. The result ing inflammation leads to the 
appearance of pustules and papules. At this stage, therapy is usu-
ally focused on preventing formation of sebum; topical agents 
are not effective for this. A drug that reduces sebum production 
is isotretinoin (Accutane) . Unfortunately, this drug is teratogenic, 
meaning that it can cause serious damage to the developing fetus 
in a pregnant woman. About one-third of babies born after 
exposure will have tragic levels of damage. Because of these 
im portant side effects, isotretinoin is usually reserved for more 
severe forms of acne. 

Inflammatory acne can also be treated by targeting P ames with 
antibiotics. The familiar nonprescription acne treatments contain-
ing benzoyl peroxide arc effective against some bacteria, especially 
P awes, and also cause drying that helps loosen plugged follicles. 
Benzoyl peroxide is also available as a gel and in products where it 
is combined with antibiotics such as clindamycin (BenzaClin) and 
erythromycin (Benzamycin). Alternatives to chemical treatments 
have been approved by the U.S. Food and Drug Administration 
(FDA) for treatment of mild to moderate acne. The Clear Light 
system, which bathes the skin with high-intensity blue light 
(405-420 f.\m), and Smoothbeam treatment, which uses laser light, 
penetrate the skin surface to speed healing and prevent pimples 
from forming. Also approved recently is a handheld device, 
ThermaClear, which delivers a brief pulse of heat to the lesions. 

Some patients with acne progress to nodular cystic (severe) 
acne. Nodular cystic acne is characterized by nodules or cysts, 
which are inflamed lesions filled with pus deep within the skin 
(Figure 21.9). These leave prom inent scars on the face and upper 
body, which often leave psychological scars as well. The most 
important development in treating cystic acne is isotretinoin, 
which often results in dramatic improvement- but as we have 
stated, it must be used with extreme caut ion to avoid adm inistra-
tion to a pregnant woman, even for a few days. 

CHECK YOUR UNOERSTANOING 

..r Which bacterial species features the virulence factor M protein? 
21-3 

..r What is the common name for otitis externa? 21-4 



Figure 21.9 Severe acne. 

Q l&otmUnoln ohon loads to dmmatic improvement for cases of 
Ie'lflm acne. but what precautions must be observed? 

Viral Diseases of the Skin 
Many viral diseases, although systemic and transmitted by respira-
tory or other routes, are most apparent by their effects o n the skin. 

Warts 
Warts, or papillomas, are generally benign skin growths caused 
by viruses. It was long known that warts can be transmitted from 
one person to another by contact, even sexually, but it was no t 
until 1949 that viruses were iden tified in wart tissues. More than 
50 types of papillomavirus are now known to cause different 
kinds of warts, often with greatly varying appearances. 

After infectio n, there is an incubation period of several weeks 
before the warts appear. The most common medical treatments for 
warts are to apply extremely cold liquid nitrogen (cryotherapy), dry 
them with an electrical current (electrodesiccation), or burn them 
with acids. There is evidence that compounds containing salicylic 
acids are especially effective. Topical application of prescription 
drugs such as podofilox or imiquimod (Aldara) is often effective; 
the latter stimulates production of antiviral interferons. Warts that 
do not respond to any other treatments can be treated with lasers 
or injected with bleomycin, an antitumor drug. 

Although warts are not a form of cancer, some skin and cervi-
cal cancers are associated with papillomaviruses. The incidence of 
genital warts (see Chapter 26) has reached epidemic proportions. 

Smallpox (Variola) 
During the Middle Ages, an estimated 80% of the population of 
Europe con tracted smallpox· at some time during their lives. 

' The origin of the name $m<lllr- rep,medly aroK in the late fifteent h cen tury in 
France, where syphilis had just been introduced. Tht5t ""tieMs exhibited a K'·cre 
skin rash called lu wrQlr, or "the greal The rash was compared wilh thai 
of an endemic diKaK of Ihe lime, which was then referred 10 as 141 peliu >voit, or 
"the small pox." In English, Ihe diM'aK became known as smallpox. 
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Figure 21.10 Smallpox lesions_ In some severe cases. the lestons 
nearly run together (are confluent) . 

Q How do these lesions differ from chickenpolI\? 

Those who recovered from the disease retained disfiguring scars. 
The disease, introduced by American colonists, was even more 
devastat ing to American Indian s, who had had no previous 
exposure and thus little resistance. 

Smallpox is caused by an orthopoxvirus known as the small-
pox (variola) virus. There are two basic forms of this disease: 
variola major, with a mortality rate of 20% or higher, and 
variola minor, with a mortality rate of less than 1%. (Variola 
minor first appeared around 1900.) 

Transmitted by the respiratory route, the viruses infect many 
internal organs before they eventually move into the bloodstream, 
infecting the skin and producing more recognizable symptoms. 
The growth of the virus in the epidermal layers of the skin causes 
lesions that become pustular after 10 days or so (Figure 21.10). 

Smallpox was the first disease to which immunity was artifi-
cially induced (sec pages ) I and SO) and the fi rst to be eradicated 
from the human population. The last victim of a natural case of 
smallpox is believed to be an individual who recovered from vari-
ola minor in 1977 in Somalia. (However, 10 months after this case, 
there was a smallpox fatali ty in England caused by escape of the 
virus from a hospital research laboratory.) The eradication of 
smallpox was possible because an effective vaccine was developed 
and because there are no animal host reservoirs for the disease. A 
concerted worldwide vaccinat ion effort was coordinated by the 
World Health Organization. 

Today, only two sites are known to maintain the smallpox 
virus, one in the United States and one in Russia. Dates fo r the 
destruction of these collections have been set and then postponed. 

Smallpox wou ld be an especially dangerous agent for bioter-
rorism. Vaccination in the United States ended in the ea rly 
19705. Peo ple who were vaccinated prior to that time have 
waning im mun ity; however, they probably have some remaining 
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protection that would at least moderate the disease. Stocks of 
smallpox vaccine are being accumulated as a p recaution . No 
general vaccination program of the entire population is contem-
plated . However, certain groups, among them military and 
health care workers, may be an exception. Administered to the 
general population, the vaccine would cause a significant num -
ber of deaths, especially among immunosuppressed individuals. 

A search is underway for antiviral drugs that would be effec-
tive. An intravenous drug, cidofovir, is one candidate being 
investigated. The lack of symptomatic smallpox patients prevents 
really meaningful trials; test tube efficacy does not necessarily 
transfer to human patients. 

With the disappearance of smallpox, there has been some con-
cern with a similar disease, mookeypox. This disease first 
appeared among zoo monkeys that originated in Africa and east 
Asia and is endemic there in small animals. There are occasional 
outbreaks among humans in those areas, and one outbreak of 
more than 50 cases in the United States in 2003 was attributed to 
contact with pet prairie dogs. These animals apparently were 
infected by being housed in pet stores with Gambian giant rats 
imported from western Africa. Monkeypox closely resembles 
smallpox in symptoms and, while smallpox was endemic, was 
probably mistaken for it. The mortality rate is typically 1- 10% in 
African adults, highest in children. There were no deaths in the 
u.s. outbreak. The monkeypox virus, like smallpox virus, is an 
orthopoxvirus, and vaccination for smallpox has a protective 
effect. Monkeypox is known to jump from animals to humans, but 
fo rtunately its transmission from human 10 human has been very 
limited . The World Health Organization is monitoring recent out-
breaks, especially to see whether human-to-human transmission 
Increases. 

Chickenpox (Varicella) and Shingles (Herpes Zoster) 
Chickenpox (varicella) is a relatively mild childhood disease. 
The mortality rate from chickenpox is very low and is usually 
from complications such as encephalitis (infection o f the brain) 
or pneumonia. Almost half of such deaths occur in adults. 

Chickenpox (Figure 21.11a) is the result of an ini tial infection 
with the herpesvirus varicella-zoster. (The official, but less used, 
name is human herpesvirus 3; see Chapter 13. We will encounter 
other herpesviruses for which both the vernacular and the official 
names will be stated.) The disease is acquired when the virus 
enters the respiratory system, and the infection localizes in skin 
cells after about 2 weeks. The infected skin is vesicular for 3 to 
4 days. During that time, the vesicles fill with pus, rupture, and 
form a scab before healing. Lesions are mostly confined to the 
face, throat, and lower back but can also occur on the chest and 
shoulders. If varicella infection occurs during early pregnancy, 
serious fe tal damage may occur in about 2% of cases. 

Reye syndrome is an occasional severe complication of 
chickenpox, influenza, and some other viral diseases. A few days 
after the initial infection has receded, the patient persistently 

vomits and exhibits signs of brain dysfunction, such as extreme 
drowsiness or combative behavior. Coma and death can follow. 
At one time, the death rate of reported cases approached 90%, 
but th is rate has been declining with improved care and is now 
30% or lower when the disease is recognized and treated in time. 
Survivors may show neurological damage, especially if very 
young. Reye syndrome affects children and teenagers almost 
exclusively. The use of aspirin to lower fevers in chickenpox and 
influenza increases the chances of acquiring Reye syndrome. 

Like all herpesviruses, a characteristic of varicella-zoster virus 
is its ability to remain latent within the body. Following a pri-
mary infection, the virus enters the peripheral nerves and moves 
to a central nerve ganglion (a group of nerve cells lying outside 
the central nervous system), where it persists as viral DNA. 
Humoral antibodies can not penet rate into the nerve cell, and 
because no viral antigens are expressed on the surface of the 
nerve cell, cytotoxic T cells are not activated. Therefore, neither 
arm of the specific immune system disturbs the latent virus. 

Latent varicella-zoster virus is located in the dorsal root gan-
glion near the spi ne. Later, perhaps as long as decades later, the 
virus may be reactivated (Figure 21.11b). The trigger can be 
stress or simply the lower immune competence associated with 
aging. The virions produced by the reactivated DNA move along 
the peripheral nerves to the cuta neous sensory nerves of the skin, 
where they cause a new outbreak of the virus in the form of 
shingles (herpes zoster). 

In sh ingles, vesicles similar to those of chickenpox occur but 
are localized in dist inctive areas. Typically, they are distributed 
about the waist {the name shingles is derived from the Latin 
(ingrilun! fo r girdle or belt), although facial shingles and infec-
tions of the upper chest and back also occur (see Figure 2l.l1 b). 
The infection follows the distribution of the affected cutaneous 
sensory nerves and is usually limited to one side of the body at a 
time because these nerves are unilateral. Occasionally, such nerve 
infections can result in nerve damage that impairs vision or even 
causes paralysis. Severe burning or stinging pain is a frequent 
symptom; occasionally this persists for months or years, a condi-
tion called postherpetic ncrlralgia. 

Shingles is simply a different expression of the virus that 
causes chickenpox: different because the patient, having had 
chickenpox, now has partial immunity to the virus. Exposing 
children to shingles has led to their contracting chickenpox. 
Shingles seldom occurs in people under age 20, and by far the 
highest incidence is among older adults. It is unusual for a 
patient to develop shingles more than once. 

The antiviral drugs acyclovir, valacyclovir, and famciclovir are 
approved for treatment of shingles. For immunocompromised 
patients, in which a mortality rale of 17% is reported, and patients 
with ocular involvement, treatment with antivirals is mandatory. 

A live, attenuated varicella vaccine was licensed in 1995. Since 
then, cases of the disease have declined steadily. There is evidence 
that the effectiveness of the vaccine, which is about 97% at outset, 
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Figure 21.11 Chickenpox (varicella) and shingles (herpes zoster). (a) Initial infection 
with the virus, usually during childhood. causes chickenpox. The lesions are vesicles. eventually 
becoming pustules that rupture and form scabs. The virus then moves to a dorsal root ganglion near 
the spine. where it remains latent indefinitely. (b) Later. usually in late adulthood. the latent virus 
becomes reac tivated. causing shingles. Reactivation can be caused by stress or weakening of the 
immune system. The skin lesions are vesicles. 

Q Does the photo in (a) illustrate an early or late stage of 

declines with time. The lack of a booster effect from exposure to 
new cases of varicella is a factor in this. Therefore, varicella in pre-
viously vaccinated persons, called breakthrough varicella, is 
becoming fairly common. Because the vaccine is at least partially 
effective, it is a relatively mild disease with a rash that does not 
look much like typical varicella. A booster dose of the vaccine may 
eventually be needed for complete control of varicella. 

Another concern is that the waning effectiveness of the child-
hood vaccination will lead to a population of susceptible adults, 
for whom the disease tends to be more severe. Therefore, the 
current recommendation is that adults 60 years of age or older 
receive a newly approved zoster vaccine even if the subject has had 
chickenpox or shingles previously. 

Herpes Simplex 
Herpes simplex viruses (HSV) can be separated into two identi-
fiable groups, HSV- l and HSV-2. The name herpes simp/ex virus, 

used here, is the common or vernacular name. The official 
names are humall herpesvirus J and 2. HSV-l is transmitted pri-
marily by oral or respiratory routes, and infection usually occurs 
in infancy. Serological surveys show that about 90% of the U.S. 
populat ion has been infected. Frequently, this infection is 
subclinical, but many cases develop lesions known as oold sores 
or fever blisters. These are painful, short-lived vesicles that 
occur near the outer red margin of the lips (Figure 21.12). 

Cold sores, caused by herpesvirus infections, are often confused 
with canker sores. The cause of canker sores is unknown, but their 
occurrence is often related to stress or menstruation. While similar 
to cold sores in appearance, canker sores usually appear in different 
areas. They occur as painful sores on movable mucous membranes, 
such as those on the tongue, cheeks, and inner surface of the lips. 
They ordinarily heal in a few days but often recur. 

HSV-l usually remains latent in the trigeminal nerve ganglia 
communicating between the face and the central nervous system 
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Figure 21.12 Cold sores, or fever blisters, caused by herpes 
simplex virus. Lesions are located mainly at the margin of the red area 
of the lips. 

Q Why can cold sores reappear. and why do they recur in the same 
place? 

(Figure 21.13). Recurrences can be triggered by events such as 
excessive exposure to ultraviolet radiation from the sun, emotional 
upsets, or the hormonal changes associated with menstrualion. 

HSV· I infection can be transmitted by skin contact among 
wrestlers; this is colorfully termed herpes gladiatorum. Incidence 
as high as 3% has been reported among high school wrestlers. 
Nurses, physicians, and dentis ts are occupatio nally susceptible to 
herpetic whillow. infections of the finger caused by contact with 
HSV-J lesions-as are ch ildren with herpetic oral ulcers. 

A very similar virus, HSV-2, is transmitted primarily by sexual 
contact. [t is the usual cause of genital herpes (see Chapter 26). 
HSV-2 is differentiated from HSV· J by its antigenic makeup and 
by its effect on cells in tissue culture. It is latent in the sacral nerve 
ganglia found near the base of the spine, a different location from 
that of HSV·I. 

Very rarely, either type of the herpes simplex virus may spread 
to the brain, causing herpes encephalitis. Infections by HSV -2 are 
more serious, with a fa tality rate as high as 70% if untreated. Only 
about 10% of survivors can expect to lead healthy lives. When 
administered promptly, acyclovir often cures such encephalitis. 
Even so, the mortality rate in certain outbreaks was still 28%, and 
only 38% of the survivors escaped serious neurological damage. 

Measles (Rubeola) 
Measles (rubeola) is an ext remely con tagious viral disease that 
is spread by the respiratory route. Because a person with measles 
is infectious before symptoms appear, quarantine is not an effec· 
tive measure of prevent ion. 

The measles vaccine, now usually admin istered as the MMR 
vaccine (measles, mumps, rubella), has almost el iminated 
measles in the United States. Measles cases have declined from 
an estimated 5 million cases a year (400,000 were actually 

"'-. 

Trigeminal nerve 

GangliOn 

... __ - Site of virallalency 

"'-. ...... r- Site of active 
lesion 

Figure 21.13 Site of latency of herpes simplex type 1 in the 
trigeminal nerve ganglion. 

Q Why is this nerve system called trfgcminal? 

reported) to virt ual disappea rance. As with smallpox, there is no 
an imal reservoir fo r measles, but because the virus is so much 
more infectious than smallpox, herd immunity is difficult to 
obtai n. Therefore, the present worldwide target is to con tro l 
measles by vaccinat ion, rather than eradication. This approach 
has met with some success; compared to an est imated 873,000 
deaths worldwide in 1999, there were 345,000 in 2005. The goal 
is a further 90% reduction in mortality by 2010. (See the box in 
Chapter 18 on page 504). 

Although the vaccine is about 95% effective, cases conti nue 
to occur among people who do not develop or retain good 
immunity. So me of these infections arc caused by contact with 
infec ted people who come from outside the United States. 

An unexpected result of the measles vaccine is that many 
cases of measles today occur in children under I -year of age. 
Measles is especially hazardous to infants, who are more likely 
to have serious complications. In p revaccination days, measles 
was rare at this age because infan ts were protected by ma ternal 
an tibod ies derived from their mothers' recovery from the 
disease. Unfortunately, maternal ant ibodies made in response to 
the vaccine are not as effective in providing protection as arc 
ant ibodies made in response to the disease. Because the vaccine 
is not effective when administered in early infancy, the ch ild does 
not receive the initial vaccinat ion before 12 mon ths. Therefore, 
the child is vulnerable for a significant time. 

The development of measles is sim ilar to that of smallpox and 
chickenpox. Infection begins in the upper respiratory system. After 



Figure 21.14 The rash of small raised spots typical of measles 
(rubeola). The rash usually begins on the face and spreads \0 the trunk 
and extremities. 

Q Why is it potentially possible to eradicate measles? 

an incubation period of 10 to 12 days, symptoms develop resem -
bling those of a common cold. Soon, a macular rash appears, 
beginn ing on the face and spreading to the trunk and extremities 
(Figure 21.14). Lesions of the oral cavity include Koplik's spots, 
small red spots with central blue-white specks, on the oral mucosa 
opposite the molars. The presence of Koplik's spots is a diagnostic 
indicator of the disease. (See also Diseases in Focus 21.1. ) 

Measles is an extremely dangerous disease, especially in infants 
and very old people. It is frequently complicated by middle ear 
infections or pneumonia caused by the virus itself or by a second -
ary bacterial infection. Encephalitis strikes approximately I in 
1000 measles victims; its survivors are often left with permanent 
brain damage. As many as I in 3000 cases is fatal, mostly in infants. 
A rare complication of measles (about I in 1,000,000 cases) is 
subacute sclerosing panencephalitis. Occurring mostly in men, 
it appears about 1 to I ° years after recovery from measles. Severe 
neurological symptoms result in death within a few years. 

Rubella 
RubeUa, or German measles (so called because it was first 
described by German physicians in the eighteenth century), is a 
much milder viral disease than rubeola (measles) and often goes 
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Figure 21.15 The rash of red spots characteristic of rubella. 
The spots are not raised above the surrounding skin. 

Q What is congenital rubella syndrome? 

undetected. A macular rash of small red spots and a light feve r are 
the usual symptoms (Figure 21.15) . Complications are rare, espe-
cially in children, but encephalitis occurs in about I case in 6000, 
mostly in adults. The virus is transmitted by the respiratory route, 
and an incubation of 2 to 3 weeks is the norm. Recovery from 
clinical or subclinical cases appears to give a firm immunity. 

The seriousness of rubella was not appreciated unt il 1941, 
when certain severe birth defects were associated with maternal 
infection during the first trimester (3 months) of pregnancy, a 
condition called congenital rubeUa syndrome. If a pregnant 
woman contracts the disease during this time, there is about a 
35% incidence of serious fetal damage, including deafness, eye 
cataracts, heart defects, mental retardation, and death. Some 
15% of babies with congenital rubella syndrome die during their 
first yea r. The last major epidemic of rubella in the United States 
was during 1964 and 1965. At least 20,000 severely impaired chil-
dren were born during that epidemic. 

It is therefore important to identify women of childbearing 
age who are not immune to rubella. In some states, the blood test 
required for a marriage license includes a test for rubella antibod -
ies. Serum antibody can be assayed by a number of commercially 
available laboratory tests. Accurate diagnosis o f immune status 
always requires such tests; histories alone are unreliable. 

In addi tion to this surveillance, a rubella vaccine was intro-
duced in 1969. Followu p studies indicate that more than 90% 
of vaccinated individuals are protected for at least 15 years. 
Because of these preventive measures, fewer tha n 10 annual cases 
of congen ital rubella syndrome are now reported. 

The vaccine is not recommended for pregna nt women. 
However, in hundreds of cases in which women were vaccinated 
3 months before or 3 months after their presumed date of 
conception, no case of congenital rubella syndrome defects has 
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(a) Ringworm 

Figure 21.16 Dermatomycoses. 

Q Is ringworm caused by a helminth? 

occurred. Individuals with an impaired immune syslem should 
not receive live vaccine of auy disease. 

Other Viral Rashes 
Fifth Disease (Erythema Infectiosum) Parents wilh young 
children are often baffled by a diagnosis of fifth disease, which 
they have never heard of before. The name derives from a 1905 list 
of skin rash diseases: measles, scarlet fever, rubella, Filatov Dukes' 
disease (a mild form of scarlet fever), and the fifth disease on the 
list. This fifth disease, or erythema infectiosum, produces no 
symptoms at all in about 20% of individuals infected by the virus 
(human parvovirus B19, first identified in 1989). Symptoms are 
similar to a mild case of influenza, but there is a distinctive 
"slapped-cheek" facial rash that slowly fades. In adults who 
missed an immunizing infection in childhood, the disease may 
cause anemia, an episode of arthritis, or, rarely, miscarriage. 

Roseola Roseola is a mild childhood disease that is very com -
mon . The child has a high fever for a few days, which is followed 
by a rash over much of the body lasting for a day or two. Recovery 
leads to immu nity. The pathogens are human herpesviruses 6 
(HHV-6) and 7 (HHV-7)-the latter is responsible for 5- 10% of 
roseola cases. Both viruses are present in the saliva of most adults. 

CHECK YOUR UNOERSTANOING 

..r How did the odd designation of "fifth disease" arise? 21-5 

Fungal Diseases of the Skin and Nails 
The skin is most susceptible to microorganisms that can resist 
high osmolic pressure and low moisture. It is not surprising, 
therefore, that fung i cause a number of skin disorders. Any fun -
gal infection of the body is called a mycosis. 

(b) Athlete's foot 

Cutaneous Mycoses 
Fungi that colonize the hair, nails, and the outer layer (stratum 
corneum) of the epidermis (see Figure 21.1) are called 
dermatophytes; they grow on the keratin present in those locations. 
Termed dermatomycoses, these fungal infections are more infor-
mally known as tineas or riugworm. Tmea capitis, or ringworm of 
the scalp, is fairly common among elementary school children and 
can result in bald patches. This characteristic led the Romans to 
adopt the name tinea, Latin for clothes moth, because the infection 
resembles the holes left by the wormlike larvae of the moth in wool 
clothing. The infections tend to expand circularly, hence the term 
riugworm (Figure 21.16a). The infection is usually transmitted by 
contact with fomites. Dogs and cats are also frequently infected with 
fungi that cause rinS\vorm in children. RinS\vorm of the groin, or 
jock itch, is known as tinea cruris, and ringworm of the feet, or 
athlete's foot, is known as tinea pedis (Figure 21.16b). The moisture 
in such areas favors fungal infections. 

Three genera of fungi are involved in cutaneous mycosis. 
TricilOpllyton (trik-o-fi'ton) can infect hair, skin, or nails; 
Microspoml/l (mY -kro-spo' rum ) usually involves only the hair or 
skin; Epidermophyton (ep-i-der-mo-fi' ton) affects only the skin 
and nails. The topical d rugs available without prescript ion for 
tinea infections include miconazole and clotrimazole. Athlete's 
foot is often difficult to cure. Topical allylamine preparations 
containing terbinafine or naftifine, as well as another allylamine, 
butenavine, are recommended and are now available wi thout a 
prescription. Extended application is usually required. When 
hair is involved, topical treatment is not very effective. An oral 
antibiotic, griseofulvin, is often useful in such infections because 
it can localize in keratinized tissue, such as described on page 
569. When nai ls are infected , called tinea unguium or 
onychomycosis, oral itraconazole and terbinafine are the drugs of 



(a) Candida albicans 
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(b) Oral candidiasis, or thrush 

Figure 21.17 Candidiasis. (a) Candida alb/cans. Notice the spherical chlamydoconidla 
(resting bodies formed from hyphal cells) and the smaller blastoconidia (asexual spores produced by 
budding) (see Chapter 12). (b) This case of oral candidiasis. or thrush. produced a thick. creamy 
coating on the tongue. 

Q How can antibacterial drugs lead to candidiasis? 

choice, but treatment may requ ire weeks and both must be used 
with caution because of potential severe side effects. 

Cutaneous mycosis is usually diagnosed by potassium 
hydroxide (KOH) microscopic examination of scrapings of the 
affected areas. The KOH dissolves epithelial tissue, allowing a 
clear view of fungal hyphae. 

Subcutaneous Mycoses 
Subcutaneous mycoses are more serious than cutaneous 
mycoses. Even when the skin is broken, cutaneous fungi do not 
seem to be able to penetrate past the stratum corneum, perhaps 
because they cannot obtain sufficient iron for growth in the epi-
dermis and the dermis. Usually subcutaneous mycoses are 
caused by fungi that inhabit the soil, especially decaying vegeta-
tion, and penetrate the skin through a small wound that allows 
entry into subcuta neous tissues. 

In the United States, the most common disease of this type is 
spo rotrichosis, caused by the dimorphic fungus Sporotl!rix 
scllellkii (spo-ro' thriks shen 'ke-e). Most cases occur among 
gardeners or other people working with soil. The infection fre-
quently forms a small ulcer on the hands. The fungus often enters 
the lymphatic system in the area and there forms similar lesions. 
The condition is seldom fatal and is effectively treated by ingesting 
a dilute solution of potassium iodide, even though the organism is 
not affected in vitro by even a 10% solution of potassium iodide. 

Candidiasis 

A The bacterial microbiota of the mucous membranes 
in the genitourinary tract and mouth usually 

suppress the growth of such fungi as Cam/ida albicalls. Several 
other species of Calldida, for example C. trapicalis or C. hI/sri 
(krus'ii.-e), may also be involved. The morphology of these 
organisms is not always yeastlike but can exhibit the formation of 
pseudohyphae, long cells that resemble hyphae. In this form, 
Calldida is resis tant to phagocytosis, wh ich may be a factor in its 
pathogenicity (Figure 21.17a). Because the fungus is not affected 
by antibacterial drugs, it sometimes overgrows mucosal tissue 
when antibiotics suppress the normal bacterial microbiota. 
Changes in the normal mucosal pH may have a similar effect. 
Such overgrowths by C. albicalls are called candidiasis. Newborn 
infants, whose normal microbiota have not become established, 
often suffer from a whitish overgrowth of the o ral cavity, called 
thrush (Figure 21.17b). C. albicmls is also a very common cause 
of vaginitis (see Chapter 26). 

Immunosuppressed individuals, including AIDS patients, are 
unusually prone to Candida infections o f the skin and mucous 
membranes. On people who are obese or diabetic, the areas of 
the skin with more moisture tend to become infected with this 
fungus . The infected areas become bright red, with lesions on the 
borders. Skin and mucosal infections by C. albicallS are usually 
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Figure 21.18 Scabies mites in skin. 

Q Would it have required a microscope to identify this pathogen? 

treated with topical applications of miconazole, clotrimazole, or 
nystatin. If candidiasis becomes systemic, as can happen in 
immunosuppressed individuals, fulminating disease (one that 
appears suddenly and severely) and death can result. The usual 
drug of choice to treat systemic candidiasis is fluconazole. Several 
new treatments are now also available; for example, some of the 
new echinocandin class antifungals, such as micafungin and 
anidulafungin, are now approved for this use. 

CHECK YOUR UNDERSTANDING 

.,f- How do sporotrichosis and athlete's foot differ? In what ways are 
they similar? 21-6 

.,f How might the use of penicillin result in a case of candidiasis? 
21-7 

Parasitic Infestation of the Skin 
Parasitic organ isms such as some protozoa, helminths, and 
microscopic arthropods can infest the skin and cause disease 
conditions. We will describe two examples of common arthro-
pod infestation, scabies and lice. 

Scabies 
Probably the first documented connection between a micro-
scopic organism (330- 450 11m ) and a disease in humans was 
scabies, which was described by an Italian physician in 1687. 
The disease involves intense local itching and is caused by the 
tiny mite Sarcoptes scabiei burrowing under the skin to lay its 
eggs (Figure 21.18). The burrows are often visible as slightly 
elevated, serpentine lines about I mm in width. However, 
scabies may appear as a variety of inflammatory skin lesions, 

many of them secondary infections from scratching. The mite is 
transmitted by intimate contact, including sexual contact, and is 
most often seen in family members, nursing home residents, 
and teenagers infected by children for whom they baby-sit. 

About 500,000 people seek treatment for scabies in the 
United States each year; in developing countries, it is even more 
prevalent. The mite lives about 25 days, but by that time eggs 
have hatched and produced a dozen or so progeny. Scabies is 
usually diagnosed by microscopic examination of skin scrapings 
and usually is treated by topical application of permethrin. 
Difficult cases are sometimes treated with oral ivermectin. 

Pediculosis (Lice) 
Infestations by lice, called pediculosis, have affiicted humans for 
thousands of yea rs. Although usually associated in the public 
mind with poor sanitat ion, outbreaks of head lice among 
middle- and upper-class schoolchildren in the United States are 
common. Parents are usually appalled, but head lice are fairly 
easily transferred by head-to-head contact, such as occurs among 
children who know each other well. The head louse, PediCil/us 
humanus capitis, is not the same as the body louse, PediCil/us 
humal/us corporis. These are subspecies o f PediCil/lls l!IImarllls 
that have adapted to different areas of the body. Only the body 
louse spreads diseases, such as epidemic typhus. 

Lice (see Figure 12.32a, page 363) require blood from the 
host and feed several times a day. The victim is often unaware of 
these silent passengers until itching, which is a result of sensitiza-
tion to louse saliva, develops several weeks later. Scratching can 
result in secondary bacterial infections. The head louse has legs 
especially adapted to grasp scalp hairs (Figure 21.19a). During a 
life span of a little over a month, the female louse produces 
several eggs (nits) a day. The eggs are attached to hair shafts 
close to the scalp (Figure 21.19b) to benefit from a warmer 
incubation temperature, and they hatch in about a week. The 
very young stages of the louse are also called nits. Empty egg 
cases are whitish and more visible. They do not necessarily 
indicate the presence of live lice. As the hair grows (at the rate 
of about 1 cm a month), the attached nit moves away from the 
scalp. 

A point of interest is that the incidence of pediculosis among 
blacks in the United States is low: in the United States, lice have 
become adapted to the cylindrical ha ir shafts found on whites. In 
Africa, lice have adapted to the noncylindrical hair shafts of 
blacks. 

Treatments of head lice abound, recalling the medical adage 
that if there are many treatments for a condition it is probably 
because none of them are really good. Nonprescription medica-
tions such as Nix (permethrin insecticide) and Rid (pyrethrin 
insecticide) are usually the first choice, but resistance has become 
common. Other topical preparations containing insecticides such 
as malathion (Ovide) and the more toxic lindane are also 



available (lindane is banned in California) . A single-dose treat-
ment with orally administered ivermectin is occasionally used. A 
silico ne-based product, LiceMO, is effective and nontoxic. The 
active principle, dimethicorle, blocks the breathing tubes of the 
louse. Combing out the nits with fine -toothed louse combs is 
another treatment option. This is a d ifficult, time-consum ing 
procedure that has actually led to the appearance of professional 
removal services in some cities: expensive, but often worth the 
price to busy mothers. 

CHECK YOUR UNOERSTANOING 

..r What diseases. if any, are spread by head lice, such as Pediculus 
humanus capitis? 21-8 

Microbial Diseases of the Eye 
LEARNING OBJECTIVES 

21 -9 Define conjunctivitis. 
21 -1 0 List the causative agent, mode of transmission, and clinical symp-

toms of these eye infections: ophthalmia neonatorum, inclusion 
conjunctivitis, trachoma. 

21 -1 1 List the causative agent, mode of transmission, and clinical 
symptoms of these eye infections: herpetic keratitis, 
Acanthamoeba keratitis. 

The epithelial cells covering the eye can be considered a contin-
uation of the skin or mucosa . Many microbes can infect the eye, 
largely through the cOlljll1lctiva, the mucous membrane that lines 
the eyelids and covers the outer white surface of the eyeball. It is 
a transparent layer of living cells replacing the skin . Diseases o f 
the eye are summarized in Diseases in Focus 21.4. 

Inflammation of the Eye Membranes: 
Conjunctivitis 
Conjunctivitis is an inflammation of the conjunctiva, often called 
by the common name red eye, or pinkeye. Haemophilils injlllerizae 
is the most common bacterial cause; viral conjunctivitis is usually 
caused by adenoviruses. However, a broad group of bacterial and 
viral pathogens as well as allergies can cause this condition. 

The popularity of contact lenses has been accompanied by an 
increased incidence of infections of the eye. This is especially true 
of the soft-lens varieties, which are often worn for extended peri-
ods. Among the bacterial pathogens that cause conjunctivitis are 
pseudomonads, which can cause serious eye damage. To prevent 
infection, contact lens wearers should not use homemade saline 
solutions, which are a frequent source of infection, and should 
scrupulously follow the manufacturer's recommendations for 
cleaning and d isinfecting the lenses. The most effective methods 
for disinfecting contact lenses involve applying heat; lenses that 
cannot be heated can be disinfected with hydrogen peroxide, 
which is then neutralized. 
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Figure 21.19 louse and louse egg case. (a) Adult louse grasping 
hair. (b) This egg case (nit) contains the nymphal stage of the louse. 
which is in the process of exiting through the cap (operculum). It does this 
by gulping air and forcing it out the anus unti l it pops free. much like a 
champagne cork. 

Q How is pediculosis transmitted? 

Bacterial Diseases of the Eye 
The bacterial microorganisms most commonly associated with 
the eye usually originate from the ski n and upper respiratory 
tract. 

Ophthalmia Neonatorum 
Ophthalmia neonatorum is a serious form of conjunctivitis 
caused by Neisseria gOrlorrhoeae (the cause of gonorrhea). Large 
amounts of pus are formed; if treatment is delayed, ulceration of 
the cornea will usually result. The disease is acquired as the infant 
passes through the birth canal, and infection carries a high risk 
of blindness. Early in the twentieth century, legislation required 
that the eyes of all newborn infants be treated wi th a 1 % solution 
of silver nitrate, which proved to be a very effective treatment in 
preventing this eye infection. Between 1906 and 1959, the per-
centage of admissions to schools for the blind that could be 
attr ibuted to ophthalmia neonatorum declined from 24% to 
only 0.3%. Silver nitrate has been almost entirely replaced by 
antibiotics because of frequent coinfections by gonococci and 
sexually transmitted chlamydias, and silver nitrate is not effective 



Microbial Diseases of the Eye 
Differential diagnosis is the process 01 identifying the disease from a list of possible diseases 
that fit the information derived from examining a patient. A differential diagnosis is important 
for providing initial treatment and for laboratory testing. For example. a 20-year-old man 
had eye redness wi th dried mucus crust in the morning. The condition resolved with topical 
antibiotic treatmenL Use the table below to identify infections that could cause these 
symptoms. For the solulion, go to www.microbiologyplace.com. 

M_of 
DleBaa Pathogen Portal of Entry Symptoms Tranamlulon 

BACTERIAL DISEASES 
Conjunctivitil Haemophilus Conjunctiva Redness Direct contact; 

influenzae fomites 

Ophthalmia Neisseria Conjunctiva Acute infection with Through birth 
neonatorum gonorrhoeae much pus formation canal 

Inclusion Chlamydia Conjunctiva Swelling of eyelid: Through birth 
conjunctivitis trachoma/is mucus and pus canal; swimming 

formation pool, 

Trachoma Chlamyclta Conjunctiva Coojunctivitis Direct contact: 
trachoma/IS fomites: flies 

VIRAL DISEASES 

Conjunctivitis Adenoviruses Conjunctiva Redness Direct contact 

HefP8tic keratitis Herpes Simplex Conjunctiva: comea Keratitis Direct contact; 
type 1 virus recurring latent 

infection 

PROTOZOAN DISEASE 

Acanthamoeba Acanthamoeba Corneal abrasion; soft Keratitis Contact with 
keratitis spp. contact lenses may fresh water 

prevent removal of 
amoeba by blinking 

None 

Prevention: tetracycline. 
erythromycin. or providone-iodine 

Tetracycline 

Azithromycin 

None 

Trifiuridine may 
be effective 

Topical propamidine isethionate 
or miconazole: corneal trans-
plant or eye removal surgery 
may be required 

against chlamydias. In parts of the world where the cost of 
antibiotics is prohibitive, a dilute solution of povidone-iodine 
has proven effective. 

context, it is called swimmillg pool conjw /cl /V/IIS. Tetracycline 
applied as an ophthalmic ointment is an effective treatment. 

Inclusion Conjunctivitis 
Chlamydial conjunctivi tis, or inclusion conjunctivitis, is quite 
common today. It is caused by ClI/am)'dia tmel/omm is, a bacterium 
that grows only as an obligate intracellular parasite. In infants. who 
acqu ire it in the birth canal, the condition tends to resolve spon-
taneously in a few weeks or months, but in rare cases it can lead 
to scarr ing of the cornea. Chlamyd ial conjunctivitis also appears 
to spread in the unchlorinated waters of swimm ing pools; in this 
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Trachoma 
A serious eye infection , and probably the greatest single cause of 
blindness by an infectio us d isease, is trachoma-an ancient name 
derived from the Greek word for rough. It is caused by certain 
serotypcs of Chlmll)'dia tmclrommis but not the same ones that 
cause genital infections (see pages 750, 752 and 755). In the arid 
parts of Africa and Asia, almost all children arc infected early in 
their lives. Worldwide. there are probably 500 million act ive cases 
and 7 mill ion bli nded victims. Trachoma also occurs occasionally 



iO the southwestern United States, especially among American 
Indians. 

The disease is a conjunctivitis transmitted largely by hand 
contact or by sharing such personal objects as towels. Flies may 
also carry the bacteria. Repeated infections cause inflammation 
(Figure 21.20a), leading to trichiasis, an in-turning of the 
eyelashes (Figure 21.20b). Abrasion of the cornea, especially by 
the eyelashes, eventually causes scarring of the cornea and blind-
ness. Trichiasis can be corrected surgically, a procedure shown in 
ancient Egyptian papyri. Secondary infections by other bacterial 
pathogens are also a factor in the disease. Antibiotics to eliminate 
chlamydia, especially oral azithromycin, are useful in treatment. 
The disease can be controlled through sanitary practices and 
health education . 

CHECK YOUR UNOERSTANOING 

..r What is the common name of inclusion conjunctivitis? 21-9 

..r Why have antibiotics almost entirely replaced the less 
expensive use of silver nitrate for preventing ophthalmia 
neonatorum? 21-10 

Other Infectious Diseases of the Eye 
Microorganisms such as viruses and protozoa can also cause eye 
diseases. The diseases discussed here are characterized by inflam-
mation of the cornea, which is called keratitis. In the United 
States, keratitis is mostly bacterial in origin; in Africa and Asia, 
eye infections are mostly ca used by fungi, such as Fllsari/l1n and 
Aspergillus. 

Herpetic Keratitis 
Herpetic keratitis is caused by the same herpes simplex type I 
virus that causes cold sores and is latent in the trigeminal nerves 
(see Figure 21.13). The disease is an infection of the cornea, often 
resulting in deep ulcers, that may be the most common cause of 
infectious blindness in the United States. The drug trifluridine is 
often an effective treatment. 

Acanthamoeba Keratitis 
The first case of Acanthamoeba (a-kan-tha-me 'ba) keratitis was 
reported in 1973 in a Texas rancher. Since then, well over 4000 
cases have been diagnosed in the United States. This amoeba has 
been found in fresh water, tap water, hot tubs, and soil. Most 
recent cases have been associated with the wearing of contact 
lenses, although any cornea damaged by trauma or infection is 
susceptible. Contributing factors are inadequate, unsanitary, or 
faulty disinfecting procedures (only heat will reliably kill the 
cysts), homemade saline solutions, and wearing the contact 
lenses overnight or while swimming. 
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(a) Chronic inflammation of the eyelid 

(b) Trichiasis, inturned eyelids, abrading the cornea 

Figure 21.20 Trachoma (a) Repeated infection with Chlamydia 
rrachoma causes chronic inflammation. The eyelid has been pulled back to 
show the inflammatory nodules that are in contact with the cornea. The 
abrasion caused by this damages the cornea and makes it susceptible to 
secondary infections. (b) In later stages of trachoma. the eyelashes turn 
inward (trichiasis) as shown here. further abrading the cornea. 

Q How is trachoma transmitted? 

[n its early stages, the infection consists of only a mi ld inflam-
mation, but later stages are often accom panied by severe pain. [f 
started early, treatment with propamidine isethionate eye drops 
and topical neomycin has been successfuL Damage is often so 
severe as to require a corneal transplant or even removal of the 
eye. Diagnosis is confirmed by the presence of trophozoites and 
cysts in stained scrapings of the cornea. 

CHECK YOUR UNDERSTANDING 

..{" Of the two eye diseases herpetic keratitis and Acanthamoeba 
keratitis, which is the more likely to be caused by an 
organism actively reproducing in saline solutions for contact 
lenses? 21-11 
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STUDY OUTLINE 
The MyMicrobiologyPlace wesbi te (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: 
O take a and obtain a persona lized study plan. 0 learn 
and practice with animations, tutorials, and M P3 tu tor sessions, and o test yourself wltl, quizzes and a chapter post-test. 

Introduction Cp.584) 

I. The skin is a physical barrier against microorganisms. 
2. Moist arras of thr skin (such as thr armpi t) support largrr 

populations of bacteria than dry areas (such as the scalp). 
3. Human skin produces antibiotics called drfensins. 

Structure and Function 
of the Skin Cp.585) 

I. The outer portion of thr skin (rpidermis) contains keratin, a 
waterproof coating. 

2. The inner portion of thr skin, thr dermis, contains hair follicles, 
sweat duc ts, and oil glands that provide passageways for . . microorganisms. 

3. Sebum and perspiration are secretions of thr skin that can inhibit 
the growth of microorganisms. 

4. Sebum and perspiration provide nutrirnts for somr . . microorganisms. 
5. Body cavities are lined wi th epithelial cells. When these crlls 

srcrete mucus, they constitute the mucous membrane. 

Normal Microbiota of the Skin Cpp.585-586) 

I. Microorganisms tha t live on skin are resistant to desiccation and 
high concentrations of salt. 

2. Gram·posi tive cocci predominate on the skin . 
3. The normal skin microbiota are not complrtely removed by 

washing. 
4. Members of the genus Propionibncterium metabolize oil from the 

oil glands and colonize hair folliclrs . 
5. Malassezia fr jrfur yeast grows on oily secretions and may be the 

cause of dandruff. 

Microbial Diseases of the Skin Cpp.586-603) 

1. Vesicles are small nuid·filled lesions; bullae are vesicles larger than 
1 cm; macules afe flat, reddened lesions; papules arr raisrd lesions; 
and pustules are raised lesions containing pus. 

Bacterial Diseases of the Skin (pp.586-598) 

Staphylococcal Skin Infections (pp. 
2. Staphylococci are gram-positive bacteria that often grow in 

clusters. 
3. The majority of skin microbiota consist of 

coagulase-negative Staphylococcus epidermidis. 
4. Almost all pathogenic strains of S. aureus 

produce coagulase. 
5. Pathogenic S. <lureus can produce enterotoxins, 

leukocidins, and exfoliative toxin. 

6. l ocalized infections (sties, pimples, and carbuncles) result from 
S. aureljS entrring oprnings in the skin. 

7. Impetigo is a highly contagious superficial skin infection caused 
by S. au reus. 

8. Toxrmia occurs whrn toxins rntrr thr bloodstream; staphylococcal 
toxrmias includr scalded skin syndrome and toxic shock syndrome. 

Streptococcal Skin Infections (pp.589- 591) 
9. Strrptococci are gram ·positive cocci that oftrn grow in chains. 

10. Strrptococci arr classifird according to their hemolytic enzymes 
and cell wall antigens. 

II. Group A beta· hemolytic streptococci (including Streptococcus 
pyogenes) are the pathogens most important to humans. 

12. Group A beta-hemolytic streptococci produce a number of virulencr 
factors: M protrin, rrythrogrnic toxin, deoxyribonuclease, strepto-
kinases, and hyaluronidase. 

13. Erysipelas is causrd by S. pyogenes. 
14. Invasive group A brta-hemolytic streptococci cause srverr and 

rapid tissue destruction. 

Infections by Pseudomonads (pp.591 - 594] 
15. Pseudomonads are gram· negative rods. They are aerobes found 

primarily in soil and water that arr resistant to many disinfectants 
and antibio tics. 

16. PseUt/omonas aeruginosa produces an endotoxin and several 
exotoxins. 

17. Diseases caused by P. aerugirlOSil includr otitis externa, respiratory 
infrctions, burn infections, and dermatitis. 

18. Infections have a characteristic blue-green pus caused by the 
pigment pyocyanin. 

19. Quinolones are useful in treating P. aeruginosa infrctions. 

Buruli Ulcer (p. 594) 

20. Mycobacterium a/ceTaIlS causes deep· tissue ulceration. 

Acne (p. 594) 

21. Propionibacterium awes can metabolize sebum trapprd in hair 
follicles . 

22. Metabolic rnd ·products (fatty acids) cause inflammatory acnr. 
23. Tretinoin, benzoyl peroxide, erythromycin, and light therapy are 

usrd to trrat acne. 

Viral Diseases of the Skin (pp. 595- 600) 

Warts (p. 595] 
24. Papillomaviruses cause skin cells to proliferate and producr a 

brnign growth called a wart or papilloma. 
25. Warts are spread by direct contact. 
26. Warts may regress spontaneously or be removed chemically 

or physically. 

Smallpox (Variola) (pp. 595- 596] 
27. Variola virus causes two types of skin infections: variola major 

and variola minor. 
28. Smallpox is transmittrd by the respiratory route, and the virus 

is moved to the skin via the bloodstream. 



29. The only host for smallpox is humans. 
30. Smallpox has been eradicated as a result of a vaccination effort 

by the World Health Organization. 

Chickenpox (Varicella) and Shingles (Herpes Zoster) 
(pp. 596-597) 
31. Varicella-zoster virus is transmitted by the respiratory rou te and 

is localized in skin cells, causing a vesicular rash. 
32. Complications of chickenpox include encephalitis and Reye 

syndrome. 
33. After chickenpox, the virus can remain latent in nerve cells and 

subsequently activate as shingles. 
34. Shingles (herpes zoster) is characterized by a vesicular rash along 

the affected cutaneous sensory nerves. 
35. The virus can be treated wi th acyclovir. An attenuated live vaccine 

is available. 

Herpes Simplex (pp.597-598) 
36. Herpes simplex infection of mucosal cells results in cold sores and 

occasionally encephalitis. 
37. The virus remains latent in nerve cells, and cold sores can recur 

when the virus is activated. 
38. HSV-J is transmitted primarily by oral and respiratory routes. 
39. Herpes encephalitis occurs when herpes simplex viruses infect 

the brain. 
40. Acyclovir has proven successful in treating herpes encephali tis. 

Measles (Rubeola) (pp. 598-599) 
41 . Measles is caused by measles virus and is transmitted by the 

respiratory route. 
42. Vaccination provides effective long-term immunity. 
43. After the virus has incubated in the upper respiratory tract, 

macular lesions appear on the skin, and Koplik's spots appear 
on the oral mucosa. 

44. Complications of measles include middle ear infections, 
pneumonia, encephalitis, and secondary bacterial infections. 

Rubella (pp. 599-600) 
45. The rubella virus is transmitted by the respiratory route. 
4<>. An infected individual might experience a red rash and light fever 

or be asymptomatic. 
47. Congenital rubella syndrome can affect a fetus when a woman 

contracts rubella during the first trimester of her pregnancy. 
48. Damage from congenital rubella syndrome includes stillbirth, 

deafness, eye cataracts, heart defects, and mental re tardation. 
49. Vaccination with live rubella virus provides immunity o f 

unknown duration. 

Other Viral Rashes (p. 600) 
50. Human parvovirus Bl9 causes fifth disease, and HHV-6 

causes roseola. 

Fungal Diseases of the Skin and Nails (pp.600-602) 

Cutaneous Mycoses (pp.600-601) 
51. Fungi that colonize the outer layer of the epidermis cause 

dermatomycoses. 
52. Microsporum, Trichophyton, and Epidermopllyton cause 

dermatomycoses called ringworm, or tinea. 
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53. These fungi grow on keratin-containing epidermis, such as hair, 
skin, and nails. 

54. Ringworm and athlete's foot are usually treated with topical 
antifungal chemicals. 

55. Diagnosis is based on the microscopic examination of skin 
scrapings or fungal culture. 

Subcutaneous Mycoses (p.601) 
56. Sporotrichosis results from a soil fungus that penetrates the skin 

through a wound. 
57. The fungi grow and produce subcutaneous nodules along the 

lymphatic vessels. 

Candidiasis (pp.601-602) 
58. Candida albimns causes infections of mucous 

membranes and is a common cause of thrush 
(in oral mucosa) and vaginitis. 

59. C. albiCilns is an opportunistic pathogen that 
may proliferate when the normal bacterial 
microbiota are suppressed. 

60. Topical antifungal chemicals may be used to trea t candidiasis. 

Parasitic Infestation of the Skin (pp.602-603) 
61 . Scabies is caused by a mite burrowing and laying eggs 

in the skin. 
62. Pediculosis is an infestation by Pediculus humanus. 

Microbial Diseases of the Eye (pp.603-605) 

I . The mucous membrane lining the eyelid and covering the eyeball 
is the conjunctiva. 

Inflammation of the Eye Membranes: 
Conjunctivitis (p.603) 

2. Conjunctivitis is caused by several bacteria and can be transmitted 
by improperly disinfected contact lenses. 

Bacterial Diseases of the Eye (pp.603-605) 
3. Bacterial microbiota of the eye usually originate from the skin 

and upper respiratory trac t. 
4. Ophthalmia neonatorum is caused by the transmission of 

Neisseria gonorrhoeae from an infected mother to an infant during 
its passage through the birth canal. 

5. All newborn infants are treated with an antibio tic to prevent 
Neisseria and Chlamydia infection. 

6. Inclusion conjunctivitis is an infection of the conjunctiva caused 
by Chlamydia tmchomlltis. It is transmitted to infants during birth 
and is transmitted in unchlorinated swimming water. 

7. In trachoma, which is caused by C. lfllchomatis, scar tissue forms 
on the cornea. 

8. Trachoma is transmitted by hands, fomites, and perhaps tlies. 

Other Infectious Diseases of the Eye (p.605) 
9. Fusarium and Aspergillus fungi can infect the eye. 

10. Herpetic ke ratitis causes corneal ulcers. The etiology is HSV-J that 
invades the central nervous system and can recur. 

11 . ACilllthamoeba protozoa, transmitted via water, can cause a serious 
form of keratitis. 
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STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the bacK of the textboOK. 

Review 
I. Discuss the usual mode of entry of bacteria into the skin. 

Compare bacterial skin infections with infections caused by fungi 
and viruses with respect to mode of entry. 

2. What bacteria are identified by a positive coagulase test? What 
bacteria are characterized as group A beta-hemolytic? 

3. On the figure below, show the sites of the following 
infections: impetigo, folliculitis, acne, warts, shingles, sporotrichosis, 
pediculosis. 

4. Complete the table of epidemiology below. 

Disease 

Acne 
Pimples 
Wans 
Chickenpox 
Fever blisters 
Measles 
Rubel la 

Etiologic 
Agent 

Clinical 
Symptoms 

Mode 01 
Transmission 

5. Why do some states require a test for antibodies against rubella for 
women before issuing a marriage license? 

6. Identify the diseases based on the symptoms in the chart below. 

Symptoms 

Koplik's spots 
Macular rash 
Vesicular rash 
Small. spotted rash 
Recurrent "blisters· on oral mucosa 
Corneal ulcer and swelling of lymph nodes 

Disease 

7. What complications can occur from H5Y· I infections? 
8. What is in the MMR vaccine? 
9.A patient exhibits intlammatory skin lesions that itch intensely. 

Microscopic examination of skin scrapings reveals an eight-
legged arthropod. What is your How is the d isease 

What would you conclude if you saw a six-legged 
arthropod? 

Multiple Choice 
Use the following information to answer questions I and 2. A 6-year· 
old girl was taken to the physician for evaluation of a slowly growing 
bump on the back of her head. The bump was a raised, scaling lesion 
4 cm in diameter. A fungal culture of material from the lesion was 
positive for a fungus with numerous conidia. 

I . The girl's disease was 
a. rubella. d. a cold sore. 
b. candidiasis. e. no ne of the above 
c. dermatomycosis. 

2. Besides the scalp, this disease can occur on all of the following 
except 
a. feet. 
b. nails. 
c. the groin. 

d. subcutaneous tissue. 
e. none of the above 

Use the following information to answer questions 3 and 4. 
A 12-year-old boy had a fever, rash, headaches, sore throat, and 
cough . He also had a macular rash on his trunk, face, and arms. 
A throat culture was negative for Streptococcus pyogenes. 

3. The boy most likely had 
a. streptococcal sore throat. 
b. measles. 
c. rubella. 
d. smallpox. 
e. none of the above 

4. All of the following are complications of this disease except 
a. middle ear infections. 
b. pneumonia. 
c. birth defects. 
d. none of the above 
e. encephalitis. 

5. A patient has conjunctivitis. If you isolated Pseudomonas from 
the patient's mascara, you would most likely conclude all of the 
following except that 
a. the mascara was the source of the infectio n. 
b. Pseudomonas is causing the infection. 
c. Pseudomonas has been growing in the mascara. 
d. the mascara was contaminated by the manufacturer. 
e. none of the above 

6. You microscopically examine scrapings from a case of 
Acanthamoeba keratitis. You expect to see 
a. nothing. 
b. viruses. 
c. gram-positive cocci. 
d. eukaryotic cells. 
e. gram-negative cocci. 



Use the following (hoices to answer questions 7 through 9. 
a. Pseudomonas d.Sporothrix 
b. S. aI/reus 
(. s(abies 

e. virus 

7. Nothing is seen in microswpic examination of a S(raping from 
the patienCs rash. 

8. Microscopic examination of the patient's uker reveals ovoid 
(ells. 

9. MicroS(opic examination of scrapings from the patient's rash 
shows gram -negative rods. 

10. Which of the following pairs is mismatched? 
a. leading (ause of blindness-Clilamydia 
b. (hickenpox- shingles 
(. HSV- l-en(cphalitis 
d. Buruli uker- stomach acid 
e. none of the above 

Critical Thinking 
1. A laboratory test used to determine the identi ty of Staphylococcus 

aI/reus is its growth on mannitol salt agar. The medium contains 
7.5% sodium (hloride (NaC]). Why is it wnsidered a sele(tive 
medium for S. aureus? 

2. Is it ne<:essary to treat a patient for warts? Explain briefly. 
3. Analyses of nine (onjun(tivitis (ases provided the data in the table 

below. How were these infe<:tions transmitted? How could they 
be prevented? 

Isolated from Eye Cosmetics 
No_ Etiology or Contact Lenses 

5 S. epidermidis + , Acanthamoeba + , Candida + , P. aeruginosa + , S. aureus + 
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4. What factors made the eradication of smallpox possible? What 
other diseases meet these aiteria? 

Clinical Applications 
1. A hospitalized patient recovering from surgery develops an 

infection that has blue-green pus and a grapelike odor. What 
is the probable How might the patient have acquired 
this infection? 

2.A 12 -year-old diabetic girl using continuous subcutaneous insulin 
infusion to manage her diabetes developed a fever (39.4"C), low 
blood pressure, abdominal pain, and erythroderma. She was 
supposed to (hange the needle-insertion site every 3 days after 
<:leaning the skin with an iodine solution. Frequently she did not 
(hange the insertion site more often than every 10 days. Blood 
(uhure was negative, and abs<:esses at insertion sites were not 
(Uhured. What is the probable (ause of her symptoms? 

3. A teenaged male wi th confirmed influenza was hospitalized 
when he developed respiratory distress. He had a fever, rash, and 
low blood pressure. S. aureus was isolated from his respiratory 
secretions. Dis(uss the relationship between his symptoms and 
the etiological agent. 



Microbial Diseases of 
the Nervous System 

Some of the most devastating infectious diseases are those that affect the nervous system, 
especially the brain and spinal cord. Damage to these areas can lead to deafness, blindness. 
learning disabilities, paralysis. and death. 

Because of the crucial importance of the nervous system, it is strongly protected from 
accident and infection by bone and other structures. Even pathogens that are circulating in 
the bloodstream usually cannot enter the brain and spinal cord because of the blood-brain 
barrier (see Figure 22.2). Occasionally, some trauma will disrupt these defenses with serious 
consequences. It happens that the fluid (cerebrospinal fluid) of the central nervous system is 

especially vulnerable because it lacks many of the defenses found in the 
blood. Pathogens capable of causing diseases of the nelVous 

system often have virulence characteristics of a special nature 
that enable them to penetrate these defenses. For example, 

the pathogen can begin replicating in a peripheral nelVe 
and gradually move into the brain and spinal cord. 

Q 
The amoebae in the photo are feeding on a dead 
amoeba. What tissue do they feed on when they 
infect humans? 
Look for the answer in the chapter. 



Structure and Function 
of the Nervous System 
LEARNING OBJECTIVES 
22-1 Define central nervous system and blood-brain barrier 
22-2 Differentiate meningitis from encephalitis. 

The human nervous system is organized into two divisions: 
the central nervous system and the peripheral nervous system 
(Figure 22.1 ). The ceotral nervous system (eNS) consists of the 
brain and the spinal cord. As the control center for the entire 
body, the eNS picks up sensory information from the environ-
ment, interprets the information, and sends impulses that coordi-
nate the body's activities. The peripheral nervous system (PNS) 
consists of all the nerves that branch off from the brain and spinal 
cord. These peripheral nerves are the lines of communication 
between the central nervous system, the various parts of the body, 
and the external environment. 

Both the brain and the spinal cord are covered and protected by 
three continuous membranes called meninges (Figure 22.2 ). These 
are the outermost dura mater, the middle arachnoid mater, and the 
innermost pia mater. Between the pia mater and arachnoid mem-
branes is a space called the subarachnoid space, in which an adult 
has 100 to 160 ml of cerebrospinal fluid (CSF) circulating. Because 
CSF has low levels of complement or circulating antibodies and few 
phagocytic cells, bacteria can multiply in it with few checks. 

Late in the nineteenth century, experiments in which dyes 
were injected into the body resulted in the stain ing of all the 
organs of the body- with the important exception of the brain. 
Conversely, when the CSF was injected with dyes, only the brain 
was stained. These remarkable results were the fi rst evidence of 
an important feature of anatomy: the blood- brain barrier. 
Certain capillaries permit some substances to pass from the 
blood into the brain but restrict others. These capillaries are less 
permeable than others within the body and are therefore more 
selective in passing materials. 

Drugs cannot cross the blood- brain barrier unless they are 
lipid-soluble. (Glucose and many amino acids are not lipid-
soluble, but they can cross the barrier because special transport 
systems exist for them.) The lipid-soluble antibiotic chloram-
phenicol enters the brain readily. Penicillin is only slightly lipid-
soluble; but, if it is taken in very large doses, enough may cross the 
barrier to be effective. Inflammations of the brain tend to al ter the 
blood-brain barrier in such a way as to allow antibiotics to cross 
that would not be able to cross if there were no infection. Probably 
the most common routes of CNS invasion are the bloodstream 
and lymphatic system (see Chapter 23), when inflammation alters 
permeability of the blood- brain barrier. 

An inflammation of the meninges is called meningitis. An 
inflammation of the brain itself is called encephalitis. If both 
the brain and the meninges are affected, the inflammation is 
called meningoencephalitis. 
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system (PNS) 

Figure 22.1 The human nervous system. This view shows the 
central and peripheral nervous systems. 

Q Is meningitis an infection of the eNS or the PNS? 

CHECK YOUR UNDERSTANDING 

./ Why can the antibiotic chloramphenicol readily cross 
the blood-brain barrier, whereas most other antibiotics 
cannot? 22-1 

./ Encephalitis is an inflammation of what organ or organ 
structure? 22-2 

Bacterial Diseases 
of the Nervous System 
LEARNING OBJECTIVES 
22-3 Discuss the epidemiology of meningitis caused by Haemophilus 

influenzae. Neisseria mem{}ltidis. Streptococcus pneumoniae. and 
Listeria monocytogenes. 

22-4 Explain how bacterial meningitis is diagnosed and treated. 
22-5 Discuss the epidemiology of tetanus, including mode of transmis-

sion. etiology. disease symptoms. and preventive measures. 
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Figure 22.2 The meninges and cerebrospinal fluid. The meninges. whether cranial or spinal, 
consist of three layers : dura mater. arachnoid mater, and pia mater. Between the arachnoid and the 
pia mater IS the subarachnoid space. in which cerebrospinal flu id CIrculates. Notice that the CSF is 
vulnerable to contamination by microbes carried in the blood that are able to penetrate the 
blood- brain barrier at the wal ls of the blood vessels. 

Q If a patient has meningitis, what barriers would need to be crossed to result in encephalitis? 

22-6 State the causative agent. symptoms. suspect foods, and treatment 
for botulism. 

22-7 Discuss the epidemiology of leprosy. including mode of transmis-
sion. etiology. disease symptoms. and preventive measures. 

Microbial infect ions of the central nervous system are infrequent 
but often have serious consequences. In preant ibiotic times, they 
were almost always fatal. 

Bacterial Meningitis 
The initial symptoms of meningitis are not especially alarming: 
a triad of fever, headache, and a stiff neck. Nausea and vomiting 
often follow. Eventually, meningitis may progress to convulsions 
and coma. The mortality rate varies with the pathogen but is 
generally high for an infectious disease today. Many people who 
survive an attack suffer some degree of neurological damage. 

Meningitis can be caused by different types of pathogens, 
including viruses, bacteria, fungi, and protozoa. Viral men ingitis 
(not to be confused with viral encephalitis, page 624 ), is probably 

much more common than bacterial meningitis but tends to be a 
mild disease. 

Historically, only th ree bacterial species have caused most of 
the cases of meningitis as well as its related mortali ty. In adult 
patients, that is, older than 16 years, about 80% of the cases are 
now caused by Streptococcus plrcillnolriae and Neisseria mCllingi-
tidis. Meningitis caused by Haemophilus inj7uenzae type B, once 
responsible for a majority of cases, has been nearly eliminated in 
the United States since introduction of an effective vaccine. A 
conjugate vaccine against S. pneumoniac is com ing into wide-
spread use and is expected to lower its incidence, especially 
among children. It may also produce a herd immunity that will 
benefit the adult population. All three of these pathogens possess 
a capsule that protects them from phagocytosis as they replicate 
rapidly in the bloodstream, from which they might enter the 
cerebrospinal fluid . Death from bacterial meningitis often occurs 
very quickly, probably from shock and inflammation caused by 
the release of endotoxins of the gram -negative pathogens or the 



release of cell wall fragments (peptidoglycans and teichoic acids) 
of gram- positive bacteria . 

Nearly 50 other species of bacteria have been reported to be 
opportunistic pathogens that occasionally cause men ingitis. 
Especially important are Listeria mOllocytogelles, group B strepto-
cocci, staphylococci, and certain gram-negative bacteria. 

Haemophilus influenzae Meningitis 
Haemophilils inj1l1en2ae is an aerobic, gram-negative bacterium 
that is a common member of the normal throat microbiota. 
Occasionally, however, it enters the bloodstream and causes 
several invasive diseases. In addition to causing men ingit is, it is 
also frequently a cause of pneumonia (page 688), otitis media 
(page 679), and epiglottitis. The carbohydrate capsule of the bac-
terium is important to its pathogenicity, especially those bacteria 
with capsular antigens of type b. (Strains that lack a capsule are 
called llOntypable ). Medically, the bacterium is often referred to 
by the acronym Hib. 

The name Haemophillls inj1l1en2ae was given because the 
microorganism was erroneously thought to be the causative agent 
of the influenza pandemics of 1889 and World War I. H. inj1l1en2ae 
was probably only a secondary invader du ring those virus-caused 
pandemics. HaemophilrlS refers to the need the microorganism has 
for factors in blood for growth (hemo = blood; phillis = loving). 

Hib-caused meningitis occurs mostly in children under age 4, 
especially at about 6 months, when antibody protection provided 
by the mother weakens. The incidence is decreasing because of 
the Hib vaccine, which was introduced in 1988. H. inj1l1ellzae 
meningitis has accounted for most of the cases of reported bacte-
rial meningitis (45%), with a mortality rate of about 6%. 

Neisseria Meningitis (Meningococcal Meningitis) 
Meningococcal meningitis is caused by Neisseria mellingitidis 
(the meningococcus). This is an aerobic, gram-negative 
bacterium with a polysaccharide capsule that is important to 
its virulence. Like Hib and the pneumococcus, it is frequently 
present in the nose and throat of carriers without causing d is-
ease symptoms (Figure 22.3). These carriers, about 10% of the 
population, are a reservoir of infection . The symptoms of 
meningococcal meningit is are mostly caused by an endotoxin 
that is produced very rapidly and is capable of causing death 
within just a few hours. The most distinguish ing feature is a 
rash that docs not fade when pressed . A case of meningococcal 
meningitis typically begins with a throat infection, leading to 
bacteremia and eventually meningitis. It usually occurs in 
children under 2 years; the maternal immunity weakens at 
about 6 months and leaves them susceptible. Significant num -
bers of these children have residual damage, such as deafness. 

Death can occur a few hours after the onset of fever; how-
ever, antibiotic therapy has helped reduce the mortality rate to 
about 9- 12%. Without chemotherapy, mortality rates 
approach 80%. 
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Figure 22.3 Neisseria meningitis. This scanning electron 
micrograph shows Neissena meningitidls in clusters attached to 
cells on the mucous membrane in the pharynx. 

Q What would be the effect if the citia are inactivated by this 
infection? 

The meningococcus occurs in five capsular serotypes. In 
recent years in the United States, meningococcal disease has been 
caused by several of these serotypes: B (about 35%), C (about 
24%), Y (about 34%), and W-l35 (about 2%). In Europe, type B 
predominates, but C also occurs. [n arid regions of Africa, China, 
and the Middle East, type A, and occasionally C and W-135, 
causes widespread epidemics that coincide with the d ry seasons, 
when the nasal mucous membranes are less resistant to bacterial 
. . 1I1vaSlOn. 

[n the United States, sporadic meningococcal outbreaks 
occur among college students, presumably as a result of crowd-
ing of susceptible populations in dormitories. At one time, before 
vaccination was introduced in 1982, this was a major problem in 
recrui t barracks for the U.s. military. The vaccines are directed at 
the polysaccharide capsules of serotypes A, C, Y, and W- 135; they 
are recommended for many students entering college and are 
required by some institutions. No vaccine is available against 
serotype B, which has a capsule that is not immunogenic in 
humans. However, an experimental serotype B vaccine is in 
clinical testing and may be available soon . 

The effectiveness of polysaccharide vaccines, which are not 
effect ive for very young children, can be much improved by 
conjugation with protein carriers. Such conjugated vaccines are 
now available for serotypes A and C in some parts of the world. 
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Figure 22.4 Spinal tap (lumbar puncture). Diseases affecting the 
central nervous system. such as meningitis. often require a spinal tap for 
diagnosis. A needle is inserted between two vertebrae in the lower spine. 
A sample of cerebrospinal nuid. which is contained in the subarachnoid 
space (see Figure 22.2J. is withdrawn for laboratory examination. 

Q Microscopically, what would you see in CSf from a healthy 
person? A person with meningococcal meningitis? 

Streptococcus pneumoniae Meningitis 
(Pneumococcal Meningitis) 
Streptococcus pnelllnoniae, like H. inj1ueIlzac, is a common inhab-
itant of the nasopharyngeal region. About 70% of the general 
population are healthy carriers. The pneumococcus, so called 
because it is best known as a cause of pneumonia (Chapter 24), is 
a gram-positive, encapsulated d iplococcus. It is the leading cause 
of bacterial meningitis, now that an effective Hib vaccine is in use. 
In addition to approximately 3000 cases of meningitis, each year 

S. p"cumolliac causes 500,000 cases of pneumonia and millions of 
cases of painful otitis media (earache) . Most of the cases of pneu-
mococcal meningitis occur among children between the ages of 
I month and 4 years. For a bacterial disease, the mortality rate is 
very high: about 30% in children and 80% in the elderly. 

A conjugated vaccine, modeled after the Hib vaccine, has been 
introduced. It is recommended for infants under the age of 2 
(see Table 18.3, page 503) . One useful side effect of this vaccine is 
that it results in about a 6-7% decrease in cases of otitis media. 
The large number of serotypes of the pneumococcus will make it 
difficult to develop vaccines against all of them . 

A serious problem with meningitis and other diseases caused 
by the pneumococcus is the increasing appearance of antibiotic-
resistant straius. 

Diagnosis and Treatment of the Most 
Common Types of Bacterial Meningitis 
A diagnosis of bacterial meningitis requires a sample of cere-
brospinal fluid obtained by a spinal tap, or lumbar puncture 
(Figure 22.4). A simple Gram stain is often useful; it will fre -
quently determine the identity of the pathogen with considerable 
reliability. Cultures are also made from the fluid . For this purpose, 
prompt and careful handling is requ ired because many of the 
likely pathogens are very sensitive and will not survive much stor-
age time or even changes in temperature. The most frequently 
used type of serological tests performed on CSF are latex aggluti-
nation tests. Results are available within about 20 minutes. 
However, a negative result does not eliminate the possibility of 
less common bacterial pathogens or nonbacterial causes. 

Bacterial meningitis is life-threatening and develops rapidly. 
Therefore, prompt treatment of any type of bacterial meningitis 
is essential, and chemotherapy of suspected cases is usually in i-
tiated before identification of the pathogen is complete. Broad -
spectrum third -generation cephalosporins are usually the first 
choice of antibiotics; some experts recommend including 
vancomycin . As soon as identificat ion is confirmed, or perhaps 
when antibiotic sensitivity has been determined from cultures, 
the antibiotic treatment may be changed. Antibiotics are also 
valuable in protecting patient contacts against the spread of an 
outbreak. 

Listeriosis 
Listeria mOllocytogcllcs is a gram-positive rod known to cause still-
birth and neurological disease in animals long before it was 
recognized as causing human disease. Excreted in animal feces, it 
is widely distributed in soil and water. The name is derived from 
the proliferation of monocytes (a type of leukocyte) found in 
some animals infected by it. In recent years, the disease listeriosis 
has changed from a disease of very limited importance to a major 
concern for the food industry and health authori ties. Since the 
introduction of Hib vaccination, listeriosis has become the fourth 
most common cause of bacterial meningitis. 



The disease appears in two basic forms: in infected adults 
and as an infection of the fetus and newborn. In adult humans, it is 
usually a mild, often symptomless disease, but the microbe some-
times invades the CNS, causing meningitis. This is most likely to 
happen to persons whose immune system is compromised, such as 
persons with cancer, diabetes, or AIDS, or who are taking immuno-
suppressive medications. The mortality rate for CNS infections 
may be as high as 50%. Occasionally, 1. mOllocytogencs invades the 
bloodstream and causes a wide range of disease conditions, espe· 
cially sepsis. Recovering or apparently healthy individuals often 
shed the pathogen indefinitely in their feces . An important factor in 
its virulence is that when 1. monocytogclles is ingested by phagocytic 
celis, it is not destroyed; it even proliferates within them, primarily 
in the liver. It also has the unusual capability of moving directly 
from one phagocyte to an adjacent one (Figure 22.5). 

1. monocytogenes is especially dangerous when it infects a 
pregnant woman. She usually suffers no more than mild, flulike 
symptoms. The fetus, however, can be infected via the placenta, 
often resulting in an abortion or stillborn infant. In some cases 
the disease is not manifested until a few weeks after birth, usually 
as meningitis, which can result in sign ificant brain injury or 
death. The infant mortality rate associated with this type of infec-
tion is about 60%. 

In human outbreaks, the organism is mostly foodborne. It is 
frequently isolated from a wide variety of foods; ready-to-eat deli 
meats and dairy products have been involved in several 
outbreaks. L monocytogenes is one of the few pathogens capable 
of growth at refrigerator tem peratures, which can lead to an 
increase in its numbers during a food's shelf life. The U.S. Food 
and Drug Administration (FDA) recently approved the use of a 
bacteriophage-containing spray capable of killing at least 170 
1. mOllocytogellcs strains for treating ready-to·eat meats. If it 
meets with consumer approval, it may be a model for similar 
sprays to control other foodborne pathogens. 

Efforts to improve the methods of detecting L monocytogcnes 
in foods are ongoing. Considerable progress has been made 
with selective growth media and rapid biochemica l tests. 
However, eventually DNA probes and serological tests using 
monoclonal antibodies are expected to be the most satisfactory 
(see Chapter 10) . Diagnosis in humans depends on isolating and 
culturing the pathogen, usually from blood or cerebrospinal 
fluid . Penicillin G is the antibiotic of choice for treatment. 

Microbial causes of meningitis and encephalitis are summa-
rized in Diseases in Focus 22.1. 

CHECK YOUR UNOERSTANOING 

..r Why is meningitis caused by the pathogen Listeria 
monocytogenes frequently associated with ingestion of 
refrigerated foods? 22-3 

..r What body fluid is sampled to diagnose bacterial 
meningitis? 22-4 
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Figure 22.5 Cell-to-cell spread of listeria monocytogenes, the 
cause of listeriosis. Notice that the bacterium has caused the 
macrophage on the right, in which it resided, to fo rm a pseudopod that is 
now engulfed by the macrophage on the left The pseudopod will soon be 
pinched off and the microbe transferred to the macrophage on the left 

Q How is listeriosis contracted? 

Tetanus 
The causative agent of tetanus, Clostridium tetmli, is an obligately 
anaerobic, endospore-forming, gram-positive rod. It is especially 
common in soil contaminated with animal fecal wastes. 

The sym ptoms of tetanus are caused by an extremely potent 
neurotoxin, tetanospasmin, that is released upon death and lysis 
of the growing bacteria (see Chapter 15). It enters the CNS via 
peripheral nerves or the blood. The bacteria themselves do not 
spread from the infection site, and there is no inflammation. 

In a muscle's normal operation, a nerve impulse initiates con-
traction of the muscle. At the same time, an opposing muscle 
receives a signal to relax so as not to oppose the contraction. The 
tetanus neurotoxin blocks the relaxation pathway so that both 
opposing sets of muscles contract, resulting in the characteristic 
muscle spasms. The muscles of the jaw are affected early in the 
disease, preventing the mouth from opening, a condition known 
as lockjaw. In extreme cases, spasms of the back muscles cause the 
head and heels to bow backward, a condition called opisthototlos 
(Figure 22.6). Gradually, other skeletal muscles become affected, 
includ ing those involved in swallowing. Death results from 
spasms of the respiratory muscles. 

Because the microbe is an obligate anaerobe, the wound 
by which it en ters the body must provide anaerobic growth 
conditions-for example, improperly cleaned deep wounds 
such as those caused b y rus ty (and therefore presumably dirt-
contaminated ) nails. Injecting drug users are at high risk: 
sanitation d uring injection is not a priority, and the drugs are 
often contaminated. However, many cases of tetanus arise from 
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Figure 22.6 An advanced case of tetanus. A drawmg of a British 
soldier dunng the Napoleonic wars. These spasms. known as 
opisthotonos. can actually result in a fractured spine. (Drawing by Charles 
Bell of the Royal College of Surgeons, Edmburgh.) 

Q What is the name of the toxin that causes opisthotonos? 

trivial injuries, such as sitting on a tack, that are considered too 
minor to bring to the attention of a physician . 

Effective vaccines for tetanus have been available since the 
1940s. But vaccination was not always as common as it is today, 
where it is part of the standard DTaP (diphtheria, tetanus, and 
acellular pertussis) childhood vaccine. Currently, about 96% of 
6-year-olds in the Un ited States have good immunity, but only 
about 30% of people age 70 do. The tetanus vaccine is a toxoid, 
an inactivated toxin that stimulates the formation of antibodies 
that neutralize the toxin produced by the bacteria. A booster is 
required every 10 years to maintain good immunity, but many 
people do not obtain these vaccinations. Serological surveys 
show that at least 50% of the U.S. population does not have 
adequate protection . In fact, 70% of U.S. tetanus cases occur in 
individuals over age 50. Some were never immunized at all, and 
others had lost effective antibody levels over time. 

Even so, immunization has made tetanus in the United States 
a rare disease-typically, fewer than 50 cases a year. In 1903,406 
people died of fireworks-related tetanus injuries alone. 
(Fireworks explosions drive soil particles deep into human tis-
sue.) Worldwide, there are an estimated 1 million cases annually. 
At least half occur in newborns. In many parts of the world, the 
severed umbilical cords of infants are dressed with materials such 
as soil, clay, and even cow dung. Estimates are that the mortality 
rate from tetanus is about 50% in developing areas; in the United 
States, it is about 25%. 

When a wound is severe enough to need a physician's atten -
tion, the doctor must decide whether it is necessary to p rovide 
protection against tetanus. Usually there is not enough time to 
administer toxoid to produce antibodies and block the progres-
sion of the infection, even if given as a booster to a patient who 
has been immun ized. However, temporary immunity can be 
conferred by tetmlUs immlme globl/lill (TlG), prepared from 
the antibody-contain ing serum of immunized humans. (Prior 
to World War I, long before tetanus toxoid became available, 

similar preparations of p reformed antibodies called mltisera 
were used . Made by inoculating horses, antisera were very effec-
tive in lowering the incidence of tetanus in injured people. ) 

A physician's decision for treatment depends largely on the 
extent of the deep injuries and the immunization history of the 
patient, who may not be conscious. People with extensive injuries 
who have previously had three or more doses of toxoid within 
the past iO years would be considered protected, requiring no 
action. For extensive wounds in patients with unknown or low 
immunity, TlG would be given to provide tempo rary protection. 
In addition, the first of a toxoid series would be administered to 
provide more permanent immunity. When TIG and toxoid are 
both injected, different sites must be used, to prevent the TIG 
from neutralizing the toxoid. Adults receive a Td (tetanus and 
diphtheria) vaccine that also boosts immunity to diphtheria. To 
minimize the production of more toxin, damaged tissue that 
provides growth conditions for the pathogen should be removed, 
a procedure called debridement (sounds like de-breed-ment ), 
and antibiotics should be administered . However, once the toxin 
has attached to the nerves, such therapy is of little use. 

CHECK YOUR UNOERSTANOING 

..r Is the tetanus vaccine directed at the bacterium or the toxin 
produced by the bacterium? 22-5 

Botulism 
Botulism, a form of food poisoning, is caused by Clostridium 
botillillllm, an obligatcly anaerobic, endospore-forming gram-
positive rod found in soil and many aquatic sediments. 
Ingesting the endospores usually does no harm, as will be 
explained shortly. However, in anaerobic environments, such as 
scaled cans, the microorganism produces an exotoxin. This neu-
rotoxin is h ighly specific for the synaptic end of the nerve, where 
it blocks the release of acetylchol ine, a chemical necessary for 
transmitting nerve impulses across synapses. 

Individuals suffering from botulism undergo a progressive 
flaccid paralysis for 1 to 10 days and may d ie from respiratory and 
cardiac failure. Nausea, but no fever, may precede the neurological 
symptoms. The initial neurological symptoms vary, but nearly all 
sufferers have double or blurred vision. Other symptoms include 
difficulty swallowing and general weakness. Incubation time 
varies, but symptoms typically appear within a day or two. As with 
tetanus, recovery from the disease does not confer immunity 
because the toxin is usually not present in amounts large enough 
to be effectively immunogenic. 

Botulism was first described as a clinical disease in the early 
1800s, when it was known as the sausage disease (botuills is the 
Latin word for sausage). Blood sausage, the type usually involved, 
was made by filli ng a pig stomach with blood and ground meats, 
tying shut all the open ings, boiling it for a short time, and smok-
ing it over a wood fire. The sausage was then stored at room 
temperature. This attempt at food preservation included most of 
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Meningitis and Encephalitis • • • . , 
Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that fit the information derived from examining a patient. A differential diagnosis is important for 
providing initial treatment and for laboratory testing. For example, a worker in a day-care center 
in eastem North Dakota became ill with fever, rash, headache, and abdominal pain. The patient 
had a precipitous clinical decline and died on the first day of hospitalization. A Gram stain of the 
patient's cerebrospinal fluid is shown in the figure. Use the table below to identify infections that 
could cause these symptoms. For the solution, go to WINW.microbiologyplace.com. 

,1 

• 

Gram stain of cerebrospinal 
HUld 

• • 

• 

• , .. 
• • 

Portal of 
Disease ......... En .. 

BACTERIAL DISEASES 

Hsemophllus H. influenzae Respiratory 
influenzse meningitis tract 

Meningococcal Neisseria meningilidis Respiratory 
meningitis tract 

Pneumococcal Streptococcus pneumoniae Respiratory 
meningitis tract 

Listeriosis Listeria monocytogenes Mouth 

FUNGAL DISEASE 

Cryptococcosis Cryptococcus Respiratory 
neoformans, C. grubii, tract 
C. gaftii 

PROTOZOAN DISEASES 

Primary amebic Naegleria fowleri Mucous 
meningoencephalitis membrane 

Granulomatous Acanthamoeba spp.; Mucous 
amebic encephalitis Bafamuthia mandril/aris membranes 

the requirements for an outbreak of botulism. It killed compet-
ing bacteria but allowed the more heat-stable C. botulinum 
endospores to survive, and it provided anaerobic conditions and 
an incubation period for toxin production. 

The botulinal toxin will be destroyed by most ordinary cook-
ing methods that bring the food to a boil. Sausage rarely causes 
botulism today, largely because nitrites are added to it. Nitrites pre-
vent C. botlllilllltll from growing after the endospores germinate. 

Botulinal toxin is not formed in acidic foods (below pH 4.7). 
Such foods as tomatoes can therefore be safely preserved without 
the use of a pressure cooker. There have been cases of botulism 

Method of 
TransmlsskH1 Treatment PlioWlntion 

Endogenous Cephalosporin Capsular Hib vaccine 
infection; aerosols 
Aerosols Cephalosporin Capsular vaccine 

against serotypes A. 
C,Y. W- 135 

Aerosols Cephalosporin Polysaccharide 
vaccine 

Foodbome infection Penicillin G Pasteurizing and 
cooking food 

Inhaling soil Amphotericin B. None 
contaminated with flucytosine 
spores 

Swimming Amphotericin B None 

Swimming Amphotericin B None 

from acidic foods that normally would not have supported the 
growth of the botulism organisms; however, most of these 
episodes are related to mold growth, which metabolized enough 
acid to allow C. bowlillum to begin growing. 

Botulinal Types 
There are several serological types o f the botulinal toxin pro-
duced by different st rains of the pathogen. These differ consider-
ably in their virulence and other factors. 

Type A toxin is probably the most virulent. Deaths have 
resulted from type A toxin when the food was only tasted but not 
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Figure 22.7 Funeml of a n Oregon family wiped out by botulism 
in 1924. The outbreak was caused by home-canned string beans. 
Altogether there were 12 deaths. but two funerals were held at a different 
church. 

Q Is such a dmllic outcome likely today? 

swallowed. It is even possible to absorb lethal doses through skin 
breaks while handling laboratory samples. In untreated cases, the 
mortality rate is 60-70%. The type A endospore is the most heat-
resistant of all C. bow/illutll strains. In the United States. it is 
found mainly in California, Washington, Colorado. Oregon, and 
New Mexico. The type A organism is usually proteolytic (the 
breakdown of proteins by clostridia releases amines with unpleas-
ant odors). but obvious spoilage odor is not always apparent in 
low-protein foods. such as corn and beans (Figure 22.7). 

Type B rox;/I is responsible for most European outbreaks of 
botulism and is the most common type in the eastern United 
States. The mortality rate in cases without treatment is about 
25%. Type B botulism organisms occur in both proteolytic and 
non proteolytic strains. 

Type E toxi/l is produced by botulism o rganisms that are often 
found in marine or lake sediments. Therefore, outbreaks com-
monly involve seafood and are especially common in the Pacific 
Northwest. Alaska, and the Great Lakes area. The endospore of 
type E botulism is less heat-resistant than that of other strains 
and is usually destroyed by boiling. Type E is nonproteolytic, so 
the chance of detecting spoilage by odor in high-protein foods 
such as fish is minimal. The pathogen is also capable of produc-
ing toxin at refrigerator temperatures and requires less strictly 
anaerobic cond itions for growth. 

Incidence and Treatment of Botulism 
Botulism is not a common disease. Only a few cases are reported 
each year. but outbreaks from social gatherings or restaurants 
occasionally involve 20 to 30 cases. About half the cases are type A, 
and types Band E account about equally for the balance. Alaskan 
native people probably have the highest rate of botulism in the 

world, mostly of type E. The problem arises from food preparation 
methods that reflect a cultural tradition of avoiding the use of 
scarce fuels for heating or cooking. For example, one food involved 
in Alaskan outbreaks of botulism is mukrllk. Muktuk is prepared 
by slicing the flippers of seals or whales into strips and then drying 
them for a few days. To tenderize them, they are stored anaerobi-
cally in a container of seal oil for several weeks unlilthey approach 
putrefaction. The 40% mortality rate for type E botulism observed 
in recent years among Alaskan natives reflects the difficulty in get-
ting prompt treatment for isolated ethnic groups. 

Botulism organisms do not seem to be able to compete suc-
cessfully with the normal intestinal microbiota, so the production 
of toxin by ingested bacteria almost never causes botulism in 
adults. However, the intestinal microbiota of infants is not well 
established. and they may suffer from infant botulism. Nearly 
100 cases occur in the United States annually, several times more 
than any other form of botulism. Although infants have ample 
opportunit y to ingest soil and other materials contaminated with 
the endospores of the organism, many reported cases have been 
associated with honey. Endospores of C. bOrll/ilillm are recovered 
with some frequency from honey, and a lethal dose may be as few 
as 2000 bacteria. The recommendation is not to feed honey to 
infants under I year of age; there is no problem with older chil-
dren or adults who have normal intestinal microbiota. The anti-
toxin used in adults is derived from horses and has serious side 
effects, including semm sicklless (immune complexes formed by 
reaction with antigens in the antitoxin) and potential anaphy-
laxis. For infant botulism, safer treatment to neutralize the toxins 
has been proposed: intravenous human immune globulin (rather 
than the equine-derived preparation used in adults). 

Botulism is diagnosed by inoculating mice with samples from 
patient serum , stool, or vomitus specim ens (Figure 22.8). 
Different sets of mice are immunized with type A, B, or E anti-
toxin. All the mice are then inoculated with the test toxin; if, for 
example, those protected with type A antitoxin are the only su r-
vivors, then the toxin is type A. The toxin in food ca n sim ilarly 
be identified by mouse inoculation. 

The botulism pathogen can also grow in wounds in a manner 
similar to that of clostridia causing tetanus or gas gangrene (see 
Chapter 23). Such episodes of wound botulism occur occasionally. 

The treatment of botulism relies heavily on support ive care. 
Recovery requires that the nerve endings regenerate; it therefore 
proceeds slowly. Extended respiratory assistance may be needed, 
and some neurological impairment may persist for months. 
Antibiotics are of almost no use because the toxin is preformed. 
Antitoxins aimed at neutralizing A, B, and E toxins are available 
and are usually administered together. This trivalent antitoxin will 
not affect the toxin already attached to the nerve endings and is 
probably more effective on type E than on types A and B. 

The deadly toxin of botulism (Botox) has therapeutic uses 
for a number of medical conditions, such as chronic headaches. 
It is also usefu l for relieving painful muscle contractions in 



conditions such as cerebral palsy, Parkinson disease, and multi-
ple sclerosis. Injections in the area of facial wounds prevent mus-
cle movement during healing and result in more presentable scar 
formation. It has been approved to control involuntary eyelid 
twitching (blepharospasm), crossed eyes (strabismus), and even 
excessive sweating (hyperhidrosis). Th is laller use, even though it 
requires expensive twice-yearly injections, p revents armpit 
sweating and is favored by professional models to help protect 
expensive designer clothing. However, the most publicized appli-
cation has been purely cosmetic: periodic local injections of 
BolOX to eliminate forehead wrinkles (worry lines). 

CHECK YOUR UNDERSTANDING 

"" The very name botulism is derived from the fact that sausage 
was the most common food causing the disease. Why is 
sausage now rarely a cause of botulism? 22-6 

Leprosy 
Mycobaclerium !eprae is probably the only bacterium that grows 
in the peripheral nervous system , although it can also grow in 
skin cells. It is an acid -fast rod closely rela ted to the tuberculosis 
pathogen, MycobacteriulII tuberculosis. The organism was fi rst 
isolated and iden tified aro und 1870 by Gerhard A. Hansen of 
Norway; h is discovery was one of the first links ever made 
between a specific bacterium and a disease. Hansen's disease is 
the more formal name for leprosy; it is sometimes used to avoid 
the dreaded name. 

The organism has an optimum growth temperature of 30°C 
and shows a preference fo r the outer, cooler portions of the human 
body. It survives ingestion by macrophagcs and eventually invades 
cells of the myelin sheath of the peripheral nervous system, where 
its presence causes nerve damage from a cell-mediated immune 
response. It is estimated that M. leprae has a very long generation 
time, about 12 days. M. leprae has never been grown on artificial 
media. Armadillos have been found to be a useful way to culture the 
leprosy bacillus; they have a body temperature of 30 to 35°C and are 
often infected in the wild. Several Texans have actually contracted 
leprosy from contact with armadillos in that state, where they are 
common. Probably the most efficient way, however, of culturing 
M. leprae now is the inoculation of the footpads of nude mice (see 
Figure 19.12, page 539). The ability to grow the bacteria in an 
animal is invaluable for evaluating chemotherapeutic d rugs. 

Leprosy occurs in two main forms (although borderline forms 
are also recognized) that apparently reflect the effectiveness o f the 
host's cell-mediated immune system. The tilbercilioid (llellral) 
form is characterized by regions of the skin that have lost sensa-
tion and are su rrounded by a border of nodules (Figure 22.9a). 
Th is disease form is roughly the same as pallcibacillary in the 
World Health Organization (WHO ) leprosy classification system. 
Tuberculoid disease occurs in people with effective immune reac-
tions. Recovery sometimes occurs spontaneously. 
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Figure 22.8 Diagnosing botulism by identifyin g botulina l toxin 
type. To determine whether botulinal toxin is present mice are injected 
With the liquid portion of food extracts or cell-free cultures. If the mice 
die Within 72 hours. toxin is present. To determine the speCific type of 
toxin. groups of mice are paSSively immunized with antisera speCific for 
C. botulmum type A. B. or E. For example. if one gmup of mice recelvmg 
a speCific antitoxin lives and the other mice die. the type of toxm In the 
food or cutture has been Identified. 

Q What are the symptoms of botulism? 

[n the lepromatolls (progressive) form of leprosy (wh ich is 
much the same as mliltibacillary in the WHO system), skin cells 
are in fected, and disfiguri ng nodules form all over the body. 
Patients with this type of leprosy have the least effective cell-
mediated immune response, and the disease has progressed from 
the tuberculoid stage. Mucous membranes of the nose lend to 
becOllle affected, and a lion-faced appeara nce is associated with 
this type of leprosy. Deformation of the hand into a clawed form 
and con siderable necrosis of tissue can also occur (Figure 22.9b). 
The progression of the disease is unpredictable, and remissions 
Illay alternate with rapid deterioration. 

The exact means of transfer of the leprosy bacillus is uncer-
tain, but patients with lepromatous leprosy shed large numbers 
in their nasal secretions and in exudates (oozing matter) of th ei r 
lesions. Most people probably acquire the infection when secre-
tions con taini ng the pathogen contact their nasal mucosa. 
However, leprosy is not very contagious and usually is transm it-
ted only between people in fairly intimate and pro longed con-
tacl. The time from infection to the appearance of symptoms is 
usually measu red in years, although children can have a much 
shorter incubation period . Death usually results not from the 
leprosy itself, but from complications, such as tuberculosis. 

Much of the public's fear of leprosy can probably be attributed 
to biblical and historical references to the disease. [n the Middle 
Ages, people with leprosy were rigidly excluded from normal 
European society and sometimes even wore bells so that people 
could avoid them. This isolation might have contributed to the 
near disappearance of the disease in Europe. But patients with 
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(a) Tuberculoid (neural) leprosy (b) Lepromalous (progressive) leprosy 

Figure 22.9 leprosy lesions. (a) The depigmented area of skin surrounded by a border of 
nodules is typical of tuberculoid (neural) leprosy. (b) If the immune system fails to control the 
disease, the result is lepromatous (progressive) leprosy_ This severely deformed hand shows the 
progressive tissue damage to the cooler parts of the body typical of this later stage_ 

Q Which form of leprosy is more likely to (l(:cur in immunosuppressed individuals? 

leprosy are no longer kept in isolation, because they can be made 
noncontagious within a few days by the administration of sulfone 
drugs. The National Leprosy Hospital in Carville, Louisiana, once 
housed several hundred patients but was closed in 1999. Most 
patients today are treated at centers on an outpatient basis. 

The number of leprosy cases in the United States is gradually 
increasing. Currently, about 100 cases are reported each year. 
Most are imported; the disease is usually found in tropical 
climates. Millions of people, most of them in Asia, Africa, and 
Brazil, suffer from leprosy today, and over half a million new cases 
are reported each year. 

The standard diagnostic test for leprosy is a skin biopsy sample 
taken from the margin of an active lesion. To read this sample 
reliably, looking for characteristic tissue damage and identifying 
acid-fast bacilli withi n nerves, requires an experienced patholo-
gist. Associated procedures, such as the slit-skin smear, can be 
used to enumerate acid-fast bacteria in infected skin. There are 
no serological tests available. 

Dapsone (a sulfone drug), rifampin, and clofazimine, a fat-
soluble dye, are the principal drugs used for treatment, usually in 
combination. A vaccine became commercially available in India 
in 1998. It is used as an adjunct to chemotherapy. Other vaccines 
that might be useful in prevention are being tested. One encour-
aging development is that the Bacillus Calmette-Guerin (BCG) 
vaccine for tuberculosis (also caused by a Mycobacterium species) 
has been found to be somewhat protective against leprosy. 

CHECK YOUR UNDERSTANDING 

-r Why are nude mice and armadillos important in the study of 
leprosy? 22-7 

Viral Diseases of the Nervous System 
LEARNING OBJECTIVES 
22-8 Discuss the epidemiology of poliomyelitis, rabies. and amoviral 

encephalitis. includmg mode of transmission. etiology. and 
disease symptoms. 

22-9 Compare the S<J lk and Sabin polio vaccines. 
22-10 Compare the preexposure and postexposure treatments for 

rabies. 
22-11 Explam how arboviral encephalitis can be prevented. 

Most viruses affecting the nervous system en ter it by circulation 
in the blood or lymph. However, some viruses can enter periph-
eral nerve axons and move along them toward the CNS. 

Poliomyelitis 
Poliomyelitis (polio) is best known as a cause of paralysis. 
However, the paralytic form of poliomyelitis probably affects 
fewer than 1% of those infected with the poliovirus. The great 
majority of cases are asymptomatic or exhibit only mild symp-
toms, such as headache, sore throat, fever, and nausea. 

Polio made its first appea rance in the United States in an ou t-
break in Vermont in the summer of 1894. After that, for decades 
the country was terrified by summertime epidemics. These 
annual outbreaks increasingly affected adolescents and young 
adults, and the number of pa ralytic cases steadily increased. 
Many victims were killed as their respiratory muscles were para-
lyzed, and thousands of infants and youths were left with their 
extremities permanently crippled. Later in the twentieth centu ry, 



development of the iron lung (Figure 22.10) kept alive thousands 
with para lyzed respiratory systems. 

Why did this disease appear so suddenly? The answer is 
paradoxical- probably because of improved sanita tion. 
Poliovi ruses can remain infectious for relatively long periods in 
water and food. The primary mode of transmission is ingestion 
of wate r co ntaminated with feces containing the virus. 
Improved sanitation delayed exposure to polioviruses in feces 
until after the protection provided by maternal antibodies had 
waned. At one time (a nd today in pa rts of the world with poor 
san itation), exposure to the poliovi rus was frequen t. Infants 
were usually exposed to poliovirus while still protected by 
maternal ant ibodies. The result was usually an asymptomatic 
case of the disease and a lifelong immun ity. When infection is 
delayed until adolescence or early adulthood, the paralytic form 
of the disease appea rs more frequently. 

Because the infection begins when the virus is ingested , its 
primary areas of mu ltiplication are the throat and small intes-
tine. This accounts for the initial sore throat and nausea . Next, 
the virus invades the tonsils and the lymph nodes of the neck and 
ileum (the terminal portion of the small intestine). From the 
lymph nodes, the virus enters the blood , resulting in yiremill. In 
most cases the viremia is only transient , the infection does not 
progress past the lymphatic system, and clin ical disease docs not 
result. If the viremia is persistent, however, the vi rus penetrates 
the capillary walls and enters the central nervous system. O nce in 
the eNS, the virus displays a high affini ty for nerve cells, part ic-
ularly motor nerve cells in the upper spina l cord. The virus docs 
not infect the periphera l nerves or the muscles. As the virus mul-
tiplies within the cytoplasm of the motor nerve cells, the cells die, 
and paralysis results. Death can result from respiratory failure. 

Polio is usually diagnosed by isolating the virus from feces and 
throat secretions. Cell cultures can be inoculated , and cytopath ic 
effects on the cells can be observed (see Table 15.4 , page 443 ). 

The incidence of polio in the United States has decreased 
markedly since the availability of the polio vaccines (Figure 22.11 ). 
The last cases attributed to a wild-type virus were reported in 1979. 

There arc three different serotypes of the poliovirus, and immu-
nity must be provided fo r all three. Two vaccines are available. The 
Snlk vaccille, developed in 1954, uses viruses that have been inact i-
vated by treatment with formalin. Yacci nes of this type, called 
illlImvated polio vacci/les (IPY), require a series of injections. Their 
effectiveness rate may be as high as 90% against paralytic polio. The 
antibody levels decline with time, and booster shots are needed 
every few years to maintain full immunity. Using o nly IPY, several 
European countries have almost eliminated polio from their popu-
lations. A newer IPY has been introduced that is produced on 
human diploid cells. Known as ell/wllced illlictivllted polio vaccille 
(E- IPV), it has replaced the original lPY in the United States. 

The Sabin vaccine. int roduced in 1963, con tains three living, 
attenuated strains of the virus ( trivalen t) and has been more 
popular in the United States than the Salk vaccine. It is less 
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Figure 22.10 Polio patient in an Iron lung. Many polio patients 
were able to breathe only With these mechamcal aids. A few SUMVOrs from 
these polio epidemiCS stili use these machmes. at least part of the ume. 
Others are able to use portable respiratory aids. 

Q What percentage of polio case' resulted in paru!ysi.? 

expensive to administer, and most people prefer taking a sip of 
orange- fla vored drink containing the virus to havi ng a series of 
injections. The Sabin vaccine is also called oral polio Vllccine, o r 
OPY. The intestinal immunity achieved with the ory resembles 
that acqui red by natural in fection, and the virus is excreted. 

One disadvantage is that, on rare occasions-one in 750,000 
first doses, one in about 2.4 million on subsequent doses-one of 
the attenuated strains of the excreted vi rus (type 3) may revert to 
virulence and transmit the d isease. These cases often occu r in 
secondary co ntacts, not in the person who received the vacci ne. 
Th is has caused a few cases a year but also illustrates how recipi-
en ts of the Sabi n vaccine can infect contacts, lead ing, in most 
cases, to immun ization. 

In 2000 the Centers for Disease Control and Prevention 
(CDC) decided that the advantages of the OPY no longer out-
weighed the risks. Their recommendation is now to use only IPY 
for the routine immunization of child ren. They recommend that 
the OPV be used only to control widespread outbreaks, to pro-
tect children traveling to areas of high risk, o r to immun ize chil -
dren who do not receive all four shots of IPY on schedul e. 

Immunosuppressed individuals shou ld receive E-IPY to 
reduce the risk of vacci ne- related polio from a live virus. 

After the successful worldwide eradica tion of smallpox. 
po lio was targeted. This promised to be more difficult because 
the fecal-oral transmission ro ute is stili commo n in less-
developed parts of the world and because the disease is often not 
easy to d iagnose. For example, on ly about o ne child in 
200 develops identifiable paralysis after being infec ted. 
Lau nched in 1988, however, a global campaign to eliminate 
polio has been very successful. The wild-type polio virus is now 
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, , Figure 22.11 Wor1dwide annual 
incidence of poliomyelitis. Polio 
from wild-type viruses has been nearly 
eliminated in the developed world. 
A global campaign to eradicate the 
disease was launched in 1988. 
Whether it can ever be eradicated 
completely in less-developed parts of 
the world is becoming questionable. l 40,000 

" 8 1 2002 2003 2004 2005 2006 2007 
Q Why is it possible 10 eradicate 

polio but not tetanus? .. 
20,000 

E , 
z 

Year 

circulating in only a few countries in Africa and Asia . This has 
been the result of huge vaccination campaigns in which, in 
China and India for example, millions of people were 
nized with orv in a single day. 

Because of ease of administration, OPV against all three 
st rains of poliovirus (trivalent OrV) is the most p ractical 
vaccine in much of the wo rld . A few immunized persons, how-
ever, shed viru lent, mutants for long periods. 
In several areas where vaccination has eliminated the wild-
type virus, the disease has reappeared-caused by 
derived viruses. However, discont inuing the vaccinat ion 
campaigns would soon leave large populations without immu-
nity. Fo r this reason, there may be no choice but to continue 
immunizing against polio, even in areas where it appears to be 
nonexistent- probably using IPV in combination with other 
routine vaccinations. 

Stockpiles of the trivalent o r v and the manufacturing facilities 
will need to be maintained and children routinely vaccinated. The 
trivalent orv vaccine is, for several reasons, not as effective in areas 
with poor sanitation- notably in certain districts of northern 
India. Even so, of the three types of polio virus, types 2 and 3 are 
considered to be practically eliminated. Monovalent vaccines 
directed at type 1 polio, now considered the most likely threat, are 
being introduced to fight specific outbreaks. They are especially 
potent against this strain . 

During the 1980s, many adu lts who had 
had polio as children began showing a muscle weakness 
now called pos/polio syndrome. It may be that nerve cells that 
had survived polio originally begin to die. Fortunately, the 
ease progresses ext remely slowly. Exercise therapy is often help-
ful, and research into drugs that stimulate nerve regeneration is 
. 
III progress. 

I 

CHECK YOUR UNDERSTANDING 

'" Why is paralytic polio more likely to occur than a mild or 
asymptomatic infection in areas with high standards of 
sanitation? 22-8 

'" Why is the Sabin oral polio vaccine more effective than the 
injected Salk polio vaccine? 22-9 

Rabies 
Rabies (the word is from the Latin for rage or madness) is a dis-
ease that almost always results in fatal encephalitis. The causat ive 
agent is the rabies virus, a lyssavirus having a characteristic bullet 
shape (see Figu re 13.18a and discussion on page 387). 
Lyssaviruses are single-stranded RNA viruses with no proofread-
ing capability, and mutant strains develop rapidly. Worldwide, 
humans usually are infected with the rabies virus from the bite of 
an infected animal-especially dogs. The virus proliferates in 
the PNS and moves, fatally, toward the CNS (Figure 22.12). [n the 
United States, the most common cause of rabies is a variant of the 
virus found in silver-haired bats. (Domestic an imals have a high 
rate of vaccinat ion.) This virus has made a unique adaptation and 
can replicate in epidermal cells and then penetrate to enter a 
peripheral nerve. Therefore, a lethal dose of the virus can be 
administered by contact with the unbroken skin. Because deaths 
from rabies are frequently misdiagnosed, several cases of rabies 
have been traced to transplanted body tissues, especially corneas. 

Rabies is unique in that the incubat ion period is usually long 
enough to allow immunity to develop from postexposure vacci-
nation. The immune response is ineffective because the viruses 
are introduced into the wound in numbers too low to provoke it; 
also, they do not travel through the bloodstream or lymphatic sys-
tem, where the immune system could best respond. Initially, the 



virus multiplies in skeletal muscle and connective tissue, where it 
remains localized for periods ranging from days 10 months. Then 
it enters and travels, at the rate of 15 to 100 mm per day, along 
peripheral nerves to the CNS, where it causes encephalitis. In 
some extreme cases, incubation periods of as long as 6 years have 
been reported, but the average is 30 to SO days. Bites in areas rich 
in nerve fibers, such as the hands and face, are especially danger-
ous, and the resulting incubation period tends to be shorl. 

Once the virus enters the peripheral nerves, it is not accessible 
to the immune system until cells of the CNS begin to be destroyed, 
which triggers a belated and ineffective immune response. 

Preliminary symptoms are mild and varied, resembling several 
common infections. When the CNS becomes involved, the patient 
tends to alternate between periods of agitation and intervals of 
calm. At this time, a frequent symptom is spasms of the muscles of 
the mouth and pharynx that occur when the patient feels air drafts 
or swallows liquids. In fact, even the mere sight or thought of water 
can set off the spasms-thus the common name hydrophobia (fear 
of water) . The final stages of the disease result from extensive dam-
age to the nerve cells of the brain and the spinal cord. 

Animals with furious rabies are at fi rst restless, then become 
highly excitable and snap at anything within reach . The biting 
behavior is essential to ma intaining the virus in the animal pop-
ulation. Humans also exhibit similar symptoms of rabies, even 
biting others. When paralysis sets in, the flow of saliva increases 
as swallowing becomes difficult, and nervous control is progres-
sively lost. The disease is almost always fata l within a few days. 

Some an imals suffer from paralytic rabies, in which there is 
only minimal excitability. This form is especially common in 
cats. The animal remains relatively quiet and even unaware of its 
surroundings, but it might snap irritably if handled . A similar 
manifestation of rabies occurs in humans and is often misdiag-
nosed as Guillain-Barre syndrome, a form of paralysis that is 
usually transient but sometimes fatal, or other neurological con-
ditions. There is some speculation that the two fo rms of the dis-
ease may be caused by slightly different forms of the virus. 

Rabies is usually diagnosed in the laboratory by detection of 
the viral antigen using the direct fluorescent-ant ibody test (D FA), 
which is nearly 100% sensitive and highly specific. These tests can 
be done on samples of saliva or biopsies of certain external 
tissues; postmortem samples are usually taken from the brain. For 
less-developed parts of the world, the CDC has recently devel-
oped a rapid inlllllmohistochemical test (RlT). It requires only the 
use of an ordinary light microscope and has a sensitivity and 
specificity equ ivalent to the standard DFA test. 

Prevention of Rabies 
Only high-risk individuals, such as laboratory workers, animal con-
trol professionals, and veterinarians, are routinely vaccinated 
against rabies before known exposure. If a person is bitten, the 
wound should be thoroughly washed with soap and water. If the 
animal is positive for rabies, the person must undergo postexposllre 
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o Virus reaches 

o Virus ascends 
spinal cord. 

e Virus moves up 
peripheral nervous 
syslem 10 eNS. 

o Virus replicates in 
muscle near bite. 

o Virus enters tissue from 
saliva of biting animal. 

o Virus enters 
salivary glands 
and other 
organs of victim. 

Figure 22.12 Pathology of rabies infection. 

Q What Is the postexposure treatment for rabies? 

proplzylaxis (PEP)-meaning a series of antirabies vaccine and 
immune globulin injections. Another indication for antirabies 
treatment is any unprovoked bite by a skunk, bat, fox, coyote, bob-
cat, or raccoon not available for examination. Treatment after a dog 
or cat bite, if the animal cannot be found, is determined by the 
prevalence of rabies in the area. The bite of a bat may not be per-
ceptible and may be impossible to rule out in cases where the bat 
had access to sleeping persons or small children. Therefore, the 
CDC recommends PEP after any significant encounter with a bat-
unless the bat can be tested and shown to be negative for rabies. 

The original Pasteur treatment, in which the virus was atten-
uated by drying in the dissected spinal cords of rabies-infected 
rabbits, has long been replaced in the United States by human 
diploid cell vaccine (HDCV), or chick embryo-grown vaccines. 
These vaccines are administered in a series of five to six injec-
tions at intervals during a 28-day period. Passive immunization 
is provided simultaneously by injecting human rabies immune 
globulin (RIG) that has been harvested from people who are 
immunized against rabies. 

Treatment of Rabies 
Once the symptoms of rabies appear, there is very little in the 
way of effective treatment-on ly a handful of survivors have 
been reported. Five survivors had received PEP before the 
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Areas of the States in which rabies 
predominates in certain wildlife species. 
Rabies-infected bats were reported in 47 of 

Skunk ,,, • Raccoon 

• Fox 
and skunk 

the 48 contiguous states. In eastern states in which raccoons are the 
predominant rabies-infected animal. many cases were also reported 
in foxes and skunks. 

Raccoons 

B," 
Skunks 

Foxes 

Gals 

Dogs 1% 

Gallie 1% 
Horses/ 

mules 1% 

38% 

• Wild 

• Domestic 

Rabies cases in various witd and domestic animals in the United States. 
Rabies in domeSlic animals such as dogs and cats is uncommon because of 
high vaccination rates. Aaccoons. skunks, and bats are the animals most 
likely to be infected with rabies. Most human cases are caused by bites of 
bats. Worldwide. most human cases are caused by biles of dogs. 

Figure 22.13 Reported cases of rabies in animals. Rabies in 
foxes include different species in differen t geographical areas. 

Source: CDC 2006 

Q What is the primary reservoir for Ihe rabies virus in your area? 

appearance of symptoms. There has been only one reported sur-
vival of a pat ient who had not received PEP. This very recent case 
was a IS-year-old girl bitten by a rabid bat. The primary treat-
ment was to induce an extended coma to minimize excitability 
while administering antiviral drugs. She survived with some 
residual neurological sym ptoms. 

Distribution of Rabies 
Rabies occurs all over the world, mostly a result of dog bites. 
Vaccination of pets is prohibitively expensive in most of Africa, 
Latin America, and Asia. In these areas, tens of thousands of 

deaths by rabies occur annually. In the United States, the vacci-
nation of pets is nearly universal, but rabies is widespread among 
wildlife, predominantly bats, skunks, foxes, and raccoons, 
although it is also found in domest icated animals (Figure 22.13). 
As many as 40,000 people are administered postexposure rabies 
vaccine each year, often as a precaution when the rabies status of 
the biting animal cannot be determined. Rabies is almost never 
found in squirrels, rabbits, rats, or mice. The disease has long 
been endemic in vampire bats of South America. In Europe and 
North America, there arc ongoing experiments to immun ize wild 
animals with live rabies vaccine produced in genetically modified 
vaccinia viruses that are added to food dropped for the animals 
to find. In the United States, it has been found that gray foxes 
prefer dog-food bait fl avored with vanilla. Coyotes arc not at all 
choosy. In Europe these campaigns have been highly successful, 
and several countries have been declared free of rabies as a result. 

In the United States, 7000 to 8000 cases of rabies are diag-
nosed in animals each year, but in recent years, only one to six 
cases have been diagnosed in humans annually (see the box on the 
facing page). 

Related Lyssavirus Encephalitis 
In recent yea rs a few fatal cases of encephalit is clinically indistin-
guishable from classic rabies have occurred in Australia and 
Scotland- count ries considered free of rabies. These cases were 
found to be caused by genotypes of the genus Lyssavims 
(see page 387) that arc closely related to classic rabies virus: the 
Australian bat lyssavirus (ABLV) and the Eu ropean bat lyssavirus 
(EBLV): Classic rabies is caused by one of seven known geno-
types of the genus Lyssavirus and is widespread worldwide. Other 
encephalitis-causing lyssaviruses arc indigenous to Europe, 
Australia, Africa, and Philippines, most commonly in bats. 

CHECK YOUR UNDERSTANDING 

..r Why is postexposure vaccination for rabies a practical opt ion? 
22-10 

Arboviral Encephalitis 
Encephalitis caused by mosquito -borne viruses (called 
arboviruses) is rather common in the United States. (Arbovirus is 
short for arthropod-borne virus. This terminology represents a 
functio nal grouping; it is not a formal taxonomic term.) The 
incidence of disease increases in the summer months, coinciding 
with the proliferatio n of adult mosquitoes. Sentinel animals, such 

• A lengthy list of diseases-rabies and simil.r lyssavirus diseases, the SARS, Ebol., 
Hendra, and Nipah viruses-are all now known, or strongly suspected. to trans-
mitted by b.ts. There are reaSOnS why b.1S m.ke good dise.se resen'oirs: there are 
more than a thousand to occupy various niches: they ore long-lived (5 to 50 
years), which lends them stability as a reservoir; they tend to roost in dose assemblies, 
which facilitate viral spread: .nd fiy relatively long distances as they forage for food-
some are even migr.tory. Finally. bats seem to be .ble to carry viruses for long 
ods without dearing the infection or kcoming ill. 



A Neurological Disease 
As you read through this problem. you will 
see questions that clinicians ask themselves 
as they proceed through a diagnosis and 
treatment Try to answer each question 
before going on to the next one. 

1. On September 30, a IO-year old girl 
had pain and weakness in her right arm 
and temperature of 38.3°e (101 °F). On 
October 3, she began vomiting and had 
increased arm pain and numbness. 
What could this indicate? 

2. A rapid group A streptococcal antigen 
lest was negative. The patient was hos-
pitalized on October 7 when she had 
difficulty swallowing. Her tongue had a 
whitish coating and was protruding from 
her mouth. 
What infections are possible? 

3. She was treated with fluconazole for 
mucosal candidiasis. On October 8, 
a lumbar puncture showed elevated 
white blood cell counts. 
What does this indicate? 

4. She was treated with vancomycin 
for meningoencephalitis. She then 
experienced hypersalivation and 
lethargy. 
What does this suggest? How would you 
confirm the disease? 

5. Rabies was confirmed by direct 
fluorescent-antibody staining of a skin 
biopsy for rabies virus antigens. The 
patient died on November 2. An abun-

dance of rabies viral inclusions were 
seen in the brain stem (Figure A). 
How would you treat people who had 
contact with the patient in October and 
November? 

6. Postexposure prophylaxis (PEP) was 
administered to 66 people. including 
31 people in the patient"s school. 
Oid the delay in diagnosis affect the 
outcome of the disease? 

7. Early diagnosis cannot usually save a 
patient: however. it may help minimize 
the number of potential exposures and 
the need for PEP. 
What else must be detennined about 
this case? 

8. In mid-June. the girl had awakened dur-
ing the night and said a bat had flown 
into her bedroom window and biUen her. 
Her mother cleaned a small mark on the 
girls arm with an over-the-counter anti-

Figure A Negn body at the arrow In an 
infected neuron. 

16,..m 

Figure B Silver-haired bat. 

septic but assumed the incident was a 
nightmare. Two days later, an older sib-
ling took a dead bat away from the yard. 
The mother did not associate the bat 
with the previous event and did not seek 
rabies PEP for the girl. 

The nucleotide sequence of the 
peR product was used to identify a 
rabies virus variant associated with 
silver-haired bats (Figure 8). 
Why is rabies sUfveillance and case 
reporting important in the United States? 

9. During 2000- 2007, a total of 20 of the 
25 human rabies cases reported in the 
United States were acquired in the 
United States. Human rabies is prevent-
able with proper wound care and timely, 
appropriate administration of human 
rabies immune globulin and rabies vac-
cine before onset of clinical symptoms. 

Source. Adapted from MMWR 56(15):56 1- 565. 
April 20. 2007, and MMWR 57(8 ):1 97- 200. 
February 29, 2008. 

as caged chickens, are tested periodically for antibodies to 
arboviruses. This gives health officials information on the inci-
dence and types of viruses in their area . 

encepl!alitis (EEE) and western equine ellcepl!alitis (WEE). These 
two viruses are the most likely to cause severe disease in humans. 
EEE is the most severe; the mortality rate is 30% or more, and 
survivors experience a high incidence of brain damage, deafness, 
and other neurological problems. EEE is uncommon (i ts main 
mosquito vector prefers to feed on birds); only about 100 cases a 
year are reported . WEE has been only rarely reported in recent 
years and has a mortality rate estimated at about 5%. 

A number of clin ical types of arboviral encephalitis have 
been identified; all can cause symptoms ranging from subclinical 
to severe, including rapid death. Active cases of these diseases arc 
characterized by chills, headache, and fever. As the disease pro-
gresses, mental confusion and coma occur. Survivors may suffer 
from permanent neurological problems. 

Horses as well as humans are frequently affected by 
these viruses; thus, there are strains causing eastem equine 

St. Louis CIIcephalitis (SLE) acquired its name from the loca-
tion of an early major outbreak {in which it was originally discov-
ered that mosquitoes are involved in the transmission of these 
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• 

1 

diseases). SLE is distributed from southern Canada to Argentina, 
but mostly in the central and eastern United States. Fewer than 1 % 
of people infected exhibit symptoms; it can, however, be a severe 
disease with a mortality rate in symptomatic patients of about 20%. 

California encephalitis (Cf) was fi rst iden tified in that state, but 
most cases occur elsewhere. The La Crosse strain of CE (first iso-
lated in La Crosse, Wisconsin) is the most commonly encountered 
arbovirus (Figure 22.14). A relatively mild illness, it is seldom fatal. 

A new arbovirus disease, now well known, was introduced 
into the United States in 1999. First reported in the New York 
City area, it was quickly identified as being caused by West Nile 
virus (WNV). The disease is maintained in a bird-mosqui to-
bird cycle. The primary mosquito is a species of Clilex, which 
can overwinter as adults in temperate climates. Birds serve as 
amplifying hosts; some species, such as house sparrows, can 
have high levels of viremia without dying. But mortality of 
infected crows, ravens, and blue jays is high, and public health 
officials sometimes request reports of dead birds of these 
species. Most human cases ofWNV are subclinical or mild, but 
the disease can cause a polio -like paralysis or fatal encephali tis, 
especially in older adults. See Diseases in Focus 22.2 on page 
628 for a summary of the arbovirus-caused diseases of the 
United States. 

The Far East also has endemic arboviral encephalitis. 
Japanese B encephalitis is the best known; it is a serious public 
health problem, especially in Japan, Thailand, Korea, China, and 
Western India. Vaccines are used to control the disease in these 
countries and are often recommended for visitors. 

Arboviral encephalitis is diagnosed by serological tests, usu -
ally ELISA tests to identify IgM antibodies. The most effective 
preventive measure is local control of the mosquitoes. 

o 
o 
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Figure 22.14 California serogroup 
arbovirus cases: 1964-2006. This is the 
most common arbovirus encephalititis in the 
United States. The majority of cases in this 
serogroup are of the La Crosse virus. 

Source: CDC 2007 . 

Q Why do arboviral infections occur 
during the summer months? 

CHECK YOUR UNDERSTANDING 

"f When there are serious local outbreaks of arboviral encephalitis. 
what is the usual response to minimize its transmission? 22-1 1 

Fungal Disease of the Nervous 
System 
LEARNING OBJECTIVE 
22-12 Identify the causative agent. reservoir. symptoms. and treatment 

for cryptococcosis. 

The central nervous system is seldom invaded by fungi . However, 
one pathogenic fungus in the genus CryptococClis is well adapted 
10 growth in eNS flu ids. 

Cryptococcus neoformans Meningitis 
(Cryptococcosis) 
The disease cryptococcosis is caused by fungi of the genus 
CryptococClis. They form spherical cells resembling yeasts, repro-
duce by budding, and produce extremely heavy polysaccharide 
capsules (Figure 22.15). The primary species pathogenic 
for humans are CryptococClis ncoformans (krip'to-kok-kus ne-
o-f6r'manz) and C. gfllbii (grub'e -e). These organisms are 
widely dis tributed, especially in areas contaminated by droppings 
of birds, most notably pigeons-which excrete an estimated 
25 pounds a year. The disease is transmitted mainly by the inhala-
tion of d ried, contaminated droppings. The inhaled fungi 
multiply in persons with compromised immune systems, such as 
AIDS patients, d issem inate 10 the central nervous system, and 
cause meningitis that has a high mortality rate. In recent years 



there have been outbreaks of cryptococcosis in AIDS patients in 
California caused by C. galtii (gat-te -e), a species that had previ-
ously been reported only in tropical regions (i t was thought to 
have an ecological niche limited to Eucalyptus trees but may have 
a wider distribution). This species has now been isolated in cases 
of cryptococcosis, even in otherwise healthy individuals. in 
several areas of western North America as far north as Vancouver 
Island in Canada. 

The best serological diagnostic test is a latex agglutination 
test to detect cryptococcal antigens in serum or cerebrospinal 
fluid. The drugs of choice for treatment are amphotericin Band 
flucytosine in combination. Even so, the mortality rate may 
approach 30%. 

CHECK YOUR UNDERSTANDING 

../ What is the most common source of airborne cryptococcal 
infections? 22-12 

Protozoan Diseases 
of the Nervous System 
LEARNING OBJECTIVE 
22-13 Identify the causauve agent. vector. symptoms. and treatment for 

Afncan trypanosomiaSIS and amebic meningoeocephahus. 

Protozoa capable of invading the eNS are rare. However, those 
that can reach it cause devastating effects. 

African Trypanosomiasis 
African trypa nosomiasis, or sleeping sickness, is a protozoan 
disease that affects the nervous system. In 1907. Winston 
Churchill described Uganda during an epidemic of sleeping 
sickness as a "beaut iful garden of death." Even today, estimates 
are that as many as half a million Africans are infected, and there 
are about 100,000 new cases yearly. 

The disease is caused by two subspecies of Trypanosoma 
brucei that infect humans: Trypanosoma bruce; gambiellSe and 
Trypanosoma bnlCei rllOtiesiense. They are morphologically indis-
tinguishable but differ significa ntly in their epidemiology-that 
is. in their ability to infect nonhuman hosts. Humans are the only 
significant reservoir for T.b. gambie/lse. whereas T.b. rllOdesielise 
is a parasite of domestic livestock and many wild animals. These 
protozoans are flagellates (see Figure 23.22 on page 661 for the 
appearance of a similar organism) that are spread by tsetse fly 
vectors. T.b. gambiellse is transmitted by a tsetse fly species thai 
inhabits stream vegetation. where there are also concentrations 
of human populations. It is distribu ted throughout west and 
central Africa and is sometimes termed West African trypanoso-
miasis. More than 97% of reported cases in humans are of this 
type. Once a person becomes infected, there are few symptoms 
for weeks or months. Eventually, a chronic form of disease with 
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Figure 22.15 Cryptococcus neofonnans. This yeastllke fungus has 
an unusually thick capsule. In this photomicrograph. the capsule IS made 
visible by suspending the cells in dilute India ink. 

Q What disease docs C. neoformans cause? 

fever. headaches, and a variety of other symptoms develops that 
indicates involvement and deterioration of the eNS. Coma and 
death are inevitable without effective treatment. 

In contrast, infections by Tb. rhodesiellse are transm itted by 
species of tsetse flies that inhabit savannahs (grasslands with 
scattered trees) of eastern and southern Africa. Wild animals 
inhabiting these areas are well adapted to the parasite and are lit-
tle affected. but humans and domestic animals become acutely ill. 
This has had a profound effect on sub-Saharan Africa, an area 
nearly the size of the United States. Agricultural development has 
been practically prohibited because domestic food and working 
animals become infected. Infections of humans follow a more 
acute course than that caused by T.b. gambiellse; symptoms of 
illness are apparent within a few days or so of infection. Death 
occurs within weeks or a few months, sometimes from cardiac 
problems even before the eNS is affected. 

There are some moderately effective chemotherapeutic 
agents. such as suramin and pentamidine, but these do not alter 
the course of the disease once the eNS is affected. The drug that 
does alter the disease's course, however, melarsoprol, is very 
toxic. In 1992 a new drug, eflornithine, was introduced that 
crosses the blood-brain barrier and blocks an enzyme required 
for proliferation of the parasite. It requires an extended series of 
injections, but it is so dramatically effective against even late 
stages of Tb. gambiclIsc that it has been called the resurrection 
drug. (Its effectiveness against T.b. rhodesiellse is variable; melar-
soprol is still recommended). The history of this drug provides a 
valuable illustration of problems in providing health services in 
poverty-stricken parts of the world. Because the only popula-
tions suffering from African trypanosomiasis were unable to 
afford it, production was soon discon tinued. Happily, it was 
found that the drug had a profitable use in the industrial world: 



Types of Arboviral Encephalitis 
Arboviral encephalitis is usually characterized by fever. headache. and altered mental status 
ranging from confusion to coma. Vector control to decrease contacts between humans 
and mosquitoes is the best prevention. Mosquito control includes removing standing water 
and using insect repellent while outdoors. An 8-year-old girl in rural Wisconsin has chills, 
headache, and fever and reports having been bitten by mosquitoes. Use the table below to 
determine which types of encephalitis are most likely. How would you confirm your diagnosis? 
For the solution. go to www.microbiologyplace.com. 

Disease 

Western 
equine 
encephalitis 

Eastern 
equine 
encephalitis 

St. Louis 
encephalitis 

California 
encephalitis 

Pathogen 

WEE virus 
(Togavirus) 

EEE virus 
(Togavirus) 

SLE virus 
(Flavivirus) 

CE virus 
(8unyavirus) 

West Nile WN virus 
encephalitis (Flavivirus) 

Mosquito ...... 
Culex 

Aedes. 
Culiseta 

Culex 

Aedes 

Primarily 
Culex 

Reservoir 

Birds, horses 

Birds. horses 

Birds 

Small 
mammals 

Primarily 
birds. 
assorted 
rodents. 
and large 
mammals 

U.s. Distribution 

Culex mosquito engorged with human btood. 

Epidemiology 

Severe disease; frequent 
neurological damage. especially 
in infants 

More severe than WEE; alfects 
mostly young children and 
younger adults; relatively 
uncommon in humans 

Mostly urban outbreaks; affects 
mainly adults over 40 

Affects mostly 4- to 18-year age 
groups in rural or suburban 
areas; La Crosse strain 
medically most important. 
Rarely fatal: about 10% have 
neurological damage 

Most cases asymptomatic-
otherwise symptoms vary from 
mild to severe: likelihood of 
severe neurological symptoms 
and fatality increases with age 

Mortality 

5% 

> 30% 

20% 

1% of 
those 
hospital ized 

4-18% of 
those 
hospital ized 

it reduces growth of unwanted facial hair on women. Because of 
this, the manufacturer has supplied eflornithine at no cost, but 
for only a limited time, in many African villages. 

The current primary approach in combating the disease is to 
attempt elimination of the vector, the tsetse fly. The usc of 

tentlike, insecticide-treated traps that mimic the color and odor 
of animal hosts of the insect, combined with large-scale releases 
of sterile males have eliminated the tsetse fly on the offshore 
island of Zanzibar. (Female tsetse flies mate only once; the release 
of artificially reared, radiation-sterilized males in vast numbers 
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Figure 22.16 How trypanosomes evade the immune system. The 
population of each trypanosome clone dmps nearly to zero as the immune 
system suppresses its members, but a new clone with a different antigenic 
surface then replaces the previous clone. The black line represents the 
population of clone 0 

Q Can you think of a viral disease that is causing a worldwide 
pandemic that would make for a similar figure? 

prevents females that male with them from producing young). 
The insect is a weak flyer, and health care officials hope to repeat 
this eradication on selected areas of the mainland. 

A vaccine is being developed, but a major obstacle is that the 
trypanosome is able to change protein coats at least 100 times 
and can thus evade antibod ies aimed at only one or a few of the 
proteins. Each time the body's immune system is successful in 
suppressing the trypanosome, a new clone of parasites appears 
with a different antigen ic coat (Figure 22.16). 

Amebic Meningoencephalitis A There are two species of protozoa that cause amebic 
meningoencephalitis, a devastating disease of the 

nervous system. These protozoa are both found in recreational 
freshwa ter. Human exposure to them is apparently widespread; 
many in the population carry antibodies-fortunately, sympto-
matic disease is rare. Naeg/eria fowleri (nl -g1e're-a fou'ler-e) is a 
protozoan (amoeba) that causes a neurological disease, primary 
amebic meningoenaphalitis (PAM) (Figure 22.17). Although 
scattered cases are reported in most parts of the world, only a few 
cases are reported in the United States annually. The most com-
mon victims are children who swim in ponds or streams. The 
organism in itially infects the nasal mucosa and later penetrates 
to the brain and proliferates, feeding on brain tissue. The fata lity 
rate is nearly 100%, death occurring within a few days after 
symptoms appear. Diagnosis is typically made at autopsy. The 
very few known survivors had been treated with the antifungal 
drug amphotericin B. 

A similar neurological disease is granulomatous 
amebic encephalitis (GAEl. GAE is caused by a species of 
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Figure 22.17 Naegleria fowleri. This photo shows two vegetative 
stages of N fowled beginning to devour a presumably dead amoeba. The 
suckerlike structures (called amebastomes) function in phagocytic 
feeding- usually on bacteria or assorted debris that may include host 
tissue. This protozoan also has a spherical cyst stage and an ovoid 
flagellated stage (which is most likely to be the infective form) that allows 
it to swim rapidly in its aquatic habitat 

Q How is amebic meningoencephalitis transmitted? 

Acantilamoeba, but not the same one that causes Acantllllmoeba 
keratitis, a serious disease affecting the eyes. 11 is chronic, slowly 
progressive, and fatal in a matter of weeks or months. GAE has 
an unknown incubation period, and months may elapse before 
symptoms appear. Granulomas (see Figure 23.28, page 668) form 
around the organism in response to an immune reaction. The 
portal of entry is not known but is probably mucous mem-
branes. Multiple lesions are formed in the brain and other 
organs, especially the lungs. 11 is probable that many cases of 
GAE ascribed to Acantllllmoeba were actually caused by another, 
similar protozoan, Balaml/thia mandril/aris, which was tirst 
reported in a mandrill baboon in 1989. 

CHECK YOUR UNDERSTANDING 

'" What insect is the vector for African trypanosomiasis? 22-13 

Nervous System Diseases 
Caused by Prions 
LEARNING OBJECTIVE 
22-14 List the characteristics of diseases caused by prions. 

Several fatal diseases affect ing the human central nervous system 
are caused by prions. To explain the term prio", we need to recall 
from the discussion of enzymes in Chapter 5 that the shape of the 
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Figure 22.18 Spongiform encephalopathies. These diseases, caused by prions. include 
bovine spongiform encephalopathy. scrapie in sheep. and Creutzfeldt-Jakob disease in humans. Al l 
are similar in their pathology. (a) Brain tissue showing characteristic fibri ls produced by prion 
diseases. These fibr ils are insoluble aggregates of abnormally fo lded proteins (prions). Individual 
prions are not visible by any known technology, (b) Brain tissue showing the clear holes that give it a 
spongiform appearance. 

Q What are prions? 

enzyme's protein component is essential for its operation. A 
certain protein is normally found on the surface of brain cell neu-
rons and is even found on the surface of certain stem cells in red 
bone marrow and cells that become neurons; let us call it normal 
protein. Its function is uncertain, but there is evidence that it may 
guide maturation of nerve cells. Certainly, the protein's shape 
causes no damage. But this protein can assume two folded shapes, 
one normal and the other abnormal (there is no change in the 
amino acid sequence). If the normal protein encounters an 
abnormally folded protein, a prion, the normal protein changes its 
shape and also becomes abnormally folded-that is, another 
prion. In fact, a chain reaction of protein misfolding occurs. 
Therefore, a single infective prion may lead to a cascade of new 
prions, which then clump together to form the aggregations of 
fibrils of misfolded proteins that are found in diseased brains. See 
Figure 22.18a. Autopsies of this infected brain tissue also show 
that it exhibits a characteristic spongiform degeneration (it is 
porous, like a sponge), as shown in Figure 22.18b. (Also see the 
discussion of prions in Chapter 13, page 392, and Figure 13.22). 
In recent years the study of these diseases, called transmissible 
spongiform encephalopathies (TSE), has been one of the most 
interesting areas of medical microbiology. 

A typical prion disease in animals is sheep scrapie, which has 
been long known in Great Britain and made its first appearance 
in the Un ited States in 1947. The infected animal scrapes itself 
against fences and walls until areas of its body are raw. During a 
period of several weeks or months, the animal gradually loses 
motor control and dies. The infection can be experimentally 
passed to other animals by injection of brain tissue from one 
animal to the next. Similar conditions are seen in mink, possibly 
resulting from the animals' being fed mutton. A prion disease, 

chronic wasting disease, affects wild deer and elk in the western 
United States and Canada. It is invariably fatal, and there are 
concerns that it might infect humans who eat venison and might 
eventually infect domestic livestock. 

Humans suffer from TSE diseases similar to scrapie; 
Creutzfeldt-Jakob disease (CJD) is an example. CJO is rare 
(about 200 cases per year in the United States). It often occurs in 
fam ilies, an indication of a genetic component. This form ofCIO 
is sometimes referred to as classic CJD to differentiate it from 
similar variants that have appeared. There is no doubt that an 
infective agent is involved because transmission via corneal 
transplants and accidental scalpel nicks of a surgeon during 
autopsy have been reported. Several cases have been traced to Ihe 
injection of a growth hormone derived from human tissue. 
Boiling and irradiation have no effect, and even rou tine autoclav-
ing is not reliable. This has led to suggest ions that surgeons use 
disposable instruments where there is a risk of exposu re to CIO. 
To sterilize reusable instruments, the World Health Organization 
currently recommends a strong solution of sodium hydroxide 
combined with extended autoclaving at 134°C, However, there 
are reports that applications of a simple cleaning detergent com-
bined with protease enzymes to disrupt the prions may prove an 
effective solution to the problem. A similar approach to dispos-
ing of prion-infected animal carcasses, for which incineration is 
the current primary method, makes use of digestion. The 
digester tank shown in Figure 22.19 is in use at the Wisconsin 
Veterinary Diagnostic Laboratory to dispose of deer carcasses 
suspected of infection with prion-caused chronic wasting disease 
(incineration was previously used for this purpose). The an imal 
tissue is subjected to heat and caustic chemicals such as sodium 
hydroxide or potassium hydroxide. The an imal tissue and any 



microorgan isms are reduced to a harmless broth containing only 
sugars and short peptide chains that can be disposed of in the 
municipal sanitary sewage system. This process is less expensive 
than incineration, as well as more environmentally favorab le. 

Some tribes in New Guinea have suffered from a TSE disease 
called kuru (a native word fo r shaking or trembling). Transmission 
of kuru is apparently related to the practice of cannibalistic rituals. 
Carleton Gajdusek received the Nobel Prize for Physiology and 
Medicine in 1976 for his investigations of kuru. The disease is dis-
appearing as the practice of ritualistic cannibalism dies out. 

Bovine Spongiform Encephalopathy and 
Variant Creutzfeldt-Jakob Disease 
A TSE that is much in the news is bovine spongiform 
encephalopathy (BSE). The disease is better known as mad cow 
disease because of the behavior of the animals. The outbreak that 
began in 1986 in Great Britain was eventually controlled by dras-
tic culling of herds. The origin of the disease is usually ascribed to 
feed supplements contaminated with prions from sheep infected 
with scrapie, a long-endemic neurological disease. As cattle 
adapted to scrapie, they exhibited the symptoms of BSE. Another 
hypothesis proposes that BSE resulted from a spontaneous muta-
tion in a cow and that there is no connection with scrapie. 

There is an urgent need for reliable tests that will diagnose 
cases of BSE in early, nonsymptomatic stages in live animals. 
Currently, the only available tests require postmortem brain tissue 
and detect only late stages of the disease. In attempts to prevent 
introduction of BSE into the United States, there are rules pro-
hibiting the use of meat from "downer" animals (fallen and unable 
to rise and walk) for any purpose and the use of animal protein as 
a feed supplement. The FDA has banned for human consumption 
certain portions of the cattle carcass that are most likely to contain 
a neurological pathogen. Also, only a small percentage of animal 
carcasses in the United States arc tested for BSE-in Europe and 
Japan, practically all slaughtered animals are tested. 

If this disease were to establish itself in domestic cattle in the 
United States, it would be economically devastating. However, 
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Figure 22.19 Tissue digester. (a) The inset photo shows the 
stamless steel tank of the t issue digester that can be used to reduce 
pnc n- infected animals mto a noninfectious slufT)'. (b) The technician is 
droppmg a deceased prion-mfected sheep into the tissue digester. 

Q Will cooking or freezing meat destroy prions? 

there is another aspect- that the disease could be passed on to 
humans. In Great Britain and a few other locales around the 
world, a few cases of apparent classic CJD appeared in relatively 
young humans. CID rarely occurs in this age group, and a connec-
tion with BSE was feared. Investigation also showed thai this vari-
ant of C/D (vCID) differed in significan t ways from classic CID 
(Table 22.1 ). Fewer than 200 cases have been identified so far. 
Considering the long incubation times of prion diseases and that 
an estimated 1 million cattle had been infected with BSE, it was 
feared that large numbers of vCID cases might eventually appear. 
However, this concern has subsided, especially since the number 
of cases declined from a small peak in 2000 and after it was shown 
that the affected patients shared a certain limited genetic profile. 

CHECK YOUR UNDERSTANDING 

'" What are the recommendations for sterilizing reusable surgical 
instruments when prion contamination might be a factor? 22-14 

Table 22.1 Comparative Characteristics of Classic and Variant Creutzfeldt-Jakob Disease 

Characteristic 

Median age at death (yr) 

Median duration of illness (mo) 

Clinical presentation 

Genotype' 

ClanK: CJD 

68 (range 23- 97) 

4 to 5 

Dementia; early neurological signs 

Other amino acid combinations 

Variant CJD 

28 (range 14- 74) 

13 to 14 

Prominent psychiatric and behavioral symptoms; delayed 
neurological signs 

Methionine/methion ine 

"Victims are homozygous at codon 129. tM t is. both of their PrP genes (one from each parent) have methlomne coded at thiS position. This is charactenstic of only 
about 37% of Caucasians. Other members of this population have different amino aCid combinatIOns at thiS positi on- and. although a handful of cases that have 
appeared were exceptIOns (homozygous valine/valine. or heterozygous methiomnelvahne). no one With these genotypes has contracted vCJD to date. 



Microbial Diseases with Neurological 
Symptoms or Paralysis --

• 
I I 

Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that fit the information derived from examining a patienl A differential diagnosis is important 
for providing ini tiallrea tment and for laboratory testing. For example. afler eating canned chili 
two children experienced cranial nerve paralysis followed by descending paralysis. The 
children are on mechanical ventilation. l e ftover canned chili was tested by mouse bioassay. 
Use the table below to identify infections that could cause these symptoms. For the solution, 
go to www.microbiologyplace.com. 

Gram stain from canoed chlh. 

Method of 
DI ... H ........... Symptoms Tran. mt .. ton Treatment Pw60'8ndon 

BACTERIAL DISEASES 

Tetanus Clostridium telani lockjaw, muscle Puncture wound Tetanus immune Toxoid vaccine 
spasms globulin: antibiotics (OTaP, Td) 

Botulism ClostridIUm Flaccid paralysis Foodborne Antitoxin Proper canning of foods: 
botulinum in toxication infants should not have honey 

l eprosy Mycobacterium Loss of sensation in Probably prolonged Dapsone, rifampin, Possibly BeG vaccine 
Ie""", skin: disfiguring contact WIth clofaximine 

nodules contaminated 
secretions 

VIRAL DISEASES 

Poliom yeli tis Poliovirus Headache, sore Ingesting Mechanical Inactivated polio vaccine 
throat stiff neck: contaminated water breathing aid (E-I PV) 
paralysis if motor (fecal-oral route) 
nerves infected 

Rabies Lyssavirus, Fatal infection: early Animal bite Postexposure Human diploid cell 
including symptoms include treatment: rabies vaccine for high-risk 
rabies virus agi tation, muscle immunoglobulin individuals: vaccination 

spasms, difficulty plus vaccine of domestic animals 
swallowing 

PROTOZOAN DISEASE 

African Trypanosoma Fatal infection: early Tsetse fly Suramin: Vector con trol 
trypanosomlasis bruce; rhodesiense, symptoms (headache. pentamidine 

r b. gambiense fever) progress to 

PRION DISEASES 

Cnlutrle ldt-J akob Prion Fatal infection: Inherited: None None 
disease neurologic symptoms ingested: 

include trembling transplants 

KUN Prio" Same as Creutzfektt- Contact or None None 
Jakob disease ingestion 
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Disease Caused 
by Unidentified Agents 
LEARNING OBJECTIVE 
22-15 list some possible causes of chronic fatigue syndrome. 

Chronic Fatigue Syndrome 
The medical community has long been puzzled by patients who 
complain of persistent fatigue that prevents them from working 
and has no apparent cause. They often complain as well of 
pIe allergies. Called chronic fatigue syndrome (CFS), the debili-
tating condition continues for months or years. For many years, 
the condition was d ismissed as a complaint of people who were 
depressed or simply complaining about trivial symptoms. Recent 
research on CFS, however, suggests that it is not "all in the mind" 
but rather is strongly linked to the immune system and may also 
have a genetic component. There is now an alternative, more 
impressive name, myalgic encephalomyelitis (ME). People com-
plaining ofCFS often do not adapt well to daily stresses and do not 
respond strongly to fight infections. C FS often begins w ith a flulike 
illness that seems never to go away. Some think that it is t riggered 
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by viral illnesses, such as infectious mononucleosis (caused by the 
Epstein-Barr vi rus), Q fever, Lyme disease, and others. 

The CDC has now developed a diagnostic defini tion for C FS: 
a persistent, unexplained fatigue that lasts at least 6 months. The 
patient should also exhibit at least four of a list of symptoms 
including sore throat, tender lymph nodes, muscle pain, pain in 
multip le joints, headaches, unrefreshing sleep, malaise after exer -
cise, and impaired short-term memory or concentrat ion. T he 
condition is not uncommon in the United States; the p revalence 
is 0.52% in women and 0 .29% in men, totaling an estimated 
800,000 to 2.5 mill io n persons. 

There is no approved treatment for CFS, but a n experimen tal 
drug, Ampligen, is being tested . It is designed to stimulate pro-
duct ion o f antiviral in terferons. 

CHECK YOUR UNOERSTANOING 

..r Name one common disease that may be associated with chronic 
fatigue syndrome. 22-15 

• • • 
D iseases in Focus 22 .3 summarizes the main causes of microbial 
disease involving neurological symptoms and paralysis. 

STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. G learn and 
practice with animations. tutorials. and MP3 tutor sessions. and e test yourself with quizzes and a chapter post-test. 

Structure and Function ofthe 
Nervous System Cp.611) 

I. The central nervous system (CNS) consists of the brain, which is 
protected by the skull bones, and the spinal cord, which is 
protected by the backbone. 

2. The peripheral nervous system (PNS) consists of the nerves that 
branch from the CNS. 

3. The CNS is covered by three layers of membranes called meninges: 
the dura mater, arachnoid mater, and pia mater. Cerebrospinal 
fluid (CSF) circulates between the arachnoid mater and the pia 
mater in the subarachnoid space. 

4. The blood- brain barrier normally prevents many substances, 
including antibiotics, from entering the brain. 

5. Microorganisms can enter the CNS through trauma, along periph-
eral nerves, and through the bloodstream and lymphatic system. 

6. An infection of the meninges is called meningitis. An infection of 
the brain is called encephalitis. 

Bacterial Diseases of the Nervous 
System (pp.611 -620) 

Bacterial Meningitis (pp.612-615) 
I. Meningitis can be caused by viruses, bacteria, 

fungi, and protozoa. 
2. The three major causes of bacterial meningitis 

are Haemophilus illjluellzae, Streptococcus 
plleumolliae, and Neisseria mellillgilidis. 

3. Nearly 50 species of opportunistic bacteria 
can cause meningitis. 

Haemophilus influenzae Meningitis (p.613) 
4. H. injlllenzae is part of the normal throat microbiota. 
5. H. injlllenzae requires blood fac tors for growth; serotypes are 

based on capsules. 
6. H. injlllenzae type b is the most common cause of meningitis in 

children under 4 years old. 
7. A conjugated vaccine directed against the capsular polysaccharide 

antigen is available. 

Neisseria Meningitis (Meningococcal Meningitis) (p.613) 
8. N. mellillgitidis causes meningococcal meningitis. This bacterium 

is found in the throats of healthy carriers. 
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9. The bacteria probably gain access to the meninges through the 
bloodstream. The bacteria may be found in leukocytes in CSF. 

10. Symptoms are due to endotoxin. The disease occurs most often in 
young children. 

11. Purified capsular polysaccharide vaccine against serotypes A, C, Y, 
and W-J35 is available. 

Streptococcus pneumoniae Meningitis 
(Pneumococcal Meningitis) (p.614) 
12. S. plZeumolZiae is commonly found in the nasopharynx. 
13. Young children are most susceptible to S. pncumoniac meningitis. 

Untreated, it has a high mortality rate. 
14. A conjugated vaccine is available. 

Diagnosis and Treatment of the Most 
Common Types of Bacterial Meningitis (p.614) 
15. Diagnosis is based on Gram stain, cultures, and serological tests of 

the bacteria in CSF. 
16. Cephalosporins may be administered before the pathogen is 

identified. 

Listeriosis (pp.614-615) 
17. Lisrcria mOlZocytogencs causes meningitis in newborns, the 

immunosuppressed, pregnant women, and cancer patients. 
18. Acquired by ingestion of contaminated food, it may be asympto-

matic in healthy adults. 
19. L. mOlZ ocylogencs can cross the placenta and cause spontaneous 

abortion and stillbirth. 

Tetanus (pp.615-616) 
20. Tetanus is caused by a localized infection of a wound by 

Cioslridillm tctm!i. 
21. C. lelani produces the neurotoxin tetanospasmin, 

which causes the symptoms of tetanus: spasms, 
contraction of muscles controlling the jaw, and 
death resulting from spasms of respiratory muscles. 

22. C. lelani is an anaerobe that will grow in deep, unclean wounds. 
23. Acquired immunity results from DTaP immunizatio n. 
24. Following an injury, an immunized person may receive a booster 

of tetanus toxoid. An unimmunized person may receive (human) 
tetanus immune globulin. 

25. Debridement (removal o f tissue) and antibiotics may be used to 
control the infection. 

Botulism (pp.616-619) 
26. Botul ism is caused by an exotoxin produced by C. bow/inum 

growing in foods. 
27. Serological types of botulinum toxin vary in virulence; type A is 

the most virulent. 
28. The toxin is a neurotoxin that inhibits the transmission of nerve 

impulses. 
29. Blurred vision occurs in J to 2 days; progressive flaccid paralysis 

follows for 1 to 10 days, possibly resulting in death from respi-
ratory and cardiac failure. 

30. C. bOll/iill um will not grow in acidic foods or in an aerobic 
environment. 

31. Endospores are killed by proper canning. The addition of nitrites 
to foods inhibits growth of C. bOll/linum. 

32. The toxin is heat labile and is destroyed by boiling (100°C) for 
5 minutes. 

33. Infant botulism results from the growth of C. bowli/Hlm in an 
infant's intestines. 

34. Wound botulism occurs when C. bowlillum grows in anaerobic 
wounds. 

35. For diagnosis, mice protected with antitoxin are inoculated with 
toxin from the patient or foods. 

Leprosy {PI'. 619-620) 
36. Mycobacterium leprac causes leprosy, or Hansen's disease. 
37. M. leprae has never been cultured on artificial media. It can be 

cultured in armadillos and mouse footpads. 
38. The tuberculoid form of the disease is characterized by loss of 

sensation in the skin surrounded by nodules. 
39. In the lepromatous form, disseminated nodules and tissue necrosis 

occur. 
40. u prosy is not highly contagious and is spread by prolonged con-

tact wi th exudates. 
41. Untreated individuals often die of secondary bacterial complica-

tions, such as tuberculosis. 
42. Laboratory diagnosis is based on observations of acid-fast rods in 

a skin biopsy. 
43. Patients with leprosy are treated with sulfone drugs. 

Viral Diseases of the Nervous 
System (1'1'.620-626) 

Poliomyelitis (1'1'.620-622) 
I. The symptoms of poliomyelit is are usually sore throat 

and nausea, and occasionally paralysis (fewer than 1% of 
cases) . 

2. Poliovirus is transmitted by the ingestion of water contaminated 
with feces. 

3. Poliovirus first invades lymph nodes of the neck and sm all intes-
tine. Viremia and spinal cord involvement may follow. 

4. Diagnosis is based on isolation of the virus from feces and throat 
secretions. 

5. The Salk vaccine (an inactivated polio vaccine) involves the injec-
tion of formalin-inactivated viruses and boosters every few years. 
The Sabin vaccine (an oral polio vaccine) contains three live, 
altenuated strains of poliovirus and is administered orally. 

6. Polio is a good candidate for elimination through vaccination. 

Rabies (PI'. 622-624) 
7. Rabies virus (Lyssavirus) causes an acute, usually fatal, encephalitis 

called rabies. 
8. Rabies may be contracted through the bite of a rabid animal or 

invasion through skin. The virus multiplies in skeletal muscle and 
connective tissue. 

9. Encephalitis occurs when the virus moves along peripheral nerves 
to the CNS. 

10. Symptoms of rabies include spasms of mouth and throat muscles 
followed by extensive brain and spinal cord damage and death. 

II. Laboratory diagnosis may be made by DFA tests of saliva, serum, 
and CSF or brain smears. 



12. Reservoirs for rabies in the United States include skunks, bats, 
foxes, and raccoons. Domestic cattle, dogs, and cats may get rabies. 
Rodents and rabbits seldom get rabies. 

13. Postexposure treatment includes administration of human rabies 
immune globulin (RIG) along with multiple intramuscular injec-
tions of vaccine. 

14. Preexposure treatment consists of vaccination. 
15. Other genotypes of Lyssavirus cause rabies-like diseases. 

Arboviral Encephalitis (pp. 624- 626) 
16. Symptoms of encephalitis are chills, headache, fever, and even-

tually coma. 
17. Many types of viruses (called arboviruses) transmitted by 

mosquitoes cause encephalitis. 
18. The incidence of arboviral encephalitis increases in the summer 

months, when mosquitoes are most numerous. 
19. Notifiable arboviral infections are eastern equine encephalitis 

(HE), western equine encephalitis (WEE), SI. Louis encephalitis 
(SLE), California encephalitis (eE), and West Nile virus (WNV). 

20. Diagnosis is based on serological tests. 
21 . Control of the mosquito vector is the most effective way to control 

encephalitis. 

Fungal Disease of the Nervous 
System (pp.626-627) 

Cryptococcus neoformans Meningitis 
(Cryptococcosis) (pp.626-627) 

1. Cryptococcus spp. are encapsulated yeastlike fungi that cause 
cryptococcosis. 

2. The disease may be contracted by inhaling dried infected pigeon 
or chicken droppings. 

3. The disease begins as a lung infection and may spread to the brain 
and meninges. 

4. Immunosuppressed individuals are most susceptible to 
cryptococcosis. 

5. Diagnosis is based on latex agglutination tests for cryptococcal 
antigens in serum or CSF. 
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Protozoan Diseases of the Nervous 
System (pp.627-629) 

African Trypanosomiasis (pp.627-629) 
I. African trypanosomiasis is caused by the protozoa Trypanosoma 

brucei gambiense and T.b. rhodesiense and is transmitted by the 
bite of the tsetse fly. 

2. The disease affects the nervous system of the human host, causing 
lethargy and eventually coma. It is commonly called sleeping 
sickness. 

3. Vaccine development is hindered by the protozoan's ability 
to change its surface antigens. 

Amebic Meningoencephalitis (p.629) 
4. Encephalitis caused by the protozoan Naegleria fowleri is almost 

always fatal. 
5. Granulomatous amebic encephalitis, caused by Acanlhamoeba spp. 

and Balamlllhia mandril/aris, is a chronic disease. 

Nervous System Diseases Caused 
by Prions (pp.629-632) 

I. Prions are self-replicating proteins with no 
detectable nucleic acid. 

2. Diseases of the CNS that progress slowly and 
cause spongiform degeneration are caused by 
pnons. 

3. Transmissible spongiform encephalopathies are 
caused by prions that are transferable from one animal to another. 

4. CreUlzfeldt-Jakob disease and kuru are human diseases similar 
to scrapie. They are transmitted between humans. 

Disease Caused by Unidentified 
Agents (p.633) 

Chronic Fatigue Syndrome (p.633) 
I. Chronic fatigue syndrome (CFS) may be triggered by a microbial 

infection. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
I. If Clostridium teta 'li is relatively sensitive to penicillin, why doesn't 

penicillin cure tetanus? 
2. What treatment is used against tetanus under the following 

conditions? 
a. before a person suffers a deep puncture wound 
b. after a person suffers a deep puncture wound 

3. Why is the following description used for wounds that are suscep-
tible to C. tetani infection: ". , . Improperly cleaned deep puncture 
wounds .. , ones with little or no bleeding, .. 

4. Provide the following information on poliomyelitis: etiology, 
method of transmission, symptoms, prevention. Why aren't the 
Salk and Sabin vaccines considered treatments for poliomyeli tis? 

5. Fill in the following table: 

Causative 
Agent of 
Meningitis 

N. meningifidis 

H. infiuenzae 

S. pneumoniae 

L monoeytogenes 

C. neoformans 

Susceptible 
Population Transmission Treatment 
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DRAW IT 6. On the figure below, identify the portal of entry 
of H. C. /rlm,i, botulinum toxin, M. ieprae, poliovirus, 
Lyssavirrl$, arboviruscs, and Acalll!wmoeba. 

7. Outline the procedures for treating rabies afte r exposure. Outline 
the procedures for preventing rabies prior to exposure. What is the 
reason for the differences in the procedu res? 

8. Fill in the following table. 

Disease 

Arboviral · 
encephalitis 

African· 
trypanosomiasis 

Botulism 
leprosy 

EtIology Tmnsmission Symptoms Treatment 

9. Provide evidence that Creutzfeldt.Jakob disease is caused by a 
transmissible agent. 

Multiple Choice 
I . Which of the following is 1I0t true? 

a. Only puncture wounds by rusty nails result in te tanus. 
b. Rabies is seldom found in rodents (e.g., rats, mice). 
c. Polio is transmitted by the fecal-oral route. 
d. Arboviral encephalit is is rather common in the United States. 
e. All of the above are true. 

2. Which of the following does '101 have an animal reservoir or vector? 
a. listeriosis d. rabies 
b. crYPTococcosis e. African trypanosomiasis 
c. amebic meningoencephaliTis 

3. A 12-year-old girl hospitalized for Guillain-Barre syndrome had a 
4-day history of headache, dizziness, fever, sore throat, and weak-
ness of legs. Seizures began 2 weeks later. Bacter ial cultures were 
negative. She died 3 weeks after hospitalization. An autopsy 
revealed inclusions in brain cells that tested positive in an 
immunofluoresence test. She probably had 
a. rabies. d. tetanus. 
b. Creutzfeldt-Jakob disease. e. leprosy. 
c. botulism. 

4. AfTer receiving a corneal transplant, a woman developed demenTia 
and loss of motor function; she then became comatose and died. 
Cultures were nega tive. Serological tests were negative. Autopsy 
revealed spongiform degeneration of her brain. She most likely had 
a. rabies. d. tetanus. 
b. Creutzfeldt-Jakob disease. e. leprosy. 
c. botulism. 

5. Endotoxin is responsible for symptoms caused by which of the 
following organisms? 
a. N. mellillgiliilis d. C. telalli 
b. S. pyogel/es e. C. bomlillum 
c. L. mO'lOcylOgwes 

6. The increased incidence of encephalitis in the summer months 
is due to 
a. maturation of the viruses. 
b. increased temperature. 
c. the presence of adult mosquitoes. 
d. an increased population of birds. 
e. an increased population of horses. 

Match the following choices to the staTements in questions 7 and 8: 
a. antirabies ant ibodies b. HOVC 

7. Produces the highest antibod y titer. 
8. Used for passive immunization. 

Use the following choices to answer questions 9 and 10: 
a. CrYPlOcoCClIS d. Naegieria 
b. Haemophilus e. Neineria 
c. Listeria 

9. Microscopic examination of cerebrospinal fluid reveals gram-
positive rods. 

10. Microscopic examination of cerebrospinal fluid from a person who 
washes windows on a building in a large city reveals ovoid cells. 

Critical Thinking 
I. Most of us have been told that a rusty nail causes tetanus. What do 

you suppose is the origin of this adage? 
2. OIlV is no longer used for routine vaccination. Provide the ratio-

nale for this policy. 

Clinical Applications 
J. A I-year-old infant was lethargic and had a fever. When admitted 

to the hospital, he had multiple brain abscesses with gram-
negative coccobacilli. Identify the disease, etiology, and treatment. 

2. A 40-year-old bird handler was admitted to the hospital with sore-
ness over his upper iaw, progressive vis ion loss, and bladder dys-
function. He had been well 2 months earlier. Within weeks he lost 
reflexes in his lower extremities and subsequently died. 
Examination of CSF showed lymphocytes. What etiology do you 
suspect? What further information do you need? 

3. One week after bathing in a hot spring, a 9-year-old girl was hos-
pitalized after a 3.day history of progressive, severe headaches, 
nausea, lethargy, and stupor. Examination of CSF revealed amoe-
boid organisms. Identify the disease, etiology. and treatment. 



Microbial Diseases 
of the Cardiovascular 
and Lymphatic Systems 

The cardiovascular system consists of the heart. blood, and blood vessels. The lymphatic 
system consists of the lymph, lymph vessels, lymph nodes, and the lymphoid organs such as 
the tonsils, appendix, spleen, and thymus. Fluids in both systems circulate throughout the 
body, intimately contacting many tissues and organs. Physiologically, the blood and lymph 
distribute nutrients and oxygen to body tissues and carry away wastes. However, these same 
qualities make the cardiovascular and lymphatic systems vehicles for the spread of pathogens 
that enter their circulation when an insect bite, needle, or wound penetrates the skin . Because 
of this, many of the body's innate defensive systems are found in the blood and lymph. 

Especially important are circulating phagocytic cells; these are also in fixed 
locations such as the lymph nodes and spleen. The blood is an 

important part of our adaptive immune system; antibodies and 
specialized cells circu late to intercept pathogens introduced 

into the blood. Occasionally the defensive systems found in 
the blood are overwhelmed. however, and pathogens 
proliferate explosively with disastrous results. 

Q 
Although the emerging hemorrhagic fevers are 
almost entirely limited to tropical Africa, they 
have attracted much attention because of their 
mortality rate and devastating symptoms. 'Nhat 
are these symptoms? 
Look for the answer in the chapter. 
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Structure and Function of the 
Cardiovascular and lymphatic 
Systems 
LEARNING OBJECTIVE 
23-1 Identify the role of the cardiovascular and lymphatic systems in 

spreading and eliminating infections_ 

The center of the cardiovascular system is the heart (Figure 23.1 ). 
The function of the cardiovascular system is to circulate blood 
through the body's tissues so it can deliver certain substances to 
cells and remove other substances from them. 

Blood is a mixture of fo rmed elements and a liquid called 
blood plasma (see the box in Chapter 16, page 467). The 

Superior vena cava 
(main ) 

cava (main 
lower vein) 

Aorta 
(main artery) 

- Heart 

---Spleen 

---Stomach 

e"'- Kidneys 

Figure 23.1 The human cardiovascular system and related 
structures. Details of circulation to the head and extremities are not 
shown in this simplified diagram_ The blood circulates from the heart 
through the arterial system (red) to the capillaries (purple) in the lungs 
and other parts of the body_ From these capillaries. the blood returns 
through the venous system (blue) to the heart. 

Q How can a focal infection become systemic? 

lymphatic system is an essential part of the circulation of blood 
(Figure 23.2). As the blood circulates, some blood plasma filters 
out of the blood capillaries into spaces between tissue cells called 
interstitial spaces. The circulating flu id is called interstitial flllid. 
Microscopic lymphatic vessels that surround tissue cells arc called 
lymph capillaries. As the interstitial fluid moves around the tissue 
cells, it is picked up by the lymph capillaries; the fluid is then 
called lymph. 

Because lymph capillaries are very permeable, they readily 
pick up microorganisms or their products. From lymph capillar-
ies, lymph is transported into larger lymph vessels called 
lymphatics, which contain valves that keep the lymph moving 
toward the heart. Eventually, all the lymph is returned to the 
blood just before the blood enters the heart. As a result of this 
circulation, proteins and fluid that have filtered from the plasma 
are returned to the blood . 

At various points in the lymphatic system are oval structures 
called lymph nodes, through which lymph flows. (Also, see 
Figure 16.5, page 456. ) Within the lymph nodes are fixed 
macrophages that help dear the lymph of infectious microor-
gan isms. At times the lymph nodes themselves get infected and 
become visibly swollen and tender; swollen lymph nodes are 
called buboes (see Figure 23.11, page 648) . 

Lymph nodes are also an important component of the body's 
immune system. Foreign microbes entering lymph nodes 
encounter two types of lymphocytes: B cells, which arc stimulated 
to become plasma cells that produce humoral antibodies; and T 
cells, which then differentiate into effector T cells that are essential 
to the cell-mediated immune system. 

CHECK YOUR UNOERSTANOING 

..r Why is the lymphatic system so valuable for the working of the 
immune system? 23-1 

Bacterial Diseases 
of the Cardiovascular 
and lymphatic Systems 
LEARNING OBJECTIVES 
23-2 List the signs and symptoms of sepsis, and explain the Importance 

of infections that develop into septic shock. 
23-3 Differentiate gram-negative sepsis. gram-positive sepsis. and puer-

peral sepsis. 
23-4 Descnbe the epidemiologies of endocarditis and rheumatic fever. 
23-5 Descnbe the epidemiology of tularemia. 
23-6 Descnbe the epidemiology of brucellosis. 
23-7 Descnbe the epidemiology of anthrax. 
23-8 Descnbe the epidemiology of gas gangrene. 
23-9 List three pathogens that are transmitted by animal bites and 

scratches. 
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To lymphatic 
syslem Tissue 

Lymph Blood From 
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Figure 23.2 The relationship between the cardiovascular and lymphatic systems. 
(a) From the blood capillaries, some blood plasma filters into the surrounding tissue and enters the 
lymph capillaries. This fl uid. now ca lled lymph, returns to the heart through the lymphatic circulatory 
system (green) , which channels the lymph to a vein. (b) All lymph returning to the heart must pass 
through at least one lymph node. (See also Figure 16.5, page 456.) 

Q What is the role of the lymphatic system in defense against infection? 

23-10 Compare and contrast the causative agents, vectors. reservoirs, 
symptoms. treatments. and preventive measures for plague. Lyme 
disease. and Rocky Mountain spotted fever. 

23-11 Identify the vector. etiology. and symptoms of five diseases trans-
mitted by ticks. 

23-12 Describe the epidemiologies of epidemic typhus. endemic murine 
typhus. and spotted fevers. 

Once bacteria gain access to the bloodstream, they become widely 
disseminated. In some cases, they are also able to reproduce rapidly. 

Sepsis and Septic Shock 
Although blood is normally sterile, moderate numbers of 
microorganisms can enter the bloodstream without causing 
harm. In hospital condit ions, the blood frequently is contami-
nated as a result of invasive procedures, such as insertion of 
catheters and intravenous feeding tubes. Blood and lymph con-
tain numerous defensive phagocytic cells. Also, blood is low in 
available iron, which is a requirement for bacterial growt h. 
However, if the defenses of the cardiovascular and lymphatic sys-
tems fail, microbes can proliferate in the blood. An acute illness 

that is associated with the presence and persistence of patho-
genic microorganisms or their toxins in the blood is termed 
septicemia. A similar term that is not equated medically with 
septicemia is sepsis, although there is a tendency to use them 
interchangeably. Sepsis is defined as a systemic inj1ammatory 
response syndrome (SIRS) caused by a focus of infection that 
releases mediators of inflammation into the bloodstream. The 
site of the infection itself is not necessarily the bloodstream, and 
in about half of the cases no microbes can be found in the blood. 
The SIRS must exhibit at least two of a set of defined conditions: 
fever, rapid heart or respiratory rates, and a high count of while 
blood cells. If the infective bacteria cause red blood cells to lyse, 
the release of iron-containing hemoglobin can result in acceler-
ated microbial growth. Sepsis and septicemia are ohen accompa -
nied by the appearance oflymphangitis, inflamed lymph vessels 
visible as red streaks under the skin, running along the arm or leg 
from the site of the infection (Figure 23.3). 

If the body's defenses do not quickly control the infection and 
the resulting SIRS, the results are progressive and frequently fatal. 
The first stage of this progression is sepsis. There is evidence of 
infection and an inflammatory response by the body caused by 
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Figure 23.3 lymphangitis, one sign of sepsis. As the infection 
spreads from its original site along the lymph vessels. the inflamed walls of 
the vessels become vis ible as red streaks. 

Q Why does the red streak sometimes end at a certain point? 

the release and circulation of cytokines. The most obvious signs 
and symptoms are fever, chills, and accelerated breathing and 
heart rate. When sepsis results in a drop in blood pressure (shock) 
and dysfunction of at least one organ, it is considered to be severe 
sepsis. Once organs begin to fail, the mortality rate becomes very 
high . A final stage, when low blood pressure can no longer be con-
trolled by addit ion of fluids, is sePlic shock. 

Gram-Negative Sepsis 
Septic shock is most likely to be caused by gram-negative bac-
teria. Recall thaI the cell walls of many gram-negative bacteria 
(LPS; sec page 69) contain endotoxins that are released upon 
lysis of the cell. These endotoxins can cause a severe drop in 
blood pressure with its associated signs and symptoms. Septic 
shock is often called by the alternative names gram-negative sep-
sis or endotoxic shock. Less than one-millionth of a milligram of 
endotoxin is enough to cause the symptoms. About 750,000 cases 
of septic shock occur each year in the United Stales; at least 
225,000 arc fatal. 

An effective treatment for severe sepsis and septic shock has 
been a medical priority for many years. The early symptoms of 
sepsis arc relatively nonspecific and not especially alarming. 
Therefore, the antibiot ic treatments that might arrest it then arc 
frequently not administered . The progression to lethal stages is 
rapid and generally impossible to treat effectively. Administering 
antibiotics then may even aggravate the condition by causing the 
lysis of large numbers of bacteria that then release more 
endotoxins. 

In addition 10 antibiotics, treatment of septic shock involves 
attempts to neutralize the LPS components and inflammation -
causing cytokines. The u.s. Food and Drug Administration (FDA) 
has approved a drug, drotrecogin alfa (Xigris), which is the first to 

reduce the death rate of sepsis cases. This drug is a genetically 
modified version of human activated protein C-a natural antico-
agulant found al reduced levels in cases of severe sepsis and septic 
shock (not to be confused with C-reactive protein). The d rug 
reduces dotting, which is a factor in organ damage. Xigris is 
scarcely the sought-for magic bullet to treat sepsis: it is dauntingly 
expensive and effective only in a minority of cases. Nonetheless, it 
is expected to be widely prescribed for treatment of gram-negative 
sepsis and meningococcal meningitis (see page 613). 

Gram-Positive Sepsis 
Gram-positive bacteria are now the most common cause of sepsis. 
Both staphylococci and streptococci produce potent exotoxins that 
cause toxic shock syndrome, a toxemia discussed in Chapter 21 
(page 588) . The frequent use of invasive procedures in hospitals 
allows gram-positive bacteria to enter the bloodstream. Such 
nosocomial infections are a particular risk for patients who under-
go regular dialysis for kidney dysfunction. The bacterial compo-
nents that lead to septic shock in gram-positive sepsis are not 
known with certainty. Possible sources are various fractions of the 
gram-positive cell wall or even bacterial DNA. 

An especially important group of gram-positive bacteria 
arc the enterococci, which arc responsible for many nosoco -
m ial infections. The enterococci arc inhabitants of the human 
colon and frequently contaminate skin. Once considered rela-
tively harmless, two species in particular, Enterococcus faecium 
and Enterococcus faecaIis, are now recognized as leading causes 
of nosocomial infections of wounds and the urinary tract. 
Enterococci have a natural resistance to penicillin and have 
rapidly acquired resis tance to other antibiotics . What has 
made them something of a medical emergency is the appear-
ance of vancomycin-resistant strains . Vancomycin (see 
page 563) was often the only remaining antib iotic to which 
these bacteria, especially E. faecium, were still sensitive. Amo ng 
isolates of E. faecillnl from nosocomial infectio ns of the blood-
stream, almost 90% are now resistant. 

To this point our discussion of the streptococci has been 
focused on serologic group A. There is an emerging awareness of 
group B streptococci (GBS) and of the enterococci. S. agalactiae 
(a'gal-act-e-i) is the only GBS and is the most common cause of 
life-threatening neonatal sepsis. The CDC recommends that 
pregnant women be tested for vaginal GBS and that women with 
GBS be offered antibiotics during labor. 

Puerperal Sepsis 
Puerperal sepsis, also called puerperal fever and childbirth 
fever, is a nosocomial infection. It begins as an infection of the 
uterus as a result of childbirth or abortion. StreptococClis pyogwes, 
a group A beta-hemolytic streptococcus, is the most frequent 
cause, although other organisms may cause infections of this type. 

Puerperal sepsis progresses from an infec tion of the uterus to 
an infection of the abdominal cavity (peritonitis) and in many 
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cases to sepsis. At a Paris hospital between 1861 and 1864, of the 
9886 women who gave birth, 1226 (12%) died of such infections. 
These deaths were largely unnecessary. Some 20 years before, 
Oliver Wendell Holmes in the United States and Ignaz Semmelweis 
in Austria had clearly demonstrated that the disease was transmit -
ted by the hands and instruments of the attending midwives or 
physicians and that disinfecting the hands and instruments could 
prevent such transmission. Antibiotics, especially penicillin, and 
modern hygienic practices have now made 5. pyogeues puerperal 
sepsis an uncommon complication of childbirth. 

CHECK YOUR UNOERSTANOING 

..r What are two of the conditions that define the systemic inflam-
matory response syndrome of sepsis? 23-2 

..r Are the endotoxins that cause sepsis from gram-positive or 
gram-negative bacteria? 23-3 

Bacterial Infections of the Heart 
The wall of the heart consists of three layers. The inner layer, 
called the endocardium, lines the heart muscle itself and covers 
the valves. An inflammation of the endocardium is called 
endocarditis. 

One type of bacterial endocarditis, subacute bacterial 
endocarditis (so named because it develops slowly; Figure 23.4), is 
characterized by fever, general weakness, and heart murmur. It is 
usually caused by alpha-hemolytic streptococci such as are com-
mon in the oral cavity, although enterococci or staphylococci are 
often involved. The condition probably arises from a focus of infec-
tion elsewhere in the body, such as in the teeth or tonsils. 
Microorganisms arc released by tooth extractions or tonsillec-
tomies, enter the blood, and find their way to the heart. A more 
exotic source of infections that have led to cases of endocarditis has 
been body piercing, especially of the nose, tongue, and even nipples. 
Normally, such bacteria would be quickly cleared from the blood by 
the body's defensive mechanisms. However, in people whose heart 
valves are abnormal, because of either congenital heart defects or 
such diseases as rheumatic fever and syphilis, the bacteria lodge in 
the preexisting lesions. Within the lesions, the bacteria multiply and 
become entrapped in blood clots that protect them from phago-
cytes and antibodies. As multiplication progresses and the clot gets 
larger, pieces of the clot break off and can block blood vessels or 
lodge in the kidneys. In time, the function of the heart valves 
is impaired. Left untreated by appropriate antibiotics, subacute 
bacterial endocarditis is fatal within a few months. 

A more rapidly progressive type of bacterial endocarditis is 
acute bacterial endocarditis, which is usually caused by 
StaphylococCIIs aureus. The organisms find their way from the ini-
tial site of infection to normal or abnormal heart valves; the rapid 
dest ruction of the heart valves is frequently fatal within a few days 
or weeks if untreated . Streptococci can also cause pericarditis, 
inflammation of the sac around the heart (the pericardium). 

Figure 23.4 Bacterial endocarditis. This is a case of subacute 
endocarditis, meaning that It developed over a period of weeks or months. 
The heart has been dissected to expose the mitral valve. The cordllke 
structures connect the heart valve to the operatmg muscles. 

Endocarditis develops as bacteria attach to the surface and multiply, 
causing damage that promotes the formation of fib rin-platelet vegetallOns 
(shown in photo). These vegetallOns, a biofilm, bury adherent bacteria and 
allow them to multiply protected from defenses of the host; further 
deposition of bacteria cause the vegetation to enlarge in layers, 

Symptoms usually include fever and a heart murmur from poor mitral 
valve fu ncllOn that is detectable by echocardlogram, Treatment with 
antibiotics m high concentrations is often effective. 

Q How is endocarditis contmcted? 

CHECK YOUR UNOERSTANOING 

..r What medical procedures are usually the cause of endocarditis? 
23-4 

Rheumatic Fever 
Streptococcal infections, such as those caused by StreptococCIIs 
pyogelles, sometimes lead to rheumatic fever, which is general-
ly considered an autoimmune complication. It occurs primarily 
in people aged 4 to 18 and often follows an episode of strepto -
coccal sore throat. The disease is usually fi rst expressed as a 
short period of arth ritis and fever. Subcutaneous nodules at 
joints often accompany this stage (Figure 23.5). In about half of 
persons affected, an inflammation of the hea rt, probably from a 
misdirected immune reaction against streptococcal M protein, 
damages the valves. Reinfection with streptococci renews the 
immune attack. Damage to heart valves may be serious enough 
to result in eventual failure and death. 

Early in the twentieth century, rheumatic fever killed more 
school-aged children in the United States than all other diseases 
combined . The incidence declined steadily in developed 
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Figure 23.5 A nodule caused by rheumatic fever. Rheumatic 
fever was named. in part. because of the characteristic subcutaneous 
nodules that appear at the Joints. as shown In this patient"s elbow. 
Infection with group A beta-hemolytic streptococci sometimes leads to 
this autoimmune complication. 

Q ts meumpllc fever a bacterial infection? 

counlries to the point of becoming rare even before the intro-
duclion of effective antimicrobial drugs during the 1930s and 
I 940s. Many young physicians have never seen a case of the dis-
ease, but in much of the underdevt'loped world it remains the 
leading cause of heart disease in the young. The decline of rheu-
matic fever in the United States is thought to be due to some loss 
of virulence in the st reptococci in circulation. However, since the 
1980s there have been a few localized outbreaks of rheumatic 
fever in the United States that have been related to certain 
M-protein serotypes. These serotypes had been prevalent during 
much earlier epidemics of rheumatic fever but had almost disap-
peared from circulat ion. People who have had an episode of 
rheumatic fever are at risk of renewed immunological damage 
with repeated streptococcal sore throats. The bacteria have 
remained sensitive to penicillin, and patients at particular risk, 
such as these, often receive a monthly preventive injection of 
long-acting penicillin G benzathine. 

As many as 10% of people with rheumatic fever develop 
Sydenbam's chorea, an unusual complication known in the 
Middle Ages as Saint Vitus' dance. Several months following an 
episode of rheumatic fever, the patit'nt (much more likely to be a 
girl than a boy) exhibits purposeless, involuntary movements 
during waking hours. Occasionally, sedation is required to pre-
vent self-injury from flailing arms and It'gs. The condition disap-
pears after a few months. 

Sepsis and infections of the heart are summarized in Diseases 
in Focus 23.1. 

Tularemia 
Tularemia is an example of a zoolwtic disease, that is, a disease 
transmitted by contact with infectt'd animals, most commonly 
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Figure 23.6 Tularemia cases in the United States 
(1 990-2000). There were 1347 cases for which a county of 
residence was reported. The Circle SlZes are proporuonal to the 
number 01 cases In a county. ranging from 1 to 39. 

SOURCE CDC. MMWR 51(9). Marct18. 2002. 

Q What area reporting tularemia is closest to you? 

rabbits and ground squirrels. The name derives from Tulare 
County. California , where the disease was originally observed in 
ground squirrels in 1911. The pathogen is Franciseffa tularellsis, a 
small gram-negative bacillus. It can enter humans by several 
routes. The most common is penetration of the skin at a minor 
abrasion, where it creates an ulcer at the site. About a week after 
infection, the regional lymph nodes enlarge; many will contain 
pockets of pus. (Sec the box on page 644.) The bacterium ca n 
multiply in macrophages-as much as a thousand-fold. Mortality 
is normally less than 3%. If not contained, the proliferation of 
F tlllnrellsis can lead to sepsis and infection of multiple organs. 

Almost 90% of cases in the United States are related to con-
tact with rabbi ts, and the disease is often known locally as 
rabbit fever. Tularemia is also transmitted in some areas by ticks 
and insects and is known there as deer fly fever. Respiratory 
infection, usually by dust contaminated by urine or feces of 
infected animals, can cause an acute pneumonia with a mortal-
ity rate exceeding 30%. The infective dose is very small, and the 
organism is dangerous to handle if aerosols are likely to be 
produced. 

At olle time, so few cases of tularemia were recorded annually 
in the United States that it was removed from the list of nationally 
notifiable diseases, However, concern that it might be used as a 
biological weapon has recently led to its reinstatement on the list. 
Figure 23.6 illustrates the geographic distribution of tularemia 
within the United States. It is also found worldwide in many areas 
of the Northern Hemisphere. 



Infections from Human Reservoirs 
Differential diagnosis is the process of identi fying the disease from a list of possible diseases 
that lit the information derived from examining a patienl A differen tial diagnosis is important 
for providing ini tial trea tment and for laboratory testing. Microorganisms circulating in the 
blood may re flect a serious, uncontrolled infection. For eJ(ample. 27-year-old woman had a 
fever and cough for 5 days. She was hospitalized when her blood pressure dropped. Despite 
aggressive treatment with fluids and massive doses of antibiotics. she died 5 hours after hos-
pitalization. Catalase-negative, gram-positive cocci were isolated from her blood. Use the 
table below to identify infections that could cause these symptoms. For the solution, go to 
www.microbiologyplace.com. 

DI ... .. .. - Sym ...... Re .. rvoIr 

BACTERIAL DISEASES 

Septic shock Gram-negative bacteria, Fever, chills, incresed heart Human body 
enterococci, group B ra te: lymphangi tis 
streptococci 

Puerperal sepsis Streptococcus pyogenes Peri toni tis: sepsis Human 
nasopharynx 

Endocardi tis Mostly alpha-hemolytic Fever. general weakness, Human 
Subacute bacterial streptococci: heart murmur; damage to nasopharynx 
Acute bacterial Staphylococcus aureus heart valves 

Peric.rdilis Streptococcus pyogenes Fever; general weakness: Human 
heart murmur nasopharyml 

Gram-poSitIVe cocci. 

Method of 
Tnmandu lon 

Injection: 
catheterization 

Nosocomial 

From foca l 
infection 

From focal 
in fection 

Rheumatic fever Group A beta-hemolytic Arthritis. fever; damage Immune reactions to 

VIRAL DISEASES 

Bur*iu 's 
lymphoma 

Infect ious 
mononuc leosis 

Cytomegalovirus 

streptococci 

Epstein-Barr virus 
(EB virus) 

EB virus 

Cytomegalovirus 

to heart valves streptococcal infections 

Tumor Unknown Unknown 

Fever, general weakness Humans Saliva 

Mostly asymptomatic: ini tial Humans Body fluids 
infection acquired during 
pregnancy can be damaging 
to fetus 

Tn!latment 

Xigris (gram negatives): 
antibiotics (gram 
positives) 

Penicillin 

Antibiotics 

Antibiotics 

Supportive, 
Prevention: penicillin to treat 
streptococcal sore throats 

Surgery 

None 

Ganciclovir, fomivirsen 

The in tracellular locat ion of the bacterium is a problem in 
chemotherapy. Tetracycline is the ant ibiotic of choice. 

Brucellosis (Undulant Fever) 

CHECK YOUR UNDERSTANDING 

.,f Vv'hat animals are the most common reservoir for 
tularemia? 23-5 

With over 500,000 new human cases annually, brucellosis is the 
world's most common bacterial zoonosis. The Middle East is an 
endemic area, and several countries in the region record the world's 
highest incidence of the disease. It is widespread around the 
Mediterranean and in southeastern Europe, Asia, Latin America, 
and the Caribbean. It is also economically im portant as a disease of 
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A Sick Child 
As you read through this problem, you'll 
encounter questions that primary health 
care providers ask themselves as they solve 
a clinical problem. Try to answer each 
question as a health care provider. 

1. On February 15, a 3-year-old boy was 
seen by his pediatrician for fever, 
malaise, painfullef! underarm lymph 
node, and skin sloughing off his left ring 
finger. Amoxicillin was prescribed. 
What diseases are possible? 

2. The child underwent excisional biopsy of 
the left axillary lymph node when inter-
mittent fever and enlarged lymph node 
persisted for 49 days. The excised tissue 
was cultured; a gram-stain of the bacte-
ria that grew is shown in the figure. 
What additional tests would you do? 

3. Serological tesls revealed the following 
results: 

Pathogen Antibody nter 

Bartonella 0 

Ehrlichia 0 

Franciseffa 4.096 
eMV 0 

Toxoplasma gondii 0 

The child improved after treatment with 
ciprofloxacin. 
What is the cause of the infection? 
What do you need to know? 

4. PCR was used to confirm identification 
of Francisella tularensis. Between 
January 2 and February 8. the boy's 
family purchased six hamsters from a 
pet store. Each hamster died from 
diarrhea within one week of purchase. 
One hamster bit the child on the left 
ring finger. 
Where will you look for the source of the 
infection? 

5. Workers at the pet store reported an 
unusual number of deaths among 
hamsters but not other animals during 
January and February. Eight other 
customers reported that their hamsters 
died within 2 weeks of purchase. 
Available hamsters were negative for 

6. 

F. tularensis by serology and culture. 
One of two cats kept as store pets had a 
positive serologic test for F. tularenesis 
at a titer of 256. The hamsters came 
from customers who had pets with 
unanticipated litters. 
What is the most likely source of infection? 

The hamsters came from different 
sources, so they are probably not the 
origin of the infection. The positive sero-
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Gram-sta ined bactena cultured from 
lymph node. 

logical test in a pet cat suggests that 
infected wild rodents infested the store 
and spread the infection to hamsters by 
urinating and defecating through the 
hamster cages. The infected cat might 
have had an unrecognized illness after 
catching or eating an infected wild 
rodent. 

Public health officials should be 
aware that pet rodents might be a 
source of tularemia. Identifying the 
organism is important because it is 
often resistant to antibiotics commonly 
used for skin and systemic infections 
and because it is a potential agent of 
biological terrorism. 

Source: Adapted from reports in MMWR 53(52):1 202. 
January 7. 2005: and MMWR 54(7) :170. FtlbfUilry 25. 
2005. 

animals in the develop ing world. Human cases of brucellosis are 
usually not fatal, but the disease tends to persist in the reticuloen-
dothelial system (see page 457), where the bacteria evade the host's 
defenses; they are especially adept at evading phagocytic cells. This 
abili ty allows long-term survival and replication. The disease often 
becomes chronic and is capable of affect ing any organ system. 

workers who come in contact with swine carcasses are at risk of 
brucellosis from this species. The most serious pathogen, and the 
cause of most human cases, is Brucella me/itellSis (me-li -ten' sis ). 
This species is most commonly found today in goats and sheep. 

Brucella bacteria are small, aerobic, gram-negative coccoid 
rods. During laboratory handling, they easily become airborne 
and are considered dangerous to handle. In fact, they are consid -
ered a potential agent ofbioterrorism. The th ree species that are 
of greatest interest are Brl/cella abortllS (bru-sel ' a a-bor' tus), 
which is found primarily in cattle but also infects camels, 
bison, and several other animals. Brucella SIIis (su'is) is a species 
mostly infecting swine but is known to infect cattle when they 
are kept in contact with swine herds. Abattoir (slaughterhouse) 
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The pattern of brucellosis in the United States has changed 
over recent decades. At one time, most human cases in the 
United States were attributed to B. abortus. But an intensive cam-
paign of testing and vaccination eliminated brucellosis in cattle 
(there is a vaccine available for animals but not for humans), and 
B. abortlls is now seldom a cause of human disease. At the pres-
ent time, most cases of brucellosis are caused by B. melitensis, 
predominantly among Hispanic members of the population . T he 
disease is endemic in Mexico and is often imported into the 
United States in unpasteurized food products such as Mexican 
soft cheese made from goat milk. 



CHAPTER 23 Microbial Diseases of the Cardiovascular and Lymphatic Systems 645 

The incubation period is usually 1 to 3 weeks but might be 
much longer. Symptoms of brucellosis have a wide spectrum, 
depending on the stage of the disease and the organs affected. 
Typically they include fever (often rising and falling. which has 
given the disease an alternative name of undulant fevu). malaise, 
night sweats, and muscle aches. Although several serological tests 
are available. there is still a need for a definitive diagnostic test. The 
ultimate diagnostic proof is isolation of Brucella from the patient's 
blood or tissue. Because the disease is not common, diagnosis 
often must start with patient interviews that suggest a contact in 
endemic areas of the disease. 

Antibiotic therapy is possible. and the bacteria have not 
shown development of resistance. However, treatment must be 
very long term, usually at least 6 weeks, involving a combination 
of at least two antibiotics. 

CHECK YOUR UNDERSTANDING 

,.f What ethnic group in the United States is most commonly 
affected by brucellosis. and why? 23-6 

Anthrax 
In 1877, Robert Koch isolated Bacillus anthracis, the bacterium 
that causes anthrax in animals. The endospore-forming bacillus 
is a large, aerobic, gram-posi tive microorganism that is appar-
{'ntly able to grow slowly in soil types having sp{'cific moisture 
conditions. The endospores have su rvived in tests in soil for up 
to 60 years. The disease strikes primarily grazing animals, such as 
cattle and sheep. The B. (Hlthmcis endospores are ingested along 
with grasses, causing a fulminating, falal sepsis. 

The incidence of human anthrax is now rare in the Un ited 
States, but occurrences in grazing animals are not uncommon. 
People at risk are those who handle animals, hides, wool, and 
01 her animal products from certain foreign countries. 

Infections by B. alllhracis arc initiated by endospores. Once 
introduced into the body, they arc taken up by macrophages, 
where they germinate in to vegetative cells. These arc not killed, but 
multiply, eventually killing the macrophage. The released bacteria 
then enter the bloodstream, replicate rapidly. and secrete toxins. 

The primary virulence factors of B. allthracis arc two exo-
toxins. Both toxins share a third toxic component, a cell 
receplor-binding protein called the protective amig!IJ, that binds 
the toxins to target cells and perm its their entry. One toxin, the 
edema toxirl, causes local edema (swelling) and interferes with 
phagocytosis by macrophages. The other toxin, lethal taxill, specif-
ically targets and kills macrophages. which disables an essential 
defense of the hosl. Furthermore, the capsule of B. alltilraci5 is very 
unusual. It is not a polysaccharide but rather is composed of 
amino acid residues, which for some reason do not stimulate a 
protective response by the immune system. Therefore, once the 
anthrax bacteria enter the bloodstream, they proliferate without 
any effective inhibition until there arc tens of millions per 

Figure 23.7 Anthrax lesion. The swelling and formation of a black 
scab that forms around the point of infection is a characteristic of 
cutaneous anthrax. 

Q What am the other types 01 anthrax? 

milliliter. These immense populations of toxin-secreting bacteria 
ultimately kill the hosl. 

Anthrax 3ffects humans in three forms: cutaneous anthrax, 
g::astrointestinal anthrax, and inhalational (pulmonary) anthrax. 

Cutan eous anthrax results from contact with material con-
taining anthrax endospores. Over 90% of naturally occurring 
cases of anthrax in humans are cutaneous; the endospore enters 
at some minor skin lesion. A papule appears and then eventually 
vesicles, which rupture and form a depressed, ulcerated area that 
is covered by a bl3ck eschar (scab) as shown in Figure 23.7. (The 
name mllilrax is derived from the Greek word for coal). In most 
cases the p3thogen does not enter the bloodstream, and other 
symptoms are limited to a low-grade fever and malaise. However, 
if the bacteria enter the bloodstream, mortality without antibiotic 
treatment can reach 20%; with antibiotic therapy, mortality is 
usually less than 1%. 

A relatively rare form of anthrax is gastrointestinal anthrax 
caused by ingestion of undercooked food containing anthrax 
endospores. Symptoms are nausea, abdominal pain, and bloody 
diarrhea. Ulcerative lesions occur in the gastrointestinal tract 
ranging from the mouth and throat to, mainly, the intestines. 
Mortality is usually more than 50%. 

The most dangerous form of anthrax in humans is 
inhalational (pulmo nary) anthrax. Endospores inhaled into the 
lungs have a high probability of entering the bloodstream. 
Symptoms of the first few days of the infection are not especially 
alarming: mild fever, coughing, and some chest pain. The disease 
can be arrested at this stage by antibiotics, but unless suspicion of 
anthrax is high, they are unlikely to be administered. As the bac-
teria enter the bloodstream and proliferate, the illness progresses 
in 2 or 3 days into septic shock that usually kills the patient 
within 24 to 36 hours. The mortality rate is exceptionally high, 
approaching 100%. 
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Figure 23.8 The toes of a patient with gangrene. This disease IS 
caused by C/ostfldlUm perfringens and other clostridia. The black, necrotic 
tissue. resultmg from poor circula tion or inJury. furnishes anaerobiC growth 
conditions lor the bacteria. which then destroy adjoining 
ttssue. 

Q How can gangrene be provented7 

Antibiotics are effective in treating an thrax if they are admin-
istered in time. Currently recommended drugs are ciprofloxacin 
or doxycycline plus one or two addi tional agents that are know n 
to be active against the pathogen. People who have been exposed 
to anthrax endospores can be given preventive doses of antibi-
otics for a time as a precaution. This time period is usually quite 
long because experience has shown that up to 60 days ca n elapse 
before the inhaled endospores germinate and initiate active 
disease. 

Vaccination of livestock against anthrax is a standa rd proce-
dure in endemic areas. A single dose of an effective live, atten-
uated vaccine is used, which is considered unsafe for use in 
humans. The only vaccine curren tl y ap proved for use in 
humans contains an inactivated form of the protective antigen 
toxin and is designed to prevent entry of the other two toxins 
into the host's cells. This vaccine requires a series of six injec-
tions over a period of 18 months, followed by annual boosters. 
In view of the recen t use of anthrax as a weapon of bioterror-
ism (sec the box on page 649), the need for a more practical 
human vaccine has become urgent. The target is a vaccine that 
would require no more than three injections and would work 
rapidl y enough that it could be given after exposure to an thrax 
endospores. 

Diagnosis of anthrax has usually consisted of isolation and 
identification of B. allthracis from a clinical specimen-which is 
too slow for detection of bioterrorism outbreaks. A blood test can 
detect both inhalational and cu taneous cases of anthrax within an 
hour. Furthermore, locations such as a few mail-sorting faciliti es 
arc being equipped with automated ele<:lronic sensors that can 
immediately detect anthrax spores. 

CHECK YOUR UNDERSTANDING 

./ How do animals such as cattle become victims of anthrax? 23-7 

Gangrene 
If a wound causes the blood supply to be interrupted, a condi-
tion known as ischemia, the wound becomes anaerobic. 
Ischemia leads to necrosis, or death of the tissue. The death of 
soft tissue resulting from the loss of blood supply is called 
gangrene (Figure 23.8 ). These conditions can also occur as a 
complication of diabetes. 

Substances released from dying and dead cells provide nutri-
ents for many bacteria. Various species of the genus ClostridiulII, 
which are gram-positive, endospore- forming anaerobes widely 
found in soil and in the intestinal tracts of humans and domesti-
cated animals, grow readily in such conditions. C. per/rillgells is 
the species most commonly involved in gangrene, but other 
clostridia and several other bacteria can also grow in such 
wou nds. 

Once ischemia and the subsequent necrosis caused by 
impaired blood supply have developed, gas gangrene can 
develop, especially in muscle tissue. As the C. per/rillgetls 
microorganisms grow, they fermen t carbohydrates in the tissue 
and produce gases (carbon dioxide and hydrogen) that swell 
the tissue. The bacteria produce toxins that move along muscle 
bundles, killing cells and producing necrotic tissue that is 
favorable for further growth. Even tually, these toxins and bac-
teria en ter the bloodstream and cause systemic illness. Enzymes 
produced by the bacteria degrade collagen and proteinaceous 
t issue, fa cil itating the spread of the disease. Without treatm ent, 
the condition is fatal. 

One complication of improperly performed abortions is the 
invasio n of the uterine wall by C. per/rillgells, which resides in the 
genital tract of about 5% of all women. This infection can lead to 
gas gangrene and result in a life-threatening invasion of the 
bloodstream. 

The surgical removal of necrotic tissue and amputat ion are 
the most common medical treatments for gas gangrene. When 
gas gangrene occurs in such regions as the abdominal cavity, the 
patient can be treated in a hyperbaric chamber. which contains 
a pressurized oxygen -rich at mosphere (Figure 23.9). The oxygen 
saturates the in fected tissues and thereby prevents the growth of 
the obligately anaerobic clostr idia. Small chambers are available 
that can accommodate a gangrenous limb. The prompt cleaning 
of serious wounds and precautionary antibiotic treatment are 
the most effective steps in preventing gas gangrene. Penicillin is 
effective against C. per/ringel/s. 

CHECK YOUR UNDERSTANDING 

./ \Nhy are hyperbaric chambers effective in treating gas gan-
grene? 23-8 
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Figure 23.9 Hyperbaric chambers used to treat gas 
gangrene. A muttJplace hyperbanc chamber that can accommodate 
several patients is shown. Such chambers are usually available at major 
medical centers. They are also used to treat victims of carbon monoxide 
poisoning. 

Q Name another bacterial disease that might be treated in a h)'l>er-
baric chamber. 

SystemiC Diseases Caused by Bites 
and Scratches 
Animal bites can result in serious infections. About 4.4 million 
animal bites occu r in the United States annually, accounting for 
about I % of visits to the emergency rooms in hospitals. 

Dog bites make up at least 80% of reported b ite incidents; 
cat bites, only about \0% . Cat bites are, however, more pene-
trating, resulting in a higher infection rate (30-50%), than the 
bites of dogs (15-20%). Domestic animals often harbor 
Pas/ellrella mili/ocida (pas-tyer-el'1ii mul- to'si · da ), a gram-
negative rod similar to the Yersinia bacterium that causes 
plague (page 648). p. tllili/ocida is primarily a pathogen of ani -
mals, and it causes sepsis (hence the name mll/tocitia, meaning 
many-killing). 

Humans infected with P. multocida have varied responses. 
For example, local infections with severe swelling and pain can 
develop at the site of the wound. Forms of pneumonia and sep-
sis may develop and are life-threateni ng. Penicill in and tetracy-
cline are usually effective in treating these infections. 

In addition 10 P. mlil/orida, an assorlment of anaerobic bacterial 
species are often found in infected animal bites, as well as species of 
Staphylococcus, Streptococcus, and Corynebacterium. Bites by humans, 
mostly as a result of fighting, are also prone to serious infections. In 
fact , before antibiotic therapy became available, nearly 20% of 
victims of human bites on extremities required amputation-
currently only about 5% of cases require it. 

Cat-Scratch Disease 
Cat-scratch disease, although it receives little atten tion, is sur-
prisingly common. An estimated 22 ,000 or more cases occur 
annually in the United States, many more than the well-knO\vn 

• B. henulee .... . . ...... -• -
(' 

I I 
O.5pm 

Figure 23.10 Electron micrograph showing the location of 
Bartonella henselae within a red blood cell. Only a pore connects 
the bacterium with the eKtraceliular fluid. 

Q Why can 8. hensefae infection persist in cats? 

Lyme disease. People who own or are closely exposed to cats are 
at risk. The pathogen is an aerobic, gram -negative bacterium, 
Bar/Dilella henselae (bar' lo-nel-la hen'sel-i). Microscopy shows 
that the bacterium ca n inhabit the interior of some cat red 
blood cells. It is connected to the exterior of the cell and to the 
surrounding extracellu lar fluid by a pore (Figure 23.10) . 
Residen t there, the bacteria cause a persistent bacteremia in 
cats; it is estimaled that as many as 50% of domestic and feral 
(wi ld ) cats carry these bacteria in their blood. The primary 
mode of transmission is by th e scratch of a cat; it is uncertain 
whether bites of cats or of cat fleas transmit the disease to 
humans. But the presence of cat fleas is definitely a requi rement 
for the infection to be maintained among cats. B. hellselae mul-
tiplies in the digestive system of the cat flea and survives for 
several days in flea feces. Cal claws then become contaminated 
from flea feces. 

The initial sign is a papule at the infection site, which appears 
3 to 10 days after exposure. Swelling of the lymph nodes and usu-
ally malaise and fever follow in a couple of weeks. Cat-scratch 
disease is ordinarily sel f-limiting, with a duration of a few weeks, 
but in severe cases antibiotic therapy may be effective. 

Rat-Bite Fever 
In large urban areas (even in the United States), the rat population 
is not well controlled, and bites from rats are a fairly common 
occurrence-and may cause the disease of rat bite fever. At one 
time, the victims of rat biles were small children in substandard 
housing. Today, rats are popular as laboratory study animals and 
even as pets; potential patients are now often laboratory techni-
cians who handle rats as well as pet owners and pet store workers. 
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Figure 23.11 A case of bubonic plague. Bubonic plague is caused 
by infection with Yerslflia peStiS. This photograph shows a bubo (swollen 
lymph node) on the thigh of a pallen!. Swollen lymph nodes are a common 
indication of systemic infection. 

Q In what two ways is plague tmnsmined? 

Although about half of both wild and laboratory rats are known to 
carry the bacterial pathogens. only a minority of rat bites (about 
10%) result in discasc. 

There are two similar but disti nct diseases. In North America 
the more common disease, called streptobacillary rat bite fever, is 
caused by Streptobacillus mOllilliformis (when the pathogen is 
ingested, the disease is termed Haverhill fever). This is a filamen-
tous, gram-negative, highly pleomorphic, fastidious bacterium 
that is difficul t to culture, although isolation in culture is the best 
diagnostic method. The symptoms arc initially fever, chills, and 
muscle and joint pain, followed in a few days by a rash on the 
extremities. Occasionally there are more serious complications; if 
untreated, mortality is around 10%. 

The other bacterial pathogen causing ral bite fever is 
Spirillum minus. In this case, the disease is called spirillar fever; 
in Asia, where most cases occur, it is known as sodokrl. It is 
more likely to occur in bites by wild rodents. The symptoms 
are sim ilar to those of streptobacillary rat bite fever. Because 
the pathogen cannot be cultured, diagnosis is made by micro-
sco pic observation of the gram-negative, spiral-shaped 
bacterium. Treatment by penicillin or doxycycline is usually 
effective for both forms of rat-bite fever. 

Cardiovascular infections transmitted to humans by contact 
with other animals arc summarized in Diseases in Focus 23.2. 

CHECK YOUR UNDERSTANDING 

./ Bartonella hense/ae, the pathogen of cat-scratch disease. is 
capable of growth in what insect? 23-9 

Vector-Transmitted Diseases 
Vector-borne diseases of the cardiovascular system are summa-
rized in Diseases in Focus 23.3. 

Plague 
Few diseases have affected human history more dramatically 
than plague. known in the Middle Ages as the Black Death. This 
term comes from one of its characteristics, the dark blue areas of 
ski n caused by hemorrhages. 

The disease is caused by a gram-negative, rod-shaped 
bacterium, Yersillia pestis. Normally a disease of rats, plague is 
transmitted from one rat to another by the rat flea, Xenopsylla 
clreopis (ze-nop-sil 'Ia kc-o' pis) (sec Figure 12.32b, page 363). In the 
far West and Southwest, the disease is endemic in wild rodents, 
especially grou nd squirrels and prairie dogs. 

If its host dies, the flea seeks a replacement host, which may 
be another rodent or a human. It can jump about 3h inches. A 
plague-infected flea is hungry for a meal because the growth of 
the bacteria forms a biofilm that blocks the flea's digestive tract, 
and the blood the flea ingests is quickly regurgitated. An arthro-
pod vector is not always necessary for plague transmission. 
Con tact from the skinning of infected animals; scratches, bites, 
and licks by domestic cats; and similar incidents have been 
reported to cause infection. 

In the United States, exposure to plague is increasing, as res-
idential areas encroach on areas with infected animals. In parts of 
the world where human proximity to rats is common, infection 
from this source still prevails. 

From the flea bite, bacteria enter the human's bloodstream 
and proliferate in the lymph and blood. One factor in the 
virulence of the plague bacterium is its ability to survive and 
proliferate inside phagocytic cells rather than being destroyed 
by them. An increased number of highly virulent organisms 
eventually emerges, and an overwhelming infection result s. 
The lymph nodes in the groin and armpit become enlarged, 
and fever develops as the body's defenses react to the infection. 
Such swellings, called buboes, account fo r the name bubonic 
plague (Figure 23.11 ). This is the most common form, 
comprising 80-95% of cases today. The mortality rate of 
untreated bubonic plague is 50-75%. Death, if it occurs, is 
usually within less than a week after the appearance of 
symptoms. 

A particularly dangerous condition called septicemic 
plague arises when the bacteria enter the blood and prolifer-
ate, causing septic shock. Eventually, the blood carries the bac-
teria to the lungs, and a form of the disease called pneumonic 
plague results. The mortality rate for this type of plague is 
nearly 100%. Even today, this disease can rarel y be controlled 
if it is not recognized within 12 to 15 hours of the onset of 
fever. 



Protection against Bioterrorism 
The idea of biological weapons, or 
bioweapons-that IS, the use of living 
pathogens for hostile purposes-is not new. 
The earliest recorded use of biological war-
fare occurred in 1346. The Tartar army cata-
pulted plague-ridden bodies over the walls 
of Kalla (Ukraine). After the fall of Kaffa, 
survivors escaping the fallen city introduced 
plague into Europe. Thus began the plague 
pandemic of 1348-1350. During the Sino-
Japanese War (1937-1945). airplanes 
dropped canisters of fleas carrying Yersinia 
pestis on China. 

In 1979, Bacillus 8mhracis was being 
produced in Sverdlovsk (Soviet Union) when 
an accidental release of B. amhracis resul ted 
in 100 deaths in a 2-week period. 

Historically, biological weapons have 
been associated with military action. The 
use of biological agents to Intimidate civil-
ians and governments. bioterrorism, began 
late in the twentieth century. 

• In 1984, a religious cull attacked the 
people of The Dalles. Oregon. by inten-
tionally contaminating food in restau-
rants and supermarkets with Salmonella 
emerica. 

• In 1996, 15 people developed severe gas-
troententis requiring hospitalization when 
a laboratory worker intentionally contami-
nated pastries with Shigella dysemeriae. 

• In 2001, someone used the U.S. Postal 
Service to spread Bacillus amhracis in 
New York City and Washington. D.C. 

One of the problems with bioweapons is 
that they contain living organisms (see the 
table), so their impact is difficult to control 
or even predict. When the use of biological 
agents is considered a possibility. military 
personnel and first-responders (health care 
personnel and others) are vaccinated if a 
vaccine for the suspected agent exists. The 
current plan to protect civilians in the event 
of an attack wi th a microbe is illustrated by 
the smallpox preparedness plan. It is not 
practical to vaccinate everyone against 
smallpox. The U.S. government's current 
strategy following a confirmed smallpox 
outbreak includes "ring containment and 

voluntary vaccination." Ring containment 
consists of identifying people wi th the infec-
tion, vaccinating everyone who has had 
contact wi th them, and then vaccinating 
people in surrounding areas. 

It might not be possible to stop all wars. 
but the public health system is improving its 
ability to respond to bioweapons. Rapid 
tests to detect genetic changes In hosts 
due to bioweapons even before symptoms 
develop are being investigated. Early 
warning systems, such as DNA chips or 
recombinant cells that fluoresce (see the 
figure) in the presence of a bioweapon. are 
being developed. New vaccines are being 
developed, and existing vaccines are being 
stockpiled for use where needed. 

The bioweapons detector ca lled Canary uses B cells 
specific 10 a particular bacterium or virus. The B cells 
are engineered to emil light when they detect their 
target pathogen. 

The -ideal" bioweapoo is one that is disseminated by aerosol. is spread efficiently from human to 
human. causes a debilitating disease, and has no readily available treatment Lists of poteotial 
biological weapons usually contain the follOWIng organisms: ........ 
Bacillus anthracis 

BfUcella spp. 

Chlamydophila psl/taci 

Clostridium bo((llinum loxin 

Coxiella burnelii 

Francisella /l.Jlarensis 

Rickettsia prowazekii 

Shigella spp. 

Vibrio cholerae 

Yersinia pestis 

Vlru ... 

"Eradicated" polio and measles 

Encephalitis viruses 

Hemorrhagic fever viruses (Ebola. Marburg. Lassa) 

Innuenza A (1918 strain) 

Monkeypox 

Nipah virus 

Smallpox 

Yellow fever 



Infections from Animal Reservoirs Transmitted 
by Direct Contact 
Oifferential diagnosis is the process of identifying the disease from a list of possible diseases 
that fit the information derived from examining a patient. A differential diagnosis is important 
for providing initial treatment and for laboratory testing. The following diseases should be 
included in the differential diagnosis of patients with exposure to animals. For example, a 
lO-year-old girl was admitted to a local hospital after having fever (40°C) for 12 days and back 
pain for 8 days. Bacteria could not be cultured from tissues. She had a recent history of dog 
and cat scratches. She recovered without treatment. Use the table below to identify infections 
that could cause these symptoms. For the solution, go to www.microbiologyplace.com. 

The patient's infected SCrlltch. 

Disease Pathogen 

BACTERIAL DISEASES 

Brucellosis Brucella spp. 

Anthrax Bacillus anthracis 

Animal bites Pasteurella multocida 

Rat·bite fever Streptobacillus moniliformis, 
Spirillum minus 

Cat·scratch disease Bartonella henselae 

PROTOZOAN DISEASE 

Toxoplasmosis Toxoplasma gondii 

Symptoms Reservoir 

Local abscess; undulating fever Grazing mammals 

Papule (cutaneous): bloody diarrhea Soil; large grazing 
(gastrointestinal): septic shock mammals 
(inhalational) 

Local infection; sepsis Animal mouths 

Sepsis Rats 

Prolonged fever Domestic cats 

Mild disease: initial infection acquired Domestic cats 
during pregnancy can be damaging 
to fetus; serious illness in AIDS 
patients 

Method of 
TransmlslHon 

Direct 
contact 

Direct contact; 
ingestion: 
inhalation 

Dog/cat bites 

Rat bites 

Cat bites or 
scratch, fleas 

Ingestion 

Treatment 

Tetracycline. 
streptomycin 

Ciprofloxacin: 
doxycycline 

Penicillin 

Penicillin 

Antibiotics 

Pyrimethamine. 
sulfadiazine and 
folinic acid 

Pneumonic plague is easily spread by ai rborne droplets from 
humans or animals. Great care must be taken to prevent airborne 
infection of people in contact with patients. 

Europe was ravaged by repeated pandemics of plague; from the 
years 542 to 767, outbreaks occurred repeatedly in cycles of a few 
years. After a lapse of centuries, the disease reappeared in devastat-
ing form in the fourteenth and fifteenth centuries. It is estimated to 
have killed more than 25% of the population, resulting in lasting 
effects on the social and economic structure of Europe. A nine-
teenth-century pandemic primarily affected Asiatic countries; 12 
million are estimated to have died in India. The last major rat-asso-
ciated urban outbreak in the United States occurred in Los Angeles 
in 1924 and 1925. Following this, the disease became a rarity until 
it reappeared in 1965 on the Navajo reservation in the Southwest. 

Plague, once established in the ground squirrel and prairie dog 
communities in this area, has gradually spread over much of the 
western states (Figure 23.12). A peak incidence of 40 cases occurred 
in 1983. A few cases have also arisen from cats, a new animal reser-
voir, and one from urban tree squirrels. 
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Plague has been most common ly diagnosed by isolating the 
bacterium and then sending it to a laboratory for identification. 
A rapid diagnostic test, however, can reliably detect the presence 
of the capsular antigen of Y. pestis in blood and other tluids of 
patients within 15 minutes even under remote field conditions. 
People exposed to infection can be given prophylactic antibiot-
ic protection. A number of antibiotics, including streptomycin 
and tetracycline, are effective. Recovery from the disease confers 
reliable immunity. A vaccine is available for people likely to 



Infections Transmitted by Vectors 
Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that lit the information derived from examining a patienl A differential diagnosis is important 
for providing ini tial treatment and for laboratory testing. The following diseases should be con-
sidered in the differential diagnosis of patients with a history of tick and insect bi tes or who 
have traveled to endemic countries. These diseases are all prevented by controlling exposure 
to insect and tick bites. For example, a 22-year-old soldier returning from a tour of duty in Iraq 
had three painless skin ulcers. She reported being bitten by insects every nigh\. Ovoid, 
protozoa-like bodies were observed within her macrophages by examination with a light 
microscope, Use the table below to identify infections that could cause these symptoms. For 
the solution, go to www.microbiologyplace.com. 

A macrophage pracllCally fdled Wlth OVOId 
cells. 

I I 

DI ... .. Pothogen 5)mptOms R ... rwNf Method of Transmission Treatment 

BACTERIAL DISEASES 

Tularemia Francisella tularensis Local infection; Rabbits: ground Direct contact with infected Tetracycline 
pneumonia squirrels animals. deer fly bite; inhalation 

Plague Yersinia pestis Enlarged lymph nodes; Rodents Fleas: inhalation Streptomycin: 
septic shock tetracycl ine 

Relapsing fever Borrelia spp. Series of fever peaks Rodents Soft ticks Tetracycl ine 

Lyme disease Borrelia BUll's-eye rash: Field mice; deer Ixodes ticks Antibiotics 
burgdorferi neurologic symptoms 

Ehrtichiosis and Ehr/ichia, spp. Flulike 0 •• " TIcks Tetracycline 
Anaplasmosis Anaplasma spp. 

Epidemic typhus RICkettsia High lever. stupor. rash Squirrels Pediculus humanus corporis Tetracycline: 
prowazekii louse chloramphenicol 

Endemic murine Rickettsia typhi Fever: rash Rodents Xenopsylla cheopsis flea Tetracycline: 
typhus chloramphenicol 

Rocky mountain Rickettsia rickettsii Macular rash: fever; TIcks: small Dermacentor l icks TetracyCline, 
spon ed fever headache mammals chloramphenicol 

VIRAL DtSEASE 

Chikungunya fever Chickungunya virus Fever: joint pain Humans Mosquitoes Supportive 

PROTOZOAN DISEASES 

Chagas' disease Trypanosoma cruzi Damage to heart muscle Rodents, Reduviid bug NifurtimOll 
(American or peristaltic movement opossums 
trypanosomiasis) of gastrointestinal tract 

M alar ia Plasmodium spp. Fever and chills at intervals Humans Anopheles mosquito Chloroquine 

Leishmaniasis Leishmania spp. L donovan; : systemic Small mammals Sandfty Antimony 
disease; L tropica: skin compounds 
sores: L braziliensis ; 
disfiguring damage to 
mucous membranes 

Babesiosis Babesia microli Fever and chills at Rodents Ixodes ticks Atovaquone and 
intervals azithromycin 

651 
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o 

o 

1 case 17-23 cases 

2-6 cases 24 or more cases 

7-16 cases 

Figure 23.12 The U.S. geographic distribution of human 
plague, 1970-2004. 
Source.· CDC. 2007. 

Q What area reporting plague is closest to you? 

come into contact with infected fleas during field operations or 
for laboratory workers exposed to the pathogen. 

Relapsing Fever 
Except for the species that causes Lyme disease (discussed 
below), all members of the spirochete genus Borrelia cause 
relapsing fever. In the United States, the disease is transmitted 
by soft ticks that feed on rodents. The incidence of relapsing 

fever increases during the summer months, when the activity of 
rodents and arthropods increases. 

The disease is characterized by fever, sometimes in excess of 
40.5°C, jaundice, and rose-colored skin spots. After 3 to 5 days, 
the fever subsides. Three or four relapses may occur, each short-
er and less severe than the initial feve r. Each recurrence is caused 
by a different antigenic type of the spirochete, which evades 
existing immunity. Diagnosis is made by observing the bacteria 
in the patient's blood, which is unusual for a spirochete disease. 
Tetracycline is effective for treatment. 

Lyme Disease (Lyme Borreliosis) 
In 1975, a cluster of disease cases in young people that was first 
diagnosed as rheumatoid arthritis was reported near the ci ty of 
Lyme, Connecticut. The seasonal occurrence (summer months), 
lack of contagiousness among family members, and descriptions 
of an unusual skin rash that appeared several weeks before the first 
symptoms suggested a tickborne d isease. In 1983, a spirochete that 
was later named Borrelia burgdorferi was identified as the cause. 
Lyme disease may now be the most common tickborne disease in 
the United States. In Europe and Asia, the disease is usually known 
as Lyme borreliosis. Often, in these locales the tick and Borrelia 
species differ from those in the United States. Tens of thousands of 
cases are reported annually. In the United States, Lyme disease is 
most prevalent on the Atlantic coast (Figure 23.13). 

Field mice are the most important animal reservoir. The 
nymphal stage of the tick feeds on infected mice and is the most 
likely to infec t humans, even though adult ticks arc about twice 
as likely to carry the bacterial pathogen . This is because 
nymphal ticks are small and less likely to be noticed before the 
infection is transm itted. Deer are important in mai ntenance of 
the disease because the ticks feed and mate on them . However, 
they arc less likely than mice to carry nymphs or to infect them. 

The tick (one of two Ixodes species) feeds three times during 
its life cycle (Figure 23.14a) . The first and second feedings, as a 
larva and then as a nymph, are usually on a field mouse. The 
third feeding, as an adult, is usually on a deer. These feedings are 
separated by several months, and the abili ty of the spirochete to 

Figure 23.13 Lyme disease in the United States, 
reported cases by county, 2005. 
Source: CDC, MMWR 56(23):575. June 15. 2007. 

Q What factors are responsible for the geographic distribu-
tion of Lyme disease? 
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Life cycle of the tick vector of Lyme disease 

Adults feed on 
deer and 

o Female tick 
lays 

. ;,,;. "', .. · ; .. '., ' · ". " .' , . .. ' . , .. · . . . 

o Uninlected six- legged larva 
hatches from egg and develops. 

Larva feeds on 
small animal. 
becoming 
infected. 

Year 1-Spring 

Fall and Winter 

o Nymph develops 
inlo aduillick. 

Summer 

Summer 

Fall and Winter 

Year 2- Sprlng o Nymph leeds on 
animal or human, 
transmitting infection. 

(a) The tick. Ixodes scapularis. has a 2-year life 
cycle in which it requires three blood meals. The 
tick is infected by its first bfood meal and can 
pass on the infection to a human in its second. 

Steel pin head 

(b) The small size 
of the tick makes 
its detection on Ihe 
body difficult. 

Figure 23.14 Life cycle of the tick vector of Lyme disease. 

Q What other diseases are transmitted by ticks? 

remain viable in the disease-tolerant field mice is crucial 10 

maintaining the disease in the wild. 
On humans, the ticks usually attach from a perch on shrubs 

or grass. They do not feed for about 24 hours, and il usually 
requires 2 or 3 days of attachment before transfer of bacteria 
and infection occur. Probably only about 1 % of tick bites result 
in Lyme disease. 

o Larva develops into 
eight-legged nymph. 

(c) The cause 01 
disease, Borrelia 

Larva is 
dormant. 

On the Pacific coast, the tick that transmits Lyme disease is the 
western black-legged tick Ixodes pacifiClis (iks-o' des pas-i' fi-kus) 
(see also Figure 12 .31, page 362). In the rest of the country. Ixodes 
scaplilaris (scap-ii.-liir'is) is most often responsible. This laller tick 
is so small that it is often missed (Figure 23.14b). On the Atlantic 
coast, almost all Ixodes ticks carry the spirochete (Figure 23.14c); 
on the Pacific coast, few are infected because that tick feeds o n 
lizards thai do not carry the spirochete effectively. 



654 PART FOUR Microorganisms and Human Disease 

Figure 23.15 The common bull 's-eye rash of Lyme disease. 
The rash is not always this obvious. 

Q What symptoms occur once the msh fades? 

The fi rst symptom of Lyme disease is usually a rash that 
appears at the bite site. It is a red area that clears in the center as 
it expands to a final diameter of about 15 cm (Figure 23.15). This 
distinctive rash occurs in about 75% of cases. Flulike symptoms 
appear in a couple of weeks as the rash fades. Antibiotics taken 
during this interval are very effective in limiting the disease. 

During a second phase, in the absence of effective treatment, 
there is often evidence that the heart is affected. The heartbeat 
may become so irregular that a pacemaker is required. 
Incapacitating, chronic neurological symptoms, such as facial 
paralysis, meningitis, and encephalitis, may be seen . In a th ird 
phase, months o r years later, some patients develop arthritis that 
may affect them for years. Immune responses to the presence of 
the bacteria are probably the cause of this joint damage. Many 
of the symptoms of long-term Lyme disease resemble those of 
the later stages of syphilis, also caused by a spirochete. 

Diagnosis of Lyme disease depends partly on the symptoms 
and an index of suspicion based on the prevalence in the geo-
graphic area. Physicians are cautioned that serological tes ts must 
be interpreted in conjunction with clinical symptoms and the 
llkelihood of exposure to infection . Serological tests are challeng-
ing to interpret, and following a positive initial ELISA (page 51 4) 
or indirect fluorescent -antibody (FA) test (page 513), confirma-
tion should be attempted with a Western immunoblot test 
(page 516). Also, after effective antibiotic treatment eliminates 
the bacteria, antibodies-even IgM antibodies-often persist for 
years and may confuse later attempts at diagnosis. 

Several antibiotics are effective in treating the disease, 
although in the later stages, large amounts may be needed. 

Ehrlichiosis and Anaplasmosis 
Human monocytotropic ehrlichiosis (HME) is caused by 
Ehrlichia chafeensis (er'lik-e-it chafe-en-sis). This is a gram-
negative, ricket tsia-like, obligately intracellular bacterium. 

Aggregates of bacteria-called lIlorl/lae, the Latin word for 
mulberry- form within the cytoplasm of monocytes. E. chafeensis 
was first observed in a human case in 1986; previously it had been 
considered a solely veterinary pathogen. HME is a tickborne dis-
ease; the common name for the usual vector is the Lone Star tick. 
Cases occasionally occur where this tick is not found, so there may 
be other vectors. The white-tailed deer is the main animal reser-
voir, but it does not show signs of illness. 

A similar tickborne disease, human granulocytic anaplas-
mosis (HGA). was formerly called hllman granulocytic (hrlichio-
sis. The change occurred when the causative organism, an obli -
gate intracellular bacterium forme rly grouped with the ehrlichia, 
was renamed Anaplasma phagocytoplrilulIl (an'it-plaz-mit f<ig'o-
si -to-fi'lum) . The tick vector is Ixodes scapularis, the same genus 
of vector as Lyme disease and babesiosis (page 350). 

The symptoms of these diseases are identical, and HGA was 
identified only when a case occurred in Wisconsin, where the 
Lone Star tick was unknown. Patients suffer from a flullke disease 
with h igh fever and headache; there is a significant fatality ra te 
(less than 5%). The diseases probably occur with a frequency 
much higher than reported . Cases of HME and HGA are both 
widespread and sometimes geographically overlap. Once either 
disease is suspected (often from detection of morulae in blood 
smea rs), diagnosis is usually by the indirect FA test for HME and 
a polymerase chain reaction (PCR) test (page 25 I) for HGA. 
Therapy with ant ibiotics such as tetracycline is usually effective. 

Typhus 
The va rious typhus diseases are caused by rickettsias, bacteria 
that arc obllgate intracellular parasites of eu karyotes. Rickettsias, 
which are spread by arthropod vectors, infect mostly the 
endothelial cells of the vascular system and multiply within 
them . The resulting inflammation causes local blockage and rup -
ture of the small blood vessels. 

Epidemic Typhus Epidemic typhus (louseborne typhus) is 
caused by Rickettsia prowazekii and carried by the human body 
louse Pediculus humal/us corporis (ped-ik'u-lus hli'ma -nus 
kOr'p6-ris) (see Figure 12.32a, page 363). The pathogen grows in 
the gastrointestinal tract of the louse and is excreted by it . It is 
transmitted when the feces of the louse are rubbed into the 
wound when the bitten host scratches the bite. The disease ca n 
flourish only in crowded and unsanitary surroundings, when llce 
can transfer readily from an infected host to a new host. Anne 
Frank, the teenaged writer of the famed World War II diary, died 
of typhus contracted in concentration camp conditions. 

Epidemic typhus disease produces a high and prolonged 
fever that lasts at least 2 weeks. Stu por and a rash of small red 
spots caused by subcutaneous hemorrhaging are characteristic, 
as the rickettsias invade blood vessel linings. Mortality rates are 
very high when the disease is untreated. 

Tetracycline and chloramphenicol are usually effective 
against epidemic typhus, but eliminating cond itions in which the 
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disease flourishes is more important. The microbe is considered 
especially hazardous, and attempts to culture it requ ire extreme 
care. Vaccines are available for military populations, wh ich 
historically have been highly susceptible to the disease. 

Endemic Murine Typhus Endemic murine typhus occurs spo-
radically rather than in epidemics. The term murine (derived 
from Latin for mouse) refers to the fact that rodents, such as rats 
and squirrels, are the common hosts fo r this type of typhus. 
Endemic murine typhus is transmitted by the rat flea Xenopsylla 
cheopis (see Figure 12.32b, page 363), and the pathogen respon-
sible fo r the d isease is Rickettsia typhi, a common inhabitant of 
rats. With a mortality rate of less than 5%, the disease is consid-
erably less severe than the epidemic form of typhus. Except for 
the reduced severity of the disease, endemic murine typhus is 
clinically indistinguishable from epidemic typhus. Tetracycline 
and chloramphenicol are effective treatments fo r endemic 
murine typhus, and rat control is the best preventive measure. 

Spotted Fevers Tickborne typhus, or Rocky Mountain spo«ed 
fever, is probably the best-known rickettsial disease in the 
United States. It is caused by Rickettsia rickettsii. Despite its name 
(i t was first recognized in the Rocky Mountain area), it is most 
common in the southeastern states and Appalachia 
(Figure 23.16). This rickettsia is a parasite of ticks and is usually 
passed from one generation of ticks to another through their 
eggs, a mechanism called transovarian passage (Figure 23.17). 
Surveys show that in endemic areas, perhaps lout of every 1000 
ticks is infected . In different parts of the United States, different 
ticks arc invo lved- in the west, the wood tick Dermacelltor 
andersoni (der-ma -sen' t6r an -der-s6n'e ); in the east, the dog 
tick Dermacentor variabilis (var-e-a'bil-is). 

About a week after the tick bites, a macular rash develops 
that is sometimes mistaken for measles (Figure 23.18); however, 
it often appears on palms and soles, where viral rashes do not 
occur. The rash is accompanied by fever and headache. Death, 
which occurs in about 3% of the approximately 1000 cases 
reported each year, is usually caused by kidney and heart failure. 

Serological tests do not become positive until late in the ill-
ness. Diagnosis before the typical rash appears is difficult; symp-
toms vary widely. Also, on dark-skinned individuals, the rash is 
difficult to see. A misdiagnosis can be costly; if treatment is not 
prompt and correct, the mortality rate is about 20%. 

Antibiotics such as te tracycline and chloramphenicol are very 
effective if administered early enough . No vaccine is available. 

CHECK YOUR UNOERSTANOING 

..r Why is the plague-infected flea so eager to feed on a mammal? 
23-10 

..r What animal does the infecting tick feed on just before it trans-
mits Lyme disease to a human? 23-11 

..r Which disease is tickbome: epidemiC typhus. endemic murine 
typhus. or Rocky Mountain spotted fever? 23-12 

'" Cases per 1,000.000 population 
0 0 1- 14 . <:!15 

Figure 23.16 The U.S. geographic distribution of Rocky 
Mountain spotted fever (tickbome typhus) 1997-2002. 
Source.' CDC. 2007. 

Q Geographically, is this a disease of rural or urban areas? 

Viral Diseases of the Cardiovascular 
and lymphatic Systems 
LEARNING OBJECTIVE 
23-13 Describe the epidemiologies of Burkitt's lymphoma, infectious 

mononucleosis. and CMV inclusion disease, 

23-14 Compare and contrast the causative agents, vectors. reservoirs, 
and symptoms of ye llow fever. dengue. dengue hemorrhagic 
fever. and chikungunya fever, 

23-15 Compare and contrast the causative agents, reservoirs. and 
symptoms of Ebola hemorrhagic fever and Hamavirus pulmonary 
syndrome. 

Viruses cause a number of cardiovascular and lym phatic diseases, 
prevalent mostly in tropical areas. However, one viral disease of 
this type, infectious mononucleosis, is an especially familiar infec-
tious disease among American college-aged individuals. 

Burkitt's lymphoma 
In the 1950s, Denis Burkitt, an Irish physician working in eastern 
Africa, noticed the frequent occurrence in children of a fast -
growing tumor of the jaw (Figure 23.19). Known as Burkitfs 
lymphoma, this is the most common childhood cancer in Africa. 
It has a limited geographic distribution similar to that of malaria 
in central Africa. 

Burkitt suspected a viral cause o f the tumor and a mosquito 
vecto r. At that time, there was no known virus that caused 
human cancer, although several viruses were clearly associated 
with animal cancers. I ntrigued by this possibility, in 1964 British 
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Life cycle of the tick vector of Rocky Mountain spotted fever 

/-- -,0 An infected aduft o Adult takes another 
blood meal and mates. 

female tick (Dermacentor 
spp.) lays eggs. 

Adult female 

Nymph takes blood 
meal from human. infecting 
him or her. and then develops 
into 

Nymph 

o Six-legged larva takes 
blood meal from small 
mammal, infecting it, and 
then develops into nymph. 

o Eggs hatch and 
six-legged larvae 

"/_ ,;:eveIOP. 

Figure 23.17 The life cycle of the tick vector (Dermacentor spp.) of Rocky Mountain 
spotted fever. Mammals are not essential to survival of the pathogen, Rickettsia rickettsil in the tick 
popUlation; the bacteria may be passed by transovarian passage, so new ticks are infected upon 
hatching. A blood meal is required for ticks to advance to the next stage in the life cycle. 

Q What is meant by tronsovar;an passage? 

virologist Tony Epstein and his student, Yvonne Barr, performed 
biopsies on the tumors. A virus was cultured from this material, 
and the electron microscope showed a herpeslike virus in the 
culture cells; it was named the Epstein-Barr virus (EB virus). The 
official name of this virus is human herpesvirus 4. 

EB virus is clearly associated with Burkitt's lymphoma, but the 
mechanism by which it causes the tumor is not understood. 
Research eventually showed, however, that mosquitoes do not 
transmit the virus or the disease. Instead, mosquito-borne malar-
ial infections apparently foster the development of Burkitt's lym-
phoma by impairing the immune response to EB virus, which is 
almost universally present in human adults worldwide. The virus 
has, in fact, become so adapted to humans that it is one of our 
most effective parasites. It establishes a lifelong infection in most 
people (Figure 23.20) that is harmless and rarely causes disease. 

In areas without endemic malaria, such as the United States, 
Burkitt's lymphoma is rare and is usually abdominal. The 
appearance of the lymphoma in AIDS patients is an indication of 

the importance of immune surveillance in preventing expression 
of the disease. 

CHECK YOUR UNDERSTANDING 

"" Although not a disease with an insect vector. why is Burkitt's 
lymphoma most commonly a disease found in malarial 
areas? 23-13 

Infectious Mononucleosis 
The identification of EB virus as the cause of infectious mononu-
cleosis, or mono, resulted from one of the accidental discoveries 
that often advance science. A technician in a laboratory investigat-
ing EB virus served as a negative control for the virus. While on 
vacation, she contracted an infection characterized by fever, sore 
throat, swollen lymph nodes in the neck, and general weakness. 
The most interesting aspect of the technician's disease was that she 
now tested serologically positive for EB virus. It was soon 
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Figure 23.18 The rash caused by Rocky Mountain spotted 
fever. This rash is often mistaken for measles. People with dark skin have 
a higher mortality rate because the rash is often not recognized early 
enough for effective treatment. 

Q How can Rocky Mountain spoued fever be prevented? 

confirmed that the same virus that is associated with Burkitt's lym-
phoma also causes almost all cases of infectious mononucleosis. 

[n developing parts of the world, infection with EB virus 
occurs in early childhood, and 90% of the children over age 4 
have acquired antibodies. Nearly 20% of adults in the United 
States carry EB virus in oral secretions. Childhood EB virus 
infections are usually asymptomatic, but if infection is delayed 
un til young adulthood, as is often the case in the United States, 
the result is more symptomatic probably because of an intense 
immunological response. The peak U.S. incidence of the disease 
occurs at about age 15 to 25. A principal cause of the rare deaths 
is rupture of the enlarged spleen (a common response to a 
systemic infection ) d uring vigorous activity. Recovery is usually 
complete in a few weeks, and immunity is permanent. 

The usual route of infection is by the transfer of saliva by 
kissing or, for example, by sharing drinking vessels. 11 does not 
spread among casual household contacts, so aerosol transmis-
sion is unl ikely. The incubation period before appearance of 
symptoms is 4 to 7 weeks. 

EB virus maintains a persistent infection in the oropharynx 
(mouth and throat), which accounts for its presence in saliva. 11 
is probable that resting memory B cells (see Figure 17.5, 
page 483) located in lymphoid tissue are the primary site of 
replication and persistence. Most of the symptoms are attributed 
to responses of T cells to the infection. 

The disease name mononucleosis refers to lymphocytes with 
unusual lobed nuclei that proliferate in the blood during the acute 
infection. The infected B cells produce nonspecific antibodies 
called heterophil antibodies. If this test is negative, the symptoms 
may be caused by cytomegalovirus (see page 658) or several other 
disease conditions. A fluorescent-antibody test that detects IgM 
antibodies against EB virus is the most specific diagnostic method. 
There is no recommended specific therapy for most patients. 

Figure 23.19 A child with Burkitt's lymphoma. Cancerous tumors 
of the jaw caused by Epstein-Barr virus (EB virus) are seen mainly in 
children. This child was successfully treated. 

Q What is the relationship between malarial areas and areas with 
BurKitt's lymphoma? 
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Figure 23.20 The typical U.S. prevalence of antibodies against 
Epstein-BaIT virus (EB virus), cytomegalovirus (CMV), and 
Toxoplasma gondii (TOXO) by age. 
Source. Laooratory Managemel'lt, june 1987, pp. 2311. 

Q To judge from this graph, which of these diseases is more likely to 
result from early-childhood infections? 

Other Diseases and Epstein-Barr Virus 
We have just discussed two diseases, Burkitt's lymphoma and 
infectious mononucleosis, fo r which there is a clear association 
with EB virus. There is a lengthy list of diseases for which there 
is a suspected, but not proven, relationship with EB virus. Some 
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of the more familiar of these include multiple sclerosis 
(autoimmune attack on the nervous system), Hodgkin's disease 
(tumors of the spleen, lymph nodes, or liver), and 
nasopharyngeal (nose and pharynx) cancer among certain 
ethnic groups in southeast Asia and Inuits. 

Cytomegalovirus Infections 
Almost all of us will become infected with cytomegalovirus 
(CMV) during our lifetime. The CMV is a very large herpes-
virus that, much like the Epstein-Barr virus, remains latent 
in white blood cells, such as monocytes, neutrophlls, and T cells. 
It is not much affected by the immune system, replicating very 
slowly and escaping antibody action by moving between cells 
that are in contact. Carriers of the virus may shed it in body 
secretions such as saliva, semen, and breast milk. When CMV 
infects a cell, it causes the formatlon of distlnctive inclusion 
bodies that are visible by microscopy. When these bodies occur 
in pairs, they are known as "owl's eyes" and are useful in diagno -
sis. These inclusion bodies were first reported in 1905 in certain 
cells of newborn infan ts affected with congenital abnormallties. 
The cells were also enlarged, a conditlon known as cytomegaly, 
from which the virus eventually received its name. This disease 
of the newborns was given the name of cytomegalic inclusion dis-
ease (eID). The inclusion bodies were originally thought to be 
stages in the life cycle of a protozoan, and a viral cause of the 
disease was not proposed untll 1925. The cytomegalovirus was 
not isolated untll some 30 yea rs aft er that. The official name is 
human herpesvirus 5. 

In the United States, about 8000 infants each year are born suf-
fering symptomatic damage from CID, the most serious of which 
includes severe mental re tardation or hearing loss. If the mother is 
already infected before conception, the ra te of transmission to a 
fetus is less than 2%, but if the primary infection occurs during 
pregnancy, the rate of transmission is in the range of 40-50%. Tests 
to determine the immune status of the mother arc avallable, and it 
is recommended that physicians determine the immune status of 
female patients of childbearing age. All non -immune women 
should be informed of the risks of infection du ring pregnancy. 

In healthy adults, acquiring a CMV infection causes either no 
symptoms or those resembling a mild case of infectious mononucle-
osis. It has been said that if CMV were accompanied by a skin rash, 
it would be one of the better-known childhood diseases. It is there-
fore not surprising, given that 80% of the population of the United 
States is estimated to carry the virus, that CMV is a common oppor-
tunistic pathogen in persons whose immune system has become 
compromised. Figure 23.20 shows the prevalence of antlbodies 
against CMV, Epstein-Barr virus, and Toxoplasma gOlldii (page 661). 
In developing parts of the world, infection rates of CMV approach 
100%. For immunocompromised individuals, CMV is a frequent 
cause of a Me-threatening pneumonia, but almost any organ can be 
affected. About 85% of AIDS patients exhibit a CMV-causcd eye 
infection, cytomegalovirus retinitis. Without treatment, it results in 

eventual loss of vision. Several antiviral agents, such as ganciclovir 
and the antisense drug fomivirsen, are effective, but treatment must 
be Ilfelong. Such antiviral drugs are also used to treat other 
CMV-caused diseases. 

CMV is transmitted mostly by activities that result in con -
tact with body fluids that contain the ViTUS, such as kissing, and 
is very common among chlld ren in day-care settings. It can 
also be transmitted sexually, by transfused blood, and by trans-
planted tissue. Transmission by transfused blood can be elimi-
nated by filtering out the white cells from the blood or by 
serological testing of the donor for the virus. Transpla nted 
tissue is usually tested for the virus, and products are now avall-
able that contain antibodies to neutralize CMV present in 
donated tissue. Vaccines arc under development, but none is 
currently available. 

Chikungunya Fever 
The recent introduction of the West Nile virus into the United 
States has shown that a tropical mosquito-borne disease can 
spread in temperate climates. Rapid travel and climatic warm-
ing, among other factors, are making similar vector-borne 
diseases a global phenomenon . Another tropical disease now 
causing concern is chikungunya fever (the name sounds like 
"chicken-gun' ya:' but the disease is often referred to simply as 
chik.) The name comes from an African language and means 
"that which bends up." The symptoms are a high feve r and 
severe, crippllng joint pains-especially in the wrists, fingers, 
and ankles- that can persist for weeks or months. There is 
often a rash and even massive blisters. The death rate is very 
low. The vector is the Aedes mosquito, prima rily Aedes aegypti 
(a'e-dez e-jip'te), which spreads the disease widely in Asia and 
Africa. Recent outbreaks have also been caused by A. albopicflls 
(al-bo-pik'tus). A mutation in the virus, which is related to the 
virus causing western equine encephalitis (WEE) and eastern 
equine encephalitis (EEE) (page 624), has adapted the virus to 
multiply in this insect. It is uncertain whether there is an ani-
mal reservoir. An outbreak has already occurred in Italy. 

A. albopictlls is also known as the Asian tiger mosquito 
because of its bright white stripes. Well adapted to urban settle-
ments, it also survives cold climates and will probably become 
establlshed eventually even in the northern parts of the United 
States and the coastal areas of Scandinavia . Because it is an 
extremely aggressive dayt ime biter, it is a serious nuisance for 
outdoor activities. Of greater concern to health officials is that 
A. albopicflls is known, so far, to transmit both chikungungya 
fever and dengue, a disease that will be discussed shortly. 

Classic Viral Hemorrhagic Fevers 
Most hemorrhagic fevers are zoonotic d iseases; they appear in 
humans only from infectious contact with their normal animal 
hosts. Some of them have been medically familiar for so long that 
they are considered "classic" hemorrhagic fevers. First among 
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these is yellow fever. The yellow feYer yirus is injected into the 
skin by a mosquito, A. aegypti. 

In the early stages of severe C.1seS of the disease, the person expe-
riences fever, chills, and headache, followed by nausea and vomiting. 
This stage is followed by jaundice. a yellowing of the skin that gave 
the disease its name. This coloration rct1ects liver damage. which 
results in the deposit of bile pigments in the skin and mucous mem-
branes. The mortality rate fo r yellow fever is high, about 20%. 

Yellow fever is still endemic in many tropical areas, such as 
Central America, tropical South America, and Central Africa. At 
one time, the disease was endemic in the United States and 
occurred as far north as Philadelphia. The last U.S. case of ye-llow 
fe ver occurred in Louisiana in 1905 during an outbreak that 
resulted in about 1000 dea ths. Mosquito eradication campaigns 
in itiated by the U.s. Army surgeon Walter Reed were effective in 
eliminating yellow fever in the United States. 

Monkeys are a natural reservoir for the virus, but human-
to-human transmission can maintain the disease. Local control 
of mosquitoes and im munization of the exposed populat ion 
a rc effective controls in urban areas. 

Diagnosis is usually by clinical signs, but it can be confirmed 
bya rise in ant ibody titer or isolation of the virus from the blood. 
There is no specific tre-atm ent for yellow fever. The vaccine is an 
attenuated live vi ral strain and yields a very effective immunity. 

Dengue (den 'ghee) is a similar but milder viral disease also 
transmitted by mosquitoes. This disease is endemic in the 
Ca ribbean and other tropical environments, where an estimat-
ed 100 million cases occur each year. It is characterized by fe-vcr, 
severe muscle and joint pa in, and rash. Except for the painful 
symptoms, which have led to the nam e breakbone fever, clas-
sic dengue fever is a reiativcly mild disease and is rarely fatal. 

The countries surrounding the Caribbean are reporting an 
increasing number of cases of dengue. In most years, more than 
100 cases are imported into the United States, mostly by travel-
ers from the Caribbean and Sou th America . The disease docs 
not appear to have an animal reservoir. The mosquito vector for 
dengue is common in the Gulf states, and there is some worry 
that the virus will sooner o r later be introduced into this region 
and become endemic. Health officials arc concerned about the 
American introduction of an Asian mosquito, A. ulbopictrls (see 
page 658) an efficient vector for the virus. Control measures are 
directed at eliminating Aedes mosquitoes. 

A seyere form of dengue, dengue hemorrhagic fever (DHF), 
is probably caused when antibodies from a previous infection 
combine with the virus. DHF can induce shock in the victim 
(usually a child) and kill in a few hours; it is a leading cause of 
death among southeast Asian children. Outbreaks have also 
occurred in Mcxico, South America, and the Caribbcan. 

CHECK YOUR UNDERSTANDING 

,.f Why is the mosquito Aedes albopictus a special concern to the 
populations of temperate climates? 23-14 

- , , 
.... 250nm 

Figure 23.21 Ebola hemorrhagic virus. The VIruses cauSIng Ebota 
hemorrhagic fever are shown here. They disrupt the blood clolllng system. 

Q Can you see why the Ebola virus is called a fltovirus? 

Emerging Viral Hemorrhagic Fevers 

A Certain othcr hemorrhagic diseases are considered 
new or "emerging" hemorrhagic fevcrs. In 1967,31 

people becamc ill and 7 died after contact with some African 
monkeys thai were imported into Europe. The virus was 
strangely shaped (in the form of a filament [filovirusesJ) and 
was named for the site of the ou tbreak in Germany. the 
Marburg virus. The symptoms of infection by hemorrhagic 
viruses are mild at first; headache and muscle pain. But after a 
few days the victim suffers from high fever and begins vomiting 
blood and bleeding profusely, both in ternally and from external 
openings such as the nose and eyes. Death comes in a few days 
from organ failure and shock. 

A sim ilar hemorrhagic fever, lassa fever. appeared in Africa 
in 1969 and was traced to a rodent resen ·oir. The virus, an 
arenavirus, is present in the rodent 's urine and is the sou rce of 
human infections. O utbreaks of Lassa fever have killed thousands. 
Seven years later, outbreaks in Africa of another highly lethal 
hemorrhagic fever, caused by a filovi rus similar to the Marburg 
virus, caused a disease with a mortality approaching 90%. Named 
Ebola virus for a regional river, this is now a well-publicized 
disease, the subject of films and books (Figure 23.21 ). 

The nillural host reservoir for the Ebola virus is probably a fruit 
bat, which is used as food and is no t acutely affected by the virus it 
carries. Once a human is infected and shedding blood, the infection 
is spread by contact with the blood and body flu ids and in many 
cases by the reuse of needles used on patients. The local custom of 
washing the body before burial often triggers new infections. 

South America has several hemorrhagic fevers caused by 
Lassa-like viruses (arenaviruses) that are maintained in the rodent 
populat ion. Argentine and Bolivian hemorrhagic fevers are 
transmitted in rural areas by contact with rodent excretions. A 
recent handful of deaths in California have been attributed to the 
Whitewater Arroyo virus, an arenavirus with a reservoir in wood 



Viral Hemorrhagic Fevers 
Viral hemorrhagiC fevers are endemic in tropical countries where, except for dengue, they are 
found in small mammals. However. increasing international travel has resul ted in importation 
of these viruses into the United States. There is no treatment. 

Differential diagnosis is the process of identifying the disease from a list of possible dis-
eases that fit the information derived from examining a patient. A differential diagnosis is 
important for providing inilial l realment and for laboratory testing. The Special 
Pathogens Branch has specialized containment facilities to confirm diagnosis of viral hemor-
rhagic fevers by serology, nucleic acids, and virus culture. Use the table below to identify the 
cause of a rash and severe joint pain in a 20-year-old woman. for the solution, go to 
WINW.microbiologyplace.com. Small VIruseS seen by electron 

microscopy In patient's tissues. 
Upon IsolaMn they were iden-
tified as single-stranded RNA 
viruses In the family Flavivindae. 

....... Method of 
Dilaase .. - of """ 

S)iihptomS Renrvolr Trarwnlssion PI eoe"llon 

Yellow fever Flavivirus (yellow fever Skin Fever, chills, Monkeys Aedes aegypti Vaccination: 
virus) headache: mosquito control 

jaundice 

Dengue Flavivirus (dengue fever Skin Fever, muscle and Humans Aedes aegypli; Mosquito control 
virus) }oint pain, rash A albopicws 

Enm gi .. g viral Filovirus, arenavirus Mucous Profuse bleeding Possibly fruit bats Contract with None 
Ilemonhagic fevers membranes and other small blood 
(Malburg. EboIa.lassa) mammals 

HanuJ'IinIs pulmonary Bunyavirus (Sin Nombre Respiratory Pneumonia Field mice Inhalation None 
hanlavirus) <m" 

rats. These are the first reports of arenavirus-caused hemorrhagic 
disease in the Northern Hemisphere, 

Hantavirus pulmonary syndrome, caused by the Sin Nombre 
virus,' a bunyavirus, has become well known in the United States 
because of several outbreaks, mostly in the western states. It mani-
fests itself as a frequently fatal pulmonary infection, in which the 
lungs fi ll with fluids. Actually, diseases of this nature have a long his-
tory, especially in Asia and Europe. It is best known there as 
hemorrhagic fever with renal syndrome and primarily affects 
renal (kidney) function. All these related diseases are transmitted by 
the inhalation of viruses in dried urine and feces from infected 
small rodents. 

"Th( virus causing th( pulmonary han tavi rui in 1993 in th( Four CoTrl(rs 
ar(a of Ih( United Stat(S (Arizona, Utah, Colorado. and N(w 
was originally called Four virus. Local aUlhorities W(T( concerned about 
the eff«t of this name on tourism in the area and wmplained. The name Sin 
Nombre, Span ish for no was then adoptw. 

66. 

Diseases in Focus 23.4 describes the various viral hemorrhagic 
fevers. 

CHECK YOUR UNOERSTANOING 

.., YJhich disease does Ebola hemorrhagic fever more closely 
resemble. Lassa fever or Hantavirus pulmonary syndrome? 23- 15 

Protozoan Diseases 
of the Cardiovascular 
and Lymphatic Systems 
LEARNING OBJECTIVES 
23- 16 Compare and contrast the causative agents. modes of transmis-

sion. reservoirs, symptoms, and treatments for Chagas· disease, 
to)l.oplasmosis, malaria, leishmaniasis, and babesiosis. 

23- 17 Discuss the wor1dwide effects of these diseases on human health. 
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Protozoa that cause diseases of the cardiovascular and lymphatic 
systems often have complex life cycles, and their presence may 
affect human hosts seriously. 

Chagas' Disease (American Trypanosomiasis) 
Chagas'disease, also known as American trypanosomiasis, is a 
protozoan disease of the cardiovascular system. The causative agent 
is Trypanosoma cnlzi (tri-pa-no-so' mit kruz'e), a flagellated proto-
zoan (Figure 23.22). The protozoan was discovered in its insect vec-
tor by the Brazilian microbiologist Carlos Chagas in 1910. He 
named it for the Brazilian epidemiologist Oswaldo Cruz. The dis-
ease occurs in Central America and parts of South America, where 
it chronically infects an estimated 18 million and kills as many as 
50,000 annually. It has been introduced into the United States by 
population migration. In 2006, blood banks began screening for the 
disease, a practice that will identify many cases. 

The reservoir for T. cruzi is a wide variety of wild animals, 
including rodents, opossums, and armadillos. The arthropod 
vector is the reduviid bug, called the "kissing bug" because it 
often bites people near the lips (see Figure 12.32d, page 363) . The 
insects live in the cracks and crevices of mud or stone huts with 
thatched roofs. The trypanosomes, which grow in the gut of the 
bug, are passed on if the bug defecates while feeding. The bitten 
human or animal often rubs the feces into the bite wound or 
other skin abrasions by scratching or into the eye by rubbing. 
The infection progresses in stages. The acute stage, characterized 
by fever and swollen glands lasting for a few weeks, may not 
cause alarm. However, 20-30% of people infected will develop a 
chronic form of the disease-in some cases, 20 yea rs later. 
Damage to the nerves controlling the peristaltic contractions of 
the esophagus or colon can prevent them from transporting 
food. This causes them to become grossly enlarged, conditions 
known as megaesophagus and megacolon. Most deaths are caused 
by damage to the heart, which occurs in about 40% of chron ic 
cases. Infections of women during the chronic stage can result in 
congenital infections. 

Diagnosis in endemic areas is usually based on symptoms. In 
the acute phase, the trypanosomes can sometimes be detected in 
blood samples. During the chronic phase these are undetectable-
although patients can transmit the infection by transfusions, 
transplants, and congenitally. Diagnosis of chronic d isease 
depends on serological tests, which are not very sensitive or spe-
cific. Two, or even three, repeated samplings may be required. 

Treating Chagas' disease is very difficult when chron ic, pro-
gressive stages have been reached . The trypanosome multiplies 
intracellularly and is difficult to reach chemotherapeutically. The 
only drugs currently available are nifurtimox and benznidazole, 
which are triazole derivatives (see page 568). Benznidazole ther-
apy was found to eliminate infection in about 60% of infected 
children . These drugs must be administered fo r 30 to 60 days, 
and neither is effective during the chronic stage; both also have 
serious side effects. 

- , , 
__ 2.5pm 

Figure 23.22 Trypanosoma cruzi, the cause of Chagas' disease 
(American trypanosomiasis). The trypanosome has an undulatmg 
membrane; the flagellum follows the outer margin of the membrane and 
then projects beyond the body of the trypanosome as a free flagellum. 
Note the red blood cells in the photo. 

Q Name a common trypanosomal disease that occurs in another 
part of the world. (Hi"t: It was discussed in Chapter 22). 

Toxoplasmosis 
Toxoplasmosis, a disease of blood and lymphatic vessels, is 
caused by the protozoan Toxoplasma gOlldii. T. gOlldii is a spore-
forming protozoan, as is the malarial parasite. 

Cats are an essential part of the life cycle of T gondii 
(Figure 23.23). Random tests on urban ca ts have shown that a 
large number of them are infected with the organ ism, which 
causes no apparent illness in the cat. (A curiosity of the infec-
tion in rodents is that it apparently causes them to lose their 
normal avoidance behavior toward cats, making them more 
likely to be caught and thus to infect the cat.) The microbe 
undergoes its only sexual phase in the intestinal tract of the 
cat. Millions of oocysts are then shed in the eat's feces for 7 to 
2 1 days and contaminate food or water that can be ingested by 
other animals. The ooeysts contain sporozoites that invade host 
cells and form trophozoites called tachyzoites (about the size of 
large bacteria, 2 X 7 flm). The intracellular parasite reproduces 
rapidly (tachys is Greek for rapid). The increased numbers 
cause the rupture of the host cell and the release of more 
tachyzoites, resulting in a strong inflammatory response. 

As the immune system becomes increasingly effective, the 
disease enters a chronic phase in animals and humans; the 
infected host cell develops a wall to form a tissue cyst. The 
numerous parasites within such a cyst (in this stage called 
bradyzoites; bradys being Greek for slow) reproduce very slowly, 
if at all, and persist for years, especially in the brain . These cysts 
are infective when ingested by intermediate or definitive hosts. 

In people with a healthy immune system, toxoplasmosis infec-
tion results in only very mild symptoms or none at all. Some sur-
veys have shown that approximately 22-40% of the population, 
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Life cycle of Toxoplasma gondii 

o Cat ingests bradyzoites 
in lissue cysts in 
animals. usually mice. 

II humans eat 
undercooked 
meat containing 
tissue cysts. they 
may become 
infected. 

f> 

cyst 

... 
• -. 

I I 
1.5 mm 

Definitive has! 

oocyst 

"m o Sporozoites from ingested 
oocysts invade animal 
tissue and develop into 
bradyzoites within tissue 
cysts or into tissue· 

o Immature 
oocyst 
is shed in 
cat feces . 

Sporogony 

II a pregnant woman accidentally 
ingests oocysts (contacted when 
changing a cat litter bo)(). prenatal 
infection of the fetus may occur. 

o Oocysts can infect many hosts. including mice. 
domestic animals. and humans. via ingestion. 

o Mature oocyst develops by 

sporocysts. each with four 
infective sporozoites. 

Figure 23.23 The life cycle of Toxoplasma gondii, the cause of toxoplasmosis. The 
domestic cat is the definitive host. in which the protozoa reproduce sexually. 

Q How do humans contract toxoplasmosis? 

without even being aware of it, eventually develops an tibodies to 
T. gQndii (see Figure 23.20). Humans generally acquire the infec-
tion by ingest ing undercooked meats contain ing tachyzoites or 
tissue cysts, although there is a possibility of contracting the dis-
ease more directly by contact with cat feces. The primary danger is 
congenital infection of a fetus, result ing in stillbirth or a child with 
severe brain damage or vision problems. This fetal damage occurs 
only when the initial infection is acquired during pregnancy. 

As many as 4000 cases are estimated in the United States annually. 
The problem also affects wildlife. Off the California coast, a fatal 
encephalitis of sea otters has appeared, caused by T. gondii-
apparently, they are being infected by oocysts in waste water con-
taminated from the flushed contents of cat litter boxes. Loss of 
immune function, AIDS being the best example, allows the inap-
parent infection to be reactivated from tissue cysts. It often causes 
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severe neurological impairment and may damage vision from the 
reactivation of tissue cysts in the eye. 

Toxoplasmosis can be detected by serological tests, but inter-
pretation is uncertain. This uncerta inty is especially important 
because in some European counlries, a person who becomes 
toxoplasmosis-positive during pregnancy is encouraged to abort 
the fetus. Recently, PCR tests have become available. If not con-
taminated, these tests approach an accu racy of 100%, which has 
revolutionized prenatal diagnosis. Toxoplasmosis can be treated 
with pyrimethamine in combination with sulfadiazine and 
folinic acid. This does not, however, affect lhe chronic bradyzoite 
stage and is quite toxic. 

Malaria 
Malaria is characterized by chills and fever and often by vomit-
ing and severe headache. These symptoms typically appear at 
intervals of 2 to 3 days, alternating with asymptomatic periods. 
Malaria occurs wherever the mosquito vector Allopllldes is 
found and there are human hosts for the protozoan parasite 
PfllSlllotfi 11m. 

The disease was once widespread in the United States 
(Figure 23.24), but effective mosquito control and a reduction 
in the number of human carriers caused the reported cases to 
drop below 100 by 1960. In recent years, however, there has 
been an upward trend in the number of U.S. cases, reflecting a 
worldwide resurgence of malaria, increased travel to malarial 
areas, and an increase in immigration from malarial areas. 
Occasionally, malaria has been transmitted by unsterilized 
syringes used by drug addicts. Blood transfusions from people 
who have been in an endemic area are also a potential risk. In 
tropical Asia, Africa, and Central and South America, malaria is 
still a serious problem. It is estimated that malaria affects 300 to 
500 mil lion people worldwide and causes 2 to 4 million deaths 
annually. Actually, there arc probably more people dying of 
malaria today than 30 years ago. It is returning to areas where 
it had been nearly eradicated, such as eastern Europe and cen-
tral Asia. Africa, where 90% of the mortality from the disease 
occurs, suffers the most from malaria. It is estimated that it kills 
an African child every 30 seconds. 

There are four major forms of malaria. Plasmodium vivnx is 
widely distributed because it can develop in mosquitoes at a 
lower temperature and is the cause of the most p revalent form of 
malaria. Sometimes referred to as "benign" malaria, the cycle of 
paroxysms occurs every 2 days, and the patients generally survive 
even without treatment. ovnle and P. malariae also cause a rel-
atively benign malaria, but even so, the victims lack energy. These 
latter two malarial types are lower in incidence and rather 
restricted geographically. 

The most dangerous malaria is that caused by P. falcipnrwn. 
Perhaps one reason for the virulence of this type of malaria is 
that humans and the parasite have had less time to become 
adapted to each other. It is believed that humans have been 

'" 
Malarial areas in 1912 

Areas where malaria was endemic as recently as 1912 

Figure 23.24 Ma laria in the United States. 

Q What factors might contribute to the rise in malaria cases 
since 19901 

exposed to this parasite (through contact with birds) only in rel-
atively recent history. Referred to as Umalignant" mala ria, 
un treated it eventually kills about half of those infected. The 
highest mortal ity rates occur in young children. More red blood 
cells (R BCs) are infected and destroyed than in other forms of 
malaria. The resulting anemia severely weakens the victim. 
Furthermore, the RBCs develop surface knobs that cause them to 
stick to the walls of the capillary vessels, which become clogged. 
This clogging prevents the infected RBCs from reaching the 
spleen, where phagocytic cells would eliminate them. The 
blocked capillaries and subsequent loss of blood supply leads to 
death of the tissues. Kidney and liver damage is caused in this 
fas hion. The brain is frequen tly affected, and P. falciparum is the 
usual cause of cerebral malaria. 

The disease of malaria and its symptoms are intimately related 
to its complex reproductive cycle (see Figure 12.18, page 349). 
Infection is initiated by the bite of a mosquito, which carries the 
sporozoite stage of the Plasmodium protozoan in its saliva. 
The sporozoite enters the bloodstream of the bitten human and 
within about 30 minutes enters the liver cells. The sporozoites in 
the liver cells undergo reproductive schizogony by a series of steps 
that finally results in the release of about 30,000 merozoite forms 
into the bloodstream. 

The merozoites infect RBCs. Within the RBCs they again 
undergo schizogony, and after about 48 hours, the RBCs rupture 
and each releases about 20 new merozoites (Figure 23.25a). 
Laboratory diagnosis of malaria is usually made by examining a 
blood smear (Figure 23.25b) for infected RBCs. With the release 
of the merozoites there is also a simultaneous release of toxic 
compounds, which is the cause of the pa roxysms (recur-
rent intensifications of symptoms) of chills and fever that are 
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(a) Merozoites being 
released from lysed RBC 

RBes 

Ring for,.. 

(b) Malarial blood smear; 
note the ring forms. 

characteristic of malaria. The fever reaches 40°C, and a sweating 
stage begins as the fever subsides. Between paroxysms, the 
patient feels normal. 

Many of the released merowites infect other RBCs within a 
few seconds to renew the cycle in the bloodstream. If only I % of 
the RBCs contain parasites, an estimated 100,000,000,000 para-
sites will be in circulation at one time in a typical malaria patient! 
Some of the merowites develop into male or female gametocytes. 
When these enter the digestive tract of a feed ing mosquito, they 
pass through a sexual cycle that produces new infective 
zoi tes. It took the combined labors of several generations of 
entists to unravel this complex life cycle of the malaria parasite. 

People who survive malaria acquire a limi ted immunity. 
Although they can be reinfected, they tend to have a less severe 
form of the disease. This relative immunity almost disappears if 
the person leaves an endemic area with its periodic reinfections. 
Malaria is especially dangerous during pregnancy because adap-
tive immunity is suppressed. 

Much effort is being expended on the search for an effective 
vaccine. The sporozoite stage is of primary interest as a target for 
a vaccine because neutralizing it would prevent the initial 
tion from becoming well established. A truly global malarial vac-
cine would have to control not only P. faiciparum but also the 
widespread, although milder, P. vivax. There are special problems 
in developing a malarial vaccine. For example, unlike most viral 
or bacterial pathogens, which are relat ively simple genetically 
and remain much the same during the course of an infection, the 
malarial parasite has four distinctive stages. In these stages it has 
as many as 7000 genes that can mutate. The result is that the 
asite is very efficient at evading the human immune response. 
The current goal is to have a vaccine by 2015 that is at least 50% 
effective and lasts longer than a year, then, by 2025, to have one 
that is 80% effective and lasts more than 4 years. 

The most common diagnostic test for malaria is the blood 
smear, which requires a microscope. It is also 
and requires skill in in terpretation. It is still the "gold standard" 

I I 
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Figure 23.25 Malaria. (a ) Some of the red blood 
cells (RSGs) are lysing and releasing merozoites that 
wil l infect new RSGs. (b) Siood smears are used in 
diagnosing malaria; the protozoa can be detected 
growing in the RBGs. In the early stages. the feeding 
protozoan resembles a ring within the RBG. The light 
central area within the circular ring is the food vacuole 
of the protozoan. and the dark spot on the ring is the 
nucleus. 

Q Look at the life cycle of the malarial parasite; in 
Figure 12.19, which of these stages, (a) or (b), 
actuatly occurs first? 

for diagnosis when a staff is available. Rapid, 
diagnostic tests that can be performed by staff 

with minimal training have been developed but are relatively 
expensive. rapid diagnostic tests that are affordable 
and perform reliably under field conditions are urgently needed. 
In endem ic areas malaria is commonly diagnosed by simply 
observing symptoms, mainly fever, but this frequently leads to 
misdiagnosis. It has been found that only about half of such 
patients given prescriptions for antimalarial drugs actually had 
the disease. 

There are two considerations for antimalarial drugs: for pro-
phylaxis (prevention) or for treatment. 

Prophylaxis 
For travel to the few areas in which the malaria is still sensitive to 
it, chloroquine is the drug of choice. In 
areas, the drug malarone, a combination of atovaquone and 
proguanil, is the best tolerated . Travelers to malarial areas are 
often p rescribed mefloquine (Lariam). It requires only a weekly 
dosage, but users must be cautioned about possible side effects, 
which include hallucinations. 

Therapy 
There is a lengthy list of antimalarial drugs available; 
dations and requirements vary with cost, likelihood of developing 
resistance, and other factors. In the United States (where there are 
about 1200 imported cases of malaria annually), if the species 
cannot be identified it should be assumed that the patient is 
infected with P. falciparllln . If the patient is from an area still sen-
sitive to chloroquine, it is the drug of choice; for patients com ing 
from zones, there are several options. The 
two currently preferred are malarone or oral quinine plus an 
antibiotic such as tetracycline. Worldwide, key components in 
malarial treatment are the derivatives of artemisinin, such as arte-
sunate and artemether. These drugs are derived from a plant, 
wormwood or artemisia, which has long been used as a remedy 
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for fevers in China. Ideally, they are taken in combination with 
other antimahlrials to minimize development of resistance. 

As with o ther tropical diseases, the availability of medications 
is limited by the very low income of the people affected, which 
makes their development unprofitable. The most profitable 
application of antimalarials will probably continue to be prophy-
laxis of travelers to malarial areas. 

Effective control of malaria is not in sight . It will probably 
require a combina tion of vector control and chemotherapeutic 
and immunological approaches. Currently, the most promising 
control method is the use of insecticide-treated bed nets, because 
the Anop/u!/cs mosquito is a night feeder. In malarial areas, a 
sleeping room often will contain hundreds of mosquitoes, 1-5% 
of which are infectious. The expense of these efforts and the need 
for an effective political organization in malarial areas arc prob-
ably going to be as important in controlling the disease as are 
advances in medical research. 

leishmaniasis 
Leishmaniasis is a widespread and complex disease that exhibits 
several clinical forms. The protozoan pathogens arc of about 20 
different species, often categorized into three groups for reasons 
of simplici ty. One group, Leis/mulfI;tl tlonovan; (!ish'ma-ne-a 
don-a-van' e), causes a visceral leishmaniasis in which parasites 
invade the internal organs. The L. tropica (Iish'ma- ne-a trop'i-
ka) and L. braziliC'lSis (bra-sil'e -en-sis) groups grow preferen-
tially at cooler temperatures and cause lesions of the skin or 
mucous membranes. Leishmaniasis is transmitted by the bite of 
female sand flies, about 30 species of which arc found in much of 
the tropical world and around the Mediterranean. These insects 
arc smaller than mosquitoes and often penetrate the mesh of 
standard netting. Small mammals are an unaffected reservoir of 
the protozoa ns. The infective form, the promastigote. is in the 
saliva of the insect. it loses its flagellum when it penetrates the 
skin of the mammalian victim, becoming an amastigote that pro-
liferates in phagocytic cells, mostly in fixed locations in tissue. 
These amastigotes arc then ingested by feeding sandfl ies, renew-
ing the cycle. Con tact with contaminated blood from trans-
fusions or shared needles can also lead to infection. 

A number of cases of leishmaniasis, mostly cu taneous, have 
occurred among troops fighting the Persian Gulf regions. It was 
once endemic in cou ntries of southern Europe, such as Spain, 
italy, Portugal, and the Balkan peninsula. Occasional cases of 
leishmaniasis as an opportunistic disease of HI V-infected per-
sons arc beginning to reappear in these areas. 

Leishmania donovani Infection 
(Visceral Leishmaniasis) 
Leishmania dOl1oval1i infection occurs in much of the tropical 
world, although 90% of the cases occur in India, Bangladesh, 
Sudan, and Brazil. Estimates are that there arc about half a million 
cases per year. Known as kala aZilr in India, visceral leishman iasis 

Figure 23.26 Cutaneous leishmaniasis. LeSion on the back of the 
hand of a patient. 

Q II this case likely to progress to visceral teishmaniasis? 

is of len fatal. Early symptoms, following infection by as long as a 
year, resemble the chills and sweating of malaria. As the protozoa 
proli ferate in the liver and spleen, these organs en large greatly. 
Eventually, kidney function is also lost as these organs are invad-
ed. This is a debilitating disease that, if untreated, will lead to 
death within a year or two. 

Several inexpensive serological tests that arc easy to use have 
been developed to diagnose visceral leishmaniasis. These have 
generally replaced microscopic examination of blood and tissues 
to demonstrate the parasi te. PCR tests arc very good to confirm 
diagnosis but usually require a central laboratory. 

The primary treatment has long been injected drugs such as 
sodium stibogluconate that contain the toxic metal antimony. 
Other drugs are now replacing antimony-based preparations. 
The first-line trealment in Europe and United States is liposomal 
amphotericin B, but it is relatively expensive for endem ic 
countries. In many of these areas, conventional formula tions of 
amphotericin B arc in usc. The first effective oral drug is miltefo-
sine. It has demonstrated a cure rate as high as 82%, but it is 
teratogenic, resistance develops rapidly, and it is toxic to a signif-
icant number of recipients. An inexpensive injectable aminogly-
coside antibiotic, paromomycin, has shown good effectiveness, 
but its availability is limited. 

Leishmania tropica Infection 
(Cutaneous Leishmaniasis) 
Le;slimall;n tropica and L. major infection causes a cutaneous form 
of leishmaniasis sometimes called orielltal sore. A papule appears 
at the bite site after a few weeks of incubation (Figure 23.26). The 
papule ulcerates and, after healing, leaves a prominent scar. This 
form of the disease is the most common and is found in much of 
Asia, Africa, and the Mediterranean region. It has been reponed in 
Mexico, Central America, and the northern part of South America. 
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Leishmania braziliensis Infection 
(Mucocutaneous Leishmaniasis) 
Leishmania brazilietlsis infection is known as mUcoClltatleOIlS 
leishmaniasis because it affects mucous membranes as well as 
skin. It causes d isfiguring destruction of the tissues of the nose, 
mouth, and upper throat. This form of leishmaniasis is most 
commonly found in the Yucatan Peninsula of Mexico and in the 
rain fores t areas of Central and South America; it often affects 
workers harvesting the chicle sap used for making chewing gum. 
This disease is often referred to as American leishmaniasis. 

Diagnosis of cutaneous and mucocutaneous leishmaniasis in 
the areas where they are endemic usually depends on clinical 
appearance and microscopic examination of the lesion scrapings. 

Mild cases of cutaneous and mucocutaneous disease will 
often eventually heal, but injected antimony compounds are usu -
ally effective when required. 

Babesiosis 
There have been increased reports of babesiosis, a tickborne dis-
ease once thought to be restricted to animals. Rodents are the 
reservoir in the wild; the tick vectors are most commonly Ixodes 
species. The field of medical entomology largely arose from inves-
tigations in the nineteenth century by the American microbiolo-
gist Theobald Smith into bovine babesiosis, or tick fever, in Texas 
cattle. The human disease in the United States is caused by a pro-
tozoan, usually o f the species Babesia microt;. The disease resem -
bles malaria in some respects and has been mistaken for it; the 
parasites replicate in the RBCs and cause a prolonged illness of 
fever, chills, and n ight sweats. It can be much more serious, some-
times fatal, in immunocompromised patients. For example, the 
fi rst human cases were observed in persons who had undergone 
splenectomy (removal of the spleen). Simultaneous treatment 
with the drugs atovaquone and azi thromycin has been effective. 

CHECK YOUR UNDERSTANDING 

"" What tickborne disease in the United States is sometimes mis-
taken for malaria when blood smears are inspected? 23-16 

"" Eliminating which of these diseases. malaria or Chagas' disease. 
would have the greater effect on the well-being of the popula-
tion of Africa? 23-17 

Helminthic Diseases 
of the Cardiovascular 
and Lymphatic Systems 
LEARNING OBJECTIVES 
23-18 Diagram the life cycle of Schistosoma. and show where the 

cycle can be interrupted to prevent human disease. 

Many helminths use the cardiovascular system for part of their 
life cycle. Schistosomes find a home there, shedd ing eggs that are 
distributed in the bloodstream. See Diseases in Focus 23.5. 

Schistosomiasis 
Schistosomiasis is a debilitating disease caused by a small fluke. 
The symptoms of the disease result from eggs shed by adult 
schistosomes in the human host. These adult helminths are 1510 
20 mm long, and the slender female lives permanently in a 
groove in the body of the male, from which is derived the name: 
schistosome, or spli t-body (Figure 23.27a) . The union between 
the male and female produces a continuing supply of new eggs. 
Some of these eggs lodge in tissues. Defensive reactions of the 
human host to these foreign bodies cause local tissue damage 
called granulomas (Figure 23.28) . Other eggs are excreted and 
enter the water to continue the cycle. 

The life cycle of Schistosoma is depicted in Figure 23.27b. The 
disease is spread by human feces or urine carrying eggs of the 
schistosome that enter water supplies with which humans come 
into contact. In the developed world, sewage and water treatment 
minimizes the contamination of the water su pply. Also. snails of 
certain species are essential for one stage of the life cycle of the 
schistosomes. They produce the cercariae that penetrate the skin 
of a human entering contaminated water. In most areas of the 
United States, a su itable host snail is not present. Therefore, even 
though it is estimated that schistosome eggs are being shed by 
many immigrants, the disease is not being propagated. 

There are three primary types of schistosomiasis. The disease 
caused by Schistosoma haematobilllll (he'mo-to-be -um), some-
times called urinary schistosomiasis, results in inflammation of the 
urinary bladder wall. Similarly, S. japolliCllm and S. mansoni cause 
intestinal inflammation. Depending on the species, schistosomia-
sis can cause damage to many different organs when eggs migrate 
in the bloodstream to different areas-for example, damage to the 
liver or lungs, urinary bladder cancer, or. when eggs lodge in the 
brain, neurological symptoms. Geographically, S. japonicu1ll is 
found in east Asia. S. haematobillm infects many people through-
out Africa and the Middle East, most particularly Egypt. S. man-
sOlli has a similar dis tribution but also is endemic in South 
America and the Caribbean, including Puerto Rico. It is estimated 
that more than 250 million of the world's population are affected. 

The adult worms appear to be unaffected by the host's 
immune system. Apparently, they quickly coat themselves with a 
layer that mimics the host's tissues. 

Laboratory diagnosis consists of microscopic identification 
of the flu kes or their eggs in fecal and urine specimens, intrader-
mal tests, and serological tests such as complement-fixation and 
precipitin tes ts. 

Praziquantel (primarily) and oxamniquine (only against 
S. mansolli) are approved for use against schistosomes in the 
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Figure 23.27 Schistosomiasis. 

Q What is the role of sanitation and snails in maintaining schistosomiasis in a population? 

• Adult female _,,---__ , 
flukes lay ... 
eggs. 

Adults 

e Eggs reach body 
of water after being 
8)[creled in fecee 
or urine. 

• •• .'. 
o ' _..., , 
e Eggs hatch 

Egg 
(O.15mm) 

into free-swimming 
larvae (miracidia). 

(b) Life cycle of Schistosoma, cause of schistosomiasis. 

United States. Sanitation and elimination of the host snail are 
also useful forms of control. 

Swimmer's Itch 

CHECK YOUR UNDERSTANDING 

What freshwater creature is essential to the life cycle of the 
pathogen causing schistosomiasis? 23-18 

Swimmers in lakes in the northern United States are sometimes 
troubled by swimmer's ilch. This is a cutaneous allergic reaction 
to cercariae, similar to that of schistosomiasis. However, these 
parasites mature only in wildfowl and not in humans, so infec-
tion does not progress beyond penetration of the skin and a local 
infla mmatory response. 



Infections Transmitted by Soil and Water 
Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that lit the information derived from examining a patient A differential diagnosis is important 
for providing initial trea tment and for laboratory testing. A minOrity of systemic infections are 
acquired by contact with soil and water. The pathogens usually enter through a break in the 
skin. For ellample. a 65-year-old man with poor circulation in his legs developed an infection 
following injury 10 a toe. Dead tissue further reduced circulation, requiring amputation of two 
toes. Use the table below to identify infections that could cause these symptoms. For the 
solution, go \0 www.microbiologyplace.com. 

at .... e Pathogen Symptoms ReSenrcMr 

BACTERIAL DISEASE 

Gangrene Clostridium perfringens TIssue death at infection site Soil 

HELMINTHIC DISEASES 

Schistosomiasis Schistosoma spp. Inflammation and tissue DefiOlltVe host; 
damage at site of granulomas humans 
(e.g .• liver. lungs. bladder) 

Swimmer's itch Larvae of schistosomes Local inflammation Wildfowl 
01 nonhuman animals 

• • 
Gram-stall'led bactena from the 
patJent's toe -

Method of 
Transmission Treatment 

Puncture wound Surgical removal of 
necrotic tissue 

Cercariae Proziquantel; oxamniqulOe 
penetrate skin Prevention: sani tatioo; 

elimination of host snail 

Cercariae None 
penetrate skin 

Figure 23.28 A granuloma from a patient with schistosomes. 
Some of the eggs laid by the adult schistosomes lodge in the tissue. and 
the body responds to the imtant by surroundmg it with searlike tissue. 
forming a granuloma. 

Q Why Is the immune system ineffective against adult schistosomes? 

_ f-I ---II 
0 .1 mm 

66B 
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STUDY OUTLINE 
The MyMic robiologyPlace website (www.mic robiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. e learn 
and practice with animations, tutorials, and MP3 tutor sessions, and e test yourself with quizzes and a chapter post-test 

Introduction (p.637) 

I. The hear t, blood, and blood vessels make up the cardiovascular 
system. 

2. Lymph, lymph vessels, lymph nodes, and lymphoid organs 
constitute the lymphatic system. 

Structure and Function of the 
Cardiovascular and Lymphatic 
Systems (p.638) 

I. The hear t circulates substances to and from tissue cells. 
2. Blood is a mixture of plasma and cells. 
3. Plasma transports dissolved substances. Red blood cells carry oxy· 

gen. \Vhi te blood cells are involved in the body's defense against 
infection. 

4. Fluid that filters out of capillaries into spaces between tissue cells 
is called intersti tia l fluid . 

S. Interstitial fluid enters lymph capillaries and is called lymph; 
vessels called lymphatics return lymph to the blood. 

6. Lymph nodes contain fi xed macrophages, B cells, and T cells. 

Bacterial Diseases of the 
Cardiovascular and Lymphatic 
Systems (pp. 638-655) 

Sepsis and Septic Shock (pp. 639-641) 
I. Sepsis is an inflammato ry response caused by the spread of 

bacteria or their toxin from a focus of infection. Septicemia is 
sepsis that involves proliferation of pathogens in the blood. 

2. Gram-negative sepsis can lead to septic shock, 
characterized by decreased blood pressure. 
Endotoxin causes the symptoms. 

3. Antibiotic-resistant enterococci and group B 
streptococci cause gram-positive sepsis. 

4. Puerperal sepsis begins as an infection of the ute rus following 
childbirth or abortion; it can progress to peritonitis or septicemia. 

S. Streptococcus pyage7les is the most frequent cause of puerperal sepsis. 
6. Oliver Wendell Holmes and Ignaz Semmelweiss demonstra ted that 

puerperal sepsis was transmilled by the hands and instruments of 
midwives and physicians. 

Bacterial Infections of the Heart (p.641) 
7. The inner layer of the heart is the endocardium. 
8. Subacute bacterial endocardit is is usually caused by alpha. 

hemolytic streptococci, staphylococci, or enterococci. 
9. The infection arises from a foc us of infection, such as a tooth 

extraction. 
10. Preexisting hear t abnormalities are predisposing fac tors. 
II. Signs include fever, anemia, and hear t murmur. 

12. Acute bacterial endocarditis is usually caused by Stllphylococcus 
aureus. 

13. The bacteria cause rapid destruction of heart valves. 

Rheumatic Fever (pp.641-642) 
14. Rheumatic fever is an aUloimmune complication of streptococcal 

infections. 
IS. Rheumatic fever is expressed as arthritis or inflammation of the 

heart . It can result in permanent heart damage. 
16. Antibodies against group A beta-hemolytic streptococci react with 

streptococcal antigens deposited in joints or heart valves or cross-
react with the heart muscle. 

17. Rheumatic fever can follow a streptococcal infection, such as 
streptococcal sore throat. Streptococci might not be present at the 
time of rheumatic fever. 

18. Prompt treatment of streptococcal infections can reduce the inci-
dence of rheumatic fever. 

19. Penicillin is administered as a preventive measure against subse-
quent streptococcal infections. 

Tularemia (pp. 642-643) 
20. Tularemia is caused by Francisella Ililarel/sis. The reservoir is small 

wild mammals, especially rabbits. 
21. Signs include ulceration at the site of entry, followed by septicemia 

and pneumonia. 

Brucellosis (Undulant Fever) (pp.643-645) 
22. Brucellosis can be caused by Brucella abort ll s, B. melitensis, and 

B. suis. 
23. The bacteria enter through minute breaks in the mucosa or skin, 

reproduce in macrophages, and spread via lymphatics to liver, 
spleen, or bone marrow. 

24. Signs include malaise and fever that spikes each evening (undulant 
fever) . 

25. Diagnosis is based on serological tests. 

Anthrax (pp. 645-646) 
26. Bacillus mrthracis causes anthrax. In soil, 

endospores can survive for up to 60 years. 
27. Grazing animals acquire an infection after 

ingesting the endospores. 
28. Humans contract anthrax by handling hides 

from infected animals. The endospores enter 
through cuts in the skin, respiratory tract , or 
mouth. 

29. Entry through the skin results in a pustule that can progress to 
sepsis. Entry through the respiratory tract can result in septic 
shock. 

30. Diagnosis is based o n isolating and identifying the bacteria. 

Gangrene (p. 646) 
3 1. Soft tissue death from ischemia (loss of blood supply) is called 

gangrene. 
32. Microorganisms grow on nutrients released from gangrenous cells. 
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33. Gangrene is especially susceptible to the growth of anaerobic bacteria 
such as Clostridium perfril/gem, the (ausative agent of gas gangrene. 

34. C perfringCl!s can invade the wall of the uterus during improperly 
performed abortions. 

35. Surgkal removal of necrotk tissue, hyperbaric (hambers, and 
amputation are used to treat gas gangrene. 

Systemic Diseases Caused by Bites 
and Scratches (pp.6117-6118) 
36. Pasteurella mulwcida, introduced by the bite of a dog or cat, can 

(ause septkemia. 
37. Anaerobic ba(teria infe(t deep animal bites. 
38. Cat-scratch disease is caused by Bartonella Iwnselae. 
39. Ra t-bite fever is caused by Streptobacillus mOl!iliformis and 

Spirillum millus. 

Vector-Transmitted Diseases (pp.6il8-655) 
Plague (pp. 648-650) 
40. Plague is (aused by Yersinia pestis. The ve(tor is usually the rat flea 

(Xenopsylla cheopis). 
41. Reservoirs for bubonk plague include European rats and Nor th 

Amerkan rodents. 
42. Signs of bubonic plague include bruises on the skin and enlarged 

lymph nodes (buboes). 
43. The bacteria can enter the lungs and cause pneumonk plague. 
44. Laboratory diagnosis is based on isolating and identifying the 

bacteria. 
45. Antibiotks are effective in treating plague, but they must be 

administered promptly after exposure to the disease. 

Relapsing Fever (pp.650-651) 
46. Relapsing fever is caused by Borrelia species and transm itted by 

soft tkks. 
47. The reservoir for the disease is rodents. 
48. Signs include fever, jaundice, and rose-colored spots. Signs rewr 

three or four times after apparent r«overy. 
49. Laboratory diagnosis is based on the presence of spiro(hetes in the 

patient's blood. 

Lyme Disease (Lyme Borreliosis) (pp.651-6511) 
50. Lyme disease is caused by Borrelia burgdorferi 

and is transmitted by a tick (Ixodes). 
51. Field mice provide the animal reservo ir. 
52. Diagnosis is based on serological tests and 

dinical symptoms. 

Ehrtichiosis and Anaplasmosis (p.6511) 
53. Human ehrlichiosis and anaplasmosis are caused by Ehrlichia and 

A,wplasma and are transmitted by Ixodes tkks. 

Typhus (pp. 6511-655) 
54. Typhus is caused by rkkettsias, obligate intracellular parasi tes of 

eukaryotic (ells. 

Epidemic Typhus (p.654) 
55. The human body louse, Pedicull.s humm!!Js corporis, transmits 

Rickettsia prowazekii in its fe(es, which are deposited while the 
louse is feeding. 

56. Epidemic typhus is prevalent in crowded and unsanitary living 
wnditions that allow the proliferation of lice. 

57. The signs of typhus are rash, prolonged high fever, and stupor. 
58. Tetracydines and chlorampheniwl are used in treatment. 

Endemic Murine Typhus (p. 655) 
59. Endemic murine typhus is a less severe disease caused by Rickettsia 

typhi. It is transmitted from rodents to humans by the rat flea. 

Spotted Fevers (p. 655) 
60. Rickettsia rickettsii is a parasi te of ticks (Dermacentor spp.) in the 

southeastern United States, Appalachia, and the Rocky Mountain 
states. 

61. The rickettsia may be transmitted to humans, in who m it (auses 
tkkbo rne typhus fever. 

62. Chloramphenkol and tetracydines effectively treat Rocky 
Mountain spotted fever, o r tickborne typhus. 

63. Serological tests are used fo r laboratory diagnosis. 

Viral Diseases of the Cardiovascular 
and Lymphatic Systems (pp.655-660) 

Burkitt's lymphoma (pp.655-656) 
I. Epstein-Barr virus (EB virus, H HV-4) causes Burkitt's lymphoma. 
2. Burkitt's lymphoma tends to o(Cur in patients whose immune 

system has been weakened; for example, by malaria or AIDS. 

Infectious Mononucleosis (pp.656-657) 
3. Infec tious mononudeosis is caused by EB virus. 
4. The virus multiplies in the parotid glands and is present in saliva. 

It causes the proliferation of atypical lymphocytes, 
5. The disease is transmitted by the ingestion of saliva from infected 

individuals. 
6. Diagnosis is made by an indirect fluores<:ent-antibody te(hnique. 
7. EB virus may cause other diseases, including can(ers and multiple 

sclerosis. 

Cytomegalovirus Infections (p. 658) 
8. CMY (HHV-S) causes intranuclear inclusion bodies and 

<:ytomegaly o f host cells. 
9. CMY is transmitted by saliva and other body fluids. 

10. CMY inclusion disease can be asymptomatic, a mild disease, or 
progressive and fatal. Immunosuppressed patients may develop 

• pneumoma, 
II. If the virus (rosses the placenta, it (an cause co ngeni tal infe(tion 

of the fetus, resulting in impaired mental development, neurologi-
(al damage, and stillbirth. 

Chikungunya Fever (p.658) 
12. The chickungunya virus, which causes fever and severe joint pain, 

is transmitted by Aedes mosq uitoes. 

Classic Viral Hemorrhagic Fevers (pp.658-659) 
13. Yellow fever is caused by the yellow fever vi rus. The vector is the 

Aedes aegypti mosqui to. 
14. Signs and symptoms include fever, (hills, headache, nausea, and 

jaundke. 
15. Diagnosis is based on the presence of virus-neutralizing antibodies 

in the host. 
16. No treatment is available, but there is an attenuated, live viral va(cine. 
17. Dengue is caused by the dengue fever virus and is transmitted by 

the Aedes mosquito, 
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18. Signs are fever, muscle and joint pain, and rash. 
19. Mosquito abatement is necessary to control the disease. 
20. Dengue hemorrhagic fever (D HF) can cause shock. 

Emerging Viral Hemorrhagic Fevers (pp.659- 660) 
21. Human diseases caused by Marburg, Ebola, and Lassa fever viruses 

were first noticed in the late 1960s. 
22. Ebola virus is found in fruit bats; Lassa fever vi ruses are found in 

rodents, 
23. Rodents are the reservoirs for Argentine and Bolivian hemorrhagic 

fevers. 
24. Halllavirus pulmonary syndrome and hemorrhagic fever with 

renal syndrome are caused by hantavirus. The virus is contracted 
by inhalation of dried rodent urine and feces. 

Protozoan Diseases of the 
Cardiovascular and Lymphatic 
Systems (pp.660- 666) 

Chagas' Disease (American 
Trypanosomiasis) (p.661) 

1. Trypanosoma cruzi causes Chagas' disease. The 
reservoir includes many wild animals. The vec-
tor is a reduviid, the «kissing bug." 

Toxoplasmosis (pp. 661 - 663) 
2. Toxoplasmosis is caused by Toxoplasma gondii. 
3. T. gondii undergoes sexual reproduction in the intest inal tract of 

domestic cats, and oocysts are eliminated in cat feces. 
4. In the host cell, sporozoites reproduce to form either tissue-

invading tachyzoites or bradyzoites. 
5. Humans contract the infection by ingesting tachyzoites or tissue 

cysts in undercooked meat from an infected animal or contact 
with cat feces. 

6. Congenital infections can occur. Signs and symptoms include 
severe brain damage or vision problems. 

Malaria (pp. 663- 665) 
7. The signs and symptoms of malaria are chills, fever, vomiting, and 

headache, which occur at in tervals of 2 to 3 days. 

8. Malaria is transmitted by Anopheles mosquitoes. The causative 
agent is anyone of four species of Plasmodium. 

9. Sporozoites reproduce in the liver and release merozoites into the 
bloodstream, where they infect red blood ceils and produce more 
merozoites. 

10. New drugs are being developed as the protozoa develop resistance 
to drugs such as chloroquine. 

Leishmaniasis (pp.665-666) 
11. Leishmania spp., which are transmitted by sandflies, cause leish-. . malllasls. 
12. The protozoa reproduce in the liver, spleen, and kidneys. 
13. Antimony compounds are used for treatment. 

Babesiosis (p. 666) 
14. Babesiosis is caused by the protozoan Babesia mierMi and is trans-

mitted to humans by ticks. 

Helminthic Diseases of the 
Cardiovascular and Lymphatic 
Systems (pp.666- 668) 

Schistosomiasis (pp.666-667) 
1. Species of the blood fluke Schistosoma cause schistosomiasis. 
2. Eggs eliminated with feces hatch into larvae that infect the inter-

mediate host, a snaiL Free-swimming cercariae are released from 
the snail and penetrate the skin of a human. 

3. The adult flukes live in the veins of the liver or urinary bladder in 
humans. 

4. Granulomas are from the host's defense to eggs that remain in 
the body. 

5. Observation of eggs or flukes in feces, skin tests, or indirect sero-
logical tests may be used for diagnosis. 

6. Chemotherapy is used to treat the disease; sanitation and snail 
eradication are used to prevent it. 

Swimmer's Itch (p. 667) 
7. Swimmer's itch is a cutaneous allergic reaction to cercariae that 

penetrate the skin. The definitive hosts for this fluke are wildfowL 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
DRAW IT I , Show tht, path of Streptococcus from a focal infection 

to the pericardium. Identify the portals of entry for Trypnnoso rml 
eruzi, HantnvirllS, and cytomegalovirus. 
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2. Complete the following table. 

Disease 

Puerperal sepsis 
Subacute bacterial 

endoca rditis 
Acute bacterial 

endoca rditis 
Rheumatic fever 

Frequent 
Causative 
Agent 

Predisposing 
Condition(s) 

3. Compare and conlrast epidemic typhus. endemic murine typhus. 
and tickborne typhus. 

4. Complete the following table. 

Disease 

Malaria 
Yellow fever 
Dengue 
RelapSing fever 
Leishmaniasis 

Causative 
Agent 

5. Complete the following table. 

Disease 

Tularemia 
Brucellosis 
Anthrax 
Lyme disease 
Ehrlichiosis 
Cytomegalic 

inclusion 
disease 

Plague 

Causative 
Agent 

Vector Treatment 

Transmission Reservoir 

6. List the causative agent, method of transmission, and reservoir for 
schistosomiasis, toxoplasmosis, and Chagas' disease. \Vhich disease 
are you most likely to set in the United Statrs? Wherr are the othrr 
diseases rndemie? 

7. Compare and contrast cat-scratch disrasr and toxoplasmosis. 
8. Why is Clostridium perfril!gel!s likely to grow in gangrenous 

wounds? 
9. List the causative agent and method of transmission of infectious 

mononucleosis. 

Multiple Choice 
Use the following choices to answer qurstions 1 through 4: 

a. ehrlichiosis d. toxoplasmosis 
b. Lyme disrasr e. viral hrmorrhagic (ever 
c. septic shock 

I . A patient presents with vomiting, diarrhea, and a history of fever 
and headachr. Bacterial cultures of blood, eSF, and stool are nega-
tive. What is your diagnosis? 

2. A patient was hospitalized because of continuing fever and pro-
gression of symptoms including headache, fatigue, and back pain. 
Tests for antibodies to Borre/ill burgdorferi were negative. What is 
your diagnosis? 

3. A patient complained of headache. A CT (computed tomography) 
scan revealed cysts of varying size in her brain. What is your 
diagnosis? 

4. A patient presents with mental confusion, rapid breathing and 
heartbeat, and low blood pressure. What is your diagnosis? 

5. A patient has a red circular rash on his arm and fever, malaise, and 
joint pain. The most appropriate treatment is 
a. penicillin. d. rifampin. 
b. chloroquine. e. no treatment. 
c. anti-inflammatory drugs. 

6. Which of the following is not a tickborne disease? 
a. babesiosis d. relapsing fever 
b. ehrlichiosis e. tularemia 
c. Lyme disease 

Use the following choices to answer questions 7 and 8: 
a. brucellosis d. Rocky Mountain spotted fever 
b. malaria e. Ebola hemorrhagic fever 
c. relapsing fever 

7. The patient's fever spikes each evening. Oxidase-positive, gram-
negative cocci were isolated from a lesion on his arm. What is your 
diagnosis? 

8. The patient was hospitalized with fever and headache. Spirochetes 
were observed in her blood. What is your diagnosis? 

9. Which of the following diseases has the highest incidence in the 
United States? 
a. brucellosis d. plague 
b. Ebola hemorrhagic fever e. Rocky Mountain spotted fever 
c. malaria 

10. Nineteen workers in a slaughterhouse developed fever and chills, 
with the fever spiking to 400 e each evening. The most likely 
method of transmission of this disease is 
a. a vector. d. an animal bite. 
b. the respiratory route. e. water. 
c. a puncture wound. 

Critical Thinking 
1. Indirect fluorescent-antibody (FA) tests on the serum of three 

25-year-old women, each of whom is considering pregnancy, pro-
vided the information below. Which of these women may have 
toxoplasmosis? What advice mighl be given to each woman with 
regard to toxoplasmosis? 

Patient 

Patient A 
Patient B 
Patient C 

Day 1 

1024 
1024 

o 

Antibody Titer 
Day 5 

1024 
2048 

o 

Day 12 

1024 

3072 

o 
2. What is the most effective way to control malaria and dengue? 
3.ln adults, the second dengue virus infection results in dengue 

hemorrhagic fever (DHF), which is ,haracterized by bleeding from 
the skin and mucosa. DHF can be fatal. In infants under I year 
old, the first dengue virus infection results in DHF. Offer an expla-
nation for this. 
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Clinical Applications 
I. A 19-year-old man went deer hunting. While on the trail, he 

found a partially dismembered dead rabbit. The hunter picked up 
the front paws for good luck charms and gave them to another 
hunter in the party. The rabbit had been handled with bare hands 
that were bruised and scratched from the hunter's work as an 
automobile mechanic. Festering sores on his hands, legs, and knees 
were noted 2 days later. What infectious disease do you suspect the 
hunter has? How would you proceed 10 prove it? 

2. On March 30, a 35-year-old veterinarian experienced fever, chills, 
and vomiting. On March 31, he was hospitalized with diarrhea, left 
armpit bubo, and secondary bilateral pneumonia. On March 27, he 
had treated a cat that had labored respiration; an X-ray image 
revealed pulmonary infiltrates. The cat died on March 28 and was 
disposed of. Chloramphenicol was administered to the veterinari-
an. On April 10, his temperature returned 10 normal, and on April 
20, he was released from the hospital. Sixty human contacts were 
given tetracycline. Identify the incubation and prodromal period s 
for this case. Explain why the 60 contacts were treated. What was 
the etiologic agent? How would you identify the agent? 

3. Three of five patients who underwent heart valve replacement sur-
gery developed bacteremia_ The causative agent was Elllerobacler 
cloacae. \Vhat were the patients' signs and symptoms? How would 
you identify this bacterium? A manometer used in the operations 
was culture-positive for E. cloacae. What is the most likely source of 
this contaminant? Suggest a way of preventing such occurrences. 

4. ln August and September, six people who each at different times 
spent a night in the same cabin developed fever, as shown in the 
graph below. Three recovered afte r tetracycline (TET) therapy, two 
recovered wi thout therapy, and one was hospitalized wit h septic 
shock. What is the disease? What is the incubation period of this 
disease? How do you account for the periodic temperature 
changes? What caused septic shock in the sixth patient? 

• 40 - • u • • - o-g • 39 • " • " • " , -- • • • • .6. • > 0 - 0 - • K 0 0 38 D U , • • E " " " -I I 37 --- --
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Weeks 

5. A 67-year-old man worked in a textilr mill that processed importrd 
goat hair into fabrics. Hr noticrd a painless, slightly swollen pimple 
on his chin. Two days latrr he devrloprd a I-cm ulcrr at the pimple 
sitr and a temperature of 37.6Q C. He was treated wi th tetracycline. 
What is the etiology of this disrase? Suggest ways to prrvent it. 



Microbial Diseases of 
the Respiratory System 

With every breath, we inhale several microorganisms; therefore. the upper respiratory system 
is a major portal of entry for pathogens. In fact, respiratory system infections are the most 
common type of infection- and among the most damaging. Some pathogens that enter via the 
respiratory route can infect other parts of the body, causing such diseases as measles, 
mumps, and rubella. 

The upper respiratory system has several anatomical defenses against airborne pathogens. 
Coarse hairs in the nose filter large dust particles from the air. The nose is lined with a 
mucous membrane that contains numerous mucus-secreting cells and cilia. The upper portion 

of the throat also contains a ciliated mucous membrane. The mucus 
moistens inhaled air and traps dust and microorganisms. The cilia 

help remove these particles by moving them toward the mouth 
for elimination. 

At the junction of the nose and throat are masses of 
lymphoid tissue, the tonsils, which contribute immunity 
to certain infections. Because the nose and throat are 
connected to the sinuses, nasolacrimal apparatus, and 
middle ear, infections commonly spread from one region 
to another. 

Q 
How do these bacteria, by growing on these 
particular body cells, cause the disease pertussis? 
Look for the answer in the chopter. 



Structure and Function 
of the Respiratory System 
LEARNING OBJECTIVE 

24-1 Describe how microorganisms are prevented from entering the 
respiratory system. 

[t is convenient to think of the respiratory system as being 
composed of two divisions: the upper respiratory system and the 
lower respiratory system. The upper respiratory system consists 
of the nose, the pharynx (throat), and the structures associated 
with them, including the middle ear and the auditory (eustachian) 
tubes (Figure 24.1 ). Ducts from the sinuses and the nasolacrimal 
ducts from the lacrimal (tear-forming) apparatus empty into the 
nasal cavity (see Figure 16.3, page 452). The auditory tubes from 
the middle ear empty into the upper portion of the th roat. 

The lower respiratory system consists of the larynx 
(voice box), trachea (windpipe), bronchial tubes, and alveoli 
(Figure 24.2 ). Alveoli are air sacs that make up the lung tissue; 
within them, oxygen and carbon dioxide are exchanged between 
the lungs and blood. Our lungs contain more than 300 million 
alveoli, with an area for gas exchange of 70 or more square meters 
in an average adult. The double-layered membrane enclosing the 
lungs is the pleura, or pleural membranes. A ciliated mucous 
membrane lines the lower respiratory system down to the 

Figure 24.1 Structures of the upper 
respiratory system. 

Q Name the upper respiratory 
system's defenses against disease. 

Nasal 
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smaller bronchial tubes and helps prevent microorganisms from 
reaching the lungs. 

As discussed in Chapter 16, particles trapped in the larynx, 
trachea, and larger bronchial tubes are moved up toward the 
throat by a ciliary action called the ciliary escalator (see Figure 16.4, 
page 452). If microorganisms actually reach the lungs, phagocytic 
cells called alveolar macrophages usually locate, ingest, and destroy 
most of them. IgA antibodies in such secretions as respiratory 
mucus, saliva, and tears also help protect mucosal surfaces of the 
respiratory system from many pathogens. Thus, the body has 
several mechanisms for removing the pathogens that cause 
airborne infections. 

CHECK YOUR UNDERSTANDING 

..r What is the function of hairs in the nasal passages? 24-1 

Normal Microbiota 
of the Respiratory System 
LEARNING OBJECTIVE 
24-2 Characterize the normal microbiota of the upper and lower 

respiratory systems. 

of 
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I 

(windpipe) 

Right I 

A number of potentially pathogenic microorganisms are part of the 
normal microbiota in the upper respiratory system. However, they 
usually do not cause illness because the predominant microorgan-
isms of the normal microbiota suppress their growth by competing 
with them for nutrients and producing inhibitory substances. 

By contrast, the lower respiratory tract is nearly sterile-
although the trachea may contain a few bacteria- because of the 

lung 

t 

Alveoli 

Figure 24.2 Structures of the 
lower respiratory system. 

Q Name the lower respimtory 
system's defenses against 
disease. 

normally efficient functioning of the ciliary escalator in the 
bronchial tubes. 

CHECK YOUR UNDERSTANDING 

,.f Normally. the lower respiratory tract is nearly sterile. What is the 
primary mechanism responsible? 24-2 

MICROBIAL DISEASES OF THE 
UPPER RESPIRATORY SYSTEM 

LEARNING OBJECTIVE 
24-3 Differentiate pharyngitis. laryngitis. tonsillitis. sinusitis. and epiglottitis. 

As most of us know from personal experience, the respiratory 
system is the site of many common infections. We will soon 
discuss pharyngitis, inflammation of the mucous membranes of 
the throat, or sore throat. When the larynx is the site of infection, 
we suffer from laryngitis, which affects our abili ty to speak. The 
microbes that cause pharyngitis also can cause inflamed tonsils, 
or tonsillitis. 

The nasal sinuses are cavities in certain cranial bones that 
open into the nasal cavity. They have a mucous membrane 

lining that is continuous with that of the nasal cavity. Infection 
of a sinus involving heavy nasal discharge of mucus is called 
sinusilis. If the opening by wh ich the mucus leaves the sinus 
becomes blocked, internal pressure can cause pain or a sinus 
headache. These diseases are almost always self-limiting, 
mean ing that recovery will usually occur even without medical 
intervention . 

Probably the most threatening infectious disease of the upper 
respiratory system is epiglottitis, inflammat ion of the epiglottis. 
The epiglottis is a flap like structure of cartilage that prevents 
ingested material from entering the larynx (see Figure 24.1). 
Epiglottit is is a rapidly developing disease that can result in death 



within a few hours. It is caused by opportunistic pathogens, 
usually Haemophifus influt'/lzae type b. The newly introduced 
Hib vaccine, although di rected primarily at meningitis (see 
Figure 22.3, page 613 ), has significantly reduced the incidence of 
epiglottitis in the vaccinated population. 

CHECK YOUR UNDERSTANDING 

./ Which one of the following is most likely to be associated with 
a headache: pharyngitis. laryngitis. sinusitis. or epiglottitis? 24-3 

Bacterial Diseases of the Upper 
Respiratory System 
LEARNING OBJECTIVE 
24-4 ust the causative agent. symptoms. prevention. preferred treatment. 

and laboratory Identification tests for streptococcal pharyngitis. 
scarlet fever. diphtheria. cutaneous dlphthena. and OtJIlS 

Airborne pathogens make their first contact with the body's 
muco us membranes as they enter the upper respiratory system. 
Many respiratory or systemic diseases initiate infections here. 

Streptococcal Pharyngitis (Strep Throat) 
Streptococcal pharyngitis (strep throat) is an upper respira-
tory infection caused by group A streptococci (G AS ). This 
gram-positive bacterial group consists solely of Streptococcus 
pyogenes, the same bacterium responsible for many skin and 
soft tissue infections, such as impetigo, erysipelas, and acute 
bacterial endocard itis. 

The pathogen icity of GAS is enhanced by their resistance to 
phagocytosis. They arc also able to produce special enzymes, 
called streptokinases, which lyse fibrin clots, and streptolysills, 
which are cytotoxic to tissue cells, red blood cells, and protective 
leukocytes. 

At one time, the diagnosis of pharyngitis was based on 
culturing bacteria from a throat swab. Results took overnight or 
longer, but, beginning in the early I 980s, rapid antigen detection 
tests that were capable of detecting GAS directly on throat swabs 
became available. The fi rst rapid tests used latex indirect aggluti-
nation methods (see Figure 18.7, page 511). These have been 
generally replaced by enzyme immunoassay (EIA) tests that are 
more sensitive and easier to read. Currently, there is a wide range 
of rapid tests commercially available to evaluate cases of pharyn-
gitis, which reflects the fact that millions of patients seck care for 
it every year. Actually, the majori ty of patients seen for so re 
throats do not have a streptococcal infection. Some cases are 
caused by o ther bacteria, but many are caused by viruses-for 
which antibiotic therapy is ineffective. Even the presence of GAS 
is not a conclusive indication that it is responsible for the sore 
throat. In areas where acute rheumatic fever occu rs the recom -
mendation is to use both bacterial culture and rapid tests. 
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Figure 24.3 Streptococcal pharyngitiS. Note the innammatlon. 

Q How is strep throat diagnosed? 

Fortunately, GAS have remained sensitive to penicillin, although 
some resista nce to erythromycin has appeared. 

Pharyngitis is characterized by local inflammation and a 
feve r (Figure 24.3 ). Frequently, tonsilli tis occurs, and the lymph 
nodes in the neck become en larged and tender. Another frequent 
complication is otit is media (see page 679). 

Pharyngi tis is now most commonly transmitted by respiratory 
secretions, but epidem ics of streptococcal pharyngitis spread by 
unpasteurized milk were once frequent. 

Scarlet Fever 
When the Streptococcus pyogenes strain causing streptococcal 
pharyngitis produces an erytllrogenic (reddening) toxin, the result-
ing infection is called scarlet fever. When the strain produces th is 
toxin, it has been lysogenized by a bacteriophage (see Figure 13.12, 
page 382). Recall that this means the genetic information of a 
bacteriophage (bacterial virus) has been incorporated into the 
chromosome of the bacterium, so the characteristics of the 
bacterium have been altered. The toxin causes a pinkish red skin 
rash, which is probably the skin's hypersensitivity reaction to the 
circulating toxin, and a high fever. The tongue has a spotted, 
strawberry-l ike appearance and then , as it loses ilS upper 
membrane, becomes very red and enlarged. Classically, scarlet 
fever has been considered to be associated with streptococcal 
pharyngitis, but it might accompany a streptococcal skin infection. 

The incidence of scarlet fever has varied over tim e in severity 
and frequency. Today it is a relatively mild and rare disease. 

Diphtheria 
Another bacterial infection of the upper respiratory system is 
diphtheria. Until 1935, it was the leading infect io us killer of 
children in the United States. The disease begins with a sore 
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Figure 24.4 CorYllebacterium diphtheriae, the cause of 
diphtheria. This Gram stain shows the club-shaped morphology: the 
dividing cells are often observed to fold together to form V- and V-shaped 
figures. Also notice the side-by-slde palisade arrangement. 

Q Are corynebacteria gram-positive 01'" gram-negative? 

throat and fever, followed by general malaise and swelling of the 
neck. The org3nism responsible is Corynebacterium diplltlleriae, 
a gram-positive, non-cndospore-forming rod. Its morphology is 
pleomorphic, frequently d ub-sh3ped , and it stains unevenly 
(Figure 24.4). 

Part of the normal immunization program for children in the 
United States is the DTaP vaccine. The D stands for diphtheria 
toxoid, an in3ctivated toxin that causes the body to produce 
antibodies against the diphtheria toxin. 

e. dipiJt/lcriae ha s adapted to a generally immun ized 
population, and relatively nonvirulent st rains arc found in the 
throats of many symptomless ca rriers. The bacterium is well 
suited to airborne transmission and is very resistant to drying. 

Characteris tic of diphtheria (from the Greek word for 
leather) is a tough grayish membrane that forms in the throat in 
response to the infection (Figure 24.5). It contains fibrin, dead 
tissue, and bacterial cells and can totally block the passage of ai r 
to the lungs. 

Although the bacteria do not invade tissues, those that have 
been lysogenized by a ph3ge can produce a powerful exotoxin. 
Historically, it was the first disease for which a toxic cause was 
identifi ed. C ircul3ting in the bloodstream, the toxin interferes 
with protein synthesis. Only 0.0 I mg of this highly virulent toxin 
can be fata l. Thus, if antitoxin therapy is to be effective, it must 
be administered before the toxin enters the tissue cells. When 
such organs as the heart and kidneys are affected by the toxin, the 
disease can rapidly be fatal. In other cases the nerves can be 
involved, and partial paralysis results. 

The number of diphtheria cases reported in the United 
States each year is cu rren tly five or fewer. In young children, 

Figure 24.5 A diphtheria me mbrane. In small children. this 
leatherhke membrane and accompanying swelling of the breathing 
passages can block the air supply. 

Q What Is cutaneous diphtheria? 

the disease occurs ma inly in groups that have not been immu -
nized for religious o r other reasons. When diphtheria was 
more common, repeated co ntacts with toxigenic strains rein-
fo rced the immunity, which otherwise weakens with tim e. 
Many adults now lack immunity because routine immuniza-
tion was less available during their childhood. Some surveys 
indicate effective immune levels in as few as 20% of the adult 
popul ation. In th e United States, when any trau ma in adults 
requires tetanus toxoid , it is usually combined with diphtheria 
toxoid (Td vacc ine). 

Diphtheria is also expressed as cutaneous diphtheria. In this 
form of the disease, e. diphtheriae infects the skin, usually at a 
wound or si mila r skin lesion, and there is minimal systemic 
circu lation of the toxin. In cutaneous infections, the bacteria 
cause slow-healing ulcerations covered by a gray membrane. 
Cu taneous diph theria is fairly common in tropical count ries. [n 
the United States, it occurs mostly among American Indians and 
in adu lts of low socioeconomic status. It is responsible fo r most 
of the reported cases of diphtheria in people over age 30. 

In the past, diphtheria was spread mainly to healthy carriers 
by droplet infection. Respiratory cases have been known to arise 
from contact with cu taneous diphtheria. 

Laboratory diagnosis by bacterial iden tifi cation is difficult, 
requi ring sevenl selective and differential media. Identification 
is complicated by the need to differentiate toxin-forming isolates 
from stnins th3t arc nOI toxigenic; both may be found in the 
same patient. 

Even though antibiotics such as penicillin and erythromycin 
control the growth of the bacteria, they do not neutralize the 
diphtheri3 toxin. Thus antibiotics shou ld be used only in 
conjunction with antitoxin. 



CHECK YOUR UNDERSTANDING 

,.f Among streptococcal pharyngitis, scarlet fever, or diphtheria, 
which two diseases are usually caused by the same genus of 
bacteria? 24-4 

Otitis Media 
One of the more uncomfortable complications of the common cold, 
or of any infection of the nose or throat, is infection of the middle 
ear, otitis media, or earache. The pathogens cause the formation of 
pus, which builds up pressure against the eardrum and causes it to 
become inAamed and painful (Figure 24.6). The condition is most 
frequent in early childhood because the auditory tube connecting 
the middle ear to the throat is small and more horizontal than in 
adults and so is more easily blocked by infection (see Figure 24.1). 

A number of bacteria can cause otitis media. The most 
commonly isolated pathogen is S. p"eurno/liae (about 35% of 
cases). Other bacteria frequently involved are nonencapsulated 
H. illj1uellzae (20-30%), Moraxella catarrhalis (m6- raks-e\'la 
ka-tar'al -is) (10- 15%), S. pyogelles (8- 10%), and S. aureus 
(1 - 2%). [n about 3- 5% of cases, no bacteria can be detected. Viral 
infections may be responsible in these instances; respiratory syn-
cytial viruses (see page 692) are the most common isolate. 

Otitis media affects 85% of children before the age of 3 and 
accounts for nearly half of office visits to pediatricians- ,n 
estimated 8 million cases each year in the United States. Treatment 
always assumes that bacteria are the cause, and it is estimated that 
ear infections account for about one-fourth of the prescriptions for 
antibiotics. Broad-spectrum penicillins, such as amoxicillin, are 
usually the first choice for children. Many physicians now question 
the value of antibiotics, uncertain whether these drugs shorten the 
course of the d isease. A conjugate vaccine exists that is intended to 
prevent pneumonia caused by S. p"eurno"iae. Experience so far has 
shown that the vaccine has the welcome side effect of reducing the 
incidence of otitis media by 6-7%. This reduction may not sound 
like much, but it amounts to over a million fewer cases every year. 

Viral Diseases of the Upper 
Respiratory System 
LEARNING OBJECTIVE 
24-5 list the causative agents and treatments for the common cold. 

Probably the most prevalent disease of humans, at least those 
living in the temperate zones, is a vi ral disease affecting the upper 
respiratory system- the common cold. 

The Common Cold 
A number of different viruses are involved in the etiology of the 
common cold. About 50% of all colds are caused by rhinoviruses. 
Coronaviruses probably cause another 15-20%. About 10% of all 
colds are caused by one of several other viruses. In about 40% of 
cases, no causative agent can be identified. 
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Figure 24.6 Acute otitis media, with bulging eardrum. 

Q What is the most common bacterium causing middle ear infections? 

We tend to accumulate immunities against cold viruses 
during our lifetime, which may be a reason why older people 
tend to get fewe r colds. Immunity is based on the ratio of IgA 
antibodies to single serotypes and has a reasonably high 
short-term effectiveness. Isolated populations may develop a 
group immunity, and their colds disappear until a new set of 
viruses is introduced. Altogether, probably more than 200 agents 
cause the common cold. There are at least 113 serotypes of 
rhinoviruses alone, so a vaccine effective aga inst so many 
different pathogens does not seem practical. 

The symptoms of the common cold are familiar to all of us. 
They include sneezing, excessive nasal secretion, and congestion. 
The infection can easily spread from the throat to the sinuses, the 
lower respiratory system, and the middle ear, leading to compli-
cations of laryngitis and otitis media. The uncomplicated cold 
usually is not accompanied by fever. 

Rhinoviruses thrive at a temperature slightly below that of 
normal body temperature, such as might be found in the upper 
respiratory system, which is open to the outside environment. 
No one knows exactly why the number of colds seems to increase 
with colder weather in temperate zones. It is not known whether 
closer indoor contact promotes epidemic-type transmission or 
whether physiological changes increase susceptibility. 

A single rhinovirus deposited on the nasal mucosa is often 
sufficient to cause a cold. However, there is surprisingly little 
agreement on how the cold virus is transmitted to a site in the 
nose. Experiments with guinea pigs and the influenza virus show 
that viruses tend to be carried on airborne droplets of water vapor. 
In the dry air (low humidity) typical of low temperatures, the 
droplets are smaller and remain airborne longer, facilitat ing 
person-to-person transmission. At the same time, the cooler air 
causes the cilia of the ciliary escalator to work more slowly, 
allowing inhaled viruses to spread in the upper respiratory system. 

A series of experiments involving a group of card players, half 
with colds and half without colds, supported the hypothesis of 
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airborne transmission. Half of the healthy players were restrained 
so that they could not use their hands to transfer 10 their noses 
viruses picked up from the playing cards, and the other half were 
not restrained . The players who could not touch their noses came 
down with as many colds as those who could-an argument for 
airborne transmission. Even when healthy participants in card 
games were placed in a room separate from anyone suffering from 
a cold and isolated from their ai rborne secretions, but handled 
cards literally soaked in nasal secretions, none developed colds. In 
a perhaps less repellent series of experiments, researchers required 
healthy volunteers 10 kiss cold sufferers for 60 to 90 seconds; only 
8% of the volunteers came down with colds. 

Because colds are caused by viruses, antibiotics are of no use 
in treatment. Recovery time is not reported 10 be affected by 
nonprescription drugs, such as zinc lozenges or vitamin C. 
Symptoms can be relieved by cough suppressants and antihista-
mines, but these med ications do not speed recovery. There is still 

considerable truth in the medical adage that an untreated cold 
will run its normal course 10 recovery in a week, whereas with 
treatment it will take 7 days. 

Promising new approaches 10 shortening the duration of the 
common cold are, however, being tested. Almost all rhinoviruses, 
which are among the more common cold-causing viruses, use the 
same receptor protein on the host's cells to attach and infect the 
cells lining the nasal passage. Improved insight into the host-virus 
attachment mechanisms is considered the most likely key to 
successful therapy for colds. 

The diseases affecting the upper resp iratory system are 
summarized in Diseases in Focus 24.1 . 

CHECK YOUR UNDERSTANDING 

./ Which viruses, rhinoviruses or coronoviruses, cause about half 
of the cases of the common cold? 24-5 

MICROBIAL DISEASES OF THE 
LOWER RESPIRATORY SYSTEM 

Many of the same bacteria and viruses that infect the upper res-
piratory system can also infect the lower respiratory system. As 
the bronchi become involved, bronchitis or bronchiolitis devel-
ops (see Figure 24 .2). A severe complication of bronchitis is 
pneumonia, in which the pulmonary alveoli become involved. 

- , , 
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Figure 24.7 Ciliated cells of the res piratory system infected 
with Bordetella pertussis.. Cells of B. pertussIs (orange) can be seen 
growing on the cilia; they will eventually cause the loss of the ciliated cells. 

Q What is the name of the toxin produced by Borderella pertussis 
that causes the loss of cilia? 

Bacterial Diseases of the Lower 
Respiratory System 
LEARNING OBJECTIVE 
24-6 Ustthe causative agent. symptoms. prevention. preferred treatment. 

and laboratory identification tests for pertussis and tuberculosIs. 
24-7 Compare and contrast the seven bacterial pneumonias discussed 

in this chapter. 
24-8 ust the ellology. method of transmission. and symptoms of melioidosis. 

Bacterial diseases of the lower respiratory system include 
tuberculosis and the many types of pneumonia caused by 
bacteria. Lesser-known diseases such as psittacosis and Q fever 
also fall into this category. 

Pertussis (Whooping Cough) 

A Infection by the bacterium Bordetella pertussis 
results in pertussis, or whooping cough. 

B. pertussis is a small, obligately aerobic, gram-negative cocco-
bacillus. The virulent strains possess a capsule. The bacteria 
attach specifically to ciliated cells in the trachea, first imped ing 
their ciliary action and then progressively destroying the cells 
(Figure 24.7). This prevents the ciliary escalator system from 
moving mucus. B. pertllssis produces several toxins. Tracheal 
cytotoxin, a fixed cell wall fraction of the bacterium, is responsi-
ble for damage to the ciliated cells, and pertllssis toxin enters the 
bloodstream and is associated with systemic symptoms of the 
disease. 



Microbial Diseases of the Upper Respiratory 
System 
Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that fit the information derived from examining a patient. A differential diagnosis is impor-
tant for providing initial treatment and for laboratory testing. The differential diagnosis for the 
following diseases is usually based on clinical symptoms. and throat swabs may be used to 
culture bacteria. For example, a patient presents with fever and a red, sore throat Later a 
grayish membrane appears in the throat. Gram-positive rods were cultured from the membrane. 
Use the table below to identify infections that could cause these symptoms. For the solution, 
go to www.microbiologyplace.com. 

Disease 

BACTERIAL DISEASES 

Epiglottitis 

Streptococcal 
pharyngitis 
(strep throat) 

Scarlet fever 

Diphtheria 

Otitis media 

VIRAL DISEASE 

Common cold 

Pathogen 

Haemophilus influenzae 

Streptococci. especially Streptococcus 
pyogenes 

Erythrogenic toxin -producing strains 
of Streptococcus pyogenes 

Corynebacterium diphtheriae 

Several agents, especially Staphylococcus 
aureus, StJeptococcus pneumoniae. and 
Haemophl/us influenzae 

Rhinoviruses. coronaviruses 

Primari ly a childhood disease, pertussis can be quite severe. 
The initial stage, called the catarrhal stage, resembles a common 
cold. Prolonged sieges of coughing characterize the paroxysmal 
stage, or second stage. (The name pertussis is derived from the 
Latin per, meaning thoroughly, and tussis, meaning cough. ) 
When ciliary action is compromised, mucus accumulates, and 
the infected person desperately attempts to cough up these 
mucus accumulations. The violence of the coughing in small 
children can actually result in broken ribs. Gasping fo r air 
between coughs causes a whooping sound, hence the informal 
name of the disease. Coughing episodes occur several times a day 
for J to 6 weeks. The convalescence stage, the third stage, may last 

Charll cteristic swollen lymph nodes of this disease. 

Symptoms 

Inflammation of the epiglottis 

Inflamed mucous membranes of 
the throat 

Streptococcal exotoxin causes 
reddening of skin and tongue and 
peeling of affected skin 

Membrane forms in throat; 
cutaneous form also occurs 

Accumulations of pus in middle 
ear build up painful pressure on 
eardrum 

Familiar symptoms of coughing. 
sneezing. runny nose 

Treatment 

Antibiotics; mainta in airway 
Prevention: Hib vaccine 

Penicillin 

Penicillin 

Penicillin and antitoxin 
Prevention: DTaP vaccine 

Broad-spectum antibiotics 
Prevention: pneumococcal 
vaccine 

Supportive 

for mon ths. Because infants are less capable of coping with the 
effort of coughing to maintain an airway, irreversible damage to 
the brain occasionally occurs. 

The epidemiology of pertussis has been changing. Befo re a 
whole-cell, heat killed vaccine was introduced in the 19405, 
pertussis was a major disease affecting almost entirely children 
under the age of 10. More than half could expect to be infected 
before beginning school. Introduction of the DTP (diphtheria, 
tetanus, pertussis) vaccine led to a dramatic decline in cases. 
However, since about the 1980s the number of cases has 
significantly increased (peaking in 2004 at about 26,000 cases), 
but now the adolescent and adult populations are affected. 

681 
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Figure 24.8 Mycobacterium tuberculosis. The filamentous, 
red-stained fu nguslike growth shown here in a smear from lung tissue IS 
responsible for the organism's name. Under other conditions. It grows as 
slender. individual bacilli. A waxy component of the cell. cord factor, is 
responsible for this ropelike arrangement. An injection of cord factor 
causes pathogenic effects exactly like that caused by tubercle bacil li. 

Q What characteristic of this bacterium suggests use of the prefix 
royco-? 

New vaccines intended for adolescents and adults (Tdap) are 
recommended to boost immunity as the effectiveness of 
childhood vaccination declines. There are several reasons for this 
decline. The immunity to the DTP vaccine declines after a few 
years and offers almost no protection by about 12 years. It is uncer-
tain how long the protection offered by the newer acellular vaccine 
for ch ildren (DTaP) will last. In the past, contact with cases of 
unrecognized or mild pertussis likely provided vaccinated people 
a booster effect, which helped control the disease. Finally, intro-
duction of peR diagnostic tests, which are much more sensitive, 
has probably led to an increase in reported cases in older children 
and adults. This situation is termed a pseudoepidemic. 

Diagnosis of pertussis is primarily based on cl inical signs and 
symptoms. The pathogen can be cultured from a throat swab 
inserted through the nose on a thin wire and held in the throat 
while the patient coughs. Culture of the fastidious pathogen 
requires care. As alternatives to culture, PCR methods can also be 
used to test the swabs for presence of the pathogen, a procedure 
that is required to diagnose the disease in infants. 

Treatment of pertussis with antib iotics, most commonly 
erythromycin or other macrolides, is not effective after 
onset of the paroxysmal coughing stage but may reduce 
transm ission. 

CHECK YOUR UNDERSTANDING 

'" Another name for pertussis is whooping cough. This 
symptom is caused by the pathogens' attack on which 
cells? 24-6 

Tuberculosis 
Thberculosis (TB) is an infectious disease caused by the 
bacterium Mycobacterium tuberCIIlosis, a slender rod and an 
obligate aerobe. The rods grow slowly (20-hour or longer gener-
at ion time), sometimes form filaments, and tend to grow in 
clumps (Figure 24.8) . On the surface of liquid med ia, their 
growth appears moldlike, which suggested the genus name 
Mycobacterium (my co means fungus). 

Mycobacteria stained with carbol- fu chsin dye cannot 
be decolorized with acid-alcohol and are therefore classified as 
acid-fast (see page 70). This characteristic reflects the unusual 
composition of the cell wall, which contains large amounts of 
lipids. These lipids might also be responsible for the resis tance of 
mycobacteria to environmental stresses, such as drying. In fact, 
these bacteria can survive for weeks in dried sputum and are very 
resis tant to chemical antimicrobials used as antiseptics and 
disinfectants (see Table 7.7 page 203). 

Tuberculosis is a particularly good illustration of the ecolog-
ical balance between host and parasite in infectious disease. A 
host is not usually aware of pathogens that invade the body and 
are defeated. If immune defenses fail, however, the host becomes 
very much aware of the resulting disease. As might be expected, 
there is a great synergy between HIV infection and TB- many 
cases are coinfections. 

Several factors may affect host resistance levels: the presence 
of other illness and physiological and environmental facto rs, 
such as malnutrition, overcrowding, and stress. A tragic demon-
stration of individual variation in resistance was the Lubeck 
d isaster in Germany in 1926. By error, 249 babies were 
inoculated with virulent tuberculosis bacteria instead of the 
attenuated vaccine strain. Even though all received the same 
inoculum, there were only 76 deaths, and the remainder did not 
become seriously ill. 

Tuberculosis is most commonly acquired by inhaling the 
bacillus. Only very fine particles containing one to three bacilli 
reach the lungs, where they are usually phagocytized by a 
macrophage in the alveoli (see Figure 24.2). The macrophages of 
a healthy individual become activated by the presence of the 
bacilli and usually destroy them. 

Pathogenesis of Tuberculosis 
Figure 24.9 shows the pathogenesis of T8. An important factor in 
the pathogenicity of the mycobacteria probably is that the mycolic 
acids of the cell wall strongly stimulate an inflammatory response 
in the host. The figure depicts the situation in which the 
body's defenses fail and the disease progresses to a fatal conclusion. 
However, most healthy people will defeat a potential infection with 
activated macrophages, especially if the infecting dose is low. 

0-0 If the infection progresses, the host isolates the pathogens 
in a walled-off lesion called a tubercle (meaning lump or 
knob), a characteristic that gives the disease its name. 
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Tubercle bacilli that reach the alveoli of the lung (see 
Figure 24.2) are ingested by macrophages. but often 
some survive. Infection is present, but no symptoms 
of disease. 

Tubercle bacilli multiplying in macrophages cause 
a chemotactic response that brings additional 
macrophages and other defensive cells to the area. 
These form a surrounding layer and, in turn, an early 
tubercle. Most of the surrounding macrophages are 
not successful in destroying bacteria but release 
enzymes and cytokines that cause a lung-
damaging inflamma1ion. 

After a few weeks. disease symptoms appear as 
many of the macrophages die, releas ing tubercle 
bacilli and forming a caseous center in the tubercle. 
The aerobic tubercle bacilli do not grow well in this 
location. However. many remain dormant {latent TB} 
and serve as a basis for later reactivation of the 
disease. The disease may be arrested at this stage. 
and the lesions become calcified. 

In some individuals. disease symptoms appear as a 
mature tubercle is formed. The disease progresses as 
the caseous center enlarges in the process called 
liquefaction. The caseous center now enlarges and 
forms an air-filled tuberculous cavity in which the 
aerobic bacilli multiply outside the macrophages. 

Liquefactioo continues until the tubercle ruptures, 
allowing bacilli to spill into a bronchiole (see Figure 
24.2) and thus be disseminated throughout the lungs 
and then to the circulatory and lymphatic systems. 

Figure 24.9 The pathogenesis of tuberculosis. 
This figure represents the progression of the disease 
when the defenses of the body fai l. In most otherwise 
healthy individuals. the infection is arrested and fatal 
tuberculosis does not develop_ 

Q Almost a third of the earth's population is infect-
ed with Mycobacterium tuberculosis-does a 
study of this figure show why this is nollhe 
same as a third of the earth's population having 
tuberculosis? 

683 
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Figure 24.10 A positive tuberc ulin skin te st on an arm. 

Q What does a positive tuberculin skin test indicate? 

e-o When the disease is arrested at this point, the lesions 
slowly heal, becoming calcified. These show up clearly on 
X-ray films and are called Ghon's complexes. (Computed 
tomography ICT] is more sensi tive than X rays in detecting 
lesions of TB.) 

o If the body's defenses fail at this stage, the tubercle breaks 
down and releases virulent bacilli into the airways of the 
lung and then the cardiovascular and lymphatic systems. 

Coughing, the more obvious symptom of the lung infection, 
also spreads the infection by bacterial aerosols. Sputum may 
become bloodstained as tissues are damaged, and eventually blood 
vessels may become so eroded that they rupture, result ing in fatal 
hemorrhaging. The disseminated infection is called miliary tuber-
culosis (the name is derived from the numerous millet seed- sized 
tubercles formed in the infected tissues) . The body's remaining 
defenses are overwhelmed, and the patient suffers weight loss and a 
general loss of vigor. At one time, TB was also known as 
consumption. 

Treatment of Tuberculosis 
The first effective antibiotic for TB treatment was streptomycin, 
which was introduced in 1944 . [t is still in use but now considered 
a second-line drug. The current treatment for TB recommended by 
the World Health Organization requires the patient to adhere to a 
minimum of 6 months of antibiotic therapy that includes three or 
four drugs. That many patients fail to follow such a prolonged reg-
imen faithfully increases the likelihood of resistance developing. 
The two most powerful anti-TB drugs are isoniazid and rifampin 
(also known as rifampicin ). Other FDA approved first -line drugs 
include pyrazinamide, rifapentine, and ethambutol- in all, about 
10 drugs are approved for treatment of TB, many considered 

secondary choices. The prolonged treatment is necessary because 
the tubercle bacillus grows very slowly or is dormant (the only drug 
effective against dormant bacilli is pyrazinamide), and many antibi-
otics are effective only against growing cells. Also, the bacillus may 
be hidden for long periods in macrophages or other locations diffi-
cult to reach with antibiotics. Multiple-drug therapy is needed to 
minimize the emergence of resistant strains. 

There has been little in the way of new anti-TB drugs: the last 
major anti-tubercular drug, rifampin, was introduced decades 
ago. There is a serious need for a drug or drugs that would reduce 
the treatment time to less than 3 months, kill persistent bacilli 
that might later reactivate, and be active against nlllitidrug 
resistant (MDR) strains. 

Studies have revealed the presence not only of MDR tuber-
culosis (defined as resistant to the first -line drugs, isoniazid 
and rifampin), but also of extensively drug-resistant (XDR ) 
tuberculosis, which is defined as resis tance to both the 
first- line drugs and at least three of the six main classes of 
second-line drugs. 

Currently, experimen tal interest is focused on a novel 
diarylquinoline drug. In animal testing it has demonstrated a 
unique specificity for impeding the synthesis of ATP in mycobac-
teria and is effective in kill ing both dormant and actively 
growing bacilli. 

Diagnosis of Tuberculosis 
People infected with tuberculosis respond with cell-mediated 
immunity against the bacter ium . This form of immune 
response, rather than humoral immunity, develops because 
the pathogen is located mostly within macrophages. This 
immunity, involving sensitized T cells, is the basis for the 
tuberculin skin test (Figure 24.10), a screening test for infec-
tion . A positive test does not necessarily indicate active disease. 
In this test, a purified protein derivative of the tuberculosis 
bacterium, derived by precipitation from broth cultures, is 
injected cutaneously. If the injected person has been infected 
with TB in the past, sensitized T cells react with these proteins, 
and a delayed hypersensitivity reaction occu rs in about 
48 hours. This reaction appears as an induration (hardening) 
and reddening of the area around the injection site. Probably 
the most accurate tuberculin test is the Mantoux test, in which 
dilutions of 0.1 ml of antigen are injected and the reacting area 
of the skin is measured . 

A positive tuberculin test in the very young is a probable 
indication of an active case of T8. In older individuals, it might 
indicate only hypersensitivity resulting from a previous infection 
or vaccination, not a current active case. Nonetheless, it is an indi-
cation that further examination is needed, such as a chest X ray or 
CT examination to detect lu ng lesions and attempts to isolate the 
bacterium. 

The initial step in laboratory diagnosis of active cases is a 
microscopic examination of smears, such as sputum. This may be 



a conventional acid-fast stain or the more specific fl uorescent-
antibody microscopy. A confirmation of TB by isolation of the 
bacterium is complicated by the very slow growth of the pathogen. 
The formation of a colony might take 3 to 6 weeks, with comple-
tion of a reliable identification series adding another 3 to 6 weeks. 
There has been considerable progress in developing rapid diagnos-
tic tests. DNA probes are available to identify cultured isolates (sec 
Figure 10.16, page 292). Several tests make use of PCR methods 
that are capable of detecting M. tuberculosis directly from sputum 
or other samples (sec page 291). Several new tests detect the pres-
ence in blood samples of gamma interferon (IFN-y), which is 
released by T cells in response to certain antigens of M. fIIberCIIlo-
sis. Evidence is that, compared to the skin test, these have higher 
specificity and less cross-reactivity with BCG vaccination (see the 
discussion of TB vaccines, following). They do not distinguish 
latent from active infection. Determination of drug resistance by 
conventional culture methods is lengthy and labor intensive. 
However, resistance to rifampin is almost invariably a marker for 
MDR, and this can be detected more rapidly with certain molecu-
lar methods. There is also interest in new microscopic-observation-
drug-susceptibility (MODS) assays. The bacteria grow faster in 
liquid than solid medium, and microscopic examination can 
detect early characteristic cord formatio n concurrent with 
exposure to different drugs. 

Another mycobacterial species, Mycobacterium boyis (bo'vis), 
is a pathogen mainly of cattle. M. boyis is the cause of bovine 
tuberculosis. wh ich is transmitted to humans via contaminated 
milk or food . Bovine tuberculosis accounts for fewer than 1 % of 
TB cases in the United States. It seldom spreads from human to 
human, but before the days of pasteurized milk and the develop-
ment of control methods such as tuberculin testing of cattle 
herds, this disease was a frequent form of tuberculosis in humans. 
M. boyis infections cause TB that p rimarily affects the bones or 
lymphatic system. At one time, a common manifestation of this 
type of TB was hunchbacked deformation of the spine. 

Other mycobacterial diseases also affect people in the late 
stages of H IV infection. A majority of the isolates are of a related 
group of organisms known as the M. ayium-intracellulare (a've-
um in'tra-cel-ii-la-re) complex. In the general population, infec-
tions by these pathogens are uncommon. 

Tuberculosis Vaccines 
The BeG vaccine is a live culture of M. boyis that has been made 
avirulent by long cultivation on artificial media. (BCG stands for 
bacillus of Calmette and Guerin, the people who originally isolated 
the strain.) The BCG vaccine has been available since the 1920s and 
is one of the most widely used vaccines in the world. In 1990, it was 
estimated that 70% of the world's schoolchildren received it. In the 
United States, however, the vaccine is currently recommended only 
for certain children at high risk who have negative skin tests. People 
who have received the vaccine show a positive reaction to 
tuberculin skin tests. This has always been one argument against its 
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widespread use in the United States. Another argument against the 
universal administration of BCG vaccine is its very uneven effec-
tiveness. Experience has shown that it is fairly effective when given 
to young children, but for adolescents and adults it sometimes has 
an effectiveness approaching zero. Worse, it has been found that 
HIV-infected children, who need it most, frequently will develop a 
fatal infection from the BCG vaccine. Recent work indicates that 
exposure to members of the M. ayiml1-iutracellulare complex that 
is often encountered in the environment may interfere with the 
effectiveness of the BCG vaccine-which might explain why the 
vaccine is more effective early in life, before much exposure to such 
environmental mycobacteria. A number of new vaccines arc in the 
experimental pipeline. 

Wor1dwide Incidence of Tuberculosis 
Tuberculosis has emerged as a global epidemic (Figure 24.11a). 
Estimates are that 9 mill ion people develop active tuberculosis every 
year and that infections result in more than 2 million deaths annu-
ally. Probably a third of the world's population is infected. Also, HIV 
and tuberculosis are almost inseparable, and tuberculosis is 
the leading direct cause of death in much of the world affected 
by HIV. The majority of cases in the United States, usually 
around 14,000 annually, occur among foreign-born individuals 
(Figure 24.11 b). 

Globally, the number of TB cases is rising at about 2% a year, 
and the number of MDR cases is rising even faster. To treat MDR 
patients in the United States can cost tens of thousands of dollars 
annually and is economically impractical in most of the world. 
Tuberculosis remains a major worldwide health problem. 

Bacterial Pneumonias 
The term p"emf/onia is applied to many pulmonary infections, 
most of which arc caused by bacteria. Pneumonia caused by 
Streptococcus pneumolliae is the most common, about two-thirds of 
cases, and is therefore referred to as typical pneumollia. Pneumonias 
caused by other microorganisms, which can include fungi, proto-
zoa, viruses, and other bacteria, are termed atypical pneumollias. 
This distinction is becoming increasingly blurred in practice. 

Pneumonias also are named after the portions of the lower 
respiratory tract they affect. For example, if the lobes of the lungs 
are infected, it is called lobar pnellmonia; pneumonias caused by 
S. pneulIlolliae are usually of this type. Bronchopneumonia 
indicates that the alveoli of the lungs adjacent to the bronchi arc 
infected. Plellrisy is often a complication of va rious pneumonias, 
in which the pleural membranes become painfully inflamed. 
(Sec Diseases in Focus 24.2.) 

Pneumococcal Pneumonia 
Pneumonia caused by S. pneumouiae is called pneumococcal 
pneumonia. S. p"eulIloniae is a gram-positive, ovoid bacterium 
(Figure 24.12). This microbe is also a common cause of otitis 
media, meningitis, and sepsis. The cell pairs are surrounded by a 
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(a) Estimated tuberculosis incidence worldwide, per 100,000 population. 
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Figure 24.11 Distribution of tuberculosis. Ca) Tuberculosis 
worldwide. Cb) Tuberculosis in the United States_ Rates among American 
ethnic groups. 
Source. 'MJr1d Health Orgamwuon (WHO). 2006: MMWR 54(53). April 30. 2007. 

Q How can wberculosis be eliminaled? 

Figure 24.12 Streptococcus pneumoniae, the cause of 
pneumococcal pneumonia. Notice the paired arrangement of the cel ls. 
The capsule has been made more apparent here by reaction with a speCific 
pneumococcal antiserum that makes it appear to swell. 

Q What component of the cell is the primary antigen? 



Common Bacterial Pneumonias 
Pneumonia is a leading cause of illness and death among children worldwide and the seventh 
leading case of death in the United States. Pneumonia can be caused by a variety of viruses. 
bacteria. and fungi. To prove that a bacterium is causing the pneumonia, the bacterium is 
isolated from cultures of blood or, in some cases, lung aspirates. 

For example, a 27-year-old man with a history of asthma was hospitalized with a 4-day 
history of progressive cough and 2 days of spiking fevers. Gram -positive cocci in pairs were 
cultured from a blood sample. Use the table below to identify infections that could cause 
these symptoms. For the solution, go to 'NWW.microbiology.com. 

..... " .......... Symptoms Reservoir 

Pneumococcal Streptococcus Infected alveoli of Humans 
pneumonia pneumomae lung fill with fluids; 

interferes wi th oxygen 
uptake 

Haemophllu$ Haemophilus Symptoms resemble Humans 
innuenzae influenzae pneumococcal 
pneumonia pneumonia 

Mycoplasmal Mycoplasma Mild but persistent Humans 
pneumonia pneumoniae respiratory symptoms; 

low fever, cough, 
headache 

leglonellosls Legionel/a Potentially fatal Water 
pneumophila pneumonia 

Psittacosis Chlamydophila Symptoms, if any, Birds 
(ornithosis) psittaci are fever, headache. 

chil ls 

Chlamydlal Chlamydophila Mild respira tory illness; Humans 
pneumonia pneumoniae resembles mycoplasmal 

pneumonia 

Q fever Coxiella Mild respiratory disease Large mammals; tick 
burnetii lasting 1- 2 weeks: vector; can be 

occasional compl ications transmitted via 
such as endocarditis unpasteurized milk 
occur 

An optochin-inhibitlon test of the cultured bacteria, 
on blood agar. 

OlagllOSiI Treatment 

Positive optochin Penicillin, 
inhibition test or bile nuoroquinolones 
solubility test: serological Prevention: 
typing of bacteria pneumococcal 

vaccine 

Isolation; special media Cephalosporins 
for nutritional 
requirements 

peR and serolog ical Tetracyclines 
tests 

Culture on selective Erythromycin 
media. DNA probe 

Growth of bacteria in Tetracyclines 
eggs or cell cultu re 

Serological tests Tetracyclines 

Growth in cell culture Doxycycline 
ood 
chloroquine 

dense capsule that makes the pathogen resistant to phagocytosis. 
These capsules are also the basis of serological differentiation of 
pneumococci into at least 90 serotypes. Before antibiotic therapy 
became available, antisera directed at these capsular antigens 
were used to treat the d isease. 

Pneumococcal pneumonia involves both the bronchi and the 
alveoli (see Figure 24 .2). Symptoms include high fever, breathing 
difficulty, and chest pain. (Atypical pneumonias usually have a 
slower onset and less fever and chest pain. ) The lungs have a 
reddish appearance because blood vessels are dilated. [n response 
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I I 
0.5 mm 

Figure 24.13 Colonies of Mycoplasma pneumoniae, the cause 
of mycoplasmal pneumonia. 

Q Could you see IheSG colonies without magnification? 

to the infection, alveoli fill with some red blood celis, neu tro-
ph ils (see Table 16. 1. page 455), and fluid from surrounding 
tissues. The sputum is often rust-colored from blood coughed 
up from the lungs. Pneumococci can invade the bloodstream, 
the pleural cavi ty surrounding the lung, and occasionally 
the men inges. No bacterial toxin has been clearly related to 
pathogenicity. 

A presumptive diagnosis can be made by isolating the pneumo-
cocci from the throat, sputum, and other fl uids. Pneumococci can 
be distinguished from other alpha-hemolytic streptococci by 
observing the inhibition of growth next to a disk of optochin (eth-
ylhydrocuprcine hydrochloride) or by performing a bile solubil ity 
test. They can also be serologically typed. 

There are many healthy carriers of the pneumococcus. 
Virulence of the bacteria seems to be based mainly on the carrier's 
resis tance, which can be lowered by stress. Many illnesses of older 
adults terminate in pneumococcal pneumon ia. 

A recurrence of pneumococcal pneumonia is not uncommon, 
but the serological types are usually different. Before chemotherapy 
was available, the mortality rate was as high as 25%. This has now 
been lowered to less than 1 % for younger patients treated early in 
the course of their disease. For older patients admitted to a hospi-
tal, mortality can approach 20%. 

Resistance to penicill in haS been an increasing problem, and 
several other drugs, especially macrolides and f1 uoroquinolones, 
are now replacing it. 

A conjugated pneumococcal vaccine has recently been 
introduced that has been effective in preventing infection by 
the seven serotypes included in it. It has also had an indi rect 
herd effect shown by reduction in other d iseases, such as oti tis 
media, attributable to the pneumococcus. 

Haemophilus influenzae Pneumonia 
Hacmophillis i11fIucrlzac is a gram-negative coccobacillus, and a 
Gram stain of sputum will differentiate this type of pneumonia 
from pneumococcal pneumonia. Patien ts with such condi tions 
as alcoholism, poor nutrition, cancer, o r diabetes a re especially 
susceptible. Diagnostic identification of the pat hogen uses 
special media that determine requi rements for X and V factors 
(see page 31 I). Second-generat ion cephalosporins are resistant 
to the p-Iactamases produced by many H. i"fIrlel/zae strains 
and are therefore usually the drugs of choice. 

Mycoplasmal Pneumonia 
The mycoplasmas, which do not have cell walls, do not grow 
under the conditions normally used to recover most bacterial 
pathogens. Because of this characteristic, pneumonias caused by 
mycoplasmas are often confused with viral pneumonias. 

The bacterium Mycoplasma p"euTlloliae is the causative 
agent of mycoplasmal pneumonia. This type of pneumonia was 
first discovered when such atypical infections responded to 
tetracyclines, indicating that the pathogen was nonv iraL 
Mycoplasmal pneumonia is a common type of pneumonia in 
young adults and ch ild ren. It may account for as much as 20% of 
pneumonias, although it is not a reportable disease. The 
symptoms, which persist for 3 weeks or longer, are low-grade 
feve r, cough, and headache. Occasionally, they are severe enough 
to lead to hospitalization. Other terms fo r the d isease are primary 
atypical (that is, the most common pneumon ia not caused by the 
pneumococcus) and walking p"eumo"ia. 

\Vhen isolates from throat swabs and sputum grow on a 
medium containing horse serum and yeast extract, they form 
d istinctive colonies with a "fried-egg" appearance (Figure 24.13). 
The colonies arc so small that they must be observed with magnifi-
cation. The mycoplasmas are highly varied in appearance because 
they lack cell walls (see Figure 11.20, page 319). 

Diagnosis based on recovering the pathogens might not be use-
ful in treatment beca use as long as 3 or more weeks may be requi red 
fo r the slow-growing organisms to develop. Diagnostic tests have 
improved greatly in recent years, however. They include PCR and 
serological tests that detect IgM antibodies against M. p"CIIlI/olliae. 

Treatment with antibiotics such as tetracycline usually hastens 
the disappearance of symptoms but does not eliminate the bacte-
ria, wh ich the patient continues to carry for several weeks. 

Legionellosis 
Legio nellosis. or Legionnaires' disease. fi rst received public 
atten tion in 1976, when a series of deaths occu rred among 
members of the American Legion who had attended a meeting in 
Philadelphia. Because no obvious bacterial cause could be found, 
the deaths were 311ributed to vi ral pneumonia. Close investiga-
tion, mostly with techniques directed at locating a suspected 
rickettsial agent, eventually ident ified a previously unknown 
bacterium, an aerobic gram-negat ive rod now known as 



Legiollella plleumophila, which is capable of replication within 
macrophages. Over 44 species of Legionella have now been 
identified; not all of them cause disease. 

The disease is characterized by a high fever of 40SC, cough, 
and general symptoms of pneumonia. No person-to-person trans-
mission seems to be involved. Recent studies have shown that the 
bacterium can be readily isolated from natural waters. In addition, 
the microbes can grow in the water of air-conditioning cooling 
towers, perhaps indicating that some epidemics in hotels, urban 
business districts, and hospitals were caused by airborne transmis-
sion. Recent outbreaks have been traced to whirlpool spas, humid-
ifiers, showers, decorative fountains, and even potting soil. 

The organism has also been found to inhabit the water lines of 
many hospitals. Most hospitals keep the temperature of hot water 
lines relatively low (43- SS°C) as a safety measure, and in cooler parts 
of the system this inadvertently maintains a good growth tempera-
ture for Legionella. This bacterium is considerably more resistant to 
chlorine than most other bacteria and can survive for long periods 
in water with a low level of chlorine. Evidence indicates Legionella 
exist primarily in biofilms that are highly protective. The bacteria are 
often ingested by waterborne amoebae when these are present but 
continue to proliferate and may even survive within encysted 
amoebae. The most successful method for water disinfcction in 
hospitals with a need to control Legiollella contamination has been 
installation of copper-silver ionization systems. 

The disease appears to have always been fairly common, if 
unrecognized. More than 1000 cases are reported each year, but the 
actual incidence is estimated at over 25,000 annually. Men over 50 
are the most likely to contract legionellosis, especially heavy smok-
ers, alcohol abusers, or the chronically ill. (See the box on page 691.) 

L. pllellmopllila is also responsible for Pontiac fever. which is 
essentially another form of legionellosis. Its symptoms include fever, 
muscular aches, and usually a cough. The condition is mild and self-
limiting. During outbreaks of legionellosis, both forms may occur. 

The best diagnost ic method is culture on a selective 
charcoal- yeast extract medium. Respiratory specimens can be 
examined by fluorescent-antibody methods, and a DNA probe 
test is available. Erythromycin and other macrolide antibiotics, 
such as azithromycin, are the drugs of choice for treatment. 

Psittacosis (Ornithosis) 
The term psittacosis is derived from the disease's association 
with psittacine birds, such as parakeets and other parrots. It was 
later found that the disease can also be contracted from many 
other birds, such as pigeons, chickens, ducks, and turkeys. 
Therefore, the more general term ornithosis has come into use. 

The causative agent is CI!lamydopllila psittaci (sit'ta-se), a 
gram-negative, obligate intracellular bacterium. The taxonomy of 
this organism has recently been revised. The genus name has been 
changed from Chlamydia to Chlamydophila. This taxonomic 
change has also been made with C. pnellmolliae (see the 
discussion of chlamydial pneumonia which follows ). We will con-
tinue to use the generic terms chlamydial and chlamydiae. One 
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way chlamydiae differ from rickettsias, which are also obligate 
intracellular bacteria, is that chlamydiae form tiny elementary 
bodies as one part of their life cycle (see Figure 11.24, page 323). 
Unlike most rickettsias, elementary bodies are resistant to envi-
ronmental stress; therefore, they can be transmitted through air 
and do not require a bite to transfer the infective agent directly 
from one host to another. 

Psittacosis is a form of pneumonia that usually causes fever, 
headache, and chills. Subclin ical infections are very common, 
and stress appears to enhance susceptibility to the disease. 
Disorientation, or even delirium in some cases, indicates that the 
nervous system can be involved . 

The disease is seldom transmitted from one human to 
another but is usually spread by contact with the droppings and 
other exudates of fowl. One of the most common modes of 
transmission is inhalation of dried particles from droppings. The 
birds themselves usually have diarrhea, ruffled feathers, respira-
tory illness, and a generally droopy appearance. Parakeets and 
other parrots sold commercially are usually (but not always) free 
of the disease. Many birds carry the pathogen in their spleen 
without symptoms, becom ing ill only when stressed. Pet store 
employees and people involved in raising turkeys are at greatest 
risk of contract ing the disease. 

Diagnosis is made by isolating the bacterium in embryonated 
eggs or by cell culture. Serological tests can be used to identify the 
isolated organism. No vaccine is available, but tetracyclines are 
effective antibiotics in treating humans and animals. Effective 
immunity docs not result from recovery, even when high titers of 
antibody arc present in the serum. 

Most years, fewe r than 100 cases and very few deaths are 
reported in the United States. The main danger is late diagnosis. 
Before antibiotic therapy was available, the mortality rate was 
about \5- 20%. 

ChlamydiaI Pneumonia 
Outbreaks of a respiratory illness in populations of college students 
were found to be caused by a chlamydial organism. Originally the 
pathogen was considered a strain of C. psittaci, but it has been 
assigned the species name Chlamydophila p"el/moniac, and the 
disease is known as chlamydial pneumonia. Clinically, it resem-
bles mycoplasmal pneumonia. (There is also strong evidence of 
association between C. pncl/moniac and atherosclerosis, the 
deposition of fatty deposits that block arteries.) 

The disease is apparently transmitted from person to person, 
probably by the respiratory route. Nearly half the U.S. population 
has antibodies against the organism, an indication that this is a 
common illness. Several serological tests are useful in diagnosis, but 
results are complicated by antigenic variation. The most effective 
antibiotic is tetracycline. 

Q Fever 
In Australia during the mid -1930s, a previously unreported flulike 
pneumonia made an appearance. In the absence of an obvious 
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(a) Masses of Coxiella burneti/ growing in a placental cell 

Figure 24.14 Coxiella burnet;;, the cause of Q fever. 

Q By whallwo melhods is Q feller transmiued? 

cause, the amiction was labeled Q fever (for query), much as one 
might say "X fever."The causative agent was subsequently identified 
as the obligately parasitic, intracellular bacterium Coxiella bumerii 
(ktiks'e -el-lti ber-ne'te -e) (Figure 24.14a). Currently, it is classified 
as a member of the gammaproteobacteria. Along with other bacte-
ria of this group (such as the genera Franciscella and Legionella), it 
has the ability to multiply intracellularly. Most intracellular bacte-
ria, such as rickettsia, are not resistant enough to survive airborne 
transmission, but this microorganism is an exception. 

Q fever has a wide range of clinical symptoms, and 
systematic testing shows that about 60% of cases are not even 
symptomatic. Cases of aCllte Q fever usually feature symptoms 
of h igh fever, headaches, muscle aches, and coughing. A feeling 
of malaise may persist for months. The heart becomes involved 
in about 2% of acutely ill patients and is responsible fo r the 
rare fa talities. In cases of cllronic Q fever, the best known man-
ifestation is endocardit is (see page 641). Some 5 to 10 years 
might elapse between the initial infection and the appearance 
of endocarditis; and, because these patients show few signs of 
acute disease, the association with Q fever is often missed. 
Antibiotic therapy and earlier diagnosis have lowered the mor-
tality rate from chronic Q fever to under 5%. 

C. bumetii is a parasi te of several arthropods, especially catt le 
ticks, and it is transmitted among animals by tick bites. Infected 
animals incl ude cattle, goats, and sheep, as well as most domestic 
mammalian pets. In animals the infection is usually subclinical. 
Cattle ticks spread the disease among dairy herds, and the 
microbes are shed in the feces, milk, and urine of infected cattle. 
Once the disease is established in a herd, it is maintained by 
aerosol transmission. The disease is spread to humans by ingest-
ing unpasteurized milk and by inhaling aerosols of microbes 
generated in dairy barns, especially at calving time from placen-
tal material, which contains about a billion bacteria per gram. 

Inhaling a single pathogen is enough to cause infection, and 
many dairy workers have acqui red at least subclinical infect ions. 

(b) This cell has just divided; notice the endospore· 
like body (E), which is probably responsible lor the 
relative resistance of the organism. 

Workers in meat- and hide-processing plan ts are also at risk. The 
pasteurization temperature of milk, which was originally aimed 
at eliminating tuberculosis bacilli, was raised sligh tly in 1956 to 
ensure the killing of C. burnetii. In 1981, an endosporelike body 
was discovered, which may account for this heat resistance 
(Figure 24.14b ). This resistant body resembles the elementary 
body of chlamydiae more than typical bacterial endospores. 

The pathogen can be identified by isolation and growth in 
chick embryos in eggs or in cell culture. Laboratory workers 
testing for Coxiella-specific antibodies in a patien t's serum can 
use serological tests. 

A disease found worldwide, most cases of Q fever in the 
United States occur in the western states. The disease is 
endemic to California, Arizona, Oregon, and Washington. 
A vaccine for laboratory workers and other high-risk person-
nel is available. Doxycycline has been recommen ded for treat-
ment. When growth within macrophages in chronic infections 
renders C. burnetii resistant, the killing activity can be restored 
by combining doxycycline with chloroquine, an antimalarial. 
The chloroquine raises the pH of the phagosome, increasing 
doxycycline's efficiency. 

Melioidosis 
In 1911, a new disease was reported among drug addicts in 
Rangoon, Burma (now Myanmar). The bacterial pathogen, 
Burkllolderia pseudoma/lei, is a gram-negative rod formerly 
placed in the genus Pseudomonas. It closely resembled the 
bacterium causing glanders, a disease of horses. Therefore, 
the d isease was named melioidosis [( mel-e-oi-do' -sis) from the 
Greek me/is (distemper of asses) and eidos (resemblance)] . [t is 
now recognized as a major infectious disease in southeast Asia 
and northern Australia, where the pathogen is widely distributed 
in moist soils. [t most commonly affects individuals with lower 
immune capabilities- frequently diabetics. Sporadic cases are 



Outbreak 
As you read through this problem, you will 
see questions that epidemiologists ask 
themselves and each other as they solve a 
clinical problem. Try to answer each ques-
tion as though you were an epidemiologist. 

1. A 64-year-old man saw his primary 
care physician complaining of fever, 
malaise, and a cough. His vaccinations 
were up-la-date, including DTaP. His 
condition worsened over several days: 
he had difficulty breathing and his 
temperature rose to 40.4°C. He was 
hospitalized, and his lungs showed 
signs of mild inflammation with thin, 
watery secretion. A Gram stain of bacteria 
isolated from the patient is shown in 
the photo. 
What diseases are possible? 

2. The same day, a 37-year-old man went 
to the emergency department because 

Patients'Travel History 

he had shortness of breath. fatigue. 
and cough. The day before he had 
fever and chills. with a maximum body 
temperature of 3B.6°C. 
What additional tests would you do on 
both patients? 

3. Both patients had an antibody titer 
> 1024 against Legionella pneumophila 
serogroup 1. The local health depart-
ment was contacted because two 
patients were hospitalized with 
legionellosis. 
What do you need to know now? 

4. One week before hospitalization. both 
men stayed in the same hotel within one 
day of each other. Six additional cases of 
legionellosis were identified at other 
hospitals. A follow-up questionnaire was 
given to all eight patients to ascertain 
travel tllat preceded the illness, including 
location. accommodations. dates. and 

• 

• 

Gram Slain shows baclerla 
Wi th in a tissue sample. 

• • 

• 

6. Retrospective identification of cases 
allows control and remediation efforts. 
L. pneumophila of the same monoclonal 
antibody type was recovered from the 
hot water storage tanks, cooling tower, 
and showers and faucets in rooms 
occupied by patients and well guests. 
Why didn't other hotel guests get sick? 

Ag. 37-70 yrs (average: 60) 

information about expo-
sures to common sources 
for infection (see the table). 
What are likely sources of 
infection? 

7. During outbreaks, attack rates tend to 
be highest in specific high-risk groups, 
including older adults, smokers, and 
immunocompromised persons. 

Gender 6 male; 2 female 

Number of Nighls al Holel 1- 4 (average: 3) 

Diabetes Mellitus 4 

Immunocompromlsed 1 

Smoker 5 

Showered In Hotel 8 

Used Whlrtpool Spa at 1 

Used Hotel Swimming 6 
Pool 

5. Epidemic legionellosis 
usually results from 
exposure of susceptible 
individuals to an 
aerosol generated by 
an environmental 
source of water con-
taminated with 
Legionella. 
Why is It important to Identify 
the source? 

What are your recommendations for reme-
diation? 
Shower necks and faucets were disin-

fected with bleach. The spa filter was 
cleaned. and the potable water system was 
hyperchlorinated. 

Hotels have been common locations for 
legionellosis outbreaks since the disease 
was first recognized among hotel guests in 
Philadelphia in 1976. 

So(Jrce. Adapted from MMWR 56(48):126 1- 1263 . 
December 7, 2007. 

reported in Africa, the Caribbean, Central and South America, 
and the Middle East. Many animal species are also susceptible. 

routes are by inoculation through puncture wounds and ingestion. 
About 7% of American soldiers returning from Vietnam showed 
serological evidence of exposure, which was highest among helicop-
ter crewmen- probably from inhalation. Incubation periods can be 
very long, and occasional delayed-onset cases still surface in this 
population. Most recently, several cases were reported in survivors 
exposed during the Indian Ocean tsunami disaster of 2004. 

Clinically, melioidosis is most commonly seen as pneumonia. 
Mortality a rises from dissemination, manifesting itself as septic 
shock. The mortality rale in southeast Asia is about 50% and in 
Australia approaches 20% . However, it can also appear as abscesses 
in various body tissues that resemble necrotizing fasciitis (see Figure 
21.8, page 591 ), as severe sepsis, and even as encephalit is. 
Transmission is primarily by inhalation, but alternative infective 

Diagnosis is usually by isolation of the pathogen from body 
fluids. Serological tests in endemic areas are problematic because 

691 
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Figure 24.15 Detailed structure of the influenza virus. The 
virus is composed of a protein coat (capsid) that is covered by a lipid 
bilayer (envelope) and two types of spikes. The genome is composed of 
eight segments of RNA. Morphologically, under certain environmental 
conditions, the influenza virus assumes a filamentous form. 

Q What is the primary antigenic structure on the innuenza virus? 

of widespread exposure to a similar, nonpathogenic bacterium. A 
rapid peR test is undergoing clinical testing. Treatment by antibi-
otic is uncertain in effectiveness; the most commonly used is 
ceftazidime, a antibiotic, but months may be required. 

CHECK YOUR UNOERSTANOING 

..r What group of bacterial pathogens causes what is informally 
called ·walking pneumonia"? 24-7 

..r The bacterium causing melioidosis in humans also causes a 
disease of horses known as what? 24-8 

Viral Diseases of the Lower 
Respiratory System 
LEARNING OBJECTIVE 
24-9 List the causative agent, symptoms, prevention, and preferred 

treatment fo r Vira l pneumonia, RSV, and Influenza. 

For a virus to reach the lower respiratory system and initiate 
disease, it must pass numerous host defenses designed to trap 
and destroy it. 

Viral Pneumonia 
Yiral pneumonia can occur as a complication of influenza, 
measles, or even chickenpox. A number of enteric and other 
viruses have been shown to cause viral pneumonia, but viruses 

are isolated and identified in fewer than 1 % of pneumonia-type 
infections because few laboratories are equipped to test clinical 
samples properly for viruses. In those cases of pneumonia for 
which no cause is determined, viral etiology is often assumed if 
mycoplasmal pneumonia has been ruled out. 

Respiratory Syncytial Virus (RSV) 
Respiratory syncytial virus (RSY) is probably the most common 
cause of viral respiratory disease in infants. There arc about 4500 
deaths from RSV each year in the United States, mostly in infants 
2 to 6 months old . It can also cause a life-threatening pneumonia 
in older adults, where it is easily misdiagnosed as influenza. 
Epidemics occur during the winter and early spring. Virtually all 
children become infected by age 2-of whom about 1% require 
hospitalization. We have previously mentioned that RSV is some-
times implicated in cases of otitis media. The name of the virus is 
derived from its characteristic of causing cell fusion (syncytium 
fo rmation, Figure 15.7b, page 442) when grown in cell culture. The 
symptoms are coughing and wheezing that last for more than a 
week. Fever occurs only when there are bacterial complications. 
Several rapid serological tests are now available that use samples of 
respiratory secretions to detect both the virus and its antibodies. 

Naturally acquired immunity is very poor. An immune 
globulin product has been approved to protect infants with lung 
problems that put them at high risk. Protective vaccines are being 
clinically tested. For chemotherapy in life-threatening situations, 
where its cost can be justified, the severity of symptoms can 
sometimes be reduced by aerosol administration of the antiviral 
drug ribavirin . The most recent approved treatment, usually 
reserved for high-risk patients, is the humanized monoclonal 
antibody, palivizumab (Synagis). 

InHuenza (Flu) 
The developed countries of the world are probably more aware of 
influenza (Ou) than any other disease, except the common cold. 
The flu is characterized by chills, fever, headache, and muscular 
aches. Recovery normally occurs in a few days, and coldlike symp-
toms appear as the fever subsides. Still, an estimated 30,000 to 50,000 
Americans die annually of flu, even in nonepidemic years. Diarrhea 
is not a normal symptom of the disease, and the intestinal discom-
fort attributed to "stomach flu" is probably from some other G1Use. 

The Influenza Virus 
Viruses in the genus 111j1l1ellzavims consist of eight separate RNA 
segments of differing lengths enclosed by an inner layer of protein 
and an outer lipid bilayer (Figure 13.3b, page 372, and Figure 
24.15) . Embedded in the lipid bilayer are numerous projections 
that characterize the virus. There are two types of projections: 
helllagglutillill (HA) spikes and lleural1lil1idase (NA) spikes. 

The HA spikes, of which there arc about 500 on each virus, 
allow the virus to recognize and attach to body cells before infect-
ing them . Antibodies against the influenza virus are directed 



mainly at these spikes. The term IIcmogg/utillill refers to the 
agglutination of red blood cells (hemagglutination) that occurs 
when the viruses are mixed with them. This reaction is important 
in serological tests, such as the hemagglutination inhibition test 
often used to identify influenza and some other viruses. 

The NA spikes, of which there are about 100 per virus, differ 
from the HA spikes in appearance and function. Apparently they 
enzymatically help the virus separate from the infected cell as the 
virus exits after intracellular reproduction. NA spikes also 
stimulate the fo rmation of antibodies, but these arc less 
important in the body's resistance to the disease than those 
produced in response to the HA spikes. 

Viral strains arc identified by variation in the HA and NA 
antigens. The different forms of the antigens are assigned 
numbers-for example, HI, H2, H3, Nl, and N2. There are 16 
subtypes of HA and 9 of NA. Each number change represents a 
substantial alteration in the protein makeup of the spike. These 
changes are called antigenic shifts. and they are great enough to 
evade most of the immunity developed in the human population 
(see the box in Chapter 13, page 370). This ability is responsible 
for the outbreaks, including the pandemics of 1918, 1957, and 
1968, that arc summarized in Table 24.1. Incidentally, influenza 
viruses were not isolated before 1933, and the antigen ic makeup 
of viruses causing outbreaks before about this time depended on 
analysis of antibodies taken from persons who had been infected. 

Antigenic shifts are probably caused by a major genetic 
recombination. Because influenza viral RNA occurs as eight 
segments, recombination is likely in infections caused by more 
than one strain. Hemagglutinin spikes of the influenza virus bind 
to sialic acids found on the surface of epithelial cells. The sialic 
acids of most birds are different from that of humans. This, then , 
differentiates influenza viruses generally into avian and mam -
malian strains. Swine and many wild birds can be infected with 
both strains. Swine are, therefore, good vessels" in which 
recombination, rC(lSsortmcllt, can occur ( think of the symbols 
on a slot machine). Asiatic communities in which humans, 
domestic chickens, and swine live in close proximity arc where 
reassortment is most likely to occur. Wild ducks and other migra-
tory birds can be infected with both strains and become symp-
tomless carriers that spread the virus over large geographic areas. 

In southeast Asia, poultry is now being produced in huge-
scale farms that have become a breeding ground for outbreaks of 
avian influenza such as H5N I, which first appeared in China in 
1996. There has been a very limited transmission of the virus 
from infected b irds in these farms to humans. The concern is that 
mutations could change avian influenza viruses into strains that 
would allow efficient human-to-human transmission, resulting 
in a deadly influen za pandemic. 

Epidemiology of Innuenza 
Between episodes of such major antigen ic shifts, there are minor 
annual variations in the antigenic makeup called antigenic drift. 
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Table 24.1 Human Influenza Viruses· 

A 

B 

C 

H3N2 (the first 
"modem" pandemic; 
originated in 
southern China) 
HINI (Spanish) 
H2N2 (Asian) 
H3N2 (Hong Kong) 
H1Nl (RUSSian) ' 

None 

None 

V a-

1889 

1918 
1957 
1968 
1977 

1940 

1947 

S_il) 

Moderate 

Severe 
Severe 
Moderate 
low 

Moderate 

Very mild 

"The conventIOnal WIsdom IS that HI. H2. and H3 are human-mfecting stra ins; 
H5. H6. and H7 pnmanly mfect ammals. especially swine and 

fAl'lCln Influenza strains H5NI and H7N7 have caused human fatahtleS.) 
Probably escaped from a IabooItory. AI. \his lime pefSOOS over age 20 were 

mostly Immune from sunilaf ViruseS CIfCUlabng In the 1950$ and earlier In the 
century. 
Source. Adapted from C. Mlrns. J Playfalf. I. ROilt D. Wakehn. and R. 
Wiliams. MedICal Microbiology. 2nd 00. London; Mosby International. 1998. 

The virus might still be designated as H3N2, for example, but 
viral strains arise reflecting mino r antigen ic changes within the 
antigenic group. These strains are sometimes assigned names 
related to the locality in which they were first identified. They 
usually refl ect an alteration of only a single amino acid in the 
protei n makeup of the HA or NA spike. Such a minor, one-step 
mutation is probably a respo nse to selective pressure by antibod-
ies (usually IgA in the mucous membranes) that neutralizes all 
viruses except for those with new mutations. Such mutations can 
be expected about once in each million multiplications of the 
virus. High mutation rates are a characteristic of RNA viruses, 
which lack much of the "proofreading" ability of DNA viruses. 

The usual result of antigenic drift is that a vaccine effective 
against H3, for example, will be less effective against H3 isolates 
circulating 10 years after the event. There will have been enough 
drift in that time that the virus can largely evade the antibodies 
originally stimulated by the earlier strain. 

Influet17.3 viruses are also classified into groups according to the 
antigens of their protein coats. These groups are A, B, and (rarely) 
C. The A-type viruses are responsible for the major pandemics. The 
B-type vi rus also circulates and Illutates, but it is usually responsi-
ble for more geographically lim ited and milder infections. 

Almost every year, epidemics of the flu spread rapidly 
through large population s. The disease is so readi ly transmissible 
that epidemics are quickly propagated through po pulations sus-
ceptible to the newly changed strain of virus. The mortality rate 
from the disease is not high , usually less than 1%, and these 
deaths are mainly among the very young and the very old. 
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However, so many people are infected in a major epidemic that 
the total number of deaths is often large. 

Influenza Vaccines 
Thus far, it has not been possible to make a vaccine for influenza 
that gives long-term immunity to the general population. 
Although it is not difficult to make a vaccine for a particular anti-
genic strain of virus, each new strain of circulating virus must be 
identified in time, usually about February, for the useful develop-
ment and distribution of a new vaccine later that year. Strains of 
the influenza virus are collected in about 100 centers worldwide, 
then analyzed in central laboratories. This information is then 
used to decide on the composit ion of the vaccines to be offered 
for the next flu season. The vaccines are usually IfIlIltivaiellf-
directed at the three most important strains in circulation at the 
time. At present, influenza viruses for manufacturing vaccines 
arc grown in embryonated egg cultures. The vaccines are usually 
70-90% effective, but the durat ion of protection is probably no 
more than 3 years for that strain. 

A vaccine that can be administered as a nasal spray was 
recently introduced and can be used for children aged I to 5. 
(This vaccine may be extended to other age groups). Research 
into influenza vaccines that are more effective-and, especially, 
more rapidly and easily produced- has a h igh priority. A major 
problem is that production methods that require growth in egg 
embryos are clumsy and labor intensive. They also require an 
unacceptably extended time to respond to the appearance of new 
viral strains. Furthermore, viruses often grow poorly in egg 
embryos, and viruses that cause poultry disease usually kill egg 
embryos. A theoretically promising technology to cope with such 
problems is to use reverse genetics. The viral genome of RNA is 
converted to DNA and then manipulated to remove the genes 
causing pathogenicity. The DNA is then converted back to RNA 
for vaccine production. This procedure results, rather quickly, in 
a nonpathogen ic version of the virus that can be grown in egg 
embryos or cell culture. It also minimizes the chances of harmful 
contaminants. 

The 1918-1919 Pandemic 
In any discussion of influenza, the great pandemic of 1918- 1919 
must be mentioned.' Worldwide, more than 20 million people 

'There will always he uncertainty concerning the origin of this mo,t famous 
pandemic. The hest reliable reports place the first well-documented cases among U.S. 
Army recruits at Camp Funston, Kamas, in March of 1918. The initial wave of 
in()uenza was a relatively mild illness that spread rapidly among the crowded troop' 
and reached France as they were dispatched owrseas. There the virus underwent a 
lethal mutation, seriously incapacitating troops on both sid", of the front. Military 
censorship concealed this, and the first n"",paper descriptiom were published when 
the outbreak reached the population of neutral Spain, hence the name assigned to the 
pandemic: the Spllnish flu. This ,.,.;:ond wave of in()uenza, with its high mortality, 
soon 'pread throughout the world and reentered the United Stat", in the autumn and 
winter of 1918. 

died, including an estimated 675,000 in the United States. No one 
is sure why it was so unusually lethal. Today, the very young and 
very old arc the principal victims, but in 1918-1919, young adults 
had the highest mortality rate, often dying within a few hours, 
probably from a "cytokine storm." The infection is usually 
restricted to the upper respiratory system, but some change in 
virulence allowed the virus to invade the lungs and cause lethal 
hemorrhaging. 

Evidence also suggests that the virus was able to infect cells 
in many organs of the body. In 2005, analysis of material 
preserved from the lungs of U.S. soldiers killed by the flu and 
from the exhumed body of a victim buried in permanently 
frozen soil in Alaska led to the complete genetic sequencing of 
the 1918 virus. The process of reverse genetics was then used 
to recreate the virus and grow it in chicken embryos and mice. 
The conclusion is that the pandemic was caused by an HINI 
avian virus with ten changes in amino acids. By contrast, the 
1957 and 1968 pandemics were caused by human viruses that 
had picked up one or two surface proteins from avian viruses 
by reassortment. However, the human-adapted portion of the 
virus moderated them enough to keep the virus from 
matching the lethality of the wholly avian virus of the 1918 
pandemic. 

Bacterial complications also frequently accompanied the 
infection and, in those preantibiotic days, were often fatal. The 
1918 viral strain apparently became endemic in the u.s. swine 
population and may have originated there. (See the box in 
Chapter 13 on page 370.) Occasionally, influenza is st ill spread to 
humans from this reservoir, but the disease has not propagated 
like the virulent disease of 1918 did. 

Diagnosis of Influenza 
Influenza is difficult to diagnose reliably from clinical symptoms, 
which numerous respiratory diseases share. However, there are 
now several commercially available techniques that can diagnose 
influenza A and B within 20 minutes from a sample taken in a 
physician's office (from nasal washes or nasal swabs) . These rapid 
tests are usually more than 70% sensitive and 90% specific. 
A central laboratory with sophisticated equ ipment is required to 
identify viral strains. 

Treatment of Influenza 
The antiviral drugs amantadine and rimantadine significantly 
reduce the symptoms of influenza A if administered promptly. 
Two drugs for treatment of influenza have been introduced. 
They are inhibitors of neuraminidase, which the virus uses to 
separate itself from the host cell after it replicates. These are 
zanamivir (Rele nza), which is inhaled, and oseltamivir 
(Tamiflu), which is administered orally. If take n within 
30 hours of onset of influenza, these drugs slow replication. 
This action allows the immune system to be more effective, 



(a) Yeastlike form typical of growth in tissue at 37°C. 
Notice that one yeastlike cell to the left 01 center 
is budding. 
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(b) The macroconidia are especial ly useful for diagnostic 
purposes. Microconidia bud off from hyphae and are the 
infectious form. At 37"C in tissues, the organism converts 
to a yeast phase composed of oval, budding yeasts. 

I 
20pm 

Figure 24.16 Histoplasma capsula tum, a dimorphic fungus that causes 
histoplasmos is. 

Q What does the term dimorphic mean? 

which shortens durations of symptoms and lowe rs the 
mortality rate. The bacterial complications of influenza are 
amenable to treatment with antibiotics. 

CHECK YOUR UNDERSTANDING 

.,f Is reassortment of the RNA segments of the influenza virus the 
cause of antigenic shift or antigenic drift? 24-9 

Fungal Diseases of the lower 
Respiratory System 
LEARNING OBJECTIVE 
24-10 Us! the causative agent, mode of transmission, preferred treatment, 

and laboratory identification tests for four fungal diseases of the 
respiratory system. 

Fungi often produce spores that are disseminated through the 
air. It is therefore not surprising that several serious fungal 
diseases affect the lower respiratory system. The rate of fungal 
infections has been increasing in recent years. Opportunistic 
fungi are able to grow in immunosuppressed patients, and AIDS, 
transplant drugs, and anticancer drugs have created more 
immunosuppressed people than ever before. 

Histoplasmosis 
Histoplasmosis superficially resembles tuberculosis. In fact, it 
was first recognized as a widespread disease in the United States 
when X-ray surveys showed lung lesions in many people who 
were tuberculin -test negative. Although the lungs are most likely 

to be initially infected , the pathogens may spread in the blood 
and lymph, causing lesions in almost all organs of the body. 

Symptoms are usually poorly defined and mostly subclinical, 
and the disease passes for a minor respiratory infection. In a few 
cases, perhaps fewer than 0.1 %, histoplasmosis progresses, and it 
becomes a severe, generalized disease. This occurs with an unusu-
ally heavy inoculum or upon reactivation, when the infected 
person's immune system is compromised. 

The causative organism, Histoplasma capsillatllm (his-to-
plaz'ma kap-su-lii' tum ), is a dimorphic fungus; that is, it has a 
yeastlike morphology in tissue growth (Figure 24.16a), and, in 
soil or artificial media, it fo rms a filamentous mycelium carrying 
reproductive conidia (Figure 24.16b). In the body, the yeastlike 
form is found intracellularly in macrophages, where it survives 
and multiplies. 

Although histoplasmosis is rather widespread throughout the 
world, it has a limited geographic range in the United States 
(Figure 24.17 ). In general, the d isease is found in the states 
adjoining the Mississippi and Ohio rivers. More than 75% of the 
population in some of these states have antibodies against the 
infection . In other states-Maine, for example-a positive test is 
a rare event. Approximately 50 deaths are reported in the United 
States each year from histoplasmosis. 

Humans acquire the disease from airborne conidia produced 
under conditions of appropriate moisture and pH levels. These 
conditions occur especially where droppings from birds and bats 
have accumulated. Birds themselves, because of their high body 
temperature, do not carry the disease, but their droppings 
provide nutrients, particularly a source of nitrogen, for the 
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Figure 24.17 Histoplasmosis distribution. Gold indicates the 
U.S. geographic distribution. 
SOURCE. CDC. 

Q Compared with the disease distribution shown in the map in 
Figure 24.19, what can you determine about the moisture 
requirements in the soil for the two fungi involved? 

fungus . Bats, which have a lower body temperature than birds, 
carry the fungus, shed it in their feces, and infect new soil siles. 

Clinical signs and history, serological tests, DNA probes, and, 
most importantly, either isolation o f the pathogen o r its identifi-
cation in tissue specimens are necessary for pro per d iagnosis. 
Currently, the most effective chemotherapy is amphotericin B or 
itraconazole. 

Coccidioidomycosis 
Another fungal pulmonary disease, also rather restricted 
geographically, is coccidioidomycosis. The causative agent is 
Coccidioides immitis, a dimorphic fungus. The arthroconid ia are 
found in dry, alkaline soils of the American Southwest and in sim-
ilar soils of South America and northern Mexico. Because of its 
frequent occurrence in the San Joaquin Valley of California, it is 
sometimes known as Valley fever or San Joaqllhl fever. In tissues, 
the organism forms a thick-walled body called a spherule filled 
with endospores (Figure 24.18). In soil, it for ms filaments that 
reproduce by the fo rmation of arthroconidia. The wind carries the 
arthroconidia to transmit the infection. Arthroconidia are often so 
abundant that simply d riving through an endemic area can result 
in infection, especially during a dust storm. An estimated 100,000 
infections occur each year. 

Most infections arc not appa rent, and almost all patients 
recover in a few weeks, even without treatment. The symptoms 
of coccidioidomycosis include chest pain and perhaps fever, 
coughing, and weight loss. In less than I % of cases, a progressive 
disease resembling tuberculosis disseminates throughout the 
body. A substantial proport ion of adults who are long-time resi-
dents of areas where the disease is endemic have evidence of 
prior infection with C. immitis by the skin test. 

The incidence of coccidiodomycosis has been increasing 
recently in California and Arizona (Figure 24.19 ). Contributing 
factors include an increased number of older residents, an 
increased prevalence o f HIV/AIDS, and a severe drought in 

Human Soil 
Figure 24.18 The life cycle of 
Coccidioides immiris, the cause of 
coccidioidomycosis. 
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Q What is the natural habitat of 
Coccidioides? 



"'" Joaquin 
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2001 
outbreak 
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Figure 24.19 The U.S. endemic area for coccidioidomycosis. 
The outl ined area in Cahfornia is the San Joaquin Valley. Because of the very 
high incidence there, the disease IS also sometimes cal led Valley fever. The 
small area on the map in northeastem Utah indicates an outbreak In 2001 in 
which ten archeologists WDrNng on excavations at the Dinosaur National 
Monument were infected. 
SOURCE CDC, 2004, 

Q Why does the incidence of coccidioidomycosis Increase after eco-
logical disturbances, such as earthquakes and construction? 

California that facilitated dustborne transmission. About 50 to 
100 deaths occur annually from this disease in the United Slates. 

Diagnosis is most reliably made by identifying the spherules 
in tissue or fluids. The organism can be cultured fro m fluids or 
lesions, but laboratory workers must use great care because of 
the possibility of infectious aerosols. Several serological tests and 
DNA probes are available fo r identifying isolates. A tuberculin -
like skin test is used in screening. 

Amphotericin B has been used to treat serious cases. 
However, less toxic imidazole drugs, such as ketoconazole and 
itraconazole, are useful alternatives. 

Pneumocystis Pneumonia 
Pneumocystis pneumonia is caused by Plleumocystis jirovecii 
(ye-ro'vet-ze-c), formerly P. carinii (Figure 24.20). The taxo-
nomic position of this microbe has been uncertain ever since 
its discovery in 1909, when it was thought to be a developmen-
tal stage of a trypanosome. Since that time, there has been no 
universal agreement about whether it is a protozoan o r a fun -
gus. It has some characteristics of both groups. Analysis of RNA 
and certain other structural characteristics indicate that it is 
closely related to certain yeasts and it is usually reported as a 
fungus . 
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The pathogen is sometimes found in healthy human lungs. 
Immu nocompetent adults have few or no symptoms, but 
newly infected infants occasionally show symptoms of a lung 
infection. Persons wit h comprom ised immunity are the most 
susceptible to symptomat ic Plleumocystis pneumonia. This 
population may also be the reservoir of the organism, which is 
not found in the environment, animals, o r very often in 
healthy humans. This portion of the population has also 
expanded greatly in recent decades. For exam ple, before the 
AIDS epidemic, Pneurllocystis pneumonia was an uncommon 
disease; perhaps 100 cases occurred each year. By 1993, it had 
become a p rimary indicator of AIDS, with more than 20,000 
annual reported cases. Presumably, the loss of an effective 
immune defense allowed the activation of a latent infection. 
Other groups that are very susceptible to this disease are peo-
ple whose immunity is depressed because of cancer or who are 
receiving immunosuppressive drugs to minimize rejection of 
transplanted tissue. 

In the human lung, the microbes are found mostly in the 
lining of the alveoli. Diagnosis is usually made from spu tu m 
samples in which cysts are detected. There, they form a thick-
walled cyst in which spherical intracystic bodies successively 
divide as part of a sexual cycle. The mature cyst contains eight 
such bodies (see Figure 24 .20) . Eventually the cyst ruptures and 
releases them, and each body develops into a trophozoite. The 
trophozoite cells can reproduce asexually by fission, but they may 
also enter the encysted sexual stage. 

The drug of choice for treatment is currently trimethoprim-
sulfamethoxazole, but there are several alternatives. 

Blastomycosis 
(North American Blastomycosis) 
Blastomycosis is usually called North American blastomycosis 
to differentiate it from a similar South American blastomycosis. It 
is caused by the fungus Blastomyces dermatitidis (blas-to- mT' sez 
der-mii-tit'i-d is), a dimo rphic fungus found most often in the 
Mississippi and Ohio river valleys, where it probably grows in soil. 
Approximately 30 to 60 deaths arc reported each year, although 
most infections arc asymptomatic. 

The infection begins in the lungs. It resembles bacterial pneu-
mon ia and can spread rapidly. Cutaneous ulcers com monly 
appear, and there can be extensive abscess formation and tissue 
destruction. The pathogen can be isolated from pus and biopsy 
specimens. Amphotericin B or itraconazole is usually an effective 
treatment . 

Other Fungi Involved in Respiratory Disease 
Many other opportunistic fu ngi may cause respiratory disease, 
part icu larly in hosts who arc immunosuppressed or have been 
exposed to massive nu mbers of spores. Aspergillosis is an 
important example; it is ai rborne by the conidia of Aspergillus 
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Life Cycle of Pneumocystis jirovecii 

o The mature cyst contains 
8 intracystic bodies. 

,. Each trophozoite 
develops into 
a mature cyst. 

Trophozoite 

o The trophozoites 
divide. 

e The bodies develop 
into trophozoites. 

Cyst _ 

• The cyst ruptures, 
re leasing the bodies. 

Trophozoite 

Figure 24.20 The life cycle of Pneumocystisjirovecii, the cause of Pneumocysfis 
pneumonia. Long classified as a protozoan. this organism is now usually considered to be a 
fungus. but it has characteristics of both groups. 

Q Of what value is proper classification of this organism? 

fumigalUs (fu-mi -ga'tus) and other species of Aspergilllls, 
which are widespread in decaying vegetation. Compost piles 
are ideal sites for growth, and farmers and gardeners are most 
often exposed to infective amounts of these conidia. 

Similar pulmonary infections sometimes result when indi-
viduals are exposed to spores of other mold genera, such as 
Rhizoplls and Mllcor. Such diseases can be very dangerous, par-
ticularly invasive infections of pulmonary aspergillosis. 
Predisposing factors include an impaired immune system, can -
cer, and diabetes. As with most systemic fungal infect ions, there 

is only a limited arsenal of ant ifungal agents available; ampho-
tericin B has proved the most useful. 

CHECK YOUR UNDERSTANDING 

..r The droppings of both blackbirds and bats support the growth 
of Histoplasma capsulatum; which of these two animal reservoirs 
is normally actually infected by the fungus? 24-10 

• • • 
Diseases in Focus 24 .3 summarizes the microbial respiratory dis-
eases affecting the lower respi ratory system discussed in this 
chapter. 



Microbial Diseases of the Lower 
Respiratory System 
Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that lit the information derived from examining a patient For example. 3 weeks after working 
on the demolition of an abandoned building in Kentucky. a worker was hospitalized for acute 
respiratory illness. At the time of demoli tion, a colony 01 bats inhabited the building. An X-ray 
examination revealed a lung mass. A purified protein derivative test was negative; a cytological 
examination for cancer was also negative. The mass was surgically removed. Microscopic 
examination of the mass revealed ovoid yeast cells. Use the table below 10 identify infections 
that CQuid cause these symptoms. For the solution, go to www.microbiologyplace.com. 

Dlse.se Pat ...... Symptoms Re"""" 

BACTERIAL DISEASES 
Bacterial pneumonia (see Diseases in Focus 24.2. page 687) 

Pertussis (whooping cough) Borde/ella Spasms of intense Humans 
pertussis coughing to crear 

mucus 

Tuberculosis Mycobacterium Cough, blood in mucus Humans. cows; can 
tuberculosis be transmll1ed via 
Mycobacterium unpasteunzed milk 
bows 

Melioidosis Burkholderia Pneumonia, or as tissue Moist soil 
pseudomallei abscesses and severe 

sepsis 

VIRAL DISEASES 

Respiratory syncytial Respiratory Pneumonia in infants Humans 
virus (RSV) disease syncytial virus 

Influenza Influenza virus: Chills, fever, headache, Humans, pigs, birds 
several and muscular aches 
serotypes 

FUNGAL DISEASES 
Histoplasmosis Histoplasma Resembles Soil; widespread in 

Mycelial cullUre grown from the patient's lung mass. 

Diagnosis Treatment 

Bacterial culture Erythromycin 
Prevention: DlaP 
vaccine 

X-ray imaging: Multiple-
presence 01 acid- anti mycobacterial 
fast bacilli in drugs 
sputum: tests for Prevention: 
IFN-y: bacterial pasteurizing milk: 
culture BeG vaccine 

Bacterial culture Ceftazidime 

Serological tesls Palivizumab (i f 
life-threatening) 

Serological EIA Amantadine, 
tests oseltamivir phosphate 

(Tamiflu) 

Serological tests Amphotericin B 
capsulatum tuberculosis Ohio and Mississippi 

river valleys 

Cocc idioidomycosis Coccidioides Fever, coughing, weight Desert soils of U.S. Serological tests Amphotericin B 
immitis loss Southwest 

Pneumocystis pneumonia Pneumocystis Pneumonia Unknown: possibly Microscopy lrimethoprim-
jirovecii humans or soil sul lamethoxazole 

Blastomycosis Blastomyces Abscesses: extenSive Soil in MISSissippi Isolation of Amphotericin B 
dermatitidis tissue damage Valley area pathogen 

6 •• 
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STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. 0 learn 
and practice with animations, tutorials. and MPJ tutor sessions. and o test yourself with quizzes and a chapter post- test. 

Introduction (p.674) 

I . Infections of the upper respiratory system are the most common 
type of infrction. 

2. Pathogrns that enter the rrspiratory systrm can infr<: t other parts 
of thr body. 

Structure and Function of the 
Respiratory System Cp.675) 

I. Thr upprr respiratory sys tem consists of the nosr, pharynx, and 
associated structures, such as the middlr ear and auditory tubes. 

2. Coarse hairs in the nose filtrr large par ticles from air entering the 
rrspiratory tract. 

3. Thr ciliated mucous mrmbranes of the nose and throat trap 
airbornr partidrs and removr thrm from thr body. 

4. Lymphoid tissue, tonsils, and adenoids provide immunity to 
crrtain infections. 

S. Thr lower respiratory system consists of the larynx, trachea, 
bronchial tubes, and alveoli . 

6. Thr ciliary escalator of the lower respira tory system helps prewnt 
microorganisms from reaching thr lungs. 

7. Microbes in the lungs can be phagocytized by alveolar macrophages. 
8. Respira tory mucus contains IgA antibodies. 

Normal Microbiota of the Respiratory 
System (pp. 675-676) 

I. Thr normal microbiota of thr nasal cavity and throat can indudr 
pathogrnic microorganism s. 

2. Thr lower respiratory system is usually strrilr because of the 
action of the ci liary escalator. 

MICROBIAL DISEASES OFTHE UPPER 
RESPIRATORY SYSTEM (pp.676-680) 

I. Specific areas of the upper respiratory system can breome infectrd to 
producr pharyngitis, laryngit is, tonsillitis, sinusitis, and rpiglottitis. 

2. Thrse infections may be caused by several bacteria and viruses, 
often in combination . 

3. Most respiratory tract infections arr self-limiting. 
4. H. inflllenzae type b can cause rpiglottitis . 

Bacterial Diseases of the Upper 
Respiratory System Cpp. 677-679) 

Streptococcal Pharyngitis (Strep Throat) (p.677) 
I. This infection is caused by group A beta-hemolytic streptococci, 

the group that consists of StreptococClis pyogerJes. 

2. Symptoms of this infection are inflammation of the mucous 
membrane and fever; tonsillitis and otitis media may also occur. 

3. Rapid diagnosis is made by enzyme immunoassays. 
4. Immunity to streptococcal infections is type-specific. 

Scarlet Fever (p.677) 
S. Strep throat , caused by an erythrogenic toxin-producing S. pyo-

genes, results in scarlet feve r. 
6. S. pyogwcs produces erythrogenic toxin when lysogenized by a 

phage. 
7. Symptoms indude a red rash, high fever, and a red, enlarged 

tongue. 

Diphtheria (pp. 677-679) 
8. Diphtheria is caused by exotoxin-producing 

Corynebacterium dipluhcriae. 
9. Exotoxin is produced when the bacteria are 

lysogenized by a phage. 
10. A membrane, containing fibrin and dead 

human and bacterial celis, forms in the 
throat and can block the passage of air. 

....... r 

• 

• 

II. The exotoxin inhibits protein synthesis, and heart, kidney, or nerve 
damage may result. 

12. Laboratory diagnosis is based on isolation of the bacteria and the 
appearance of growth on differential media. 

13. Routine immunization in the United States indudes diphtheria 
toxoid in the DTaP vaccine. 

14. Slow-healing skin ulcerations are characteristic of cutaneous 
diphtheria. 

IS. There is minimal dissemination of the exotoxin in the 
bloodstream. 

Otitis Media (p.679) 
16. Earache, or otitis media, can occur as a complication of nose and 

throat infections. 
17. Pus accumulation causes pressure on the eardrum. 
18. Bacterial causes indude Streptococcus pneumoniae, nonencapsulated 

Haemophilus influenzae, Moraxclla catarrhalis, Streptococcus pyo-
genes, and StaphylococClis aurcus. 

Viral Diseases of the Upper Respiratory 
System (pp.679-680) 

The Common Cold (pp.679-680) 
I. Any o ne of approximately 200 different viruses can cause the co m-

mon cold; rhinoviruses cause about 50% of all colds. 
2. Symptoms indude sneezing, nasal secretions, and congestion. 
3. Sinus infections, lower respiratory tract infections, la ryngitis, and 

otitis media can occur as complications of a cold. 
4. Rhinoviruses grow best slightly below body tem perature. 
S. The incidence of colds increases during cold weather, possibly 

because of increased interpersonal indoor contact or physiological 
changes. 

6. Ant ibodies are produced against the specific viruses. 



MICROBIAL DISEASES OF 
THE LOWER RESPIRATORY 
SYSTEM (pp.680-699) 

I. Many of the same microorganisms that infect the upper respiratory 
system also infc(t the lower respiratory system. 

2. Diseases o f the lower respiratory system include bronchitis and 
pneumonia. 

Bacterial Diseases of the Lower 
Respiratory System (pp.680-692) 

Pertussis (Whooping Cough) (pp.680-682) 
I. Pertussis is caused by Borde/ella pertussis. 
2. The initial stage of pertussis resembles a cold and is called the 

<:atarrhal stage. 
3. The accumulation of mu(Us in the trachea and bronchi <:auses 

deep coughs characteristic oflhe paroxysmal (second) stage. 
4. The convalescence (third) stage can last for months. 
5. Regular immunization for children has decreased the incidence of 

pertussis. 

Tuberculosis (pp.682- 685) 
6. Tuberculosis is caused by Mycobaclerium 

lUberculosis. 
7. Large amounts of lipids in the cell wall 

account for the bacterium's acid-fast charac-
teristic as well as its resistance to drying and 
disinfectants. 

8. M. lUberculosis may be ingested by alveolar 
macrophages; if not killed, the bacteria repro-
duce in the macrophages, 

9. Lesions formed by M. lUberm/osis are called tubercles; dead 
macrophages and bacteria form the caseous lesion that might cal -
cify and appear in an X-ray image as a Ghon's complex. 

10. Liquefaction of the caseous lesion results in a tuberculous cavity in 
which M. tuberculosis can grow. 

11. New foci of infection can develop when a caseous lesion ruptures 
and releases bacteria into blood or lymph vessels; this is called 
miliary tuberculosis. 

12. Miliary tuberculosis is characterized by weight loss, coughing, and 
loss of vigor, 

13. Chemotherapy usually involves three or four drugs taken for at 
least 6 months; multidrug-resistant M. lUberCIIlosis is becoming 
prevalent. 

14. A positive tuberculin skin test can indicate either an active case 
of TB, prior infection, or vaccination and immunity to the 
disease. 

15. Mycobacterium bovis causes bovine tuberculosis and can be trans-
mitted to humans by unpasteurized milk. 

16. M. bovis infections usually affect the bones or lymphatic system. 
17. BCG vaccine for tuberculosis consists o f a live, avirulent culture of 

M. bovis. 
18. M. aviulII-intracellulare complex infects patients in the late stages 

of H[V infection. 
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Bacterial Pneumonias (pp.685- 692) 
19. Typical pneumonia is caused by S. pneulllmliae. 
20. Atypical pneumonias are cause<! by other microorganisms. 

Pneumococcal Pneumonia (pp. 685- 688) 
21. Pneumococcal pneumonia is caused by encapsulated Streptococcus 

pneumolilae. 
22. Symptoms are fever, breathing difficulty, chest pain, and rust -

colored sputum. 
23. A vaccine consists of purified capsular material from 23 serotypes 

of S. pneumolliae. 

Haemophilus inf/uenzae Pneumonia (p. 688) 
24. Alcoholism, poor nutrition, cancer, and diabetes are predisposing 

factors for H. inj/uellzae pneumonia. 
25. H. i'Ij/lIeIiZae is a gram -negative coccobacillus. 

Mycoplasmal Pneumonia (p. 688) 
26. Mycoplasma plleumoniac causes mycoplasmal pneumonia; it is an 

endemic disease. 
27. M. pllellmolliae produces small "fried-egg" colonies after 2 weeks' 

incubation on enriched media containing horse serum and yeast 
extract. 

Legionellosis (pp. 688- 689) 
28. The disease is caused by the aerobic gram -negative rod Legiollella 

pneumop/lila. 
29. The bacterium can grow in water, such as air-conditioning cooling 

towers, and then be disseminated in the air. 
30. This pneumonia does not appear to be transmitted from person to 

person. 

Psittacosis (OrnithOSis) (p. 689) 
31. Chlamydophila psittaci is transmitted by contact with contaminat-

ed droppings and exudates of fowl. 
32. Elementary bodies allow the bacteria to survive outside a host. 
33. Commercial bi rd handlers are most sus<:eptible to this disease. 

Chlamydial Pneumonia (p. 689) 
34. Chlamydophila plleumoniae causes pneumonia; it is transmitted 

from person to person. 

Q Fever (pp. 689- 690) 
35. Obligately parasitic, intracellular Coxiella bur-

netii causes Q fever. 
36. The disease is usually transmi tted to humans 

through unpasteurized milk or inhalation of 
aerosols in dairy barns. 

Melioidosis (pp. 690- 692) 
37. Melioidosis, caused by Burkholderia pseudomallei, is transmitted 

by inhalation, ingestion, or through puncture wounds. Symptoms 
include pneumonia, sepsis, and encephalitis. 

Viral Diseases of the Lower Respiratory 
System (pp.692- 695) 

Viral Pneumonia (p.692) 
1. A number of viruses can cause pneumonia as a complication of 

infections such as influenza. 
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2. The etiologies are not usually identified in a clinical laboratory 
because of the difficulty in isolating and identifying viruses. 

Respiratory Syncytial Virus (RSV) (p.692) 
3. RSV is the most common cause of pneumonia in infants. 

Influenza (Flu) (pp.692-695) 
4. Influenza is caused by /nflJlcnzavirJl5 and is characterized by chills, 

fever, headache, and general muscular aches. 
5. Hemagglutinin (HA) and neuraminidase (NA) spikes project from 

the outer lipid bilayer of the virus. 
6. Viral strains are identified by antigenic differences in the HA and 

NA spikes; they are also divided by antigenic differences in their 
protein coats (A, B, and C). 

7. Viral isolates are identified by hemagglutination-inhibition tests 
and immunofluorescence testing with monoclonal antibodies. 

8. Antigenic shifts that alter the antigenic nature of the J-JA and NA 
spikes make natural immunity and vaccination of questionable 
value. Minor antigenic changes are caused by antigenic dri ft. 

9. Deaths during an influenza epidemic are usually from secondary 
bacterial infections. 

10. Multivalent vaccines are available for older adults and other high-
risk groups. 

11. Amantadine and rimantadine are effective prophylactic and cura-
tive drugs against influenza A virus. 

Fungal Diseases of the Lower 
Respiratory System (pp.695-698) 

1. Fungal spores are easily inhaled; they may germinate in the lower 
respiratory tract. 

2. The incidence of fungal diseases has been increasing in recent years. 
3. The mycoses in the following sections can be treated with 

amphotericin B. 

Histoplasmosis (pp. 695-696) 
4. Histoplasma capsulatrnn causes a subclinical respiratory infection 

that only occasionally progresses to a severe, generalized disease. 
5. The disease is acquired by inhaling airborne conidia. 
6. Isolating or identifying the fu ngus in tissue samples is necessary 

for diagnosis. 

Coccidioidomycosis (pp. 696-697) 
7. Inhaling the airborne arthrocon idia of Coccidioides immitis can 

result in coccidioidomycosis. 
8. Most cases are subclinical, but when there are predisposing factors 

such as fatigue and poor nutrition , a progressive disease resem-
bling tuberculosis can resul t. 

Pneumocystis Pneumonia (p.697) 
9. Pnermwcystis jirovecii is found in healthy 

human lungs. 
10. P. ji rovecii causes disease in immunosup-

pressed patients. 

Blastomycosis (North American 
Blastomycosis) (p.69n 
II. Blastomyces de rmatitidis is the causative agent of blastomycosis. 
12. The infection begins in the lungs and can spread to cause exten-

sive abscesses. 

Other Fungi Involved in Respiratory 
Disease (pp.697-698) 
13. Opportunistic fungi can cause respiratory disease in immunosup-

pressed hosts, especially when large numbers of spores are inhaled. 
14. Among these fungi are Aspergillrjs, Rlrizopus, and Mucor. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning 10 the blue Answers tab at the back of the textbook. 

Review 
I . Show the loca-DRAW IT 

tions of the following diseases: 
common cold, diphtheria, 
coccidioidomycosis, infiuel17.a, 
pneumonia, scarlet fever, 
tuberculosis, whooping cough 

2. Compare and contrast mycoplasmal pneumonia and viral pneu-
mama. 

3. List the causative agent, symptoms, and treatment for four viral 
diseases of the respiratory system . Separate the diseases according 
to whether they infect the upper or lower respiratory system. 



4. Complete the following table. 

Disease 

Streptococcal 
pharyngitis 

Scarlet fever 

Diphtheria 

Whooping cough 

Tuberculosis 

Pneumococcal 
pneumonia 

H influenzae 
pneumonia 

Chlamydial 
pneumoma 

Otitis media 

Legionellosis 
Psittacosis 

Q fever 

Epiglottitis 

Melioidosis 

Causative 
Agent Symptoms Treatment 

5. Under what condi tions can the saprophytes Aspergillus and 
Rhizopus cause infections? 

6. A patient has been diagnosed as having pneumonia. is this suffi-
cient information to begin treatment with antimicrobial agents? 
Briefly discuss why or why not. 

7. List the causative agent. mode of transmission, and endemic area 
for the diseases his toplasmosis, coccidioidomycosis, blastomycosis, 
and Pneumocystis pneumonia. 

8. Briefly describe the procedures and posi tive results of the tuber-
culin test and what is indicated by a positive test . 

9. Match the bacteria involved in respiratory infections with the fol-
lowing laboratory test results: 

Gram-positive cocci 
Catalase-positive: a. _________________ _ 

Catalase-negative 
Beta-hemolytic, bacitracin inhibition: b. ______ _ 
Alpha-hemolytic, optochin inhibition: c. _____ _ 

Gram-positive rods 
Not acid-fast: d . ________________ _ 
Acid-fast: e. ________________ _ 

Gram-negative cocci: f. ___________________ _ 
Gram-negative rods 

Aerobes 
Coccobacilli: g. ______________ _ 

Rods 
Grow on nutrient agar: h . ____________ _ 
Require special media: i. ____________ _ 

Facultative anaerobes 
Cvccobacilli j. _________________ _ 
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Intracellular parasites 
Form elementary bodies k. ____________ _ 
Do not form elementary bodies 1. __________ _ 

Wall-less m. _________________ _ 

Multiple Choice 
1. A patient has fever, difficulty breathing, chest pains, fluid in the 

alveol i, and a posi tive tuberculin skin test. Gram-posi tive cocci are 
isolated from the sputum. The recommended treatment is 
a. penicillin. d. tetracyclines. 
b. antitoxin. e. none of the above 
c isoniazid. 

2. No bacterial pathogen can be isolated from the sputum of a 
patient with pneumonia. Antibiotic therapy has not been success-
ful. The next step should be 
a. culturing for Mycobacterium tuberculosis. 
b. culturing for Mycoplasma plleumolliae. 
c. culturing for fungi. 
d. a change in antibiotics. 
e. none; nothing more can be done. 

Match the following choices to the culture descriptions in questions 3 
through 6: 

a. Chlamydophila d. Mycobacterium 
b. Coccidioides e. Mycoplasma 
c. Histoplasma 

3. Your cul tu re from a pneu monia patient appears not to have 
grown. You do see colonies, however, when the plate is viewed 
at lOOX. 

4. This pneumonia etiology requires cell culture. 
5. Microscopic examination of a lung biopsy shows ovoid cells in 

manophages. You suspect these are the cause of the patient's 
symptoms, but your culture grows a filamentous organism. 

6. Minoscopic examination of a lung biopsy shows spherules. 
7. In San Francisco, ten animal health care technicians developed 

pneumonia 2 weeks after 130 goats were moved to the animal 
shelter where they worked. Which of the following is not true? 
a. Diagnosis is made by a blood agar culture of sputum. 
b. The cause is Coxiella bUrlletii. 
c. The cause is rickettsia. 
d. The disease was transmitted by aerosols. 
e. Diagnosis is made by complement-fixation tests for an tibodies. 

8. Which of the following leads to all the rest? 
a. catarrhal stage d. mucus accumulation 
b. cough e. trachaeal cytotoxin 
e. loss of cilia 

Match the following choices to the statements in questions 9 and 10: 
a. Bordetella pertussis 
b. Corynebacterium diplltheriae 
c. Legiollel/a pneumophila 
d. Mycobacterium tuberculosis 
e. none of the above 

9. Causes the formation of a membrane across the throat. 
10. Resistant to destruction by phagocytes. 
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Critical Thinking 
I. Differentiate S. pyogeniS causing strep throat from s. pyogenes 

causing scarlet fever. 
2. Why might the influenza vaccine be less effective than other 

vaccines? 
3. Explain why it would be impractical to include cold and influenza 

vaccinations in the required childhood vaccinations. 

Clinical Applications 
I. In August, a 24-year-old man from Virginia developed difficulty 

breathing and bilateral lobe infiltrates 2 months after driving 
through California. During initial evaluation, typical pneumonia 
was suspected, and he was treated with antibiotics. Efforts to diag· 
nose the pneumonia were unsuccessful. In October, a laryngeal 
mass was detected, and laryngeal cancer was treatment 
with steroids and bronchodilators did not result in improvement. 
Lung biopsy and laryngoscopy detected diffuse granular tissue. He 
was treated with amphotericin B and discharged after 5 days. What 
was the disease? What might have been done differently to 
decrease the patient 's recovery time from 3 months to one week? 

2. During a 6-month period, 72 clinic staff members became 
tuberculin-positive. A case-control study was undertaken to deler-
mine the most likely source of M. IIIberculosis infection among the 
staff. A total of 16 cases and 34 tuberculin-negative controls were 
compared. Pentamidine isethionate is not used for TB treatment. 
What disease was probably being treated with this drug? What is 
the most likely source of infection? 

WorkS > 40 hr/week 
tn room during aerosotized 

pentamidine isethionate therapy 
in T6 patients 

Patient contact 

Lunch eaten in stalf lounge 

Resident of western Palm Beach 

Female 

Cigarelle smoker 

Contact with nurse diagnosed 
with TB 

In unventilated room during 
col lection 01 lB-positive 
sputum samples 

Cases 

tOO% 

" " 38 

75 

B1 

6 

13 

Control 

62% 

3 

" 35 

65 

77 

15 

, 
3.ln March, six members o f a fami ly had fever, anorexia, sore throat, 

cough, headache, vomiting, and muscle pain. Two people were 
hospitalized. All six improved after therapy with doxycycline. 
Convalescent serum samples gave titers of 64 and 32. The family 
had purchased a cockatiel in mid-February and noticed that the 
bird was irritable. The bird was euthanized in Apri l. A fluo rescent-
antibody test for antigens was diagnostic. What is the disease? 
How was it transmitted? 



Microbial Diseases of 
the Digestive System 

Microbial diseases of the digestive system are second only to respiratory diseases as causes 
of illness in the United States. Most such diseases result from the ingestion of food or water 
contaminated with pathogenic microorganisms or their toxins. These pathogens usually enter 
the food or water supply after being shed in the feces of people or animals infected with them. 
Therefore. microbial diseases of the digestive system are typica lly transmitted by a fecal-oral 
cycle. This cycle is interrupted by effective sanitation practices in food production and 
handling. Modern methods of sewage treatment and disinfection of water are essential. There 
is also an increasing awareness of the need for new tests that wi ll rapidly and reliably detect 

pathogens in foods (a perishable commodity). 

The Centers for Disease Control and Prevent ion (CDC) est imates 
that about 76 mi ll ion cases of food borne disease resulting in 

about 5000 deaths occur annually in the United States. 
As more of our food products- especially fruits and 
vegetables- are grown in countries with poor sanitation 
standards. outbreaks of food born e disease from imported 
pathogens are expected to increase. 

Q 
The United States frequently imports cheese and 
wine from France. In return, the United States 
exports horses to France. What does this have to 
do with the disease of trichinellosis? 
Look for the a nswer in the chapter. 
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Parotid 
gland 

Rectum ---....:.------

Figure 25.1 The human digestive system. 

J...---inlestine 

Q Where are microorganisms nonnally found in the digestive 
system? 

Structure and Function 
of the Digestive System 
LEARNING OBJECTIVE 
25-1 Name the structures of the digestive system that contact food. 

The digestive system is essentially a tubelike structure, the 
gastroimestinal (GI) tract or alimentary callal-mainly the mouth, 
pharynx (throat), esophagus (food tube leading to the stomach), 
stomach, and the small and large intest ines. It also includes 
accessory structllres such as the teeth and tongue. Certain other 
accessory structures such as the salivary glands, liver, gallbladder, 
and pancreas lie outside the GI tract and produce secret ions that 
are conveyed byducts into it (Figure 25.1 ). 

The purpose of the digestive system is to digest foods-that is, 
to break them down into small molecules that can be taken up 
and used by body cells. In a process called absorption, these end-
products of digestion pass from the small intestine into the blood 
or lymph for distribution to body cells. Then the food moves 
through the large intestine, where water, vitamins, and nutrients 
are absorbed from it. Over the course of an average life span, 
about 25 tons of food pass through the GI tract. The resulting 
undigested solids, called feces, are eliminated from the body 
through the anus. Intestinal gas, or flatl/s, is a mixture of nitrogen 
from swallowed air and microbially produced carbon dioxide, 
hydrogen, and methane. On average, we produce 0.5 to 2.0 liters 
of flatus every day. 

CHECK YOUR UNDERSTANDING 

..r There have been instances in which a surgeon was using spark-
producing instruments to remove intestinal polyps and a small 
explosion occurred. What ignited? 25-1 

Normal Microbiota 
of the Digestive System 
LEARNING OBJECTIVE 
25-2 Identify parts of the gastrointestinal tract that normally have 

micro biota. 

Bacteria heavily populate most of the digestive system. In the 
mouth, each milliliter of saliva can contain millions of bacteria. 
The stomach and small intestine have relatively few microorgan-
isms because of the hydrochloric acid produced by the stomach 
and the rapid movement of food through the small intestine. By 
contrast, the large intestine has enormous microbial populations, 
exceed ing 100 billion bacteria per gram of feces . (Up to 40% of 
fecal mass is microbial cell material.) The population of the large 
intestine is composed mostly of anaerobes and facultative anaer-
obes. Most of these bacteria assist in the enzymatic breakdown of 
foods, especially many polysaccharides that would otherwise be 
indigestible. Some of them synthesize useful vitamins. 

It is important to understand that food passing through the 
tubelike GI tract, although it is in contact with the body, remains 
outside. Unlike the body's exterior, such as the skin, the GI tract 
is adapted to absorbing nutrients passing through it. However, at 
the same time that nutrients aTe absorbed from the GI tract, 
harmful microbes ingested in food and water must be kept from 
invading the body. An important factor in th is defense is the high 
acid content of the stomach, which eliminates many potentially 
harmful ingested microbes. 

The small intestine also contains important antimicrobial 
defenses. Significant among these defenses are millions of spe-
cialized, granule-filled cells called Panctl! cells. These arc capable 
of phagocytizing bacteria, and they also produce antibacterial 



proteins called defellsins (see antimicrobial peptides, page 578) 
and the antibacterial enzyme lysozyme. 

CHECK YOUR UNDERSTANDING 

,.f How are normal microbiota confined to the mouth and large 
intestine? 25-2 

Bacterial Diseases of the Mouth 
LEARNING OBJECTIVE 
25-3 Descnbe the events that lead to dental caries and periodontal 

disease. 

The mouth, which is the entrance to the digestive system, pro-
vides an environment that supports a large and varied microbial 
population. 

Dental Caries (Tooth Decay) 
The teet h are unlike any other exterior surface of the body. They 
are hard and do not shed surface cells (Figure 25.2). This allows 
the accumulation of masses of microorganisms and their prod -
ucts. These accumulations, called dental plaque, are a type of 
biofilm (see page 162 in Chapter 6) and are intimately involved 
in the formation of dental caries, or tooth decay. 

Oral bacteria convert sucrose and other carbohydrates into 
lactic acid, which in turn attacks the tooth enamel. The microbial 
population on and around the teeth is very complex. Based on 
ribosomal ident ificat ion methods (see the discussion of FISH on 
page 292 in Chapter 10), over 700 species of bacteria have been 
isolated from the oral cavity. Most of these cannot be cultivated 
by conventional methods. Probably the most important cariogellic 
(caries-causing) bacterium is StreptocoCClI5 IIlIIta//s, a gram-
positive coccus that is thought 10 be capable of metabolizing a 
wider range of carbohydrates than any other gram-positive orga-
nism. Some other species of streptococci are also cariogenic but 
playa lesser role in initiating caries. 

The initiation of ca ries depends o n the attachment of 
s. mUf(IIIS or other streptococc i to the loolh (Figure 25.3). These 
bacteria do not adhere to a clean tooth, but within minutes a 
freshly brushed tooth will become coated with a pellicle (thin 
film ) of proteins from saliva. Within a couple of hours, cario -
genic bacteria become established on this pellicle and begin to 
produce a gummy polysaccharide of glucose molecules called 
(Iexmlll (Figure 25.3b). In the production of dextran, the bacte-
ria fi rst hydrolyze sucrose into its component monosaccharides, 
fructose and glucose. The enzyme glucosyltransferase then 
assembles the glucose molecules into dextran. The residual 
fructose is the primary sugar fermented into lactic acid. 
Accumulat ions of bacteria and dextran adhering to the teeth 
make up dental plaque. 

The bacterial po pulation of plaque may harbor over 400 bac-
terial species but is predominantly streptococci and filamentous 
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Figure 25.2 A healthy human tooth. 

Q Why can a blofitm accumulate on teeth? 

crevice 

I ligament 

=_8'"", vessels and 
neNes in pulp 
cavily 

members of the genus Actinomyces. {Older, calcified deposits of 
plaque are called delltal calcllills, or tartar.} s. fill/tailS especially 
favors crevices o r other sites on the teeth protected from the 
shearing action of chewing or the flushing action of the liter or 
so of saliva produced in the mouth each day. On prote<: ted areas 
of the teeth, plaque accumulations can be several hundred cells 
th ick. Because plaque is not very permeable to saliva, the lactic 
acid produced by bacteria is not dilu ted or neutralized, and it 
breaks down the ena mel of the teeth to which the plaque adheres. 

Although saliva con tains nutrients that encourage the growt h 
of bacteria, it also contains antimicrobial substances, such as 
lysozyme, that help protect exposed tooth surfaces. Some protec-
tion is also provided by creviwlar fluid, a tissue exudate that flows 
into the gi ngival crevice (see Figure 25.2) and is closer in compo-
si tion to serum than saliva. It protects teeth by virtue of its flush-
ing act ion and its phagocyt ic cells and immunoglobulin content. 

LOCalized acid production within deposi ts of dental plaque 
results in a gradual softening of the external ellamel. Enamel low 
in fluo ride is more susceptible to the effects of the acid. Th is is 
the reason fo r fluoridation of water and toothpastes, which has 
been a significant factor in the decline in tooth decay in the 
United States. 

Figure 25.4 shows the stages of tooth decay. If the initial pen-
etrat ion of the enamel by caries remains untreated, bacteria can 
penetrate into the interior of the tooth. The composition of the 
bacterial population involved in spreading the decayed area from 
the enamel into the delHill is entirely different from that of the 
population initiating the decay. The dominant microorganisms 
are gram-positive rods and filamentous bacteria; S. /11 111a11S is 
present in small numbers only. Although once considered the 
Cause of dental caries, Lactobacillus spp. actually play no role in 
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(a) S. mulans growing in glucose broth (b) S. mulans growing in sucrose broth: note the lID I I 
accumulations of dextran. Arrows point to S. mulans cells. 1 I' m 

Figure 25.3 The role of Streptococcus mutans and sucrose in dental caries. 

Q What is dental plaque? 

initiating the process. However, these very prolific lactic acid 
producers are important in advancing the front of the decay once 
it has become established. 

The decayed area eventually advances to the pulp (see Figure 
25.4 ), which connects with the tissues of the jaw and contains 
the blood supply and the nerve cells. Almost any member of the 
normal microbiota of the mouth can be isolated from the 
infected pulp and roots. Once this stage is reached, root canal 
therapy is required to remove the infected and dead tissue and 
to provide access for antimicrobial drugs that suppress renewed 
infection. If untreated, the infection may advance from the 
tooth to the soft tissues, producing dental abscesses caused by 
mixed bacterial populations that contain many anaerobes. 

Although dental caries is probably one of the more common 
infectious diseases in humans today, it was scarce in the Western 

world until about the seventeenth century. In human remains 
from older times, only about 10% of the teeth contain caries. The 
introduction of table sugar, or sucrose, into the diet is highly cor-
related with our present level of caries in the Western world. 
Studies have shown that sucrose, a d isaccharide composed of glu-
cose and fructose, is much more cariogenic than either glucose or 
fructose individually (see Figure 25.3). People living on high-
starch diets (starch is a polysaccharide of glucose) have a low inci-
dence of tooth decay unless sucrose is also a significant part of 
their diet. The contribution of bacteria to tooth decay has been 
shown by experiments with germ-free animals. Such animals do 
not develop caries even when fed a sucrose-rich diet designed to 
encourage their formation. 

Sucrose is pervasive in the modern Western diet. However, if 
sucrose is ingested only at regular mealtimes, the protective and 

o Healthy tooth with 
plaque 

e Decay in enamel e Advanced decay o Decay in dentin e Decay in pulp 

Figure 25.4 The stages of tooth decay. 0 A tooth with plaque accumulation in diffi cult -to-
c lean areas. 0 Decay begins as enamel is attacked by acids formed by bacteria. e Decay 
advances through the enamel. 0 Decay advances into the dentin. 0 Decay enters the pulp and 
may form abscesses in the tissues surrounding the root. 

Q Why is the formation of plaque important in tooth decay? 



Tooth---

(gingiva) 

8000----

Periodontal --
ligament o Healthy gingivae 
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Gingivitis Periodontal pockets Periodontitis 

Figure 25.5 The stages of periodontal disease. 0 Teeth firmly anchored by healthy bone 
and gum tissue (gingiva) . 0 Toxins in plaque irritate gums. causing gingivitis. e Periodontal 
pockets form as the tooth separates from the gingiva. 0 Gingivitis progresses to penodontitis. Toxins 
destroy the gingiva and bone that support the tooth and the cementum that protects the root. 

Q What is the cause of tooth brush"? 

repair mechanisms of the body are usually not overwhelmed. [t is 
the sucrose that is ingested between meals that is most damaging 
to teeth. Sugar alcohols, such as mannitol, sorbitol, and xylitol, are 
not cariogenic; xylitol even appears to inhibit carbohydrate metab-
olism in S. mlltans. Th is is why these sugar alcohols are used to 
sweeten "sugarless" candies and chewing gum. 

The best strategies for preventing dental caries are a minimal 
ingestion of sucrose; brushing, flossing, and professional cleaning 
to remove plaque; and the use of fluoride. Professional removal of 
plaque and tartar at regular intervals lessens the progression to 
periodontal disease. 

Periodontal Disease 
Even people who avoid tooth decay might, in later years, lose their 
teeth to periodontal disease, a term for a number of conditions 
characterized by inflammat ion and degeneration of structures that 
support the teeth (Figure 25.5). The roots of the tooth are 
protected by a covering of specialized connective tissue called 
cemelltllm. As the gums recede with age or with overly aggressive 
brushing, the formation of caries on the cementum becomes more 
common. 

Gingivitis 
In many cases of periodon tal disease, the infection is restricted 
to the gums, or gingivae. This resulting inflammation, called 
gingivitis, is characterized by bleeding of the gums wh ile the 
teeth are being brushed (see Figure 25.5). This is a condition 
experienced by at least half of the adult population. It has been 
shown experimentally that gingivitis will appear in a few weeks 
if brushing is discontinued and plaque is allowed to accumulate. 
An assortment of streptococci, actinomycetes, and anaerobic 
gram-negative bacteria predominate in these infections. 

Periodontitis 
Gingivit is can progress to a chronic condition called 
periodontitis. This is an insidious condition that generally causes 
little discomfort. About 35% of adults suffer from periodontitis, 
which is increasing in incidence as more people retain their teeth 
into old age. The gums are inflamed and bleed easily. Sometimes 
pus forms in pockets surrounding the teeth (periodontal pockets; 
see Figure 25.5). As the infection continues, it progresses toward 
the root tips. The bone and tissue that support the teeth are 
destroyed, leading eventually to loosening and loss of the teeth. 
Numerous bacteria of many different types, primarily 
Porphyromollas (por'fi -ro-mo-nas) species, are found in these 
infections; the damage to tissue is done by an inflammatory 
response to the presence of these bacteria. Periodontitis can be 
treated surgically by eliminating the periodontal pockets. 

Acute necrotizing ulcerative gingivitis, also termed 
Vincent's disease or trench mouth, is one of the more common 
serious mouth infections. The disease causes enough pain to 
make normal chewing difficult. Fou) breath (halitosis) also 
accompanies the infection. Among the bacteria usually associat-
ed with this condition is Prevotella illiermedia (prev'o-tel-la 
in 'ter- me-de-a), averaging up to 24% of the isolates. Because 
these pathogens are usually anaerobic, treatment with oxidizing 
agents, debridement, and the administration of metronidazole 
may be temporarily effective. Bacterial diseases of the mouth are 
summarized in Diseases in Focus 25.1. 

CHECK YOUR UNDERSTANDING 

-r Why are "sugarless- candies and gum, which actually contain 
sugar alcohols. not considered cariogenic (causing caries)? 25-3 



Bacterial Diseases of the Mouth 
Most adul ts show signs of gum disease, and about 14% of U.S. adults aged ,.5 10 54 have a 
severe case. Use the table below to identify infections tha t could cause persistent sore. swollen, 
red, or bleeding gums, as well as tooth pain or sensi t ivity and bad breath. For the solution. go to 
www.microbiologyplace.com. 

ThIS gram-neg8we rOO accoonts for nearty one-quarter 
of cases. 

Dlaeallt! .. - Symptoms Treatment PlevenUon 

Dental carles Primarily Streptococcus mulans Discolored or hole Remove decayed area Brushing, lIossing. reduction of 
in tooth enamel dietary sucrose 

Periodontal disease Various, primarily Porphyromonas spp. Bleeding gums, Remove damaged area: Plaque removal 
pus pockets antibiotics 

Acute necrotizjng Prevotella intermedia Pain chewing, Remove damaged area: Brushing, flossing 
ulcerative ginglvttls 

Bacterial Diseases 
of the Lower Digestive System 
LEARNING OBJECTIVE 
25-4 Ust the causatIVe agents. suspect foods. signs and symptoms. 

and treatments for staphylococcal food pOisoning, shigellosis. 
salmonellOSIS. typhoid fever, cholera, gastroententis. and peptic 
ulcer disease. 

halitosis 

Diseases of the digest ive system are essentially of two types: 
infections and intoxicat ions. 

An infection occurs when a pathogen enters the GI tract and 
multiplies. Microorganisms can penetrate into the intestinal 
mucosa and grow there, or they can pass through to other sys-
temic o rgans. M cells (fo r microfold ) are intended to translocate 
antigens and microorganisms to the o ther side of the epithelium 
where they can contact lymphoid tissues (peyer's patches) to 
in itiate an immune response (see page 486 and Figure 17,9). 
Infections of the GI tract are characterized by a delay in the 
appearance of gastroi ntestinal distu rbance while the pathogen 
increases in numbers or affects invaded tissue. There is also 
usually a fever, one of the body's general responses to an infective 

• organism. 
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metronidazole 

Some pathogens cause disease by forming toxins that affect 
the GI tract. An intoxication is caused by the ingestion of such a 
preformed toxin. Most in toxications, such as that caused by 
Staphylococcus arlreus, are characterized by a very sudden appear-
ance (usually in o nly a few hours) of symptoms of a GI distur-
bance, Fever is less often one of the symptoms. 

Both infections and intoxications often cause diarrhea, which 
most of us have experienced. Severe diarrhea accompanied by 
blood or mucus is called dysentery. Both types of digestive system 
diseases arc also frequently accompanied by abdominal cramps, 
nausea, and vomiting. Diarrhea and vomiting are both defensive 
me<:hanisms designed to rid the body of harmful materiaL 

The general term gastroenteritis is applied to diseases causi ng 
inflammation of the stomach and intestinal mucosa. Botulism is a 
spe<:ial casc of intoxicat ion becausc the ingestion of the preformed 
toxin affe<:ts the nervous system rather than the GI tract (see 
Chapter 22, page 616). 

In developing countries, diarrhea is a major factor in infant 
mortality. Approximately one child in every fou r d ies of it before 
the age of 5. It is estimated that mortality from childhood diarrhea 
could be halved by oral rehydration tl/erapy (replacement oflost flu-
ids and electrolytes). This is usually a solution of sodium chloride, 



potassium chloride, glucose, and sodium bicarbonate to replace 
lost fluids and electrolytes. These solutions are sold in the infant 
supply department of many stores. Public health departments often 
determine the incidence of diarrhea in the population by receiving 
weekly reports on the sales of oral rehydration preparations. 

Diseases of the digestive system are often rela ted to food 
ingestion. 

Staphylococcal Food Poisoning 
(Staphylococcal Enterotoxicosis) 
A lead ing cause of gastroenteritis is staphylococcal food 
poisoning, an intoxication caused by ingesting an enterotoxin 
produced by S. aureus. Staphylococci arc comparatively resistant 
to environmental stresses, as discussed o n page 318. They also 
have a fairly high resistance to heat; vegetat ive cells can tolerate 
60"C for half an hour. Their resistance to drying and radiation 
helps them survive on skin surfaces. Resis tance to high osmotic 
pressures helps them grow in foods, such as cured ham, in which 
the high osmotic pressure of salts inhibits the growth of 
competitors. 

S. aureus is often an inhabitant of the nasal passages, from 
which it contaminates the hands. It is also a frequent cause of 
skin lesions on the hands. From these sources, it can readily 
enter food. If the microbes are allowed to incubate in the food, 
a situation called temperature abuse. they reproduce and 
release enterotoxin into the food . These events, which lead to 
outbreaks of staphylococcal intoxication, are illustrated III 

Figure 25.6. 
S. aureus produces several toxins that damage tissues or 

increase the microorgan ism's virulence. The production of the 
toxin of serological type A (which is responsible for most cases) 
is often correlated with the production of an enzyme that coag-
ulates blood plasma. Such bacteria are described as coagrllase-
positive. No direct pathogenic effect can be attributed to the 
enzyme, but it is useful in the tentative identification of types 
that are likely to be virulent. 

Generally, a population of about I million bacteria per gram of 
food will produce enough enterotoxin to cause illness. The growth 
of the microbe is faclli tated if the competing microorganisms in 
the food have been eliminated-by cooking, for example. It is also 
more likely to grow if competing bacteria are inhibited by a 
higher-than-normal osmotic pressure or by a relat ively low mois-
ture leveL S. aI/reus tends to outgrow most competing bacteria 
under these conditions. 

Custards, cream pies, and ham are examples o f high -risk 
foods. Competing microbes aTe m inimized in custards by the 
high osmotic pressure of sugar and by cooking. In ham they are 
inh ibited by curing agents, such as salts and preservatives. 
Poultry products can also harbor staphylococci if they are han-
dled and allowed to stand at room temperatures. Because 
staphylococci do not compete well with the large number of 

o 

o 

o 

o 
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Food containing protein is cooked (bacteria usually killed). 

Then lood is contaminated by worller with staphylococci on hands 
(competing bacteria have been eliminated). 

Food is leN at room temperature. Organisms incubate in lood 
(temperature abuse) long enough to lorm and release 

(Reheating will eliminate staphylococci but not the toxins.) 

Food cootaining toxins is eaten. 

Figure 25.6 The sequence of events in a typical outbreak of 
staphylococcal food poisoning. 

Q How does this differ from foodbome iLlness caused by a virus? 

microorganisms hamburger contains, it is rarely a factor in this 
type of food poisoning. Any foo ds prepared in advance and not 
kept chilled are a potential source of staphylococcal food poi-
soning. Because food contamination by human handlers cannot 
be avoided completely, the most reliable method of preventing 
staphylococcal food poisoning is adequate refrigeration during 
storage to prevent toxin formation . 

The toxin itself is heat stable and can survive up to 30 minutes 
of boiling. Therefore, once the toxin is formed, it is not des troyed 
when the food is reheated, although the bacteria will be killed. 

The toxin quickly triggers the brain's vomiting reflex center; 
abdominal cramps and usually diarrhea then ensue. This reac-
tion is essentially immunological in character; the staphylococcal 
enterotoxin is a model example of a superantigen (see page 436). 
Recovery is usually complete within 24 hours. 

The mortality rate of staphylococcal foo d poisoning is 
almost zero among otherwise healthy people, but it can be sig-
nificant in weakened individuals, such as residents of nursing 
homes. No reliable immunity results from recovery. However, 
there is a great deal of variation in individual susceptibility to 
the toxin, and it is suspected that immunity acquired from a 
previous exposure might account for some of this variat ion . 

The d iagnosis of staphylococcal food poisoning is usually 
based on the symptoms, particularly the short incubation time 
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epithelial wal l 

Figure 25.7 Inva sion of intestinal wall by Shigella 
bacterium. Note how the membrane ruffles on the M cell of the 
epithelial wall of the intestine surround the bacterial cell . Invasion by 
Salmonella bacteria is very similar. (Also. see Figure 15.2) 

Q If a bacterium succeeds in leaving the interior of the intestine, what 
elements of the immune system would attempt to deal with it? 

characteristic of in toxication. If the food has not been reheated 
so that the bacteria are not killed, the pathogen can be recovered 
and grown. S. allrells isolates can be tested by phage typing, a 
method used in tracing the source of the contamination 
(see Figure 10.13, page 290). These bacteria grow well in 7.5% 
sodium chloride, so this concentration is often used in media 
for their selective isolation . Pathogenic staphylococci usually 
ferment mannitol, produce hemolysins and coagulase, and form 
golden-yellow colonies. They cause no obvious spoilage when 
growing in foods . Detecting the toxin in food samples has 
always been a problem; there may be only 1 to 2 nanograms in 
100 g of food . Rel iable serological methods have become com-
mercially available only recently. 

Shigellosis (Bacillary Dysentery) 
Bacterial infections, such as salmonellosis and shigellosis, usu-
ally have longer incubation periods ( 12 hours to 2 weeks) than 
bacterial intoxications, reflecting the time needed for the 
microorgan ism to grow in the host. Bacterial infections are often 
characterized by some fever, indicating the host's response to the 
infection. 

Shigellosis, also known as bacillar y d ysentery to differenti-
ate it from amoebic dysentery (page 731), is a severe fo rm of 
diarrhea caused by a group of facultatively anaerobic gram-
negative rods of the genus Shigella. The genus was named for the 
Japanese microbiologist Kiyoshi Shiga. The bacteria do not have 

any natural reservoir in animals and spread only from person to 
person . Outbreaks are most often seen in families, day-care 
facilities, and similar settings. 

There are four species of pathogenic Shigella: S. sOli/wi 
(son ' ne-e), S. dysenteriac (dis-en-te' re -I), S. flexlleri (fleks' ner-e), 
and S. boydii (boi'de-e). These bacteria are residents only of the 
intestinal tract of humans, apes, and monkeys. They are closely 
related to the pathogenic E. coli. 

The most common species in the United States is S. sonnei; it 
causes a relatively mild dysentery. Many cases of so-called travel-
er's d iarrhea might be mild fo rms of shigellosis. At the other 
extreme, infection with S. dysenteriae often results in a severe 
dysentery and prostration. The toxin responsible is unusually vir-
ulent and is known as the Shiga toxin (see enterohemorrhagic 
E. coli, page 717). S. dysenteriae is the least common species in the 
United States. 

The infective dose required to cause disease is small; the 
bacteria are not much affected by stomach acidity. They prolifer-
ate to immense numbers in the small intestine, but the primary 
site of d isease is the large intestine. There, the bacteria attach to 
certain epithelial cells. M cells, membranous cellular ruffles sur-
rounding the cell, take the bacterium into the cell (Figure 25.7). 
The bacteria multiply in the cell and soon spread to neighboring 
cells, producing Shiga toxin that destroys tissue (Figure 25.S). 
Dysentery is the result of damage to the intestinal wall. 

Shigellosis dysentery can cause as many as 20 bowel move-
ments in one day. Additional symptoms of infection arc 
abdominal cramps and fever. Shigella bacteria rarely invade the 
bloodstream. Macrophages not only fail to kill Shigella bacte-
r ia that they phagocy tize, but also are killed by them. 
Diagnosis is usually based on recovery of the microbes from 
rectal swabs. 

The CDC estimates that about 450,000 cases of shigellosis 
occur annually; most are caused by S. sonnei and chiefly affect 
children under the age of 5. S. dysenteriae has a significant mor-
tality rate, however, and the death rate in tropical areas where it 
is prevalent can be as high as 20%. Some immunity seems to 
result from recovery, but a satisfactory vaccine has not yet been 
developed . 

In severe cases of shigellosis, antibiotic therapy and oral 
rehydration are indicated. At present, fluoroquinolones are the 
antibiotics of choice. 

Salmonellosis (Salmonella Gastroenteritis) 
The Salmonella bacteria (named for their discoverer, Daniel 
Salmon ) are gram-negative, facultatively anaerobic, non-
endospore-form ing rods. Their normal habitat is the intestinal 
tracts of humans and many animals. All salmonellae arc 
considered pathogenic to some degree, causing salmoneUosis, 
or Salmonella gastroenteritis. Pathogenically, salmonellae are 
sepa rated into typhoidal salmonellae (sec typhoid fever, page 714) 



...-' ce ll 

Epithelial cell 
lin ing intestinal tract 

,-M"mlb,,", ruffle (see Figure 25.7) 

o Shigella enters an epithelial cell. 

o Shigella multiplies inside the cell. 

o Shigella invades neighboring epithelial cells, 
thus avoiding immune defenses. 

G An abscess forms as epithelial cells are 
killed by the infection. The bacteria rare ly 
spread in the bloodstream. 

Figure 25.8 Shigellosis. This sequence shows the sequence of 
infection of the intestinal wall. The bacterium attaches to an M cell 
(see Figure 25.7) of the epithelial wall located over a Peyer's patch 
(see page 466, and Figure 17.9). This is a region adapted to facilitate 
transfer of antigens across the intestinal mucosa. 

Q What species of Shigella is the most dangerous? 

and the nontypllOidal salmonellae, which cause the milder disease 
of salmonellosis. 

The nomenclature of the Salmonella microbes differs from 
the norm. Rather than recognized species, there are more than 
2000 serotypes (or serovars), only about 50 of which are isolated 
with any frequency in the United States. (For a discussion of the 
nomenclature of the salmonellae, see page 31O. ) To summarize, 
many taxonomists consider them to belong to only two species, 
primarily Salmonella enterica. Therefore, you might encounter 
nomenclature such as S. enterica serotype Typhimurium, instead 
of the conventional name S. typililllllrium. 

The salmonellae first invade the intesti nal mucosa and 
multiply there. Occasionally they manage to pass through the 
intestinal mucosa at M cells to enter the lymphatic and cardiovas-
cular systems, and from there they may spread to eventually affect 
many organs (Figure 25.9). They replicate readily within 
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tract 

ruffle 

o Salmonella enters an epithelial cell. 

o Salmonella within vesicle 
inside the cell. 

o Salmonella multiplies in mucosal cells; 
there the inllammatory response 
results in diarrhea. Occasionally, the 
bacteria cross the epithelial cell 
membrane and enter the lymphatic 
system and bloodstream. 

Figure 25.9 Salmonellosis. This sequence shows the sequence of 
infection of the intestinal wall. Compare with Figure 25.8 showing infection 
with Shigella. Note that invasion of the bloodstream. which happens 
infrequen tly. can result in septic shock. 

Q Why does salmonellosis have a tonger Incubation period than a 
bacterial intoxication? 

macrophages. Salmonellosis has an incubation time of about 12 to 
36 hours. There is usually a moderate fever accompanied by nau-
sea, abdominal pain and cramps, and diarrhea. As many as 1 
billion salmonellae per gram can be found in an infected person's 
feces during the acute phase of the illness. 

The mortality rate is overall very low, probably less than 1%. 
However, the death rate is higher in infants and among the very 
old; death is usually from septic shock. The severity and incuba-
tion time can depend on the number of Salmollella ingested. 
Normally, recovery will be complete in a few days, but many 
patients will continue to shed the organisms in their feces for up to 
6 months. Antibiotic therapy is not useful in treating salmonellosis 
or, indeed, many diarrheal diseases; treatment consists of oral 
rehydration therapy. 



714 PART FOUR Microorganisms and Human Disease 

-8. 15 .: 10 

i 5 
o 
'34 

Typhoid fever 

I- I 

Salmonellosis 
I 

'39 '44 '49 '54 '59 '64 '69 '74 '79 '84 '89 '94 '99 '04 '07 
Year 

Figure 25.10 The incidence o f salmonellosis and typhoid 
fever. An important factor in comparing the two diseases is that typhoid 
transmission is almost entirely human. and salmonellosis is transmitted 
primarily between animal products and humans. 
Source: CDC. MMWR 56(52). January 2008. 

Q Can you suggest reasons for Ihe change in prevalence of those 
two diseases? 

Salmonellosis is probably greatly underreported. There are an 
estimated 1.4 million cases and 400 deaths annually (Figure 25.10). 
Meat products are particularly susceptible to contamination by 
Salmonella. The sources of the bacteria are the intestinal tract of 
many animals. Pet reptiles, such as turt les and iguanas, are also a 
source; their carriage rate is as high as 90%. In fact, the sale of small 
turtles « 10 cm) as pets is now prohibited by the FDA because of 
the risk that children may put them in the mouth. S. ellteritidis and 
S. typhimurillll! are especially well adapted to commercial chicken 
production. Hens are highly susceptible to infection, and the bacte-
ria contaminate the eggs. The bacteria have developed the ability to 
survive in the albumin, which contains natural preservatives such 
as lysozyme (see page 453) and lactoferrin (which binds iron the 
bacteria require). Estimates are that I in 20,000 eggs in this country 
is contaminated by Salmonella. Health authorities caution the 
public to eat only well-cooked eggs. An often unsuspected factor is 
the presence of inadequately cooked or raw eggs in foods such as 
hollandaise sauce, cookie batter, and Caesar salad. Surprisingly 
freque nt sources of food borne illness from ingestion of Salmonella 
and E. coli 0 157:H7 have been raw alfalfa sprouts and tomatoes (see 
the box on page 715). 

Prevention also depends on good sanitation practices to deter 
contamination and on proper refrigeration to prevent increases 
in bacterial numbers. Recently, it has been possible to offer eggs 
in which any Salmonella have been killed by a special hot water 
pasteurization procedure that does not cook the eggs. However, 
these eggs are more expensive. The microbes are generally 
destroyed by normal cooking. Chicken, for example, should be 
cooked at temperatures of 76-82°C and ground beef at 71 °C. 

However, contaminated food can contaminate a surface, such as 
a culting board . Although the food first prepa red on the board 
might later be cooked and its bacteria killed, another food subse-
quently prepared on the board might not be cooked. 

Diagnosis usually depends on isolating the pathogen from 
the patient's stool o r from leftover food . Isolation requires 
specialized selective and differential media; these methods are 
relatively slow. Also, the small numbers of Salmonella generally 
found in foods present a special problem in detection . The 
infec tive dose may be as small as 1000 bacteria. Currently, PCR-
based tests are the best for detecting small numbers of Salmonella 
in foods. They require about 5 hours and identify the most 
common clinical serotypes. 

Typhoid Fever 
The most virulent serotype of Salmonella, S. typhi, causes the 
bacterial disease typhoid fever. Unlike the salmonellae that 
cause salmonellosis, this pathogen is not found in an imals; it is 
spread only in the feces of other humans. Before the days of 
proper sewage disposal, water treatment, and food sanitation, 
typhoid was an extremely common disease. Its incidence has 
been declining in the United States, whereas that of salmonellosis 
has been increasing (see Figure 25.10). Typhoid fever is still a 
frequent cause of death in parts of the world with poor sanita-
tion; an estimated half-million annually. 

Instead of being destroyed by phagocytic cells, S. typhi multi-
ply within them and arc disseminated into multiple organs, espe-
cially the spleen and liver. Eventually, the phagocytic cells lyse and 
release S. typhi into the bloodstream. The time required for this 
explains why the incubation period of typhoid fever (2 or 3 weeks) 
is much longer than for salmonellosis (12 to 36 hours). The patient 
with typhoid fever suffers from a high fever of about 40°C and 
continual headache. Diarrhea appears only during the second or 
third week, and the fever then tends to decline. In severe cases, 
which can be fatal, ulceration and perforation of the intestinal wall 
can occur. Before antibiotic therapy was available, a mortality rate 
of20% was common; with the treatments available today, it is less 
than 1%. 

Substantial numbers of recovered patients, about 1-3%, 
become chronic carriers. They harbor the pathogen in the gall-
bladder and continue to shed bacteria for several months. A num -
ber of such carriers continue to shed the organism indefinitely. 
The classic example of a typhoid carrier was Typhoid Mary. Her 
name was Mary Mallon; she worked as a cook in New York state 
in the early part of the twentieth century and was responsible for 
several outbreaks of typhoid and three deaths. She became well 
known through the attempts of the state to res train her from 
working at her chosen trade. 

In recent years there have been about 350 to 400 annual cases 
of typhoid fever in the United States, of which 70% were 
acquired during foreign travel. Normally, there are fewer than 
three deaths each year. 



A Foodborne Infection 
As you read through this problem, you will 
see questions that epidemiologists ask 
themselves as they solve a clinical problem. 
Try to answer each question as an 
epidemiologist. 

1. On June 29, a 36-year-old woman in 
Ohio was hospitalized with a 3-day 
history of nausea, vomi ting, and diar-
rhea. She had a temperature of 39.SoC, 
and she was dehydrated. 
What sample Is needed from tho patient to 
detemline the cause of her signs and symp-
toms? 

2. Stool culture grew gram-negative, 
non-lactose-fermenting bacteria. 
Can you Identify the bacteria? ($e(! the 
photograph.) 

3. This patient was one of 459 culture-
confinned cases in a 21-state outbreak 
of salmonellosis. 

....... 
III (b) Not III 

Chicken salad 47 ., 
Coleslaw 32 20 

Fruit salad ,. 30 

Potato salad 42 39 

Tomato salad 47 24 

Relative Risk Calculation using a 2 x 2 table 

III Not III 

A" ___ _ {.j {bj 

Did not eat ____ _ {oj {dj 

e 

Whatlnfonnation would you Iry 10 obtain 
from these patients? 

4. No single restaurant or restaurant chain 
was associated with the outbreak. 
How will you determine the fOuree of the 
infection? 

5. Epidemiologists conducted a case-control 
study to compare 53 case-patients 
with 53 healthy controls from the same 
geographic locations. All 106 people were 
asked to complele a questionnaire about 
foods eaten, TIle data collected are 
shown below. 
Relative risk eRR) is a measure of the 
probability (risk) that an event will result 
in disease. RR is calculated in a 2 x 2 
table (shown below). The relative risk 
must be calculated for each source of 
exposure. The RR for the chicken salad 
is given. 

NOIexposed Relative ...... (RR) 

(c) III (d) Not III 

6 
21 

19 
11 
6 

13 

33 

23 

" 29 

RelaUwe Risk 

• (e) ., -".,-
o+b 

IQ -

1.71 

Relatrve risk = ,=--- = Times more likely to become III by going 
to this place 

SaIIlJ()(Je//a form black cotonleS on SS agar because 
of their producllOn of H.,s. which make a black 
precipitate WIth Iron In the agar. 

Complete the remaining calculations to 
detemline the probable source 01 the 
infection. 

6, There is a strong association between 
illness and consumption of (Roma) 
tomatoes. The implicated tomatoes had 
been grown in Florida and diced and 
packaged at a firm in Kentucky. 
What would you do now? 

7. Environmental samples from the farm, 
drainage ditch water, and animal feces 
yielded a variety of Salmonella strains. 
What factors might contribute to 
tomatoes BS a vehicle of transmission? 

In the eastern United States, tomatoes are 
grown in natural habitats for many known 
Salmonella reservoirs, including birds, 
amphibians, and reptiles. Salmonel/a can 
enter tomato plants through roots or flowers 
and can enter fruit through small cracks in 
the skin, the stem scar, or the plant itself. 
Contamination might occur during multiple 
steps, from the tomato seed nursery to the 
final kitchen. Eradication of Salmonella from 
the interior of the tomato is difficult without 
cooking, even if treated with highly concen-
trated chlorine solution. 

Source Adapted from MMWR 56(35)909-911. 
September 7. 2007. 

When the an l ibiotic chloramphenicol was introduced in 
1948, typhoid became a treatable disease. Although most ly 
replaced by safer (hut morc expensive) antibiotics, it is st ill used 
in endemic areas in the world- but m ight require 250 capsules 

during a course of treatment. The most effective antityphoid::al 
drugs are quinolones or third-generation ceph::a lospo rin s. 
Trc::atmen l of the carrier state might require weeks of ::antibiotic 
therapy. Antibiotic resistance is a frequent problem. 

715 
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Figure 25.11 Vibrio cho/erae, the cause of cholera. Notice the 
sl ightly curved morphology_ 

Q What are the effects of the sudden loss of fluid and electrolytes 
during infection with V. cho/enw? 

Recovery from typhoid confers lifelong immunity. Vaccines are 
seldom used in developed countries except for high-risk laboratory 
or military personnel. The declining effectiveness of antibiotics has 
renewed interest in vaccination for less developed parts of the 
world. The vaccine that has long been in use is a killed-organism 
type, which must be injected and has high rates of side effects. 
Newer-generation vaccines have become available that are quite 
safe and can be used in persons 2 years of age or older. One, a 
subunit vaccine that requires a single injection, confers good pro-
tection for at least 3 years. Another, a live attenuated vaccine that 
can be taken orally in three or four doses, protects well for as long 
as 7 years. 

CHECK YOUR UNDERSTANDING 

-r Salmonellosis and typhoid fever are caused by closely related 
organisms. Why was typhoid fever almost entirely eliminated in 
developed countries by modern sewage treatment whereas 
salmonellosis has not been? 25-4 

Cholera 
The causative agent of cholera, one of the most serious gastro-
intestinal diseases, is Vibrio cllOleme, a slightly curved, gram-
negative rod with a single polar flagellum (Figure 25.11 ). Cholera 
bacilli grow in the small intestine and produce an exotoxin, cholera 
toxin (see Chapter 15, page 437), that causes host cells to secrete 
water and electrolytes, especially potassium. The result is watery 
stools containing masses of intestinal mucus and epithelial cells-
called "rice water stools" from their appearance. As much as 12 to 
20 liters (3 to 5 gallons) of fluids can be lost in a day, and the sud-

den loss of these fl uids and electrolytes causes shock, collapse, and 
often death. The blood, lacking fluids, may become so viscous that 
vital organs are unable to function properly. Violent vomiting gen-
erally also occurs. The microbes are not invasive, and a fever is usu-
ally not present. The severity of cholera varies greatly, and the 
number of subclinical cases might be several times the number 
reported. Untreated cases of cholera may have a mortality rate of 
50%, although with proper supportive care it is usually less than 1% 
today. The diagnosis is based upon symptoms and culturing of 
V cholerae from feces . 

Cholera bacteria, and other members of the genus Vibrio in 
general, are strongly associated with brackish (salty) waters char-
acteristic of estuaries, although they are also readily spread in 
contam inated fresh water. They form biofilms and colonize 
copepods (tiny crustaceans), algae, and other aquatic plants and 
plankton, which aids their survival. It has even been reported 
that because of this growth habit, straining contaminated water 
through folded layers of finely-woven cloth (such as saris worn 
by Indian women) often removes these attached bacteria and 
makes the water safe to drink. Under unfavorable conditions 
V cholerae may become dormant; the cell shrinks into a noncul -
turable, spherical state. A favorable change in the environment 
causes them to revert rapidly to the culturable form . Both forms 
are infectious. 

Although they survive well in their aquatic environment, 
cholera bacteria are exceptionally sensitive to stomach acids. 
Persons with impaired stomach acid secretion or who are taking 
antacids are at higher risk of infection. Normal individuals may 
require infective doses on the order of 100 million bacteria to 
cause severe cholera. Recovery from cholera results in an effective 
immunity, but only to bacterial strains of the same antigenic 
characteristics. The serogroup 0:1 (see the footno te in Chapter 
II, page 310), which caused a pandemic in the 1880s, is known 
as the classical strain . A later pandemic was caused by a biotype 
of 0 : I named EI Tor or ellor (for the EI Tor quarantine camp for 
pilgrims to Mecca, where it was first isolated). Until the I 990s it 
was thought that only V. cllO/erae 0:1 caused epidemic cholera, 
but a widespread epidemic in India and Bangladesh by a new 
serogroup, 0 : 139, changed this view. There are also nonepi -
demic strains of V cholerae, non-0:1I0:139, that are only infre-
quently associated with large-scale outbreaks of cholera. They 
occasionally cause wound infections or sepsis, especially in 
people with liver disease or who are immunosuppressed. 

In the Un ited States there have been occasional cases of cholera 
caused by the 0:1 serogroup. These have all occurred in the Gulf 
Coast area, and the pathogen may be endemic in these coastal 
waters. Outbreaks of cholera in this country arc limited by high 
standards of sanitation. This represents the primary means of con-
trol and is important because stools may contain 100 million 
V cllOlerac per gram. Available oral vaccines provide immunity of 
relatively short duration and only moderate effectiveness. 



Treatmen t often includes the use of antibiotics such as 
doxycycline, but the most effective therapy is intravenous 
replacement of the lost fluids and electrolytes. As much as 10% 
of the patient's body weight within a few hours may be 
required . Rehydration therapy is so effective that in 
Bangladesh, for example, where cholera is common, deaths are 
considered "unusual." 

Noncholera Vibrios 
At least I I species of Vibrio, in addition to V cholerae, can cause 
human illness. Most are adapted to life in salty coastal waters. 
Vibrio parahaemolytiClls (pa-ra-he-mo- li 'ti-kus) is found in salt 
water estua ries in many parts of the world. It is morphologically 
similar to V cholerae and the most common cause of gastroen-
teritis by Vibrio spp. in humans. The bacterium is present in 
coastal waters of the continental United States and Hawaii. Raw 
oysters and crustaceans, such as shrimp and crabs, have been 
associated with several outbreaks of gastroenteritis in the United 
States in recent years. 

Signs and symptoms, which resemble those of cholera, 
include abdom inal pain, vomiting, a burning sensation in the 
stomach, and watery stoo ls. Treatment by antibiotics and rehy-
dration is usually effective. The incubation time is normally less 
than 24 hours. Recovery usually follows in a few days. 

Because V. parahaemolytiClls has a requirement for sodium 
and a high osmotic pressure, isolation media containing 2-4% 
sodium chloride are used in diagnosing the disease. 

Another important pathogenic Vibrio is Vibrio vulllifiClls, 
which is also found in estuaries. It is halophilic and requires 1% 
sodium chloride in the media used to isolate it. It causes gas-
troenteritis in only a m inority of infections; rather, ingestion can 
lead to a life-threatening invasion of the bloodstream. People 
with compromised immune systems arc at a higher risk. Anyone 
suffering from liver disease is also at high risk of sepsis, which 
in these cases is fatal about 50% of the time. V. vulnifiClls 
frequently causes very dangerous infections of minor skin lesions 
incurred in coastal sea waters. Rapidly spreading tissue destruc-
tion from these infections may require limb amputation; and, if 
sepsis occurs, the fatality rate is about 25%. Because these infec-
tions are life threatening, they require early antibiotic therapy for 
successful treatment. 

Escherichia coli Gastroenteritis 
One of the most prolific microorganisms in the human intestinal 
tract is E. coli. Because it is so common and so easily cultivated, 
microbiologists often regard it as something of a laboratory pet. 
E. coli are no rmally harmless, but certain strains can be patho-
genic. All pathogenic strains of E. coli have specialized fi mbriae 
that allow them to bind to certain intestinal epithelial cells. They 
also produce toxins that cause gastrointestinal disturbances, 
collectively termed E. coli gastroenteritis. 
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Traveler's Diarrhea 
It has long been observed that travel tends to broaden the 
mind and to loosen the bowels, the latter being an amiction 
with the common name of traveler's diarrhea. The probable 
cause of most cases is one of several strains of E. coli. 
Enterotoxigenic E. coli (ETEC) is not invasive but produces 
an enterotoxin that causes a watery diarrhea that resembles a 
mild case of cholera. Ano ther strain that is increasingly recog-
nized as a cause of traveler's diarrhea, possibly second only to 
ETEC, is enteroaggregative E. coli (EAEC). This group of 
coli forms is named for a growth habit in which the bacteria 
adhere to each other in a "stacked-brick" configu ration. 
Enteroinvasive E. coli (EIEC) invade the intestinal wall, 
resulting in inflammation, fever, and sometimes a Shigella -like 
dysentery. 

Traveler's diarrhea can also be caused by gastrointestinal 
pathogens such as Salmonella and Campylobacter-as well as by 
various unidentified bacterial pathogens, viruses, and proto-
zoan parasites. In fact, in most cases the causative agent is never 
identified. Traveler's diarrhea is usually self-limiting, and 
chemotherapy is not attempted. Once contracted, the best 
treatment is the usual oral rehyd ration recommended for all 
dia rrhea. In severe cases, antimicrobial drugs may be necessary. 
Fo r preventing traveler's diarrhea, reports indicate that there 
may be some protective effect from taking prescribed antibi-
otics. Another option is to take bismuth -containing prepara-
tions, such as Pepto-Bismol (two tablets, taken four times a 
day), if the person docs not mind the tongue and stool tem-
porarily turning black. But the best advice in risky areas is to 
prevent infection, as expressed in the saying, "Boil it, peel it, or 
don't eat it." 

Shiga Toxin-Producing Escherichia coli 
In recent years, enterohemorrhagic E. coli (EREC) strains 
have become well known in the United States as the cause of 
several outbreaks of serious disease. The primary virulence fac-
tor in these bacteria is the production of Shiga toxin (sec page 
712), and they are sometimes termed Shiga-toxin E. coli 
(STEC). (Taxonomists consider E. coli to be indistinguishable 
from members of the genus Shigella.) Another virulence factor 
is their ability to adhere to the intestinal mucosa. The bacteria 
destroy the microv illi and cause the formation of pedestal- like 
projections upon which they then rest (Figure 25.12). In the 
United States, the serotype usually isolated is 0157: H7 (see the 
footnote in Chapter II, page 310 for an explanation of this 
nomenclature), but elsewhere other serotypes may predomi-
nate. The rearing of livestock has become increasingly industri-
alized, and masses of cattle arc grain-fed in feedlots rat her than 
pastured. One result is that the diet affects the pH of the rumen 
and promotes the colonization of the animal with STEC, which 
are relatively acid resistant. Currently, 2-3% of domestic cattle 
carry STEC, which contaminate the carcass at slaughter. (The 
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I I 
0.5 pm 

Figure 25.12 EntemhemorThagic E. coli (EHEC) 0157:H7. As 
EHEC bacteria (purple) adhere to the epithelial wal l. they destroy the 
surface microvil li and cause the formation of a pedestal- like projection 
(yellow) on which they rest. The function of these actin-rich structures is 
unclear, but they may fac ilitate the bacteria's spread to adjacent cells. 

Q Is adhesion a factor in the pathogenicity of a microbe? 

animals do not suffer from obvious symptoms). Furthermore, 
massive amounts of manure from feedlots tend to contaminate 
sources of irrigation waters and then leafy vegetables that are 
eaten raw. 

The u.s. Department of Agriculture has found that almost 
90% of ground meats are contaminated, although usually at a 
very low level. Such meats, if not cooked well, are a potential 
source of infection . Other meats and leafy vegetables may also be 
contaminated. Ingested food is not the o nly infection source; 
some cases have been associated with children's visi ts to farms or 
petting zoos. The infective dose is estimated to be very small, 
probably fewer than 100 bacteria . 

In humans the Shiga toxins often cause only self-limiting 
diarrhea, but in about 6% of people infected, it produces an 
inflammation of the colon (the large intestine above the rec-
tum) with profuse bleeding, called hemorrhagic colitis. Unlike 
Shigella (see Figure 25.8), these E. coli do not invade the intes-
tinal wall but release the toxin into the intestinal lumen 
(space). 

Another dangerous complication is hemolytic rlretllic syn-
drome (H US). Characterized by blood in the urine, often lead -
ing to kidney failure, HUS occurs when the kidneys are affected 
by the toxin. Some 5-10% of small children who have been 
infected progress to th is stage, wh ich has a mortality rate of 
about 5%. Management of these patients primarily involves 

intravenous rehydration and careful monitoring of serum elec-
trolytes. Among survivors of HUS, some may require kidney 
dialysis or even transplants. An estimated 200 to 500 deaths 
occur annually. 

Because of the atte ntio n this pathogen has attracted, 
researchers have been working, with some success, to develop 
rapid methods of detecting its presence in food without the 
need for time-consuming cult uring methods. It is recom-
mended that public health laboratories test routinely for STEC 
0157. A standard method is to use media that differenti-
ate these bacteria by their inability to ferment sorbitol. Any 
sorbitol-negat ive colonies should subsequently be tested by a 
process ca lled pulsed-field gel electrophoresis (PFGE), a tech-
nique that subtypes bacteria . The data are entered into a 
national PulseNet database so that epidemiological informa-
tion can be compared. 

Campy/abaeter Gastroenteritis 
Campylobacter are gram-negative, microaerophilic, sp irally 
curved bacteria tha t have emerged as the leading cause of food -
borne illness in the United States. They adapt well to the intes-
tinal environment of animal hosts, especially poultry. 
Culturing Campylohacter requires conditions of low oxygen 
and high carbon dioxide developed in special apparatus. The 
bacteria's optimum growth temperature o f about 42°C approx-
imates that of their animal hosts, but the bacteria do not repli-
cate in food . Almost all retai l chicken is contaminated with 
Campylobacter. Nearly 60% of cattle excrete the organism in 
feces and m ilk, but retail red meats are less likely to be contam-
ina ted . 

There are more than an estimated 2 mill ion cases o f 
Campylobacter gastroenteritis in the United States annually, 
usually caused by C. jejrmi. The infective dose is fever than a 
thousand bacteria. Clinically, it is characterized by fever, cramp-
ing abdominal pain, and dia rrhea or dysentery. Normally, recov-
ery follows within a week. 

An unusual complication of campylobacterial infec tion is 
that it is linked, in about I in 1000 cases, to the neurological dis-
ease Guillain -Barrc syndrome, a temporary paralysis. 
Apparently, a surface molecule of the bacteria resembles a lipid 
component of nervous tissue and provokes an autoimmune 
attack. 

He/ieobaeter Peptic Ulcer Disease 
In 1982, a physician in Australia cultured a spiral-shaped, 
microaerophilic bacterium observed in the b iopsied tissue of 
stomach ulcer patients. Now named Helicobacter pylori, it is 
accepted that this microbe is responsible for most cases of 
peptic ulcer disease. This syndro me includes gastric and duo -
denal ulcers. (The duodenum is the first few inches of the small 
intestine.) About 30-50% of the population in the developed 
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Figure 25.13 Helicobacter pylori infection, leading to ulceration of the stomach wall. 

Q How does the enzyme urease form ammonia? 
(Hint: look up the chemical formula of urea.) 

world become infected; the infection rate is higher elsewhere. 
Only about 15% of those infected develop ulcers, so certain 
host factors are probably involved. For example, people with 
type 0 blood are more susceptible, which is also true of cholera. 
(See page 526.) H. pylori is also designated as a carcinogenic 
bacterium. Gastric cancer develops in about 3% of people 
infected with these bacteria, but no uninfected persons develop 
gastric cancer. 

The stomach mucosa contains cells that secrete gastric juice 
containing proteolytic enzymes and hydrochloric acid that acti-
vates these enzymes. Other speciali zed cells produce a layer of 
mucus that protects the stomach itself from digestion. If this 
defense is disrupted, an inflammation of the stomach (gastritis) 
results. This inflammation can then progress to an ulcerated area 
(Figure 25.13). Through an interesting adaptation, H. pylori can 
grow in the highly acidic environment of the stomach, which is 
lethal for most microorganisms. H. pylori produces large 
amounts of an especially efficient urease, an enzyme that con-

verts urea to the alkaline compound ammonia, resulting in a 
locally high pH in the area of growth. 

The eradication of H. pylori with antimicrobial drugs usually 
leads to the disappearance of peptic ulcers. Several antibiotics, 
usually admin istered in combination, have proven effective. 
Bismuth subsal icylate is also effective and is 
often part of the drug regimen. When the bacteria are 
ly eliminated, the recurrence rate of the ulcer is only about 2-4% 
a year. Reinfection can result from many environmental sources 
but is less likely in areas with high standards of sanitation; in fact, 
there is some evidence that infection by H. pylori is slowly 
pea ring in developed count ries. 

The most reliable diagnostic test requires a biopsy of tissue 
and culture of the o rganism. An interesting diagnostic approach 
is the urea breath test. The patient swallows radioactively labeled 
urea; if the test is positive, within about 30 minutes CO2 labeled 
with radioactivity can be detected in the breath. This test is most 
useful for determining the effectiveness of chemotherapy 
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because a positive test is an indication of live H. pylori. 
Diagnostic tests of stools to detect antigens (not antibodies) for 
H. pylori are suitable for follow-up tests following therapy. They 
are the noninvasive test of choice, especially for children. 
Serological tests to detect antibodies are inexpensive but not use-
ful in determining eradication. 

Yersinia Gastroenteritis 
Other ente ric pathogens being identified with increasing 
frequency are Yersillin ellteroco/itica (en' tcr-o-kol-it-ik-a) and 
Y. psewioruberCII[osis (su-do- til -bcr-ku-lo'sis). These gram-
negative bacteria 3re intestinal inhabitants of many domestic 
animals and are often transmitted in meat and milk. Both mi-
crobes are distinctive in their ability to grow at refrigerator tem-
peratures of 4°C. This ability increases their numbers in stored 
refrigerated blood, to the exten t that their endotoxins can result 
in shock to the blood recipient. Yersil/ia has occasionally been 
the cause of severe reactions when it contam inates transfused 
blood. 

These pathogens cause Yersinia gastroenteritis, or 
yersiniosis. The symptoms are diarrhea, fever, headache, and 
abdominal pain. The pain is often severe enough to cause a 
misdiagnosis of appendicitis. Diagnosis requires cultu ring the 
organism, which can then be evaluated by serological tests. 
Adults suffering from yersiniosis usually recover in I or 2 weeks; 
children may take longer. Treatment with antibiotics and oral 
rehydration may be helpful. 

Clostridium perfringens Gastroenteritis 
One of the more common, if underrecognized, forms of food 
poisoning in the United States is caused by Clostridium perfrirl-
gens, a large, gram -positive, endospore-forming, obligately 
anaerobic rod. This bacterium is also responsible for human gas 
gangrene (see Chapter 23, page 646). 

Most outbreaks of Clostridium perfringens gastroenteri-
tis are associated with meats or meat stews contaminated with 
intestinal contents of the animal during slaughter. Such foods 
meet the pathogen's nutritional requirement for amino acids, 
and when the meats are cooked, the oxygen level is lowered 
enough for clostridial growth. The endospores survive most 
routine heatings. and the generation time of the vegetat ive 
bacterium is less than 20 minutes under ideal conditions. Large 
populations can therefore build up rapidly when foods are being 
held for serving or when inadequate refrigeration leads to slow 
cooling. 

The microbe grows in the intestinal tract and produces an 
exotoxin that causes the typical symptoms of abdom inal pain 
and diarrhea. Most cases are mild and self-limiting and probably 
are never clinically diagnosed. If treatment is required, oral rehy-
dration is recommended. The symptoms usually appear 8 to 12 
hours aft er ingestion. Diagnosis is usually based on isolating and 
identifying the pathogen in stool sam ples. 

Clostridium difficile-Associated Diarrhea 
Every year in the United States there are millions of cases of 
diarrhea associated with infection by Clostridium (iiffici/e, a 
gram-positive endospore-form ing bacterium. It is found in the 
stools of many healthy adults. C. tliJJicile produces exotox ins 
that cause inflammation accompanied by increased fluid secre-
tion and permeability of the intestinal mucosa. The condition. 
called Clostridium difficiie-associated diarrhea, occurs 
mostly in hospitals and nursing homes, where the bacteria or 
their endospores are a common environmental contaminant. 
The condition is usually precipitated by the extended use of 
broad -spectrum an tibiotics. The elimination of most compet -
ing intestinal bacteria permits the rapid proliferation of the 
toxin-producing C. diJJicile. There is evidence that the st rains 
encountered in these outbrea ks are more virulent than normal. 
However, it can cause outbreaks in children in day-care centers 
that arc unrelated to antibiotic usc. Caregivers have been 
known to acquire it from patients. It can be serious; the 
mortality rate, which is highest in elderly patients, is reported 
as 1-2.5%. 

The disease manifests itself in symptoms ranging from only a 
mild case of diarrhea to life-threatening colitis (inflammation of 
the colon). The coli tis can result in ulceration of the intestinal wall. 

A diagnosis of C. difficile-associated diarrhea is often sug-
gested by a history of antibiotic use. It can be confirmed by an 
immunoassay that detects the responsible exotoxins. A more reli-
able test, but one that is difficult to perform and requ ires as long 
as 48 hours for results to be available, is a cytotoxi n assay. 
Treatment, of course, requires discontinuation of the precipitat-
ing antibiotic and oral rehydration therapy. Metronidazole, a 
drug that targets the metabolism of anaerobes, is also part of the 
usual therapy. Currently, no antimicrobial treatment, including 
vancomycin, reliably prevents recurrences. In exceptional cases, 
enemas containing human stools are used in an attempt \0 
res tore the normal micro biota. 

Bacillus cereus Gastroenteritis 
Bncillus cereus (se'ri!-us) is a large, gram-positive, endospore-
forming bacterium that is very common in soil and vegetation 
and is generally considered harmless. It has, however, been 
identified as the cause of outbreaks of foodborne illness. 
Heating the food does not always kill the spores, which germi-
nate as the food cools. Because competing microbes have been 
eliminated in the cooked food, B. cerells grows rapidly and 
produces toxi ns. Rice dishes served in Asian restauran ts seem 
especially susceptible. 

Some cases of Bacillus cereus gastroenteritis resemble 
C. perfrillgells intoxications and arc almost entirely diarrheal in 
nature (usually appearing 8 to 16 hours after ingestion). Other 
episodes involve nausea and vomiting (usually 2 to 5 hours after 
ingestion). It is suspected that different toxins are involved in 
producing the differing symptoms. Both forms of the disease are 



self-limiting. The diseases can be differentiated by isolating at 
least lOS B. cereus per gram of suspected food. 

Bacterial diseases of the GI tract are summarized in Diseases 
in Focus 25.2. 

Viral Diseases of the 
Digestive System 
LEARNING OBJECTIVES 
25-5 List the causative agents. modes of transmission. sites of mfection, 

and symptoms for mumps. 
25-6 Differentiate hepatitis A. hepatitis B, hepatitis C, hepatitis D. and 

hepatitis E. 
25-7 List the causative agents. mode of transmission. and symptoms of 

viral gastroenteritis. 

Although viruses do not reproduce within the contents of the 
digestive system like bacteria, they invade many organs associated 
with the system. 

Mumps 
The targets of the mumps virus, the parotid glands, are located 
just below and in fro nt of the ears (see Figure 25. I). Because the 
parotids are one of the three pairs of salivary glands of the diges-
tive system, it is appropriate to include a discussion of mumps in 
this chapter. 

Mumps typically begins with painful swelling of one or 
both parot id glands 16 to 18 days after exposure to the virus 
(Figure 25.14). T he virus is transmitted in saliva and 
respiratory secretions, and its portal of entry is the respiratory 
tract. An infected person is most infective to others during the 
firs t 48 hours before cl inical sym ptoms appear. Once the 
viruses have begun to multiply in the respiratory tract and local 
lymph nodes in the neck, they reach the salivary glands via the 
blood . Viremia (the presence o fvirus in the blood) begins sev-
eral days before the o nset of mumps symptoms and before the 
virus appears in saliva. The virus is present in the blood and 
saliva for 3 to 5 days after the onset of the disease and in the 
urine after about 10 days. 

Mumps is characterized by inflammation and swelling of the 
parotid glands, fever, and pain during swallowing. About 4 to 7 
days after the onset of symptoms, the testes can become 
inflamed, a condition called orchitis. This happens in about 
20-40% o f men past puberty; sterility is a possible but rare con -
sequence. Other possible complications include meningitis, 
inflammation of the ovaries, and pancreati tis. 

An effective attenuated live vaccine is available and is often 
administered as part of the tr ivalent measles, mumps, rubella 
(MM R) vaccine. Second attacks are rare, and cases involving only 
one parotid gland or subclinical cases (about 15- 20% of those 
infected), are as effective as bilateral mumps in conferring 
immunity. 
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Figure 25.14 A case of mumps. This patient shows the typical 
swelling of mumps. 

Q How is the mumps virus transmitted? 

If confirmation of the usual diagnosis based only on symp -
toms is desired, the virus can be isolated by embryonated egg or 
cell culture techniques and identified by ELI SA tests. 

CHECK YOUR UNDERSTANDING 

"f Why is mumps included with the diseases of the digestive 
system? 25-5 

Hepatitis 
Hepatitis is an infla mmat ion of the liver. At least five different 
viruses cause hepatitis, and probably more remain to be discov-
ered or become better known. Hepatitis is also an occasional 
result of infections by other viruses such as Epstein-Barr virus 
(EBV) or cytomegalovirus (CMV). Drug and chemical toxicity 
can also cause acute hepatitis that is clinically identical to viral 
hepatitis. The characteristics of the vario us forms of viral hepa-
titis are summarized in Diseases in Focus 25.3 on page 724. 

Hepatitis A 
The lIepatitis A virus (HAV) is the causative agent of hepatitis A. 
The virus contains single-stranded RNA and lacks an envelope. 
It can be grown in cell culture. 

After a typical entrance via the oral rou te, HAV multiplies in 
the epithelial lining of the intestinal tract. Viremia eventually 
occurs, and the virus spreads to the liver, kidneys, and spleen. 



Bacterial Diseases of the Lower Digestive System 
, 

Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that fit the information derived from examining a patient. A differential diagnosis is important 
for providing initial treatment and for laboratory testing. Gastroenteritis is the most common 
disease in the world. Causes include bacteria. viruses, and protozoa transmitted via contami-
nated food and water. The condition is usually treated with replacement of lost fluids and 
electrolytes. For example. an 8-year-old boy had diarrhea. chills, feller (39.3°C). abdominal 
cramps. and vomiting for 3 days. The next month. his 12-year-old brother experienced the 
same symptoms. Two weeks before the first patient became ill. the family had purchased a 

. • 
Red-eared slider pets should be > 10 em (4 in.) to 
prevent children from putting the turtles in thei r 
mouths. 

small «10 cm) red-eared slider turtle at a flea market. Use the table below and the information 
on pages 710- 720 to identify infections that could cause these symptoms. For the solution. go 
to www.microbiologyplace.com. 

Intoxicationl 
Disease Patllogen S)'fI1ptoms Infection Diagnostic Test Treatment 

Staphylococcal food Staphylococcus Nausea. vomiting, and intoxication Phage typing None 
poisoning aureus diarrhea (enterotoxin) 

Shigellosis (bacillary Shigella spp. Tissue damage and Infection (endotoxin Isolation of bacteria Quinolones 
dysentery) dysentery and Shiga toxin. on selective media 

exotoxin) 

Salmonellosis Salmonella enterica Nausea and diarrhea Infection Isolation of bacteria Oral 
(endotoxin) on selective media. rehydration 

serotyping 

Typhoid fever Salmonella Iyphi High fever. signi ficant Infection Isolation of bacteria Quinolones; 
mortality (endotoxin) on selective media. cephalosporins 

serotyping 

Cholera Vibrio cho/erae Diarrhea with large Cholera toxin Isolation of bacteria Rehydration; 
0:1 and 0:139 water loss (exotoxin) on selective media doxycycline 

Inbrio parshBemolyticus V. parahaemolyticus Cholera-like diarrhea. but Infection. Isolation of bacteria Rehydration: 
gastroenteritis generally milder 

The virus is shed in the feces and can also be detected in the 
blood and urine. The amount of virus excreted is greatest before 
symptoms appear and then declines rapidly. Therefore, a food 
handler responsible for spreading the virus might not appear to 
be ill at the time. The vi rus can probably survive for several days 
on such surfaces as cutting boards. HAV is resis tant to chlorine 
disinfectants at concentrations ordinarily used in water, a char-
acteristic that enhances fecal con tamination of food or drink. 
Mollusks, such as oysters, that live in contaminated waters are 
also a source of infection. 

At least 50% of infections with HAY are subclinical, 
especially in children. In clinical cases, the initial symptoms are 
anorexia (loss of appetite), malaise, nausea, diarrhea, abdominal 
discomfort, feve r, and chills. These symptoms are more likely to 
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enterotoxin on 2- 4% NaCI antibiotics 

appear in adults; they last 2 to 21 days, and the mortality rate is 
low. Nationwide epidemics occur about every 10 years, mostly in 
people under 14. In some cases, there is also jaundice (signs are 
yellowing of the skin and the whites of the eyes) and the dark 
urine typical of liver infections. In these cases, the liver becomes 
tender and enlarged. 

There is no chronic fo rm of hepatitis A, and the virus is usu-
ally shed only during the acute stage of disease. The incubation 
time averages 4 weeks and ranges from 2 to 6 weeks, making 
epidemiological studies for the source of infections difficult. 
There are no animal reservoirs. 

[n the United States, the percentage of the population that 
becomes infected wi th HAY is much higher among lower socio-
economic groups (72- 88%) than among middle and upper 



Intoxication! 
Di ..... Pathogen Sym ...... ,- magno.de Test Treatment 

V. vulnificus V. vulnificus Rapidly spreading tissue Infection Isolation of bacteria Antibiotics 
gastroenteritis destruction on 1% NaCI 

Traveler's dian1lea Enterotoxigenic. Watery diarrhea Infection Isolation on selective Oral 
enteroinvasive {endotoxin) media rehydration 
Escherichia coli 

Shiga toxin-producing E co1i0157:H7 Shigella-liKe dysentery: Infection. Shiga toxin Isolation. sorbital Intravenous 
Escherichia coli hemorrhagic colitis {very {exotoxin) fermentation rehydration and 

bloody stools) and hemolytic monitoring of 
uremic syndrome {blood in serum 
urine. possible kidney failure) electrolytes 

Campylobacter Campylobacter Fever, abdominal pain, Infection Isolation in low O2, None 
gastroenteritis jejuni diarrhea high CO2 

Helicobacter peptic Helicobacter pylori Peptic ulcers Infection Urea breath test; Antimocrobial 
ulcer disease bacterial culture drugs 

Yorslnla gastroenteritis Yersinia Abdominal pain and diarrhea. Infection Culture. serotyping Oral rehydration 
enterocolitica usually mild: may be (endotoxin) 

contused with appendicitis 

Clostridium perfringens Clostridium Usually l imited to diarrhea Infection {exotoxin) Isolation of bacteria Oral rehydration 
gastroenteritis perfringens 

Clostridium Clostridium difficile Mild diarrhea to colitis; 
difficile-associated 1-2.5% mortality 
diarrhea 

Bacillus cereus Bacillus cereus May take form of 
gastroenteritis diarrhea or nausea 

and vomit ing 

socioeconomic groups (18-30%). The 30,000 or more cases 
reported in the United States each year represent only a fraction 
of the actual number. 

Acute d isease is diagnosed by the detection of IgM an ti-HAY 
because these antibodies appear about 4 weeks after infection 
and disappear about 3 to 4 months after infection. Recovery 
results in lifelong immunity, 

No specific treatment for the disease exists, but people at risk 
for exposure to hepatitis A can be given immune globulin, wh ich 
provides protection for several months. Inactivated vaccines are 
now available and are recommended for travelers to areas of 
endemic disease and for high-risk groups, such as homosexual 
men and injecting drug users (lDUs). HAV vaccination is now 
part of the recommended childhood vaccination schedule. 

Infection {exotoxin) Cytotoxin assay Metronidazole, 
Vancomycin 

Intoxication Isolation of 2: 1 05 None 
B. cereus/g food 

Hepatitis B 
Hepatitis 8 is caused by the hepatitis B virus (HBV). HBV and 
HAV are completely different viruses: HBV is larger, its genome 
is double-stranded DNA, and it is enveloped. HBV is a unique 
DNA virus; instead of repl icating its DNA directly, it passes 
through an intermediate RNA stage resembling a retrovirus. 
Because HBV has often been transmitted by blood transfusions, 
this virus has been intensely studied to determine how to iden-
tify contaminated blood. 

The serum from patients with hepatitis B contains three 
dist inct particles (Figure 25.15). The largest, the Dmle particle, is 
the complete virion; it is infectious and capable of replicating. 
There are also smaller spherical particles, about half the size of a 
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Characteristics of Viral Hepatitis 
Hepatitis is an inflammation of the liver. It may be an acute 
illness with jaundice or elevated serum aminotransferase. 
Aminotransferases are enzymes found in liver cells and 
released when the cells are damaged. Chronic hepatitis Healthy liver. Liver damaged by hepatitis C. 
may be asymptomatic, or there may be evidence of liver 
disease (including cirrhosis or liver cancer). Hepatitis can be caused by a variety of viruses, alcohol, or drugs; 
however, it is most often caused by one of the following viruses. For example, after eating at one restaurant, 
355 people were diagnosed with the same hepatitis virus. Use the table below to determine which viruses are 
possible causes of this infection. For the solution, go to www.microbiologyplace.com. 

Antibody 
Incubation MelOOd of Olagnosllc PievalellCe 

Disease Palhogen Symploms Period Transmissron Tesl in U.S. Vaccine 

Hepatitis A Hepatitis A virus. Mostly subclinical: fever. 2- 6 weeks Ingestion 19M 33% Inactivated 
Picornaviridae headache: in malaise. antibodies virus. 

jaundice severe cases: no Postexpo-
chronic disease sure 

Immune 
globulin 

Hepatitis B Hepatitis B virus, Frequently subclinical; 4-26 weeks Parenteral; sexual 19M 5-10% Genetically 
Hepadnaviridae similar to HAV, but no contact antibodies modified 

headache; more likely to vaccine 
progress to severe liver produced in 
damage; chronic disease yeast 
occurs 

Hepatitis C Hepatitis C virus, Similar to HBV, more 2- 22 weeks Parentera l PCR for viral 1.8% None 
Flaviviridae likely to become chronic RNA 

Hepatitis 0 Hepatitis 0 virus. Severe liver damage: high 6-26 weeks Parenteral; 19M Unknown HBV 
Deltaviridae mortality rate: chronic 

disease may occur 

Hepatitis E Hepatitis E virus, Similar to HAV, but 2- 6 weeks 
Caliciviridae pregnant women may have 

high mortality; no chronic 
disease 

Dane pa rt icle, and jilamelltolls particles, which arc tubular pa r-
ticles similar in d iameter to the spherical particles but about 
ten times as long. The spherical and filamentous particles arc 
unassembled components of Dane particles without nucleic 
acids; assembly is evidently not very efficient, and large numbers 
of these unassembled components accumulate. Fortunately, 
these numerous unassembled particles contain lIepatitis B surface 
at/tiget/ (HB,Ag), which can be detected with antibodies to them . 
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requires coinfec- antibodies vaccine IS 
tion wi th protective 
hepatitis B 

Ingestion 19M 0.5% HAV 
antibodies. vaccine is 
PCR for viral protective 
RNA 

Such antibody tests make convenient screening of blood for HBV 
possible. 

Physicians, nurses, dentists, medical technologists, and others 
who are in daily contact with blood have a considerably higher 
incidence of hepatitis B than members of the general population. 
It is estimated that thousands of health care workers become 
infected each year in the United Slales. Federal regulations require 
that employees exposed to blood be offered free vaccinations by 



Filamentous particle 
(tubular envelope particle) 
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Dane particle 
(complete HBV) 

Spherical particle 
(envelope particle) 

Figure 25.15 Hepatitis B virus (HBy). The micrograph and Illustrations depict the distinct 
types of HBV particles discussed in the text. 

Q What are other causes of viral hepatitis? 

their employers. There have also been instances of transmission to 
patients by surgeons and dentists. It is safest to use disposable 
syringes and needles for each patient. Intravenous drug users often 
share syringes and needles and fail to sterilize them properly; as a 
consequence, they also have a high incidence of hepatitis B. Blood 
may contain up to a billion viruses per milliliter. Therefore, it is not 
surprising that it is also present in many body fluids, such as sali-
va, breast milk, and semen, but not in blood-free feces or urine. 
Transmission by semen donated for artificial insem ination has 
been documented, and semen has been implicated in transmission 
between heterosexuals with multiple partners and in male homo-
sexuals. Precautions taken to prevent HIV transmission have also 
had an effect on the incidence of HBV infections. A mother who is 
positive for HB,Ag, especially if she is a chronic carrier, may trans-
mit the disease to her infant, usually at birth. In most cases, this 
type of transmission can be prevented by administering hepatitis 
B immune globulin (HBI G) to the newborn immediately after 
birth. These babies should also be vaccinated. 

A third of the world's population shows serological evidence 
of past infection-and HBV is estimated to cause a million 
deaths every year. An est imated 130,000 Americans, mostly 
young adults, are infected with HBV each year; only about 10,000 
cases are actually reported. About 5000 people d ie each year of 
H BV-related liver disease, ranging from cirrhosis (hardening and 
degeneration; see photo on page 724) to cancer. The host's 
immune response to the virus is primarily responsible for liver 

damage. The incubation period before the appearance of symp-
toms averages about 12 weeks: the range is 4 to 26 weeks. 

It is important to be able to distinguish between acute and 
chronic HBV infection. The incubation period for awte HBV 
hepatitis averages about 12 weeks; the range is 4 to 26 weeks. 
Signs and symptoms are highly variable, and HBV infect ions 
cannot be distinguished from other viral hepat it is infections by 
purely clinical appearance. The patient may have very mild 
symptoms, such as loss of appetite, low-grade fever, and joint 
pain. Only a minority of infected infants and small children 
show any symptoms at all. However, in cases of fuiminal1t HBV 
hepatitis (rapidly increasing in severity), patients might have 
fever, nausea, and the typical symptoms of jaundice. At least 90% 
of acute HBV infections end in complete recovery, and the over-
all mortality rate for HBV infections is less than 1 %. However, 
although fulminating hepatitis occurs in fewer than 2% of infec-
tions, it has a very high fatality rate. 

If HBsAg persists for more than about 6 months, it is an 
indication of chronic HEV hepatitis; IgM-type antibodies also will 
have disappeared at about this time. For individuals who were 
infected 1 to 5 years previously, the risk of developing chronic dis-
ease is highest. The risk for infants is about 90%; in children of 1 to 
5 years, about 25-50%. Adolescents and young adults have a much 
lower risk of developing chronic H BV hepatitis: only 6-10%. 

Overall, up to 10% of patients become chronic carriers. These 
carriers are reservoirs for transmission of the virus, and they also 
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have a high rate of liver disease. It has been estimated that there 
are 1.25 million HEV carriers in the United States. A special 
concern is the strong correlation between the occurrence of liver 
cancer and the incidence of chron ic hepatitis B infections. 
Chron ic carriers are about 200 times more likely to get liver 
cancer than the general population. Liver cancer is the most 
prevalent form of cancer in sub-Saharan Africa and the Far East, 
areas where hepatitis B is extremely common. Worldwide, the 
number of HBV carriers is estimated to be 400 million . 

Preventing HBV infection involves severa l strategies. 
Important among them are precautions such as disposable 
needles and syringes and the use of barrier-type contraception. 
Screening of transfused blood has also greatly reduced the risk. 
The introduction of HBV vaccines has become widespread 
worldwide and is now part of the childhood immu nization 
schedule in the United States. The incidence of HEV infections 
has declined sharply in areas in which the vaccine is in use, and 
eventual elimination of the disease is conceivable. 

It has not been possible to cultivate HEV in cell culture, a step 
that was necessary for the development of vaccines for polio, 
mumps, measles, and rubella. The available HBV vaccines use 
HE,Ag produced by a genetically modified yeast. Vaccination is 
recommended for high-risk groups; a partial listing would 
include health care workers exposed to blood and blood products, 
people undergoing hemodialysis, patients and staff at mental 
health care institutions, IDUs, and homosexually active men. 

There is no specific treatment for acute HBY. Treatments 
for chronic HBV infection have been limited and are not cura-
tive. Lamivudine (a synthetic nucleoside analogue of cytosine) 
combined with alpha interferon (IFN-a ) is expensive but results 
in improvement in a significant number of patients. Entecavir, 
recently approved, slows the reproduction of the virus. The first -
line drugs are either adefovir dipivoxil (a nucleoside analog) or 
entecavir. The drug most recently approved for treatment of 
chronic HBV is telbivudine, and has shown effectiveness similar 
to that of lamivudine. Liver transplantation is often a final 
option in treatment. 

Hepatitis C 
In the I 960s, a previously unsuspected form of transfusion-
transmilled hepatit is, now called hepatitis C, appeared. This 
new form of hepatitis soon constituted almost all transfusion-
transmitted hepatit is-as testing eliminated HBV in the blood 
supply. Eventually, serological tests to detect hepatitis C virus 
(HCV ) antibodies were developed that similarly reduced the 
transmission of HCV to very low levels. However, there is a 
delay of about 70 to 80 days between infection and the 
appearance of detectable HCV antibodies. The presence of HCV 
in contaminated blood cannot be detected during th is interval, 
and about I in 100,000 transfusions can still result in infection. 
Blood-collecting facilities in the United States can now detect 
HCV-contaminated blood within 25 days of infection . (See the 

box on safety of the blood supply, page 727). A PCR test can 
detect viral RNA within I to 2 weeks after infection. 

HCV has a single strand of RNA and is enveloped. The virus 
does not kill the infected cell, but it triggers an immune inflam-
matory response that either clears the infection or slowly 
destroys the liver. It is capable of rapid genetic variation to evade 
the immune system. This characteristic, along with the fact that 
currently it can be cultured only very inefficiently, complicates 
the search for an effective vaccine. 

Hepatitis C has been described as a silent epidemic, killing 
more people than AIDS in the United States. It is often clinically 
inapparent- few people have recognizable symptoms until 
about 20 years have elapsed. Even today, probably only a minor-
ity of infections have been diagnosed. Often, hepatitis C is 
detected only during some routine testing, such as for insurance 
or blood donation . A majority of cases, perhaps as h igh as 85%, 
progress to chronic hepati tis, a much higher rate than with HBY. 
Surveys indicated an estimated 3.2 m illion of the U.S. population 
are chronically infected. About 25% of chronically infected 
patients develop liver cirrhosis or liver cancer. Hepatitis C is 
probably the major reason for liver transplantation . Persons 
infected with HCV should be immunized against both HAV and 
HBV (a combinat ion vaccine is now available) because they can-
not afford the risk of furthe r liver damage. 

Preventing HCV is limited to minimizing exposure-even 
sharing of items such as razors, toothbrushes, or nail clippers is 
dangerous. A common source of infection is the sharing of injec-
tion equipment among IOUs. At least 80% of this group is infected 
with HCY. In one exceptional case, the disease was transmitted by 
means of a straw shared for inhaling cocaine. Interestingly, in more 
than one-third of the cases, a mode of transmission-by contami-
nated blood, sexual contact, or other means--cannot be identified. 

The treatment of choice is a drug combination, peginterferon 
(the interferon is conjugated with polyethylene glycol, which has 
a more sustained concentration in the blood) and ribavirin. Its 
disadvantages are that it is very expensive and requires a regimen 
of months. It also has many potentially severe side effects. 
However, complete eradication of HCV is attained in many cases. 

Hepatitis D (Delta Hepatitis) 
In 1977, a new hepatitis virus, now known as hepatitis D viflls 
(HDV), was discovered in carriers of HBV in Italy. People who 
carried this so-called delta antigen and were also infected with 
HBV had a much h igher incidence of severe liver damage and a 
much higher mortality rate than people who had antibodies 
against HEV alone. With time, it became clearer that hepatitis D 
can occur as either acute (coinfectioll form) or chronic (super-
infection form) hepati tis. In people with a case of self-limiting 
acute hepatitis B, coinfection with HDV disappeared as the 
HBV was cleared from the system, and the condition resembled a 
typical case of acute hepatitis B. However, if the HBV infection 
progressed to the chronic stage, superinfection with HDV was 



A Safe Blood Supply 
Prior to blood banking, a physi-
cian typed the blood of a patient's 
friends unol the proper blood type was 
found. With the development of blood storage 
techniques in the 19405, blood banking 
became the role of specialists. not the primary 
care physician (see the photo). The safety of 
blood products is important for all people, 
especially those with hemophilia because 
they regular1y receive transfusions of clot-
ting factors. An important advance in pro-
lecting the blood supply from infectious 
agents was the change to an all -volunteer 
donor system. which occurred in 1979. 
(Volunteer donors have a lower infection 
rate than paid donors.) 

However, the large number of hemo-
philia patients who became infected with 
HIV in the early 19805 raised new questions 
regardmg the safety of the blood supply. 
More senSitive donor screening was rapidly 
introduced. Serological tests are now 
rout inely performed on donated 

blood to detect the presence of T-cell 
leukemia viruses, HIV- l , HIV- 2, HBV. HCV. 
Treponema pall/dum bacteria, and 
Trypanosoma cruzl protozoa. 

Unfortunately, contamination in the 
blood of newly infected donors may not be 
detected by serological tests because there 
is a -Window" of delay between the time of 
infection and the appearance of antibodies. 
Now, virtually all whole blood and plasma 
donations are screened for HCV, HIV, and 
West Nile virus by nucleic acid testing 
(NAT), which detects the virus nucleic acids 
directly, rather than detecting antibodies. 
NAT has reduced the window of delay dur-
ing which a newly acquired infection cannot 
be detected to approximately 25 days lor 
HCV and 12 days for HIV. However. at 
present NAT takes several days to complete. 
so platelets, which become outdated in 
5 days, are being released before NAT has 
been completed. 

Amencan Charles Drew Invented the 
technique for separatlOflthat allowed bk>ocl 
to be stored. 

There is also concern over potential 
contamination of blood by new viruses. Doe 
response to the 2003 SARS outbreak was to 
defer anyone who has traveled in a SARS-
affected area from making a donation for a 
period of14 days. Technologies are being 
introduced to dean blood by removing 
99.9% of white blood cells. which harbor 
many viruses. Other new techniques are 
aimed at inactivating any bacteria or vi -

-

ruses in the blood. The American Red 
Cross already requires virus-inactivating 
treatment of blood plasma. 

A zero-risk blood supply is probably 
unattainable. but the goal is to make the 
blood supply as safe as possible. 
Synthetic blood substitutes are being 
developed and may one day replace the 
need for donor blood. 

ofte n accompanied by progressive liver damage and a fatality rate 
several times that of people infected with HBV alone. 

trolled by the genome of HBV, covers the HDV protein core (the 
delta antigen; see Figure 25.15). 

Epidemiologically, hepatitis D is linked to the epidemiology 
of hepatitis B. In the United States and northern Europe, the 
d isease occurs predominantly in high-risk groups, such as IDUs. 

Struct urally, the HDV contains a single strand of RNA, which 
is sho rter than in any other animal -infec ting viru s. The particle 
is not capable of ca using an infec tion. It becomes infectious 
when an external envelope of HBsAg, whose fo rmation is con-

He pa titis E 
Hepatitis E is spread by fecal-oral transmission, much like hep-
atitis A, which it cli nically resembles. The pathogen, known as 
hepatitis E virlls (HEV), is endemic in areas of the world with 
poor san itation, especially India and southeast Asia. It resembles 
HAV in being a nonenveloped virus with a single strand of RNA 
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100 nm 

Figure 25.16 Rotavirus. This negatively stained electron micrograph 
shows the morphology of the rotavirus (rota'" wheeO. which gives the 
vi rus its name. 

Q What disease does rotavirus calise? 

but is not related serologically to it. Like hepatit is A virus, HEY 
does not cause chronic liver disease, but for some unexplained 
reason it is responsible for a mortality rate in excess of 20% in 
pregnant women. 

Other Types of Hepatitis 
New techniques in molecular biology and serology have provided 
evidence of blood -transmitted viruses known as hepatitis F 
(HFV) and hepatitis G (HGV). The HGY is found worldwide and 
in the United States is more prevalent than HCY. HGY is closely 
related to HCY and is sometimes called G8 virus C (G8Y-C). 
Apparently, however, it is so well adapted to its human hosts that 
it causes no significant disease condition. About 5% of cases of 
chronic liver disease cannot be attributed to any known hepatitis 
in the series A through E. Whether these will eventually be attrib-
uted to HFY, HGY, or to some other member added to this alpha-
betic explosion is unknown. 

CHECK YOUR UNDERSTANDING 

"" Of the several hepatitis diseases. HAV. HBV. HCV. HDV. and HEV. 
which two now have effective vaccines to prevent them? 25-6 

Viral Gastroenteritis 
Acute gastroenteritis is one of the most common diseases of 
humans, and about 90% of cases of acute viral gastroenteritis are 
caused by either the rotavirus or the human calciv iruses, better 
known as the Norwalk family of viruses; collectively, the 

• norOVlfuses. 

Rotavirus 
Rotavirus ( Figure 25.16) is probably the most common cause of 
viral gastroenterit is, especially in children. It is estimated to cause 
about 3 million cases, but fewer than 100 deaths, every year in the 
United States. Mortality is much higher in less developed coun-
tries because rehydration therapy is not as available. More than 
90% of children in the United States have been infected by the 
age of 3. In some cases, parents also become infected. Immunity 
acquired then makes rotavirus infections, except for certain 
strains, much less common in adults. In most cases, following 
an incubation period of 2 to 3 days, the patient suffers from low-
grade fever, diarrhea, and vomit ing, which persists for about 
a week. 

There is usually a peak in cases during the cooler winter 
months. An infectious dose is estimated to be fewe r than 100 
viruses, and patients shed billions in every gram of stool. The 
first vaccine to prevent rotavirus, introduced in 1998, was with -
drawn after serious problems developed. In 2006 a live, orally 
administered vaccine was licensed. Rotavirus infections are rou-
tinely diagnosed by several types of commercially available tests, 
such as enzyme immunoassays. Treatment is usually limited to 
oral rehyd ration therapy. 

Norovirus 
Noroviruses were fi rst identified following an outbreak of 
gastroenteri tis in Norwalk, Ohio, in 1968. The responsible agent 
was identified in 1972 and called the Norwalk virlls. Several sim-
ilar viruses were later identified, and this group was term ed 
Norwalk-like viruses. All were determined to be members of the 
caliciviruses (named for the Latin calyx, meaning cup- cup -
shaped depressions are visible on the viruses) and arc now 
termed lIoroviruses. T hey cannot be cultured, nor do they infect 
the usual laboratory animals. Humans become infected by 
fecal- oral transmission from food and wa ter and even aerosols 
from vomiting. The infective dose may be as low as 10 viruses. 
The viruses continue to be shed for several days after the patient 
is asymptomatic. More than 20 million cases of norovirus 
gastroenteritis occur annually in the United States but only 
about 300 deaths. About half of adult Americans show serolog-
ical ev idence that they have been infected. See the box in 
Chapter 9, page 266. The currently dominant strain of 
noroviruses made its appearance around 2002, which is attrib -
uted to several possible factors. This strain may be more viru-
lent, or more environmentally stable; also, fewer people may 
have had resistance to it from previous exposure. Natural resis-
tance to a particular strain may last only a few months- at most 
about 3 years. 

Cleanup and prevention of transmission following an outbreak 
on a cruise ship or restaurant, for example, has proved to be a chal-
lenging problem. The viruses are unusually persistent on environ-
mental surfaces such as door handles or elevator buttons. They are 
not reliably inact ivated by ethanol or detergent-based hand 



Viral Diseases of the Digestive System 
Differential diagnosis is the process of identifying the disease from a list of possible 
diseases thai fit the information derived from examining a patient A differential diagnosis is 
important for providing initial trea tment and for laboratory testing. For eJUlmple. an outbreak 
of diarrhea began in mid-June, peaked in mid-August, and tapered off in September, A clinical 
case was defined as diarrhea (three loose stools during a 24-hour period) in a person who 
was a member of a swim club. The virus shown in the photo at righ t was isolated from one 
patient. Use the table below to identify infections that could cause these symptoms. For the 
solution. go to ...........w.microbiologyplace.com. ViruS cokured from the patients stool. 

Mumps 

Vlml 
galtroenteritil 

Palhoge. 

Mumps virus. 
Paramyxoviridae 

Rotavirus 

Norovirus 

Symptoms 

Painful swelling of 
parotid glands 

Vomiting. diarrhea 
for 1 week 

Vomiting. diarrhea 
for 2-3 days 

Hepatitil (See Diseases In Focus 25.3 on page 724) 

cleaners, ::although the Centers for Disease Control and Prevention 
(CDC) recommends the use of sanitizing hand gels such as Purell, 
which cont::ai ns > 62% ethanol. To decontaminate hard, nonporous 
surfaces requires solutions containing 1000 to 5000 ppm of 
hypochlorite (a I :50 or I: I 0 solution of 5.26% bleach, respectively). 
The EPA recommends use of a peroxygen compound (see page 
202 ) called Virkon-$ for surface decontam ination. 

To detect noroviruses in stool samples, laboratories use sensi-
tive PC R and EIA tests. The availability of such new and sensitive 
assays h::as led 10 recognition of noroviruses as the most common 
cause (at least half of recent foodborne outbreaks in the United 
States) of nonbacterial gastroenteritis. 

Following an incubation period of 18 to 48 hours, the patien t 
suffers from vomiting and/or diarrhea fo r 2 or 3 days. Vomiting 
is the most prevalen t symptom in ch ildren; most adults experi-
ence diarrhea, although many adult pat ients experience only 
vomiting. The severity of symptoms often depends upon the size 
of the infective dose. 

The only treatment for viral gastroenteritis is oral rehydra-
tion or, in exceptional cases, intravenous rehydration. 

Viral diseases of the Gl tract are summarized in Diseases in 
Focus 25.4. 

Incubation Period Diagnostic Telt Treatment 

16-18 days Symptoms: virus culture Preventive 
vaccine 

1-3 days Enzyme immunoassay Oral rehydration 
for viral antigens in feces 

18-48 hr PCR Oral rehydration 

CHECK YOUR UNDERSTANDING 

'" Two very common causes of viral gastroenteritis are caused by 
rotaviruses and noroviruses. Which of these now can be pre-
vented by a vaccine? 25-7 

Fungal Diseases 
of the Digestive System 
LEARNING OBJECTIVE 
25- 8 Ideotlfy the causes of ergot pOIsonmg and aftatOJlm polsolling. 

Some fungi produce toxins called mycotoxiltS. When ingested, these 
toxins cause blood diseases, nervous system disorders, kidney 
damage, liver damagc, and cven cancer. Mycotoxin intoxication is 
considered when multiple patients have similar clinical signs and 
symptoms. Diagnosis is usually based on finding the fungi or myco-
toxins in the suspected food (Diseases in Focus 255, page 734). 

Ergot POisoning 
Some mycotoxins are produced by C/aviceps pllrpurea (kla'vi-seps 
pur-pu-rea), a fungus causing smut infections on grain crops. The 
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I 

Figure 25.17 The trophozoite fonn of Giardia lamblia, the 
flagellated protozoan that causes giardiasis. Notice the ci rcu lar 
mark left on the intestinal wall by the ventral sucker disk the parasite uses 
to attach itself. The dorsal side is smoothly streamlined, and the intestinal 
contents move easi ly around the attached microorganism. 

Q What is the string test for giardiasis? 

mycotoxins produced by C. pllrpurea cause ergot poisoning, or 
ergotism, which results from the ingestion of rye or other cereal 
grains contaminated with the fungus. Ergot poisoning was very 
widespread during the Middle Ages. The toxin can restrict blood 
flow in the limbs, with resulting gangrene. It may also cause hal-
lucinogenic symptoms, producing bizarre behavior similar to that 
caused by LSD. 

Aflatoxin Poisoning 
AJlatoxin is a mycotoxin produced by the fungus Aspergillus Jlavus, 
a common mold. Aflatoxin has been found in many foods but is 
particularly likely to be found on peanuts. Aflatoxin poisoning 
can cause serious damage to livestock when their feed is contami-
nated with A. Jlavlls. Although the risk to humans is unknown, 
there is strong evidence that aflatoxin contributes to cirrhosis of 
the liver and cancer of the liver in parts of the world, such as India 
and Africa, where food is subject to aflatoxin contamination. 

CHECK YOUR UNDERSTANDING 

"" What is the connection between the occasional hallucinogenic 
symptoms produced by ergot poisoning and a modern illicit 
drug? 25-8 

Protozoan Diseases 
of the Digestive System 
LEARNING OBJECTIVE 
25-9 List the causative agents. modes of transmiSSIOn. symptoms. and 

treatments for giardiasis. cryptospondlosis. Cyclospora diarrheal 
infection. and amoebic dysentery. 

Several pathogenic protozoa complete their life cycles in the 
human digestive system (Diseases in Focus 25.5, page 734). 
Usually they are ingested as resistant, infective cysts and are shed 
in greatly increased numbers as newly produced cysts. 

Giardiasis 
Giardia lamblia (frequently also known as G. iutestillalis, 
which is the CDC usage, and occasionally as G. duodellalis) is 
a flagellated protozoan that is able to attach fi rmly to a hu-
man's intestinal wall (Figure 25.17) . In 1681, van Leeuwenhoek 
described them as having "bodies .. . somewhat longer than 
broad and their belly, which was flatlike, furn ished with sundry 
litt le paws." 

G. lamb/ia is the cause of giardiasis, a prolonged diarrheal 
disease. Sometimes persisting for weeks, giardiasis is characterized 
by malaise, nausea, flatulence (intestinal gas), weakness, weight 
loss, and abdominal cramps. The distinctive odor of hydrogen 
sulfide can often be detected in the breath or stools. The protozoa, 
reproducing by binary fission, sometimes occupy so much of the 
intestinal wall that they interfere with food absorption. 

Outbreaks of giard iasis in the United States occur often, 
especially during camping and swimming seasons. About 7% of 
the population are healthy carriers and shed the cysts in their 
feces. The pathogen is also shed by a number of wild mammals, 
especially beavers, and the disease occurs in backpackers who 
drink from untreated wilderness waters. 

Most outbreaks arc transmitted by contaminated water 
supplies. In a recent national survey of surface waters serving as 
sources for U.S. municipalities, the protozoan was detected in 
18% of the samples. Because the cyst stage is relat ively insensitive 
to chlorine, filtration or boiling of water supplies is usually 
necessary to eliminate the cysts from water. 

Because G. lamblia is not reliably found in stools by 
microscopic examination, the strillg test is sometimes used for diag-
nosis. In this test, a gelatin capsule packed with about 140 cm of fine 
string is swallowed by the patient. One end of the string is taped to 
the check. The gelatin capsule d issolves in the stomach, and an 
enclosed weighted rubber bag attached to the other end of the 
string enters the upper bowel. After a few hours, the string is drawn 
up through the mouth and examined for trophozoite forms of 
G. lamblia. Several commercially available ELISA tests detect both 
ova and the parasite in stool specimens. The CDC currently recom-
mends a direct fluorescent-antibody (FA) test (see Figure 18.11a, 
page 515) for detecting cysts. These tests are especially useful for 
epidemiological screening. Testing of drinking water for Giardia is 
difficult but often necessary to prevent or trace disease outbreaks. 
These tests are frequently combined with tests for Cryptosporidium 
protozoa, discussed in the next section. 

Treatment with metronidazole or quinacrine hydrochloride 
is usually effective within a week. The U.S. Food and Drug 
Admin istration (FDA) has recently approved a new oral drug, 
nitazoxanide for both crytosporidiosis (see Figure 25 .1 8) and 



giardiasis. Like metronidazole, it affects anaerobic metabolic 
pathways, but it requires a shorter treatment regimen . 

CHECK YOUR UNOERSTANOING 

..r Is giardiasis caused by ingestion of a cyst or an oocyst? 25-9 

Cryptosporidiosis 
Cryplosporidiosis is caused by the protozoan Cryptosporidium. 
There have been recent changes in the taxonomy; the primary 
species affecting humans is now termed C. hominis (previously 
this was C. parv/lm genotype I). It rarely infects animals. 
C. parvum (previously called C. parvum genotype 2) infects 
both humans and livestock. The term cryptosporidiosis describes 
infections by either organism. Infection occurs when humans 
ingest the cryptosporidian oocysts (Figure 25.18). The oocysts 
eventually release sporozoites into the small in testine. The 
motile sporozoites invade the epithelial cells of the intestine and 
undergo a cycle that eventually releases oocysts to be excreted in 
the feces . (Compare with the similar li fe cycle of Toxoplasma 
gondii in Figure 23 .23, page 662). The disease is a cholera-
like diarrhea of 10 to 14 days' duration. In immunodeficient 
individuals, including AIDS patients, the diarrhea becomes 
progressively worse and is life-threatening. 

The infection is transmitted to humans largely through 
recreational and drinking water systems contaminated with oocysts 
of Cryptosporidium, mostly from animal wastes, especially cattle. 
Studies in the United States show that many, if not most, lakes, 
streams, and even wells are contaminated. The oocysts, like the cysts 
of C. lamblia, are resistant to chlorination and must be removed 
from water by filtration. Even filtration sometimes fails . This is 
especially true of swimming pools, where both chlorination and 
filtration systems are ineffective in removing oocysts. Alternatives 
to routine chlorination are ultraviolet radiation, ozonation, and 
chlorine dioxide. See the box in Chapter 12, page 355. An infective 
dose may be as low as ten oocysts. Fecal--oral transmission resulting 
from poor sanitation also occurs; many outbreaks have occurred in 
day-care settings. 

Testing of water is important, but the currently available meth-
ods have been described as being cumbersome, time-consuming, 
and inefficient. Most widely used is an FA test that can simultane-
ously detect both G. lamblia cysts and Cryptosporidium oocysts. 
Regular water testing will probably become mandatory, and 
research for simpler and more reliable methods has a high priori-
ty in public health science. 

The recommended drug for treatment is the newly introduced 
nitazoxanide, which is also effective in treating giardiasis. 

Cryptospor idiosis is most reliably diagnosed in the 
laboratory by detecting oocysts in fecal samples by microscopic 
examination, sometimes accompanied by assays for antibodies 
by FA tests. The direct FA test is considered the "gold standard." 
The presence of oocysts or sporozoite antigens in fecal samples 
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Figure 25.18 Cryptosporidios is. Ooeysts of Cryptospondium 
hominis are shown here embedded in the intestinal mucosa . 

Q How is cryptosporidiosis transmitted? 

can also be determined by the use of immunoassay tests that are 
commercially available. 

Cyclospora Diarrheal Infection 
A protozoan discovered in 1993 is responsible for a series of 
diarrheal disease outbreaks in recent years. The pathogen has 
since been named Cyc/ospora cayetanclIsis. 

The symptoms of Cydospora diarrheal infection are a few 
days of watery diarrhea, but in some cases it may persist for weeks. 
The disease is especially debilitating for immunosuppressed people, 
such as AIDS patients. Whether humans are the only host for the 
protozoan is uncertain. Most outbreaks have been associated with 
the ingestion of oocysts in water, on contaminated berries, or sim-
ilar uncooked foods. The foods are presumed to have been contam-
inated byoocysts shed in human feces or possibly from birds in the 
field. 

Microscopic examination can identify the oocysts, which are 
about twice the diameter of those of Cryptosporidium. There is 
really no satisfactory test to detect contamination of foods. The 
antibiotic combination of trimethoprim and sulfamethoxazole is 
used for treatment. 

Amoebic Dysentery (Amoebiasis) 
Amoebic dysentery, or amoebiasis, is spread mostly by food 
or water contaminated by cysts of the protozoan amoeba 
Entamoeba his/oiytica (see Figure 12.17b, page 348). Although 
stomach acid can destroy trophozoites, it does not affect the 
cysts. In the intestinal tract, the cyst wall is d igested away, and 
the trophozoites are released. They then multiply in the epithe-
lial cells of the wall of the large intestine. A severe dysentery 
results, and the feces characteristically contain blood and 
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I I 
0.5 mm 

Figure 25.19 Section of intestinal wall showing a typical 
flask-shaped ulcer caused by Entamoeba histolytica. 

Q If this lesion progressed far enough, could it be life-threatening? 

mucus. The trophozoites feed on tissue in the gastrointestinal 
tract (Figure 25,19). 

Severe bacterial infections result if the intestinal wall is 
perforated. Abscesses might have to be treated surgically. and the 
invasion of other organs, particularly the liver, is not uncom-
mon. Perhaps 5% of the U.S. population are asymptomatic 
carriers of E. histolytica. Worldwide, one person in ten is estimat-
ed to be infected, mostly asymptomatically, and about \0% of 
these infections progress to the more serious stages. 

Diagnosis largely depends on recovering and identifying the 
pathogens in feces. (Red blood cells, ingested as the parasite feeds 
on intestinal tissue and observed with in the trophozoite stage of 
an amoeba, help identify E. histolytica. ) Several serological tests 
can also be used for diagnosis, including latex agglu tination and 
fluorescent-ant ibody tests. Such tests are especially useful when 
the affected areas are outside the intestinal tract and the patient 
is not passing amoebae. 

Metronidazole plus iodoquinol are the drugs of choice in 
treatment. 

Helminthic Diseases 
of the Digestive System 
LEARNING OBJECTIVE 
25-10 List the causative agents. modes of transmission. symptoms. and 

treatments for tapeworms. hydatid disease. pinworms. hook-
worms. ascariasis. and trichineliosis. 

Helminthic parasites are very common in the human intestinal 
tract, especially under conditions of poor sanitation. Figure 25.20 
shows the worldwide estimated incidence of infection with some 
in testinal helm inths. In spite of their size and formidable appear-
ance, they often produce few symptoms. They have become 50 

Flukes (liver. lung) 

Tapeworms 

Schistosomes 

Hookworms 

Percentage of world population Infected 

1.0% 

1 2 3 4 5 6 7 8 9 10 11 
Number of people Infected (100 millions) 

Figure 25.20 The worldwide prevalence of human infections 
with selected intestinal helminths. 
Source,' World Health Organization, 

Q How is each of these diseases transmitted? 

well adapted to their human hosts, and vice versa, that when their 
presence is revealed, it is often a surprise. 

Diseases in Focus 25.5 summarizes the diseases of the digestive 
system caused by helminths. 

Tapeworms 
The life cycle of a typical tapeworm extends through three 
stages. The adult worm lives in the intestine of a human host, 
where it produces eggs that are excreted in the feces (see Figure 
12.26, page 358). The eggs are ingested by animals such as graz-
ing cattle, where the egg hatches into a larval form called a 
cysticCfClls (plural: cysticerci ) that lodges in the animal's muscles. 
Human infections by tapeworms begin with the consumption of 
undercooked beef, pork, or fish containing cysticerci. The cys-
ticerci develop into adult tapeworms that attach to the intestin-
al wall by suckers on the scolex (see the photo in Figure 12.26, 
page 358). 

The adult beef tapeworm, Taenia saginata (te' -ne-a sa-ji-na 'ta), 
can live in the human intestine for 25 years and reaches a length 
of 6 meters (\8 feet ) or longer. Even a worm of this size seldom 
causes significant symptoms beyond a vague abdominal discom-
fort. There is, however, psychological distress when a meter or more 
of detached segments (proglottids) break loose and unexpectedly 
slip out of the anus, which happens occasionally. 

Taenia solillm (so'le-um), the pork tapeworm, has a life 
cycle similar to that of the beef tapeworm. An important differ-
ence is that T soliuIII may produce the larval stage in the human 
host. Taeniasis develops when the adult tapeworm infects the 
human intestine. This is a generally benign, asymptomatic con-
dition, but the host continuously expels eggs of T soliuIII, which 
contaminate hands and food under poor sanitary conditions. 
Cysticercosis, infection with the larval stage, can develop 
when humans or swine ingest T solhlm eggs. These eggs can 



Figure 25.21 Ophthalmic cystice rcosis. 
Some cases of cysticercosis affect the eye. 

Q What organ is most likely to be affe<:ted by 
neurocysticercosis? 

leave the digestive tract and develop into larvae that lodge in tis-
sue (usually brain or muscles). Cyticerci in muscle t issue are rel-
atively benign and cause few serious symptoms, but the larvae 
occasionally lodge in an eye, causing ophthalmic cysticercosis 
and affecting vision (Figure 25.21 ). The most serious, and much 
more com mon disease is neurocysticercosis, wh ich arises when 
the larvae develop in the central nervous system such as the 
brain. Neurocysticercosis, which is endemic in Mexico and 
Central America, has become a fairly common condition in 
parts of the United States with large Mexican and Central 
American immigrant populations. 

The symptoms often mimic those of epilepsy or a brain tumor. 
The number of cases reported reflects, in part, the use of CT 
(computed tomography) scanning or magnetic resonance imaging 
(M RI) in diagnosis. In endemic areas, neurological patients can be 
screened with serological tests for antibodies to T. solilull. 

The fish tapeworm Diphyllobothrium latJlm (di -fil-lo-
bo'thre-um la'tum) is found in pike, trout, perch, and salmon. 
The CDC has issued warnings about the risks of fish tapeworm 
infection from sashimi and sush i (Japanese dishes prepared from 
raw fish), foods that have become increasingly popular. To relate 
a vivid example, about 10 days after eating, one person developed 
symptoms of abdominal distention, flatulence, belching, in ter-
mittent abdominal cramping, and diarrhea. Eight days later, the 
patient passed a tapeworm 1.2 m (4 ft) long, identified as a species 
of Diphyllobothrium. 

Laboratory diagnosis of tapeworms consists of identifying the 
tapeworm eggs or segments in feces. Ad ult tapeworms in the 
intestinal stage can be eliminated with antiparasitic d rugs such as 
praziquantel and albendazole. Cases of neurocysticercosis can 
sometimes be treated with drugs, but these often worsen the situ-
ation and surgery may be required to remove cysticerci. 

CHECK YOUR UNDERSTANDING 

'" What species of tapeworm is the cause of cysticercosis? 25-10 
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Brt:ln 

Figure 25.22 A hydatid cyst formed by Echinococcus 
granulosus. A large cyst can be seen in this X-ray image of the brain of 
an infected individual. 

Q How do hydatid cysts affect the body? 

Hydatid Disease 
Not all tapeworms are large. One of the most dangerous is 
Echinococcus granillosils (e -kln-o -kok' kus gra- nl1-lo ' sus), 
which is only a few millimeters in length (see Figure 12 .28, 
page 359) . Humans are not the definitive hosts. The adult form 
lives in the intestinal tract of carnivorous animals, such as 
dogs and wolves. Typically, humans become infected from the 
feces of a dog thaI has become infected by eating the flesh of a 
sheep or deer containing the cyst fo rm of the tapeworm. 
Unfortunately, humans can be an intermediate host, and cysts 
can develop in the body. The d isease occurs most frequently in 
people who raise sheep or hunt or trap wild animals. 

Once ingested by a human, the eggs of E. grmllliosus may 
migrate to various tissues of the body. The liver and lungs are the 
most common siles, bUI the brain and numerous other siles also 
may be infected. Once in place, the egg develops inlo a hydatid cyst 
that can grow to a diameter of I em in a few months (Figure 25.22). 
In some locations, cysts may not be apparent for many years. Some, 
where they are free to expand, become enormous, containing up to 
15 liters (4 gallons) of fluid. 

Damage may arise from the size of the cyst in such areas as 
the brain or the interior of bones. If the cyst ruptures in the host, 
it can lead to the development of a great many daughter cysts. 
Another factor in the pathogenicity of such cysts is that the fluid 
contains proteinaceous material to which the host becomes 



Fungal, Protozoan, and Helminthic Diseases 
of the Lower Digestive System 
Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that fit the information derived from examining a patient. A differential diagnosis is important 
for providing initial treatment and for laboratory testing. For example. public health officials in 
Pennsylvania were notified of cases of watery diarrhea. with frequent. sometimes explosive, 
bowel movements among persons associated with a residential faci l ity (e.g .. residents. staff. 
and volunteers). The disease was associated with eating snow peas. Use the table below to Acid-fast stain from the patient's feces. I 
identify possible causes of these symptoms. For the solution, go to 'NWW.microbiologyplace.com. III 

"'N_ Pathogen Sym .. Reservoir Of Host Oiagnoslic Test Treatment 

FUNGAL DISEASES 

Ergot poisoning Claviceps Restricted blood flow to limbs; Mycotoxin produced by Finding funga l None 
purpurea hallucinogen ic fungus growing on gra ins sclerotia in food 

AnatOKin poisoning Aspergillus (favus Liver cirrhosis: liver cancer Mycotoxin produced by Immunoassay for None 
fungus growing on food toxin in food 

PROTOZOAN DISEASES 

Giardiasis Giardia lamblia Protozoan adheres to intestina l Water; mammals FA Metronidazole: 
wall. may inhibit nutritional qUinacrine 
absorption: causes diarrhea 

Cryptosporidiosis Cryptosporidium Self- limiting diarrhea but may Cattle; water Acid-fast stain: Oral rehydration 
hominis be life- threatening in immuno- FA: ELISA 

suppressed patients 

Cyc/ospora diarrheal Cyc/ospora Causes watery diarrhea Humans; birds; usually Acid-fast stain Trimethoprim and 
infection cayetanensis ingested with fruits and sulfamethoxazole 

vegetables 

Amoebic dysentery En/amoeba Amoeba lyses epithelial cells of Humans Microscopy; Metronidazole 
(amoebiasis) his/oly/iea intestine, causes abscesses; 

significant mortality rate 

sensitized. [f the cyst suddenly ruptures, the result can be life-
threatening anaphylactic shock. 

For diagnosis, several serological tests that detect circulating 
antibodies are useful in screening. [f available, physical imaging 
methods such as X rays, CT, and MRI are best. 

Treatment is usually surgical removal, but care must be taken 
to avoid release of the fluid and the potential spread of infection 
or anaphylactic shock. If removal is not feasible, the drug alben-
dazole can kill the cysts. 

73. 

serology 

Nematodes 

Pinwonns 
Most of us are familiar with the pinworm, Enterobius vcrmicu-
laris (see Figure 12 .28, page 360). This tiny worm (females are 
8- 13 mm in length, males 2- 5 mm) migrates out of the anus of 
the human host to lay its eggs, causing local itching. Whole 
households may become infected. Diagnosis is usually based on 
finding eggs around the anus. These can be viewed by pressing 



Di_N Pathog." Symptoms Reservoir or Host Diagnostic Test Treatment 

HElMINTHIC DISEASES 

Tapewonns Taenia saginata Helminth lives off undigested Intermediate host: cattle, Microscopic exam Praziquantel: 
(beef tapeworm): intestina l contents with few pigs, fish olleces albendazole 
T. soliurn (pork symptoms; pork tapeworm may Definitive host: humans 
tapeworm): cause larvae to form in many 
Diphyllobothrium organs (neurocysticercosis) 
lalum (fish and cause damage 
tapeworm) 

Hydatid disease Echinococcus Larvae form in body; may be Intermediate host: Serology; Surgical removal; 
granulosus very large and cause damage humans X-ray exam albendazole 

Definitive host: dogs 

Pinworms Enterobius Itching around anus Intermediate host: Microscopic Pyranlel 
vermicularis humans exam pamoate 

Definitive host: humans 

Hookworms Necator Large infections may result in Larvae enter skin from Microscopic Mebendazole 
americanus, anemia soil exam 
Ancyclostoma Definitive host: humans 
duodenale 

Ascariasis Ascaris Helminths live off undigested Intermediate host: Microscopic Mebendazole 
lumbricoides intestina l contents, causing humans exam 

few symptoms Definitive host: humans 

Trichinellosis Trichinella spira/is Larvae encyst in striated Intermediate host: Biopsy; ELISA Mebendazole; 
muscle; usually few symptoms, mammals (including corticosteroids 
but large infections may be humans) 
fatal Definitive host: mammals 

( including humans) 

transparent cellulose tape, sticky side down, against the skin, 
transferring the tape to a microscope slide and viewing the slide 
under a microscope. Such drugs as pyrantcl pamoate (often 
available without a prescription) and mebendazole are usually 
effective in treatment. 

most often seen is Necator american/IS. Another species, 
Allcyclostoma duodena/e, is widely dist ributed around the world . 

The hookworm attaches to the intestinal wall and feeds on 
blood and tissue rather than on partially digested food 
(Figure 25.23), so the presence of large numbers of worms can 
lead to anemia and lethargic behavior. Heavy infections can also 
lead to a bizarre symptom known as pica, a craving for peculiar 
foods, such as laundry starch or soil containing a certain type of 
clay. Pica is a symptom of iron deficiency anemia. 

Hookwonns 
Hookworm infections were once a very common parasitic 
disease in the southeastern states. In the United States, the species 
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• 
Intestinal 

Figure 25.23 An Ancylostoma hookworm attached to intestinal 
mucosa. Notice how the mouth of the worm is adapted to feeding on 
the tissue, 

Q Why can a hookwonTl infection lead to anemia? 

Because the life cycle of the hookworm requires human feces 
to enter the soil and bare skin to con tact contaminated soil, the 
incidence of the disease has declined greatly with improved 
sanitation and the practice of wearing shoes. Hookworm infec-
tions are diagnosed by finding parasite eggs in feces and can be 
treated effectively with mebendazole. 

Ascariasis 
One of the most widespread helmin thic infections is ascariasis, 
caused by Ascaris lumbricoides. This condition is fami liar to 
many American physicians. As described in Chapter 12 (page 
358), diagnosis is often made when an adult worm emerges from 
the anus, mouth, or nose. These worms can be quite large, up to 
30 cm (about I ft ) in length (Figure 25.24). In the intestinal tract, 
they live on partially digested food and cause few symptoms. 

The worm's li fe cycle begins when eggs (upwards of 200,000 
per day) are shed in a person's feces and, under poor sanita rycon -
ditions, are ingested by another person . In the upper intestine, 
the eggs hatch in to small wormlike larvae that pass in to the 
bloodstream and then into the lungs. There they migrate into the 
throat and are swallowed. The larvae develop into egg-laying 
adults in the intestines. (All this migration just to return to the 
place where they started! ) 

In the lungs, the tiny larvae may cause some pulmonary 
symptoms. Extremely large numbers may block the intestine, bile 
duct, or pancreatic duct. The worms do not usually cause severe 

Figure 25.24 Ascaris lumbricoides, the cause of 
ascariasis. These intestmal worms are large. the female up to about 
30 em in length, 

Q What are the principal features of the life cycle of A. Jumbricoides? 

symptoms, but their presence can be manifested in d istressing 
ways. The most dramatic consequences of infection with A. 
/Ilmbricoides are from the migrations of adult worms. Worms 
have been known to leave the body of small children through the 
umbilicus (navel) and to escape through the nostri ls of a sleep-
ing person. Microscopic examination of feces for eggs is used 
for diagnosis. Once ascariasis is diagnosed, it can be effectively 
treated with mebendazole or albendazole. 

Trichinellosis 
Most infections by the small roundworm Trichinella spira/is, 
called trichineUosis (formerly called trich inosis), are insignifi-
cant. The larvae, in encysted fo rm, are located in muscles of the 
host. In 1970, routine autopsies of human diaphragm muscles 
showed that about 4% of cadavers tested carried this parasite. 

A The severity of the disease is generally propor-
tional to the number of larvae ingested. Ingesting 

undercooked pork is probably the most common mode of 
infection (Figure 25.25), but eating the flesh of animals that feed 
on garbage (bears, for example) is an increasing cause of out -
breaks. Quite a few human cases of trichinellosis have occurred 
in France from horsemeat infected in the United States and 
exported to restaurants. Severe cases can be fatal- sometimes in 
only a few days. 

Any ground meat can be contaminated from machinery 
previously used to grind contaminated meats. Eating raw sausage 
or hamburger is a risky habit. One person acquired trichinellosis 
by chewing the fingernai ls after handling infected pork. Freezing 
pork for prolonged periods (for example, - 23°C for 10 days) kills 
T. spiralis. However, some species found in wild game, such as 
Trichinella nativa, are not killed by freezing. 
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Lile cycle 01 Trichinella spiralis 

o TriChinella spira/is adults develop 
from ingested cysts; invade intestinal 
wal l of pig. 

Garbage, including 
undercooked or 
raw pork 

I 

Meanwhile, other 
animals are 
infected by eating 
infected meat 
that has been 
dumped. 

Undercooked pork 
containing cysts that are 
infective to humans or 
animals that ingest it. 

o Trichinellosis in humans; 
ingested cysts develop into 
T. spira/is adults. Adults 
produce larvae that encyst 
in muscles. 

o Adults produce larvae 
that encyst in pig muscles. 

o Human eats 
undercooked pork 
containing cysts. 

Section ", I 
T. spiralis 

T. spiralis adult 

I I 
0.1 mm 

I I 
0.1 mm 

Figure 25.25 Life cycle of Trichinella spiralis, the causative agent of trichinellosis. 

Q What is the most common vehicle of infection of T. spil7Jlis? 

In the muscles of intermediate hosts such as pigs, the 
T. spiralis larvae are encysted in the form of short worms about 
1 mm in length. When a human ingests the flesh of an infected 
animal, d igest ive action in the intestine removes the cyst wall. 
The organism then matures into the adult form. The adult 
worms spend only about a week in the intestinal mucosa and 
produce larvae that invade tissue. Eventually, the encysted larvae 
localize in muscle (common sites include the diaphragm and eye 
muscles), where they are barely visible in biopsied specimens. 

Symptoms of trichinellosis in cl ude fever, swelling around 
the eyes, an d gastrointestinal upset. Small hemorrhages under 

the fingernails are often observed. Biopsy specimens, as well as 
a number of serological tests, can be used in d iagnosis. A sero-
logical ELISA test that detects the parasite in meats has been 
developed. Treatment consists of administering meben dazole 
to kill intestinal worms and corticosteroids to reduce inflam-
mation. 

In the past 10 years, the number of cases reported an nually in 
the United States has varied from 16 to 129. Deaths are rare, and 
in most years there are none. 
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STUDY OUTLINE 
The MyMicrobiologyPiace website (www.microbiologyplace.com) 
wil l help you get ready lor tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. e learn 
and practice with animations. tutorials. and MP3tutor sessions. and e test yourself with Quizzes and a chapter post-test 

Introduction (p.705) 

I. Diseases of the digestive system are the second most common 
illnesses in the United States. 

2. Diseases o f the digestive system usually result from ingest ing 
microorganisms or their toxins in food and water. 

3. The fecal-oral cycle of transmission can be broken by the 
proper disposal of sewage, the disinfection of drinking water, 
and proper food preparation and storage. 

Structure and Function 
of the Digestive System (p.706) 

I. The gastrointestinal (GI) tract, or alimentary canal, consists of 
the mouth, pharynx, esophagus, stomach, small intestine, and 
large intestine. 

2. In the GI tract, with mechanical and chemical help from the acces-
sory structures, large food molecules are broken down into smaller 
molecules that can be transported by blood or lymph to cells. 

3. Feces, the solids resulting from digestion, are eliminated through 
the anus. 

Normal Microbiota 
of the Digestive System (pp.706-707) 

I. Large numbers of bacteria colonize the mouth. 
2. The stomach and small intestine have few resident . . mlcroorgantsms. 
3. Bacteria in the large intestine assist in degrading food and 

synthesizing vi tamins. 
4. Up to 40% of fecal mass is microbial cells. 

Bacterial Diseases 
of the Mouth (pp.707-710) 

Dental Caries (Tooth Decay) {pp.707-709) 
I. Dental caries begin when tooth enamel and dentin are eroded and 

the pulp is exposed to bacterial infection. 
2. Streptococcus mUlmrs, found in the mouth, uses 

sucrose to form dextran from glucose and lactic 
acid from fructose . 

3. Bacteria adhere to teeth by the sticky dextran, 
forming dental plaque. 

4. Acid produced during carbohydrate fermenta -
tion destroys tooth enamel at the site of the plaque. 

s. Gram-positive rods and filamentous bacteria can penetrate into 
dentin and pulp. 

6. Carbohydrates such as starch, mannitol, sorbitol, and xylitol are 
not used by cariogenic bacteria to produce dextran and do not 
promote tooth decay. 

7. Caries are prevented by restricting the ingestion of sucrose and by 
the physical removal of plaque. 

Periodontal Disease {po 709) 
8. Caries of the cementum and gingivitis are caused by streptococci, 

actinomycetes, and anaerobic gram-negative bacteria. 
9. Chronic gum disease (periodontitis) can cause bone destruction 

and tooth loss; periodontitis is due to an inflammatory response 
to a variety of bacteria growing on the gums. 

10. Acute necrotizing ulcerative gingivitis is often caused by Prevo/elia 
ilJlermedia. 

Bacterial Diseases of the Lower 
Digestive System (pp. 710-721) 

I. A gastrointestinal infection is caused by the growth of a pathogen 
in the intestines. 

2. Incubation times range from 12 hours to 2 weeks. Symptoms of 
infection generally include a fever. 

3. A bacterial intoxication results from ingesting preformed bacterial 
toxins. 

4. Symptoms appear I to 48 hours after ingestion of the toxin. Fever 
is not usually a symptom of intoxication. 

S. Infections and intoxications cause diarrhea, dysentery, or 
gast roenteritis. 

6. These conditions are usually treated with fluid and electrolyte 
replacement. 

Staphylococcal Food Poisoning 
(Staphylococcal Enterotoxicosis) (pp.711-712) 

7. Staphylococcal food poisoning is caused by the ingestion of 
an enterotoxin produced in improperly stored foods. 

8. S. allrells is inoculated into foods during preparation. The bacteria 
grow and produce enterotoxin in food stored at room 
temperature. 

9. Boiling for 30 minutes is not sufficient to denature the exotoxin. 
10. Foods with high osmotic pressure and those not cooked 

immediately before consumption are most often the source 
of staphylococcal enterotoxicosis. 

II. Laboratory identification of S. allrells isolated from foods is used 
to trace the source of contamination. 

Shigellosis (Bacillary Dysentery) {p.712) 
12. Shigellosis is caused by any of four species of Shigella. 
13. Symptoms include blood and mucus in stools, abdominal cramps, 

and fever. Infections by S. dysenteriae result in ulceration of the 
intestinal mucosa. 

Salmonellosis 
(Salmonella Gastroenteritis) (pp.712-714) 
14. Salmonellosis, or Salmonella gastroenteritis, is caused by many 

Salmonella elJlerica serovars. 
I S. Symptoms include nausea, abdominal pain, and diarrhea and 

begin 12 to 36 hours after eating large numbers of Salmonelia. 
Septic shock can occur in infants and in the elderly. 



16. Mortality is lower than I %. and recovery can result in a carrier state. 
17. Cooking food will usually kill Sa/monel/a, 

Typhoid Fever (pp.714-716) 
18. Sa/monclla Iyphi causes typhoid fever; the bacteria arc transmitted 

by contact with human feces. 
19. Fever and malaise occur after a 2-week incubation period. 

Symptoms last 2 to 3 weeks. 
20. S, /yphi is harbored in the gallbladder of carriers. 
21. Typhoid fever is treated with quinolones and cephalosporins; 

vaccines arc available for high-risk people. 

Cholera (pp.716-717) 
22. Vibrio eho/eme 0: I and 0: 139 produ(e an 

exotoxin that alters the membrane permeability 
of the intestinal mucosa; the resulting vomiting 
and diarrhea cause a loss of body tluids. 

23. The symptoms last for a few days. Untreated 
(holera has a 50% mortality rate. 

Noncholera Vibrios (p.717) 
24. Ingestion of other v: cho/eme serotypes (an result in mild diarrhea. 
25. Vibrio gastroenteri tis can be (aused by v: pamhaemolYlielis and 

v: vlI/nijiCils. 
26. These diseases arc contracted by eating wntaminated (fustaceans 

or (ontaminated mollusks, 

Escherichia coli Gastroenteritis (pp.717-718) 
27. Traveler's diarrhea may be caused by enterotoxigenic or enteroin-

vasive strains of E. coli, 
28. The disease is usually self-limiting and docs not require 

(hemotherapy. 
29. Enterohemorrhagic E. coli, su(h as E. eo/i 0157:H7, produ(es 

Shiga toxins that (ause intlammation and bleeding of the colon, 
including hemorrhagic wlitis and hemolytic uremic syndrome. 

30. Shiga toxins (an affe(t the kidneys to cause hemolytic uremic 
syndrome. 

Campylobacter Gastroenteritis (p.718) 
31. Campy/obaeler is the second most common cause of diarrhea in 

the United States. 
32. Campy/obaeter is transmitted in cow's milk. 

Helicobacter Peptic Ulcer Disease (pp.718-720) 
33. Hclicobaeter pylori produces ammonia, which neutralizes stomach 

acid; the bacteria colonize the stomach mucosa and (ause peptic 
ulcer disease. 

34. Bismuth and several antibiotics may be useful in treating peptic 
ulcer disease. 

Yersinia Gastroenteritis (p. 720) 
35. Y. el1leroeolitica and Y. pseudotuberculosis arc transmitted in meat 

and milk. 
36. Yersinia can grow at refrigeration temperatures. 

Clostridium perfringens Gastroenteritis (p.720) 
37. C. perfringf'!s causes a self-limiting gastroenteritis. 
38. Endospores survive heating and germinate when foods 

(usually meats) arc stored at room temperature. 
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39. Exotoxin produ(ed when the bacteria grow in the intestines 
is responsible for the symptoms. 

40. Diagnosis is based on isolating and identifying the bacteria 
in stool samples. 

Clostridium difficile-Associated Diarrhea 
(p. 720) 
41. Growth of C. diffici/e following antibiotic therapy can result 

in mild diarrhea or colitis. 
42. The condition is usually associated with hospitalized patients 

and nursing home residents. 

Bacillus cereus Gastroenteritis (pp.720-721) 
43. Ingesting food (ontaminated with the soil saprophyte Bacillus 

cereus (an result in diarrhea, nausea, and vomiting. 

Viral Diseases of the Digestive 
System (pp.721-729) 

Mumps (p.721) 
1. Mumps virus enters and exits the body through the respiratory 

tract. 
2. About 16 to 18 days after exposure, the virus (auses intlammation 

of the parotid glands, fever, and pain during swallowing. About 
4 to 7 days later, orchi tis may ocwr. 

3. After onset of the symptoms, the virus is found in the blood, 
saliva, and urine. 

4. A measles, mumps, rubella (MMR) vaccine is available. 

Hepatitis (pp.721-728) 
5. Intlammation of the liver is called hepatitis. Symptoms include 

loss of appetite, malaise, fever, and jaundice. 
6. Viral causes of hepatitis include hepatitis viruses, Epstein-Barr 

virus (EBV), and cytomegalovirus (CMV). 

Hepatitis A (pp. 721-723) 
7. Hepatitis A virus (H AV) causes hepati tis A; at least 50% of all 

(ases arc subclinical. 
8. HAV is ingested in contaminated food or water, grows in the cells 

of the intestinal mucosa, and spreads to the liver, kidneys, and 
spleen in the blood. 

9. The virus is eliminated with feces. 
10. The incubation period is 2 to 6 weeks; the period of disease is 2 

to 21 days, and recovery is complete in 4 to 6 weeks. 
11. A vaccine is available; passive immunization can provide 

temporary protection. 

Hepatitis B (pp.723-726) 
12. Hepatitis B virus (HBV) causes hepatitis B, which is frequently 

• senous. 
13. HBV is transmitted by blood transfusions, contaminated syringes, 

saliva, sweat, breast milk, and semen. 
14. Blood is tested for HB,Ag before being used in transfusions. 
15. The average inwbation period is 3 months; rewvery is usually 

complete, but some patients develop a chronic infection or 
become carriers. 

16. A vaccine against HB,Ag is available. 
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Hepatitis C (p. 726) 
17. Hepatitis C virus (HCV) is transmitted via blood. 
18. The incubation period is 2 to 22 weeks; the disease is usually mild, 

but some patients develop chronic hepatitis. 
19. Blood is tested for HCV antibodies before being used in 

transfusions. 

Hepatitis D (Delta Hepatitis (pp.726-72n 
20. Hepatitis 0 virus (HOV) has a circular strand of RNA and 

uses H B,Ag as a coat. 

Hepatitis E (pp.727-728) 
21. Hepatitis E virus (HEV) is spread by the fecal-oral route. 

Other Types of Hepatitis (p. 726) 
22. There is evidence of the existence of hepatitis types F and G. 

Viral Gastroenteritis (pp.728-729) , 
" .... :, .. ,. 1 

, " 

'.' "\ 

." . 
.\,-, 23. Viral gastroenteritis is most often caused by a 

rotavirus or norovirus. • 
.\) • 24. The incubation period is 2 to 3 days; diarrhea 

lasts up to 1 week. 

Fungal Diseases 

, 
., .. , \ 
"" , 

of the Digestive System (pp.729-730) 

I. Mycotoxins are toxins produced by some fungi . 

" .. , 
.'l " 

2. Mycotoxins affect the blood, nervous system, kidneys, or liver. 

Ergot Poisoning (pp.729-730) 
3. Ergot poisoning, or ergotism, is caused by the mycotoxin 

produced by Clnviceps purpuren. 
4. Cereal grains are the crop most often contaminated with 

the Claviceps mycotoxin. 

Aflatoxin Poisoning (p.730) 
5. Aflatoxin is a mycotoxin produced by Aspergillus Jlams. 
6. Peanuts are the crop most often contaminated with aflatoxin. 

Protozoan Diseases of the Digestive 
System (pp.730-732) 

Giardiasis (pp.730-731) 
I. Ginrdin lamblin grows in the intestines of 

humans and wild animals and is transmitted in 
contaminated water. 

2. Symptoms of giardiasis are malaise, nausea, 
flatulence, weakness, and abdominal cramps 
that persist for weeks. 

Cryptosporidiosis (p.731) 
3. Crytosporidium Iwminis causes diarrhea; in immunosuppressed 

patients, the disease is prolonged for months. 
4. The pathogen is transmitted in contaminated water. 

, -

Cyclospora Diarrheal Infection (p.731) 
5. C. cayetanensis causes diarrhea; the protozoan was first identified 

in 1993. 
6. It is transmitted in contaminated produce. 

Amoebic Dysentery (Amoebiasis) (pp.731-732) 
7. Amoebic dysentery is caused by E'ltnmoeba histolytica growing in 

the large intestine. 
8. The amoeba feeds on red blood cells and GI tract tissues. Severe 

infections result in abscesses. 

Helminthic Diseases of the Digestive 
System (pp.732-737) 

Tapeworms (pp.732-733) 
1. Tapeworms are contracted by the consumption of undercooked 

beef, pork, or fish containing encysted larvae (cysticerci). 
2. The scolex attaches to the intestinal mucosa of humans (the defin-

itive host) and matures into an adult tapeworm . 
3. Eggs are she<! in the feces and must be ingested by an in termediate 

host. 
4. Adult tapeworms can be undiagnosed in a human. 
5. Neurocysticercosis in humans occurs when the pork tapeworm 

larvae encyst in humans. 

Hydatid Disease (pp.733-734) 
6. Humans infected with the tapeworm Edlin(J(Occu5 grmmlosus 

might have hydatid cysts in their lungs or other organs. 
7. Dogs and wolves are usually the definitive hosts, and sheep or deer 

are the intermediate hosts for E. granulosus. 

Nematodes (pp.734-73n 

(pp. 734-735) 
8. Humans are the definitive host for pinworms, Enterobius 

vermiClllaris. 
9. The disease is acquired by ingesting Enterobius eggs. 

Hookworms (pp.735-736) 
10. Hookworm larvae bore through skin and migrate to the intestine 

to mature into adults. 
II. In the soil, hookworm larvae ha tch from eggs shed in feces. 

Ascariasis (p. 736) 
12. Ascaris lumbricoides adults live in human intestines. 
13. Ascariasis is acquired by ingesting Ascaris eggs. 

Trichinellosis (pp.736-73n 
14. Tricllillella spiralis larvae encyst in muscles of humans and other 

mammals to cause trichinellosis. 
15. The roundworm is contracted by ingesting undercooked meat 

containing larvae. 
16. Adult females mature in the intestine and lay eggs; the new larvae 

migrate to invade muscles. 
17. Symptoms include fever, swelling around the eyes, and gastroin-

testinal upset. 
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STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found 
by turning to the blue Answers tab at the back of the textbook. 

Review 
DRAW IT 1. Identify the site colonized by the following organisms: 
Echinococcus granulosus. ElIlerobius vermicularis. Giardia. 
Heiicobacter pylori, hepatitis B virus, mumps virus, rotavirus, 
Sa/monella, Shigella, Streptococcus mutam, Trichinella spira/is. 

2. Complete the following table: 

Disease 

Staphylococcal 
food poisoning 

Shigellosis 
Salmonellosis 
Cholera 
Traveler's diarrhea 

Causative 
Agent 

Sus pect 
Food, Symptoms Treatment 

3. Complete the following table: 

Causative Agent 

Vibrio parahaemo/yricus 
V vu/nificus 
Enterotoxigenic E. coli 
Enteroinvasive E coli 

Enterohemorrhagic E coli 

Campy/obaeter jejuni 

Yersinia enterocolitiea 
Clostridium perfringens 

Bacillus cereus 

Suspect 
Foods Treatment Prevention 

4. E. coli is part of the normal microbiota of the intestines and can 
cause gastroenteritis. Explain why this one bacterial species is both 
beneficial and harmful. 

5. Define mycolOxin. Give an example of a mycotoxin. 
6. Explain how the following diseases differ and how they are similar: 

giardiasis, amoebic dysente ry, Cyclospora diarrheal infection, and 
cryplOsporidiosis. 

7. Differentiate among the following factors of bacterial intoxication 
and bacterial infection: prereq uisite conditions, causative agents, 
onset, duration of symptoms, and treatment. 

8. Complete the following table: 

Causative Mode of Site of 
Disease Agent Tmnsmission Infection Symptoms Prevention 

Mumps 

Hepatitis A 

Hepatitis B 
Viral gastro-

enteritis 

9. Look a t lifecycle diagrams for human tapeworm and trichinellosis. 
Indicate stages in the life cycles that could be easily broken to 
prevent these diseases. 

Multiple Choice 
I . All of the following can be transmitted by recreational 

(i .e., swimming) water sources except 
a. amoebic dysentery. d . hepatitis B. 
h. cholera. e. salmonellosis. 
c. giardiasis. 

2. A patient with nausea, vomiting, and diarrhea within 5 hours after 
eating most likely has 
a. shigellosis. d. salmonellosis. 
h. cholera. e. staphylococcal food poisoning. 
c. E. coli gastroen teritis. 

3. Isolation of E. coli from a stool sample is diagnostic proof that the 
patient has 
a. cholera. 
h. E. coli gas troenteritis. 
c. salmonellosis. 

d. typhoid fcver. 
e. nonc of the above 
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4. Gastric ulcers are caused by d. acidic food. 
a. stomach acid. c. stress. 
b. Heliwbacter pylori. 
c. spicy food. 

5. Microscopic examination of a patient's fecal culture shows 
comma-shaped bacteria. These bacteria require 2-4% NaCI to 
grow. The bacteria probably belong to the genus 
a. CClmpylobacter. d. Shigella. 
b. Escherichia. c. Vibrio. 
c. SCllmonella. 

6. A cholera epidemic in Peru had all of the following characteristics. 
Which one led to the 
a. eating raw fish 
b. sewage contamination of water 
c. catching fish in contaminated water 
d. Vibrio in fish intestine 
e. including fish intestines with edibles 

Use the following choices to answer ques tions 7- 10: 
a. Campylobacter 
b. CrYPlOsporidilim 
c. Escherichia 

d. Salmonel/a 
c. Triclrinella 

7. Identification is based on the observation of oocysts in feces. 
8. A characteristic disease symptom caused by this microorganism is 

swelling around the eyes. 
9. Microscopic observation of a stool sample reveals gram-negative 

helical cells. 
10. This microbe is frequently transmitted to humans via raw eggs. 

Critical Thinking 
I. Why is a human infection of trichinellosis considered a dead-end 

for the 
2. Complete the following table: 

Disease 

Staphylococcal 
food 
pOisonmg 

Salmonellosis 
C. diffici/e 

diarrhea 

Conditions 
Necessary 
for Microbial 
Growth 

Basis for 
Diagnosis Prevention 

3. Match the foods in column A with the genus of microorganism 
(column B) most likely to contaminatc each: 

Column A 

____ a. Beel 

_____ b. Delicatessen meats 

____ c. Chicken 

____ d. Milk 

____ e. Oysters 

____ I. Pork 

Column B 

1. Vibrio 

2, Campy/obaeter 

3, E. co/i0157:H7 

4, Listeria 

5, Salmonel/a 

6, Trichinella 

What disease does each microbe cause? How can these diseases be 
prevented? 

4. Which diseases of the gastrointestinal tract can be acquired by 
swimming in a pool or lake? Why are these diseases not likely to 
be acquired while swimming in the ocean? 

Clinical Applications 
1. ln New York on April 26, patient A was hospitalized with a 2-day 

history of diarrhea. An investigation revealed that patient B had 
onset of watery diarrhea on April 22. On April 24, three other peo-
ple (patients C, 0, and E) had onset of diarrhea. All three had vib-
riocidal antibody titers > 640. In Ecuador on April 20, B bought 
crabs that were boiled and shelled. He shared crabmeat with two 
people (F and G), then froze the remaining crab in a bag. Patient 
A returned to New York on April 21 with the bag of crabmeat in 
his suitcase. The bag was placed in a freezer overnight and thawed 
on April 22 in a double-boiler for 20 minutes. The crab was served 
2 hours later in a crab salad. The crab was consumed during a 6-
hour period by A, C, 0, and E. Individuals F and G did not 
become ilL What is the etiology of this disease? How was it trans-
mitted, and how could it have been prevented? 

2. The 2130 students and employees of a public school system devel-
oped diarrheal illness on April 2. The cafeteria served chicken that 
day. On Apri l 1, part of the chicken was placed in water-filled pans 
and cooked in an oven for 2 hours at a dial setting of 177"C. The 
oven was turned off, and the chicken was left overnight in the 
warm oven. The remainder of the chicken was cooked fo r 2 hours 
in a steam cooker and then left in the device overnight at the low-
est possible setting (43°C). Two serotypes of a gram-negative, 
cytochrome oxidase-negative, lactose-negative rod s were isolated 
from 32 patients. What is the pathogen? How could this o utbreak 
have been prevented? 

3. A 31-year-old man became feverish 4 days after arriving at a vacation 
resort in Idaho. During his stay, he ate at two restaurants that were 
not associated with the resort. At the resort, he drank soft drinks with 
ice, used the hot tub, and went fishing. The resort is supplied by a well 
that was dug 3 years ago. He went to the hospital when he developed 
vomit ing and bloody diarrhea. Gram-negative, lactose-negative bacte-
ria were cultured from his stool. The patient recovered after receiving 
intravenous fluids. What microorganism most likely caused his symp-
toms? How is this disease transmitted? What is the most likely source 
of his infection, and how would you verify the source 

4. Three to 5 days after eating Thanksgiving dinner at a restauran t, 
112 people developed fever and gastroenteritis. All the food had 
been consumed except for five "doggie" bags. Bacterial analysis of 
the mixed contents of the bags (containing roast turkey, giblet 
gravy, and mashed potatoes) showed the same bacterium that was 
isolated from the patients. The gravy had been prepared from 
gible ts o f 43 turkeys that had been refrigerated for 3 days prior to 
preparation. The uncooked giblets were ground in a blender and 
added to a thickened hot stock mixture. The gravy was not reboiled 
and was stored at room temperature throughout Thanksgiving 
Day. What was the source of the illness? What was the most likely 
etiologic agent? Was this an infection or an intoxication? 



Microbial Diseases 
of the Urinary and 
Reproductive Systems 

The urinary system is composed of organs that regulate the chemical composition and 
volume of the blood and as a result excrete mostly nit rogenous waste products and water. 
Because it provides an opening to the outside environment. the urinary system is prone to 
infections from external contacts. The mucosal membranes that line the urinary system are 
moist and, compared to skin, more supportive of bacterial growth. 

The reproduc tive system shares several of the organs of the urinary system. Its function is to 
produce gametes to propagate the species and, in the female, to support and nourish the 
developing embryo and fetus. In the same fashion as the urinary system, it provides openings 

to the external environment and is therefore prone to infections. This is 
especially true because intimate sexual contact can promote 

exchange of microbial pathogens between individuals. It is not 
surprising, therefore, that certain pathogens have adapted to 

this environment and a sexual mode of transmission. Often 
they have done this at the cost of an inability to survive in 
more rigorous environments. 

Q 
Both LeplOspira inlerrogalls and the spirochete 
that causes syphilis penetrate deeply into the 
tissue of organs. What is it about their morphology 
that facilitates this? 
Look for the answer in the chapter. 
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Structure and Function of the Urinary 
System 
LEARNING OBJECTIVE 
26-1 list the antimicrobial featu res of the urinary system. 

The urinary system consists of two kidneys, two ureters, a single 
urinary bladder, and a single urethra (Figure 26.1 ). Certain 
wastes, collectively called urinc, are removed from the blood as it 
circulates through the kidneys. The urine passes through the 
ureters into the urinary bladder, where it is stored p rior to elim-
ination from the body through the urethra. [n the female, the 
urethra conveys only urine to the exterior. In the male, the ure-
thra is a common tube for both urine and seminal fluid. 

Where the ureters enter the urinary bladder, physiological 
valves prevent the backflow of urine to the kidneys. This mecha-
nism helps shield the kidneys from lower urinary tract 
infections. In addition, the acidity of normal urine has some 
antimicrobial properties. The flushing action of urine during 
urination also tends to remove potentially infectious microbes. 

CHECK YOUR UNDERSTANDING 

,.f Does the pH of urine facilitate the growth of most bacteria? 26-1 

I 
vena cava 

Urinary 
bladder 

Ureters 

----Urethra 

Figure 26.1 Organs of the human urinary system, shown here 
in the female. 

Q What anatomical features of the urinary system help prevent 
colonization by microbes? 

Uterine (fallopian) <cb,, -

Pubic 
0000 

bladder 

majus 

Rectum 

'---- Labium 
minus 

(a) Side view section ollemale pelvis showing reproductive organs 

(b) Front view of female reproductive organs, with the uterine tube and ovary 
to the lell in the drawing sectioned. The fimbriae move to create fluid 
movement that moves the egg into the uterine tube. 

Figure 26.2 Female reproductive organs. 

Q Where are nonnal microblota found in the female reproductive 
sY1ltem? 

Structure and Function 
of the Reproductive Systems 
LEARNING OBJECTIVE 
26-2 Identify the portals of entry lor microbes into the female and male 

reproductive systems. 

The female reproductive system consists of two ovaries, two 
Ilterille (fallopiall) tubes, the uterus, including the cervix, the 
vagina, and external gellitals (Figure 26.2 ). The ovaries produce 
female sex hormones and ova (eggs) . When an ovum is released 
during the process of ovulation, it enters a uterine tube, where 
fert ilization may occur if viable sperm are p resent. The fertilized 
ovum (zygote) descends the tube and enters the uterus. It 
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Figure 26.3 Male reproductive 
and urinary organs. A side view section of a 
male pelvis. 

Q What factors protect the male urinary and 
reproductive systems from infection? 

vesicle 

Ductus 

u,,',"---

opening 

Side view section Of male pelvis 

im plants in the inner wall of the uterus and remains there while 
it develops into an embryo and, later, a fetus. The external geni-
tals (vulva ) include the clitoris, labia, and glands that produce a 
lubricating secretion d uring copulation. 

The male reproductive system consists o f two testes, a sys-
tem of dllcts, accessory glands, and the penis (Figure 26.3 ) . The 
testes produce male sex hormones and sperm. To exit the body, 
sperm cells pass through a series o f ducts: the epididymis, ductus 
(vas) deferens, ejaculatory duct, and urethra. 

CHECK YOUR UNDERSTANDING 

'" Look at Figure 26.2. Is a microbe entering the female reproduc-
tive system (the uterus. etc.) necessarily also entering the 
bladder. causing cystitis? 26-2 

Normal Microbiota of the Urinary 
and Reproductive Systems 
LEARNING OBJECTIVE 
26-3 Describe the normal micro biota of the upper uri na ry tract. the male 

urethra. and the female urethra and vagina. 

Normal urine is sterile, but it may become contaminated with 
microbiota of the skin near the end o f its passage th rough the 
urethra. Therefore, urine collected d irectly from the urinary 
bladder has fewer microbial contaminants than voided urine. 

The predominant bacteria in the vagina are the lactobacilli. 
These bacteria produce lactic acid, which maintains the acidic 
pH (3.8 to 4.5 ) of the vagina, inhibiting the growth of most 
other microbes. Most vaginal lactobacilli produce hydrogen 
peroxide, which also inhibits growth of other bacteria. 
Estrogens (sex hormones) promote the growth of lactobacilli 
by enhancing the prod uction o f glycogen by vaginal epithelial 
cells. The glycogen quickly breaks down into glucose, which the 
lactobacilli metabo lize into lactic acid. 

Other bacteria, such as streptococci, various anaerobes, and 
some gram-negatives, are also found in the vagina. The yeastlike 
fungus Candida albicalls (see pages 758-759) is part of the nor-
mal microbiota of 10-25% of women, even when they are 
asymptomatic. 

Pregnancy and menopause are often associated with higher 
rates of urinary tract infec tio ns. The reason is that est rogen lev-
els are lower, resulting in lower populations of lactobacilli and 
therefore less vaginal acidity. 

The male urethra is usually sterile, except for a few contam i-
nating microbes near the external opening. 

CHECK YOUR UNDERSTANDING 

'" What is the association between estrogens and the microbiota 
of the vagina? 26-3 
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DISEASES OF THE URINARY SYSTEM 
The urinary system normally contains few microbes, but it is 
subject to opportunistic infections that can be quite trouble-
some. Almost all such infections are bacterial, although occa-
sional infections by pathogens such as schistosome parasites, 
protozoa, and fungi occur. In addition, as we will see in this 
chapter, sexually transmitted diseases often affect the urinary 
system as well as the reproductive system. 

Bacterial Diseases of the 
Urinary System 
LEARNING OBJECTIVES 
26-4 Descnbe the modes of transmission for urinary and reproductive 

system mfections. 
26-5 List the microorganisms that cause cystitis, pyelonephritis. and lep-

tOSPiroSIS. and name the predisposing factors for these diseases. 

Urinary system infections are most frequently initiated by an 
inflammation of the urethra, or urethritis. Infection of the urinary 
bladder is called cystitis, and infection of the ureters is ureteritis. 
The most significant danger from lower urinary tract infections is 
that they may move up the ureters and affect the kidneys, causing 
pyelonephritis. Occasionally the kidneys are affected by systemic 
bacterial diseases, such as leptospirosis. The pathogens causing 
these diseases are found in excreted urine. 

Bacterial infections of the urinary system are usually caused by 
microbes that enter the system from external sources. In the United 
States there are about 7 million urinary tract infections each year. 
About 900,000 cases are of nosocomial origin, and probably 90% of 
these are associated with urinary catheters. Because of the proxim-
ity of the anus to the urinary opening, intestinal bacteria predomi-
nate in urinary tract infections. Most infections of the urinary tract 
are caused by Escherichia coli. Infections by Pseudomonas, because 
of their natural resistance to antibiotics, are especially troublesome. 

Cystitis 
Cystitis is a common inflammation of the urinary bladder in 
females. Symptoms often include dysuria (difficult, painful, 
urgent urination) and pyuria. 

The female urethra is less than 2 inches long, and microorgan-
isms traverse it readily. It is also closer than the male urethra to 
the anal opening and its contaminating intestinal bacteria. These 
considerations are reflected in the fact that the rate of urinary 
tract infections in women is eight times that of men. In either 
gender, most cases are due to infection by E. coli, which can 
be identified by cultivation on differential media such as 
MacConkey's agar: (Interestingly, daily ingestion of cranberry 
juice prevents E. coli from adhering to epithelial cells) . Another 

frequent bacterial cause is the coagulase-negative Staphylococcus 
saprophyticus (sap-ro-fit'i-kus) . 

As a general rule, a urine sample with more than 100 colony 
forming units (CFUs) per milliliter of potential pathogens (such as 
coliforms) from a fema le patient with cystitis is considered 
significant. The diagnosis should also include a positive urine test for 
leukocyte esterase (LE), an enzyme produced by neutrophils-which 
indicates an active infection . Trimethoprim-sulfamethoxazole 
usually clears cases of cystitis quickly. Fluoroquinolone antibiotics 
or ampicillin are often successful if drug resistance is encountered. 

Pyelonephritis 
In 25% of untreated cases, cystitis may progress to pyelonephritis, 
an inflammation of one or both kidneys. Symptoms are fever and 
flank or back pain. In females, it is often a complication of lower 
urinary tract infections. The causative agent in about 75% of the 
cases is E. coli. Pyelonephritis generally results in bacteremia; blood 
cultures and a Gram stain of the urine for bacteria are useful 
for diagnosis. A urine sample of more than 10,000 CFUs/ml and a 
positive LE test indicate pyelonephritis. If pyelonephritis becomes 
chronic, scar tissue forms in the kidneys and severely impairs their 
function . Because pyelonephritis is a potentially life-threatening 
condition, treatment usually begins with intravenous, extended-
term administration of a broad-spectrum antibiotic, such as a 
second- or third -generation cephalosporin. 

Leptospirosis 
Leptospirosis is primarily a disease of domestic or wild animals, 
but it can be passed to humans and sometimes causes severe kid-
ney or liver disease. The causative agent is the spirochete 
Leptospira interrogalls (in-ter'ra-ganz), shown in Figure 26.4. 
Leptospira has a characteristic shape: an exceed ingly fine spiral, 
only about 0.1 I-lm in diameter, wound so tightly that it is barely 
discernible under a darkfield microscope. Like other spirochetes, 
L. illterrogans (so named because the hooked ends suggest a 
question mark) stains poorly and is difficult to see under a nor-
mal light microscope. It is an obligate aerobe that can be grown 
in a variety of artificial media supplemented with rabbit serum. 

Animals infected with the spirochete shed the bacteria in their 
urine for extended periods. Humans become infected by contact 
with urine-contaminated water or soil or sometimes with animal 
tissue. People whose occupations expose them to animals or 
animal products are most at risk. Usually the pathogen enters 
through minor abrasions in the skin or mucous membranes. 
When ingested, it enters through the mucosa of the upper 
digestive system. In the United States, dogs and rats are the most 
common sources. Domestic dogs have a sizable rate of infection; 
even when immunized, they may continue to shed leptospira. 
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Figure 26.4 Leptospira interrogans, the cause of leptospirosis. 
This photo shows several of these tightly coiled spirochetes_ 

Q On what basis is L. interrogans named? 

After an incubation period of I to 2 weeks, headaches, mus-
cular aches, chills, and fever abruptly appear. Several days later, 
the acute sym ptoms disappear, and the temperature returns to 
normal. A few days later, however, a second episode of fever may 

occur. In a sm all number of cases the kidneys and liver become 
seriously infected (Weil's disease ); kidney failure is the most com-
mon cause of death. Recovery results in a solid immunity, but 
only to the particular serovar involved. There are usually about 
50 cases reported each year in the United States, but because the 
clinical symptoms are not distinctive, many cases are probably 
never diagnosed. A recent study in a clinic serving the urban 
poor in a large eastern U.S. city found that up to 16% of the 
patients tested positive for infection. 

Most cases of leptospirosis are diagnosed by a serological test 
that is complicated and usually done by central reference labora-
tories. However, a number of rapid serological tests are available 
for a preliminary diagnosis. Also, a diagnosis can be made by 
sampling blood, urine, or other fluids for the organism or its 
DNA. Doxycyline (a tetracycline) is the recommended antibiotic 
for treatmen t; however, administration of antibiotics in later 
stages is often unsatisfactory. That immune reactions are respon-
sible for pathogenesis in th is stage may be an explanation. 

Diseases of the urinary system are summarized in Diseases in 
Focus 26.1. 

CHECK YOUR UNDERSTANDING 

.,f- Why is urethritis, an infection of the urethra, frequently prelimi-
nary to further infections of the urinary tract? 26-4 

.,f Why is E coli the most common cause of cystitis, especially in 
females? 26-5 

DISEASES OFTHE REPRODUCTIVE SYSTEMS 
Microbes causing infections of the rep roduct ive systems are usu-
ally very sensitive to environmental stresses and require intimate 
co ntact for transmission. 

Bacterial Diseases of the 
Reproductive Systems 
LEARNING OBJECTIVE 
26-6 list the causative agents. symptoms. methods of diagnosis, and 

treatments for gonorrhea, nongonococcal urethrit is (NG U). pelvic 
inflammatory disease (PI D) . syphilis, lymphogranuloma venereum 
(LGV) , chancroid. and bacterial vaginosis_ 

Most diseases of the reproductive systems transmitted by sexual 
act ivity have been called sexually transmitted diseases (STDs). 
In recent years there has been a movement to replace this 
termi nology with sexually transmitted infections (STIs), a 
change that is already commonplace in Europe. The reason is that 
the concept of "disease" im plies obvio us signs and symptoms, 

whereas many of the persons infected by the more common 
sexually transmitted pathogens do not have apparent signs o r 
symptoms. The term STI seems more appropriate and is used in 
th is book. More than 30 bacterial, viral, or parasitic infections 
have been identified as sexually transmitted. In the United States, 
it is estimated that over 15 million new cases of ST ls occur annu-
ally. Many of these infections can be successfully treated with 
antibiotics and can be largely prevented by the use of condo ms. 
However, over 60 million Americans have STls, mostly viral, fo r 
which there is no effective cure. 

Gonorrhea 
One of the most common reportable, o r notifiable, communicable 
diseases in the United States is gonorrhea, an STI caused by the 
gram-negative diplococcus Neisseria gOl1orrhoeae. An ancient dis-
ease, gonorrhea was described and given its present name by the 
Greek physician Galen in A.D. 150 (gOl! = semen + rhea = flow; a 
flow of semen- apparently, he confused pus with semen ). The 



Bacterial Diseases of the Urinary System 
Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that fit the information derived from examining a patient. A differential diagnosis is important 
for providing initial treatment and for laboratory testing. For example. a 20-year-old woman felt 
a stinging sensation when urinating and felt an urgent need to urinate. even if very little urine 
was excreted. Lactose-fermenting, gram-negative rods were cultured from her urine (see the 
photo). Use the table below to identify infections that could cause these symptoms. For the 
solution, go to www.microbiologyplace.com. 

MacConkey agar culture from the patient's urine. 

Disease Pathogen Symptoms DiagllOSis Treatment 

Cystitis urinary bladder Escherichia coli, Difficulty or pain in urination > 100 CFUs/m! Tfimethoprim-
infection Staphylococcus potential pathogens sulfamethoxazole 

saprophyticus and + LE test 

Pyelonephritis (kidney Primarily E. coli Fever: back or flank pain > 104 CFUs/ml Cephalosporin 
infection) and + LE test 

Leptospirosis (kidney Leptospira inlerrogans Headaches, muscular aches, Serologica l test Doxycycline 
infection) fever. kidney failure a possible 

complication 

incidence of gonorrhea has tended to decrease in recent years, but 
more than 300,000 cases are still reported in the United States each 
year (Figure 26.5a). The true number of cases is probably much 
larger, probably two or three times those reported (Figure 26.5b). 
More than 60% of patients with gonorrhea are aged 15 to 24. 

To infect, the gonococcus must attach to the mucosal cells of 
the epithelial wall by means of fimbriae . The pathogen invades 
the spaces separating columnar epithelial cells, which are found 
in the oral-pharyngeal area, the eyes, rectum, urethra, opening of 
the cervix, and the external genitals of prepubertal females. The 
invasion sets up an inflammation and, when leukocytes move 
into the inflamed area, the characteristic pus forms. In men, a 
single unprotected exposure results in infection with gonorrhea 
20-35% of the time. Women become infected 60- 90% of the 
time from a single exposure. 

Men become aware of a gonorrheal infection by painful uri-
nation and a discharge of pus-containing material from the 
urethra (Figure 26.6). About 80% of infected men show these 
obvious symptoms after an incubation period of only a few days; 
most others show symptoms in less than a week. In the days 
before antibiotic therapy, symptoms persisted for weeks. A com-
mon complication is ureth ritis, although this is more likely to be 
the result of coinfection with Chlamydia, which will be discussed 

74. 

shortly. An uncommon complication is epididymitis, an infection 
of the epididymis. Usually only unilateral, this is a painful condi-
tion resulting from the infection ascending along the urethra and 
the ductus deferens (see Figure 26.3) . 

In women, the disease is more insidious. Only the cervix, which 
contains columnar epithelial cells, is infected. The vaginal walls are 
composed of stratified squamous epithelial cells, which are not col-
onized. Very few women are aware of the infection. Later in the 
course of the disease, there might be abdominal pain from compli-
cations such as pelvic inflammatory disease (discussed on page 751). 

In both men and women, untreated gonorrhea can dissemi-
nate and become a serious, systemic infection . Complications of 
gonorrhea can involve the joints, heart (gonorrheal endocarditis), 
meninges (gonorrheal menillgitis), eyes, pharynx, or other parts of 
the body. Gonorrheal arthritis, which is caused by the growth of the 
gonococcus in fluids in joints, occurs in about I % of gonorrhea 
cases. Joints commonly affected include the wrist, knee, and ankle. 

If the mother is infected with gonorrhea, the eyes of the infant 
can become infected as it passes through the birth canal. This 
condition, ophthabnia neonatorum, can result in blindness. 
Because of the seriousness of this condition and the difficulty of 
being sure the mother is free of gonorrhea, antibiotics are placed 
in the eyes of all newborn infants. If the mother is known to be 
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Figure 26.5 The U.S. incidence and distribution of gonorrhea. 
Source. CDC, ST/ Surveillance. November 13. :Z007. 

Q How do gonococci attach to mucosal epithelial cells? 

infected, an intramuscular injection of antibiotic is also adminis-
tered to the infant. Some sort of prophylaxis is required by law in 
most states. Gonorrheal infections can also be transferred by 
hand contact from infected sites to the eyes of adults. 

Gonorrheal infections can be acqu ired at any point of sexual 
contact; pharyngeal and anal gonorrhea are not uncommon . The 
symptoms of pharyngeal gonorrhea often resemble those of the 
usual septic sore throat. Anal gonorrhea can be painful and 
accompanied by discharges of pus. In most cases, however, the 
symptoms are limited to itching. 

Increased sexual activity with a series of partners, and the fact 
that in women the disease may go unrecognized, contributed 
considerably to the increased incidence of gonorrhea and other 
STls during the 1960s and 1970s. The widespread use of oral 
contraceptives also contributed to the increase. Oral contracep-
tives often replaced condoms and spermicides, which help pre-
vent disease transmission. 

There is no effective adaptive immunity to gonorrhea. The con-
ventional explanation is that the gonococcus exhibits extraordinary 
antigenic variability- which is true. Lately, though, an alternative 
theory has appeared that provides an additional mechanism. The 
gonococcus is capable of producing several different opacity (Opa) 
proteins (see Chapter 15, page 432 ), which are required for the bac-
teria to adhere to and infect the cells lining the urinary and repro-
ductive systems. These Opa proteins bind to a family of receptors 
on host cells; CD4+ lymphocytes (a group including helper T cells 
and long-lived memory cells) express only one of this family of 
receptors. When this receptor on the lymphocyte binds to a partic-
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ular Opa protein on the gonococcus, it prevents activation of the 
lymphocyte and turns off proliferation . This blocks development of 
an immunological memory against N. gOllorrhoeae, (Experiments 
show that CD4+ lymphocytes lacking this particular Opa receptor 
are stimulated to a strong immunological response) . This mecha-
nism that inhibits the adaptive immune response may also explain 
why infection with gonorrhea carries an increased risk of acquiring 
other STIs, including HIV. 

Figure 26.6 Pus-containing discharge from the urethra of a 
man with an acute case of gonorrhea. 

Q What causes pus formation in gonorrhea? 
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Figure 26.7 A smear of pus from a patient with gonorrhea. 
The Neisseria gonorrhoeae bacteria are contained within phagocytic 
leukocytes. These gram-negative bacteria are visible here as pairs of 
cocci. The large stained bodies are the nuclei of the leukocytes. 

Q How Is gonorrhea diagnosed? 

Diagnosis of Gonorrhea 

I I 
5, m 

Gonorrhea in men is diagnosed by finding gonococci in a 
stained smear of pus from the urethra. The typical gram-negative 
diplococci within the phagocytic leukocytes are readily identified 
{Figure 26.7).11 is uncertain whether these intracellular bacteria are 
in the process of being killed or whether they survive indefinitely. 
Probably at least a fraction of the bacterial population remains 
viable. Gram staining of exudates is not as reliable with women. 
Usually, a culture is taken from within the cervix and grown on spe-
cial media. Cultivation of the nutritionally fastidious bacterium 
requires an atmosphere enriched in carbon dioxide. The gono-
coccus is very sensitive to adverse environmental influences (desic-
cation and temperature) and survives poorly outside the body. It 
even requires special transporting media to keep it viable for short 
intervals before the cultivation is under way. Cultivation has the 
advantage of allowing determination of antibiotic sensitivity. 

Diagnosis of gonorrhea has been aided by the development of 
an ELISA that detects N. gonorriweae in urethral pus or on cervi-
cal swabs within about 3 hours with high accuracy. Other rapid 
tests now available use monoclonal antibodies against antigens on 
the surface of the gonococcus. Nucleic acid amplification tests are 
very accurate for identifying clinical isolates from suspected cases. 

Treatment of Gonorrhea 
The guidelines for treating gonorrhea require constant revision as 
resistance appears (See the Clinical Focus box on the facing page). 
For gonorrhea affecting the cervical, urethral, or rectal tissues, the 
current recommendation is first to use cephalosporins, such as 
ceftriaxone or cefixime. Ceftriaxone is also recommended for cases 
of pharyngeal infection. Fluoroquinolones, because resistance to 

them has developed so rapidly, are no longer recommended. Unless 
a coinfection by Chlamydia trac/IOII/atis (see the discussion of non-
gonococcal urethrit is, following) can be ruled out, the patient 
should also be treated for this organism. It is also standard practice 
to treat sex partners of patients to decrease the risk of reinfection 
and to decrease the incidence of STIs in general. 

Nongonococcal Urethritis (NGU) 
Nongonococcal urethritis (NGU). also known as nonspecific 
urethritis (NSU), refers to any inflammation of the urethra not 
caused by Neisseria gonorrhoeae. Symptoms include painful 
urination and a watery discharge. 

Chlamydia trachomatis 
The most common pathogen associated with NGU is Chlamydia 
tmehomotis. Many people suffering from gonorrhea are coinfected 
with C. trachoma tis, which infects the same columnar epithelial 
cells as the gonococcus. C. tmehomatis is also responsible for the 
STllymphogranuloma venereum (discussed on page 755) and tra-
choma (see page 605). Of special importance is the fact that five 
times as many cases are reported in women than men. In women, 
it is responsible for many cases of pelvic inflammatory disease (dis-
cussed on page 751), plus eye infections and pneumonia in infants 
born to infected mothers. Genital chlamydial infections are also 
associated with an increased risk of cervical cancer. It is uncertain 
whether chlamydial infection is an independent factor in this risk 
or whether it is associated with coinfections with human papillo-
mavirus (page 758). 

Because the symptoms are often mild in men and because 
women are usually asymptomatic, many cases of NGU go untreat-
ed. Although complications are not common, they can be serious. 
Men may develop inflammation of the epididymis. In women, 
inflammation of the uterine tubes may cause scarring, leading to 
sterility. As many as 60% of such cases may be from chlamydial 
rather than gonococcal infection. It is estimated that about 50% of 
men and 70% of women are unaware of their chlamydial infection. 

For diagnosis, culturing is the most reliable method, but this 
requires specialized cultivation methods, takes 24 to 72 hours, and 
is not always conveniently available. There are a number of new 
non-culture-based tests available. Several of them amplify and 
detect DNA or RNA sequences of C. trac/IOII/atis. These amplifica-
tion tests can be done quickly and are very sensitive, in the range of 
80-91%; their specificity is close to 100%. They are, however, rela-
tively expensive and require a laboratory with specialized equip-
ment. Urine samples can be used, but the sensitivity is lower than 
with swabs. The most recent development in amplification testing 
is to use swab specimens (urethral or vaginal, as the case might be) 
collected by the patient themselves-which they tend to prefer. 

In view of the serious complications often associated with 
infections by C. traellOmatis, it is recommended that physicians 
routinely screen sexually active women 25 years of age and 
younger for infection. Screening is also recommended for other 



Survival of the Fittest 
As you read through this problem, you will 
see questions that health care providers 
ask themselves and each other as they 
solve a clinical problem, Try to answer 
each question as you read through the 
problem. 

1. On May 24, a 35-year-old man was 
seen at the Denver STD Clinic with a 
history of painful urination and urethral 
discharge of approximately 1 month's 
duration. 
What other inlomlatlon do you need about 
the history? 

2. On March 11. he had returned from 
a "dating lOUr" in Thailand, during 
which he had sexual contact with seven 
or eight female prostitutes; he denied 
having had any sexual contact since 
returning to the United States. 
What sample should be taken, and how 
should It be telled? 

3. Neisseria got1OIrhoeae was identified 
by polymerase chain reaction (PCR) of 
urethral discharge. He was treated with 
a single 5OO-m9 dose of ciprofloxacin 
orally. 
What is the advantage of peR or enzyme 
immunoassay (EIA) over cultul'6s for diag-
IlOsis? 

4. PCR and EIA provide results within a 
few hours. eliminating the need for the 
patient to return for treatment. In this 
case. the patient returned to the clinic 
on June 7 with continuing symptoms. 
N. gonorrhoeae was again detected in 
urethral discharge, He denied having 
had any sexual contact since the previ-
ous visit The attending physician 

requested antimicrobial susceptibility 
testing of the N. gonorrhoeae isolates. 
Why would the physician be intet'eS1ed in 
antimicrobial .. 'sceptibillty test results on this 
patient's specimen? 

5. One reason for the patlenfs failure 
to respond to ciprofloxacin may be due 
to infection with a fluoroquinolone-resistant 
Neisseria gonorrhoeae. Susceptibility 
testing would be helpful to explore this 
possibility. 

The treatment and control of gonor-
rhea has been complicated by the ability 
of N. gonorrhoeae to develop resistance 
to antimicrobial agents. Trends in antibi-
otic resistance are shown in the figure. 
How does antibiotic resistance emerge? 

'" 
• Penio .• ' , 
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AntibiOtIC resIStance In N gonorrhoeae, 

6. In an environment filled with antibiotics. 
bacteria that have mutations for anti-
biotic resistance will have a selective 
advantage and be the -fittest- to survive. 
How is antibiotic susceptibility determined? 

7. N. gonorrhoeae must be grown in cul-
ture lor disk-diffusion or broth dilution 
tests for antimicrobial susceptibility. 
The increasing use of nonculture 
methods for gonorrhea diagnosiS such 
as PCR and EIA is a major challenge to 
monitoring antimicrobial resistance in 
N. gonorrhoeae. 

Source. Data from CDC. Sexually TrarJ5fTII(fOO Disease 
Surveillance 1998 and 2005 

higher-risk groups, such as persons who are unmarried , had a 
prior risk of STls, and have multiple sexual partners. 

Bacteria other than C. traellomaris can also be implicated in 
NGU. Anot her cause of urethritis and infertility is Ureaplasma 
II realyticlim (u-rc -a-lit ' i-kum). This pathogen is a member of the 
mycoplasma (bacteria without a cell wall). Another mycoplasma, 
Mycoplasma IlOmiuis (ho'mi-nis), commonly inhabits the no rmal 
vagina but can opportunistically cause uterine tube infection. 

Both chlamydia and mycoplasma are sensit ive to te tracycline-
type ant ibiotics such as doxycycline o r to macrolide-type antibi-
otics such as azithromycin. 

Pelvic Inflammatory Disease (PID) 
Pelvic inflanunalory disease (PID) is a coUcctive tenn for any 
extensive bacterial infection of the female pelvic organs, part icularly 
the uterus, cervix, uterine tubes, or ovaries. During their reproductive 

7 51 
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Figure 26.8 Salpingitis. This photograph. taken through a 
laparoscope (a specialized endoscope). shows an acutely inflamed right 
uterine tube and inflamed. swollen fimbriae and ovary. caused by 
salpingitis. The left tube is only mildly inflamed. (See Figure 26.2 .) The use 
of a laparoscope is the most reliable diagnost ic method for PID. 

Q What Is PID? 

years, one in ten women suffers from PID, and one in four of these 
will have serious complications such as infertility or chronic pain. 

Pelvic infl ammatory disease is considered to be a polymicrobial 
infection- that is, a number of different pathogens might be the 
cause, including coinfections. The two most common microbes 
are N. gonorrhoeae and C. tmchomatis. The onset of chlamydial 
PID is relatively more insidious, with fewer initial inflammatory 
symptoms than when caused by N. gonorrlJOeae. However, the 
damage to the uterine tube may be greater with chlamydia, espe-
cially with repeated infections. 

The bacteria may attach to sperm cells and be transported by 
them from the cervical region to the uterine tubes. Women who 
use barrier contraceptives, especially with spermicides, have a 
significantly lower rate of PID. 

Infection of the uterine tubes, or salpingitis, is the most serious 
form of PID (Figure 26.8). Salpingitis can result in scarring that 
blocks the passage of ova from the ovary to the uterus, possibly caus-
ing sterility. One episode of salpingitis causes infertility in 10-15% of 
women; 50-75% become infertile after three or more such infections. 

A blocked uterine tube may cause a fert ilized ovum to be 
implanted in the tube rather than the uterus. This is called an 
ectopic (or tubal) pregnancy, and it is life-threatening because of 
the possibility of rupture of the tube and resulting hemorrhage. 
The reported cases of ectopic pregnancies have been increasing 
steadily, corresponding to the increasing occurrence of PID. 

... 
2,m 

Figure 26.9 Treponema pallidum, the cause of syphilis. 
The microbes are made more viSible in this brightfield micrograph by the 
use of a special silver stain. 

Q A diagnostic method for syphilis is the darkfield microscope. 
Why not use a brightfield microscope? 

A diagnosis of PID depends strongly on signs and symptoms, 
in combination with laboratory indications of a gonorrheal or 
chlamydial infection of the cervix. The recommended treatment 
for PID is the simultaneous administration of doxycycline and 
cefoxitin (a cephalosporin). This combination is active against 
both the gonococcus and chlamydia. Such recommendations are 
constantly being reviewed. 

Syphilis 
The causative agent of syphilis is a gram-negative spirochete, 
Treponema pallidllm ( Figure 26.9). Thin and tightly coiled, 
T. pallidllm stains poorly wit h the usual bacterial stains. (The 
bacterial name is derived from the Greek words for twisted 
thread and pale.) T. pallidllm lacks the enzymes necessary to 
build many complex molecules; therefore, it relies on the host for 
many of the compounds necessary for life. The organism loses 
infectiveness outside the mammalian host within a short time. 
For research purposes they are usually propagated in rabbits, but 
they grow slowly, with a generation time of 30 hours or more. 
They can be grown in cell culture, at low oxygen concentrations, 
but only for a few generations. 

A T. pallidlltll has no obvious virulence factors such as 
toxins, but it produces several lipoproteins that 

induce an inflammatory immune response. Th is is what appar-
ently causes the tissue destruction of the disease. Almost immedi -
atelyon infection, the o rganisms rapidly enter the bloodstream 
and invade deeper tissues, easily crossing the junctions between 
cells. They have a corkscrew-like motility that allows them to 
swim readily in gel -like tissue fluids. 

The earliest reports of syphilis date back to the end of the 
fifteenth century in Europe, when the return of Columbus from the 
New World gave rise to a hypothesis that syphilis was introduced to 
Europe by his men. One English description of the "Morbus 
Gallicus" (French disease) seems to clearly describe syphilis as early 
as 1547 and ascribes its transmission in these terms: " ... It is taken 
when one pocky person doth synne in lechery one with another." 
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Figure 26.10 The U.S. incidence and distribution of primary and secondary syphilis. 
Source: CDC, STD SurwJIIlance, November 13.2007. 

Q How Is syphilis diagnosed? 

Separate strains of T. pallidum (subspecies T.p. perteIJue) are 
responsible for certain tropically endemic skin diseases such as 
yaws. These cause skin lesions but are not sexually transmitted. 
However, there is evidence of a probable historical association 
with syphilis. Current research based on genetic analysis of 
Treponema spp. indicates that a pathogen of yaws found in South 
America adjacent to the Caribbean mutated into a sexually trans-
mitted disease on contact with European explorers. 

The number of new syphilis cases in the United States has 
remained fairly stable (Figure 26.10 ) compared with gonorrhea 
(see Figure 26.5) . The relative stability in the incidence of syphilis 
is remarkable because the epidemiology of the two diseases is 
quite similar, and concurrent infections are not uncommon. 
A factor is that syphilis results in a significant, if imperfect, immu-
nity-compared to no conferred immunity from gonorrhea. 

Many states discontinued the requirements for premarital 
syphilis tests because so few cases were detected. At present, the 
population most at risk is economically disadvantaged inner city 
residents, especially drug-using prostitutes of both sexes. It is 
relatively rare in affluent societies. 

Syphilis is transmitted by sexual contact of all kinds via 
syphilitic infections of the genitals or other body parts. The incuba-
tion period averages 3 weeks but can range from 2 weeks to several 
months. The d isease progresses through several recognized stages. 

Primary Stage Syphilis 
In the primary stage of the disease, the initial sign is a small, hard-
based chancre, or sore, which appears at the site of infection 10 

to 90 days following exposure- on average, about 3 weeks 
(Figure 26.11a ). The chancre is painless, and an exudate of serum 
forms in the center. This fluid is highly infec tious, and examina-
tion with a darkfield microscope shows many spirochetes. In a 
couple of weeks, this lesion disappears. None of these symptoms 
causes any distress. In fac t, many women are entirely unaware of 
the chancre, which is often on the cervix. In men, the chancre 
sometimes forms in the urethra and is not visible. During this 
stage, bacteria enter the bloodstream and lymphatic system, 
which distribute them widely in the body. 

Secondary Stage Syphilis 
Several weeks after the primary stage (the exact length of time 
varies and may overlap), the disease enters the secondary stage, 
characterized mainly by skin rashes of varying appearance. 
The rash is widely distributed on the skin and mucous mem -
branes and is especially visible on the palms and on the soles 
(Figure 26.11b). The damage done to tissues at this stage and 
the later tertiary stage is caused by an inflammatory response 
to circulating immune complexes that lodge at various body 
sites. Other symptoms often observed are the loss of patches of 
hair, malaise, and mild fever. A few people may exhib it neuro-
logical symptoms. 

At this stage, the lesions of the rash contain many spirochetes 
and are very infectious. Transm ission from sexual contact occurs 
during the primary and secondary stages. Dentists and other 
health care workers coming into conlact with fluid from these 
lesions can become infected by the spirochete entering through 
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(8) Chancre of primary stage on a male in genital area. 

(c) Gummas of lertiary stage on the back: of a forearm; gummas 
such as these are rarely seen laday in the era of antibiotics. 

minute breaks in the skin. Such nonsexual transmission is possi-
ble, but the microbes do not survive long on environmental sur-
faces and are very unlikely to be transmitted via such objects as 
toilet seats. Secondary syphilis is a subtle disease; at least half of 
the patients d iagnosed with this stage can recall no lesions at all. 
Symptoms usually resolve within 3 months. 

Latent Period 
The symptoms of secondary syphilis usually subside after a few 
weeks, and the disease enters a late"t period. During this period, 
there are no symptoms. After 2 to 4 years of latency, the disease 
is not normally infectious, except for transmission from mother 
to fetus . The majority of cases do not progress beyond the latent 
stage, even without treatment. 

Tertiary Stage Syphilis 
Because the symptoms of primary and secondary syphilis are 
not disabling, people may enter the latent period without hav-
ing received medical attention . In up to 25% of untreated 
cases, the disease reappears in a tertiary stage. This stage occurs 
only after an interval of many years from the onset of the 
latent phase. 

T. pal/idulll has an outer layer of lipids that stimulates little 
effective immune response, especially from cell-destroying com-

(b) lesions of secondary syphilis rash on a palm and lower forearm; any 
surface area of the body may be afflicted with such lesions. 

Figure 26.11 Characteristic lesions associated with various 
stages of syphilis. 

Q How are the primary, secondary, and tertiary stages of syphilis 
distinguished? 

plement reactions. It has been described as a "Teflon pathogen." 
Nonetheless, most of the symptoms of tertiary syphilis are prob-
ably due to the body's immune reactions (of a cell-mediated 
nature) to surviving spirochetes. 

Tertiary, or late-stage, syphilis can be classified generally by 
affected tissues or type of lesion . Glllnmatous syphilis is character-
ized by gummas, which are a form of progressive inflammation 
that appear as rubbery masses of tissue (Figure 26.1 1c) in various 
organs (most commonly the skin, mucous membranes, and 
bones) after about 15 years. There they cause local destruction of 
these tissues but usually not incapacitation or death . 

Cardiovascular syphilis results most seriously in a weakening 
of the aorta. In preantibiotic days, it was one of the more com-
mon symptoms of syphilis; it is now rare. 

Neurosyphilis occurs in up to 10% of patients if the disease is 
untreated. As parts of the central nervous system are affected, the 
result can be widely varying signs and symptoms. The patient can 
suffer from personality changes and other signs of dementia 
(paresis ), seizures, loss of coordination of voluntary movement 
(tabes dorsalis), partial paralysis, loss of ability to use or compre-
hend speech, loss of sight or hearing, or loss of bowel and bladder 
control. Few, if any, pathogens are found in the lesions of the ter-
tiary stage, and they are not considered very infectious. Today, it 
is rare for cases of syphilis to be allowed to progress 10 this stage. 



CHAPTER 26 Microbial Diseases of the Urinary and Reproductive Systems 755 

Congenital Syphilis 
One of the most distressing and dangerous forms of syphilis, 
called congenital syphilis, is transmitted across the placenta 10 
the unborn fetus. Damage 10 mental development and other neu-
rological symptoms are among the more serious consequences. 
This type of infection is most common when pregnancy occurs 
during the latent period of the disease. A pregnancy during the 
primary or secondary stage is likely to produce a st illbirth. Treating 
the mother with antibiotics during the first two trimesters 
(6 months) will usually prevent congenital transmission. 

Diagnosis of Syphilis 
Diagnosis of syphilis is complex because each stage of the dis-
ease has unique requirements. Tests fall into three general 
groups: visual microscopic inspection, nont reponemal serolog-
ical tests, and treponemal serological tests. For preliminary 
screening, labo ratories use either nontreponemal serological 
tests or microscopic examination of exudates from lesions 
when these are present. If a screening test is positive, the results 
are confirmed by treponemal serological tests. 

Microscopic tests are important for screening for primary 
syphilis because serological tests for this stage are not reliable; 
antibodies take I to 4 weeks to form. The spirochetes can be 
detected in exudates of lesions by microscopic examination with 
a darkfield microscope (see Figure 3.4b, page 60). A darkfield 
microscope is necessary because the bacteria stain poorly and 
arc only about 0.2 J.Im in diameter, near the lower limit of 
resolu tion for a brightfield microscope. Similarly, a d irect fl uo-
rescent-antibody test (DFA-TP) using monoclonal antibodies 
(see Figure 18.l Ia, page 515) will both show and identify the 
spirochete. Figure 26.9 shows T pal/idum under brightfield illu-
mination made possible by a special silver-impregnated stain. 

At the secondary stage, when the spirochete has invaded 
almost all body organs, serological tests arc reactive. 
Nontreponemal serological tests are so called because they arc non-
specific; they do not detect antibodies produced against the spiro-
chete itself but detect reagirHype a1ltibodies. Generally, they are 
used for screening. Reagin-type antibodies are apparently a 
response to lipid materials the body fo rms as an indirect reaction 
10 infect ion by the spirochete. The antigen used in such tests is thus 
not the syphilis spirochete but an extract of beef heart (cardi-
olipin) that seems to contain lipids similar to those that st imulat-
ed the reagin-type antibody production. These tests will dete<t 
only about 70-80% of primary syphilis cases, but they will detect 
99% of secondary syphilis cases. An example of nontreponemal 
tesls is the slide agglutination VDRL test (for Venereal Disease 
Research Laboratory). Also used arc modifications of the rapid 
plasma reagin (RPR) test, which is similar. The newest non-
treponemal test is an ELISA test that uses the VDRL antigen. 

There arc also treponemal-type serological tests that react 
directly with the spirochete. Certain enzyme immunoassay 
(EIA) treponemal tests can be done in many laboratories and 

offer high -throughput screening. There are also simple rapid 
diagnostic tests (RDTs) of this type that can be done fro m a 
finger-prick blood sample in a physician's office. Neither of these 
groups of tests will distinguish a prior from an active infection; 
confirmatory tests, which usually must be done at a central 
reference laboratory, are required. 

On ly treponemal-Iype tests are used for confirmatory 
testing. An example is the Ouorescent treponemal antibody 
absorption test or FfA-ABS, an indirect fluorescent-antibody 
test (see Figure 18. llb, page 515) . Treponemal tests are not used 
for screen ing because about I % of the results will be false-
positives, but a positive test with both treponemal and nontre-
ponemal types is highly specific. 

Treatment of Syphilis 
Benzathine penicillin, a long-acting form ulation that remains 
effective in the body for about 2 weeks, is the usual antibiotic 
treatment of syphilis. The serum concentrations achieved by this 
for mulation are low, but the spirochete has remained very sensi-
tive to this antibiotic. 

For penicillin-sensitive people, several other antibiotics, such 
as azithromycin, doxycycline, and tetracycline, have also proven 
effective. Antibiotic therapy to treat gonorrhea and other infec-
tions will not likely eliminate syphil is as well, because such ther-
apy is usually administered for too short a period to affect the 
slow-growing spirochete. 

Lymphogranuloma Venereum (LGV) 
Several STb that are uncommon in the United States occur fre-
quently in the tropical areas of the world. For example, Chlamydia 
traclwmatis, the cause of the eye infection trachoma and a major 
cause of NCU, is also responsible for lymphogranuloma 
venereum (LGV). a disease found in tropical and near-tropical 
regions. It is apparently caused by serovars of C. traclwmatis that 
are invasive and tend to infect lymphoid tissue. In the United 
States, there are usually 200 to 400 cases each year, mostly in 
homosexual men, many also HIV-positive. 

The microorganisms invade the lymphatic system, and the 
regional lymph nodes become enlarged and tender. Suppuration 
(a discharge of pus) may also occur. Inflammation of the lymph 
nodes results in scarring, which occasionally obstructs the lymph 
vessels. This blockage sometimes leads 10 massive enlargement of 
the external genitals in men . In women, involvement of the 
lymph nodes in the rectal region leads to narrowing of the rec-
tum. These conditions may eventually require surgery. 

For diagnosis, pus can be aspirated from infected lymph 
nodes. When infected cells are properly stained with an iodine 
prepa ration, the clumped, intracellular chlamydias can be seen as 
inclusions. The isolated organisms ca n also be grown in cell 
culture or in embryonated eggs. The drug of choice for treatment 
is doxycycline. 
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Figure 26.12 Clue cells. 
of vaginal epithelial cel ls. 

Gardnerella bacteria coal the surface 

Q What symptoms would cause you to look lor clue cells? 

Chancroid (Soft Chancre) 
The sri known as chancroid (soft chancre) occurs most 
freque ntly in tropical areas, where it is seen more often than 
syphilis. The number of reported cases in the United States has 
been declining from a peak of5000 cases in 1988. Almost all occur 
in New York, Texas, California, Florida, and Georgia. Like syph ilis, 
its incidence is strongly associated with drug use. Because chan-
croid is so seldom seen by some physicians and is difficult to 
diagnose, it is probably underreported. It is very common in 
Africa, Asia, and Latin America. 

In chancroid, a swollen, pai nful ulcer that forms on the gen-
itals involves an infection of the adjacent lym ph nodes. Infected 
lymph nodes in the groin area sometimes even break through 
and discharge pus to the surface. Such lesions are an important 
factor in the sexual transmission of HIV, especially in Africa. 
Lesions might also occur on such diverse areas as the tongue and 
lips. The causative agent is Hacmophi/us ducreyi (dii-kra'e ), a 

small gram-negative rod that can be isolated from exudates 
of lesions. Symptoms and the culture of these bacteria are the 
primary means of diagnosis. The recommended antibiotics 
include erythromycin and ceftriaxone . 

Bacterial Vaginosis 
Inflammation of the vagina due to infection, or vaginitis, is 
most commonly caused by one of several organisms: mainly the 
fungus Candida a/bicallS (kan'did-a al'bi -kans), the protozoan 
Trichomonas vagina/is (trik-o -mon' as va-jin -al' is), or the bacteri -
um Gardnerella vaginalis, a small, pleomorphic gram-variable 
rod (see Diseases in Focus 26.2 on page 759). Most of these cases 
are attributed to the presence of G. vaginalis and are termed 
bacterial vaginosis. (Because there is no sign of inflammation, 
the term vaginosis is preferred to vaginitis ). 

The condition is something of an ecological mystery. It is 
believed that bacterial vaginosis is precipitated by some event that 
decreases the number of Lactobacillus vaginal bacteria that nor-
mally produce hydrogen peroxide. This competitive change allows 
bacteria, especially G. vagina/is, to proliferate, producing amines 
that contribute to a further rise in pH . These various bacteria, 
most of which are commonly found in the vaginas of asymp-
tomatic women, are assumed to be metabolically interdependent. 
This situation does not lend itself to the application of Koch's pos-
tulates to determine a specific cause. There is no corresponding 
disease condition in men, but G. vaginalis is often present in their 
urethras. Therefore, the condition may be sexually transmitted, 
but it also occurs occasionally in women who have never been 
sexually active. 

Bacterial vaginosis is characterized by a vaginal pH above 4.5 
and a copious, frothy vaginal discharge. When tested with a 
potassium hydroxide solution, these vaginal secretions emit a 
fishy odor from presence of the amines produced by G. vagina/is. 
Diagnosis is based on the vaginal pH, fishy odor (the whiff test), 
and microscopic observation of clue cells in the discharge. These 
clue cells are sloughed-off vaginal epithelial cells covered with a 
biofilm of bacteria, mostly G. vaginalis (Figure 26.12). The dis-
ease has been considered more of a nuisance than a serious infec-
tion, but it is now seen as a facto r in many premature births and 
low birth -weight in fants. 

Treatment is primarily by metronidazole, a d rug that eradicates 
the anaerobes essential to continuation of the disease but allows 
the normal lactobacilli to repopulate the vagina . Treatments 
designed to restore the normal population of lactobacilli, such as 
application of acetic acid gels and even yogurt, have not been 
shown conclusively to be effective. 

CHECK YOUR UNOERSTANOING 

..r Why is the disease condition of the female reproductive system, 
principally featuring growth of Gardnerella vaginalis, termed 
vaginosis rather than vaginitis? 26-6 
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Viral Diseases of 
the Reproductive Systems 
LEARNING OBJECTIVE 

26-7 Discuss the epidemiology of genital herpes and genital warts_ 

Viral diseases of the reproductive system are difficult to treat, and 
so they represent an increasing health problem. 

Genital Herpes 
A much publicized STI is genital herpes, usually caused by 
IJerpes simplex virus type 2 (HS V-2J. (The herpes simplex virus 
occurs as either type I or type 2.) Herpes simplex virus type I 
(HSV- I) is primarily responsible for cold sores or fever blisters 
(see page 597), but it can also cause genital herpes. The official 
names are human herpesvirus I and 2. 

In the United States, one in four persons over the age of 30 is 
infected with HSV-2- most are unaware they are infected 
(Figure 26.13 ). There has been a marked increase in genital 
HSV-I infections, which is usually acquired by oral- genital con-
tact, and th is now constitutes about half of cases of genital her-
pes in this country. 

Genital herpes lesions appear after an incubation period of up 
to I week and cause a burning sensation. After this, vesicles appear 
(Figure 26.14). In both men and women, urination can be painful, 
and walking is quite uncomfortable; the patient is even irritated by 
clothing. Usually, the vesicles heal in a couple of weeks. 

The vesicles contain infectious fluid, but many times the dis-
ease is transmitted when no lesions or symptoms are apparent. 
Semen may contain the virus. Condoms may not provide protec-
tion because in women the vesicles are usually on the external 
genitals (seldom on the cervix or with in the vagina) and in men 
the vesicles may be on the base of the penis. 

One of the most distressing characteristics of genital herpes is 
the possibility of recurrences. There is an element of truth in the 
medical adage that, unlike love, herpes is forever. As in other her-
pes infections, such as cold sores or chickenpox-shingles, the virus 
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Figure 26.13 Genital herpes: initial visits to physicia ns' offices, 
United States, 1966 to 2006. 

Q Whal are possible causes lor changes In the incidence 01 a 
disease, such as shown on this graph? 

Figure 26.14 Vesicles of genital herpes on a penis. 

Q What microbe causes genital herpes? 

enters a lifelong latent state in nerve cells. Some people have sever-
al recurrences a year; for others, recurrence is rare, Men are more 
likely to experience recurrences than women. Reactivation appears 
to be triggered by several factors, including menstruation, emo-
tional stress or illness (especially if accompanied by fever, a factor 
that is also involved in the appearance of cold sores), and perhaps 
just scratching the affected area. About 90% of patients with HSV-
2 and about 50% of those with HSV-J will have recurrences. 
Recurrence rates decrease over time, regardless of treatment. 

Diagnosis of genital herpes can be done by culture of the 
virus taken from a vesicle; however, peR testing of such samples 
has proven more sensitive and is potentially faster. If there are no 
lesions to be sampled, serological testing can identify HSV infec-
tions or confirm clinical diagnosis by symptoms, 

There is no cure for genital herpes, although research on its pre-
vention and treatment is intensive. Discussions of chemotherapy 
use terms such as suppression or management rather than cure. 
Currently, the antiviral drugs acyclovir, famciclov ir, and valacy-
clovir are recommended for treatment. They are fairly effective 
in alleviating the symptoms of a primary outbreak; there is some 
relief of pain and slightly faster healing. Taken over several 
months they lower the chances of recurrence during that time. 
Recent studies have indicated that valacydovir taken daily can 
significantly cut sexual transmission of genital herpes, No vaccine is 
currently available, 

Neonatal Herpes 
Neonatal herpes is a serious consideration for women of child-
bearing age. Currently about 1500 cases a year are reported in 
th is country. The virus can cross the placental barrier and affect 
the fetus. The result can be spontaneous abortion or serious fetal 
damage, such as mental retardation and defective vision and 
heari ng. Herpes infection of the newborn is most likely to have 
serious consequences when the mother acquires the in itial her-
pes infection during the pregnancy. Therefore, any pregnant 
woman without a history of genital herpes should avoid sexual 
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Figure 26.15 Genital warts on a vulva. 

Q What is the relationship between genital warts and cervical 
cancer? 

contact with anyone who might be carrying the virus. Damage to 
the fetus o r newborn is much less likely, by a factor of about ten, 
from exposure to recurrent or asymptomatic herpes. The reason 
is that maternal antibodies are apparently somewhat protective. 

For practical purposes, the fetus is considered infected if 
the virus can be grown from amniotic fluid. This procedure is 
widely available and requires about 5 days. If the fetus is free of 
the virus, it still needs to be protected from infection during pas-
sage through the birth canal. Clinical signs of infection cannot 
always be seen, and tests to detect asymptomatic shedding of the 
viruses are not 100% reliable. If there are obvious viral lesions at 
delivery time, a cesarean section is probably wise. The operation 
should be done before the fetal membrane ruptures and the 
viruses spread to the uterus. 

Genital Warts 
Warts are an infectious disease; since 1907 it has been known that 
they are caused by viruses known as papillomaviruses. It is proba-
bly less well known that warts can be transmitted sexually and that 
this is an increasing problem. Nearly a million new cases of genital 
warts are estimated to occur in the United States each year. 

There are more than 60 serotypes of human papillomaviruses 
(HPV), and certain serotypes tend to be linked wi th certain 
forms of gen ital warts (technically, condylomata IlC/imilllltll ). 
Morphologically, some warts are extremely large and "warty" in 
appearance, with multiple fingerlike projections resembling cau-
liflower; others are relatively smooth or flat (Figure 26.15). The 
incubation period is usually a matter of a few weeks or months. 

Infect ion by HPV is common. Recen t testing found that more 
than a quarter of women in the United States aged 14 to 59 years 
were infected- making HPV arguably the most common sex-
ually transmitted infection. Visible genital warts are usually 
caused by serotypes 6 and II. These serotypes rarely cause 

cancer, which is the most serious concern with these infections. 
The types most likely to cause cancer are types 16 and 18, but 
these have a relatively low prevalence. Even so, cervical cancer 
caused by HPV kills at least 4000 women annually in the United 
States. 

As a general rule, warts can be treated but not cured (see the 
discussion on page 595 ). However, approximately 90% of cases 
clear within 2 years. The available methods used for warts (such 
as surgery or cryotherapy) are not as effective against genital 
warts. Two patient-applied gels, podofilox and imiquimod, are 
often useful treatments. Imiquimod (Aldara) stimulates the body 
to produce interferon (page 468), which appears to account for 
its antiviral activity. A vaccine has been licensed that is effective 
against HPV types 6, II, 16, and 18. It is recommended for 
routine use in girls aged II to 12 years. 

AIDS 
AIDS, or HIV infection, is a viral disease that is frequently trans-
mitted by sexual contact. However, its pathogenicity is based 
on damage to the immune system, so it was discussed on 
pages 539- 548 . It is important to remember that the lesions 
resulting from many of the diseases of bacterial and viral origin 
facilitate the transmission of HIV. 

CHECK YOUR UNDERSTANDING 

..r Both genital herpes and genital warts are caused by viruses; 
which one is the greater danger to a pregnancy? 26-7 

Fungal Disease of the 
Reproductive Systems 
LEARNING OBJECTIVE 
26-8 Discuss the epidemiology of candidiasis. 

The fungal disease described here is the well-known yeast infec-
tion for which nonprescription treatments are advert ised . 

Candidiasis 
Vaginal in fections by yeastl ike fungi of the genus Candida arc 
responsible for millions of physician office visits every year. 
By the time they reach the age of 25, an estimated half of college 
women will have had at least one physician -d iagnosed episode. 
Nonprescription antifungal therapies to treat these infections 
are among the best-selli ng over- the-counter products in the 
United States. Calldida albicalls is the most common species, 
causing 85- 90% of cases. Infections by other species, such as 
C. glabrata, are more likely to be resistant to antifungals and to 
be chronic or recurrent. 

C. albicans often grows on mucous membranes of the 
mouth, intestinal tract, and genitourinary tract (sec Diseases 
in Focus 26.2; see also Figure 21.17, page 60 I) . Infections are 



Characteristics of the Most Common Types 
of Vaginitis and Vaginosis 
Vaginitis. or inflammation of the vagina, often accompanies vaginal Infections. Vaginitis may 
be caused by microbial infections. Some infections are associated with sexual activity. whereas 
others. such as vaginal candidiasis, are not Differential diagnosis is the process of identifying 
the disease from a list of possible diseases that fit the information derived from examining a 
patient The cause of vaginitis cannot be determined on the basis of symptoms or physical 
examination alone. Usually, diagnosis involves examining a specimen of vaginal lIuid under a 
microscope (see the photo). Use the table below to identify the infection caused by the organ-
ism in the figure. For the solution, go to 'N'NW.microbiologyplace.com. 

cel ls covered WIth rod-shaped 
bactena from a vagina l swab. 

I I 

Disease ........ n 5)mptams Diagnosis Tnilltment 

Odor. Color, and Amount of 
Coosistency of DIScharge 
O=h;""" 

Candidiasis Fungus, Yeasty or none. Varies 
Candida white. curdy 
albicans 

Baclerial Bacterium. Fishy: gray-white. Copious 
vaginosis Gardnerella thin. frothy 

vagina/IS 

Trichomoniasl. Protozoan, Foul. greenish- Copious 
Trichomonas yellow: frothy 
vagina/Is 

usuall y a result of opportunistic overgrowth when the competing 
microbiota are suppressed by antibiotics or other factors. As dis-
cussed in Chapter 21, C. albicallS is Ihe cause of oral candidiasis, 
or thrush. [t is also responsible for occasional cases of NGU in 
men and fo r vulvovaginal candidiasis, which is the most com-
mon cause of vagin itis. About 75% of all women experience at 
least one episode. 

The lesions of vulvovaginal candidiasis resemble those of 
thrush but produce more irritation; severe itching; a thick, yellow, 
cheesy discharge; and yeasty or no odor. C. albiams, the Candida 
species responsible for most cases, is an opportunistic pathogen. 
Predisposing conditions include the use of oral cont raceptives and 
pregnancy, which cause an increase of glycogen in the vagina (see 
the discussion of the normal vaginal microbiota earl ier in this 
chapter). It is probable that hormones are a factor; candidiasis is 
much less common in girls before puberty or in women after 

Appearance o( pH (normal 
Vaginal pH is 3.8-4.2) 
Mucwa 

Dry. red <0 Microscopic Clotrimazole: 
exam fluconazole 

Pink > 4.5 Presence of Metronidazole 
clue cells 

Tender, red 5-6 Microscopic Metromdazole 
exam: DNA 
probes: 
monoclonal 
antibody 

menopause. Yeast infections are a frequent symptom in women suf-
fering from uncontrolled diabetes; also, the use of broad-spectrum 
antibiotics suppresses the normal, competing bacterial microbiota, 
which leads to opportunistic fungal infect ions. Thus, diabetes and 
antibiotic therapy are predisposing factors to C. albic(I/IS vaginitis. 

A yeast infection is diagnosed by microscopic identification of 
the fungus in scrapings of lesions and by isolation of the fungus 
in culture. Treatment usually consists of topical application of 
nonprescription an tifungal drugs such as clotrimazole and 
miconazole. An alternat ive treatment is a single dose of oral 
fluconazole or other azole-type ant ifungaL 

CHECK YOUR UNDERSTANDING 

0/ Vv'hat changes in the vaginal bacterial microbiola lend also 10 
favor the growth of the yeast Candida albicans? 26-8 
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Protozoan Disease of the 
Reproductive Systems 
LEARNING OBJECTIVES 
26-9 Discuss the epidemiology of trichomoniasis. 
26-10 Ust reproductive system diseases that can cause congenital 

and neonatal infections. and explain how these infections can 
be prevented. 

"m 

The only STI caused by a protozoan almost entirely affects only 
women. Although common, it is not widely known. 

Trichomoniasis 
The anaerobic protozoan TricilOtlionas vagina/is is frequently a 
normal inhabitant of the vagina in women and of the urethra in 
many men (Figure 26.16). It is usually sexually transm itted. If the 
normal acidity of the vagina is disturbed, the protozoan may 
overgrow the normal microbial population of the genital mucosa 
and cause trichomoniasis. (Men rarely have any symptoms as a 
result of the presence of the protozoan.) It is often accompanied 
by a coin feet ion with gonorrhea. Its prevalence in certain STI 
clinics is 25% or higher. In response to the protozoan infection, 
the body accumulates leukocytes at the infection site. The result-
ing discharge is profuse, greenish yellow, and characterized by a 
foul odor. This d ischarge is accompanied by irritation and itch-
ing. Up to half the cases, however, are asymptomatic. 

The incidence of trichomoniasis is higher than that of gon-
orrhea or chlamydia, but it is considered relatively benign and 
is not a repo rtable disease. It is known, however, to cause 

Figure 26.16 Trichomonas vagina/is adhering to the surface of 
an epithelial cell in a cell cutture preparation. 
The flagella are clearty vis ible. 
So(Jrce: O. Petrin et al . "C linica l and Microbiological Aspects of Trichomonas 
vaglnalis. " ASM Clinical MICrobIOlogy Reviews 11 (1998) : 300-317. 

Q Are there any harmful effects from infection by this protozoan? 

preterm delivery and problems associated with this, such as low 
birth weight. 

Diagnosis is usually made by microscopic examination and 
identification of the organisms in the discharge. They can also be 
isolated and grown on laboratory media. The pathogen can be 
found in semen or urine of male carriers. New rapid tests mak-
ing use of DNA probes and monoclonal antibodies are now 
available. Treatment is by oral metronidazole, administered to 
both sex partners, which readily clears the infection. 

The TORCH Panel of Tests 
We have seen in th is and previous chapters that a number of dis-
eases can cause birth defects in newborns when they infect a 
pregnant woman. TORCH is an acronym for a panel of tests that 
screens for antibodies to these infections. Confirmation may 
require additional testing. The panel is made up of the fo llow-
ing: Toxoplasmosis; Other (such as syphilis, hepatitis B, 
enterovirus, Epstein-Barr virus, varicella-zoster virus); Rubella; 
Cytomegalovirus; Herpes simplex virus. 

CHECK YOUR UNDERSTANDING 

-r What are the symptoms of the presence of Trichomonas vaginalis 
in the male reproductive system? 26-9 

-r What is the intent of the TORCH panel of tests? 26-10 

• • • 
The major microbial diseases of the urinary and reproductive 
systems are summarized in Diseases in Focus 26.3. 



Microbial Diseases of the Reproductive Systems 
Differential diagnosis is the process of identifying the disease from a list of possible diseases 
that lit the information derived from examining a patienl A dilferenlial diagnosis is important 
for providing ini tial trea tment and for laboratory testing. For example, a 26-year-old woman 
had abdominal pain, painful urinalion, and a fever. Cultures grown in a high-C0 2 environment 
revealed gram-negative diplococci. Use the table below to identify infections that could cause 
these symptoms. For the solution, go 10 www.microbiologyplace.com. 

GllIm-negative diplococci on agar. 

Dlse ... 

BACTERIAL DISEASES 

Gonontlea 

Nongonococcal urethritis (NGU) 

Petvic inflammatory disease (PI D) 

Syphilis 

Lymphogranuloma venereum (LGV) 

Chancroid (solt chancre) 

Bacterial vaginosls 

VIRAL DISEASES 

Genital herpes 

Genital warts 

AIDS-see Chaptet" 19, pp. 539-548 

FUNGAL DISEASE 

Candidiasis 

PROTOZOAN DISEASE 

Trichomoniasis 

Pathogen 

Neisseria gonorrhoeae 

Chlamydia tmchomatis. 
Mycoplasma hominis. 
Ureaplasma urealyticum 

N. gonorrhoeae, 
C. lrachomatis 

7feponema pallidum 

C. trachomatis 

Haemophifus ducTeyi 

SymplOms 

Men: painful urination and discharge of pus 
Women: few symptoms but possible 
complications, such as PI O 

Painful urination and watery discharge. In 
women, posSible complications. such as PIO. 

Chronic abdominal pain; possible inlertility 

Ini tial sore at site 01 in fection, later skin rashes 
and mild lever; final stages may be severe 
leSions. damage to cardiovascular and nervous 
systems. 

Swelling in lymph nodes in groin 

Painful ulcers of genitals; swollen lymph nodes 
in groin 

See Diseases in Focus 26.2. Page 759 

Herpes simplex virus 
type 2; HSV type 1 

Human papi liomaviNses 

Painful vesicles in genital area 

Warts in geni tal area 

See Diseases in Focus 26.2. Page 759 

See Diseases in Focus 26.2. Page 759 

Treabnent 

Cephalosporins 

Doxycycline. 
azithromycin 

Doxycycl ine and 
cefoxitin 

Benzalhine penicillin 

OOK)'cyciine 

Erythromycin: 
ceftriaxone 

Acyclovir 

Podofilox: imiquimod; 
preventive vaccine 
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STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com] 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. 0 learn 
and practice with animations. tutorials. and MP3 tutor sessions. and o test yourself with quizzes and a chapter post-test 

Introduction (p.743) 

I. The urinary system regulates the chemical composition and 
volume of the blood and excretes nitrogenous waste and water. 

2. The reproductive system produces gametes for reproduction and, 
in the female, supports the growing embryo. 

3. Microbial diseases of these systems can result from infection from 
an outside source or from opportunistic infection by members of 
the normal microbiota. 

Structure and Function 
of the Urinary System (p. "4) 

I. Urine is transported from the kidneys through ureters to the 
urinary bladder and is eliminated through the urethra. 

2. Valves prevent urine from flowing back to the urinary bladder and 
kidneys. 

3. The flushing action of urine and the acidity of normal urine have 
some antimicrobial value. 

Structure and Function of the 
Reproductive Systems (pp. " 4-745) 

I. The female reproductive system consists of two ovaries, two uterine 
tubes, the uterus, the cervix, the vagina, and the external genitals. 

2. The male reproductive system consists of two testes, ducts, 
accessory glands, and the penis; seminal fluid leaves the male 
bod y through the urethra. 

Normal Microbiota of the Urinary and 
Reproductive Systems (p. "') 

I. The urinary bladder and upper urinary trac t are sterile under 
normal conditions. 

2. Lactobaci ll i dominate the vaginal microbiola during the repro-
ductive years. 

3. The male urethra is normally sterile. 

DISEASES OFTHE 
URINARY SYSTEM 
Bacterial Diseases 

(pp.746-747] 

of the Urinary System (pp. 746-747) 

I. Urethritis, cystitis, a nd ureteritis a re terms describing inflamma-
tions of tissues of the lower urinary tract. 

2. Pyelonephritis can result from lower urinary tract infections or 
from systemic bacterial infections. 

3. Opportunistic gram-negative bacteria from the intestines often 
cause urinary tract infections. 

4. Nosocomial infections following catheterization occur in the urinary 
system. E. coli causes more than half of these infections. 

5. Treatment of ur inary tract infections depends on the isolation and 
antibiotic sensitivity testing of the causative agents. 

Cystitis (p. 746) 
6. Inflammation of the urinary bladder, or cystitis, is common in 

females. 
7. Microorganisms at the opening of the urethra and along the 

length of the ure thra, careless personal hygiene, and sexual in ter-
course contribute to the high incidence of cystitis in females. 

8. The most common etiologies are E. coli and Stapllylococws 
saprophytiws. 

Pyelonephritis (p.746) 
9. Inflammation of the kidneys, or pyelonephritis, is usually a 

complication of lower u r inary tract infections. 
10. About 75% of pyelonephritis cases are caused by E. coli. 

leptospirosis (pp.746- 747) 
II. The spirochete Leptospira ilZterrogans is the 

cause of leptospirosis. 
12. The disease is transmitted to humans by urine-

contaminated water. 
13. l eptospirosis is characterized by chills, fever, 

headache, and muscle aches. 

DISEASES OFTHE REPRODUCTIVE 
SYSTE M S (p. "7- 756) 

Bacterial Diseases of the 
Reproductive Systems (pp.747- 756) 

1. Most diseases of the reproductive system are sexually transmitted 
diseases (STDs), now called sexually transmitted infections (STIs). 

2. Most STDs can be prevented by the use of condoms and are 
treated with antibiotics. 

Gonorrhea (pp.747- 750) 
3. Neisseria gonorrhoeae causes gonorrhea. 
4. Gonorrhea is a common reportable communicable disease in the 

United States. 
5. N. gonorrhoeae attaches to mucosal cells of the o ral-pharyngeal 

area, genitals, eyes, and rectum by means of fimbriae. 
6. Symptoms in men are painful urination and pus discharge. Blockage 

of the urethra and sterility are complications of untreated cases. 
7. Women might be asymptomatic unless the infection spreads to the 

uterus and uterine tubes (see pelvic inflammatory disease). 
8. Gonorrheal endocardi tis , gonorrheal meningitis, and gonorrheal 

arthritis are complications that can affect both sexes if gonorrheal 
infections are untreated. 



CHAPTER 26 Microbial Diseases of the Urinary and Reproductive Systems 763 

9. Ophthalmia neonatorum is an eye infection acquired by infants 
during passage through the birth canal of an infected mother. 

10. Gonorrhea is diagnosed by ELISA or nucleic acid amplification. 

Nongonococcal Urethritis (NGU) (pp.750- 751) 
11 . Nongonococcal urethritis (NGU), or nonspecific urethritis (NSU ), 

is any inflammation of the urethra not caused by N. gonorrllOeac. 
12. Most cases of NGU are caused by Chlamydia tmchommis. 
13. C. tmchommis infection is the most common STD. 
14. Symptoms of NGU are often mild or lacking, although uterine 

tube inflammation and sterility may occur. 
15. C. tmchommis can be transmitted to infants' eyes at birth. 
16. Diagnosis is based on the detection of chlamydial DNA in urine. 
17. Urcapla5llw ureaiytiCllm and Mycoplasma hominis also cause NGU. 

Pelvic Inflammatory Disease (PI 0) (pp.751 - 752) 
18. Extensive bacterial infection of the female pelvic organs, especially of 

the reproductive system, is called pelvic inflammatory disease (PID). 
19. PID is caused by N. gOllorrhoeae, C. trachomaris, and other bacteria 

that gain access to the uterine tubes. Infection of the uterine tubes 
is called salpingitis. 

20. PID can result in blockage of the uterine tubes and sterility. 

Syphilis (pp.752- 755) 
21. Syphilis is caused by TrepO/lellw pa/iidum, a 

spirochete that has not been cultured in vitro. 
Laboratory cultures are grown in rabbits or cell 
cultures. 

22. The primary lesion is a small, hard-based chancre at the site of 
infection. The bacteria then invade the blood and lymphatic 
system, and the chancre spontaneously heals. 

23. The appearance of a widely disseminated rash on the skin and 
mucous membranes marks the secondary stage. Spirochetes are 
present in the lesions of the rash. 

24. The patient enters a latent period after the secondary lesions 
spontaneously heal. 

25. At least 10 years after the secondary lesion, tertiary lesions called 
gummas can appear on many organs. 

26. Congenital syphilis, resulting from T. pailidum crossing the 
placenta during the latent period, can cause neurological damage 
in the newborn. 

27. T. pallidum is identifiable through darkfield microscopy of fluid 
from primary and secondary lesions. 

28. Many serological tests, such as VDRL, RPR, and FTA-ABS, can 
be used to detect the presence of antibodies against T. pallidllm 
during any stage of the disease. 

Lymphogranuloma Venereum (LGV) (p.755) 
29. C. tmchommis causes lymphogranuloma venereum (LGV), which 

is primarily a disease of tropical and subtropical regions. 
30. The initial lesion appears on the genitals and heals without 

• scarnng. 
31. The bacteria are spread in the lymph system and cause enlargement 

of the lymph nodes, obstruction of lymph vessels, and swelling of 
the external genitals. 

32. The bacteria are isolated and identified from pus taken from 
infected lymph nodes. 

Chancroid (Soft Chancre) (p.756) 
33. Chancroid, a swollen, painful ulcer on the mucous membranes of 

the genitals or mouth, is caused by Haemopilillls ducreyi. 

Bacterial Vaginosis (p.756) 
34. Bacterial vaginosis is an infection without inflammation caused by 

Garduerella mgillalis. 
35. Diagnosis of C. vagiualis is based on increased vaginal pH, fishy 

odor, and the presence of clue cells. 

Viral Diseases of the 
Reproductive Systems [pp.757- 758) 

Genital Herpes (pp.757- 758) 
I. Herpes simplex viruses (HSV-1 and HSV-2) cause genital herpes. 
2. Symptoms of the infection are painful urination, genital irritation, 

and fluid -filled vesicles. 
3. The virus might enter a latent stage in nerve cells. Vesicles reap-

pear following trauma and hormonal changes. 
4. Neonatal herpes is contracted during fetal development or birth. It 

can result in neurological damage or infant fatalities. 

Genital Warts (p.758) 
5. Human papillomaviruses cause warts. 
6. Some human papillomaviruses that cause genital warts have been 

associated with cancer of the cervix. 

AIDS (p.758) 
7. AIDS is a sexually transmitted disease of the immune system 

(see Chapter 19, pages 539- 598). 

Fungal Disease of the 
Reproductive Systems [pp.758-759) 

Candidiasis (pp.758-759) 
I. Caudida albicallS causes NGU in men and vulvovaginal candidiasis, 

or yeast infection, in women. 
2. Vulvovaginal candidiasis is characterized by lesions that produce 

itching and irritation. 
3. Predisposing factors are pregnancy, diabetes, tumors, and 

broad-spectrum antibacterial chemotherapy. 
4. Diagnosis is based on observation of the fungus and its isolation 

from lesions. 

Protozoan Disease of the 
Reproductive System (pp.760- 761) 

Trichomoniasis (p.760) 
I. Tric/lommlas vagiualis causes trichomoniasis 

when the pH of the vagina increases. 
2. Diagnosis is based on ob.servation of the prot07.0a 

in purulent from the site of infection. 

The TORCH Panel of Tests (p.760) 
3. Antibodies agains t specific diseases that can infect a fetus arc 

detected by the TORCH tests. 
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STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook_ 

Review 
1. Diagram the pathway taken by E. w/i to cause cystitis. 

Do the same for pyelonephritis. Diagram the pathway taken by 
Neisseria gonorrhoeae to cause PID. 

2. How are urinary tract infections transmitted? 
3. Explain why E. coli is frequently implicated in cystitis in females. 

List some predisposing factors for cystitis. 
4. Name one organism that causes pyelonephritis. What are the portals 

of entry for microbes that cause pyelonephritis? 
5. Complete the following table: 

Disease 

Bacterial 
vaginosis 

Gonorrhea 
Syphilis 
PlD 
NGU 
LGV 
Chancroid 

Causative 
Agent Symptoms 

Method of 
Diagnosis Treatment 

6. Leptospirosis is a kidney infection of humans and other 
animals. How is this disease transmitted? What types of activi · 
ties would increase one's exposure to this disease? What is the 
etiology? 

7. Describe the symptoms of genital herpes. What is the 
causative agent? When is this infection least likely to be 
transmitted? 

8. Name one fungus and one protowan that can cause reproductive 
system infections. What symptoms would lead you to suspect 
these infections? 

9. List the geni tal infections that cause congenital and neonatal 
infections. How can transmission to a fetus or newborn be 
prevented? 

Multiple Choice 
1. Which of the following is usually transmitted by contaminated 

water? 
a. Chlamydia 
b. leptospirosis 
c. syphilis 
d. trichomoniasis 
e. none of the above 

Use the following choices to answer questions 2- 5: 
a. Candida 
b. Chlamydia 
c. Gardnerella 
d. Neisseria 
e. Triclwmmws 

2. Microscopic examination of vaginal smear shows flagellated 
eukaryotes. 

3. Microscopic examination of vaginal smear shows ovoid 
eukaryotic cell. 

4. Microscopic examination of vaginal smear shows epithelial cells 
covered with bacteria. 

5. Microscopic examination of vaginal smear shows gram -negative 
cocci in phagocytes. 

Use the following choices to answer questions 6-8: 
a. candidiasis 
b. bacterial vaginosis 
c. genital herpes 
d. lymphogranuloma venereum 
e. trichomoniasis 

6. Difficult to treat with chemotherapy 
7. Fluid-filled vesieles 
8. Frothy, fishy discharge 

Use the following choices to answer questions 9 and 10: 
a. Chlamydia trachoma/is 
b. Escherichia coli 
c. Mycobacterium hominis 
d. Staphylococcus saprophyticus 

9. The most common cause of cystitis. 
10.ln cases of NGU, diagnosis is made using PCR to detect 

microbial DNA. 

Critical Thinking 
I. The tropical skin disease called yaws is transmitted by direct 

contact. its causative agent, Treponema pallidutll pertenue, is 
indistinguishable from T. pallidutll. Syphilis epidemics in 
Europe coincided with the return of Columbus from the New 
World. How might T. pallidutll pertenlle have evolved into 
T. pallidrml in the temperate climate of Europe? 

2. Why can frequent douching be a predisposing factor to bacterial 
vaginosis, vulvovaginal candidiasis, or trichomoniasis? 

3. Neisseria is cultured on Thayer-Martin media, consisting of 
chocolate agar and nystatin, incubated in a 5% CO2 environment. 
How is this selective for Neisseria? 
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4. The list below is a key to selected microorganisms that (ause 
genitourinary infe( tions. Complete this key by lis ting genera 
discussed in this (hapter in the blanks that correspond to their 
respe(tive (haracteristics. 

Gram-negative bacteria 
Spirochete 

Aerobic 
Anaerobic 

Coccus 
Oxidase-positive 

Bacillus. nonmotile 
Requires X factor 
Gram-positive wall 

Obligate intracellular parasite 
Lacking cell wall 

Urease-positive 
Urease-negative 

Fungus 
Pseudohyphae 

Protozoa 
Flagella 

No organism observed/cultured 
from patient 

Clinical Applications 
1. A previously healthy 19-year-old woman was admitted to a hospital 

after 2 days of nausea, vomiting, headache, and neck stiffness. 
Cerebrospinal fluid and cervi(al cultures showed gram-negative 
diplococci in leukocytes; a blood cul ture was negative. What disease 
did she have? How was it probably acquired? 

2. A 28-year-old woman was admitted to a Wisconsin hospital with 
a l -week history of arthritis of the left knee. Four days later, a 
32 -year-old man was examined for a 2-week history of urethritis 
and a swollen, painful left wrist. A 20-year-old woman seen in a 
Philadelphia hospi tal had pain in the right knee, left ankle, and 
left wrist for 3 days. Pathogens cultured from synovial fluid or 

urethral (Uhure were gram -negative diplo(o(d that required 
proline to grow. Antibiotk sensitivity tests gave the following 
results: 

MIC Tested Susceptible MIC 
Antibiotic ( ... g/ml) ( ... g/ml) 

Cefoxitin 0.5 <2 
Penicill in 8 < 0.06 

Spectinomycin " s 32 

Tetracycline , < 0.25 

What is the pathogen, and how is this disease transmitted? 
Whi(h of the antibioti(s should be used for treatment? What is 
the evidence that these cases arc related? 

3. Using the following information, determine what the disease is 
and how the infant's illness might have been prevented: 

Mayl!: 

June 6: 

July I : 

Sept 15: 

Sept 25: 

OCL 1: 

Del. 2: 

Nov. 8: 

A 23-year-old woman has her first prenatal 
examination. She is months pregnant 
Her VDRL results are negative. 
The woman returns to her physician complaining 
of a labial lesion of a few days' duration. A 
biopsy is negative for malignancy. and herpes 
test results are negative. 
The woman returns to her physician be<:ause the 
labial lesion continues to cause some discomfort. 
The baby's fat her has multiple penile lesions 
and a generalized body rash. 
The woman delivers her baby. Her RPR is 
32 and the infant's is 128. 

The woman takes her infant to a pediatrician 
because the baby is lethargic. She is told the 
infant is healthy and not to worry. 
The baby's father has a persistent body 
rash and plantar and palmar rashes. 
The infant becomes acutely ill with pneumonia 
and is hospitalized. The admitt ing physiCian 
finds signs of osteochondritis. 



Environmental 
Microbiology 

In previous chapters, we focused primarily on the disease-causing capabilities of 
microorganisms. In this chapter, you will learn about many of the positive functions microbes 
perform in the environment. Bacteria and other microorganisms are, in fact, essential to 
maintaining life on Earth. 

Microbes, especially those that belong to the Domains Bacteria and Archaea, live in the most 
widely varied habitats on Earth. They are found in boiling hot springs. and as many as 5000 
bacteria have been isolated from each milliliter of snow at the South Pole. Microbes have been 
recovered from minute openings in rocks a kilometer (0.62 mile) or more below the planet 

surface. Explorations of the deepest ocean have revealed large numbers 
of microbes living there. in eternal darkness and subject to 

incredible pressures, Microbes are also found in clear mountain 
streams flowing from a melting glacier and in waters nearly 

saturated with salts, such as those of the Dead Sea. 

Q 
\Vhal do these microorganisms have to do with 
the cult ivation of rice in Asia? 
Look for the answer in the c/ulpter. 



Microbial Diversity and Habitats 
LEARNING OBJECTIVES 
27-1 Define extremophile. alld identify two "extreme· habitats. 

27-2 Define symbiosis. 
27-3 Oeflfle mycorrhiza, differentiate endomycorrhizae from ectomycor-

mlZ3e, and grve an example of each. 

The diversity of microbial populations indicates that they take 
advantage of any niches found in their environment. Different 
amounts of oxygen, light. or nut rients may exist within a few 
millimeters in the soil. As a population of aerobic organisms uses 
up the available oxygen, anaerobes are able to grow. If the soil is 
disturbed by plowing, earthworms, or other activity, the aerobes 
will again be able to grow to repeat this succession . 

Microbes that live in extreme conditions of temperature, 
acidity, alkalinity, or salinity are called extremophiles. Most 
are members of the Archaea. The enzymes (extrl'mozymesl 
that make growth possible under these conditions have been of 
great interest to industries because they can tolerate extremes 
of temperature, salinity, and pH that would inactivate other 
enzymes. The organism ThermliS aqllaticus, found growing in a 
hot spring in Yellowstone National Park, is the source of the 
valuable Taq polymerase enzyme used in the polymerase chain 
reaction ( PC R) technique (see page 25 1). The enzyme func-
tions at temperatures as high as 9S"C, the boiling point of water 
in the organism's habitat. At another extreme, bacteria have 
been found buried deep in the ice sheets of An tarctica and 
Green land, somehow surv iving at temperatures as low as - 40"C 
within a life-giving film of water only about three molecules 
thick. In the rainless Atacama Desert of Chile, a species of 
cyanobacteria Jives inside salt crystals. Its only moisture is 
absorbed from the atmosphere each night, and its energy is 
derived from su nlight. 

Microorganisms live in an intensely co mpetitive envi ron-
ment and must explo it any adva ntage they can. They may 
metabolize common nutrients more rapidly or use nut rien ts 
that competing organisms cannot metabolize. Some, such as 
the lactic acid bacteria that are so useful in making dairy prod -
ucts, are able to make an environmental niche inhospitable to 
competing organisms. The lactic acid bacteria are unable to 
use oxygen as an electron acceptor and are able to ferment sug-
ars only to lactic acid, leaving most of the energy unused. 
However, the acidity inhibits the growth of more efficient, 
competing microbes. 

Symbiosis 
Recall from Chapter 14 that symbiosis is two differing o rga-
nisms living together in a close association that is beneficial to one 
o r both of them. Economically, the most important example of 
an animal-microbe symbiosis is that of the ruminants, animals 
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that have a tanklike digestive o rgan called a rumen. Ruminants, 
such as cattle and sheep, graze on cellulose-rich plants. Bacteria 
in the rumen ferment the cellulose into compounds that are 
absorbed into the animal's blood and subsequently are used for 
carbon and energy. Rumen protozoa keep the bacterial popula-
tion under control by eating bacteria. 

A ,·ery important contribution to plant growth is made by 
mycorrhizal', or mycorrhizal symbionts (myco = fungus; rlliw = 
root ). There are two primary types of these fungi: el/do-
mycorrhizae, also known as vesicular-arbrlScular mycorrhizae; 
and cctomycorrhizae. Both types function as do roOI hairs 
on plants; that is, they extend the surface area through which the 
plant can absorb nutrients, especially phosphorus, which is not 
very mobile in soil. 

Vesicular-arbuscular mycorrhizal.' form la rge spores that can 
be isolatcd easily from soil by sieving. The hyphae from thesc 
germinating spores penetrate into the plant root and form two 
typcs of structures: vesicles and arbuscules. Vesicles arc smooth 
oval bodies that probably function as storage structurcs. 
Arbuscull's, tiny bushlike structures, are formcd inside 
plant cells (Figure 27.1a). Nutrients travel from thc soil through 
fungal hyphae to these arbuscules, which gradually break down 
and release the nutrients to the plants. Most grasses and 
other plants arc surprisingly dependent on these fungi for 
proper growth, and their presence is nearly universal in the 
plant kingdom. 

Ectomycorrhizae mainly infect trees such as pine and oak. 
The fungus forms a mycelial mantle ovcr the smallcr roots of the 
trce (Figure 27.1b). EClomycorrhizae do not form vcsicles or 
arbusculcs. Managers of commercial pine tree farms must ensu re 
that seedlings are inoculated with soil containing cffectivc my-
corrhizal.' (Figure 27.2a). 

Truffles, known as a food delicacy, are cctomycorrhizae, usually 
of oak trees (Figure 27.2b). In Europe, pigs or trained dogs 
are used to find them by smell and root them up. To a pig, male 
or female, thc most important component of a truffle's odor is 
dimethyl sulfide, which is also responsible fo r thc odor of cabbage. 
In natu re, proliferation of the fungus depends on ingestion 
by an animal, which distributes the undigested spores into new 
locations. Increasingly, the cultivation of truffles is becoming a 
farming operation. Oak trees are planted in groves and artificially 
inoculated with fungal spores that are grown in the laboratory 
or extracted from ripe truffles. 

CHECK YOUR UNDERSTANDING 

.,f Can you identify two extreme habitats for extremophile 
organisms? 27-1 

.,f IN'hat is the definition of symbiosis? 27-2 

.,f Is a truffle an example of an endomycorrhiza or an 
ectomycorrhiza? 27-3 
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(a) Endomycorrhiza (vesicular-artluscular mycormiza). 
A fully developed arbuscule of an endomycorrhiza 
in a plant cell. (The term arbusCU/B means "little bush.") As 
the artluscule decomposes, it releases nutrients for the plant. 

(b) Ectomycorrhiza. The mycelial manlle of a typical 
ectomycorrhizal fungus surrounding a Eucalyptus tree root. 

Figure 27.1 Mycorrhizae. 

Q Of what villue is a myconfliza to a plant? 

Soil Microbiology and 
Biogeochemical Cycles 
LEARNING OBJECTIVES 
27-4 Define biogeochemical cycle. 

12pm 

I I 
l00pm 

27-5 Outline the carbon cycle. and explain the roles of microoganisms 
in this cycle. 

27-6 Outline the nitrogen cycle. and explain the roles of microorgan-
isms in this cycle. 

27-7 Define ammonification. nitrification. denitrification. and nitrogen 
fixation. 

27-8 Outline the sulfur cycle, and explain the roles of microorganisms 
in this cycle. 

27-9 Describe how the ecological community can exist without light 
energy, 

27-10 Compare and contrast the carbon cycle and the phosphorus 
cycle, 

27-11 Give two examples of the use of bacteria to remove pollutants, 
27-12 Define bioremedialion. 

Billions of organisms, including those that are microscopic as 
well as comparatively huge insects and earthworms, form a 
vibrant living community in the soil. Typical soil has millions of 
bacteria in each gram. One gram of soil might seem to be a small 
sample, but it can yield some startling statistics. Estimates are 
that it would have 20,000 square meters of surface area. Bacterial 
numbers in this sample would be about 1 billion (although only 
about 1 % can be cultured), and it might contain more than a 
ki lometer of fungal hyphae. Even so, only a very tiny frac tion of 
the available surface area in that gram of soil is colonized by 
microbes. The microbial population of soil is largest in the top 
few cent imeters and declines rapidly with depth. The most 
numerous organisms in soil are bacteria. Although actino-
mycetes are bacteria, they are usually considered separately. 

Bacterial soil populations are usually estimated using plate 
counts on nutrient media, and the actual numbers are probably 
greatly underestimated by this method. No single nutrient medi-
um or growth condition can possibly meet all the nutritional and 
other requirements of soil microorganisms. 

We can think of soil as a "biological fire." A leaf falling from a 
tree is consumed by this fire as microbes in the soil metabolize its 
organic matter. Elements in the leaf enter the biogeochemical 
cycles for carbon, nitrogen, and sulfur that we will discuss in this 
chapter. In biogeochemical cycles, elemen ts are oxidized and 
reduced by microorganisms to meet their metabolic needs. (See 
the discussion of oxidation-reduction in Chapter 5, page 122.) 
Without biogeochemical cycles, life on Earth would cease to exist. 

The Carbon Cycle 
The primary biogeochemical cycle is the carbon cycle 
(Figure 27.3 ). All organisms, including plan ts, microbes, and 
animals, contain large amounts of carbon in the form of organic 
compounds such as cellulose, starches, fats, and proteins. Let's 
take a closer look at how these organic compounds are formed. 

Recall from Chapter 5 that autotrophs perform an essential 
role for all life on Earth by reducing carbon dioxide to form 
organic matter. When you look at a tree, you might think that its 
mass is from the soil where it grows. In fact, its great mass of cel-
lulose is derived from the 0.03% of carbon dioxide in the atmo-
sphere. This occurs as a result of photosynthesis, the first step of 
the carbon cycle in which photoautotrophs such as cyanobacte-
ria, green plants, algae, and green and purple sulfur bacteria fix 
(incorporate) carbon d ioxide into organic matter using energy 
from sunlight. 



Figure 27.2 Mycorrhizae and their 
considerable commercial value. 

Q Why are mycorrtlizae valuable for the 
uptake of phosphorus? 

Figure 27.3 The carbon cycle. On a global 
scale. the return of CO2 to the atmosphere by 
respiration closely balances its removal by fixation. 
However. the burning of wood and foss il fuels 
adds more CO2 to the atmosphere: as a resu lt. the 
amount of atmospheric CO2 is steadi ly increaSing. 

Q How does the accumulation of carbon 
dioxide in the atmosphere affect Earth's 
climate? 

(a) Infection by mycorrhizae strongly 
influences the growth of many plants. 
Shown is the relative growth of two pine 
seedlings: the seedling on the left was 
inoculated with mycorrtlizae; the seedling 
on the right was nol. 
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(b) Truffles. Of the three truffles shown, one has been 
sl iced to show the interior. 

CO2 in atmosphere '" • Fixation Burning 

Wood and 
fossil fuels 

respiration 

Daoomposition 

Soil and 
water microbes 

FOSSil 
fuels 

Animal 
respiration 

Plants. algae, 
cyanobacteria 

organisms Aquatic 
bacteria 

I-

• Respiration 

organislfls ., a.lS 
.... 'UCllng aquatic -

In the next step of the cycle, chemoheterotrophs such as ani-
mals and protozoa cat autotrophs and may in turn be eaten by 
other animals. Thus, as the organic compounds of the 
autotrophs arc digested and resynthesized, the carbon atoms of 
carbon dioxide are transferred from organism to organism up 
the food chain. 

immediately becomes available to start the cycle over again. 
Much of the carbon remains within the organisms until they 
excrete it as wastes or die. When plants and animals die, these 
organic compounds are decomposed by bacteria and fungi. 
During decomposition, the organ ic compounds are oxidized, 
and COl is returned to the cycle. 

Chemoheterotrophs, including animals, use some of the 
organic molecules to satisfy their energy requirements. When 
this energy is released through respiration, carbon dioxide 

Carbon is stored in rocks, such as limestone (CaC03), and is 
dissolved as carbonate ions (CO/-) in oceans. Vast deposits of 
fossil organic matter exist in the form of fossil fuels, such as coal 
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Fixation 

Nitrification 

Denitrification 
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Paracoccus 
denitrih'cans. 
and others) 

(N2) 
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Protein 
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(aerobic and 
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and fungi) 
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Beijerinckia. 

cyanobacteria. 
Clostridium 

/ 
Symbiotic 
Rhizobium. 

Bradyrhizobium 

Industrial 
fixation as 
fertilizer 

Figure 27.4 The nitrogen cycle. In genera l. nitrogen in the atmosphere goes through fixation, 
nitri fication, and denitrification. Nitrates assimilated into plants and animals after nitnficatlon go 
through decomposition. ammonification. and then nitrification again, 

Q Which processes are performed exclusively by bacteria? 

and petroleum. Burning these fossil fuels releases CO2, increas-
ing the amount of CO2 in the atmosphere. Many scientists 
believe the increased atmospheric carbon dioxide may be caus-
ing a global warming of the Earth. 

An interesting aspect of the ca rbon cycle is methane (CH4) 

gas. Sediments on the ocean floor contain an est imated \0 tr il-
lion tons of methane, about twice as much as the Ea rth's deposits 
of fossi l fuels such as coal and petroleum. Furthermore, 
methanogenic bacteria in the ocean's depths are consta ntly pro-
ducing more (see Seawater Microbiota on page 777). Metha ne is 
much more potent as a greenhouse gas than is carbon dioxide, 
and the Earth's environment would be dangerously altered if all 
this gas escaped to the atmosphere. 

CHECK YOUR UNOERSTANOING 

..r What biogeochemical cycle is much publicized as contributing 
to global warming? 27-4 

..r What is the main source of the carbon in the cellulose forming 
the mass of a forest? 27-5 

The Nitrogen Cycle 
The nitrogen cyde is shown in Figure 27.4. All organisms need 
nitrogen to synthesize protein, nucleic acids, and other nitrogen -
containing compounds. Molecular nitrogen (N2) makes up 
almost 80% of the Earth's atmosphere. For plants to assimilate 
and use nitrogen, it must be fixed, that is, taken up and combined 
into organ ic compounds. The activities of specific microorgan-
isms are important to the conversion of nitrogen to usable forms. 

Ammonification 
Almost all the nitrogen in the soil exists in organic molecules, pri-
marily in proteins. When an organism dies, the process of microbial 
decomposition resul ts in the hydrolytic breakdown of proteins into 



amino acids. In a process called deamination, the amino groups of 
amino acids are removed and converted into ammonia (NH3). This 
release of ammonia is called ammonification (see Figure 27.4). 
Ammonification, brought about by numerous bacteria and fungi, 
can be represented as follows: 

Proteins from 
dead cells and 
waste products 

Amino acids 

Microbial 
decomposition 

Microbial 
ammonification 

Amino acids 

Microbial growth releases extracellular proteolytic enzymes 
that decompose proteins. The resulting amino acids are trans-
ported into the microbial cells, where ammon ification occurs. 
The fate of the ammonia produced by ammonification depends 
on soil conditions (see the discussion of den itrification, wh ich 
follows). Because ammonia is a gas, it rapidly disappears from 
dry soil, but in moist soil it becomes solubil ized in water, and 
ammonium ions (NH4 +) are formed: 

Ammonium ions from this sequence of reactions are used by 
bacteria and plants for amino acid synthesis. 

Nitrification 
The next sequence of reactions in the nitrogen cycle involves the 
oxidation of the nitrogen in the ammonium ion to produce 
nitrate, a process called nitrification. Living in the soil are 
autotrophic nitrifying bacteria, such as those of the genera 
Nitrosomonas and Nitrobacter. These microbes obtain energy by 
oxidizing ammonia or nitri te. [n the firs t stage, Nitrosomonas 
oxidizes ammonium to nitrites: 

NH + , 
Ammonium ion 

Nilrosomonas 
NO -, 

Nitrite ion 

In the second stage, such organtsms as Nitrobacter oxidize 
nitrites to nitrates: 

NO -, 
Nitrite ion 

Nitrobllcter 
NO -; 

Nitrate ion 

Plants tend to use nitrate as their source of nitrogen for 
protein synthesis because nitrate is highly mobile in soil and is 
more likely to encounter a p lant root than ammonium. 
Ammonium ions would actually make a more efficient source of 
nitrogen because they require less energy to incorporate into 
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protein, but these positively charged ions are usually bound 10 

negatively charged clays in the soil, whereas the negatively 
charged nitrate ions are not bound. 

Denitrification 
The form of nitrogen resulting from nitrification is fully oxidized 
and no longer contains any biologically usable energy. However, it 
can be used as an electron acceptor by microbes metabolizing 
other organic energy sources in the absence of atmospheric 
oxygen (sec the discussion of anaerobic respiration in Chapter 5). 
This process, called denitrification, can lead to a loss of nitrogen 
to the atmosphere, especially as nitrogen gas. Denitrification can 
be represented as follows: 

NO -; 

Nitrate ion 

NO -, 
Nitrite ion 

N,o 
Nitrous 
oxide 

Nitrogen 
g" 

Denitrification occurs in waterlogged soils, where little 
oxygen is available. In the absence of oxygen as an electron 
acceptor, denitrifying bacteria substitute the nitrates of agricul-
tural fertilizer. This converts much of the valuable nitrate into 
gaseous nitrogen that enters the atmosphere and represents a 
considerable economic loss. 

Nitrogen Fixation 
We live at the bottom of an ocean of ni trogen gas. The air we 
breathe is about 79% nitrogen, and above every acre of soil (the 
area of an American footba ll field from the goal line to the 
opposite iO-yard line, or 50.6 X 80 meters) stands a column of 
nitrogen weighing about 32,000 tons. But the only creatures on 
Earth that can use it directly as a nitrogen source are a few 
species of bacteria, including cyanobacteria. The process by 
which they convert nitrogen gas to ammonia is known as 
nitrogen fixation. 

Bacteria that arc responsible for ni trogen fixation all rely 
on the same enzyme, nitrogenase. It is estimated tha t Earth's 
entire supply of this essen tial enzyme could fit into a sin-
gle la rge bucket. A cha racteristic of nitrogenase is that it is in-
activated by oxygen. Therefo re, it probably evolved early in 
the history of the planet, before the atmosphere contained 
much molecu lar oxygen and befo re nitrogen -containing 
compounds were available from decaying o rganic matter. 
Nitrogen fixation is brought about by two types of micro-
organisms: free-living and symbiotic. (Agricultural fert ilizers arc 
made up of nitrogen that has been fixed by industrial physical-
chemical processes.) 

Free-living Nitrogen-Fixing Bacteria Free-living nitrogen -
fixing bacteria arc found in particularly high concentrations in 
the rhizospllere, a region roughly 2 millimeters from the plant 
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root. The rhizosphere represents something of a nutrit ional 
oasis in the soil, especially in grassla nds. Among the free-living 
bacteria that can fix ni trogen are aerobic species such as 
Azotobacter. These aerobic organisms apparently shield the 
anaerobic nitrogenase enzyme from oxygen by, among other 
things, having a very high rate of oxygen use that minimizes the 
diffusion of oxygen into the interior of the cell, where the 
enzyme is located . 

Another free-living obligate aerobe that fixes nitrogen is 
Beijerinckia (bi-yc-rink'e-ii) . Some anaerobic bacteria, such as 
certain species of Clostridium, also fix nitrogen . The bacterium 
C. pastellrianum (pas-tycr-e-ii. ' num), an obligately anaerobic, 
nitrogen-fixi ng microorganism, is a prominent example. 

There are many species of aerobic, photosynthesizing 
cyanobacteria that fix nitrogen. Because their energy supply is 
independent of carbohydrates in soil or water, they are especially 
useful suppliers of nitrogen to the environment. Cyanobacteria 
usually carry their nitrogenase enzymes in specialized structures 
called heterocysts that provide anaerobic conditions for fixation 
(see Figure 11.l3a, page 314). 

Most of the free-living nitrogen -fixing bacteria are capable of 
fixing large amounts of nitrogen under laboratory conditions. 
However, in the soil there is usually a shortage of usable carbo-
hydrates to su pply the energy needed to reduce nitrogen to 
ammonia, which is then incorporated into protein. Nevertheless, 
these nitrogen-fixing bacteria make important contributions to 
the nitrogen economy of such areas as grasslands, forests, and the 
arctic tundra. 

Symbiotic Nitrogen-Fixing Bacteria Symbiotic nitrogen-fixing 
bacteria play an even more important role in plant growth for 
crop production . Members of the genera Rilizobium, 
Bradyrhizobium, and others infect the roots of leguminous 
plants, such as soybeans, beans, peas, peanuts, alfalfa, and clover. 
(These agriculturally important plants are only a few of the 
thousands of known leguminous species, many of which are 
bushy plants o r small trees found in poor soils in many parts of 
the world.) Rhizobia, as these bacteria are commonly known, are 
specially adapted to particular leguminous plant species, on 
which they form root nodules (Figure 27.5). Nitrogen is then 
fixed by a symbiotic process of the plant and the bacteria. The 
plant furnishes anaerobic conditions and growth nutrients for the 
bacteria, and the bacteria fix nitrogen that can be incorporated 
into plant protein. 

There are similar examples of symbiot ic nitrogen fixation in 
nonleguminous plants, such as alder trees. These trees are 
among the first to appear in forests after fires or glaciation. 
The alder tree is symbiotically infected with an actino-
mycete (Frankia ) and forms ni trogen-fixing root nodules. 
The growth of 1 acre of alder trees can fix abou t 50 kg of nitro-
gen each year; the trees thus make a valuable addition to the 
fores t economy. 

A Another important contribution to the nitrogen 
economy of forests is made by lichens, which are 

a combination of fungus and an alga or a cyanobacterium in a 
mutualistic relationship (see Figure 12.9, page 340) . When one 
symbiont is a nitrogen -fixing cyanobacterium, the product is 
fixed nitrogen that eventually enriches the forest soil. Free-living 
cyanobacteria can fix significant amounts of nitrogen in desert 
soils after rains and on the surface of arctic tundra soils. Rice 
paddies can accumulate heavy growths of such nitrogen -fixing 
organisms. The cyanobacteria also form a symbiosis with a 
small floating fern, Azolla, which grows thickly in rice paddy 
waters (Figure 27.6) . So much nitrogen is fixed by these 
microbes that other nitrogenous fertilizers are often unneces-
sary for rice cult ivat ion . 

CHECK YOUR UNOERSTANOING 

..r What is the common name for the group of microbes that oxi-
dize soil nitrogen into a form that is mobile in soil and likely to 
be used for nutrition by plants? 27-6 

..r Bacteria of the genus Pseudomonas, in the absence of oxygen, 
will use fully oxidized nitrogen as an electron acceptor. a 
process in the nitrogen cycle that is given what name? 27-7 

The Sulfur Cycle 
The sulfur cycle (Figure 27.7) and nitrogen cycle resemble 
each o ther in the sense that they represent numerous oxidation 
states of these elements. The most reduced forms of su lfur 
are the sulfides, such as the odorous gas hydrogen sulfide 
(H2S). Like the ammonium ion of the nitrogen cycle, this is 
a reduced compound that generally fo rms under anaerobic 
conditions. In turn it rep resents a source of energy for 
autotrophic bacteria. These bacteria convert the reduced su lfur 
in H2S into elemental sulfur granules and fully oxidized sulfates 
(504

2- ). 
Frequently, elemental sulfur is released from decaying 

microbes. Elemental sulfur is essentially insoluble in temperate 
waters, and microbes have difficulty absorbing it. This is proba-
bly the origin of huge, prehistoric underground accumulations 
of sulfur. 

Several phototrophic bacteria, such as the green and purple 
sulfur bacteria, also oxidize H2S, forming colorful internal sulfur 
granules (see Figure 11.14, page 315). Like Beggiatoa, they can 
further oxidize the sulfur to sulfate ions. It is important to recog-
nize that these organisms are using light fo r energy; the hydrogen 
sulfide is used to reduce CO2 (see Chapter 5, page 140). 

Hydrogen sulfide can be used as an energy source by 
Thiobacillus to produce sulfate ions and sulfu ric acid. 
TiliobacillrlS can grow well at a pH as low as 2 and has practical 
uses in mining (see Figure 28.14, page 807). Plants and bacteria 
incorporate sulfates to become part of sulfur-containing amino 
acids for humans and other animals. There, they form disulfide 
links that give structure to proteins. As proteins are decomposed, 



o Enlarged rool cells 
fonn a nodule. 

v 

• Bacteria change into 
bacleroids; packed rool 
ce lls enlarge. 

Pea plant 

CHAPTER 27 Environmental Microbiology 773 

Infection 

e 

o Rhizobia attach 
to root hair. 

An infection thread is formed, 
through which bacteria enter 
root cells. 

Figure 27.5 The fonnation of a root nodule. Members of the nitrogen-fix ing genera 
Rhizobium and Bradyrhizobium form these nodules on legumes. This mutualistic association is 
beneficial to both the plant and the bacteria. 

Q In nature, are leguminous plants mosllikely to be valuable in rich agricultural soils or poor 
desert soils? 

in a process called dissimilation, the sulfur is released as hydro-
gen sulfide to reenter the cycle. 

life without Sunshine 
Interestingly, it is possible fo r ent ire biological commUnltles 
to exist without photosynthesis by exploiting the energy in 
H2S. Chapter II (page 315), presents equations to show that 
photosynthesis and chemoau totrophic use of H2S are similar 
in certain respects. Such co mmunities occur, fo r exam ple, 
around deep-sea ven ts. Deep caves, totally isolated from 
sunlight, have been discovered that also support entire 

biological commUnl tles. The primary producers in these 
systems are chemoautotrophic bacteria rather than photoau-
totrophic plants or microbes. 

Recently another microbial ecosystem operating far from 
sunlight has been d iscovered over 1 km deep within rocks, includ-
ing shales, gran ites, and basalts. Such bacteria are called endoliths 
(inside rocks), which must grow in the near absence of oxygen 
and with minimal nutrient supplies. Also, in these rocks, chemi-
cal reactions and radioactivity split H20, producing hydrogen, 
which can be used fo r energy by autotrophic endolithic bacteria. 
Carbon dioxide dissolved in the water serves as a carbon source, 
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Figure 27.6 The Azolla-cyanobacteria symbiosis. A section 
through the leaf of an !\Zolla freshwater fern. The cyanobacteria Anabaena 
azollae IS visible as chams of cells withm the leaf cavity. 

Q What is the major contribution of cyanobacteria as symbionts? 

and cellular organic matter is produced. Some is excreted, or is 
released upon the death and lysis of the microbe, and becomes 
available for the growth of other microbes. Nutrient inputs, espe-
cially of nitrogen, are very small in this environment, and gener-
ation ti mes may be measured in many years. Various survival 
strategies have developed for life with minimal nutri tion. For 
example, suspended in a state between life and death, certain of 
these organisms become dramatically smaller. Ecologists specu-
lating on forms of life that might be found in the harsh environ-
ment of Mars are very interested in endoliths. 
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The Phosphorus Cycle 
Another important nutritional clement that is part of a biogeo-
chemical cycle is phosphorus. The availability of phosphorus 
may determine whether plants and o ther organisms can grow in 
an area. The problems associated with excess phosphorus 
(eutrophication) are described later in the chapter. 

Phosphorus exists primarily as phosphate ions (P04
3-) and 

undergoes very little change in its oxidation state. The 
phosphorus cycle instead involves changes from soluble to 
insoluble forms and from organic to inorganic phosphate, 
often in relation to pH. For example, phosphate in rocks can 
be solubi lized by the acid produced by bacleria such 
as TIIiobacillus. Unlike the other cycles, there is no volatile 
phosphorus-containing product to return phosphorus 10 the 
atmosphere in the way carbon dioxide, nitrogen gas, and 
sulfur dioxide are returned. Therefore, phosphorus tends to 
accumulate in the seas. It can be retrieved by mining the 
above-ground sediments of ancient seas, mostly as deposits of 
calcium phosphate. Seabirds also mine phosphorus from the 
sea by eati ng phosphorus-containing fish and depositing it as 
guano (bi rd droppings). Certain small islands inhabited by 
such birds have long been mined for these deposits as a source 
of phosphorus for fertilizers. 

CHECK YOUR UNDERSTANDING 

"" Certain nonphotosynthetic bacteria accumulated granules of 
sulfur within the cell; were the bacteria using hydrogen sulfide 
or sulfates as an energy source? 27-8 

"" What chemical usually serves as an energy source for organisms 
that survive in darkness? 27-9 

"" Why does phosphorus tend to accumulate in the seas? 27-10 
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Figure 27.7 The sulfur cycle. 
Reduced forms of sulfur such 
as H2S and elemental sulfur (S,,) are 
energy sources for some microbes 
under aerobic or anaerobic conditions . 
Under anaerobic conditions, HzS can 
be used as a substitute for H20 in 
photosynthesis by purple and green 
bacteria (see page 777) to produce 
So. Oxidized forms of sulfur, such as 
sulfates (SO.2- ), are used as electron 
acceptors. as a substitute for oxygen. 
under anaerobic conditions by certain 
bacteria. Many organisms assimilate 
sulfates to make the SH groups of 
proteins. 

Q Why is a source of sulfur 
necessary for all organisms? 



Figure 27.8 2,4-0 (black) and 2,. ,5-T 
(red). This graph shows the structures and rates 
of microbial decomposlllOn of the herbiCides 
2.4-0 (black) and 2.4.5-T (red). I -
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The Degradation of Synthetic Chemicals 
in Soil and Water 
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We seem to take for granted that soil microorganisms will 
degrade materials en teri ng the soil. Natural organic matter, such 
as falli ng leaves or an imal residues, are in fact readily degraded. 
However, in this industrial age many chemicals that do not occur 
in nature (xenobio lics), such as plastics, enter the soil in large 
amounts. In fact, plastics comprise about a fourth of all munici-
pal wastes. A proposed solution to the problem is to develop 
biodegradable plastics made from polylactide (PLA) produced 
by lactic acid fermentation. When composted (see Figure 27.10 
on page 777), a plast ic cu p, for example, made of PLA degrades 
in a few weeks. The barriers are economic, not technological. 
Many synt hetic chemicals, such as pesticides, are highly resistan t 
to degradation by microbial attack. A well-known example is the 
insecticide DDT, which proved so resis tant that it accumu lated to 
damaging levels in the env ironment. 

Some synthetic chemicals are made up of bonds and subunits 
that are subject to attack by bacterial enzymes. Small differences 
in chemical structure can make large differences in biodegrad-
abilit y. The classic example is that of two herbicides: 2,4-0 (the 
common chemical used to kill lawn weeds) and 2,4,5-T (used to 
kill shrubs); both were components of Agent Orange, which was 
used to defoliate ju ngles during the Vietnam war. The addition of 
a single chlorine atom to the st ructu re of 2,4-0 extends its life in 
soil from a fe,v days to an indefin ite period (Figure 27.S). 

A growi ng problem is the leaching into groundwaters 
of toxic materials that are not biodegradable or that degrade 
very slowly. The sources of these materials may include landfills, 
illegal industrial dumps, or pest icides applied to agricultural 
crops. 
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Bioremediation 
The use of microbes to detoxify or degrade pollutan ts is called 
bioremedialon. Oil spills from wrecked tankers represent some 
of the most dramatic examples of chem ical pollution. The 
economic losses from contaminated fisheries and beaches can 
be enormous, To some degree, bioremediation occurs naturally 
as microbes attack the petroleum if conditions are aerobic. 
However, microbes usually obtain their nutrients in aqueous 
solution, and oil-based products are relatively nonsoluble. Also, 
petroleum hydrocarbons arc deficien t in essent ial elements, 
such as n itrogen and phosphorus. Bioremediation of oil spills is 
greatly enhanced if the resident bacteria are provided with 
"fe rtilizer" con taining nitrogen and phosphorus (Figure 27.9 ). 
Bioremediaton may also make use of microbes tha t have been 
selected for growt h on a certain pollutant o r of genetically mod-
ified bacteria that are specially ada pted to metabolize petroleum 
products. The addi ti on of such specialized m icrobes is called 
bioaugmentalion (see the box in Chapter 2, page 33). 

Solid Municipal Waste 
Solid municipal waste (garbage) is most frequen tly placed into 
large compacted landfills, Conditions are largely anaerobic, and 
even presumably biodegradable materials such as paper are not 
very effectively attacked by microorganisms. In fact, recovering a 
20-year-old newspaper in readable condition is not at all unusu-
al. But such anaerobic conditions do promote the activity of the 
same methanogens used in the operation of anaerobic sludge 
digesters to treat sewage (see page 786). The methane they 
produce can be tapped with drill holes and burned to generate 
electricity or purified and in troduced into natural gas pipeline 
systems (see Figure 28,15, page 807). Such systems arc part of the 
design of many large landfills in the United States, some of which 
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Figure 27.9 Bioremediation at an oil spill in Alaska. The portion 
of beach on the left is uncleaned, the beach on the right has been treated 
with applications of carbon-free nutrients (fertilizer). However, below the 
surface layers, where conditions are anaerobic, oil often remains for much 
longer periods. 

Q Does the chemical fonnula of most petroleum products contain 
nitrogen, or phosphorus? {Hint: See the box on page 33 in 
Chapter 2.) 

provide energy for industrial plants and homes. On a smaller 
scale, studies in India have shown that methane produced from 
the waste of three cows is enough to supply a fami ly with 
cooking gas. 

The amount of o rganic matter entering landfills can be con-
siderably reduced if it is first separated from material that is not 
biodegradable and composted. Composting is a p rocess 
gardeners usc 10 convert plant remains into the equivalent of 
natural humus (Figure 27.10) . A pile of leaves o r grass clippings 
will undergo microbial degradation. Under favorable cond i-
tions, thermophilic bacteria will raise the temperature of the 
compost to 55-60°C in a couple of days. After the temperature 
declines, the pile can be turned to renew the oxygen supply, 
and a second temperature rise will occur. Over time, the ther-
mophil ic microbial populations are replaced by mesophilic 
populations that slowly con tinue the conversion 10 a stable 
material similar to humus. Where space is available, municipal 
wastes arc composted in windrows (iong, low piles) that 
are distributed and periodically turned over by specialized 
machinery. Municipal waste disposal now also makes increas-
ing use of composting methods. 

CHECK YOUR UNDERSTANDING 

..r Why are petroleum products naturally resistant to metabolism by 
most bacteria? 27-11 

..r What is the definition of the term bioremediation? 27-12 

Aquatic Microbiology 
and Sewage Treatment 
LEARNING OBJECTIVES 
27-13 Describe the freshwater and seawater habit3ts of microorganisms. 
27-14 Explain how wastewater pol lution is a public health problem and 

an ecological problem. 
27-15 Discuss the causes and effects of eutrophication_ 
27-16 Explain how water is tested for bacteriological purity_ 
27-17 Describe how pathogens are removed from drinking water_ 
27-18 Compare primary, secondary. and tertiary sewage treatment 
27-19 Ust some of the biochemical activities that t3ke place in an anaerobic 

sludge digester. 
27-20 Define biochemical oxygen demand (BOD). activated sludge 

system. trickling filler. septic tank. and oxidation pond. 

Aquatic microbiology refers to the study of microorganisms 
and their activities in natural waters, such as lakes, ponds, 
streams, rivers, estuaries, and oceans. Domestic and industrial 
wastewater enters lakes and streams, and its degradation and 
effects on the microbial life are important factors in aquatic 
microbiology. We will also see that the method of treating 
wastewater by municipalities mimics a natural filtering process. 

Aquatic Microorganisms 
Large numbers of microorganisms in a body of water generally 
indicate high nutrient levels in the water. Water contaminated by 
inflows from sewage systems or from biodegradable industrial 
organic wastes is relatively high in bacterial numbers. Similarly, 
ocean estuaries (fed by rivers) have higher nutrient levels and 
therefore larger microbial populations than other shoreline 
waters. 

In water, particularly water with low nutrient concentrations, 
microorganisms tend to grow on stationary surfaces and on par-
ticulate matter. In this way, a microorganism has contact with 
more nutrients than if it were randomly suspended and floating 
freely with the current. Many bacteria whose main habitat is 
water often have appendages and holdfasts that attach to various 
surfaces. One example is Caulobacter (see Figure 11.2, page 304). 

Freshwate ... Microbiota 
A typical lake or pond serves as an example to represent the var-
ious zones and the kinds of microbiota found in a body of fresh 
water. The littoral zone along the shore has considerable 
ed vegetation, and light penetrates throughout it. The limnetk 
zone consists of the surface of the open water area away from 
the shore. The profundal zone is the deeper water under the 
lim netic zone. The benthic zone con tains the sediment at the 
bottom . 

Microbial populations of fres hwater bodies tend to be 
affected mainly by the availability of oxygen and light. In many 



(a) Solid municipal wastes being tumed by a specially designed 
machine 

Figure 27.10 Compo sting municipal wastes. 
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(b) Compost made from municipal wastes awaiting trucks to 
spread it on agricultural fields 

Q A compost pile of grass and leaves is very high in carbon; does it have much nitrogen? 

ways, light is the more important resource because photosyn-
thetic algae are the main source of organic matter, and hence of 
energy, for the lake. These o rganisms are the primary produc-
ers of a lake that supports a populatio n of bacteria, protozoa, 
fis h, and other aquatic life. Photosynthetic algae are located in 
the lim netic zone. 

Areas of the lim netic zone with sufficient oxygen contain 
pseudomonads and species of Cytophaga, Caulobacter, and 
Hypholllicrobium. Oxygen does not diffuse into water very well, 
as any aquarium owner knows. Microorgan isms growing o n 
nutrients in stagnant water quickly use up the dissolved oxygen 
in the water. In the oxygenless water, fish die, and anaerobic 
activity produces odors. Wave action in shallow layers, or water 
movement in rivers, tends to increase the amount of oxygen 
throughout the water and aid in the growth of aerobic popu la-
tions of bacteria . Movement thus improves the quality o f water 
and aids in the degradation of polluting nutrients. 

Deeper waters of the profundal and benthic zones have low 
oxygen concentrations and less llght. Algal growth near the sur-
face often filters the light, and it is not unusual for photosynthet-
ic microbes in deeper zones to use different wavelengths of light 
from those used by surface-layer photosynthesizers (see Figure 
12.IOa, page 341). 

Purple and green sulfur bacteria are found in the profundal 
zone. These bacteria are anaerobic photosynthetic organisms 
that metabollze H2S to sulfur and sulfate in the bottom sedi-
ments of the benthic zone. 

The sediment in the benthic zone includes bacteria such as 
Desulfovibrio that usc sulfate (SO/-) as an electron acceptor and 
reduce it to H2S. Methane-producing bacteria are also part of 
these anaerobic benthic populations. In swamps, marshes, or 
bottom sediments, they produce methane gas. Clostridium 

speCies are common in bottom sediments and may include 
botulism organisms, particularly those causing outbreaks of 
botulism in waterfowl. 

Seawater Microbiota 
As knowledge of the microbial life of the oceans expands, largely 
identified by ribosomal RNA methods (see the discussion of FISH 
on page 292 in Chapter 10), biologists are becoming more 
conscious of the importance of oceanic microbes. One conclu-
sion, so far, has been that nearly a third of all life on the planet 
consists of microbes that live, not in ocean waters, but under the 
seafloor. These microbes make immense amounts of methane gas 
that could be environmentally damaging if it were to be released 
into the atmosphere. 

In the upper, relatively sunlit waters of the ocean, photosynthet-
ic cyanobacteria of the genera SYIICc/WCOCCliS (sin' e-ko-kok-kus) and 
Prochlorococcus (pro-k16r'o-kok-kus) are abundant. Populations of 
different strains vary at differe nt depths according to their adapta-
tions to available sunlight. A drop of seawater might contain 20,000 
cells of Prochlorococcus, a tiny sphere less than 0.7 flm in diameter. 
This unseen population of microscopic organisms fills the upper 
100 meters of ocean and exerts a profound influence on life on 
Earth. The support of oceanic life depends largely on such photo-
synthetic microscopic life, the marine phytoplankton (a term 
derived from the Greek for wandering plants) . 

Photosynthetic bacteria such as these form the basis of the 
oceanic food chain. Billions of these in every liter of seawater dou-
ble in number every few days and are consumed at about the same 
rate by microscopic predators. They fix carbon dioxide to form 
organic matter that is eventually released as dissolved organic 
matter and is used by the ocean's heterotrophic bacteria. A 
cyano bacterium, Triclwdesmillm (t rik'o -des-mc-um), fixes 
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Figure 27." Bioluminescent bacteria as light organs in 
fish. This is a deep-sea flashlight fish (Pholoblepharon palpebratus). The 
luminous organ under the eye can be covered by a tissue lid. 

Q What enzyme is responsible for bioluminescence? 

nitrogen and helps replenish the nitrogen that is lost as organisms 
sink to oceanic depths. Immense populations of another bacteri -
um, Pelagibacter ubique, metabolize the waste products of these 
photosynthetic populations (see the discussion under Microbial 
Diversity on page 325). Bacteria of many kinds then serve as a 
particulate food source for a series of increasingly larger 
consumers. These are first the protozoa, which are in turn prey 
for multicellular zooplankton (planktonic an imal life such as 
shrim plike krill ). These zooplankton are eventually prey for fish . 
Much of the carbon dioxide and mineral nutrients released by 
the metabolic activity of bacteria, protozoa, and zooplankton is 
recycled into the photosynthetic phytoplankton . 

[n waters below about 100 meters, members of the Archaea 
begin to dominate microbial life. Plan ktonic members of this 
group of the genus Crenarchaeota (kren -a rk-e' o-ta) account for 
much of the microbial biomass of the oceans. These organisms 
are well adapted to the cool temperatures and low oxygen levels 
of oceanic depths. Their carbon is primarily derived from dis-
solved CO2, 

Microbial bioluminescence. or light emission, is an interest-
ing aspect of deep-sea life. Many bacteria are luminescent. and 
some have establ ished symbiotic relationships with benthic-
dwell ing fish. These fis h sometimes use the glow of their resident 
bacteria as an aid in attracting and capturing prey in the com-
plete darkness of the ocean depths (Figure 27.11 ). These biolu -
minescent organisms have an enzyme called luciferase that picks 
up electrons from flavoproteins in the electron transport chain 
and then emits some of the electron's energy as a photon of light 
(see the box on page 780). 

CHECK YOUR UNDERSTANDING 

,.f Purple and green sulfur bacteria are photosynthetic organisms, 
but they are generally found deep in freshwater rather than at 
the surface. Why? 27-13 

The Role of Microorganisms in Water Quality 
Water in nature is seldom totally pure. Even rainfall is contami-
nated as it falls to Earth. 

Water Pollution 
The form of water pollution that is our primary interest is micro-
bial pollution, especially by pathogenic organisms. 

The Transmission of Infectious Diseases Water that moves 
below the ground's surface undergoes a fi ltering that removes 
most microorganisms. For this reason, water from springs and 
deep wells is generally of good quality. The most dangerous form 
of water pollution occurs when feces enter the water supply. 
Many d iseases are perpetuated by the feca l- oral rou te of trans-
mission, in which a pathogen is shed in human or animal feces, 
contaminates water, and is ingested (see Chapter 25). The 
Centers for Disease Control and Prevention (CDC) estimates 
that in the United States 900,000 people become ill each year 
from waterborne infections. Globally, it is estimated that water-
borne diseases are responsible for over 2 million deaths each 
year, mostly among children under the age of 5. This is the equiv-
alent of 20 jumbo jets crashing every day and represents about 
15% of all child deaths in this age group. 

Examples of such diseases are typhoid fever and cholera, 
caused by bacteria that are shed only in human feces. About 100 
years ago, the Journal of the American Medical Association reported 
that the typhoid fever mortality rate in Chicago had declined 
from 159.7 per 100,000 people in 1891 to 31.4 per 100,000 in 
1894. This advance in public health had been accomplished by 
extending the city water supply intake pipes in Lake Michigan to 
a distance of 4 miles from shore. The medical journal commented 
that this diluted the sewage contaminating the water supply, 
which at that time was not treated fur ther. This same article 
speculated on the need to remove microorganisms that caused 
specific diseases. They suggested the use o f sand filter beds, already 
widely used in Europe at the time. Sand filtration mimics the 
natural purificat ion of spring water. Figure 27.12 illustrates 
the effect of the introduction of such filtration of water supplies on 
the incidence of typhoid fever in Philadelphia. 

Chemical Pollution Preventing chemical contamination of 
water is a difficult problem. Industrial and agricultural chemicals 
leached from the land enter water in great amounts and in forms 
that are resistant to biodegradat ion. Rural waters often have 
excessive amounts of nitrate from agricultural fertilize rs. When 
ingested, the nitrate is converted to nitrite by bacteria in the gas-
trointestinal tract. Nitrite competes for oxygen in the blood and 
is especially likely to harm infants. 

A striking example of industrial waler pollution involved 
mercury in wastewater from paper manufacturing. The metallic 
mercury was allowed to flow inlo waterways as waste. It was 
assumed that the mercury was inert and would remain segregated 



700 

'" 0 600 .-u. 
- ::I 500 

?;'o 400 _. 
0·. ... 0 300 •• 
§ 8. 200 
z 

'00 

Filtration of 
drinking water 

Chlorination of 
drinking water started 

Human carriers 

::::::::'920 
Year 

Figure 27.12 The incidence of typhoid fever in Philadelphia, 
1890-1935. This graph clearly shows the effect of water treatments on 
incidence of typhoid. 
Source: E. Steel. iMller Suppf; and Sewerage, New York: McGraw-Hili , 1953. 

Q Why did the incidence 01 typhoid feller decrease? 

in the sediments. However, bacteria in the sediments converted 
the mercury into a soluble chemical compound, methyl mercury, 
which was then taken up by fish and invertebrates in the waters. 
When such seafood is a substantial part of the human diet, 
the mercury concentrations can accumulate with devastating 
effects on the nervous system. The U.S. Food and Drug 
Administration (FDA) advises that pregnant or nursing women 
not eat certain fish, including swordfish and shark, that are likely 
to contain high levels of mercury. Bioremediation efforts using 
bacteria to detoxify mercury in one wildlife refuge are discussed in 
the box in Chapter 2 (page 33) . 

Another example of chemical pollution is the synthetic 
detergents developed immediately after World War II. These rap-
idly replaced many of the soaps then in use. Because these new 
detergents were not biodegradable, they rapidly accumulated in 
the waterways. In some rivers, large rafts of detergent suds could 
be seen traveling downstream . These detergents were replaced by 
biodegradable synthetic formulations. 

Biogradable detergents, however, still present a major envi-
ronmental problem because they often contain phosphates. 
Unfortunately, phosphates pass almost unchanged through 
sewage systems and can lead to eutrophication, wh ich is caused 
by an overabundance o f nutrients in lakes and streams. 

To understand the concept of eutrophication, recall that algae 
and cyanobacteria get their energy from su nlight and their carbon 
from carbon dioxide dissolved in water. In most waters, only 
nitrogen and phosphorus supplies, therefore, remain inadequate 
for algal growth. Both of these nutrients can enter water from 
domestic, farm, and industrial wastes when waste treatment is 
absent or inefficient. These additional nutrients cause dense 
aquatic growths called algal blooms. Because many cyanobacte-
ria can fix nitrogen from the atmosphere, these photosynthesizing 
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Figure 27.13 A red tide. These blooms of aquatic growth are caused 
by excess nutrients in water. The color is from the pigmentation of the 
dinoflagellates. 

Q What is the primary energy source of the dinoflagellates that 
cause such aquatic blooms? 

organisms require only traces of phosphorus to initiate blooms. 
Once eutrophication results in blooms of algae or cyanobacteria, 
the eventual effect is the same as add ing biodegradable organic 
matter. In the short run, these algae and cyanobacteria produce 
oxygen. However, they eventually die and are degraded by bacte-
ria. During the degradation process, the oxygen in the water is 
used up, kill ing the fish. Undegraded remnants of organic matter 
settle to the bottom and hasten the filling of the lake. 

Red tides of toxin-producing phytoplankton (Figure 27.13 ), 
which were mentioned in Chapter J 2, are probably caused by 
excessive nutrients from oceanic upwellings or terrestrial wastes. 
In addition to eutrophication effects, this type of biological 
bloom can affect human health. Seafood, especially clams or sim-
ilar mollusks, that ingest these plankton become toxic to 
humans. 

Municipal waste containing detergents is likely to be the main 
source of phosphates in lakes and streams. As a result, phos-
phate-containing detergents and lawn fertilizers are banned in 
many places. 

Coal-mining wastes, particularly in the eastern United States, 
are very high in sulfur content, mostly from pyrite (FeS2)' In the 
process of obtaining energy from the oxidation of the ferrous ion 
(FeH ), bacteria such as 1"liiobacil/us jerrooxidalls convert the FeS2 
into sulfate. The sulfate enters streams as sul furic acid, which low-
ers the pH of the water and damages aquatic life. The low pH also 
promotes the formation of insoluble iron hydroxides, which form 
the yellow precipitates often seen clouding such polluted waters. 

Water Purity Tests 
Historically, most of our concern about water purity has been 
related to the transmission of disease. Therefore, tests have been 
developed to determine the safety of water; many of these tests 
are also applicable to foods. 



Biosensors: Bacteria That Detect Pollutants 
and Pathogens 
Each year in the United States, indus-
trial plants generate 265 million metric 
tons of hazardous waste. 8()IIob of which make 
their way into landfills. Burying these chemi-
cals does not remove them from the ecosys-
tem, hawever, it just moves them to other 
places, where they may still find theif way 
into bodies of water, Traditional chemical 
analyses to locate these chemicals are 
expensive and cannot distinguish chemicals 
that affect biological systems from those that 
lie inert in the environment. 

In response to this problem, scientists 
are developing biosensors, bacteria that 
can locate biologically active pollutants. 
8iosensors do nOI require costly chemicals 
or equipment, and they work quickly-within 
minutes. 

To work, bacterial biosensors require 
both a receptor thai is activated in the 
presence of pollutants and a reporter that 
will make such a change apparent 
Biosensors use the lux operon from Vibrio 
or Photobacterium as a reporter. This operon 
contains inducer and structural genes for 
the enzyme luciferase. In the presence of 
a coenzyme called FMNH2• luciferase reacts 
with the molecule in such a way that the 
enzyme-substrate complex emits blue-green 
light. which then oxidizes the FMNH2 to 
produce FMN. Therefore. a bacterium 
containing the lux operon will emit visible 
light when the receptor is activated (see the 
photographs). 

The lux operon is readily transferred 
to many bacteria. Scientists in several 
countries are investigating the use of 
E coli containing the lux operon to detect 
hazardous chemicals in soil and water. 
The soil or water sample is placed in a tube 
containing the genetically modified E. coli 
bacteria. The bacteria will emit light as long 
as they are healthy but will stop emitting 
light if they have been killed by toxic 
pollutants. 

In another application. Lactococcus 
bacteria containing the lux operon are 
being used to detect the presence of 
antibiotics in milk that is to be used for 
cheese production. Because the emission 
of light requires a living cell. the presence 
of antibiotics is measured as a decrease in 
light output by the recombinant Lactococcus 
bacteria. 

Other biosensors use recombinant 
microbes carrying a Jellyfish gene for green 
fluorescent protein (GFp) and genes that 
are induced by pollutants or antibiotics. 
For example. yeast containing genes 
encoding mammalian odor receptors and 
GFP will fluoresce in the presence of TNT. 
After pollutants are detected. bioreme-
diation processes are still required 
to remove them. 
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It is not pract ical , however, to look only for pathogens in 
water supplies. For on e thing, if we were to find the pathogens 
causing t yphoid or cholera in the water system, the discover y 
would already be too late to prevent an outbreak of the d isease. 
78. 

M oreover, such pathogens would probably be present only in 
sm all numbers and might not be included in tested samples. 

The tests for water purity in use today are aim ed instead 
at detecting p::lrticul ar ind icator organi sms. Th ere are several 



criteria for an indicator organism. The most important criterion 
is that the microbe be consistently present in human feces in sub-
stantial numbers so that its detection is a good indication that 
human wastes arc entering the water. The indicator organisms 
should also survive in the water at least as well as the pathogens 
would . The indicator organisms must be detectable by simple 
tests that can be carried out by people with relatively little train-
ing in microbiology. 

In the United States, the usual indicator organisms in fres h-
water arc the coliform bacteria.' Coliforms are defined as aerobic 
or facu ltatively anaerobic, gram-negative, no n-cndospore-form-
ing, rod-shaped bacteria that ferment lactose to form gas within 
48 hours o f being placed in lactose broth at 35°C. Because some 
coliforms are not solely enteric bacteria but are more commonly 
found in plan t and soil samples, many standards for food and 
water specify the identificat ion of fecal coliforms. The predomi-
nant fecal coliform is E. coli, which constitutes a large proportion 
of the human intestinal population. There are specialized tests to 
distinguish feca l coliforms from nonfecal coliforms. Note that 
coliforms arc not themselves pathogenic under normal condi -
tions, altho ugh certain strains can cause dia rrhea (sec Chapter 
25, page 717) and opportunistic urinary tract infections (see 
Chapter 26, page 746). 

The methods for determining the presence o f coliforms in 
water are based largely on the lactose-fermenting ability of 
coliform bacteria. The multiple-tube method can be used to esti-
mate coliform numbers by the most probable number (M PN) 
method (see Figure 6.19, page 177). The membrane filtra tion 
method is a more direct method of determining the presence and 
numbers of coliforms. This is possibly the most widely used 
method in North America and Europe. It makes use of a filtra tion 
apparatus similar to that shown in Figure 7.4 (page 191). In this 
application, though, the bacteria collected on the surface of a 
removable membrane filter are placed on an appropriate medium 
and incubated. Coliform colonies have a distinctive appearance 
and are counted. This method is suitable for low-turbidity waters 
that do not clog the filter and have relatively few noncoliform 
bacteria that would mask the results. 

A newer and more convenient method of detecting coliforms, 
specifically the fecal coliform E. coli, makes usc of media containing 
the two substrates o-nitrophenyl-p-D-galactopyranoside (ONPG ) 
and 4-methylumbelliferyl-p-o-glucuron ide (MUG ). Coliforms 
produce the enzyme p-galactosidase, which acts on ONPG and 
forms a yellow color, indicating their presence in the sample. E. coli 
is unique among coliforms in almost always producing the enzyme 
p-glucuronidase, which acts on MUG to fo rm a fluorescent 

'The u.s. Environmental Protection Agency (EPA) recommends the use of 
Enterococcus bacteria as a safety indicator for waters in oe<>ans and bays. Populat ions 
of the enterococci decrease more uniformly than coliforms in both freshwater and 
seawater. 
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Figure 27.14 The ONPG and MUG colifonn test. A yel low color 
(positive ONPG) mdicates the presence of coliforms. Blue fluorescence 
(positive MUG) indicates the presence of the fecal col ifo rm E. coli. The 
clear medium mdicates an uncontaminated sample. 

Q What causes the formation of the fluorescent compound in a 
positive MUG test? 

compound that glows blue when illuminated by long-wave UV 
light (Figure 27.14). These simple tests, or variants of them, can 
detect the presence or absence of coliforms or E. coli and can be 
combined with the multiple-tube method to enumerate them. It 
can also be applied to solid media, such as in the membrane filtra -
tion method. The colonies fluoresce under UV light. 

Coliforms have been very useful as indicator organisms in water 
sanitation, but they have limitations. One problem is the growth of 
coliform bacteria embedded in biofilms on the inner surfaces of 
water pipes. These coliforms do not, then, represent external fecal 
contamination of the water, and they arc not considered a threat to 
public health. Standards governing the presence of coliforms in 
drinking water require that any positive water sample be reported, 
and occasionally these indigenous coliforms have been detected. 
This has led to unnecessary community orders to boil water. 

A more serious problem is that some pathogens, especially 
viruses and protozoan cysts and oocysts, are more resistant than 
coliforms to chemical disinfection. Through the use of sophist i-
cated methods of detecting viruses, it has been found that 
chemically disinfected water samples that are free of coliforms 
arc often still contaminated with enteric viruses. The cysts of 
Giardia lamblia and oocysts of Cryptosporidill1n are so resistant 
to chlorination that completely elimi nating them by th is 
method is probably im practical; mechanical methods such as 
filtration are necessary. A general rule for chlorination is that 
viruses are more resistant to treatment than is E. coli and that 
the cysts o f Cryptosporidium and Giardia are 100 times more 
resistant than viruses. 
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Figure 27.15 The steps involved in water treatment in a typical municipal water 
purification plant. 

Q Does removal 0' "colloidal by fl.occulation involve living organisms? 

CHECK YOUR UNOERSTANDING 

./ \Nhich disease is more likely to be transmitted by polluted water. 
cholera or influenza? 27-14 

./ Name a microorganism that will grow in water even if there is 
no source of organic matler for energy or a ni trogen source-
but does require small inputs of phosphorus. 27-15 

./ Coliforms are the most common bacterial indicator of health-
threatening water pollution in the United States. Why is it 
usually necessary to specify the term fecal coliform? 27-16 

Water Treatment 
When water is obtained from uncontam inated reservoirs fed by 
clear moun tain streams or from deep wells, it requires minimal 
treatment to make it safe to drink. Many cities, however, obtain 
their water from badly polluted sources, such as rivers that have 
received municipal and industrial wastes upstream. The steps 
used to purify th is water are shown in Figure 27.15. Water treat-
ment is not intended to produce sterile water, but rather water 
that is free of disease-causing microbes. 

Coagulation and Filtration 
Very turbid (doudy) water is allowed to stand in a holding reservoir 
for a time to allow as much particulate suspended matter as possible 
to settle oul. The water then undergoes Oocculation, the removal of 
colloidal materials such as clay, which is so small (smaller than 
iO flm) that it would otherwise remain in suspension indefinitely. 

A nocculant chemical, such as aluminum potassium sulfate (alum), 
forms aggregations of fi ne suspended particles called floc. As these 
aggregations slowly settle out, they entrap colloidal material and 
carry it to the bottom. large numbers of viruses and bacteria arc 
also removed this way. Alum was used to clear muddy river water 
during the first half of the nineteenth century in the military forts of 
the American West, long before the germ theory of disease was 
developed. 

After floccu lation, the water is treated by mlration-that 
is, passi ng it through beds of 2 to 4 feet of fine sand or crushed 
anthracite coal. As men tioned previously, some protozoan 
cysts and oocysts are removed fro m water only by such filtration 
treatment. The microorganisms are trapped mostly by surface 
adsorption onto the sand particles. They do not penetrate the 
tortuous routing between the particles, even though the openings 
might be larger than the microbes that arc filtered out. These 
filters are period ically backflushed to dear them of accumula-
tions. Water systems of cit ies that have an exceptional concern 
for toxic chemicals supplement sand fi lt ration with filters of 
activated charcoal (carbon). Charcoal removes not only particu-
late matter but also most dissolved organic chem ical pollutan ts. 
A properly operated water treatment plant will remove viruses 
(which are harder to remove than bacteria and protozoa) with an 
efficiency of about 99.5%. Low-pressure membra"e filtratio/l 
systems are now coming into usc. These systems have pore open-
ings as small as 0.2 ,....m and arc more reliable fo r removal of 
Giardia and Cryptosporidilllll. 



Disinfection 
Before entering the municipal distribution system, the filtered 
water is chlorinated. Because organic matter neutralizes chlorine, 
the plant operators must pay constant attention to ma intaining 
effective levels of chlorine. There has been some concern that 
chlorine itself might be a health hazard because it could react 
with organic contaminants of the water to form carcinogenic 
compounds. At present, this possibility is considered an accept-
able risk when compared with the proven usefulness of chlo ri-
nating of water. 

As no ted in Chapter 7 (page 202), another disinfectant for 
water is ozone treatment. Ozone (a]) is a highly reactive form of 
oxygen that is formed by electrical spark discharges and UV 
light. (The fresh odor of air following an electrical storm or 
around a UV light bulb is from ozone. ) Ozone fo r water treat -
ment is generated electrically at the site of treatmen t 
(Figure 27.16). Ozone treatment is also valued because it leaves 
no taste or odor. Because it has little residual effect, ozone is usu-
ally used as a primary disinfectant treatment and is followed by 
chlorinat ion. The use o f UV light is also a su pplement or alter-
native to chemical disinfection. Ultraviolet tube lamps are 
arranged so that water flows close to them. This is necessary 
because of the low penetrating power of UV radiation. 

CHECK YOUR UNDERSTANDING 

"" How do flocculants such as alum remove colloidal impurities. 
including microorganisms. from water? 27-17 

Sewage (Wastewater) Treatment 
Sewage, or wastewater, includes all the water from a household 
that is used for washing and toilet wastes. Rainwater flowing 
into street drains and some industrial wastes enter the sewage 
system in many cities. Sewage is mostly water and contains litt le 
particulate matter, perhaps only 0.03%. Even so, in large cities 
the solid portion of sewage can total more than 1000 tons of 
solid material per day. 

Until environmental awareness intensified, a surprising 
number of large American cities had only a rudimentary sewage 
treatment system or no system at aiL Raw sewage, untreated or 
nearly so, was simply discharged into rivers or oceans. A flowing, 
well-aerated stream is capable of considerable self-purification. 
Therefore, until expanding populations and their wastes exceed-
ed this capability, th is casual treatment of municipal wastes did 
not cause problems. In the United States, most cases of simple 
discharge have been improved. But this is not true in much of the 
world. Many of the communities bordering the Mediterranean 
dump their unprocessed sewage into the sea. At one Asiatic 
tourist resort, a hotel posted instructions that toilet paper was 
not to be flushed in the toilets- presumably because floating 
paper wo uld make it clear that the sewage outlets were near the 
beach. In areas of Europe and So uth Africa where tourism is 
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Figure 27.16 Ozone generation. Water treatment plants produce 
ozone by passing dry air between high-voltage electrodes in tanks called 
ozona tors such as the two shown here. 

Q What is a major disadvantage of ozonation of water? 

essential to the economy, local administratio ns are attem pting to 
reassure visitors about bathing water quali ty with the Blue Flag 
campaign. The presence of the flag (Figure 27.17) shows that the 
coastal waters meet certain m inimal standards of sanitation. 

Primary Sewage Treatment 
The usual first step in sewage treatment is called primary 
sewage treatment (Figure 27.18a). In this process, large floa ting 
materials in incoming wastewater are screened out, the sewage is 
allowed to flow through settling chambers to remove sand and 
similar gri tt y material, skimmers remove floating oil and grease, 
and floating debris is shredded and ground. After this step, the 
sewage passes through sedimen tation tanks, where more solid 
matter sett les out. Sewage solids collecting on the bottom are 
called sludge- at this stage, primary sludge. About 40- 60% of 
suspended solids are removed from sewage by this settling treat-
ment, and floccu lating chemicals that increase the removal of 
solids are sometimes added at this stage. Biological activity is not 
particularly im portant in primary treatment, altho ugh some 
digestion of sludge and dissolved organic matter can occur dur-
ing long holding times. The sludge is removed on either a con -
tinuo us or an intermittent basis, and the effiuent (the liquid 
flowing ou t) then undergoes secondary treatment. 

Biochemical Oxygen Demand 
An important concept in sewage treatment and in the general 
ecology of waste management, biochemical oxygen demand 
(BOD) is a measure of the biologically degradable organic mat-
ter in water. Primary treatment removes about 25- 35% of the 
BOD of sewage. 

BOD is determined by the amount of oxygen required by 
bacteria to metabolize the organic matter. The classic method of 
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Figure 27.17 A beach displaying a blue flag. 

Q What sort of bacterial populations would need to be quantified to 
set standards for beach-area waters? 

measurement is the use of special bott les with airtigh t stoppers. 
Each bottle is first filled with test water or dilutions. The water is 
initially aerated to provide a relatively high level of dissolved 
oxygen and is seeded with bacteria if necessary. The filled bottles 
are incubated in the dark for 5 days at 20°C, and the decrease in 
dissolved oxygen is determ ined by a chemical or electronic test-
ing method. The more oxygen that is used up as the bacteria 
degrade the organic matter in the sample, the greater the BOD, 
which is usually expressed in milligrams of oxygen per liter of 
water. The amount of oxygen that normally can be dissolved in 
water is only about 10 mg/liter; typical BOD values of wastewater 
may be 20 times this amount. If this wastewater enters a lake, for 
example, bacteria in the lake begin to consume the organic mat-
ter responsible for the high BOD, rapidly depleting the oxygen in 
the lake water. (See the discussion of eutrophication earlier in the 
chapter, page 779. ) 

Secondary Sewage Treatment 
After primary treatment, the greater part of the BOD remain -
ing in the sewage is in the form of dissolved organic matter. 
Secondary sewage treatment, which is predominantly 
biological, is designed to remove most of this organic matter 
and reduce the BOD (Figure 27.18b). In th is process, the sewage 
undergoes strong aeration to encourage the growth of aerobic 
bacteria and other microorganisms that oxidize the dissolved 
organic matter to carbon dioxide and water. Two commonly 
used methods of secondary treatment are activated sludge 
systems and trickling filte rs. 

In the aeration tanks of an activated sludge system, air 
or pure oxygen is passed through the emuent from primary 
treatment (Figure 27.19). The name is derived from the practice 
of adding some of the sludge from a previous batch to the 
incoming sewage. This inoculum is termed activated sludge 
because it contains large numbers of sewage-metabolizing 
microbes. The activity of these aerobic microorganisms oxidizes 
much of the sewage organic matter into carbon dioxide and 
water. Especially important members of this microbial commu-
nit y are species of Zoogloea bacteria, which form bacteria -
containing masses in the aeration tanks called floc, or sludge 
granules (Figure 27.20). (See the discussion of floc, earlier in the 
chapter.) Soluble organic matter in the sewage is incorporated into 
the floc and its microorganisms. Aeration is discontinued after 4 to 
8 hours, and the contents of the tank are transferred to a settling 
tank, where the floc settles out, removing much of the organic 
matter. These solids are subsequently treated in an anaerobic 
sludge digester, which will be described shortly. Probably more 
organic matter is removed by this settling-out process than by 
the relatively short -term aerobic oxidatio n by microbes. 
The clear emuent is disinfected and discharged. 

Occasionally, the sludge will float rather than settle ou t; this 
phenomenon is called bulking. When th is happens, the organic 
matter in the floc flows out with the discharge emuent, resulting 
in local pollution. Bulking is caused by the growth of filamentous 
bacteria of various types; Spllaerotil/lS natans and Nocardia 
species are frequen t offenders. Activated sludge systems are quite 
efficient: they remove 75- 95% of the BOD from sewage. 

Trickling filters are the other commonly used method of 
secondary treatment . In this method, the sewage is sprayed over 
a bed of rocks or molded plastic (Figure 27.21a). The compo -
nents of the bed must be large enough so that air penetrates to 
the bottom but small enough to maximize the surface area avail -
able for microbial activity. A biofilm (see page 162) of aerobic 
microbes grows on the rock or plastic surfaces (Figure 27.21b). 
Because air circulates throughout the rock bed, these aerobic 
microorganisms in the slime layer can oxidize much of the 
organic matter trickling over the surfaces into ca rbon dioxide 
and water. Trickling filters remove 80- 85% of the BOD, so they 
are generally less efficient than activated sludge systems. 
However, they are usually less troublesome to operate and have 
fewer problems from overloads or toxic sewage. Note that sludge 
is also a product of trickling filte r systems. 

Another biofilm-based design for secondary sewage treat -
ment is the rotating biological contactor system. This is a series 
of disks several feet in diameter, mounted on a sha ft. The disks 
rotate slowly, with their lower 40% submerged in wastewater. 
Rotation provides aeration and contact between the biofilm on 
the disks and the wastewater. The rotation also tends to cause the 
accumulated biofilm to slough off when it becomes too thick. 
This is about the equivalent of floc accumulation in activated 
sludge systems. 
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Sewage is 
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and ground, e Solid matter 

setlles out. 

o Primary effluent 
undergoes aeration: 
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oxidize organic 
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o Effluent is disinfected 
by chlorination and 
released, 

Primary 
sedimentation 
tank 

sludge system 
(see Figure 27,19) 

studge 
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(see Figure 27,22) 

o Studge efftuent 
is dried. 
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processes 
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o Studge is 

removed and 
disposed of 
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Drying bed 

(d) SLUDGE DIGESTION 

Figure 27,18 The stages in typical sewage treatment. Microbial activity occurs aerobically 
in trickling fi lters or activated sludge aeration tanks and anaerobically in the anaerobic sludge 
digester. A particular system would use either activated sludge aeration tanks or trickling fi lters, not 
both. as shown in thiS figure, Methane produced by sludge digestion is burned off or used to power 
heaters or pump motors, 

Q Which processes require oll)"gen? 

Disinfection and Release 
Treated sewage is disinfected, usually by chlorination, before 
being discharged (Figure 27.18C). The discharge is usually into 
an ocean or into flowing streams, although spray-irrigation fields 
are sometimes used to avoid phosphorus and heavy metal 
contamination of waterways. 

Sewage can be treated to a level of purity that allows its use as 
drinking water. This is the practice now in some arid-area cities 
in the United States and will probably be expanded. In a typical 
system, the treated sewage is filtered to remove microscopic 

suspended particles, then passed through a reverse osmosis 
purification system to remove microorgan isms. Any remaining 
microorganisms are killed by exposure to UV light or other 
disinfectants. 

Sludge Digestion 
Primary sludge accumulates in primary sedimentation tanks; 
sludge also accumulates in activated sludge and in trickling filter 
secondary treatments. For further treat ment, these sludges are 
often pumped to anaerobic sludge digesters (Figure 27.18d and 
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Aeration tank 

(a) Diagram of an activated sludge system 

Excess 
secondary 

1 

(b) An aeration tank, showing surface that is frothing from aeration 

Figure 27.19 An activated sludge system of secondary sewage treatmenL 

Q What are the similarities between winemaking and activated sludge sewage treatment? 

Figure 27.22). The process of sludge digestion is carried out in 
large tanks from which oxygen is almost completely excluded. 

In secondary treatment, emphasis is placed on the maintenance 
of aerobic conditions so that organic mailer is converted to carbon 
dioxide, water, and solids that can settle out. An anaerobic sludge 

_ >-1 ,------i 
_ 10pm 

Figure 27.20 Floc formed by an activated sludge system. 
Gelatinous masses of floc are formed by a species of Zoogloea bacteria. 
If the filamentous bacteria visible in the photo predominate. the floc floats, 
called bulking- which is undesirable. 

Q What happens to the suspended floc when aemtion is ended in an 
activated studge tank? 

digester, however, is designed to encourage the growth of anaerobic 
bacteria, especially methane-producing bacteria that decrease these 
organic solids by degrading them to soluble substances and gases, 
mostly methane (60-70%) and carbon dioxide (20-30%). Methane 
and carbon dioxide are relatively innocuous end-products, compa-
rable to the carbon dioxide and water from aerobic treatment. The 
methane is routinely used as a fuel for heating the digester and is 
also frequently used to run power equipment in the plant. 

There are essentially three stages in the activity of an anaero-
bic sludge digester. The first stage is the production of carbon 
dioxide and organic acids from anaerobic fermentation of the 
sludge by various anaerobic and facultatively anaerobic microor-
ganisms. In the seco nd stage, the organic acids are metabol ized to 
form hydrogen and carbon dioxide, as well as organic acids such 
as acetic acid. These products are the raw materials for a third 
stage, in which the methane-producing bacteria produce 
methane (CH4). Most of the methane is derived from the 
energy-yielding reduction of carbon dioxide by hydrogen gas: 

Other methane-producing microbes split acetic 
(CH)COOH) to yield methane and carbon dioxide: 

acid 

After anaerobic digestion is completed, large amounts of 
undigested sludge still remain, although it is relatively stable and 
inert. To reduce its volume, this sludge is pumped to shallow 
drying beds o r water-extracting filters. Following this step, the 
sludge can be used for landfill or as a soil conditioner, sometimes 



(a) Rotating spray arm of a trickling filter system 

Sewage wastes 

(b) A cutaway view of a trickling system 

Rotating spray arm 
for incoming sewage 

Rock bed or plastic 
honeycomb 

Effluent (enters settling 
tank to remove sludge 
before discharge) 

Figure 27.21 A trickling filter of secondary sewage treatment. 
The sewage is sprayed from the system of rotating pipes onto a bed of 
rocks or plastic honeycomb designed to have a maximum surface area and 
to allow oxygen to penetrate deeply into the bed. 

Q Which would make the most efficient bed for a trickting filler 
system, fine sand or golf baits? 

under the name biosolids. Sludge is assigned to two classes: class 
A sludge contains no detectable pathogens, and class B sludge 
is treated only to reduce numbers of pathogens below certain 
levels. Most sludge is class B, and public access to application 
sites is limited. Sludge has about one-fifth the growth-enhancing 
value of normal commercial lawn fertilizers but has desirable 
soil-condition ing qualities, much as do humus and mulch. 
A potential problem is contamination with heavy metals that are 
toxic to plants. 

Septic Tanks 
Homes and businesses in areas of low population density that are 
not connected to mun icipal sewage systems often use a septic 
tank, a device whose operation is similar in principle to primary 
treatment (Figure 27.23). Sewage enters a holding tank, and 
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(e) An anaerobic sludge digester at a Catifomia sewage treatment plant. 
Much or all of a typical digester is below ground level, especially in cold 
climates. Methane from suCh a digester is often used to run pumps or 
heaters in the treatment plant. Excess methane is being burned off in the 
flame shown at the top of the digester. 

Sludge 
inlet 

Methane gas 

Scum layer 

Supernatant 

Stabilized sludOe 

Sludge outlet 

Scum removal 

} Supernatant 
removal 

(b) Section of a sludge digester. The scum and supernatant layers 
are low in solids and are recirculated through secondary treatment. 

Figure 27.22 Sludge digestion. 

Q What might be some uses for the stabitized sludge? 

suspended solids settle out. The sludge in the tank must be 
pumped out periodically and disposed of. The effluent flows 
through a system of perforated piping into a leaching (soil 
drainage) field. The effluent entering the soil is decomposed by 
soil microorganisms. The microbial action necessary for proper 
func tioning of a septic tank can be impaired by excessive 
amounts of products such as an tibacterial soaps, drain cleaners, 
medications, "every flush" toilet bowl cleaners, and bleach. 
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Access 

Figure 27.23 A s eptic tank system. 

Q Which type of soil would requilll the 
larger drainage allla , clay or sandy? 

Sludge 

(a) Overall plan. Most soluble organic matter is 
disposed 01 by percolation into the soil. 

(b) A section 01 a septic tank 

These systems work well when not overloaded and when the 
drainage system is properly sized to the load and soil type. Heavy 
clay soils require extensive drainage systems because of the soil's 
poor permeability. The high porosity of sandy soils can result in 
chemical or bacterial pollution of nearby water supplies. 

Oxidation Ponds 
Many industries and small communities use oxidation ponds, 
also called lagoons or stabilization ponds, for water treatment. 
These are inexpensive to build and operate but require large 
areas of land. Designs vary, but most incorporate two stages. 
The first stage is analogous to primary treatment; the sewage 
pond is deep enough that conditions are almost entirely anaer-
obic. Sludge settles out in this stage. In the second stage, which 
roughly corresponds to secondary treatment, effluent is 
pumped into an adjoining pond or system of pon ds shallow 
enough to be aerated by wave action. Because it is difficult to 
maintain aerobic condi tions for bacterial growth in ponds 
with so much organic matter, the growth of algae is encour-
aged to produce oxygen. Bacterial action in decomposing 
the organic matter in the wastes generates carbon dioxide. 
Algae, which use carbon dioxide in their photosynthetic 
metabolism, grow and produce oxygen, which in turn encour-
ages the activity of aerobic microbes in the sewage. Large 
amounts of organic matter in the form of algae accumulate, 
but this is not a problem because the oxi dation pond, unlike a 
lake, already has a large nutrient load. 

Some small sewage-producing operat ions, such as isolated 
campgrounds and highway rest stop areas, use an oxidation ditch 
for sewage treatment. In this method, a small oval channel in the 
shape of a racetrack is filled with sewage water. A paddle wheel 
simi lar to that on an old-time Mississippi steamboat, but in a 

fixed location, propels the water in a self-contained flowing 
stream aerated enough to oxidize the wastes. 

Tertiary Sewage Treatment 
As we have seen, primary and secondary treatments of sewage do 
not remove all the biologically degradable organic matter. 
Amounts of organic matter that are not excessive can be released 
into a flowing stream without causing a serious problem. 
Eventually, however, the pressures of increased population might 
increase wastes beyond a body of water's carrying capacity, 
and additional treatments might be required. Even now, primary 
and secondary treatments are inadequate in certain situat ions, 
such as when the effluent is discharged into small streams or 
recreational lakes. Some communities have therefore developed 
tertiary sewage treatment plants. Lake Tahoe in the Sierra 
Nevada Mountains, surrounded by extensive development, is the 
site of one of the best-known tertiary sewage treatment systems. 
Similar systems are used to treat wastes entering the southern 
portion of San Francisco Bay. 

The effluen t from secon dary treatment plants contains 
some residual BOD. It also contains about 50% of the original 
nitrogen and 70% of the original phosphorus, which can great -
ly affect a lake's ecosystem. Tertiary treatment is designed to 
remove essentially all the BOD, nitrogen, and phosphorus. 
Tertiary treatment depends less on biological trea tment 
than on physical an d chemical treatmen ts. Phosphorus is 
precipitated out by combining with such chemicals as lime, 
alum, and ferric chloride. Filters of fine sands and activated 
charcoal remove small particulate matter and dissolved chemi -
cals. Nitrogen is converted to ammonia and discharged in to the 
air in stripping towers. Some systems encourage denitrifying 
bacteria to form volatile nitrogen gas. Finally, the purified 
water is ch lorinated. 



Tert iary treatment provides water that is suitable for drink-
ing, but the process is extremely costly. Secondary treatment is 
less costly, but water that has undergone only secondary treat-
ment still contains many water pollutants. Much work is being 
done to design secondary treatment plants in which the effluent 
can be used for irrigation. Th is design would eliminate a source 
of water pollution, provide nutrients for plant growth, and 
reduce the demand on already scarce water supplies. The soil to 
which this water is applied would act as a trickling filter to 
remove chemicals and m icroorganisms before the water reaches 
groundwater and surface water supplies. 

CHECK YOUR UNOERSTANOING 

..r Which type of sewage treatment is designed to remove almost 
all phosphorus from sewage? 27-18 
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..r What metabolic group of anaerobic bacteria is especially 
encouraged by operation of a sludge digestion system? 27-19 

..r What is the relationship between BOD and the welfare of fish? 
27-20 

• • • 
We hope this chapter on environmental microbiology, as well as 
previous chapters in the book, has left you with a greater appre-
ciation of the microbial influences around us. Without the natu-
ral and human-directed applications of microbes, life would be 
very different-and perhaps could not sustain itself at all. 

STUDY OUTLINE 
The MyMicrobiologyPlace website (www.microbiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. e learn 
and practice with animations, tutorials, and MP3 tutor seSSions, and e test yourself with quizzes and a chapter post-test 

Microbial Diversity and Habitats (p.767) 

I. Microorganisms live in a wide variety of habi-
tats because of their metabolic diversity and 
their ability to use a variety of carbon and 
energy sources and to grow under different 
physical conditions. 

2. Extremophiles live in extreme conditions of 
temperature, acidity, alkalinity, or salinity. 

Symbiosis (p.767) 
3. Symbiosis is a relationship between two differ-

ent organisms or populations. 
4. Symbiotic fungi called mycorrhizae live in and 

on plant roots; they increase the surface area 
and nutrient absorption of the plant. 

Soil Microbiology and 
Biogeochemical Cycles (pp.768-776) 

I. In biogeochemical cycles, certain chemical elements are recycled. 
2. Microorganisms in the soil decompose organic matter and trans-

form carbon-, nitrogen-, and sulfur-containing compounds into 
usable forms. 

3. Microbes are essential to the continuation of biogeochemical cycles. 
4. Elements are oxidized and reduced by microorganisms during 

these cycles. 

The Carbon Cycle (pp.768-770) 
5. Carbon dioxide is incorporated, or fixed, into organic compounds 

by photoautotrophs and chemoautotrophs. 

6. These organic compounds provide nutrients for 
chemoheterot rophs. 

7. Chemoheterotrophs release CO2 that is then used by 
photoautotrophs. 

8. Carbon is removed from the cycle when it is in CaCO} and 
fossil fuels. 

The Nitrogen Cycle (pp.770-772) 
9. Microorganisms decompose proteins from dead cells and release 

amino acids. 
10. Ammonia is liberated by microbial ammonification of the 

amino acids. 
II. The nitrogen in ammonia is oxidized to produce nitrates for energy 

by nitrifying bacteria. 
12. Denitrifying bacteria reduce the nitrogen in 

nitrates to molecular nitrogen (N2). 
13. N2 is converted into ammonia by nitrogen-

fixing bacteria. 
14. Nitrogen-fixing bacteria include free-living 

genera such as Azotobacter, cyanobacteria, and 
the symbiotic bacteria Rhizobium and Frankia. 

15. Ammonium and nitrate are used by bacteria 
and plants to synthesize amino acids that are 
assembled into proteins. 

The Sulfur Cycle (pp.772-773) 
16. Hydrogen sulfide (H2S) is used by autotrophic bacteria; the sulfur 

is oxidized to form SO or SO/-. 
17. Plants and other microorganisms can reduce S042- to make certain 

amino acids. These amino acids are in turn used by animals. 
18. H2S is released by decay or dissimilation of these amino acids. 

Life without Sunshine (pp.773-774) 
19. Chemoautotrophs are the primary producers in deep-sea vents 

and within deep rocks. 
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The Phosphorus Cycle (p.774) 
20. Phosphorus (as PO/ - ) is found in rocks and bird guano. 
21. When solubilized by microbial acids, the P04

3- is available for 
plants and microorganisms. 

22. Endolithic bacteria live in solid rock; these autotrophic bacteria 
use hydrogen as an energy source. 

The Degradation of Synthetic Chemicals 
in Soil and Water (pp.775- 776) 
23. Many synthetic chemicals, such as pesticides, are resistant to 

degradation by microbes. 
24. The usc of microorganisms to remove pollutants is called 

bioremediation. 
25. The growth of oil-degrading bacteria can be enhanced by the 

addition of nitrogen and phosphorus fertilize r. 
26. Municipal landfills prevent decomposition of solid wastes because 

they are dry and anaerobic. 
27. In some landfills, methane produced by methanogens can be 

recovered for an energy source. 
28. Composting can be used to promote biodegradation of 

organic matter. 

Aquatic Microbiology 
and Sewage Treatment (pp.776- 789) 

Aquatic Microorganisms (pp.776- 778) 
I. The study of microorganisms and their activities in natural waters 

is called aquatic microbiology. 
2. Natural waters include lakes, ponds, streams, rivers, estuaries, and 

the oceans. 
3. The concentration of bacteria in water is proportional to the 

amount of organic material in the water. 
4. Most aquatic bacteria tend to grow on surfaces rather than in a 

free-floating state. 
5. The number and location of freshwater microbiota depend on the 

availability of oxygen and light. 
6. Photosynthetic algae are the primary producers of a lake; they are 

found in the limnetic zone. 
7. Pseudomonads, Cytoplulga, CllIj/obacter, and Hyphomicrobium are 

found in the limnetic zone, where oxygen is abundant. 
8. Microbes in stagnant water use available oxygen and can cause 

odors and the death of fish. 
9. Wave action increases the amount of dissolved oxygen. 

10. Purple and green sulfur bacteria are found in the profundal zone, 
which contains light and H!S but no oxygen. 

II. Desulfovibrio reduces soi - to H1S in benthic mud. 
12. Methane-producing bacteria are also found in the benthi( zone. 
13. Phytoplankton are the primary producers of the open ocean. 
14. Pelagibllcter lIbiqlle is a decomposer in o(ean waters. 
15. Ar(haea predominate below 100 m. 
16. Some algae and bacteria are bioluminescent. They possess the 

enzyme luciferase, whi(h can emit light. 

The Role of Microorganisms 
in Water Quality (pp.778- 782) 
17. Microorganisms are filtered from water that per(olates into 

groundwater supplies. 

18. Some pathogenic microorganisms are transmitted to humans in 
drinking and recreational waters. 

19. Resistam chemical pollutants may be concemrated in animals in 
an aquatic food chain. 

20. Mercury is metabolized by certain bacteria into a soluble 
compound that is concentrated in animals. 

21. Nutrients such as phosphates cause algal blooms, which can lead 
to eutrophication of aquatic ecosystems. 

22. Eutrophication is the result of the addition of pollutants or 
natural nutrients. 

23. Thiobacillus ferrooxidllllS produces sulfuric acid 
at coal-mining si tes. 

24. Tests for the bacteriological quality of water are 
based on the presence of indicator organisms, the 
most common of which are coliforms. 

25. Coli forms are aerobic or facultatively anaero-
bic, gram -negative, non-endospore-forming 
rods that ferment lactose with the production 
of acid and gas within 48 hours of being placed 
in a medium at 35°C. 

26. Fecal coliforms, predominantly E. coli, are used 
to indicate the presence of human feces. 

Water Treatment (p.782) 
27. Drinking water is held in a holding reservoir long enough that 

suspended matter settles. 
28. Flocculation treatment uses a chemical such as alum to coalesce 

and then settle colloidal materiaL 
29. Filtration removes protozoan cysts and other microorganisms. 
30. Drinking water is disinfected with chlorine to kill remaining path -

ogenic bacteria. 

Sewage (Wastewater) Treatment (pp.783- 789) 
31. Domestic wastewater is called sewage; it includes household water, 

toilet wastes, and rainwater. 
32. Primary sewage treatment is the removal of solid matter called 

sludge. 
33. Biological activity is not very important in primary treatment. 
34. Biochemical oxygen demand (BOD) is a measure of the biologi-

cally degradable organic matter in water. 
35. Primary treatment removes about 25-35% of the BOD of sewage. 
36. BOD is determined by measuring the amount of oxygen bacteria 

require to degrade the organic matter. 
37. Secondary sewage treatment is the biological degradation of 

organic matter after primary treatment. 
38. Activated sludge systems, trickling filters, and rotating biological 

contactors are methods of secondary treatment. 
39. Microorganisms degrade the organic matter aerobically. 
40. Secondary treatment removes up to 95% of the BOD. 
41. Treated sewage is disinfected, usually by chlorination, before 

discharge onto land or in to water. 
42. Sludge is placed in an anaerobic sludge digester; bacteria degrade 

organic matter and produce simpler organic compounds, 
methane, and CO2, 

43. The methane produced in the digeste r is used to heat the digester 
and operate other equipment. 



44. Excess sludge is periodically removed from the digester, dried, and 
disposed of (as landfill or soil condi tioner) or incinerated. 

45. Septic tanks can be used in rural areas to provide primary 
treatment of sewage. 

46. Small communities can use oxidation ponds for secondary 
treatment. 
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47. These require a large area in which to build an artificial lake. 
48. Tertiary sewage treatment uses physical filtration and chemical 

precipitation to remove all the BOD, nitrogen, and phosphorus 
from water. 

49. Tertiary treatment provides drinkable water, whereas secondary 
treatment provides water usable only for irrigation. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the baCK of the textboOK. 

Review 
I. The koala is a leaf-eating animal. \Vhat can you infer about its 

digestive system? 
2. Give one possible explanation of why Penicillium would make 

penicillin, given that the fungus does not get bacterial infections. 
3. In the sulfur cycle, microbes degrade organic sulfur compounds, 

such as (a) , to release H2S, which can be oxidized by 
Thiobacillus to (b ) . This ion can be assimilated into 
amino acids by (c) or reduced by Desulfovibrio 10 
(d) . H2S is used by photoautotrophic bacteria as 
an electron donor to synthesize (e) . The sulfur-
containing by-product of this metabolism is (0 ____ _ 

4. Why is the phosphorus cycle important? 
5. Identify where the following processes occur: ammo-

nification, decomposition, denitrification, nitrification, nitrogen 
fixation. Name at least one organism responsible for each process. 

6. The following organisms have important roles as symbionts with 
plants and fungi; describe the symbiotic relationship of each 
organism with its host: cyanobacteria, mycorrhizae, Rllizobium. 
Fmnkia. 

7. Outline the treatment process for drinking water. 

8. The following processes arr usrd in was tewater treatment. Match 
the stagr of treatment with the processes. Each choice can be used 
once, more than once, or not at all. 

Processes 

_____ a.leaching field 
_____ b. Removal of solids 

_____ c. Biological degradation 
_____ d. Activated sludge system 
_____ e. Chemical precipitation 

of phosphorus 
_____ 1. Trickling filter 

_____ g. Results in drinking water 

Treatment Stage 

, . Primary 

2. Secondary 
3. Tertiary 

9. Bioremediation refers to the usc of living organisms to remove 
pollutants. Describe three examples of bioremediation. 

Multiple Choice 
For questions 1--4, answer whether 

a. the process takes place under aerobic condi tions. 
b. the process takes place under anaerobic conditions. 
c. the amount of oxygen doesn't make any difference. 

1. Activated sludge system 
2. Denitrification 
3. Nitrogen fixation 
4. Methane production 
5. The water used to prepare intravenous solutions in a hospital 

contained endotoxins. Infection control personnel performed 
plate counts to find the source of the bacteria. Their results: 

Municipal water pipes 

Boiler 

Hot water line 

Bacleriafl00 ml 

o 
o 

300 

All of the following conclusions about the bacteria can be drawn 
exupt which nne? 
a. It was present as a biofilm in the pipes. 
b.1t is gram -negative. 
c. It comes from fecal contamination. 
d.1t comes from the city water supply. 
e. none of the above 
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Use the following (hoices to answer questions 6-8: 
a. aerobic respiration 
b. anaerobic respiration 
( . anoxygenic photoautotroph 
d. oxygenic photoautotroph 

Light 0 6. C02 + H25 C6H I2 0 6 +5 
7.50/- + lOH+ + lOe- ...... H15 + 4H20 
8. COl + 8H+ + 8e- ...... CH4 + 2H20 
9. All of the following are effects of water pollution excepl 

a. the spread of infectious diseases. 
b. increased eutrophication. 
c. increased BOD. 
d. increased growth of algae. 
e. none of the above 

10. Coliforms are used as indicator organisms of sewage pollution 
be(ause 
a. they are pathogens. 
b. they ferment la(tose. 
c. they are abundant in human intestines. 
d. they grow within 48 hours. 
e. all of the above 

Critical Thinking 
1. Here are the fo rmulas o f two d etergents that have been 

manufactured: 

c - c - c - c - c - c - c - c - c - c. .. 
c 
! c 
I I c - c - c - c - c - c ... 

! 
Which of these would be resistant , and which would be readily 
degraded by microorganisms? (Hint: Refer to the degradation of 
fatty ad ds in Chapter 5.) 

2. Explain the effect of dumping untreated sewage into a pond on 
the eutrophication of the pond. The effect of sewage that has pri· 
mary treatment? The effect o f sewage that has secondary treat-
ment? Contrast your previous answers with the effect of each type 
of sewage on a fast· moving river. 

Clinical Applications 
1. Flooding after two weeks of heavy rainfall in Tooele, Utah, preceded 

a high rate of diarrheal illness. G, lamblia was isolated from 25% of 
the patients. A co mparison study of a town 65 miles away revealed 
that were was diarrheal illness in 2.9% of the 103 people inter· 
viewed, Tooele has a municipal water system and a municipal 
sewage treatment plant. Explain the probable cause of this epidemic 
and methodes) of stopping it. What would a fecal coljform test have 

2. The bioremediation process shown in the photograph is used to 
remove benzene and other hydrocarbons from so il co ntaminated 
by petroleum. The pipes are used to add nitra tes, phosphates, oxy-
gen, or water. Why are ea(h of these Why is it not always 
necessary to add bacteria? 



Applied and Industrial 
Microbiology 

In the previous chapter on environmental microbiology. we saw that microbes are an essential 
factor in many natural phenomena that make life possible on Earth. In this chapter we will 
look at how microorganisms are harnessed in such useful applications as the making of food 
and industrial products. Many of these processes-especially baking, winemaking, brewing, 
and cheese making-have origins long lost in history. 

Modern civilization, with its large urban populations, could not be supported without methods 
of preserving food. In fact, civilization arose only after agriculture produced a year-round 
stable food supply so that people were able to give up a nomadic hunting-and-gathering way 

of life. It is also a fact that advances in microbiology, with its insight into 
spoilage processes and the possibility of disseminating diseases in 

preserved food, later became an essential element of this. 

In Chapter 9, we discussed industrial applications of 
genetically modified microorganisms that are at the cutting 
edge of our knowledge of molecular biology. Many of 
these applications are now essential to modern industry. 
(See the box in Chapter 1, page 3.) 

Q 
To produce ethanol, yeasts require anaerobic 
conditions. In what widely used industrial process 
does the growth of Saccharomyces cerezrisiae 
require aerobic conditions? 
Look for the answer in the chapter. 
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Food Microbiology 
LEARNING OBJECTIVES 
28-1 Describe thermophi lic anaerobic spoilage and nat sour spoilage by 

mesophilic bacteria, 

28-2 Compare and contrast food preservation by industrial food canning. 
aseptic packaging. rad iation. and high pressure. 

28-3 Name four beneficial activities of microorganisms. 

Many of the methods of food preservation used today were 
probably discovered by chance in centuries past. People in 
early cultures observed that dried meat and salted fish resisted 
decay. Nomads must have noticed that soured animal milk 
resisted further decomposition and was still palatable. 
Mo reover, if the curd of the soured milk was pressed to remove 
moisture and allowed to ripen (in effect, cheesemaking), it was 
even more effectively preserved and tasted better. Farmers 
soon learned that if grains were kept dry, they did not become 
moldy. 

Foods and Disease 
As more food products are being prepared at cent ral facilities 
and widely d istributed, it is becoming more likely that food, like 
municipal water supplies, might be a source of widespread disease 
outbreaks. To minimize the potential for disease outbreaks, com -
munities have established local agencies whose role is to inspect 
dairies and restaurants. The United States Food and Drug 
Administration (FDA) and Department of Agriculture (USDA) 
also maintain a system of inspectors at ports and central processing 
locations. A recent development in this field has been the introduc-

Washing. 
sorting. 

blanching 

tion of the Hazard Analysis and Critical Control Point (HACCP) 
system, which is intended to safeguard food "from farm to fork ." 
Before the introduction of the HACCP system, the primary role 
of governmental agencies was to conduct sampling to identify 
contaminated foods . Such sampling to identify contamination will 
still have its place, but the HACCP system is designed to prevent 
contamination by identifying points at which foods are most likely 
to be contaminated with harmful microbes. Monitoring of these 
control points can prevent such microbes from being introduced 
or, if they are present, arrest their proliferation. For example, the 
HACCP system can identify steps during processing at which meats 
are likely to become contaminated by the animal's intestinal 
contents. The HACCP system also requires monitoring of adequate 
temperatures to kill pathogens during processing and adequate 
storage temperatures to prevent their reproduction. 

Industrial Food Canning 
In Chapter 7, you learned that preserving foods by heating a 
properly sealed container, as in home canning, is not difficult. 
The challenge in commercial canning is to use the right amount 
of heat necessa ry to ki ll spoilage organisms and dangerous 
microbes, such as the endospore-forming C!ostridirml 
botulinum, without degrading the appearance and palatability of 
food. Thus, much research is applied to determining the exact 
minimum heat treatment that will accomplish both these goals. 

Industrial food canning is much more technically sophisti-
cated than home canning (Figure 28.1 ) . Industrially canned 
goods undergo what is called commercial slerilizatio n by steam 

o • Can filling o Steaming to 
e)(haust air 

o Can sealed o Sterilization in 
retort (see 
Figure 28.2) 

o Cans cooled in 
water bath or 
spray 

o Labeling. 
storage. and 
delivery 

Figure 28.1 The commercial st erilization process in industria l 
canning. 0 Blanching is a treatment with hot water or steam intended 
to soften the product so the can will fill belter. It also destroys enzymes 
that might alter the color. f lavor. or texture of the product and lower the 
microbial population. a Cans are filled to capacity. leaving as little dead 
space as possible. 9 To exhaust (drive out) most dissolved air. cans are 

heated in a steam box. 0 The cans are sealed. 9 Cans are sterilized by 
steam under pressure, 0 Cans are cooled by submerging them or 
spraying them with water, 0 Cans are labeled for sale. 

Q How does commercial differ from complete 
sterili:tation? 



under pressure in a large retort (Figure 28.2). which operates on 
the same principle as an autoclave (see Figure 7.2, page 189). 
Commercial sterilization is in tended to destroy C. boil/Ii/will 
endospores and is not as rigorous as complete sterilization. The 
reasoning is that if C. bowlillllm endospores are destroyed, then 
any other significant spoilage or pathogenic bacteria will also be 
destroyed. 

To ensure commercial sterilization. enough heat is applied 
for the 120 treatment (I2-decimal reductions, or bollllillal 
cook), by which a theoretical population of C. bowlimllll 
endospores would be decreased by 12 logarithmic cycles. (See 
Figure 7.1 and Table 7.2. pages 186-187.) What this means is that 
if there were 1012 (1.000.000,000,000) endospores in a can, after 
treatment there wou ld be only one survivor. Because 10lZ is an 
improbably large population, this treatment is considered quite 
safe. Certain thermophilic endospore-forming bacteria have 
endospores that are more resistant to heat treatment than those 
of C. botulillllll/. However, these bacteria are obligate ther-
mophiles and generally remain dormant at temperatures lower 
than about 45°C. Therefore, they arc not a spoilage problem at 
normal storage temperatures. 

Spoilage of Canned Food 
If canned foods are incubated at high temperatures, such as in a 
truck in the hot su n or next 10 a steam radiator, the thermophilic 
bacteria that often survive commercial sterilization can germi-
nate and grow. Thermophilic anaerobic spoilage is therefore a 
fairly common cause of spoilage in low-acid canned foods. The 
can usually swells from gas, and the contents have a lowered pH 
and a sour odor. A number of thermophilic species of 
Clostridillm can cause this type of spoilage. When thermophilic 
spoilage occurs but the can is not swollen by gas product ion , the 
spoilage is termed flat sour spoilage. This type of spoilage is 
caused by thermophilic organ isms such as Geobacillu5 stenrother-
mophi/us (ste-ro-thl!r-ma'fil-us), which is found in the starch 
and sugars used in food preparation. Many industries have stan-
dards for the numbers of such thermophilic bacteria permitted 
in raw materials. Both types of spoilage occur only when the cans 
are slored at higher than normal temperatures, which permits 
the growth of bacteria whose endospores are not destroyed by 
normal processing. 

Mesoph ilic bacteria can spoil canned foods if the food is 
underprocessed or if the can leaks. Underprocessing is more like-
ly to result in spoilage by endospore formers; the presence of 
non--endospore-form ing bacteria st rongly suggests that the can 
leaks. Leaking cans are often contaminated during the cooling of 
cans after processing by heat. The hot cans are sprayed with cool-
ing water or passed through a trough filled with water. As the can 
cools, a vacuulll is formed inside, and external water can be 
sucked through a leak past the heat-softened sealant in the 
crimped lid (Figure 28.3). Contaminating bacteria in the cooling 
water are drawn into the can with the water. Spoilage from 
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Figure 28.2 Commercial canning retorts_ These are much larger 
then the sterilizing autoclaves used in most microbiology laboratories or 
hospitals. 

Q Is there any difference In principle between 8 canning retort and 
8 hospital autoctave? 

underprocessing or can leakage is likely to produce odors of 
putrefaction, at least in high-protei n foods, and occurs at normal 
storage temperatures. In such types of spoilage, there is always 
the potential that botulinal bacteria will be present. 

Some acidic foods, such as tomatoes or preserved fruits. are 
preserved by processing temperatures of loo"e or lower. The rea-
soning is that the only spoilage organisms that will grow in such 
acidic foods are easily killed by even 100Qe temperatures. 
Primarily, these would be molds. yeasts, and certain vegetative 
bacteria. 

Occasional problems in acidic foods develop from a few 
microorganisms that arc both heat-resistant and acid -tolerant. 
Examples of heat-resistant fungi are the mold Byssocltlamys filivn 
(bis-so-klam'is fUl'va), which produces a hent-rcsistn/lt ascospore. 
and a few molds, especially species of Aspergillus, that sometimes 
produce specialized resis tant bodies called sclerotia. A spore-
forming bacterium, BacilltlS coagu/a/ls (ko-ag' O-Ianz), is unusual 
in that it is capable of growth at a pH of almost 4.0. Table 28_1 
lists types of spoilage in low- and medium-acid foods. 

Aseptic Packaging 
The usc of aseptic packaging to preserve food has been increas-
ing recently. Packages are usually made of some material that 
cannot tolerate conventional heat treatment, such as laminated 
paper or plastic. The packaging materials come in continuous 
rolls that arc fed into a machine that sterilizes the material with 
a hot hydrogen peroxide solution, sometimes aided by ultravio-
let (UV) ligh t (Figure 28.4). Metal containers can be sterilized 
with superheated steam or other high -temperature methods. 
High -energy electron beams can also be used to sterilize the 
packaging materials. While sti ll in the sterile environment, the 
material is formed into packages, which are then filled with 
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Formation of a side seam Formation of a double seam for lop or bottom 

Figure 28.3 The construction of a metal can. Notice the seam construction. which was 
introduced about 1904. During cooling after sterilization (see Figure 28.1 . step 6). the vacuum 
formed in the can may actually force contaminating organisms into the can along with water. 

Q Why isn't the can sealed before it is placed in the steam box? 

liquid foods that have been conventionally sterilized by heat. The 
filled package is not sterilized after it is sealed. 

Radiation and Industrial Food Preservation 
It has long been recognized that irradiation is lethal to microor-
ganisms; in fact, a patent was issued in Great Britain in 1905 
fo r the use of ionizing radiation to improve the condition of 
foodstuffs. X rays were specifically suggested in 1921 as a way to 
inactivate the larvae in pork that are the cause of trichinellosis. 
Ionizing irradiation inhibits DNA synthesis and effectively 
prevents microorganisms, insects, and plants from reproducing. 
The ionizing irradiation is usually X rays or the gamma rays 
produced by radioactive cobalt -60. Up to certain energy levels, 
high energy electrons produced by electron accelerators are also 
used. The main practical difference is in penetration capabilities. 
These sources inactivate the target organisms and do not 
induce radioactivity in the food or packaging material. The relative 

doses of radiation needed to kill various organisms are presented 
in Table 28.2. Radiation is measured in Grays, named for 
an early radiologis t-often in terms of thousands of Grays, 
abbreviated as kGy. 

• Low doses of irradiation (less than 1 kGy) are used for killing 
insects (disinfestation) and inhibiting sprouting, as in 
stored potatoes. Similarly, it can delay ripening of fruits 
during storage. 

• Pastellrizitlg doses (1 to 10 kGy) can be used on meats and 
poultry to eliminate or critically reduce the numbers of 
specific bacterial pathogens. 

• High doses (more thatl 10 kGy) are used to sterilize, or at 
least greatly lower, the bacterial populations in many spices. 
Spices are often contaminated with I million or more 
bacteria per gram, although these are not considered to 
be normally hazardous to health. 

Table 28.1 Common Types of Spoilage in Low-Acid and Medium-Acid Canned Foods (pH above 4.5) 

Type of Spoilage 

Flat sour (Geobacillus stearothermophilus) 

Thermophilic anaerobic (Thermoanaer-
obaclerium thermosaccharolyticum) 

Putrefactive anaerobic (Clostridium 
sporogenes; possibly C. botulinum) 

Indicadons of Spoilage 

====Ap:ipe:::arance of Can 

Can not swollen 

Swollen 

Swollen 

Contents of Can ===== Appearance not usually altered; pH marked ly 
lowered; sour; may have slightly abnormal 
odor; sometimes cloudy liquid 

Fermented, sour, cheesy, or butyric acid odor 

May be partially digested; pH slightly 
above normal; typical putrid odor 



Figure 28.4 Aseptic packaging. Rol ls of packaging material in 
foreground. filled packages at right center. 

Q Why has the use of this procedure been increasing in nx:enl 
years? 

Table 28.2 Approximate Doses of Radiation 
Needed to Kill Various Organisms 
(Prions Are Not Affected) 

Organisms Dose (kGy)" 

Higher animals (whole body) 0.005-0.1 

Insects 0.D1-1 

Non-endospore-forming bacteria 0.5-10 

Bacterial spores 10-50 

Viruses 10-200 

'Gray is a measure of ionizing irradiation; kGy is 1000 Grays. 
Source: J. Farkas, "Physical Methods of Food Preservation: in Food 
Microbiology. Fundamentals and Frontiers, 2d ed. MP. Doyle et 81 . (eds) 
(Washington. DC: ASM Press, 2001). 

A specialized use of irradiation has been to sterilize meats 
eaten by American astronauts, and a few health facilities have 
selectively used irradiation to sterilize foods ingested 
by immunocompromised patients. Mill ions of implanted 
medical devices, such as pacemakers, have been irradiated. 
Irradiated food is marked in the United States with a radura 
symbol (Figure 28.5) and a printed notice. Unfortunately, this 
symbol has often been interpreted as a warning rather than the 
descriptio n of an approved processing treatment or preservative. 
In fact, irradiated foods are not radioact ive; consider that the 
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Figure 28.5 Irradiation logo. This logo. the international radura 
symbol. indicates that a food has received irradiation treatment. 

Q Is irradiation the same as a chemical additive? 

X-ray table in a hospital does not become radioactive from 
repeated dai ly exposure to ionizing radiation. Recently, the FDA 
has allowed , upon special approval, substi tution of language such 
as "pasteurization" rather than "irradiation." 

When deep penetration is a requirement, the preferred 
method for irradiation is gamma rays produced by cobalt-60. 
However, this type of treatment requires several hours of 
exposure in isolation behind protective walls (Figure 28.6). 

H igh-energy electron accelerators (Figure 28.7) are much 
fas ter and sterilize in a few seconds, but th is treatment has low 
penetrating power and is suitable only for sliced meats, bacon, or 
similar thin products. Also, plasticware used in microbiology is 
usually sterilized in this way. Ano ther recent application is to 
irradiate mail to kill possible bioterrorism agents that it might 
contain, such as anthrax endospores. 

High-Pressure Food Preservation 
A recent development in food preservation has been the use of a 
high-pressure processing technique. Prewrapped foods such as 
fr uits, deli meats, and precooked chicken strips are submerged 
into tanks of pressurized water. The pressure can reach 87,000 
pounds per square inch (psi)-which has been compared to the 
equivalent of about three elephants standing on a dime. This 
process kills many bacteria, such as Salmollella, Listeria, and 
pathogenic strains of E. coli, by disrupting many cellular func-
tions. It also kills nonpathogenic microorganisms that tend to 
shorten the shelf life of such products. 

Because the process does not require additives, it does not 
require regulatory approval. It has the advantage of preserving 
colors and tastes of foods better than many other methods and 
does not provo ke the concerns of irradiation . 

The Role of Microorganisms 
in Food Production 
In the latter part of the nineteenth century, microbes used in 
food production were grown in pure culture for the first time. 
This development quickly led to an improved understanding of 
the relationships between specific microbes and their prod ucts 
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-" Irradiation sources 
lifted from storage 
pool for processing 
period 

0=- Material to be 
irradiated 

in and out of 
processing 
position 

(a) An irradiation facility . showing the path 01 the 
material 10 be irradiated 

Figure 28.6 A gamma-ray irradiation facility. 

Q Can microwaves be used to sterilize foods? 

magnet 

Figure 28.7 Electron-beam accelerator. These machines 
generate an electron stream that is accelerated down a long tube by 
electromagnets of the opposite charge. In the drawing, the electron beam 
is bent by a "bending magnet: This selVes to filter out electrons of 
unwanted energy levels. providing a beam of uniform energy. The vertical 
beam is swept back and forth over the target as it is moved past the beam. 
The penetrating power of the beam is limited: if the target substance is 
expressed as an equivalent thickness of water. the maximum IS about 
3.9 cm (1 .5 In.) . In contrast. X rays will penetrate about 23 cm (9 in.) . 

Q Are high-energy electrons ionizing radiation? 

(b) The irradiation source is in the lowered position 
in the storage pool. The blue glow is Cerenkov 
radiation caused by charged particles exceeding 
the speed of light in water. 

and activities. This period can be considered the beginning 
of industrial food microbiology. For example, once it was 
understood that a certain yeast grown under certain condit ions 
produced beer and that certain bacteria could spoil the beer, 
brewers were better able to control the quality of their products. 
Specific industries became active in microbiological research and 
selected certain microbes for their special qualities. The brewing 
industry extensively investigated the isolation and identification 
of yeasts and selected those that could produce more alcohol. In 
this section, we will discuss the role of microorganisms in the 
production of several common foods. 

Cheese 
The Un ited States leads the world in the making of cheese, 
producing millions of tons every year. Although there are 
many types of cheeses, all require the formation of a curd, 
which can be separated from the main liquid fraction, or whey 
(Figure 28.8). The curd is made up of a protein, casein, and 
is usually formed by the action of an enzyme, rennin 
(or chymosin ), which is aided by acidic conditions provided by 
certain lactic acid- producing bacteria. These inoculated lactic acid 
bacteria also provide the characteristic flavors and aromas of 
fermented dairy products during the ripening process. The curd 
undergoes a microbial ripening process, except for a few unripened 
cheeses, such as ricotta and cottage cheese. 

Cheeses are generally classified by their hardness, which is 
produced in the ripening process. The more moisture lost from 
the curd and the more the curd is compressed, the harder the 



(a) The milk has been coagulated by the action 01 rennin (forming curd) and 
is inoculated with ripening bacteria for navor and acidity. Here the workers 
are cutting the curd into slabs. 

Figure 28.8 Making cheddar cheese. 

Q Are there tiving bacteria in the final cheese product? 

cheese. Romano and Parmesan cheeses, for example, are classi-
fied as very hard cheeses; cheddar and Swiss are ha rd cheeses. 
Limburger, blue, and Roquefort cheeses are classified as semisoft; 
Camembert is an example of a soft cheese. 

The hard cheddar and Swiss cheeses are ripened by lactic acid 
bacteria growing anaerobically in the interio r. Such hard, interi-
or-ripened cheeses can be qu ite large. The longer the incubation 
time, the higher the acidity and the sharper the taste of the 
cheese. A Propionibacterium (pro-pe -on-e-bak-ti're -um) species 
produces carbon dioxide, which forms the holes in Sw iss cheese. 
Semisoft cheeses, such as Limburger, are ripened by bacteria and 
other contaminating organisms growing on the surface. Blue and 
Roquefo rt cheeses are ripened by Penicillium molds inoculated 
into the cheese. The texture of the cheese is loose enough that 
adequate oxygen can reach the aerobic molds. The growth of the 
Penicillillm molds is visible as blue-green clumps in the cheese. 
Camembert cheese is ripened in small packets so that the 
enzymes of Penicillium mold growing aerobically on the surface 
will diffuse into the cheese for ripening. The box on page 80 1 
describes one use of the whey produced as a by-product by the 
dairy industry. 

Other Dairy Products 
Blltter is made by churning cream until the fatty globules of 
butter separate from the liquid bllttermilk. The typical flavor and 
aroma of butter and buttermilk are from diacetyls, a combination 
of two acetic acid molecules that is a metabolic end -product of 
fermentation by some lactic acid bacteria. Today, commerically 
sold buttermilk is usually not a by-product of buttermaking but 
is made by inoculating skim milk wit h bacteria that form lactic 
acid and the diacetyls. Culwred sOllr cream is made from 
cream inoculated with microorganisms similar to those used 
to make buttermilk. 
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(bl The curd is chopped into small cubes to facilitate efficient draining 01 whey. 

(el The curd is milled to allow even more drainage of whey and is compressed 
into blocks lor extended ripening. The longer the ripening periOd, the more 
acidiC (sharper) the cheese. 

A wide variety of slightly acidic dairy products- probably a 
heritage of a nomadic past- is found around the world. Many 
of them are pari of the daily diet in the Balkans, eastern Europe, 
and Russia. One such product is yogurt, which is also popular in 
the United States. Commercial yogurt is made from milk, 
from which at least one-fourt h o f the water has been evaporated 
in a vacuum pan. The resulting thickened milk is inoculated 
with a mixed cult ure of Streptococcus thermophilus, primarily 
for acid production, and Lactobacillus delbmeckii bldgariCIIs 
(bul-ga'ri-kus), to contribute flavor and aroma. The tem -
perature o f the fe rmentation is about 45°C fo r several hours, 
during which time S. thermophilus outgrows L. d. bulgariCIIs. 
Maintaining the proper balance between the flavor-producing 
and the acid-producing microbes is the secret o f making yogurt. 

Kefir and kumiss are ferme nted milk beverages that are 
popular in eastern Europe. The usual lactic acid- producing 
bacteria are supplemented wit h a lactose-fermenting yeast to give 
these drinks an alcohol content of 1- 2%. 

Nondairy Fermentations 
Historically, milk fermentation allowed dairy products to be stored 
and then consumed much later. Other microbial fermen tations 
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were used to make certain plants edible. For example, pre-
Columbian people in Central and South America learned to 
fe rment chocolate seeds before consumption. The microbial prod-
ucts released during fermentation produce the chocolate flavor. 

Microorganisms are also used in baking, especially for bread. 
The sugars in bread dough are ferme nted by yeasts. The species 
of yeast used in baking is Saccharomyces cerevisiae. This same 
species of yeast is also used in the brewing of beer from grains 
and the fermentation of wines from grapes. (At one time S. cere-
visiae was classified as multiple species, such as S. carlsbergensis, 
S. IIvarlllll, and S. ellipsoidells; these and a few other species 
names are often encountered in older literature). S. cerevisiae will 
grow readily under both aerobic and anaerobic conditions, 
although, unlike facultatively anaerobic bacteria such as E. coli, it 
cannot grow anaerobically indefinitely. Various strains of S. cere-
visiae have been developed over the centuries and are highly 
adapted to certain fermentation uses. 

A Anaerobic condit ions for producing ethanol by the 
yeasts are mandatory for producing alcoholic bev-

erages. In baking, carbon dioxide forms the typical bubbles of 
leavened bread. Aerobic conditions favor carbon dioxide produc-
tion and are encouraged as much as possible. This is the reason 
bread dough is kneaded repeatedly. Whatever ethanol is 
produced evaporates during baking. In some breads, such as rye 
or sourdough, the growth of lactic acid bacteria produce the 
typical tart flavor. 

Fermentation is also used in the product ion of such foods as 
sauerkrallt, pickles, olives, and even cocoa and coffee, in which the 
beans undergo a fe rmentation step. 

Alcoholic Beverages and Vinegar 
Microorganisms are involved in the product ion of almost all 
alcoholic beverages. Beer and ale are products of grain starches 
fermented by yeast. Beer is fermented slowly with yeast st rains 
that remain on the bottom (bottom yeasts). Ale is fermented 
relatively rapidly, at a higher temperature, with yeast strains that 
usually form clumps that are buoyed to the top by CO2 (top 
yeasts). Because yeasts are unable to use starch directly, the starch 
from grain must be converted to glucose and maltose, which 
the yeasts can ferment into ethanol and carbon dioxide. In this 
conversion, called malting, starch -containing grains, such as 
malting barley, are allowed to sprout and then are dried and 
ground. This product, called malt, contains starch-degrading 
enzymes (amylases) that convert cereal starches into carbohy-
drates that can be fermen ted by yeasts. Light beers use amylases 
or selected strains of yeast to convert more of the starch to 
fermentable glucose and maltose, resulting in fewer carbohy-
drates and more alcohol. The beer is then diluted to arrive at an 
alcohol percentage in the usual range. Sake, the Japanese rice 
wine, is made from rice without malting because the mold 
Aspergillus is first used to convert the rice's starch to sugars that 
can be fermented. (See the discussion of koji, page 805.) For 

distilled spirits, such as whiskey, vodka, and rllm, carbohydrates 
from cereal grains, potatoes, and molasses are fermented to 
alcohol. The alcohol is then dist illed to make a concentrated 
alcoholic beverage. 

Wines are made from fruits, typically grapes, that contain 
sugars that yeasts can use directly for fermentation; malting is 
unnecessary in winemaking. Grapes usually need no addit ional 
sugars, but other fruits might be supplemented with sugars to 
ensure enough alcohol production. The steps of winemaking are 
shown in Figure 28.9. Lactic acid bacteria are important when 
wine is made from grapes that are especially acidic from high 
concentrations of malic acid. These bacteria convert the malic 
acid to the weaker lactic acid in a process called malolactic 
fermentation. The result is a less acidic, better-lasting wine than 
would o therwise be produced. 

Wine producers who allowed wine to be exposed to air found 
that it soured from the growth of aerobic bacteria that con-
verted the ethanol in the wine to acetic acid. The result was 
vinegar (viII = wine; aigre = sour). The process is now used delib -
erately to make vinegar. Ethanol is first produced by anaerobic 
fermentat ion of ca rbohydrates by yeasts. The ethanol is then 
aerobically oxidized to acetic acid by acetic acid- producing bac-
teria of the genera Acetobacter and Glllcollobacter. 

CHECK YOUR UNOERSTANOING 

..r Is botulism a greater danger in spoilage of canned goods under 
thermophilic or under mesophilic conditions? 28-1 

..r Canned foods are usually in metal cans. What sorts of 
containers are used for aseptically packaged foods? 28-2 

..r Roquefort and blue cheeses are characterized by blue-green 
clumps. What are these? 28-3 

Industrial Microbiology 
LEARNING OBJECTIVES 
28-4 Define Industrial fermentallon and bioreactor. 

28-5 Differentiate pnmary from secondary metabolites, 
28-6 Descnbe the ro le of microorganisms in the production of industrial 

chemicals and pharmaceuticals. 
28-7 Define bioconversion, and list Its advantages, 
28-8 List biofuels that can be made by microorganisms. 

The industrial uses of microbiology had their beginnings iO 

large-scale food fermentat ions that produced lactic acid from 
dairy products and ethanol from brewing. These two chem icals 
also proved to have many industrial uses unrelated to foods. 
During World Wars I and II, microbial fermentation and similar 
technologies were used in the production of armament -related 
chemical compounds such as glycerol and acetone. Present 
industrial microbiology dates largely from the technology 
developed to produce antibiotics following World War II. There 



From Plant Disease to Shampoo and Salad Dressing 
Xanthomonas campestris is a 
gram-negative rod that causes a disease 
called black rot in plants. After gaining 
access to a plant's vascular 'Issues. the bac-
teria use the glucose transported in those 
tissues to produce a stICky. gumlike sub-
stance. This substance builds up to lonn 
gumlike masses, which eventually block the 
plant's transport 01 nutrients. The gum that 
makes up these masses, xanthan, is com-
posed of a high-molecular-weight polymer 
of mannose (see Ihe photograph). 

In contrast to its effects in plants, 
xanthsn has no adverse effects when 
ingested by humans. Consequently, xanthen 
can be used as a thickener in foods, such 
as dairy products and salad dressings, and 
in cosmetics such as cold creams and 
shampoos. 

The average American consumes more 
than 30 pounds of cheese annually. and 
every pound of cheese creates 9 pounds 
of the liquid by-product called whey. When 
researchers at the U.S. Department of 
Agriculture (USDA) wanted to find some 
useful product that could be made out of 
whey, a liquid waste produced in abundance 
by the dairy industry, they thought of 
turning it into JIlanthan. However, because 
whey is mostly water and lactose. 
researchers had to figure out how to get 
X. campestris to produce JIlanthan using 
lactose rather than glucose. 

A research team working with the 
USDA at Stauffer Chemical Company used 
an enrichment based on satisfying only 

Xamhomonas campesrns producing 
gooey xanthan. 

two requirements: that the bacteria 
grow on whey and make xanthan. First, 
they inoculated a whey medium with 
X. campestris and incubated it for 24 hours. 
Then they transferred an inoculum of this 
culture to a flask of lactose broth, to select 
a lactose-utilizing cell. The strain did not 
have to make JIlanthan from this broth; It 
only had to grow and use lactose. 

A lactose-utilizing strain was isolated 
through serial transfers, selecting for the 
strain with the best ability to grow. After 
incubation for 10 days, an inoculum was 
transferred to another flask of lactose broth, 
and the procedure was repeated two more 
times. When transferred to a flask of whey 
medium, the final lactose-utilizing bacteria 
grew in the whey, and the culture became 
extremely viscous- xanthan was being 
produced. 

The final result was a process in which 
40 gil of whey powder is converted into 
30 gil of xanthan gum. A quick survey of 
labels in your neighborhood supermarket 
will demonstrate Just how successful this 
project was. 

is now renewed interest in some of these classic m icrobial 
fermentat ions. especially if they can be used as feedstocks, 
products that are renewable, or, ideally, products that would 
otherwise be wasted. 

the m ethods for making these modified organisms using recom -
binant DNA technology and described some of the prod ucts 
derived f rom them ; this technology is now known as 
biotechnology. 

In recent years, industrial microbiology has been revolution-
ized by the application of genetically modified organism s. An 
example of a genetically engineered biosellsor to detect pollution 
is explained in the box on page 780. In Chapter 9, we discussed 

Fermentation Technology 
The industrial production of microbial products usually involves 
fermentation. ludustrinI Jermeutatioll is the large-scale cultivation 

8.' 
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o Grapes are 
tested and 

_ picked. 
e Sulfite is added 

to kill undesirable 
yeasts and bacteria. 

o is pressed 
to separate solids 
from wine. 

• o Yeast 
inoculum 

/, is added. 

• • • 

Grapes are 
crushed and 
destemmed . 

o Wine is fittered. 

o Wine is clarified in settling vats. 

• 

o Wine is aged. 
G!) Wine is bottled. 

Figure 28.9 The basic steps in making red wine. For white wines. the pressing precedes 
fermentation so that the color is not extracted from the solid matter. 

Q What is the purpose of adding yeast in slep 4? 

of microbes o r other single cells to produce a commercially valu-
able substance. (See the box in Chapter 5, page 135, for other 
definitions of fermentation). We have just discussed the most 
familiar examples: the anaerobic food fermentations used in the 
dairy, brewing, and winemaking ind ustries. Much of the same 
technology, with the frequent addi tion of aeration, has been 
adapted to make other industrial products, such as insulin and 
human growth hormone, from genetically modified microorgan-
isms. Industrial fermentation is also used in biotechnology to 
obtain useful products from genetically modified plant and 
animal cells (see Chapter 9). For example, animal cells are used to 
make monoclonal antibodies (see Chapter 18, page 507). 

Vessels for industrial fermentation are called bioreactors; they 
are designed with close attention to aeration, pH contro!, and 
temperature controL There are many different designs, but the 
most widely used bioreactors are of the continuously stirred type 

( Figure 28.10). The air is introduced through a diffuser at the 
bottom (which breaks up the incoming airstream to maximize 
aeration), and a series of impeller paddles and stationary wall 
baffles keep the microbial suspension agitated. Oxygen is not very 
soluble in water, and keeping the heavy microbial suspension 
well aerated is difficult. Highly sophisticated designs have been 
developed to achieve maximum efficiency in aeration and other 
growth requirements, including mediu m formulation. The high 
value of the products of genetically modified microorganisms and 
eukaryotic cells has stimulated the development of newer types of 
bioreactors and computerized controls for them. 

Bioreactors are sometimes very large, holding as much as 
500,000 liters. When the product is harvested at the completion of 
the fermentation, this is known as batch productioll. There are other 
designs of fermentors. For cOlltillUOIIS flow productioll, in which the 
substrates (usually a carbon source) are fed continuously past 
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(b) Bioreactor tank. at left 
air 

drain 

(a) Section of a continuously stirred bioreactor 

Figure 28.10 Bioreactors for industrial fermentations. 

Q Identify one essential difference between the bioreactor iLlustrated and a vat for 
brewing beer. 

immobilized enzymes or into a culture of growing cells, 
spent medium and desired product are continuously removed. 

Generally speaking, the microbes in industrial fermentation 
produce either primary metabolites, such as ethanol, or second-
ary metabolites, such as penicillin. A primary metabolite 
is formed essentially at the same time as the new cells, and the 
production curve follows the cell population curve almost in 
parallel, with only minimal lag (Figure 28.11a ). Secondary 
metabolites are not produced until the microbe has largely 
completed its logarithmic growth phase, known as the 
trophophase, and has entered the stationary phase of the growth 
cycle (Figure 28.11b). The following period, during which 
most of the secondary metabolite is prod uced, is known as the 
idiophase. The secondary metabolite may be a microbial 
conversion of a primary metabolite. Alternatively, it may be a 
metabolic product of the original growth medium that the 
microbe makes only after considerable numbers of cells and a 
primary metabolite have accumulated. 

Strain improvement is also an ongoing activity in industrial 
microbiology. (A microbial strain differs physiologically in some 
significant way. For example, it has an enzyme to carry out some 
additional activity or lacks such an ability, but th is difference is 
not enough to change its species identity). A well-known 

example is that of the mold used for penicillin production. The 
original culture of Penicillium did not produce penicillin in large 
enough quantities for commercial use. A more efficient culture 
was isolated from a moldy cantaloupe from a Peoria, Illinois, 
supermarket. This strain was treated variously with UV light, 
X rays, and nitrogen mustard (a chemical mutagen). Selections 
of mutants, including some that arose spontaneously, quickly 
increased the production rates by a factor of more than 100. 
Today, the original penicillin-producing molds produce, not the 
original 5 mglL, but 60,000 mglL. Improvements in fermenta-
tion techniques have nearly tripled even this yield. An example of 
a strain that was developed by enrichment and selection is 
described in the box on page 801. 

Immobilized Enzymes and Microorganisms 
[n many ways, microbes are packages of enzymes. Industries are 
increasing their use of free enzymes isolated from microbes to 
manufacture many products, such as high-fructose syrups, 
paper, and textiles. The demand for such enzymes is high 
because they are specific and do not produce costly or toxic 
waste products. And, unlike traditional chemical processes that 
require heat or acids, enzymes work under moderate 
conditions and are safe and biodegradable. For most in d ustrial 
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Cells 

Ethanol 

• produced -
E , 
< -0 -< m • • -• U 

Time 

(a) A primary metabolite. such as ethanol from 
yeast, has a production curve that lags only 
slightly behind the line showing cell growth. 

Figure 28.11 Primary and secondary fermentation. 

Q What is the origin of a secondary metabolite? 

purposes, the enzyme must be immobilized on the surface of 
some solid support or otherwise manipulated so that it can 
convert a continuous flow of substrate to product without 
being lost. 

Cont inuous flow techniques have also been adapted to live 
whole cells, and sometimes even to dead cells (Figure 28.12). 
Whole-cell systems are difficult to aerate, and they lack the single-
enzyme specificity of immobilized enzymes. However, whole cells 
are advantageous if the process requires a series of steps that can 
be carried out by one microbe's enzymes. They also have the 
advantage of allowing continuous flow processes with large cell 
populations operating at high reaction rates. Immobilized cells, 
which are usually anchored to microscopically small spheres or 
fibers, are currently used to make high-fructose syrup, aspartic 
acid, and numerous other products of biotechnology. 

CHECK YOUR UNDERSTANDING 

-r Are bioreactors designed to operate aerobically or 
anaerobically? 28-4 

-r Penicillin is produced in its greatest quantities after the 
trophophase of fermentation. Does that make it a primary or 
secondary metabolite? 28-5 

Industrial Products 
As mentioned earlier, cheesemaking produces an organic waste 
called whey. The whey must be disposed of as sewage or dried and 
burned as solid waste. Both of these processes are costly and 

- / 
Time 

Idiophase 

Cells 

Penicill in 
produced 

(b) A secondary metabolite. such as penicillin 
from mold. begins to be produced only after 
the logarithmic growth phase of the cell 
(trophophase) is completed. The main pro· 
duction of the secondary occurs 
during the stationary phase of cell growth 
(idiophase). 

ecologically problematic. However, microbiologists have discov-
ered an alternative use fo r whey, as discussed in the box on page 
80 I. In this way, microbiologists are devising uses for old products 

- , , 
.... 2/lm 

Figure 28.12 Immobilized cells. In some industrial processes, 
the cel ls are immobilized on surfaces such as the silk fibers shown here. 
The substrate flows past the immobilized cells_ 

Q How does this process resemble the action of a trickling filter 
in sewage treatment? 



and creating new ones. In this section, we will discuss some of the 
more important commercial microbial products and the growing 
alternative energy industry. 

Amino Acids 
Amino acids have become a major industrial product from 
microorgan isms. For example, over 600,000 tons of glutamic acid 
(L-glutamate), used to make the flavor enhancer monosodium 
glutamate, arc produced every year. Certain am ino acids, such as 
lysine and methionine, cannot be synthesized by animals and are 
present only at low levels in the normal diet. Therefore, the 
commercial synthesis of lysine and some of the other essential 
amino acids as cereal food supplements is an important industry. 
More than 70,000 tons each of lysine and methionine arc 
produced every year. 

Two microbially synthesized amino acids, phellylalanil1e and 
aspartic acid (L-aspartate), have become important as ingredients 
in the sugar-free sweetener aspartame (NutraSweet). Some 3000 
to 4000 tons of each of these amino acids are produced annually 
in the United States. 

In nature, microbes rarely produce ami no acids in excess of 
their own needs because feedback inhibi tion prevents wasteful 
production of primary metabolites (sec Chapter 5, page 120). 
Commercial microbial production of amino acids depends on 
specially selected mutants and sometimes on ingenious manipu-
lations of metabolic pathways. For example, in applications in 
which only the L-isomer of an am ino acid is desired, microbial 
production, which forms only the L-isomer, has an advantage 
over chemical production, which forms both the D-isomer and 
the L-isomer (see Figure 2.13, page 43). 

Citric Acid 
Citric acid is a constituent of citrus fruits, such as oranges and 
lemons, and at one time these were its only industrial source. 
However, over 100 years ago, citric acid was identified as a 
product of mold metabolism . This discovery was first used as an 
industrial process when World War I interfered with the picking 
of the Italian lemon crop. Citric acid has an extraordinary range 
of uses beyond the obvious ones of giving tartness and flavor to 
foods . It is an antioxidant and pH adjuster in many foods, and in 
dairy products it often serves as an emulsifier. Well over 550,000 
tons of citric acid are produced every yea r in the United States. 
Much of it is produced by a mold, Aspergillus lIiger (ni'jer), using 
molasses as a substrate. 

Enzymes 
Enzymes arc widely used in different industries. For example, 
amylases are used in the production of syrups from corn sta rch, 
in the production of paper sizing (a coating for smoothness, as 
on this page), and in the production of glucose from sta rch. 
The microbiological production of amylase is considered to be 
the first biotechnology patent issued in the United States, which 
was to the Japanese scientist Jokichi Takamine. The basic process 
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by which molds were used to make an enzyme preparation 
known as koji had been used for centuries in Japan to make 
fermented soy products. Koji is an abbreviation of a Japanese 
word meaning bloom of mold, reflecting the infiltration of a 
cereal substrate, either rice or a wheat-soybean mixture, with a 
filamentous fungus (Aspergillus). Primarily, the amylases in koji 
change starch into sugars, but koji preparations also contain pro-
teolytic enzymes that convert the protein in soybeans into a more 
digestible and flavorful form. It is the basis of soybean fermenta-
tions that are staples of the Japanese diet, such as soy sauce and 
miso (a fermented paste of soybeans with a meaty flavo r). Sake, 
the well-known Japanese rice wine, makes use of amylases of koji 
to change the carbohydrates of rice into a form that yeasts can 
use to produce alcohol. This is roughly the equivalent of the 
barley malt (page 800) used in beer brewing. 

Gillcose isomerase is an important enzyme; it converts the 
glucose that amylases form from starches into fructose, which is 
used in place of sucrose as a sweetener in many foods . Probably 
half of the bread baked in this country is made with the aid of 
proteases, which adjust the amount of glutens (protein) in wheat so 
that baked goods are improved or made uniform. Other 
proteolytic enzymes are used as meat tenderizers or in detergents 
as an additive to remove proteinaceous stains. About a third of 
all industrial enzyme production is for this purpose. Rennin, 
an enzyme used to form curds in milk, is usually produced 
commercially by fungi but more recently by genetically modified 
bacteria. An example of a popular clothing product produced with 
enzymes is described in the box in Chapter I, page 3. 

Vitamins 
Vitamins arc sold in large quantities combined in tablet form and 
arc used as individual food supplements. Microbes can provide an 
inexpensive source of some vitamins. Vitamin BI ] is produced by 
Pseudomonas and Propionibacterium species. Riboflavin (B2) is 
another vitamin produced by fermentation, mostly by fungi such 
as Ashbya gossypii (ash 'be-a gos-sip'e-e). Vitamin C (ascorbic 
acid) is produced at the rate of 20,000 tons per year by a compli-
cated modification of glucose by Acetobacter species. 

Pharmaceuticals 
Modern pha rmaceutical microbiology developed after World 
War II, when production of antibiotics was introduced. 

All antibiotics were originally the products of microbial 
metabolism. Many are still produced by microbial fermentations, 
and work continues on the selection of more productive mutants 
by nutritional and genetic manipulations. At least 6000 antibiotics 
have been described. One organism, Streptomyces hygroscopius, 
has different strains that make almost 200 d ifferent antibiotics. 
Antibiotics are typically made industrially by inoculating a solu-
tion of growth medium with spores of the appropriate mold or 
streptomycete and vigorously aerating it. 

Vaccines are a product of industrial microbiology. Many antivi-
ral vaccines arc mass-produced in chicken eggs or cell cultures. The 
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Sterol 

Streptomyces 
species 

Steroid 

Figure 28.13 The production of steroids. Shown here is the 
conversion of a precursor compound such as a sterol into a steroid by 
StJeptomyces. The addition of a hydroxyl group to carbon number 11 
(highlighted In purple on the steroid) might require more than 30 steps by 
chemical means. but the microorganism can add it in only one step. 

Q Name a commercial product that Is 8 steroid. 

production of vaccines againsl bacterial diseases usually requires 
the growth of large amounts of the bacteria. Recombinant DNA 
technology is increasingly imporlant in the development and pro-
duction of subunit vaccines (see Chapter 18, page 502) . 

Steroids are a very important group of chemicals that include 
cortisolle, which is used as an anti-inflammatory drug, and 
estrogens and progesterolle, which are used in o ral contraceptives. 
Recovering steroids from animal sources o r chemically synthe-
sizing them is difficult, bUI microorganisms can synthesize 
steroids from sterols or from related, easily obtained compounds. 
For example, Figure 28.13 illuslrates the conversion of a sterol 
in to a valuable steroid. 

Copper Extraction by leaching 
Tiliobacililis ferrooxidmlS is used in recovering otherwise unprof-
itable grades of copper o re, which sometimes contain as little as 
0.1 % copper. At least 25% of the world's copper is produced this 
way. Tiliobacilills bacteria gel their energy from the oxidation of a 
reduced form of iron (Fe2+) in ferrous sulfide to an oxidized form 
(Fe3+) in ferric sulfate. Sulfuric acid (H2S04 ) is also a product of 
the reaction. The acidic solution of Fe3+ -containing water is 
applied by sprinklers and allowed to percolate downslope 
through the ore body (Figure 28.14). The ferrous iron, Fe2+, and 
T. ferrooxidalls are normally present in the ore and continue to 
con tribute to the reactions. The Fel + in the sprinkling water reacts 
with insoluble copper (Cu+) in copper sulfides in the ore to form 
soluble copper (Cu2+), which takes the form of copper sulfates. To 
maintain a low enough pH, more sulfuric acid can be added. The 
soluble copper sulfate moves downslope to collection tanks, 
where it contacts metallic scrap iron. The copper sulfates react 
chemically with the iron and precipitate out as metall ic copper 
(Cuo). In this reaction. the metall ic iron (Feo) is converted into 
ferrous iron (Fe2+) that is recycled to an aerated oxidation pond, 
where Tiriobacilills bacteria use it for energy to renew the cycle. 
Th is process, although very time consumi ng, is economical and 
can recover as much as 70% of the copper in the ore. Uranium, 

gold, and cobalt ores are processed in a similar manner. The ent ire 
arrangement resembles a continuous flow bioreactor. 

Microorganisms as Industrial Products 
Microorganisms themselves sometimes constitute an industrial 
product. Baker's yeast (S. cerevisiae) is produced in large aerated 
fermentation tanks. At Ihe end of the fe rmentation, the conten ts 
of the tank are about 4% yeast solids. The cells are harvested by 
continuous cen lrifuges and are pressed into the familia r yeast 
cakes or packets sold fo r home baking. Wholesale bakers 
purchase yeast in SO- lb boxes. 

Other important microbes that are sold industrially are the 
symbiotic nitrogen-fixing bacteria RiJizobium and Bradyrhizobiwl1. 
These organisms are usually mixed with peat moss to pre-
serve moisture; the farmer mixes the peat moss and bacterial 
inoculum with the seeds of legumes to ensure infection of the 
plants with efficient nitrogen-fixing strains (see Chapter 27). For 
many years, gardeners have used the insect pathogen Bacillus 
tlwril1gil.'llsis to conlrol leaf-eating insect larvae. This bacterium 
produces a toxin (Bt-toxin) that kills certain moths, beetles, and 
flies when ingested by Iheir larvae. B. thurillgiellsis subspecies 
israelellsis produces BHoxin that is especially active against 
mosquito larvae and is widely used in municipal control programs. 
Commercial preparalions containing Bt-toxin and endospores of 
B. tlmri"giellsis are available at almost any gardening supply store. 
For an example of microbes being developed to detect chemicals, 
see the box on page 80 I. 

CHECK YOUR UNDERSTANDING 

"f At one time, citric acid was extracted on an industrial scale 
from lemons and other citrus fruits. What organism is used to 
produce it today? 28-6 

Alternative Energy Sources 
Using Microorganisms 
As our supplies of fossil fuels diminish or become more expen-
sive, intereSI in the use of renewable energy resou rces will 
increase. PrOminenl among these is biomass, the collect ive 
organic matter produced by living o rganisms, includ ing crops, 
trees, and municipal wastes. Microbes can be used for 
bioconversion, Ihe process of converting biomass into alterna-
tive energy sou rces. Bioconversion can also decrease the amount 
of waste materials requiring disposal. 

Methane is one of the most convenient energy sources pro-
duced from bioconversion. Many communities produce useful 
amounts of methane from wastes in landfi ll sites (Figure 28.15). 
Large cattle-feeding lots must dispose of immense amounts of 
animal manure, and much effort has been devoted to devising 
practical methods for producing methane from these wastes. 
A major p roblem with any scheme for large-scale methane pro-
duction is the need to economically concentrate the widespread 
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Oxidation pond: 
T. feffooxidans oxidizes 
FeSO, to Fe3+ ... H2SO, 
(acidic leaching 
solution). 
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copper sulfide ore 

e CuSO, precipitates as ..... - •• 
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Copper for 

Simplified copper ore leaching process 

Figure 28.14 Biological leaching of copper ores. The c hemistry of the process is much 
more complicated than shown here. Esse ntially. Thiobacillus ferrooxidans bacteria are used in a 
biological/chemical process that changes inso luble copper in the ore into soluble copper that 
leaches out and is precipitated as metallic copper. The solutions are continuously recirculated. 

Q Name another metal that is recovered by a similar process. 

biomass material. If it could be economically concentrated, the 
an imal and human wastes in the United States could provide 
much of our e nergy now supplied by foss il fuels a nd natural gas. 

CHECK YOUR UNOERSTANOING 

..r Landfills are the site of a major form of bioconversion- what is 
the product? 28-7 

Biofuels 

industrial uses 

i i produce 
e lectricity from methane 

As the supplies of fossil petroleum- based fuels become more 
expensive, and sometimes uncertain, interest in renewable 
replacement fuels, biofuels, is increasing. The initial interest has 
focused on ethanol, which is already widely used as a supplement 
to gasoline (90% gasoline + 10% ethanol), and the technology 
is well es tablished. Brazil, for example, produces large amounts 
of ethanol from sugar cane, about a third of its transportation 
fuel. In the United States, a limited number of automobiles are 
adapted to use E85 (15% gasoline + 85% ethanol) . Ethanol has, 
however, a number of deficiencies: it cannot be transported 
by conventional pipelines (because it absorbs water so avidly), 
and it has 30% less energy content than gasoline. Also, 10 produce 
ethanol from corn creates pressures on the supply and price of a 
valuable foodstuff. 

Figure 28.15 Methane production from solid wastes in 
landfills. Methane accumulates in landfil ls and can be used for energy. 
This installation near Los Angeles has 50 microturbines that produce 
electricity from methane produced by the landfill. Immediatety behind the 
microturbines are five gas flaring stacks that mask the flames from excess 
flared methane- a requirement so that aircraft will not confuse it with 
airport lighting, 

Q How is methane produced in a landfill? 
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Figure 28.16 Algal bioreactors. An art ist's concept of a fie ld of 
algal bioreactors that could produce biofuels on an industrial scale. 
Micrograph: This stained culture of green algae shows oil droplets as 
yellow areas: the red areas hold chlorophyl l. 

Q Would such a field of algae-growing bioreactors be more likely 
to be found in Arizona or Iowa? 

These drawbacks have increased interest in biofuels derived 
from cellulosic materials, such as cornstalks, wood, and waste-
paper, and from nonfood crops, such as switchgrass- which once 
carpeted the prairies of the Midwest. Such grasses are perennials 
and require little more attention than harvesting. The technology 
for producing ethanol from cellulose is less well known and more 
expensive than that from corn or sugarcane. The sugar molecules 
that make up cellulose may be broken apart by enzymes- , 
possibili ty that is the focus of intensifying research. Sources of 
such enzymes might be termites or the fungi that attacked cotton 
army tenting in World War 11. Cellulose sources also contain sig-
nificant amoun ts of a similar component, hemicellulose, which 
will require organisms capable of digesti ng it- probably geneti-
cally modified microbes. The digestibly resistant cellulosic com-
ponent, ligllill, could be burned to heat early steps in fermentation 

. 
processltlg. 

"Higher" alcohols wi th longer carbon chains, and especially 
'branched ' alcohols, would have advantages over conventional 
ethanol. They would have a lower capacity to absorb water and 
would have higher energy content. Currently, there is at least one 

genetically modified bacterium capable of producing several 
forms of higher alcohols from glucose. Higher alcohols might 
also be stitched together by chemical processing from short-
chai ned hydrocarbons. 

A theoretically attractive organism for producing biofuels is 
algae. Algae offer a number of advan tages; for one, they do not 
take up valuable farmland needed for food production . Also, 
algae produce 40 times the energy per acre that corn produces-
and the land the algae grow on can be agriculturally nonpro-
ductive as long as it has abundant sunlight (Figure 28.16) . 
Experimental algal production sites have even used the carbon 
dioxide emissions from power plants to accelerate growth. The 
algae can be harvested on an almost daily basis. Oils squeezed 
from them can be turned into biodiesel fuel and possibly jet fuel: 
typical algae yield 20% of their weight in oil, and some even 
more. After oil extraction, the remainder, rich in carbohydrates 
and proteins, can be used to produce ethanol or as animal feed . 

Hydrogen is an attractive candidate as a replacement for fos -
sil fuels, especially if it can be produced by splitting water. It can 
be used in fuel cells to generate electricity and, if burned to gen-
erate energy, does not produce ha rmful residues. Most research 
into the production of hydrogen has concentrated on physical 
and chemical methods, but it is also potentially possible to use 
bacteria or algae to produce hydrogen from the fermenta tion of 
various waste products or by modifications of photosynthesis. 

The technologies outlined above will require time to reach 
their potentiaL Currently, science is in the early phases of the 
learning curves that all new technologies face . 

CHECK YOUR UNOERSTANOING 

..r How can microbes provide fuels for cars and electricity? 28-8 

Industrial Microbiology and the Future 
Microbes have always been exceedingly useful to humankind, 
even when their existence was unknown. They will remain an 
essential part of many basic food-processing technologies. 
The development of recombinant DNA technology has further 
intensified interest in industrial microbiology by expanding 
the potential for new products and applications (see the box 
in Chapter I, page 3). As the supplies of fossil energy become 
more scarce, interest in renewable energy sources, such as 
hydrogen and ethanol, will increase. The use of special ized 
microbes to produce such products on an industrial scale 
will probably become more important. As new biotechnology 
applications and products enter the marketplace, they will affect 
our lives and well-being in ways that we can only speculate 
about today . 
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STUDY OUTLINE 
The MyMicrobiologyPlace website (www.rnicrobiologyplace.com) 
will help you get ready for tests with its simple three-step approach: o take a pre-test and obtain a personalized study plan. 0 learn 
and practice with animations. tutorials. and MP3 tutor sessions. and 
9 test yourself with quizzes and a chapter post-test. 

Food Microbiology (pp.794-800) 

I. The earliest methods of preserving foods were drying. the addition 
of salt or sugar, and fermentation. 

Foods and Disease (p.794) 
2. Food safety is monitored by the FDA and USDA and also by use 

of the HACCP system. 

Industrial Food Canning (pp.794- 795) 
3. Commercial sterilization of food is accomplished by steam under 

pressure in a retort. 
4. Commercial sterilization heats canned foods to the minimum 

temperature necessary to destroy Clostridium botulinum 
endospores while minimizing alte ration of the food. 

5. The commercial sterilization process uses sufficient heat to reduce 
a population of C. botulinum by 12 logarithmic cycles (J 2D t reat-
ment). 

6. Endospores of thermophiles can survive commercial sterilization. 
7. Canned foods stored above 45"C can be spoiled by thermophilic 

anaerobes. 
8. Thermophilic anaerobic spoilage is sometimes accompanied by 

gas production; if no gas is formed, the spoilage is called flat sour 
spoilage. 

9. Spoilage by mesophilic bacteria is usually from improper hea ting 
procedures or leakage. 

10. Acidic foods can be preserved by heat of 100°C because microor-
ganisms that survive are not capable of growth in a low pH. 

II. Byssochlamys, Aspergillus, and Bacillus coagu/ans are acid-tolerant 
and heat -resistant microbes that can spoil acidic foods. 

Aseptic Packaging (pp.795-796) 
12. Presterilized materials are assembled into packages and aseptically 

filled with heat-sterilized liquid foods. 

Radiation and Industrial Food 
Preservation (pp.796-797) 
13. Gamma and X-ray radiation can be used to 

sterilize food, kill insects and parasitic worms, 
and prevent the sprouting of fruits and vegetables. 

High-Pressure Food Preservation (p.797) 
14. Pressurized water is used to kill bacteria in fruit and meat. 

The Role of Microorganisms in Food 
Production (pp.797-800) 

Cheese (pp.798- 799) 
15. The milk protein casein curdles because of the action by lactic acid 

bacteria or the enzyme rennin. 

16. Cheese is the curd separated from the liquid 
portion of milk, called whey. 

17. Hard cheeses are produced by lactic acid 
bacteria growing in the interior of the curd. 

18. The growth of microbes in cheese is called 
• • Tlpelling. 

19. Semisoft cheeses are ripened by bacteria growing on the surface; 
soft cheeses are ripened by Pe'lici/lium growing on the surface. 

Other Oairy Products (p. 799) 
20. Old-fashioned buttermilk was produced by lactic acid bacteria 

growing during the butter-making process. 
21. Commercial buttermilk is made by letting lactic acid bacteria grow 

in skim milk for 12 hours. 
22. Sour cream, yogurt, kefir, and kumiss are produced by lactobacilli, 

streptococci, or yeasts growing in low-fat milk. 

Nondairy Fermentations (pp. 799- 800) 
23. Sugars in bread dough are fermented by yeast to ethanol and CO2; 

the CO2 causes the bread to rise. 
24. Sauerkraut, pickles, olives, soy sauce, and even cocoa and coffee, 

are products of microbial fermentations. 

Alcoholic Beverages and Vinegar (p. 800) 
25. Carbohydrates obtained from grains, potatoes, or molasses are 

fermented by yeasts to produce ethanol in the production of 
beer, ale, sake, and distilled spirits. 

26. The sugars in frui ts such as grapes are fermented by yeasts to 
produce wines. 

27. In winemaking, lactic acid bacteria convert malic acid into lactic 
acid in malolactic fermentation. 

28. AcelObacrer and Gluconobacter oxidize ethanol in wine to acetic 
acid (vinegar). 

Industrial Microbiology (p,.800- 808) 

I. Microorganisms produce alcohols and acetone that are used in 
industrial processes. 

2. Industrial microbiology has been revolutionized by the ability 
of genetically modified cells to make many new products. 

3. Biotechnology is a way of making commercial products by using 
living organisms. 

Fermentation Technology (pp.801 - 804) 
4. The growth of cells on a large scale is called industrial 

fermentation. 
5. Industrial fermentation is carried on in bioreactors, which control 

aeration, pH, and temperature. 
6. Primary metabolites such as ethanol are formed as the cells 

grow (during the trophophasel. 
7. Secondary metabolites such as penicillin are produced dur ing 

the stationary phase (idiophase). 
8. Mutant strains that produce a des ired product can be selected. 
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Immobilized Enzymes and Microorganisms 
9. Enzymes or whole cells can be bound to solid 

spheres or fibers . When substrate passes over 
the surface, enzymatic reactions change the 
substrate to the desired product. 

10. They are used to make paper, tex tiles, and I",h.,,,,", 
environmentally safe. 

Industrial Products (pp.804-806) 
11. Most amino acids used in foods and medicine are produced 

by bacteria. 
12. Microbial production of amino acids can be used to produce 

I.-isomers; chemical production results in both D- and L-isomers. 
13. Lysine and glu tamic acid are produced by Corynebacterium glu-

tamicum. 
14. Citric acid, used in foods, is produ(ed by Aspergillus niger. 
15. Enzymes used in manufac turing foods, medi(ines, and other 

goods are produced by microbes. 
16. Some vitamins used as food supplements arc made by microor-. gamsms. 
17. Vac(ines, antibioti(s, and steroids are produ(ts of microbial 

growth. 

18. The metabolic activities of Thiobacilllls !errooxida 'ls can be used to 
recover uranium and copper ores. 

19. Yeasts are grown for wine- and breadmaking; other microbes 
(Rhizobium, Bmdyrhi:wbillm, and Bacillus IJwrillgiensis) are grown 
for agricultural use. 

Alternative Energy Sources Using 
Microorganisms (pp. 806-807) 
20. Organic waste, called biomass, can be converted by microorgan-

isms into the alternat ive fuel methane, a process called bioconver-
• Slon. 

21. Fuels produced by microbial fermentation are methane, ethanol, 
and hydrogen. 

Biofuels (pp.807-808) 
22. Biofuels include alcohols and hydrogen (from microbial fermenta-

tion) and oils (from algae). 

Industrial Microbiology and the Future (p.808) 
23. Recombinant DNA technology will continue to enhance the ability 

of industrial microbiology to produce medicines and other useful 
products. 

STUDY QUESTIONS 
Answers to the Review and Multiple Choice questions can be found by 
turning to the blue Answers tab at the back of the textbook. 

Review 
1. What is industrial microbiology? Why is it important? 
2. How does commercial sterilization differ from sterilization 

procedures used in a hospital or laboratory? 
3. Why is a (an of bla(kberries preserved by commercial 

sterilization typically hea ted to 100°C instead of at least 116°C? 
4. Outline the steps in the production of cheese, and compare the 

production of hard and soft cheeses. 
5. Beer is made with water, malt, and yeast; hops are added for 

flavo r. What is the purpose of the water, malt, and yeast? What 
is malt? 

6. Why is a bioreactor better than a large fl ask for industrial 
production of an antibio tid 

7. The manufacture of paper includes the use of bleach and 
formaldehyde-based glue. The microbial enzyme xylanase whitens 
paper by digesting dark lignins. Oxidase causes the fibers to stick 
together, and cellulase will remove ink. List three advantages of 
using these microbial enzymes over traditional chemical methods 
for making paper. 

8. Describe an example of bioconversion. What metabolic processes 
(an result in fuels? 

9. Label the trophophase and idiophase in this graph. 
Indicate when primary and secondary metabolites are formed . 

Time 

Multiple Choice 
I . Foods pa(ked in plastic for microwaving an' 

a. dehydrated. d. commercially sterilized. 
h . freeze-dried. e. aUlOclaved. 
c. packaged asepticall y. 

2. Acetobacter is necessary for only one of the steps of vitamin C 
manufacture. The easiest way to accomplish this step would be 10 
a. add substrate and Acetobacter to a test tube. 
b. affix Acetobacter to a surface and run substrate over it. 
c. add substrate and Acelobacter to a bioreactor. 
d. find an alternative to this step. 
e. none of the above 



Use the following (ho ices to answer questions 3- 5: 
a. Bacillus coagulans 
b. Byssochlamys 
(. !lat sour spoilage 
d. Lactobacillus 
e. thermophilic anaerobic spoilage 

3. The spoilage of canned foods due to inadequate processing. 
acwmpanied by gas produ(tio n. 

4. The spoilage of canned foods (aused by Geobacillils slearoiller-
mophilus. 

5. A heat-resistant fungus that causes spo ilage in a(idic foods. 
6. The term 12D treatment refers to 

a. heat trea tment suffident to kill ! 2 bacteria. 
b. the use of 12 different treatments to preserve food. 
(. a 1012 redu(tion in C. bOll/lillilln endospores. 
d. any pro<:ess that destroys thermophilic bacteria. 

7. Which one of the following is /lot a fuel produced by micro-
organisms? 
a. algal oil 
b. ethanol 
(. hydrogen 
d. methane 

• e. uramum 
8. Which type of radiation is used to preserve foods? 

• •• a. lomzmg 
b. nonionizing 
(. radiowaves 
d. microwaves 
e. all of the above 

9. Which of the following rea(tions is undesirable in winemaking? 
a. Sucrose - ethanol 
b. Ethanol- a<:etic acid 
(. Malic a(id -Ia(ti( acid 
d. Gluwse - pyruvic add 

10. Which of the following rea(tions is an oxidation (aniI'd out by 
Thiobacillus ferrooxida lls? 
a. Fe2+ _ Fe3+ 
b. Fe3+ _ Fe2+ 
(. CuS - CUS04 
d. Feo _ Cuo 
e. none of the above 

Critical Thinking 
1. Which bacteria seem to be most frequently used in the production 

of food? Propose an explanation fo r this. 
2. Methylophilus methylolrophus (an co nvert methane (CH4) into 

proteins. Amino adds are represented by this stru(ture: 

H I /0 
H N-C-C , I "-

R OH 

Diagram a pathway illustrating the production of at least one 
amino acid. 
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3. "Stone-washed" denim is produ(ed with <:ellulase. How does cellu-
lase a«Olnplish the look and feel of stone-washing? What is the 
sour<:e of the <:ellulase? 

Clinical Applications 
1. Suppose you are culturing a microorganism that produ(es enough 

lactic add to kill itself in a few days. 
a. How can the use of a biorea(tor help you maintain the culture 

for weeks or months? The graph below shows conditions in the 
biorea(tor: 

Lactic ac id produced 
• • Z 
E , 
< Cells • 0 -• , 
• u 

Time 

b.lf your desired product is a sewndary metabolite, when can you 
begin wllecting it? 

( . If your desired product is the cells themselves and you want to 
maintain a continuous culture, when can you begin harvesting? 

2. Researchers at the CDC inoculated apple cider with lOs E. coli 
0157:H7 cellslml to determine the fate of the bacteria in apple 
cider (pH 3.7). They obtainc<l the following results: 

Apple cider at 25"C 

Apple cider with 
potassium sorbate 
at 25"C 

Apple cider at B"C 

Number of E. coli 0157:H7 
cellsfml after 25 day5 

10· (mold growth 
evident by 10 days) 

What wnclusions (an you reach from these data? What disease is 
(aused by E. coli 0i57:1·J7? (Hint: See Chapter 25.) 

3. The an tibiotic efrotomydn is produced by Streptomyceslactamdu-
rans. S. lactamdllrans was grown in 40,000 liters of medium. The 
medium consisted of gluwse, maltose, soybean oil, (NH4hS04, 
Nae], KH2P04, and Na2HP04' The (Ulture was aerated and 
maintained at 28"C. The following results were obtained from 
analyses of the culture medium during cell growth: 
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• • • • • • • • • • • • • • • • • • • • · ---o 

I 
• I • I • 

0 

I 
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Cultivation time (hr) 

EffotomyCin 
production ,--, , , , 

Log number , of cells , , , , , , , 

100 200 300 400 
Cultivation time (hr) 

a. Under what conditions is the most efrotomycin produ(ed? Is it 
a primary or secondary metabolite? 

b. Whkh is used first, maltose or glu(Ose? Suggest a reason for 
this. 

(. What is the purpose of ea(h ingredient in the growth medium? 
(Hint: See Chapter 6.) 

d. What is Streptomyces? (Hint: See Chapter 11.) 



ANSWERS TO REVIEW AND 
MULTIPLE CHOICE STUDY QUESTIONS 

Chapter 1 
Review 
I. People came to believe that living organisms arise from nonliving 

matter because they would see flies coming out of manure and 
maggOis coming OUI of dead animals, and see microorganisms 
appear in liquids after a day or two. 

2. a. Certain microorganisms cause diseases in insects. Micro-
organisms that kill insects can be effective biological control 
agents because they are specific for the pest and do not persis! 
in the environment. 

h. Carbon, oxygen, nitrogen, sulfur, and phosphorus are required 
for all living organisms. Microorganisms convert these elements 
into forms that are useful for other organisms. Many bacteria 
decompose material and release carbon dioxide into the atmo-
sphere that plants use. Some bacteria can take nitrogen from 
the atmosphere and convert it into a form that plants and other . . mlcroorgatllsms can use. 

c. Normal microbiota are microorganisms that are found in and 
on the human body. They do not usually cause disease and can 
be beneficiaL 

d. Organic maHer in sewage is decomposed by bacteria into car-
bon dioxide, nitrates, phosphates, sulfate, and other inorganic 
compounds in a wastewater treatment plant. 

e. Recombinant DNA techniques have resulted in insertion of the 
gene for insulin production into bacteria. These bacteria can 
produce human insulin inexpensively. 

£. Microorganisms can be used as vaccines. Some microbes 
can be genetically engineered to produce components of 
vaCCllles. 

g. Biofilms are aggregated bacteria adhering to each other and 10 a 
solid surface. 

3. a. I, 3 <. I , 4, 5 ,. 5 g. 4 
b. 8 

4. a. 7 
b. 4 

Chapter 2 
Review 

d. 2 
<. 3 
d. 2 

f. 3 h. 7 
,. 6 g. 1 
f. 5 

1. Atoms with the same atomic number and chemical behavior arc 
classified as chemical elements. 

2. 

5. a. II 3 • 1 m. 7 13 ,. •• q . 
b. 14 f. 9 • 12 5 16 I· n. ,. 
<. IS g. 10 k. IS o. 6 
d. 17 h. 2 L 4 p. 8 

6. Erwinia amylovora is the correct way to write this scientific name. 
Scientific names can be derived from the names of scientists. In 
this case, Erwilli(l is derived from Erwin F. Smith, an American 
plant pathologist. Scientific names also can describe the organism, 
its habitat, or its niche. E. amylovora is a pathogen of plants 
(amylo- = starch; vora = cat). 

7. a. B. I/wrillgiensis is sold as a biological insecticide. 
b. Saccharomyces is the yeast sold for making bread, wine, and beer. 

8. 

Multiple Choice 
]. , 

2. < 
3. d 
4. < 
5.b 

3. a. Ionic 

6. , 
7. , 
8. , 
9. , 

10. a 

l 

b. Single covalent bond 
c. Double covalent bonds 
d. Hydrogen bond 

/v1ic<obes 

1 

4. a. Synthesis reaction, condensation, or dehydration 
b. Decomposition reaction, digestion, or hydrolysis 
c. Exchange reaction 
d. Reversible reaction 

AN-l 
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5. The enzyme lowers the activation energy required for the reaction. 
and therefore speeds up this decomposition reaction. 

6. a. Lipid 
b. Protein 
Co Carbohydrate 
d. Nucleic acid 

7. a. Amino acids 
b. Right to left 
Co Left to right 

Chapter 3 

l 

9. 

Multiple Choice 
I. c 6.c 
2.b 7.a 
3. b 8. , 
4. , 9. b 
5. b 10. c 

Review 3. 
l. a. 10.6 m; b. Inm; c. 103 nm 

2. a. Compound light microscope 
b. Darkfield microscope 
c. Phase-contrast microscope 
d. Fluorescence microscope 
e. Electron microscope 
f. Differential interference contrast microscope 

of a. ft1/:j 
<lct!MdMdHwii 
cf rhosphaJ-e, 

) 

o 

H 
I 

if --( -0 
II o 

1+ -t- O- tLCH:0..,at3 
II o o. 
/ l-\-c, - o- P= o 
\ 
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4. Ocular lens 
magnification 

>O x 

5. a. 2,000X 
b. lOO,OOOX 
(". 0.2].1.m 
d. 0.0025 ].I.m 

x Oil Immersion 
lens magnification 

100X 

e. Seeing three-dimensional detail. 

Total magnification 
of speciman 

1000 X 

6. In a Gram stain, the mordant combines with the hasic dye to form 
a complex that will not wash out of gram-positive cells. In a flagel -
la stain, the mordant accumulates on the flagella so that they (an 
be seen with a light mkroscope. 

7. A counterstain stains the wlorlcss non- acid-fast cells so that they 
are easily seen through a microscope. 

Chapter 4 
Review 
I. "and e 

c. 

2. a. sporogenesIs 

b. and e. 

-. 

b. ( ertain adverse environmental (onditions 
(. germination 
d. favorable growth (onditions 

3. 

a J"'\...- d. 

b 

o .• f 

8. In the Gram stain, the decolorizer removes the color from gram -
negative cells. In the a(id-fast stain, the decolorizer removes the 
color from non- a(id-fast (ells. 

9. a. Purple 
b. Purple 
<. Purple 
d. Purple 

Multiple Choice 
I. e 6. e 
2. d 7.d 
3. b 
4. , 
5. , 

4. a. 4 
b. 6 
<. 1 
d. 3 
e. I, 5 
f. 3,9 
g. 2, 8 
h. 7 

8. b 
9. , 

10. c 

e. Purple 
f. Purple 
g. Colorless 
h. Red 

5. An endosporc is called a resting structure because it provides a 
method for one cell to "rest," or survive, as opposed to grow and 
reproduce. The protective endospore wall allows a bacterium to 
withstand adverse condi tions in the environment. 

6. a. Both allow materials to cross tbe plasma membrane from a 
high concentration to a low concentration without expending 
energy. Facilitated diffusion requires carrier proteins. 

b. Both require enzymes to move materials across the plasma 
membrane. In active transport, energy is expended. 

c. Both move materials across the plasma membrane with an 
expenditure of energy. In group translocation, the substrate is 
changed after it crosses the membrane. 

7. a. Diagram (a ) refers to a gram-positive bacterium because the 
lipopolysaccharide- phospholipids- lipoprotein layer is absent. 

b. The gram-negative bacterium initially retains the violet stain, 
but it is released when the outer membrane is dissolved by the 
decolorizing agent. After the dye-iodine complex enters, it 
becomcs trapped by the peptidoglycan of gram-positive cells. 

c. The outer layer of the gram-negative cells prevents penicillin 
from entering the cells. 

d. Essential molecules diffuse through the gram-positive wall. 
Porins and specific channel proteins in the gram-negative outer 
membrane allow passage of small water-soluble molecules. 

e. Gram-negative. 

8. An extracellular enzyme (amylase) hydrolyzes starch intu disaccha-
rides (maltose) and monosaccharides (glucose). A carrier enzyme 
(maltase) hydrolyzes maltose and moves one glucose into the cell. 
Glucose can be transported by group translocation as glucose-6-
phosphate. 
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9. a. 3 
b. 4 ,. 7 
d. ) 

,. 6 
f. 2 
g. 5 

Chapter 5 
Review 
1. (a) is the Calvin-Benson cycle, (b) is glycolysis, and (c) is the Krebs 

cycle. 

2. 

a. Glycerol is catabolized by pathway (b) as dihydroxyacetone 
phosphate. Fatty acids by pathway (c) as ace tyl groups. 

b. In pathway (c) at a -ketoglutaric acid. 
c. Glyceraldehyde-3-phosphate from the Calvin · Benson cycle 

enters glycolysis. Pyruvic acid from glycolysis is decarboxylated 
to produce acetyl for the Krebs cycle. 

d. In (a), between glucose and glyceralrlehyde-3-phosphate. 
e. The conversion of pyruvic acid to acetyl, isocitric acid to a· 

ketoglutaric acid, and a -ketoglutaric acid to succinyl- CoA. 
f. By pathway (c) as acetyl groups. 
g. 

Calvin-Benson cycle 
Glycolysis 
Pyruvic acid --+ acetyl 
Isocitric acid --+ a -ketoglutaric acid 
a -ketoglutaric acid --+ Succinyl-CoA 
Succinic acid --+ Fumaric acid 
Malic acid --+ Oxaloacetic acid 

Uses 

6 NADPH 

Produces 

2 NADH 
1 NADH 
1 NADH 
1 NADH 
1 FADH2 
1 NADH 

h. Dihydroxyacetone phosphate; acetyl; oxaloacetic acid; 
a -ketoglutaric acid. 

a Ih 

,.. , 
. . 

Enzyme Substrate Competitive Noncompetitive 
inhibitor inhibitor 

e When t'lt. erlzym-e., rJ.nd. s!U::l'irrate Ctmbir1£., -/1l-e 
5uh, /raro f11Dit"cure Will be trtlllJfr:rrnd. . 
When me. compet-ih ve irl hi b; -!D r' bi rld$ Tn ill PJ 

tht. lAl iil ne+- b-e @1t. +t bi"rJd 
wiHl tht. SUb>ira.t6. 
Whe.n +he, (lDI\Cc·m peti-hve jrlhibitor hr\d!; it "the, 
·fJ1ZJjfl1tS, +11(, ac.hve. sHe or -tht. "C·rJz t.\ me. l(iJi 
be cl1M10"1'1i J:1lhe 0llJjrnc CiJJ1n o+-
wi+h'+i,t &wstntte. 

Multiple Choice 
1. , 6. , 
2. d 7. b 
3. b 8. , 
4. , 9. , 
5. d 10. b 

3. 

Substrate concentration 
Temperature 

_ _ RAtt Df- reacliM 
wd'h 

, 

4. Oxidation-reduction: A coupled reaction in which one substance 
loses electrons and another gains electrons. 
a. The final electron acceptor in aerobic respiration is molecular 

oxygen; in anaerobic respiration, it is another inorganic 
molecule. 

b. An electron transport chain is used in respiration but not in 
fermentation . The final electron acceptor in respiration is usu-
ally inorganic; in fermentation it is usually organic. 

Co In cyclic photophosphorylation, electrons are returned to 
chlorophyll. In noncyclic photophosphorylation, chlorophyll 
receives electrons from hydrogen atoms. 

5. a. Photophosphorylation 
b. Oxidative phosphorylation 
c. Substrate-level phosphorylation 

6. oxidation 

7. a. CO2 e. CO2 
b. Light f. Inorganic molecules 
c. Organic molecules g. Organic molecules 
d. Light h. Organic molecules 

8. Protons are pumped from one side of the membrane to the other; 
transfer of protons back across the membrane generates AT P. 
a and b. Outer portion is acidic, and has a positive electrical charge 
c. Energy-conserving sites are the three loci where protons are 
pumped out d. Kinetic energy is realized at ATP synthase 

9. NAD+ is needed to pick up more electrons. NADH is usually 
reoxidized in respiration_ NADH can be reoxidized in fermentation. 

Multiple Choice 
I. a 3. b 5. , 7. b 9. , 
2. d 4. c 6. b 10. b 
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Chapter 6 
Review 
I. In binary fission. the cell elongates. and the chromosome repli -

cates. Next, the nuclear material is evenly divided. The plasma 
membrane invaginates toward the center of the cell. The cell wall 
th ickens and grows inward between the membrane invaginations; 
two new cells result. 

2. Carbon: synthesis of molecules that make up a living cell. 
Hydrogen: source of electrons and component of organic mole-
cules. Oxygen: component of organic molecules; electron acceptor 
in aerobes. N itrogen: component of am ino acids. Phosphorous: in 
phospholipids and nucleic acids. Sulfur: In some amino acids. 

3. a. Catalyzes the breakdown of H20 2 to O2 and H2O. 
b. H20 2; peroxide ion is 0 /- . 
c. Catalyzes the breakdown of H20 2; 

NADH + H-+- + H 20 2 Pemxida", NAD -+- + H 20 

d. 0 z - ; this anion has one unpaired electron. 
e. Converts superoxide to O2 and H20 2; 

202 - + 2H -+- Sup<mxidrd i,m uta"j 

The enzymes are important in protecting the cell from the 
strong oxidizing agents, peroxide and superoxide, tha t form 
during respira tion. 

4. Direct methods are those in which the microorganisms are seen 
and counted. Direct methods are direct microscopic count, plate 
count, filtration , and most probable number. 

S. The growth ra te of bacteria slows down with decreasing tempera-
tures. Mesophilic bacteria will grow slowly at refrigera tion temper-
atures and will remain dormant in a freeze r. Bacteria will not spoil 
food quickly in a refrigerator. 

6. Number of cells X 2n generations = Total number of cells 

6 X 27 = 768 

7. Petroleum can meet the carbon and energy requirements for an 
oil-d egrading bacterium; however, ni t rogen and phosphate are 
usually not available in large quantities. Nitrogen and phosphate 
are essential for making proteins, phospholipids, nucleic acids, 
and ATP. 

Chapter 7 
Review 
I. Autoclave. Because of the high specific heat of water, moist heat is 

readily transferred to cells. 

2. Pasteurization destroys most organisms that cause disease or rapid 
spoilage of food. 

3. Variables that affect determination o f the thermal death point are 
• The innate heat resistance of the strain of bacteria 
• The past history of the culture, whether it was freeze -dried, 

wetted, etc. 

8. A chemically defined medium is one in which the exact chemical 
composition is known. A complex medium is one in which the 
exact chemical composition is not known. 

9. 
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Multiple Choice 
I. c 6. d 
2. a 7. e 
3. , 8. , 
4. , 9. b 
5. , 10. b 

• The clumping of the cells during the test 
• The amount of water present 
• The organic matter present 
• Media and incubation temperature used to de termine viability 

of the culture after heating 

4. a. the ability of ionizing radiation to b reak DNA d irectly. 
However, because of the high water content of cells, free radi -
cals (H · and O H·) that break DNA strands are likely to form . 

b. formation of thymine dimers. 
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6. All three processes kill microorganisms; however, as moisture 
and/or temperatures arc increased, less time is required to achieve 
the same result. 

7. Salts and sugars create a hypertonic environment. Salts and sugars 
(as preservatives) do not directly affect cell structures or metabo-
lism; instead, they alte r the osmotic pressure. Jams and jellies arc 
preserved with sugar; meats arc usually preserved with salt. Molds 

Chapter 8 
Review 
I. DNA consists of a strand of alternating sugars (deoxyribose) and 

phosphate groups with a nitrogenous base attached to each sugar. 
The bases are adenine, thymine, cytosine, and guanine. DNA exists 
in a cell as two strands twisted together to form a double helix. The 
two strands are held together by hydrogen bonds between their 
nitrogenous bases. The bases are paired in a specific, complementary 
way: A-T and CoG. The information held in the sequence of 
nucleotides in DNA is the basis for synthesis of RNA and proteins in 
a cell. 

2. 

Rt'plt61;t-iCr1 

Dr-,;'A 
'Parent strnnd 

Ltadi'!j 

prirtltr 
IVfchOrl of 
repl i{f1.-non 

3. a. ATATTACTTTGCAIGGACT. 
b. met-lys-arg-thr- (end). 
c. TATAATGAAACGTTCCTGA. 
d. No change. 
e. Cysteine substituted for arginine. 
f. Proline substituted for threonine (missense mutation). 
g. Frameshift mutatio n. 
h. Adjacent thym ines might polymerize. 
1. ACT. 

are more capable of growth in high osmotic pressure than are 
bacteria. 

8. Disinfectant B is preferable because it can be dilu ted more and still 
be effective . 

9. Quaternary ammonium compounds are most effective against 
gram-positive bacteria. Gram -negative bacteria that were stuck in 
cracks or around the drain of the tub would not have been washed 
away when the tub was cleaned . These gram -negative bacteria 
could survive the washing procedure. Some pseudomonads can 
grow o n qua ts that have accumulated. 

Multiple Choice 
1. d 6. b 
2. b 
3. d 
4. d 
5. b 

4. a. 2 
b. 4 
<. 3 

7. b 
8. , 
9. , 

10. b 

d. I 
e. 5 

5. a. (I ) repressor 
(2) operator 
(3) repressor 
(4) transcription 

b. (I ) con'pressor 
(2) repressor 
(3) operator 
Dereprrssion occurs when the corrpressor is needed 

c. None; constitutive rnzymes are produced at certain necessary 
lewis rrgardless of the amount of substrate or end.product. 

6. CTTTGA. Endospores and p igmrnts offer protection agains t UV 
radiation. Additionally, repair mechanisms can removr and rrplace 
thyminr polymers. 

7. a. Culture I will rrmain the same. Cuiturr 2 will convrrt to F+ but 
will havr its original grnotype. 

b. The donor and recipient crlls' DNA can rrcombine to fo rm 
combinations of A +B+C + and A -B-C- . [fthe F plasmid also 
is transferred, the rrcipirnt cell may become F+. 

8. Semiconsrrvative replication rnsures the offspring crll will have 
onr correct strand of DNA. Any mutations that may have occurred 
dur ing DNA replication have a greater chance of being corrrctly 
repaired. 

9. Mutation and recombination provide genrtic divrrsity. Environ-
mental factors selret for the survival of organisms through natural 
selection. Genetic diversity is nrcessary for the survival of some 
organisms through the processrs of natural selection. Organisms 
that survive may undergo furthrr genetic change, rrsu lting in the 
rvolut ion of the species. 

Multiple Choice 
L e 3. c 5. d 7. , 9. d 
2. d 4. d 6. b 8. , 10. a 
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Chapter 9 
Review 
I. a. Both are DNA. cDNA is a segment of DNA made by RNA-

dependent DNA polymerase. It is not necessarily a gene; a gene 
is a transcribable unit of DNA that codes for protein or RNA. 

b. Both are DNA. A restriction fragment is a segment of DNA 
produced when a restriction endonuclease hydrolyzes DNA. It 
is not usually a gene; a gene is a transcribable unit of DNA that 
codes for protein or RNA. 

c. Both are DNA. A DNA probe is a short, single-stranded piece of 
DNA. It is not a gene; a gene is a transcribable unit of DNA 
that codes for protein or RNA. 

d. Both are enzymes. DNA polymerase synthesizes DNA one 
nucleotide at a time using a DNA template; DNA ligase joins 
pieces (strands of nucleotides) together. 

e. Both are DNA. Recombinant DNA results from joining DNA 
from two different sources; cDNA results from copying a strand 
of RNA. 

f. The proteome is the expression of the genome. An organism's 
genome is one complete copy of its genetic information. 
The proteins encoded by this genetic material comprise the 
proteome. 

2. In protoplast fusion , two wall-less cells fuse together to combine 
their DNA. A variety of genotypes can result from this process. 
In b, c, and d , specific genes are inserted directly into the cell. 

3. 
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4. a. BamHI, EcoRI, and Hindlll make sticky ends. 
b. Fragments of DNA produced with the same restriction enzyme 

will spontaneously anneal to each other at their sticky ends. 

s. The gene can be spliced into a plasmid and inserted into a bacterial 
cell. As thr cdl grows, thr numbrr of plasmids will incrrasr. Thr 
polymrrase chain reaction can make copies of a grne using DNA 
polymrrase in vitro. 

6. In a rukaryotic cell, RNA polymerasr copies DNA; RNA processing 
rrmoves the introns, leaving the rxons in the mRNA. cDNA can br 
madr from thr mRNA by revrrsr transcriptasr. 

7. See Tables 9.2 and 9.3. 

8. You probably usrd a few plant crlls in a Prtri platr for your experi-
ment. How will you selrct the plant crlls that actually havr thr new 
Ti plasmid? You can grow these crlls on plant-cell culture mrdia 
with tetracyciinr. Only thr crlls with the nrw plasmid will grow. 

9. In RNAi, siRNA binds mRNA crrating double-strandrd RNA, 
which is rnzymatically destroyrd. 

Multiple Choice 
l. b 6. d 
2. b 7. c 
3. b 8. b 
4. b 9. , 
5. , 10. a 



AN-a ANSWERS TO REVIEW AND MULTIPLE CHOICE STUDY aUESTIONS 

Chapter 10 
Review 
L A and 0 appear to be most closely related because they have simi-

lar G-C moles %. No two are the same species. 

2. A and 0 are most closely rela ted. 

3. One possible key is shown below. Alternative keys could be made 
starting wi th morphology or glucose fermentation . 

Chapter 11 
Review 
l. a. Clostridium 

b. Bacillus 
<. Streptomyces 
d. Mycobacterium ,. Streptococcus 
f. Staphylococcus 
g. TrepOlrema 

C:rr ...... I""t<'eflcn 
+ 

h. Spirillum 
;. Pseudomonas 
). Escherichia 
k. Mycoplasma 
1. Rickettsia 
m. Chlamydia 

2. a. Both are oxygenic photoautotrophs. Cyanobacteria are prokary-
otes; algae are eukaryotes. 

b. Both are chemoheterotrophs capable of forming mycelia; 
some form conidia. Actinomycetes are prokaryotes; fungi are 
eukaryotes. 

c. Both are large rod.shaped bacteria. Bacillus forms endospores, 
Lactobacillus is a fermentative non-endospore-forming rod. 

d. Both are small rod-shaped bacteria. PsemlomorUls has an 
oxidative metabolism; Escirericiria is fermentative . PseudomOlws 
has polar flagella; Escherichia has peritrichous flagella. 

e. Both are helical bacteria. Lrptospira (a spirochete) has an axial 
filament. Spirillum has flagella . 

r. Both are gram.negative, rod.shaped bacteria. Escilericiria are 
faculta tive anaerobes, and Bacteroides are anaerobes. 

g. Both are obligatory intracellular parasites. Rickettsia are trans-
mitted by ticks; Clrfamydia have a unique developmental cycle. 

h. Both lack peptidoglycan cell walls. Ureaplasma are archaea; 
Mycoplasma are bacteria (see Table 10.2) . 

4. 

Ihe purr"'" "r • "",&air"'" ;, ill Sh,,<o the d<j""'- d' 
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Multiple Choice 
lo b 3.d 5. , 7. , 9. , 
2. , 4. b 6. , 8. , 10. b 

3. There are many ways to draw a key. Here is one example. 

Multiple Choice 
I. d 6. c 
2.b 7.e 
3.e 8. b 
4. , 9. b 
5. b 10. a 



ANSWERS TO REVIEW AND MULTIPLE CHOICE STUDY QUESTIONS AN-9 

Chapter 12 
Review 
I. a. Systemic 

b. Subcutaneous 
<. Cutaneous 
d. Superficial ,. Systemic 

2. a. E. coli 
b. P. chrysogenum 

3. As the first colonizers on newly exposed rock or soil, lichens are 
responsible for the chemical weathering of large inorganic particles 
and the consequem accumulation of soil. 

4. Cellular slime molds exist as individual amoeboid cells. Plasmodial 
slime molds are multinucleate masses of protoplasm. Both survive 
adverse environmental conditions by forming spores. 

5. a. Flagella 
b. Giardia 
<. None 
d. Nosema ,. Pseudopods 
f. Ell/amoeba 
g. None 
h. Plasmodium 
•• Cilia 
J. Balalllidil jm 
k. Flagella 
I. TrypmlOsoma 

6. Trichomonas cannot survive for long outside a host because it does 
not form a protective cyst. Trichomonas must be transferred from 
host to host quickly. 

7. Ingestion. 

Chapter 13 
Review 
I. Viruses absolutely require living host cells to multiply. 

2. A virus 
a. contains DNA or RNA; 
b. has a protein coat surrounding the nudeic acid; 
c. multiplies insidr a living cell using the synthetic machinery of 

the cell; and 
d. causrs the synthesis of virions. 

A virion is a fully devrloped virus par ticle that transfers the 
viral nudric acid to othrr cells and initiates multiplication. 

3. Polyhedral (Figure 13.2); helical (Figure 13.4); enveloped 
(Figure 13 .3); complex (Figure 13 .5). 

8. 
host-

[ 

Cu(4.l"iA 

1'lahjh<lm'otlle., 
Class , T,.-e.ma:fude. 

Hiracidiu.m 

Adult 

9. The male reproductive organs are in one individual, and the 
female reproductive organs in another. Nematodes belong to the 
Phylum Aschelminthes. 

Multiple Choice 
l. c 3. b 5. d 
2. b 4. a 6. b 

4. 

• 

7. , 
8. , 

•• • • • • 
•• 
, . •• J 

9. , 
10. d 
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5. Both produce double-stranded RNA with the - strand being the 
template for more + strands. + strands act as mRNA in both 

• VIrus groups. 

6. Antibiotic treatment of S, al/rellS can activate phage genes that 
encode r-v leukocidin. 

7. a. Viruses cannot easily be observed in host tissues. Viruses can-
not easily be cultured in order to be inoculated into a new host. 
Additionally, viruses are specific for their hosts and cells, mak-
ing it difficult to substitute a laboratory animal for the third 
step of Koch's postulates. 

b. Some viruses can infect cells without inducing cancer. Cancer 
may not develop until long after infection. Cancers do not seem 
to be contagious. 

Chapter 14 
Review 
1. a. Etiology is the study of the cause of a disease, whereas patho-

genesis is the manner in which the disease develops. 
b. Infection refers to the colonization of the body by a microor-

ganism. Disease is any change from a state of health. A disease 
may, but does not always, result from infection. 

c. A communicable disease is a disease that is spread from one 
host 10 another, whereas a noncommunicable disease is not 
transmitted from one host to another. 

2. Symbiosis refers to different organisms living together, 
Commensalism- one of the organisms benefits and the other is 
unaffec ted; e.g., corynebacteria living on the surface of the eye. 
Mutualism- both organisms benefit; e.g" E. coli receives nutrients 
and a constant temperature in the large intestine and produces 
vi tamin K and certain B vitamins that are useful for the human 
host. Parasitism--(lne organism benefits while the other is 
harmed; e.g., Salmondlll enteriw receives nutrients and warmth in 
the large intestine, and the human host experiences gastroenteritis 
or typhoid fever. 

3. 
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8. a. Subacute sclerosing panencephalitis 
b. Common viruses 
c. Answers will vary. One example of a possible mechanism is 

latent, in an abnormal tissue. 

9. a. of the rigid cell walls 
b. vectors such as sap-sucking insects 
c. plant protoplasts and insect cell cultures 

Multiple Choice 
I .e 6. e 
2. c 7.c 
3.b 8. d 
4. , 
5.b 

4. a. Acute 
b. Chronic 
c. Subacute 

9. d 
10. c 

5. Hospital patients may be in a weakened condition and therefore 
predisposed to infection. Pathogenic microorganisms are generally 
transmitted to patients by contact and airborne transmission. The 
reservoirs of infection are the hospital staff, visitors, and other 
patients. 

6. Changes in body function that the patient feels are called 
symptoms. Symptoms such as weakness or pain are not measurable 
by a physician. Objective changes that the physician can observe 
and measure are called signs. 

7. When microorganisms causing a local infection enter a blood or 
lymph vessel and are spread throughout the body, a systemic infec-
tion can result. 

8. MUlUalistic microorganisms are providing a chemical or environ-
ment that is essential for the host. Commensal organisms are not 
essential; another microorganism might serve the function as well. 

9. Incubation period, prodromal period, period of illness, period of 
decline (may be crisis), period of convalescence. 

Multiple Choice 
I .a 6. b 
2.b 7.c 
3.a 8. a 
4. d 9. c 
S.a lO. d 
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Chapter 15 
Review 
l. The ability of a microorganism to produce a disease is called 

pathogenicity. The degree of pathogenicity is virulence. 
2. Encapsulated bacteria can resist phagocytosis and continue grow-

ing. Streptococcus pneumoniae and Klebsiella pneumoniae produce 
capsules that are related to their virulence. M protein found in the 
cell walls of Streprococcus pyogenes and A protein in the cell walls 
of Staphylococcus aureus help these bacteria resist phagocytosis. 

3. Hemolysins lyse red blood cells; hemolysis might supply nutrients 
for bacterial growth. Leukocidins destroy neutrophils and 
macrophages that are active in phagocytosis; this decreases host 
resistance to infection. Coagulase causes fibrinogen in blood to 
dot; the dot may protect the bacterium from phagocytosis and 
other host defenses. Bacterial kinases break down fibrin; kinases 
can destroy a dot that was made to isolate the bacteria, thus allow-
ing the bacteria to spread . Hyaluronidase hydrolyzes the hyaluronic 
acid that binds cells together; this could allow the bacteria to 
spread through tissues. Siderophores take iron from host iron-
transport proteins, thus allowing bacteria to get iron for growth. 
IgA proteases destroy IgA antibodies; IgA antibodies protect 
mucosal surfaces. 

4. a. Would inhibit bacteria. 
b. Would prevent adherence of N. gonorrllOcae. 
c. S. pyogenes would not be able to attach to host cells and would 

be more susceptible to phagocytosis. 

s· :-____ 
Bacterial source Gram + Gram 
Chemistry Proteins Lipid A 

High Low 
Pharmacology Destroy certain cell Systemic. fever. 

parts or physiological weakness. aches 
functions and shock 

Example Botul inum Salmonellosis 

Chapter 16 
Review 
l. a. Mechanical: movement out; Chemical: Iysozome; acids 

2. 

b. Mechanical: movement out; Chemical: acidic environment in 
female 

6. • 
• 

7. Pathogenic fungi do not have specific virulence factors; capsules, 
metabolic products, toxins, and alle rgic responses contribute to the 
virulence of pathogenic fungi. Some fungi produce toxins that, 
when ingested, produce disease. Protozoa and helminths elicit 
symptoms by destroying host tissues and producing toxic metabolic 
wastes. 

8. Legionella. 
9. Viruses avoid the host's immune response by growing inside host 

cells; some can remain latent in a host cell for prolonged periods. 
Some protozoa avoid the immune response by mutations that 
change their antigens. 

Multiple Choice 
I. e 6. a 
2. c 7. b 
3. d 8. a 
4. d 9. d 
s. , 10. c 

3. Inflammation is the body's response to tissue damage. The charac-
teristic symptoms of inflammation are redness, pain, heat, and 
swelling. 

4. Interferons are antiviral proteins produced by infected cells in 
response to viral infections. Alpha interferon and beta interferon 
induce uninfected cells to produce antiviral proteins. Gamma 
interferon is produced by lymphocytes and activates neutrophi ls to 
kill bacteria. 

5. Endotoxin binds C3b, which activates C5- C9 to cause cell lysis. 
This can result in free cell wall fragments, which bind mo re C3b, 
resulting in C5-C9 d amage to host cell membranes. 

6. Toxic oxygen products can kill pathogens. 

7. The recipient's an tibodies combine with donor antigens and fi x 
complement; the activated complement causes hemolysis. 

8. Inhibit formation of C3b; prevent MAC formation; hydrolyze C5a. 
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9. a. Innate. Facilitate adherence of phagocyte and pathogen. 
b. Innate. Bind iron. 
c. Innate. Kill or inhihit hac teria. 

Chapter 17 
Review 
1. a. Adaptive immunity is the resistance to infection obtained duro 

ing the life of the individual; it results from the production of 
antibodies and T cells. Innate immunity refers to the resistance 
of species or individuals to certain diseases that is not depen-
dent on antigen-specific immunity. 

b. Humoral immunity is due to antibodies (and B cdls). Cellular 
immunity is due to T cells. 

c. Active immunity refers to an tibodies produced by the individual 
who carries them. Passive immunity refers to antibodies pro-
duced by another source and then transferred to the individual 
who needs the antibodies. 

d. THI cdls produce cytokines that activa te T cells. Cytokines 
produced by T Hl cells activate B cells. 

c. Natural immunity is acquired naturally, i.e., from mother to 
newborn, or following an infection. Art ificial immunity is 
acquired from medical treatment, i.e., by injection of antibodies 
or by vaccination. 

f. T-dependent antigens: Certain antigens must combine wi th 
self-antigens to be recognized by T H cdls and then by B cells. 
T-independent antigens can dicit an antibody response without 
T cells. 

g. T cells can be classified by their surface antigens: T]! cells 
possess the CD4 antigen; T c cells have the COB antigen. 

h. Immunoglobins = antibodies; TCRs = antigen-receptors on 
T cells. 

2. The major histocompatability complex (M HC) are self-antigens. 
TH cells reac t wi th MHC II; T c cells react with MHC I. 

3. 

Multiple Choice 
1. , 
2.d 
3. , 
4. d 
5. b 

6. , 
7. , 
8. b 
9. d 

10. e 

4. See Figure 17. 19. 

5. Activated T c cells (CTLs) destroy target cells on contact. T]! cells 
interact with an antigen to upresent" it to a B cell for antibody 
formation. T R cells suppress the immune response. Cytokines arc 
chemicals released by cells that initia te a response by other cells. 

6. 

(., "'-
• 
$ (bl 

• < c ..L ,..L 

A B 
Time (weeks) ------------_, 

7. Both would prevent attachment of the pathogen; (a) interfere with 
the attachment site on the pathogen and (b) in terfere wi th the 
pathogen's receptor site. 

B. Rearrangement of the V region genes during embryonic develop-
ment produces B cells with d ifferent antibody genes. 

9. The person recovered because he o r she produced an tibodies 
against the pathogen. The memory response will continue to 
protect the person against that pathogen . 

Multiple Choice 
l. d 6. e 
2. , 7. , 
3. b 8. d 
4. , 9. , 
5. d 10. d 
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Chapter 18 
Review 
1. a. Whole-agent. Live, avirulent virus that can cause the disease if 

it mutates back to its virulent state. 
b. Whole-agent; (heat-) killed bacteria. 
('. Subunit; (heat- or formalin -) inactivated toxin. 
d. Subunit 
e. Subunit 
f. Conjugated 
g. Nucleic acid 

2. If excess antibody is present, an antigen will combine with several 
antibody molecules. If excess antigen is present, an antibody will 
combine with several antigens. Refer to Figure 18.3. 

3. Particulate antigens react in agglutination reactions. The antigens 
can be cells or soluble antigens bound to synthetic particles. 
Soluble antigens take part in precipitation reactions. 

4. a. Some viruses are able to agglutina te red blood cells. This reac-
tion is used to detect the presence of large numbers of virions 
capable of causing hemagglutination (e.g., llljlueIlZllVirJJs). 

5. 

b. Antibodies produced against viruses that are capable of 
agglutinating red blood cells will inhibit the agglutination. 
Hemagglutination inhibition can be used to de tect the 
presence of antibodies against these viruses. 

('. This is a procedure to detect antibodies that react with soluble 
antigens by first attaching the antigens to insoluble latex 
spheres. This procedure may be used to detect the presence of 
antibodies tha t develop during certain mycotic o r helminthic 
infections. 

(bJ 

6. 

(b) lndired-

7. See Figure IS.2. 

8.a. S d. 3 
b. 4,6 c. 6 
<. I 

9. a. S 
b. 3 
<. I 

f. 2,4 

d. 6 
,. 2 
f. 4 

Multiple Choice 
I. c 6. b 
2. d 7. c 
3. b 8. a 
4. a 9. b 
5. , 10. c 
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Chapter 19 
Review 
I. 

2. Recipient's serum contains complement: ac tivated complement 
causes hemolysis. 

3. Recipient's antibodies will react with donor 's tissues. 

4. Refer to Figure 19.7. 
a. The observed symptoms are d ue to lymphokines. 
b. When a person contacts poison oak initially, the antigen (cate-

chols on the leaves) binds to tissue cells, is phagocytized by 
macrophages, and is presented to receptors on the surface of 
T cells. Contact between the antigen and the appropriate T cell 

Chapter 20 
Review 
I. 

stimulates the T cell to proliferate and become sensitized. With 
subsequent exposure to the antigen, sensi tized T cells release 
lymphokines, and a delayed hypersensitivity ocwrs. 

c. Small repealed doses of the antigen are believed to cause the 
production of IgG (blocking) antibodies. 

5. Lupus patients have antibodies directed at Iheir own DNA . 

6. Cytotoxic: Antibodies reacl with cell-surface anligens. 
Immune complex: Anlibody-complement co mplexes deposit in 

tissues. 
Cell-media ted: T cells deslroy self cells. See Table 19.1. 

7. Congenital 
Acquired 

Viral infections, most notably HI V 
Induced by immunosupression drugs 

Result: Increased susceptibility to various infections depending on 
the type of immune deficiency. 

8. Tumor cells have tumor-specific antigens such as TSTA and 
T antigen. Sensitized T c cells may react with tumor-specific 
antigens, initiating lysis of the tumor cells. 

9. Some malignant cells can escape the immune system by antigen 
modulation or immunological enhancement. Immunotherapy 
might tr igger immunological enhancement. The body's defense 
against cancer is cell-mediated and not humoral. Transfer of 
lymphocytes could cause graft-versus-host disease. 

Multiple Choice 
I. b 6. e 
2. b 7. , 
3. b 8. d 
4. , 9. , 
5.d 10. b 

2. The drug (I ) should exhibit selective toxicity: (2) should have a 
broad spectrum: (3 ) should not produce hypersensitivity in the 
host: (4) should not produce drug resistance: and (5) should not 
harm normal microbiota. 

3. Because a virus uses the host cell's metabolic machinery, it is 
difficult to damage the virus without damaging the host. Fungi, 
protozoa, and helminths possess eukaryotic cells. Therefore, 
antiviral , antifungal, antiprotozoan, and antihelminthic drugs 
must also affect eukaryotic cells. 

4. Drug resistance is the lack of susceptibility of a microorganism to 
a chemotherapeutic agent. Drug resistance may develop when 
microorganisms are constantly exposed to an antimicrobial agent. 
Ways to minimize the development of drug-resistant microorgan-
isms include judicious use of antimicrobial agents; following 
directions on the prescription: or administering two or more drugs 
simultaneously. 
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5. Simultaneous use of two agents can prevent the development of 
resistant strains of microorganisms. take advantage of the synergis-
tic effect, provide therapy until a diagnosis is made, and lessen the 
toxicity of individual drugs by reducing the dosage of each in com-
bination. One problem that can result from simultaneous use of 
two agents is the antagonistic effect. 

6. a. Like polymyxin B, causes leaks in the plasma membrane. 
b. Interferes with translation. 

7. a. Inhibits formation of peptide bond. 
b. Prevents translocation of ribosome along m RNA. 
c. Interferes with attachment of tRNA to m RNA-ribosome 

complex. 
d. Changes shape of 30S portion of ribosome, resulting in 

misreading mRNA. 

Chapter 2t 
Review 
I. Baetrria usually rntrr through inapparrnt oprnings in the skin. 

Fungal pathogrns (rxerpt subeutanrous) oftrn grow on thr skin 
itsrlf. Viral infrctions of the skin (except warts and huprs simplrx) 
most often gain aeerss to the body through the respiratory tract . 

2. Staphylococclls a! jreIlS; Streptococcus pyogenes. 
3. 

4. Etiological Agent Clinical Symptoms Mode of Transmission 

p. aenes Infected oil glands Direct contact 
S. aureus Infected hair follicles Direct contact 
Papovavirus Benign tumor Direct contact 
Herpesvirus Vesicular rash Respiratory route 
Herpesvirus Recurren t "blisters" Direct contact 

Papular rash. Respiratory route 
Koplik's spots 

Togavirus Macular rash Respiratory route 

e. Prevents 70S ribosomal subunits from forming. 
f. Prevents release of peptide from ribosome. 

8. DNA polymerase adds bases to the 3' - OH. 

9. a. Penicillin inhibits bacterial cell wall synthesis. Echinocandin 
inhibits funga l cell wall synthesis. 

b. Imidazole interferes with fungal plasma membrane synthesis. 
Polymyxin B disrupts any plasma membrane. 

Multiple Choice 
I. b 6. d 
'-' 7. , 
3. , 8. b 
4. b 9. , 
5. , 10. d 

5. The test determines the woman's susceptibility to rubella. If the 
test is nega tive, she is sus(eptible to the d isease. if she a(quires the 
d isease during pregnancy, the fe tus (ould bc<ome infc<ted. A sus-
"ptible woman should be va«inated. 

6. Symptoms 

Kopl ik's spots 
Macular rash 
Vesicular rash 
Small. spotted rash 
"Blisters" 
Corneal ulcer 

Disease 

Measles 
Measles 
Chickenpox 
German measles 
Cold sore 
Keratoco n j u n ctiv iti s 

7. The central nervous system can be invaded following keratocon-
junctivitis; this results in encephali tis. 

8. Attenuated measles, mumps, and rubella viruses. 

9. The patient has scabies, an infestation of mites in the skin. It is 
Ireated with permelhrin insecticide or gamma benzene hexachlo-
ride. The presence of a six-legged arthropod (insect) indicates 
pediculosis (lice). 

Multiple Choice 
l. c 6. d 
2. d 7.e 
3. b 8. d 
4. , 
S. d 

9. , 
10. d 
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Chapter 22 
Review 
I. The symptoms of tetanus are due not to bacterial growth 

(infection and intlammation) but to neurotoxin. 

2. a. Vaccination with tetanus toxoid. 
b. Immunization with antitetanus toxin antibodies. 

3. "Improperly cleaned" because C. lelm,i is found in soil that might 
contaminate a wound. "Deep puncture" because it is likely to be 
anaerobic. "No bleeding" because a tlow of blood ensures an 
aerobic environment and some cleansing. 

4. Etiology- Picornavirus (poliovirus). 
Transmission-Ingestion of contaminated water. 
Symptoms- Headache, sore throat, fever, nausea; rarely paralysis. 
Prevention- Sewage treatment. 
These vaccinations provide artificially acquired active immunity 
because they cause the production of antibodies, but they do not 
prevent or reverse damage to nerves. 

5. 
Causative Agent 

N. meningitidis 

H. influenzae 
S. pneumoniae 
L monocy/ogenes 
C. neoformans 

8. Disease 

Susceptible 
Population 

Children; military 
recruits 

Children 
Children; elderly 
Anyone 
Immunosuppressed 

individuals 

Etiology 

Transmission 

Respiratory 

Respiratory 
Respiratory 
Foodborne 
Respiratory 

Arboviral encephalitis Togaviruses. 
Arboviruses 

African trypanosomiasis T. b. gambiense, 
r b. rhodesiense 

Botul ism C. botulinum 
Leprosy M. leprae 

Treatment 

Penicillin 

Rifampin 
Penicillin 
Penicillin 
Amphotericin B 

Transmission 

Mosquitoes (Culex) 

Tsetse fly 

Ingestion 
Direct contact 

9. The causative agent of Creutzfeldt-Jakob disease (CJD) is trans-
missible. Although there is some evidence for an inherited form of 
the d isease, it has been transmitted by transplants. Similarities with 
viruses are (I) the prion cannot be cultured by conventional bacte-
riological techniques and (2) the prion is not readily seen in 
patients with CJD. 

6. 

c.. t etCU1l 

Aibtvj(U". 

7. Postexposure treatment- Passive immunization with antibodies 
followed by active immunization with HDCV. Preexposure 
treatment- Active immunization with HDCV. 
Following exposure to rabies. antibodies are needed immediately 
to inactivate the virus. Passive immunization provides these anti-
bodies. Active immunization will provide antibodies over a longer 
period of time, but they are not formed immed iately. 

Symptoms 

Headache. fever. 
coma 

Decreased physical 
activity and mental 
acuity 

Flaccid paralysis 
Areas of sensation loss in skin 

Multiple Choice 
I. , 
2. , 
3. , 
4. b 
5. , 

6. , 
7. b 
8. , 
9. , 

10. a 

Treatment 

Immune serum 

Suramm; melarsoprol 

Antitoxin 
Dapsone 



Chapter 23 
Review 
I. 

l( 
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. 

2. Disease Causative Agent Predisposing Conditions 

p.s. Sir. pyogenes Abortion or childbirth 
s.b.e. alpha-hemolytic strep. Preexisting lesions 
a.b.e. Sla. aureus Abnormal heart valves 
r.f. Sir. pyogenes Autoimmune 

3. All are vectorborne rickettsial diseases. They differ from each other 
in (I) etiologic agent, (2) vector, (3) severi ty and mortality, and 
(4) incidence (e.g., epidemic, sporadic). 

4. Causative Agent Vector Treatment 

Plasmodium Anopheles Quinine derivative 
Fiavivirus Aedes aegyp/i None 

. C'rUU Fiavivirus Aedes aegyp/i None 
Borrelia Soft ticks 
Leishmania Sandflies 

5. Disease Causative Agent Transmission Reservoir 

Tularemia 
Brucellosis 
Anthrax 

Francisella tularensis 
Brucella spp. 
Bacillus an/hracis 
Borrelia burgdorferi 
Ehrlichia 

Skin abrasions. ingestion. inhalation. bites 
Ingestion of milk. direct contact 

Rabbits 
Callie 

Lyme Disease 
Ehrlichiosis 
Cytomegalic inclusion disease 
Plague 

HHV-5 
Yersinia pes/is 

6. Disease 

Schistosomiasis 
Toxoplasmosis 
Chagas· disease 

Causative Agent 

Schislosoma spp. 
Toxoplasma gond!! 
Trypanosoma cruz! 

Skin abrasions. inhalation. ingestion 
Tick bites 
Tick bites 
Saliva. blood 
Flea bites. inhalation 

Transmission 

Penetrate skin 
Ingestion, inhalation 
-Kissing bug-

Reservoir 

Aquatic snail 
Cats 
Rodents 

Endemic Area 

Soil. cattle 
Deer. mice 
Deer 
Humans 
Rodents 

Asia, South America 
United States 
Central America 

Tetracycline 
Antimony 

7. __________________ "R:':':'CN:,:'C' ____ O':H:':"o'e' ____________ "':rn:":' CmCi:":':'C" _______________ ________________________ __ 

Cat-scratch disease Cats 
Cats 

Bar/one/la henselae 
Tox.oplasma gond!i 

8. Gangrenous tissue is anaerobic and has suitable nutrients for 
C. perfringen5. 

Scratch: touching eyes. lIeas 
Ingestion 

9. Infec tious mononucleosis is caused by EB virus and is transmitted 
in oral secretions. 

Multiple Choice 
I. e 6. e 
2. b 7.a 
3. d 8. , 
4. , 9. , 
5. , 10. c 

Swollen lymph nodes. fever. malaise 
None. congenital infections. neurologic damage 
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Chapter 24 
Review 
I. 

'Diphtheria 
I 

aid 
ILhwplnj C'"'lh - , 

"Llflut'n l.tt 
"PrrffifllOI1 i It 
luverC1Llasfs 

2. Mycoplasmal pneumonia is caused by MyCQplasma pneumoniae 
bacteria. Viral pneumonia can be caused by several different 
viruses. Mycoplasmal pneumonia can be treated with tetracyclines, 
whereas viral pneumonia cannot. 

3. Disease Causative Agent Symptoms 

•• 

Upper Respiratory System 
Common cold 

Lower Respiratory System 
Viral pneumonia 

Influenza 

RSV 

Coronaviruses 

Several viruses 

Influenza virus 

Respiratory 
syncytial virus 

Sneezing. excessive 
nasal secretions. 
congestion 

Fever. shortness of 
breath. chest 
pains 

Chills. fever. 
headache. 
muscular pains 

Coughing. 
wheezing 

Aman tadine is used to trea t influenza; palivizumab, for life-
threatening RSV. 

Disease Symptoms 

Streptococcal pharyngitis Pharyngitis and tonsillitis 
Scarlet fever Rash and fever 
Diphtheria Membrane across throat 
Whooping cough Paroxysmal coughing 
Tuberculosis Tubercles. coughing 
Pneumococcal pneumonia Reddish lungs. fever 
H. influenzae pneumonia Similar to pneumococcal 

pneumonia 
Chamydial pneumonia Low fever. cough. and 

headache 
Otitis media Earache 
Legionellosis Fever and cough 
Psittacosis Fever and headache 
a fever Chills and chest pain 
Epiglollitis Inflamed. abscessed 

epigloll is 
Melioidosis Pneumonia 

Refer to Diseases in Focus 24.1, 24.2, and 24.3 to complete the 
table. 

5. Inhalation of large numbers of spores from Aspergillus or Rhizopus 
can cause infections in individuals with impaired immune systems, 
cancer, and diabetes. 

6. No. Many d ifferent organisms (gram-positive bacteria, gram-
negative bacteria, and viruses) can cause pneumonia. Each of 
these organisms is susceptible to different antimicrobial agents. 

7. Disease 

Histoplasmosis 

Coccidioidomycosis 
Blastomycosis 
Pneumoeyslis 

Endemic Areas in the United States 

States adjoining the 
Mississippi and Ohio rivers 

American Southwest 
Mississippi 
Ubiquitous 

Refer to Diseases in Focus 24.3 to complete the table. 
8. In the tuberculin test, purified protein derivative (PPD ) from 

M. tuberculosis is injected into the skin. Induration and reddening 
of the area around the injection site indicate an actillt' infection or 
immunity to tuberculosis. 

9. •• Staphylococcus aurells 
b. Streptococcus pyogenes 
<. S. pnerwlOniae 
d. C. diphtheriae ,. Mycobacterium wberculosis 
r. Momxella catarrhalis 
g. Bordetella perwssis 
h. Burkholderia pscudomallei 
i. Legiollella plleumophila 
j. Haemophillls influenzae 
k. Clrlamydophila psittaci 
I. Coxiella bumetii 
m. Mycoplasma pllcmnolliae 

Multiple Choice 
I. , 
2. < 
3. , •. , 
5. < 

6. b 
7 . • 
8. , 
9. b 

10. d 
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Chapter 25 
Review 
I. 

2. Disease 

Staph. 
food poisoning 

Shigellosis 

Salmonellosis 

Cholera 

Traveler's 
diarrhea 

Suspect Foods 

Not cooked 
prior to ea ting 

Contaminated 
water 

Poultry; 
contaminated 
water 

Contaminated 
water 

Contaminated 
water 

vir tlS 

, 
Sal mcne1io---

ShtJell. . 
[(IMine-lit!. ,<;,pirtlhs 

Symptoms 

Vomiting and 
dian'nea 

Mucus and blood 
in stools 

Fever. vomiting. 
and diarrnea 

Rice water stools 

Vomiting and 
diarrl1ea 

Refer to Diseases in Focus 25.2 to complete the table. 

3. Causative Agent 

V parahaemo/ytiClis 
V 

Enterotoxigenic E. coli 
Enteroinvasive E. coli 
Enterohemorrhagic E. coli 

C jejllni 
Y. enterocolitica 
C perfringens 

8, cereus 

Suspect Foods 

Oysters, shrimp 
Contact with coastal 

waters 
Water, vegetables 
Water, vegetables 
Alfalfa sprouts, 

tomatoes 
Chicken 
Meat. milk 
Meat 

Rice dishes 

Prevention 

Cooking 

Cooking 
Cooking 
Cooking 

Cooking 
Cooking 
Refrigeration 

after cooking 
Refrigeration 

after cooking 

Refer to Diseases in Focus 25.2 to complete the table. 

4. Certain strains of E. coli may produce an enterotoxin or invade the 
epithelium of the large intestine. 

5. Toxin produced by fungi; see pp. 729- 730. 
6. All four arc caused by protozoa. The infections are acquired by 

ingesting protozoa in contaminated wate r. Giardiasis is a pro-
longed diarrhea. Amoebic dysentery is the most severe dysentery, 
with blood and mucus in the stools. Cryptosporidium and 
Cydospora produce severe diseases in persons lVith immune 
deficiencies. 

7. Food intoxication: Microorganisms must be allowed to grow in 
food from the time of preparation to the time of ingestion. This 
usually occurs when foods are stored un refrigerated or improperly 
canned. The etiologic agents (StapIJy/ococ(1Is aureJjS or Clostridium 
botulinum) must produce an exotoxin. Onset: 1 to 48 hours. 
Duration : A felV days. Treatment: Antimicrobial agents are ineffec-
tive. The patient's symptoms may be trea ted. 

Food infection: Viable microorganisms must be ingested with 
food or water. The organisms could be present during preparation 
and survive cooking or be inocula ted during la ter handling. The 
etiologic agents are usually gram-negative organisms (Sa/mouel/n. 
SIJigelln, Vibrio, and Escherichin ) that produce endotoxins. 
Clostridium per/ringens is a gram-positive bacterium that causes 
food infect ion. Onset: 12 hours to 2 weeks. Duration: Longer than 
intoxication because the microorganisms are growing in the 
patient. Treatment: Rehydration . 

8. Disease Site Symptoms 

Mumps Parotid Inflammation of the 
glands parotid glands and 

fever 
Hepatitis A liver Anorexia. fever. 

diarrhea 
Hepatitis B liver Anorexia. fever. joint 

pains. jaundice 
Viral gastroenteritis l ower GI Nausea. diarrhea, 

tract vomiting 

Refer to Diseases in Focus 25.3 and 25.4 10 complete this question. 

9. Cook meat thoroughly. Eliminate the source of contamination to 
cattle and pigs. 

Multiple Choice 
I. d 6. b 
2. , 
3. , 
4. , 
5. , 

7. b 
8. , 
9 . • 

10. d 
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Chapter 26 
Review 
I. 

2. Urinary tract infections may be transmitted by improper personal 
hygiene and contamination during medical procedures. They are 
often caused by opportunistic pathogens. 

3. The proximity of the anus 10 the urethra and the relatively short 
length of the urethra can allow contamination of the urinary 
bladder in females. Predisposing factors for cysti tis in females are 
gastrointestinal infections and vaginal and urinary tract infections. 

4. Escherichia coli causes about 75% of the cases. Portals of entry are 
from the lower urinary tract or systemic infections. 

S. Disease Symptoms Diagnosis 

Bacterial vaginosis Fishy odor Odor. pH. clue cells 
Gonorrhea Painful urination Isolation of Neisseria 
Syphilis Chancre FTA-ABS 
PlD Abdominal pain Culture of pathogen 
NGU Urethritis Absence of Neisseria 
LGV Lesion. lymph Observation of 

node enlargement Chlamydia in cells 
Chancroid Swollen ulcer Isolation of Haemophilus 

Refer to Diseases in Focus 26.2 and 26.3 to complete table. 

6. Transmission- \Vater; enters via wounds. 
Activities-Water contact; contact with animals or rodent-infested 
places. 
Etiology- Leptaspim interragans. 

7. Symptoms-Burning sensation, vesicles, painful urination. 
Etiology- Herpes simplex virus type 2 (sometimes type I). When 
the lesions arc not present, the virus is latent and noncommunicable. 

8. Candida albicalls- Sevcre itching; thick, yellow, cheesy discharge. 
Trichalllona$ vaginalis- Profuse yellow discharge with disagree-
able odor. 

9. Disease 

Gonorrhea 
Syphilis 
NGU 
Genital herpes 

Multiple Choice 
l .b 6.( 
2. , 7. , 
3. , 8. , 
4. , 9. b 
S.d 10. a 

Prevention of Congenital Disease 

Treatment of newborn's eyes 
Prevention and trea tment of mother's disease 
Treatment of newborn's eyes 
Cesarean delivery during active infection 
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Chapter 27 
Review 
I. The koala should have an organ housing a large population of 

cellulose-degrading microorganisms. 

2. Penicillium might make penicillin to reduce competition from 
faster-growing bacteria. 

3. a. Amino acids 
b. SO}-
c. plants and bacteria 
d. H2S 
e. carbohydrates 
f. SO 

4. Phosphorus must be available for all organisms. 

s. 

Chapter 28 
Review 
l. Industrial microbiology is the science of using microorganisms to 

produce products or accomplish a process. Industrial microbiology 
provides (I) chemicals such as antibiotics that would not other-
wise be available, (2) processes to remove or detoxify pollutants, 
(3) fermented foods that have desirable flavors or enhanced shelf 
life, and (4) enzymes for manufacturing a variety of goods. 

2. The goal of commercial sterilization is to eliminate spoilage and 
disease-causing organisms. The goal of hospital sterilization is 
complete sterilization. 

3. The acid in the berries will prevent the growth of some microbes. 
4. Milk Lactic Acid B>.ct.ri., Curd + Whey 

I I 
Cheese Waste 

Hard cheese is ripened by lactic acid bacteria growing anaerobically 
in the interior of the curd. Soft cheese is ripened by molds growing 
aerobically on the outside of the curd . 

6. Cyanoba(!eria: With fungi, cyanobacteria act as the photoau-
totrophic partner in a lichen; they may also fix nitrogen in the 
lichen. \Vith Azol/a, they fix nitrogen. 
Mycorrhizal': Fungi that grow in and on the roots of higher plants; 
increase absorption of nutrients. 
Rhizobium: In root nodules of legumes; fix nitrogen. 
Frankia: In root nodules of alders, roses, and other plants; fix 
nitrogen. 

7. Settling 
Flocculation treatment 
Sand fi lt ration (or activated charcoal filtration) 
Chlorination 
The amount of treatment prior to chlorination depends on the 
amount of inorganic and organic matter in the water. 

8. a. 2 <. 3 
b. 1 f. 2 
<. 2 g. 3 
d. 2 

9. Biodegradation of sewage, herbicides, oil, or PCBs. 

Multiple Choice 
I. , 
2. b 
3. b 
4. b 
s. < 

6. , 
7. b 
8. b 
9. , 

10. c 

5. Nutrients must be dissolved in water; water is also needed for 
hydrolysis. Malt is the carbon and energy source that the yeast will 
ferment to make alcohol. Mal t contains glucose and maltose from 
the action of amylases on starch in seeds (barley) . 

6. A bioreactor provides the following advantages over simple flask 
containers: 
• Larger culture volumes can be grown. 
• Process instrumentation for monitoring and controlling critical 

environmental conditions such as pH, temperature, dissolved 
oxygen, and aeration can be used. 

• Sterilization and cleaning systems are designed in place. 
• It offers aseptic sampling and harvest systems for in-process 

sampling. 
• Improved aera tion and mixing characteristics result in 

improved celi growth and high final cell densities. 
• A high degree of automation is possible. 
• Process reproducibi li ty is improved. 
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7. (I) Enzymes don't produce hazardous wastes. (2) Enzymes work 
under reasonable conditions. e,g .• they don't require high tempera-
tures or acidity. (3) Use of enzymes eliminates the need to use 
petroleum in chemical syntheses of solvents such as alcohol and 
acetone. (4) Enzymes are biodegradable. (5) Enzymes are not toxic. 

8. The production o f ethyl alcohol from co rn; or methane from 
sewage. Alcohols and hydrogen are produced by fe rmentation; 
methane is produced by anaerobic respiration. 

9. 

( 
Tdiophl.se 

Time 

> 

Multiple Choice 
I. e 6. e 
2. b 7. c 
3. , 8. , 
4. , 9. b 
5. b 10. a 



Figure A. l The Calvin-
Benson cycle for photosyn-
thetic carbon metabolism. 
0 -0 The initial fixation and 
reduction of carbon occurs, 
generatmg the three-carbon 
compounds glyceraldehyde 
3-phosphate and dlhydroxyace-
tone phosphate. 0 which 
are interconvertible. 0 -0 
On average, 2 of every 12 three-
carbon molecules are used 
in the synthesis of glucose. e Ten of every 12 three-carbon 
molecules are used to generate 
ribulose 5-phosphate by a 
complex series of reactions. o The ribulose 5-phosphate 
is then phosphorylated at the 
expense of ATP. forming ribulose 
1.5-diphosphate. the acceptor 
molecule with which the 
sequence began. (See 
Figure 5.26. p. 142. for a 
simplified version of the 
Calvin-Benson cycle.) 
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o 
Hexokinaso 
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Figure A _2 Glycolysis (Embden-Meyerhof pathway)_ Each of 
the len steps of glycolysis is cata lyzed by a specific enzyme, w hich is 
named under each step number. (See Figure 5.12, p_ 126, for a simplified 
version of glycolysis_) 

O Glucose enters the cel l and is phosphorylated by the enzyme hexokinase, 
which transfers a phosphate group from ATP to the number 6 carbon of the 
sugar. The product Of the reaction is glucose 6-phosphate. The electrical charge 
of the phosphate group traps the sugar in the cell because of the impermeability 
of the plasma membrane to ions. Phosphorylation of glucose also makes the 
molecule more chemically reactive. Although glycolysis is supposed to produce 
ATP. in step • • ATP is actually consumed-an energy investment that will be 
repaid with dividends later in glycolys is. 

O Glucose 6-phosphate is rearranged to convert it to its isomer. fructose 
6-phosphate. Isomers have the same number and types of atoms but in different 
structural arrangements. 

" I 
H - C - 0 -o 

I 
C- O 
I 

HO - C - H 
I 

" Oihydroxyacetone 
phosphate (3C) 

o 
Isomerase 

H - C_ O 
I 

H- C- OH 
I 

H- C - 0 -o 

I H .. slep 
Glycer/l ldehyde 0 

3-phosphate (3C) 

O ln this step. still another molecule or ATP is invested in 
glycolysis. An enzyme transfers a phosphate group from 
ATP to the sugar, producing fructose 1,6-diphosphate. 

O ThiS is the reaction from which glycolysis gets its 
name ("sugar splitting"). An enzyme cleaves fructose 
1,6-diphosphate into two different three-caroon sugars: 
glyceraldehyde 3-phosphate and dihydroxyacetone 
phosphate. These two sugars are isomers. 

O The enzyme isomerase interconverts the three-carbon 
sugars. The next enzyme in glyooysis uses only 
glyceraldehyde 3-phosphate as its substrate. This pulls 
the equilibrium between the two three-carbon sugars in 
the direction of glyceraldehyde 3·phosphale. which is 
removed as fast as it forms. 
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O An enzyme now catalyzes two sequential reactions while it holds 
glyceraldehyde 3-phosphate in its active site. First, the sugar is oxidized at the 
number 1 carbon and NAD+ is reduced, in the formation of NAOH + H+. 
Second, the enzyme couples this reaction to the creation of a high-energy 
phosphate bond at the number I carbon of the oxidized substrate. The source of 
the phosphate is inorganic phosphate. which is always present in the cell. As 
products, the enzyme releases NAOH + Wand 1.3-diphosphoglyceric acid. 
Notice in the figure that the new phosphate bond is symbolized with a 
high-energy bond (-). which indicates that the bond is at least as energetic as the 
phosphate bonds of ATP. 

O At this step, glycolysis produces ATP. The phosphate group, with its 
high-energy bond, is transferred lrom 1,3-diphosphoglyceric acid to AOP. For 
each glucose molecule that began glycolysis, step O produces two molecules 01 
ATP, because every product alter the sugar-splitting step (step 0 ) is doubled. Of 
course, two ATPs were im'ested to get sugar ready lor splitting. T he ATP ledger 
now stands at zero. By the end of step O , glucose has been converted to two 
molecules 013-phosphoglyceric acid. 

O Next, an enzyme relocates the remaining phosphate group 01 
3-phosphoglyceric acid to form 2-phosphoglyceric acid. This prepares 
the substrate for the next reaction. 

O An enzyme forms a double bond in the substrate by extracting a water 
molecule from 2-phosphoglyceric acid to form phosphoenolpyruvic acid. This 
results in the electrons of the substrate being arranged in such a way that the 
remaining phosphate bond becomes very unstable. 

G The last reaction of glycolysis produces another molecule of ATP by 
transfening the phosphate group from phosphoenolpyruvic acid to AOP. Because 
this step occurs twice for each glucose molecule, the ATP ledger now shows a 
net gain of two ATPs. Thus, the glycolysis of one molecule of glucose results in 
two molecules of pyruvic acid, two molecules of NAOH + W, and two molecules 
of ATP. Each molecule of pyruvic acid can now undergo respiration or 
fermentation. 
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Figure A.3 The pentose 
phosphate pathway. 
This pathway, which operates 
simultaneously with glycolysis, 
provides an alternate route for 
the oxidation of glucose and plays 
a ro le in the synthesis of biological 
molecules, depending on the needs 
of the cell. Possible fates of the 
various intermediates are shown 
in blue. (See Chapter 5, pp. 125- 127.) Oxidative 
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Figure A.4 The Entner-Doudoroff pathway. This pathway is an 
alternate to glycolysis for the oxidation of glucose to pyruvic acid. (See 
Chapter 5, p_ 127.) 
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H 0 0 Figure A.5 The Krebs cycle. 
See Figure 5.1 3, p. 128, for a 
simplif ied version. 

I I I LFrom glycolysis I iii H -y-C- C- OH 

O The last oxidative 
step produces 
another molecule of 
NADH + H· and 
regenerates 
oxaloacetic acid, 
which accepts a 
two·carbon fragment 
from acetyl CoA for 
another turn of the 
cycle. 

8 Bonds in the 
substrate are 
rearranged in this 
step by the addition 
of a water molecute. 

O ln another 
oxidative step. two 
hydrogens are 
transferred to FAD to 
form FADH2. The 
function of this 
coenzyme is similar 
to that of NADH + 
W , but FADH2 
stores less energy. 
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product is the six-carbon citric acid. CoA 
is then free to prime another two-carbon 
fragment derived from pyruvic acid. 
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. Substrate-Ievel phosphorylation 
occurs in this step. CoA is 
displaced by a phosphate group. 
whiCh is then transferred to GOP to 
form guanosine triphosphate 
(GTP). GTP is similar to ATP, which 
is formed when GTP donates a 
phosphate group to ADP. 
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O C02 (gray) is lost; the 
remaining four-carbon 
compound is oxidized by the 
transfer of electrons to NAO+ 
to form NADH + Wand is then 
attached to CoA by an 
unstable bond. 

OA molecule of 
water is removed, 
and another is 
added back. The 
net result is the 
conversion of 
citric acid to its 
isomer, isocitric 
acid. 

O The substrate 
loses a CO2 
molecule (gray) . 
and the remaining 
five-carbon 
compound is 
oxidized. reducing 
NAD+ to NADH + 
w. 



APPENDIX B 
Exponents, Exponential Notation, logarithms, and Generation Time 

Exponents and Exponential Notation 
Very large and very small numbers, such as 4,650,000,000 and 0.00000032, 
are cumbersome to work with. [t is more convenient to express such 
numbers in exponential notation- that is, as a power of 10. For example, 
4.65 X 109 is in standard exponential notation, or scientific notation : 
4.65 is the coeJJicieut, and 9 is the power or exponent. [n standard exponen-
tial notation, the coefficient is always 3 number between I and 10, and the 
exponent can be positive or negative. 

To change a number into exponential notation, follow two steps. First, 
determine the coefficient by moving the decimal point so there is only one 
nonzero digit to the left of it. For example, 

0.00000032 
'- ., 

The coefficient is 3.2. Second, determine the exponent by counting the 
number of places you moved the decimal point. If you moved it to the left, 
the exponent is positive. If you moved it to the right, the exponent is 
negative. In the example, you moved the decimal point seven places to the 
right, so the exponent is - 7. Thus 

0.00000032 = 3.2 X 10- 7 

Now suppose you are working with a larger number instead of a very 
small number. The same rules apply, but the exponential value will be 
positive rather than negative. For example, 

4,650,000,000 = 4.65 X 109 

To multiply numbers written in exponential notation, multiply the 
coefficients and add the exponents. For example, 

(3 X 104) X (2 X 10') = 

(3 X 2) X (lOH') = 6 X 107 

To divide, divide the coefficient and sllbrracl the exponents. For example, 

3 X 104 3 7'-'-'", = - X 104-' = 1.5 X 101 
2XIO' 2 

Microbiologists use exponential notation in many situations. For 
instance, exponential notation is used to describe the number of micro-
organisms in a population. Such numbers are often very large {see Chapter 6}. 
Another application of exponential notation is to express concentrations of 
chemicals in a solution-chemicals such as media components (Chapter 6), 
disinfectants (Chapter 7), or antibiotics (Chapter 20). Such numbers are often 
very small. Converting from one unit of measurement to another in the 
metric system requires multiplying or dividing by a power of 10, which is 
easiest to carry out in exponential notation. 

Logarithms 
A logarithm (log) is the power to which a base number is raised to produce 
a given number. Usually we work with logarithms to the base ]0, abbreviated 

10glO. The first step in finding the 10gIO of a number is to write the number 
in standard exponential notation. If the coefficient is exactly I, the 10g IO is 
simply equal to the exponent. For example 

logloO.00001 = 10glO{1 X 10-5) 

= -5 

If the coefficient is not 1, as is often the case, the logarithm function on a 
calculator must be used to determine the logarithm. 

Microbiologists use logs for calculating pH levels and for graphing the 
growth of microbial populations in culture (see Chapter 6). 

Calculating Generation Time 
As a cdl divides, the population increases exponentially. Numerically this is 
equal to 2 (because one cell divides into two) raised to the number of times 
the cdl divided {generations}: 

To calculate the (inal concentration of cells: 

Initial number of cdls X 2"umbtrof sen ... ,;o", = Number of cells 

For example, if 5 cells were allowed to divide 9 times, this would result in 

5 X 29 = 2560 cells 

To calculate the number of generations a culture has undergone, cell 
numbers must be converted to logarithms. Standard logarithm values are 
based on 10. The log of 2 (0.301) is used because one cell divides into two. 

log number log number of 
of cells (end) cells (beginning) 

Number of generations = "''::::::'''-:::'-;,-;'''''-''''''''''',"C 
0.30 I 

To calculate the generation of time for a population: 

60 min/hr X hours 
= minutes/generation 

number of generations 

As an example, we will calculate the generation time if 100 bacterial 
cells growing for 5 hours produced 1,720,320 cells: 

log 1,720,320 - log 100 
0.301 = 14 generations 

60 min/hT X 5 hours 
"'':;;:''''''-'':'-''''''' = 21 minutes/generation 14 generations 

A practical application of the calculation is determining the rffe"<:t of a 
newly developed food preservative on the culture. Suppose 900 of the same 
species were grown under the same conditions as the previous example, 
except that the preservative was added to the culture medium. After 
15 hours, there were 3,276,800 cells. Calculate the generation time, and 
decide whether the preservative inhibi ted growth. 

Answer: 75 minutes/generation. The preservative did inhibit growth. 
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APPENDIX C 
Methods for Taking Clinical Samples 

To diagnose a disease, it is often necessary to obtain a sample of material 
that may contain the pathogenic microorganism. Samples must be taken 
aseptically. The sample container should be labeled with the patient's name, 
room number (if hospi talilcd), date, time, and medications being taken. 
Samples must be transported to the laboratory immediately for culture. 
Delay in transport may result in the growth of some organisms, and their 
toxic products may kill other organisms. Pathogens lend to be fastidious 
and die if not kept in optimum environmental conditions. 

In the laboratory, samples from infected tissues are cultured on differen-
tial and selective media in an attempt to isolate and identify any pathogens or 
organisms that are not normally found in association with that tissue. 

Universal Precautions· 
The following proce<lures should be used by all health care workers, includ-
ing students, whose activities involve contact with patients or with blood or 
other body fluids. These procedures were developed to minimize the risk of 
transmitting HIV or AIDS in a health care environment, but adherence to 
these guidelines will minimize the transmission of all nosocomial infections. 

I. Gloves should be worn when touching blood and body fluids, mucous 
membranes, and nonintact skin and when handling items or surfaces 
soiled with blood or body fluids. Gloves should be changed after con-
tact with each patient. 

2. Hands and other skin surfaces should be washed immediately and 
thoroughly if contaminated with blood or other body fluids. Hands 
should be washed immediately after gloves are removed. 

3. Masks and protective eyewear or face shields should be worn during 
procedures that are likely to generate droplets of blood or other body 
fluids. 

4. Gowns or aprons should be worn during procedures that are likely to 
generate splashes of blood or other body fluids. 

5. To prevent needlestick injuries, needles should not be recapped, 
purposely bent or broken, or otherwise manipulated by hand. After 
disposable syringes and needles, scalpel blades, and other sharp items 
are used, they should be placed in puncture· resistant containers for 
disposal. 

6. Although saliva has not been implicated in HIV transmission, mouth· 
pieces, resuscitation bags, and other ventilation devices should be avail-
able for use in areas in which the need for resuscitation is predictable. 
Emergency mouth-to-mouth resuscitation should be minimized. 

7. Health care workers who have exudative lesions or weeping dermatitis 
should refrain from all direct patient care and from handling patient· 
care equipment. 

8. Pregnant health care workers are not known to have a greater risk 
of contracting HIV infection than health care workers who are not 
pregnant; however, if a health care worker develops HIV infection 
during pregnancy, the infant is at risk of infection. Because of this risk, 
pregnant health care workers should be especially familiar with, and 
strictly adhere to, precautions to minimize the risk of HIV transmission. 

Instructions for Specific Sampling Procedures 
Wound or Abscess Culture 

I. Cleanse the area with a sterile swab moistened in sterile saline. 
2. Disinfect the area with 70% ethanol or iodine solution . 

3. If the abscess has not ruptured spontaneously, a physician will open it 
with a sterile scalpel. 

4. Wipe the first pus away. 
5. Touch a sterile swab to the pus, taking care not to contaminate the 

surrounding tissue. 
6. Replace the swab in its container, and properly label the container. 

Ear Culture 
I. Clean the skin and auditory canal with 1 % tincture of iodine. 
2. Touch the infected area with a sterile colton swab. 
3. Replace the swab in its container. 

Eye Culture 
This procedure is often performed by an ophthalmologist. 

I. Anesthetize the eye with topical application of a sterile anesthetic 
solution. 

2. Wash the eye with sterile saline solution. 
3. Collect material from the infected area with a sterile colton swab. 

Return the swab to its container. 

Blood Culture 
I. Close the room's windows to avoid contamination. 
2. Clean the skin around the selected vein with 2% tincture of iodine on 

a colton swab. 
3. Remove drie<l iodine with gauze moistened with 80% isopropyl alcohol. 
4. Draw a few milliliters of venous blood. 
5. Aseptically bandage the puncture. 

Urine Culture 
I. Provide the patient with a sterile container. 
2. Instruct the patient to first void a small volume from the urinary 

bladder before collection (to wash away extraneous bacteria of the 
skin microbiota) then to collect a midstream sample. 

3. A urine sample may be stored under refrigeration (4°-6°C) for up 
to 24 hours. 

Fecal Culture 
For bacteriological examination, only a small sample is needed. This may be 
obtained by inserting a sterile swab into the rectum or feces. The swab is 
then placed in a tube of sterile enrichment broth for transport to the labo-
ratory. For examination for parasites, a small sample may be taken from a 
morning stool. The sample is placed in a preservative (polyvinyl alcohol, 
buffere<l glycerol, saline, or formalin) for microscopic examination for eggs 
and adult parasites. 

Sputum Culture 
I. A morning sample is best because microorganisms will have accumu· 

lated while the patient is sleeping. 
2. The patient should rinse his or her mouth thoroughly to remove food 

and normal microbiota. 
3. The patient should cough deeply from the lungs and expectorate into 

a sterile glass wide-mouth jar. 
4. Care should be taken to avoid contaminating health care workers. 
5. In cases such as tuberculosis in which there is little sputum, stomach 

aspiration may be necessary. 
6. Infants and children tend to swallow sputum. A fecal sample may be of 

some value in these cases. 

• 5014"e: Celllers for Disease Control and Prevention and National Institutes of Health. Biosafety in Microbiological and Biomedical 
Labororories. Available from www.cdc.gov. 
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APPENDIX D 
Pronunciation of Scientific Names 

Rules of Pronunciation Pronunciation of Microorganisms in this Text 
The easiest way to learn flew material is to talk about it, and that requires 
saying scientific names. Scientific names may look difficult at first glance, 
but keep in mind that generally every syllable is pronounced. The primary 
requirement in saying a scientific name is to communicate it. 

The rules for the pronuncia tion of scientific names depend, in part, on 
the derivation of the root word and its vowel sounds. ''Ie have provided 
some general guidelines here. Pronunciations frequently do not follow the 
rules because a common usage has become "accepted» or the derivation of 
the name cannot be determined. For many scientific names there are alter-
native correct pronunciations. 

Vowels 
Pronounce all the vowels in scientific names. Two vowels written together 
and pronounced as one sound are called a diphthong (for example, the 
011 in sO/mil). A special comment is needed about the pronunciation of the 
vowel endings -i and -lie: There are two alterna tive ways to pronounce each 
of these. In this book, we usually give the pronunciation of a long e (if ) to 
the -i ending, and a long i (I ) to the - lie ending. However, the reverse pro-
nunciations are also correct and in some cases are preferred. For example, 
coli is usually pronounced kil'lj. 

Consonants 
When cor g is followed by ae, e, oe, i, or y, it has a soft sound. When' or 
g is followed by II, 0, oi, or II, it has a hard sound. When a double (is followed 
bye, i, or y, it is pronounced as ks (e.g., cocci). 

Accent 
The accented syllable is usually the nexHo-last or third -to-Iast syllable. 

I. The accent is on the next -to-Iast syllable: 
a. When the name contains only two syllables. Example: pes' tis. 
b. When the next -to-Iast syllable is a diphthong. Example: 

c. When the vowel of the next -to-Iast syllable is long. Example: 
tre -pil -ne The vowel in the next -to-last syllable is long in 
words ending in the following suffixes: 

Suffix 

-ales 
-Ina 
-anus,-anum 
-uta 

Example 

Orders such as Eubacteriales 
Sarcina 
pasteurianum 
diminuta 

d. When the word ends in one of the following suffixes: 

Sufi" 

-atus.-atum 
-ella 

Example 

caudatum 
Salmonella 

2. The accent is on the third-to-last syllable in family names. Families 
end in -dUde, which is always pronounced -a'se -e. 

Pronunciation key: 

• h" , '" 0 ho< 'h , 'g' , term • go 0 , (are g go • order 0 

• father , sit .. oil ti 
,h child ; '" 00 00' Q , ,,, og long ,h ,h, 'h 

Ammh"mocba polyphag" a-kan-Iha-me 'ba pol' if-a·g;; 
Acerobaol'!" a-so:' to ·bak-ter 
AciMcrobaefl'!" baum"Mii a·si -ne' to ·bak-ter bou' man·e·e 
ActiMomyces i"ae/ii ak-tin-o-mi 'ses is-r;;'I;: -o: 
Aedes "egypti :1.' e-de' ;: -jip'l;: 
A. albopict"s al -bo-pik'ius 
Aeromonas hydrophili" ar' o-mo-nas hi 'dro-fil -;:-a 
Agrobacterium IUmefacicMs ag' ro -bak-li' re -um Iii' me· lash-en' 
Ajellomyct s a-jel-Io· mi'ses 
AlmligenCl al'ka-li -gen-es 
Ale;"lIIMdri"m al -eg-,an' drt -um 
AmaMita phalloidel am-an-i 'Ia fal ·loi· dez 
Amocbaproteus a'me -ba pro'te -us 
AMabaena azollae an-a-be ' -na a' 'o-li 
AMopla,MIII phagocytophilllIn an' a-pia, · ma fag' 0 si -to-fil -um 
AMryloltama dlwdeMale an-sil -os' to -ma do' o·den-al -e 
Anophe/es an-of'e-Iez 
Aq"mpirill"m a· kwa-spi -,iI' lum 
A. ,erpem &er'pens 
Arcanobacterium phocae ar'ka-no-bak-li -re-urn fo'si 
Arthroderma ar-thro-der'rna 
A.<Caril '"mbricoide, as'kar-is lum-bri-koi' dez 
Ashbyagossypii ash'be-a gos-sip'e -;: 
Aspergil/"s jlav"s a-sper-jil 'Ius fl;;'vus 
A. Migtr ni 'j.:. 
A. ro"xii ro';:-o: 
Azol/" ;; ·,o'b 
AzomonllS a-zo-mo'nas 
Azospiril/llIn a-'o-spi 'ril -Ium 
AzotobaCler a-zo'io-bak-ler 
Babe,ia micrOli ba·be'se-a mi -krO'le 
Bacillus amyloliquefacitn, I>;; -sil'lus a' mil -o-li -kwi -fa ·shens 
B.anrhracis an ' lhra'sis 
B. urc"s sc're-us 
B. circulam ser'ku-Ians 
B. coagulaMS ko-ag'O-lanz 
B.licheniformis li-ken-i-f6r 'mis 
B. sphacrie"s sfe'ri-kus 
B. sulnilil su'til-us 
B.lh"ringiemis thur-in·je ·en'sis 
Bacteroides fragilis bak-Ie-roi'de>. fra' jil-is 
BalamllIhia bal' am-Oth·(, ·a 

coli bal·an-tid' t -um ko'li (0' ko 'Ie ) 
BartoMell" heme/ae bar'to· nc1 -b hen'sd·j 
BllyliSlljearis prOCYOMis b;;'lis-as-kar-is pro' st -on-is 
Bdellovibrio bacleriovor"s del -Io-vib' re ·o bak-te-r;: -0' vo-rus 
Beauwria bo-va,'e-a 
Beggiaroa alb" b<:j"je-a-to ·a al'l>;; 
Bcijl'!"iMckia bi -ye- rink' (, ·a 
Bifidobacteri"m bi -fi ·dO·bak ·ti' re · urn 
Bllljtomyu, dermaritidi, blas-Io-rni 'sh der-rna-tit' i-dis 
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BlalMbM/erium blal -Ia -bak-I i' rt -urn 
Borderella per/wsis b6r'dC-ld-la ptl"-lUs'sis 
Borrelia bllrgdorferi b6r' -rd -c -a burg-d6r'fer-e 
Bradyrhizobilml brad-c -ri -IO 'b;: -urn 
BrevibM/erium bre've -bak-li -re' urn 
Brucella aborrus bril's.:I -la a-b6r'lUs 
B. me/i/e"sis me-li -Icn'sis 
B. suis sil'is 
Burkholderia bl:rk 'hold-tr-;: -ii 
B. ce{XIcia s.: -pa'sc -a 
B. pseudomallei su-do-mal'k -;: 
Byssochlamys filiva bis-sO-klam'is 
Ca",pylobaerer Jelus kam'pi-Io -bak-Ier fC'IUS 
Cjejwli JC -)il'n;:: 
Cmldida albicmls kan'did -a al'bi -kanz 
CglabraM gla'bra-Ia 
C ulilis u' lil-is 
Cmlis Jamiliaris kilnis fa-mil' c oar_is 
Carsonella rudii kar'son-d -Ia ru'd;:: -e 
Caulobaerer k6-lo-bak'ler 
Ceplralosporium sef-a-lo-sp6' re -urn 
Cerawqslis 1I1",i se-ra -Io-sis' tis ul'me 
Cllilo",as/ix kc'lo -ma-slicks 
Cllla",ydia /mchomaris kla-mi' dc -a Ira-ko' 
Cllla",ydomOtras klam-i-do-mo' nas 
Cllla",ydophila pneumOtliae nU-mo'n;:: -i 
C PSilMCi si t 'U-s.:: 
Cillorobium kJo-ro'bc -um 
Cilloropexus kI6 -ro -flcx'us 
ClrromariwtI kro-mii'le -urn 
Clrrysops kri 'sops 
Ci/robac/er sil'ro-bak-I<,r 
Claviceps purpurea kla'vi-s.:ps 
Clonorcilis siaellsis klo-n6r'kis si -nm'sis 
Clostridium ace/obu/yliet"" kJ6s-tri' de -urn a-s.:: -Io -b,, -til ' li -kum 
C bO/ltiinwll bo-Iu-Il'num 
C bUlyrirum bU-li'ri-kum 
C difficile dif'fi -sil 
C pasreurianum pas-Iytr-e-a'num 
C per/ringr"s 
C sporogrtles sp6-rii'jen -el 
C /erani le'tan-e 
C!!ccidioides i"uni/is kok-sid-e -oi' dez im' mi -lis 
C!!niOlhyrium milli/alls kon'e -o -Iher-e -um mi'ni -tanl 
C!!rynebM/erium dipillheriae k6r'] -ne -bak-ti-re -um dif-Ihi' re -] 
Cglu/amirum gIG-tam'i -kum 
C xerosis le-ro'sis 
C!!xiella burne/ii kaks'c-d -la ber-nc'te -c 
CmrarchaeoM kren-ark-e' o-I(i 
CrucibulwtI vulgare krU-si-bil'lum vul'gar-;:: 
Cryphonec/ria parasi/ica kri -fo -nck'tre -a par-a-Si'li -kll 
Cryp/ococcus gat/ii krip' to -kok-kus gal' le -e 
Cgn.bii grub'e -e 
C lIeoJormmls nc -o -f6r'manz 
Cryp/osporidium IlOminis krip'lo -sp6-ri -de -um ho'min-is 
C. parvum plr'vum 
Culex kil'leks 
CuliseM kG-li's.:-liI 
Cyclospora cayeMnelisis s] 'klo-spO-rll kl 'c -Ian-en-sis 
Cy/ophaga si -Iaf'ag-a 
Dermacetllor andersOtli dtr-ma-s.:n 'lor an-dtr-sOn' C 
D. variabilis var-e -a'bil-is 
Desulfowmaculrml nigrificam de 'sul-fo -Io-ma-ku-Ium ni' gri -fi -kans 
Desulfovibrio desulJuriCallS de' sul-fo -vib-re -o de -sul-ftr'i -kans 
Dic/yos/e/ium dik 'Ic-o -sld-c -u m 
Diphyllobo/hrium larlml di -fil -lo -bo' thrc -um la' tum 
Dipylidium cmlitlum di 'pil -i-de -um kan-i-num 
Dirofilaria i",mi/is di'ro -fi -Iar-e -a irn'mi-lis 
DracutlCIJlus medinimis dra-kun'ku-Ius med-in'in-sis 
Ecilillocoeeus granulosllS e -kl n-o-kok' kus gra-nG-lo' sus 

Ecw/I,iorhodospira mobilis ck' 10-lhi -o -ro -do-spi -ra mo 'bil -is 
Ehr/ichia chafwisis chafc -en-sis 
Earamoeba coli en-Ia-mc'ba ko'le 
E. dispar dis'par 
E. his/oly/ica his -lo-li'li -kii 
EarerobaCler aerogenes en-tc-ro -bak' ttr ;l -ra' jcn-;::z 
E. cloacae klo -ij'k;:: 
Earerobius verttlicularis cn-Ie-ro 'be-us vcr-mi-ku-Iar' is 
Earerocoeeus faecalis cn-te-ro -kok' kus fC -ka 'lis 
E.faecilml fC's.:: -um 
Earo"lOpl,aga en'lo-mo-fag-a 
Epidermophy/Otl ep-i-der-mo-fi ' ton 
EpulopisciwtI fishelsotli ep' u-Io-pis-s.:: -urn fish' d -so-nc 
Erwitlia tr-wi'nc -a 
Erysipe/o/hrix rllusiopa/hiae ar-i-si -pd' o-Ihrix rus -c-o-path' c -i 
Escherichia coli esh-e-rik'c -a ko'li (or ko'le) 
EucalYP/lls u'kal -ip-IUS 
Eug/e.ra u-glc'na 
Filobasidiella fi -Io -ba-si-de -d'ia 
Fomecaea pedrosoi fon -sc'kc-a pe-dro'sO-;:: 
Frmlcisella IIIlareasis fran'sis-el -Ia W'la -rcn-sis 
Frmlkia frank'c -a 
FUSllrium fu'sar-c -um 
Fusobac/erium fu -so-bak-li' re -urn 
GambierdisCits loxicus gam'bI: -er-dis -kus loks'i -kus 
Gardllerella "aginalis va-jin-al' is 
Gemmata obsCitrigloblJs jcm' mil -ta ob' skCr-c -glob-us 
GeobacillllS suarO/hermophilus gc' o -ba-sil-Ius stc-ro -Ilter-ma 'fil -us 
Giardia je-ar'de -l dU'o -den-al -is 
G. itlleslinalis in'les-lin-al -is 
G.lamblia 
GlaucCKys/is nos/ochinrarum glou 'ko-sis-lis no' slok-in-e -M-um 
Gloeocapsa 
Glossina 
Gluwnaretobar/er xylinus glU zy'lin-us 
Gluwnobac/er gill' 
Gracilaria gra'sil -ar-e -a 
GymnoascllS jim-no-as'kus 
Gymnm/y"i"m breve jim-no-din'e -um brrv'e 
HamlOphi/"s argyp'ius he -rna' fil-us e' jip-Ie -us 
H. dltereyi dll -kra'c 
H. i"pltenzae in-flU -en'zi 
Haloamda Ita'io-ar-kil -I" 
Halobamri"m ha-lo-bak-ti' re -urn 
Helicobaerer pylori he'lik -o-bak-I<,r pI '16-re 
Histoplamra capsula/lml his -tO -plaz'ma kap-su-Ia'tum 
Homo sapir"s Ito'mo sii'pc -ens 
Hydrogenomonas hi -dro -je-no-mo' niis 
HypllO",icrobium hi -to -mi -kro 'be -urn 
Isospora i -so'sp6-ra 
Is/hmia nervoSll iSlh'me -ii ner'vo-sa 
Ixodes scaplliaris iks-o' des skap-u-Iar ' is 
I. pacificus pas-i'fi -kus 
Klebsiella pneummliae kleb-s.:: -el'la nU -mo'ne-i 
Lac/obacillus acidopllillts lak-lo-ba-sil' lus a'sid -o -fil-us 
L. brevis brev'is 
L. delbrueckii bu/gariCIJS del-bruk' c -c bul' ga-ri -kus 
L.leichmamlii lik-man'ne -;: 
L. plan/amm 1,lan-ll'rum 
L. satlfrancisceasis san-fran -si'sken-sis 
Lac/ocoeeus lak-to -kok'kus 
Lamitlaria japonica lam' i-nar-c-a ja-pon' i-ka 
Legimlella ptleumophila le -ja-nel'la nu-mo'fi -Ia 
Leishmania bmzilieasis lish'mij -nc-a 
L. dmlOvani don'o -van-c 
L. /ropica lrop'i -k:t 
Leptospira itllerrogmls lep-to -spi 'ra in -ttr'ra-ganz 
LeUCOtIOS/OC mesen/eroides IU -ko-nos'lok mes-cn-Icr-oi' dez 
Limulus polypile",us lim'u-Ius I'ol-ifi -mus 
Lis/eria mmlOcytogenes lis-IC're-a mo-no-sl -16' jc-nez 



Mamxyslis f1<!rifem ma 'kro-sis-tis por' i-fe-rll 
Magllelospiril/um "wg'letotacticw'I mag-nc-to-spi -ril -Ium mag-ne-to-tak'ti -kum 
Malasseliafurfur mal'as-sCz-e-a fur'fur 
Mmmhej,'Iia IwemolYliea man-hi' me-a hc' mo-li -ti -ka 
Melarrhizium mc'Uir-ri -ze -um 
Methylophilus methylolrophus meth-i-Io'fi -Ius melh-i-Io-trofus 
Microdadia mi -kro-klad'e -a 
Micrococcus luteus mi -kro-kok' kus IO'lc-us 
Micro"IO'Iospom purpurea mi -kro-mo-nii' sp6-rl pOr_pO _re 'OJ 
Microspomm g mi -kro-spo'rum ji 
MiXOlricha mix-o-trik'Oj 
Momxella calarrhalis m6-raks-cl'liI ka -Iar'al -is 
M. lacunaln 
MI"or illdicus mO'kor in'di -kus 
MycobaclerilHlI abscessus mi -ko-bak-ti' rc -um ab' scs-sus 
M. aviIHlI -i'llmcellu/are a' vc -um-in' tra-ccl-o-Ia -rc 
M. bovis bo'vis 
M. leprae lep'ri 
M. l"legmaiis smeg-ma'lis 
M. lllberculosis W-ber-ko-Io'sis 
M. u/cemllS ul's.er-anz 
Mycoplasma homillis mi -ko-plaz'ma ho'mi-nis 
M. pneum/liae nu-mo'nc-i 
MyxococCl<s filivils mich-o-kok'kus ful'vus 
M. xmllhus zan'thus 
Naeglerill fowleri ni -gle' rc fou'ltT-.: 
Neeator IlmericmlUs ne-ka'tor il -me-ri -ka' nus 
Neisreria gOllorrllOeae ni -sc' re go-n6r-re 'i 
N. melli"gilidis me-nin-ji'ti-dis 
Nilrobncler ni -tro-bak'ttT 
Nilrosomonns ni -Iro-so-mo' nils 
Nocllrdia Ilsteroides no-kilr'de -a as-t<'r-oi'dez 
Nosema locustae no'se-ma lo'kus-Ie 
Oocyslis o-o-sis't is 
Ornithodoflls 6r-nith-o' do-rus 
Paedlomyces fumowroreus pi 'sil -o -mi -ees fu' mo-sCi -ro -se-us 
Paellibllcillus PQ/ymixa pi' ne-ba-sil -Ius po-Ie -miks' a 
Pmltotll agglomermls pan'to-e-a ag'glom-er-anl 
Paracoccus dellilrifiCIl"S par-a-kok 'kus de-ni -tri' fi -kanl 
Paragonimus westemlmli par-a-gon' comus we-st<'r-ma' ne 
Para",eri,m, par-a-me'sC-um 
Pasteurella multMidll pas-I y<,r-cl' la mul-to' si -da 
Pediculus '"""m,us capitis pcd-ik' o-Ius hu' ma-nus kap' -i lis 
P humanuscorporis hO'ma-nus k6r'p6-ris 
Pediococcus pc-de-o-kok'kus 
Pelagibacter ubiqlle pcl-aj'e -bak-ter O'bek 
Penicillium cllfysoge"um pen-i-sil'le-um kri -so' jm-um 
P griseofllklHlI gri-si! -o-fu),vum 
P'lOlatl"" no'ta -Ium 
PeridinilHlI pcr-i-din'e -um 
Petriellidimtl pel-re _cJ _li' de-um 
Pfiesteria fC 'ster-e-a 
Phiebolo<'IuS fle' -bo-Io-mus 
Photobaeterium fo 'Io-bak-ti -re -urn 
PhYUlrum n'sar-um 
PhylopiltllOra cilmam/ii n -tof tho-ra cin' na-mo-ne 
P illfeslans in-fes'tans 
P "wlOrum ra'm6r-um 
PityrosporwlI ovale pit -i-ros'p6-rum ovalc 
Plasmodil"" fa/cipllnml plaz-mo' de -urn fal-sip' aT-Um 
P "lIIlariae ma-Ia're -i 
P ovale o-va'ie 
P vivax vi'vaks 
Plesiomonns siligelloides ple-s.e -o -mo' nas shi-gel -Ioi' des 
Pneumocystis jiroweii nO-mo-sis' tis ye -ro' wt-ze-c 
PorphyrO<'lOnas por' n -ro -mo-nas 
Pre,'olella intemledia prev'o-tcl -Ia in'ter-mc -de -a 
Proch/orococCl<S pro-kl6r' o-kok-kus 
Propio'libacteril"" actiN pro-pe -on'c -bak-li -rc -um ak'nez 
P frelulenreichii froi -den-rik' c-c 

Proteus ",irabilis pro'te -us mi-ra'bi -lis 
Pseu,lomolias lleruginoUl sO-do-mo' nas ij -rU -ji-no' sa 
P carboxydohydroge'la kar'boks-i-do-hi -dro-je-na 
Pjluorescens 116r-es'ens 
P pillida l'U'te -da 
P syrillgae ser-in')l 
PyridiC/um abyssi pir-i'dik-tum a-bis'sc 
Qllercus kwer'kus 
Ralswnia ral'sto-nc -(j 
Rhizobium ri -zo'be -um 
R. meli/oli mel-i-lot'e 
Rhizopus sioi/lifer ri 'zo-pOs sto 'Ion-i-fer 
RllOdococcus brollehia/is ro -do-kok' kus bron-kc' ai -is 
R. erylhropo/is er-i-throp'o-lis 
RllOdopseudo",onns ro -do-su-do-mo' nas 
RllOdospirillum fIIbnHlI ro -do-spi -ril' um rub'rum 
Ricketlsia prowazekii ri-ket' se prou-wa-ze 'ke -e 
R. rickellsii ri-ket'se -c 
R.lyplli Ii'te 
ROUl pmtillcula ro -sa pra'tin-ktl -Ia 
Saccharomyces sak-a-ro-mi'sCs 
S. carlsberge'lsis 
S. cerevisiaeel/ipsoides sc-ri -vis'c -i e'lip-soi-dez 
S. exiguus egz-ij'o-us 
Sa/m/lellil bO'lgori sal'mon-cl-Ia bon's6r-c 
S. choleraesuis kol-tT-a-stl' is 
S. enteriea en-tcr'i -ka 
S. enteritidis en-ter-i'ti-dis 
S.lyphi tJ 'te 
S.lyphimurilitti tJ -fi-mur'e -um 
Saproleg'lillferax fc'raks 
Sarcoptes scabiei sar-kop'tes ska'be-e 
Sargass"", saT-gas'sum 
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Schis,owma llaemotobium (or hr'mo-to-be -um 
Schizosacrharomyces 'si!s 
Sermlia marces<tlls mar-ses'scns 
Shigella boydii boi'de-t 
S. dyse"teri/le dis-en-te're -i 
S. flexlleri lIeks' n<'r-e 
S. sOllliei sCin'nc-c 
Spllaerotilus '1atallS sfe-ril' ti -Ius na'tans 
Spirilllull ",im,s spi 'ril-Ium mi'nus 
S. vol",allS vo'liHans 
Spiropla5ll1ll spi -ro-plaz'ma 
Spin.Jilla spi -rtl -li 'nil 
SpongOl'lOrpllOm spon' jo-m6r-fu-rll 
SporOlllrix schtukii sp6-ro'thriks shen'ke-c 
Stachybotrys stak' e -bo-tris 
Staphylococcus ameus staf-i-Io-kok'kus o'rt -us 
S. epidermidis e-pi-der'mi-dis 
Stella 
Streptobaci/lllS ",onilifo""is strep-to-ba-sil'lus mon' il -i-f6r-mis 
SlreptocOCCIJs agalactiae strep-to-kok' kus a' gal-act -c-i 
S. mIJlans mfl'tans 
S. p'lelimoni/le nU-mo'nc-i 
S. pyogetiN pi -iij' en-ez 
S. thermophilus ther-mo'fil -us 
Sireptomyces Ilureofaciens 5t rep-to-mi 'sCs o-re -o-fa' si -ens 
S. erythme"s a-rith'rc -us 
S. fmdiae fra' de -i 
S. griseIJs grl'sC -us 
S.lIygroscopius hi'Sro-sko-pe -us 
S./llctamdllmtiS lak'tam-dllr-anz 
S. nooosus no-do'sus 
S. ve'lezlleiae ve-nc-zU-e' li 
Slllfolobus sul'fo-Io-bus 
SY'lechococcus sin' c-ko-kok-kus 
Taetlia Ulgilillia te'ne -a sa-ji-na'ta 
T solilml sCi'le -um 
Talaro",yces "lacrosponls ta -Ia -ro -mi 'scs ma' -kro-sp6r-us 
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Taxomyces lacks'o-mi -ses 
Te/railymtlla lel -ra-hi'me-na 
TileruIOM/iuo",yces vulgaris Iher-mo-ak-lin-o -mi 'ses vul -ga' ris 
Tiler", oa U aerobi u m / ilermoSilee/ta rol yl ieu m I hcr' mo -an -e -ro -be -urn 

Iher-mo-sak-kar-o-li'Ii -kum 
TilerulOplasula Iher-mo-plaz'ma 
TilerulOlOga "tarilima Ihcr'mo-Io-ga mar-il';:: -ma 
Tiler",us aqua/ieus Iher'mus a' kwa-li -kus 
Tilioltacillus ferrooxidans Ihi -o-ba-sil'lus fer-ro -oks' i-danz 
T Iiliooxidam Ihi -o-oks'i -danz 
Tiliocapsa floridana Ihi -o -kap' sa 116r'i-da-nii 
Tiliomargari/a "a",ibie.,sis Ihi 'o-mar-giir-e-Ia na' mi -be-cn-sis 
Toxoplasma gOtldii loks-o -rlaz' ma gon' de -c 
Tre{xme",a pallidw., Ire -po-ne'ma ral'li -dum 
Triatoma Iri -ii-Io'ma 
Triboaema vulgare Iri 'bo-ne-ma vul' gar-e 
Tricera/ium latUl I ri -scr' a-Ie -um la -Ius 
Tricili.,ella"a/iva Irik-in-d'ia na'Ic -va 
T spiralis sri -ra'iis 
Trichoder",a viride uik'o -der-ma vir '- i-da 
Trie/lOdes",i,wl I rik' -o -des-me-um 
Tricilo",oaru vagiualis Irik-o-mon' as va -jin-al' is 
Tricilmlymplla spilaerim Irik-o -nimra sfc'ri -ka 
TrichopltylOu Irik-o-ft'lon 

Trie/lOsporon Irik-o -sr6r 'on 
Trie/illris /rie/,iura Irik'er-is Irik-e-ycr'a 
Tridama Iri -dak'na 
Tropheryma whipplei tro -fcr-e'ma whip'plc -i 
TrypmlOso",a brueei gambiellse tri -ra' no-so-ma brils' c gam -be -ens' 
T brucei rilodesiellse ro -de -se -ens' 
T mlli kruz'c 
Viva ul'va 
Vreaplru",a I"ealy/ieu", li-rc -a-rlaz'ma u-re -ii -lil'i -kum 
VS/lea Os'ne -a 
VeiUmlelia vi -lo-ncl'la 
Vibrio cllOlerne vib'rc -o kol'u-i 
v.ftuheri fish'cr-e 
V. parailaemolytirus pa-ra -hc -mo-li' li-kus 
V. vulaift"'s vul'ni-fi -kus 
Vorticella v6r'ti -sd-la 
Wolbacllia wol -ba'kc-ii 
W,,,ilereria bmlcroj/i vu-kcr-ar' e -a ban -krof' IC 
Xantilo"lOnru eampes/ris zan' Iho-mo-nas kam' re-slris 
Xr'lOpsylia cileopis ze-nop'sil -la ke -o' pis 
Ymillia enterocolilim ycr-sin' e -a en' ter-o -kol -il -ik -a 
Y. pes/is pes'lis 
Y. psrmlo/uberrulosis su-do-Iu-btr-ku-lo' sis 
Zoogloea 



APPENDIX E 
Word Roots Used in Microbiology 

The Latin rules of grammar pertain \0 and plural forms o f scientiHc 
names. 

Gender 

FemInine Masculine Neuter 

Singular ., ." ·om 
Plural ." . ; ., 
Examples alga, fungus, bacterium, 

algae fung i bacteria 

B-, an- absence, lack. hamples: abiotic, in the absence of life; anaerobic, in the 
absence of air. 
-able able 10, capable of. Example: viable, having the ability \0 live or exist. 
actino- ray. Example: actinomycetes, bacteria that form star-shaped (with 
rays) colonies. 
au- air. Examples: aerobic. in the presence of air; aerale, to add air. 
0100- while. Example: S,rtplOnrY't$ /lIb", produces while colonies. 
smeb- change. Example: ameboid, mowment in"olving changing shapes. 
amphi- around. Example: amphit richous, tufts of flagella at both ends of a cell. 
amyl- starch. Example: amylase, an enzyme that degrades starch. 
ana- up. Example: anabolism, building up. 
ant -, anti - opposed to, preventing. Example: antimicrobial, a Sllbstance that 
prevents microbial growth. 
archae- ancien!. Example: archaoobacteria, bacteria, thought to be 
like the first form of life. 
asco- bag. Example: ascus, a bagJike structure holding sport'S. 
a ur- gold. Example: SlfIphy/(I((I((uS .lIIm.s, gold-pigmented colonies. 
au l-, au lo- self. Eumple: autolroph, self- feeder. 
bacillo- a liule stick. Example: bacillus, rod-shaped. 
basid- base, pedestal. Eumple: basidium, a cell that bears spores. 
hdell - leech. Example: BddlfWibrio, a predatory hacterium. 
bio- life. Example: biology, I he SI udy of life and living organisms. 
blast- bud. Example: blastospore, spores formed by hudding. 
bovi- caule. Example: M}"robacreriu", bovis, a bacterium found in cattle. 
brevi- short. Example: LIIC/oblUilillS brevis, a bacterium with short cells. 
butyr- buller. Example: bu tyric acid, formed in buller, responsible for rancid 
odor. 
campylo- curved. Example: C(/Inpy/oba(/(f, curved rod. 

cancer. Example: ca rcinogen, a cancer-causing agent. 
caseo- chet'se. Eumple: caseous, cheeselike. 
caul- a stalk. Example: Cal./obllcrer, appendaged or stalked bacteria. 
ce rato- horn. Example: keratin, the horny substance making up skin and nails. 
chlamydo- cover ing. Example: chlamydoconidia, conidia formed inside 
hypha. 
chloro- grn-n. Example: chlorophyll, grn-n-pigmented molecule. 
chrom- color. Examples: chromosome, readily stained structure; metachro-
matic, intracellular colored granules. 
chry!iO- golden. Example: Streptomyces golden colonies. 
-ride killing. Example: bactericide, an agent that kills bacteria. 
cili- eyelash. Example: cilia, a hairlike organelle. 
deislo- closed. Example: cleistothecium, completely dosed ascus. 
co-, con- together. Example: concentric, having a common center, together in 
the center. 
cocci- a berry. Example: coccus, a spherical cell. 
coeno- shared. Example: coenocyte, a cell with many nudei not separated 
by septa. 

col_, colo- colon. Examples: colon, large intestine; Esch..,irhill roli, a bacterium 
found in the large intestine. 
conidio- dust. Example, conidia , spor('$ developed at the end of aerial hypha, 
m." ·er enclosed. 
coryne- club. Example: Coryn(bartnium, dub-shaped cells. 
-cui small form. Example: particle, a small part. 
-(u l the skin. Example: Firmicutes, bacteria with a firm cell wall, gram-positive. 
CYlno- blue. Example: cyanobacteria, blue-green pigmented organisms . 
cyst - bladder. Example: cystitis, inflammation of the urinary bladder. 
cyt- cell. Example: cytology, the study of cells. 
de- undOing, reversal, loss, removal. Example: deactivation, becoming inaclivl."'. 
di -, d iplo- twice, double. Example: diphlococci, pairs of cocci. 
dia- through, belween. Example: diaphragm, the wall through or betwl."'cn twO 
areas. 
dys- difficult, faulty, painful. Example: dysfunction, disturbed function. 
ec-, ex-, eCIO oul, ou tside, away from. Example: excrete, to remove materials 
from the body. 
en-, em- in, inside. Example: encysted, enclosed in a cyst. 
en tero- intesl ine. Example: E"ttrobarur, a bacterium found in the intestine. 
00- dawn, early. Example: Eobarurium, a 3.4-billion-year-old fossiliu-d 
bacterium. 
epi- upon, over. Example: epidemic, number of cases of a over the 
normally expected number. 
erythro- red. Example: erythema, redness of the skin. 
eu- well, proper. Example: eukaryote, a proper cell. 
exo- oUlside, outer layer. Example: exogenous, from outside the body. 
exl ra- outside, beyond. Eumple: extracellular, outside the cells of an org;anism. 
fi rmi - strong. Example: Ba(il/us firn,us forms resistant endospores. 
Ilagell- a whip. Example: flagellum, a projection from a cell; in eukaryotic 
cells, it pulls cells in a whiplike fashion. 
Ilav- yellow. Example: FI"vo/M(urium cells produce ... lIow pigment. 
rrud- fruil. Example: fructose, fruit sugar. 
_fy to make. Example: magnify, to make larger. 
ga la( IO- milk. Example: galactose, monosaccharide from milk sUg:Jr. 
gamet- 10 marry. Example: gamete, a reproductive cell. 
gast r- stomach. Exam pie: gastritis, inflammation of the stomach. 
gcl - to st iffen. Example: gel, a solidified colloid. 
-gl."'n an agcntlhat initiates. Example: pathogen, any agent that produces disease. 
-genesis formation. Example: pathogenesis, production of disease. 
germ,germin- bud. Example: germ, part of an organism capable of developing. 
-gony reproduction. Example: schi10gony, multiple fission producing many 
new cells. 
gradli- thin. Example: A"ua$piri/l",,, graci/t, a thin cell. 
halo- salt. Example: halophile, an organism that can live in high .!.alt 
concentrat ions. 
haplo- one, single. haploid, half the number of chromosomes o r 
one set. 
heml-, hemato-, hemo- blood. Example: Hatmophilus, a bacterium that 
requires nutrienls from red blood cells. 
hepal - liver. Example: hepalitis, inflammation of the liver. 
herpes crn-ping. Example: herpes, or shingles, lesions appear to creep along 
the skin. 
hetero- different, other. Example: heterotroph, obtains organic nutrients from 
other organisms; other feeder. 
hist - tissue. Example: histology, the study of tissues. 
homo, homo- $;Ime. Example: homofermenter, an organism that produces 
only lactic acid from fermen ta tion of a carbohydrate. 
hydro, hydro- water. Example: dehydration, loss of body water. 
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hyper- excess. Example: hypertonic, having a greater osmotic pressure In 
comparison with another. 
hypo- below, deficient. Example: hypotonic, having a lesser osmotic pressure 
in comparison with another. 
Im- not, in. Example: impermeable, not permitting passage. 
inter- between. Example: intercellular, belween the cells. 
int ra- within, inside. Example: intracellular, inside the cell. 
io- violet. Example: iodine, a chemical element thaI produces a violet vapor. 
iso- equal, same. Example: isotonic, having the same osmotic pressure when 
compared with another. 
-itis innammation of. Example: colitis, innammation of the large inlestine. 
-karyo. -car)"o a nut. Example: eukaryote, a cell with a membrane-enclosed 
nucleus. 
kin- movement. Example: streptokinase, an that lyses or moves fibrin. 
lacti- milk. Example: lactose, the sugar in milk. 
lepis- scaly. Example: leprosy, disease characterized by skin lesions. 
lepto- thill. Example: Leprospira, thin spirochete. 
leuko- whitmess. Example: leukocyte, a white blood cell. 
lip-, Iipo- fat, lipid. Example: lipase, an enzyme that breaks down fats. 
-logy the study of. Example: pathology, the study of changes in structure and 
functinn brnught on by disease. 
lopho- tuft. Example: lophotrichous, having a group of nagella on one side uf 
acdl. 
luc-,luci- light. Example: luciferin, a substance in certain organisms that emits 
light when acted upon by the enzyme luciferase. 
lute-, Iuteo- yellow. Example: Micrococcus lurelj>, yellow colonies. 
-lysis loosening, to break down. Example: hydrolysis, chemical decomposition 
of a compound into other compounds as a result of taking up water. 
macro- largeness. Example: macromolecules, large molecules. 
mendosi- faculty. Example: mendosicutes, archaeobacteria lacking peptido-
glycan. 
meningo- membrane. Example: meningitis, innammation of the membranes 
of the brain. 
meso- middle. Example: mesophile, an organism whose optimum tempera-
ture is in the middle range. 
meta- beyond, between, transition. Example; metabolism, chemical changes 
occurring within a living organism. 
micro- smallness. Example: microscope, an instrument used to make small 
objects appear larger. 
-mneSla memory. Examples: amnesia, loss of memory; anamnesia, return of 
memory. 
molli- soft. Example: }'lollicutcs, a class of wall -less eubacteria. 
-monas a unit. Example: Metltylommlas, a unit (bacterium) that utilizes 
m<.'lhane as its carhon source. 
mono- singleness. Example: monotrichous, having one nagellum. 
morpho- form. Example: morphology, the study of the form and structure of 
orgamsms. 
multi - many. Example: multinuclear, having several nuclei. 
mUT- wall. Example: murein, a component of bacterial cell walls. 
mus-, mUT!- mouse. Example: murine typhus, a form of typhus endemic 
III mIce. 
mut- to change. Example: mutation, a sudden change in characteristics. 
myco-, -mycetoma, -myces a fungus. Example: Saaltaromyus, sugar fungus, 
a genus of yeast. 
myxo- slime, mucus. Example: Myxobacteriales, an order of slime-producing 
bacteria. 
necro- a corpse. Example: necrosis, cell death or death of a portion of tissue. 
-nema a thread. Example: Trrpof!rma has long, threadlike cells. 
"igT- black. Example: A,prrgilltj, 'Iiger, a fungus that produces black conidia. 
ob- before, against. Example: obstruction, impeding or blocking up. 
oculo- eye. Example: monocular, pertaining to one eye. 
-oedum, -ecium a house. Examples: perithecium, an ascus with an opening 
that encloses spores; ecology, the study of the relationships among organisms 
and between an organism and its environment (household). 
-oid like, resembling. Example: coccoid, resembling a coccus. 

oligo- small, few. Example: oligiosaccharide, a carbohydrate composed of a 
few (7- 10) monosaccharides. 
-oma tumor. Example: l)"mphoma, a tumor of the lymphatic tissues. 
-ont being, existing. Example: schizont, a cell existing as a result of schizogony. 
ortho- straight, direct. Example: orthomyxol'irus, a virus with a straight, 
tubular capsid. 
-osis., -sis condition of. Examples: lysis, the condition of loosening; symbiosis, 
the condition of living together. 
pan- all, universal. Example: pandemic, an epidemic affecting a large region. 
para- beside, near. Example: parasite, an organism that besiden another. 
peri- around. Example: peritrichous, projections from all sides. 
phaeo- brown. Example: Phaeoph)"ta, brown algae. 
phago- eat. Example: phagocyte, a cell tbat engulfs and digests particles or cells. 
philo-, -phil liking, preferring. Example: thermophile, an organism that prefers 
high temperatures. 
-phore bears, carries. Example: conidiophore, a hypha that bears conidia. 
-phyll leaf. Example: chlorophyll, the green pigment in leaves. 
-ph)"te plant. Example: saprophyte, a plant that obtains nutrients from 
de.::omposing organic matter. 
pil- a hair. Example: pilus, a hairlike projection from a cell. 
plankto- wandering, roaming. Example: plankton, organisms drifting or wan-
dering in water. 
plast- formed. Example: plastid, a formed body within a cell. 
-pnoea, -pnea breathing. Example: d)"spnea, difficulty in breathing. 
pod- foot. Example: pseudopod, a footlike structure. 
poly- many. Example: polymorphism, many forms. 
post- after, behind. Example: posterior, a place behind a (specific) part. 
pre-, pro- before, ahead of. Examples: prokaryote, a cell with the first nucleus: 
pregnant, before birth. 
pseudo- false. Example: pseudopod, false foot. 
psychro- cold. Example: psychrophile, an organism that grows best at low 
temperatures. 
-ptera wing. Example: Diptera, the order of true nies, inse<:ts with two wings. 
p)"o- pus. Example: p)"ogenic, pus-forming. 
rhabdo- stick, rod. Example: rhabdovirus, an elongated, bullet-shaped virus. 
rhin- nose. Example: rhinitis, inflammation of mucous membranes in the nose. 
rhizo- root. Examples: Rhizobium, a bacterium that grows in plant roots: 
mycorrhiza, a fungus that grows in or on plant roots. 
rhodo- red. Example: Rhodospirillum, a red-pigmented, spiral-shaped bacterium. 
rod- gnaws. Example: rodents, the class of mammals with gnawing teeth. 
rubri- red. Example: Clostridiimn mbfl"'t, red-pigmented colonies. 
rumin- throat. Example: RHminococms, a bacterium associated with a rumen 
(modified esophagus). 
saccharo- sugar. Example: disaccharide, a sugar consisting of two simple 
sugars. 
sapr- rotten. Example: Saprolrg.lia, a fungus that lives on dead animals. 
sarco- nesh. Example: sar.::oma, a tumor of muscle or connective tissues. 
schizo- split. Example: schizomycetes, organisms that reproduce by splitting 
and an early name for bacteria. 
swlec- worm. Example: scolex, the head of a tapeworm. 
-scope, -scopic watcher. Example: microscope, an instrument used to watch 
small things. 
semi- half. Example: semicircular, having the form of half a circle. 
sept- TOtting. Example: septic, presence of bacteria that could cause 
decomposition. 
septo- partition. Example: septum, a cTOss-wall in a fungal hypha. 
serr- notched. Example: serrate, with a notched edge. 
sidero- iron. Example: Siderococms, a bacterium capable of oxidizing iron. 
siphon- tube. Example: Siphonaptera, the order of neas, insects with tubular 
mouths. 
soma- body. Example: somatic cells, cells of the bod)" other than gametes. 
sped- particular things. Examples: species, the smallest group of organisms 
with similar properties; specify, to indicate exactly. 
spiro- coil. Example: spirochete, a bacterium with a coiled cell. 
sporo- spore. Example: sporangium, a structure that holds spores. 



staphylo- grapelike duster. Example: Staphylococcus, a bacterium that forms 
dusters of cells. 
-stasis arrest, fixation. Example: bacteriostasis, cessation of bacterial growth. 
streplo- Iwisted. Example: Streptococcus, a bacterium that forms twisted chains 
of cells. 
sub- beneath, under. Example: subcutaneous, just under the skin. 
super- above, upon. Example: superior, the quality or state of being above 
others. 
sym-, syn- together, with. Examples: synapse, the region of communication 
between two neurons; synthesis, putting together. 
-Iaxi to touch. Example: chemotaxis, response to the presence (touch) of 
chemicals. 
laxis- orderly arrangement. Example: taxonomy, the scIence dealing with 
arranging organisms into groups. 
lener- tender. Example: Tenericutes, the phylum containing wall -less eubacteria. 
Ihallo- plant body. Example: thallus, an entire macroscopic fungus. 
Iherm- heat. Example: Themllls, a bacterium that grows in hot springs (tn 
75°C). 
Ihio- sulfur. Example: Thiobacillus, a bacterium capable of oxidizing sulfur-
containing compounds. 
-Ihrix See trich-. 
-tome,-Iomy to cut. Example: appendectomy, surgical removal of the appendix. 
-lone, -Ionic strength. Example: hypotonic, having less strength (osmotic 
pressure). 
10X- poison. Example: antitoxin, effective against poison. 
lrans- across, through. Example: transport, movement of substances. 

APPENDIX E AP-15 

Iri- three. Example: trimester, three-month period. 
trich- a hair. Example: peritrichous, hairlike projections from cells. 
-trope turning. Example: geotropic, turning toward the Earth (pull of gravity). 
-Ifoph food, nourishment. Example: trophic, pertaining to nutrition. 
-Iy condition of, state. Example: immunity, the condition of being resistant 
to disease or infection. 
undul- wavy. Example: undulating, rising and falling, presenting a wavy 
appearance. 
uni - one. Example: unicellular, pertaining to one cell. 
vacdn- cow. Example: vaccination, injection of a vaccine (originally pertained 
to cows). 
vacu- empty. Example: vacuoles, an intracellular space that appears empty. 
\'esic- bladder. Example: vesicle, a bubble. 
vitr- glass. Example: in vitro, in culture media in a glass (or plastic) container. 
-vorous eat. Example: carnivore, an animal that eats other animals. 
xantho- yellow. Example: Xa.ullOmonas, produces yellow colonies. 
xeno- strange. Example: axenic, sterile, free of strange organisms. 
xero- dry. Example: xerophyte, any plant that tolerates dry conditions. 
xylo- wood. Example: xylose, a sugar obtained from wood. 
zoo- animal. Example: zoology, the study of animals. 
zygo- yoke, joining. Example: zygospore, a spore fnrmed from the fusion of 
two cells. 
-zyme ferment. Example: enzyme, any protein in living cells that catalyzes 
chemical reactions. 



APPENDIX F 
Classification of Bacteria According to Bergey's Manuar 

Domain: Ba(teria 
Phyl um Aquificae 

Class], Aquificac 
Order]: Aquificales 

Family [: Aquificaceac 
Aq"ifex 
C"lderohn,r en "!II 
Hyd rogenob",r f'I' 
Hyd rogenobi!ro I" III 
Hyd rogeno r h erm "S 
Pmephonelln 
Suljurihydrogen ihi II '" 
The""ocrj"is 

Genera incertae sedis 
Ball'ear;um 
Del" lfu robaC/fT;" III 
The .. "ovibrio 

Phyl um Thermotogae 
Class I: Thcrmologae 

Order]: Thermowgales 
Family [: Thcrmotogaceae 

Ferv,dobae! eriu!II 
Geologa 
Marini/cga 
Petro/ega 
Thermosipho 
Thertt'otoga 

Phyl um Thermodesulfobacteria 
Order [: Thcrmodesulfobactcrialcs 

Family [: Thcrmodesulfobactcriaceae 
The"" 0,1 el" '{obact f'I';" III 

Phyl um Dcinococcus-Thcrmus 
Class I: Deinococci 

Order]: Deinococcales 
Family [: Deinococcaceae 

DejnococcUJ 
Order I): Thcrmalcs 

Family I: Thermaceae 
Marini/he"'",s 
Meiorherm"s 
Ocea"i/he""us 
ThermUl 
Vu Ica M i / /, ern",s 

Phyl um Chr)'!;iogeneles 
Class I: Chrysiogenetes 

Order I: Chrysiogenales 
Family I: Chrysiogenaceae 

ChrysiogeMes 
Phyl um Chloroflexi 

Class I: Chloroflexi 
Order I: Chloroflexales 

Family I: Chloroflexaceae 
Chloroflexus 
Chloro"ema 
He/iothrix 
Roseiflexus 

Family 11: Oscillochloridaceae 
Oscillochloris 

Order I): Herpetosiphonales 
Family I: Herpclosiphonaceae 

Herpe/o,ipho" 

Class II: Anaerolineae 
Order I: Anaerolinac1es 

Family I: Anaerolinaceae 
Anaerolineae 

Phyl um Thcrmomicrobia 
Class I: Thermomicrobia 

Order I: Thermomicrobiales 
Family I: Thermomicrobiaceae 

The"" om icrob i u m 
Phyl um Nitrospira 

Class I: Ninospira 
Order I: Ninospirales 

Family I: Ninospiraceae 
up/ospiril/i"" 

f agn er obaCI eri u m 
Nitrospira 
The"" od es u Ifovi b rio 

Phyl um Deferribacteres 
Class I: DefcrribaClercs 

Order I: Deferrih<lClerales 
Family I: DeferribaCleraceae 

DefeTTibaeler 
DenilroY;brio 
Flexislipes 
GeoY;brio 

Genera incertae sedis 
Caldi/hrix 
Synergis/es 

Phyl um Cyanobacteria 
Class I: Cyanobacteria 

Subsection I 
Chamaesiphon 
ChrQ{)COceo,s 
Cyanobacterium 
CymlObi,,,,, 
Cymrorhece 
Dacrylococcopsis 
GIO<'obacter 
GIO<'ocapsa 
GIO<'orheee 
Microcystis 
Proehlorococeus 
Prochloron 
Syneehococeo<s 
5yneehocystis 

Subsection II 
Ch rQ{)cocci diop s is 
().""'ocystis 
Dermocarpella 
Myxosarcina 
Pleurocapsa 
StaMieria 
Xeltococcus 

Subsection I[] 
Arthrospira 
Boma 
Cri"ali"", 
Geillerinema 
Halospirnlina 
up/oly"gbya 
LimltOlhrix 

Lyngbya 
Microcoleus 
Oscillaror;a 
Plank/orhrix 
Proehlorothrix 
Pse"doanabaena 
5pirnlina 
Starria 
5ymploca 
Triehodesmi,,,,, 
Tyehonema 

Subsection IV 
Anabae"" 
Anabaeltopsis 
Apha"izomenon 
Calothrix 
Cymlospira 
Cyl i n drospermo psis 
Cylindrosperm ,,,,, 
Nod"laria 
Nosroe 
R;vular;a 
5cylonema 
Tolypo/hrix 

Subsection V 
Chloroglorops;s 
Fischerella 
Geilleria 
Iyengariella 
Nosroehops;! 
51igonema 

Phyl um Chlorobi 
Class [: Chlorobia 

Order I: Chlorobiales 
Family [: Chlorobiaceae 

Anealoehlor;! 
Chloroba",I,,,,, 
Chlorobium 
Chloroherpelon 
Pe/odieryon 
PrOSlheeoehloris 

Phyl um Protcobacteria 
Class [: AlphaprO(cobacteria 

Order I: Rhodospirillales 
Family [: Rhodospirillaceae 

Azospirill,,,,, 
/I'q"i/inus 
,\fagnerospirillum 
Phaeospirillum 
Rhodocisla 
Rhodospira 
Rhodospirillum 
Rhodovibrio 
Roseospira 
5ke""anella 
ThallaSlospira 
Tistrella 

Family 11: AcetobaCleraceae 
Acerobacter 
Acidiphili,,,,, 
Acidisphaera 

• Bergey's Mantwl of Sy<temaric Bacteriology, 2nd ed., 5 vols. (2004), is the reference for classification. Bergq $ Manual of Determi"arive 
Bacteriology, 9th ed. (1994), should be used for identifying culturable bacteria and arehaea. 

AP-16 



Acidocella 
Acidomona, 
Asaia 
Cmurococcus 
G I" conaee tobae ter 
GI"conabacter 
Kazakia 
M"rieocc"s 
Paracraumcoaus 
Rhodapila 
Roseococc"s 
RubritepiJa 
Stella 
Teichococcu, 
Zal'arzinia 

Ordcr I) , Rickeusiales 
Family I: Rkke11Siaceae 

Oriemia 
Ricketrsia 

Family II: Anaplasmataceae 
Aegyptianella 
Anapla5ttla 
Cowdria 
Ehrlichia 
Neorickettsia 
Wolbachia 
Xenohalioris 

Family 11[: Holosporaceae 
Holospora 

Genera incertae Sl!dis 
Caedibaeter 
Lytieum 
Odyssella 
Pse" d ocaed i bac ter 
Symbiotes 
Teetibaeter 

Ordcr 11[: Rhodobacterales 
Family I: Rhodobactcraceae 

Ahrfnsia 
Albidov,,'um 
AmaricQCcu, 
AmarClobaCler 
Gemmobacter 
Hir5{:hia 
Hyphomonas 
Jannmchia 
Ket ogu 10" icigen iu m 
ui,ingera 
Marieaulis 
Methylarcula 
Oceanicaulis 
Octadecabaeter 
Pannonibacter 
Paracoaus 
Pse" d or h odobae/ er 
Rhodabaca 
Rhodobaeter 
Rhoda/halassium 
Rhodav,,'um 
Roseibium 
R osei na tronobaet er 
RoseivivQX 
Roseobaeter 
Roseovari"s 
Roseovivax 
Rubrimonas 
Ruegeria 
5agiltula 
SilicibaCler 
5taleya 
Stappia 
5/,lfitobacttr 

Ordcr IV: SphingonlOnadales 
Family I: Sphingomonodaceac 

81mtamonas 
Erythrobaeter 
Eryt h ro'" icrobi u m 
Erythromonm 
N ovosph i n gobi "'n 
Porphymbae/er 
Rhizomonas 
Sanda raci nobact er 
Sphingobi''''' 
5phingan'onas 
Sphingopyxis 
Zymomonm 

Ordcr V: Caulobacterales 
Family I: Caulobactcraceae 

Astiaaca,,'is 
Brevundimanas 
Gi""obaCler 
Phenylobae teri u '" 

Ordcr VI : Rhizobiales 
Family I: Rhizobiaceac 

Agrobacteril"" 
Allorhizobiun' 
Carbaphilus 
Chela/obaeter 
En,iler 
Rhizobium 
Sinorhizobium 

Family II: AuranlinlOnadaceac 
Aurantimonas 
F"lvimarina 

Family 11[: Bartoncllaceae 
Bartonella 

Family IV; Brucellaceae 
Brucella 
Mycop/ana 
Oehrobactrum 

Family V: PhyllobaCleriaceae 
Aminobacter 
A'I "a m icrob i "'n 
Defluvibacter 
Mesorhizobi"'n 
NitratiredllC/or 
Phyllobaeterium 
Pmeu ami" obaCler 

Family VI : Methylocystaceae 
Albibaeter 
Methylocystis 
Methylopila 
Methylosinus 
Terasakiella 

Family VI]: Beijerinckiaceae 
Beijerinekia 
Chela/ococeus 
Methyloeap,a 
Methylocella 

Family VI [[: Bradyrhizobiaceae 
Afipia 
Agromonas 
81mtobae/er 
Bosea 
Bradyrhizobi"'n 
Nitrobaeter 
Oligotropha 
Rhodablast"s 
RhodapseuJomonas 

Family IX: Hyphomicrobiaceac 
Anea 10m icrob i" m 
Aneylabae/er 
An gu 10m icrobi u m 
A'I"abaeter 

Azorhizobium 
81mtQChlaris 
Devosia 
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D ichat on, icrobi u m 
Filomicrobium 
Gemmiger 
Hyphomicrobium 
wbrys 
Methylorhabdus 
PeJomicrobi"'n 
Prost h ero m icrobi" m 
Rhoda",icrobium 
RhodoplanfS 
5e1iberia 
Starkeya 
Xanrhabaeter 

Family X: Methylobacteriaceae 
f ethylobaet eri" m 

Microvirga 
Protomonas 
Roseomonas 

Family XI: Rhodobiaceae 
Rhodobi"'n 
Roseospirilll"" 

Ordcr V[]: Parvularculales 
Family I: Parvularcu laceae 

Parvularc"la 
Class I I: Belaproleobacteria 

Ordcr I: Burkholderiales 
Family I: Burkholderiaceac 

Burkholderia 
O,priavidus 
w"tropia 
Limnobaeter 
Pandoraea 
PaolCimonas 
Po/yn"deobacter 
Ra/stonia 
Thermothru 
Wa"tersia 

Family 1]: Oulobacteraceae 
Duganella 
Herba,pirillum 
Jan/hi n obaCl eri" m 
Massilia 
Oxalicibacterium 
Oxalobae/er 
Telluria 

Family [J[: Alcaligenaceae 
Aehromobaeter 
Alcaligenes 
Bordetella 
Braekiella 
Oligella 
Pelis/ega 
Pign,entiphaga 
Sulterella 
Taylorella 

Family IV: ComanlOnadaceac 
Acidovorax 
Alicye/iphil"s 
Braehymonm 
Caldimonas 
Comamonas 
Del/tia 
Diaphorobacter 
HyJrogenophaga 
Hylen'onella 
w",pmpedia 
Macromonm 
Oltowia 
Po/ammonas 
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Ramlibaeter 
Rhodo/erax 
Variovorax 
Xellophi/i,s 

Genera incertae scdis 
Aqllabacteri"'n 
Ideonella 
uptothrix 
Rosearelel 
RubriY;'·ax 
Schlegelella 
Sp/,aerotilus 
Tepidill'onas 
ThiomOllas 
Xylophillis 

Order II, Hydrogenophilalcs 
Family I: Hydrogenophilaceae 

Hyd rogeno phillis 
ThiobacilillS 

Order Ill: Methylophilales 
Family I: Methylophilaceae 

Methylobncillus 
Methylophillis 
Methylo"orlls 

Order IV; Nei,seriales 
Family I: Ncisseriaceae 

AIYlielln 
AqllaJpirill,,,,, 
Chromobacrerium 
Eikenella 
FormiYibrio 
lodobaeter 
Kingelln 
/.nribaeter 
MicrOYirglila 
Morococeus 
Neisseria 
Proliuobo"'s 
Simonsiella 
Vitreoscilla 
Vogeselln 

Order V: Nitrosomonadales 
Family I: Nitrosomonadaceac 

NirrosolobllS 
Nirrosomonas 
Nirrosospira 

Family II: Spirillaceae 
Spirill"'n 

Family [1[: Gallionellaceae 
Galliollella 

Order VI: Rhodocydales 
Family I: Rhodocydaceae 

Azoar(Us 
Awnexus 
Azospira 
AwYibrio 
Dechloromonas 
Dechloroso",a 
Ferribacterilln' 
Propionibacter 
PropioniYibrio 
Qlladricoceus 
Rhodocyelus 
Slerolibaeteri,m' 
Thauera 
Zoogloea 

Order V[]: Procabactcriales 
Family I: Procabacteriaceae 

Procabacrer 
Class JI[: Gammaprotwbactcria 

Order I: Chromatialcs 
Family I: Chromatiaceac 

Allochromarillm 
Amoebobacter 

Chromatium 
Halochromatium 
Isochromatil"" 
/.nmprobacrer 
Uln'pl'OC}'Sris 

f aric h roma till'" 
Nirrosococ(Us 
Pfennigia 
R ha bdoch ro mali II m 
Rheinheimera 
Thermochromatium 
Thioalkalicoc(Us 
Thiobaca 

ThiocowlS 
Thioeystis 
Thiodietyon 
ThiojlaYicow,s 
Thiohalocapsn 
T h iola m proYI"" 
Thiopedia 
Thiorhodococeus 
ThiorhodoYibrio 
Thiospiril/im' 

Family ll: Ectothiorhodospiraceae 
A/calilimllicola 
Alkalispirillum 
Arhodo'''onas 
Eet 01 hiorhodospira 
Halorhodospira 
Nirrocoeeus 
Thionlkalispira 
ThionlkaliYibrio 
Thiorhodospira 

Order ll: Acidi(hiobacil!ales 
Family 1: Acidi(hiobaci llaceae 

Acid i th iobaci II "5 
Family 11: Thermithiobacillaceae 

T herm i I h iobacillus 
Order Ill: Xan(homonadales 

Family I: XanthonlOnadaceac 
Frateuria 
F,,'vimonaJ 
L"teimon", 
Lyrobacter 
Neyskin 
Pse" d oxa nIh 0 monas 
Rhodanobaeer 
Schineria 
51 e notropho'" onas 
Thermomon", 
Xaurho'''onas 
Xylella 

Order IV: Cardiobac(erialcs 
Family I: Cardiobacteriaceae 

Cn rdinbacr eri" m 
Diche/obaeter 
Simonella 

Order V: Thiotrichales 
Family I: Thiotrichaceac 

Achromati"", 
Beggiaroa 
ullcorhrix 
Thiobacterium 
Thiomargariln 
Thioploca 
Thiospira 
Thiothrix 

Family 11: Francisellaceae 
Francisella 

Family Ill: Piscirickettsiaceae 
Cye/oelasti(Us 
HydrogenOYibrio 
Methylophaga 

Piscirickemia 
T h ioa Ikali m icrobiu m 
Thiomicrospira 

Order VI: Legionellales 
Family I: legionellaceae 

Legiollella 
Family 11: Coxiellaceac 

Aqllieella 
Coxiella 
Rickerrsiella 

Order V[]: Mcthylococcales 
Family I: Methylococcaceac 

Methylobncrer 
Methylomld,,,,, 
Methylocoeeus 
Methylo m iCTOb i u m 
Methylomonas 
MethylOlaTeina 
MethylOlphaera 

Order V[1]: Oceano,pirillales 
Family I: Oceanospirillaceae 

Ba/t'eatrix 
MarinomOMaS 
M ari uospirilll"" 
Neprunomonas 
O"anobaerer 
0""'10 sp i ri lIu m 
Oleispira 
Pse" d ospi rill "'n 
ThalnsrolirUiIS 

Family ll: Alcanivoraceae 
A/ca"i"orax 
F""dibaeter 

Family [1[: Hahcllaceae 
Hahella 
Zooshikella 

Family IV; Halomonadaceae 
Halomonas 
CarMimonas 
Ch ro"'o ha I ObaCI er 
Cobetia 
De/eya 
Zymobacter 

Family V: Oleiphilaceae 
Oleiphilus 

Family VI: Saccharospi rillaceae 
Saeeharospiri II,,,,, 

Order [X, PseudonlOnadales 
Family [: Pscudomonadaceae 

Awmonas 
Azotobacter 
Ce/lvibrio 
Chryseo"'onas 
Flnvi",o"as 
Mesophilobacrer 
Pse"domonas 
Rhizobacter 
Rug",,,onas 
Serpens 

Family 11: Moraxellaceae 
Acinerobacler 
Moraxella 
Psychrobaeter 

Family 111: [n,ertae sedis 
Enhydrobaeter 

Order X: Aheromonadales 
Family I: Alteromonadaceae 

Aest''''riibacter 
Alishewanella 
Alreromonas 
Colwe/lia 
FerrimOllas 
Glaciecola 
IdiomariMa 



Marinowcter 
M ari now cteri u '" 
,\ficrobl,lbifer 
Morite/la 
Pse" d oa It ero '" onas 
Psyehro"'onas 
Shewane/la 
Thalasw",onas 

Family Il: lncerta scdis 
Teredinibaeter 

Order XI: Vibrionales 
Family I: Vibrionaceae 

Allon'onas 
Catenocoecus 
EnreroYibrio 
Gri"'onria 
Lillone/la 
Photobaeteriu", 
SaliniYibrio 
Vibrio 

Order XII: Acromonadales 
Family I: Aeromonadaceae 

Aero",onas 
Oceani",onas 
Oceanisphaera 
Tolu",onas 

Family Il: Sucdnivibrionaceae 
Anaerobio spi rill" m 
Ru",inobacter 
511ccinomonas 
SucciniYibrio 

Order XIII: Entcrobacteriales 
Family I: En terobacteriaceae 

AlrerocoCCl's 
Arsenophon"s 
Brenneria 
Buehnera 
BuJYicia 
Bllltiall)!ella 
Cal Y'" ma t obae Itri U '" 
Cedeeea 
Citrobaeter 
EJwardsiella 
Enrerobaeter 
Erwinia 
Escherichia 
Ewingella 
Hafnia 
Klebsiella 
Kluyvera 
wlercia 
uminorella 
Moellerella 
Morgane/la 
Obes" '" wct eri" '" 
PaMloea 
Peetobaeteriu", 
Phlo"'obacrer 
Photorhabdus 
Plesio",onas 
Pragia 
Proteus 
Providencia 
Rahnella 
RaOlllte/la 
5aecharoweter 
Sal"'o"e/la 
5mmo"ia 
Serratia 
5higella 
Sodalis 
Taw"'ella 
Trab"'sie/la 
IVigglesworrhia 

XenorhabJus 
Yersinia 
Yokenella 

Order XIV: Pasteurellales 
Family I: Pasleurellaceae 

Actinobacilli" 
Gallibacreri"'n 
Hae"'ophilus 
wnepinella 
Pasre"re/la 
Mannhei",ia 
Phocoenobaeter 

Class IV: Deltal'roteobacteria 
Order I: Desulfurellales 

Family I: Desulfurellaceae 
Des,,'furella 
Hippea 

Order II: Desulfovibrionales 
Family I: Desulfovibrionaceae 

Bilophila 
Des,,'foYibrio 
Lawsonia 

Family Il: Desulfomicrobiaceae 
Des" Ifo '" ierobi" '" 

Family Ill: Dcsulfohalobiaceae 
Des" Ifoha lobi u '" 
Des"lfo",onaas 
Des" Ifo na trono vibrio 
Des"lfotherm"s 

Family IV: Desulfona\ronumaceae 
Des" Ifo na tron II '" 

Order Ill: Dcsulfobacterales 
Family I: Desulfobactcraceac 

Des" If a ti ba eillil '" 
Des,,'fowcter 
Des" Ifowct eri" '" 
Des,,'fowrola 
Des,,'fobowlus 
Des,,'focella 
Des,,'focoeeus 
Des,,'fofaw 
Des,,'fofrigIlS 
Des"lfo",usa 
Des"lfone",a 
Des,,'foregula 
Des,,'fosarcina 
Des,,'fospira 
Des"/fotign"'" 

Family Il: Desulfobulbaceae 
Des"/fobulb"s 
Des"lfocapla 
Des"'fof"stis 
Des"'forhopa'"s 
Des,,'fota'ea 

Family 111: Nitrospinaceae 
Nitrospina 

Order IV; De.ulfarcales 
Family L Dcsulfarculaceae 

Des,,'farcuIIlS 
Order V: Desulfuromonales 

Family I: Desulfuromonaceac 
Des" lfu romonas 
Des,,'furomusa 
Malono"'onas 
Pe/obacter 

Family II: Grobactcraceae 
Geobaeter 
Trichlorobacltr 

Order VI: Syntrol'hobacterales 
Family I: Syntrol'hobacteraceae 

Des,,'facinll'" 
5yMlrophobacrer 
Des"'forhabJus 
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Des,,'foYirga 
The"" oJ es" Ifo r h a bJ liS 

Family Il: Syntr0l'haceae 
Des,,'fobacca 
Smithella 
5yMlrophus 

Order VII: IIdellovibrionalcs 
Family I: Jldellovibrionaceae 

Bacteriovorox 
BdelloYibrio 
Micavibrio 
Va",piTQvibrio 

Order Vl1l: Myxococcales 
Family I: Cyslobacteraceae 

Anaero '" y:o:owct er 
Archangium 
Cystobacter 
Hyalangiu", 
Me/il/angi"'n 
5tigmatella 

Family II: Myxococcaceae 
Corallocoeeus 
My:o:ococc"s 
Py:o:icoccus 

Family Ill: Polyangiaceae 
Byssophaga 
Chondro"'yces 
Haplon"gil"" 
Jahnia 
Polyangiu", 
Sorangil"" 

Family IV; Nannocyslaceae 
Nannocysris 
Plesiocysris 

Family V: Hal iangiaceae 
Haliangi"'n 

Family VI: KoOeriaceae 
Kojleria 

Class V: Ellsiionproteobacteria 
Order I: Campylobacterales 

Family I: Campylobacteraceae 
Arcobacter 
C/U"pylobacter 
Deha lospi rill "'n 
Sulfurospiri 1111 '" 

Family Il: Hclicobacteraceae 
He/icobacter 
5ulfuri",onas 
Thiovulll'" 
Wolinella 

Phylum Firmicutes 
Class I: Racill; 

Order /: Radlla/es 
Family /: lIaciliaceae 

Alkalib"cillus 
Amphibacillus 
Ano:o:ybacillus 
Bacillus 
Cerasib"cillus 
Filob"cillus 
Geoweillils 
Gracilibacillus 
Halowcilll,s 
Haloactibaeillils 
unribacillus 
Marinieocc"s 
OcemlObacillus 
Paraliobaei/lus 
Saeeharococus 
Tem,ibacilh,s 
Thal"swwcilh,s 
V;rgibacilh's 
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Family 1]: AIi(ydobacilla(eae 
AI icye/obaci II "S 

Family Ill: LiS1eria(eae 
BrlXhothrix 
Lisreria 

Family IV; Paenibacilla(cae 
AmmOMiphilus 
Aneu ri M ibacil/ "S 
Brevibacillus 
Cohnella 
Oxalophag"s 
Paenibacillus 
Thermobacil/"s 

Family VI: PlanocoC(aceae 
CaryophanoM 
Filibllcrer 
leotgali baeill "S 
Kurthia 
Marinibaeilil's 
Planomicrobium 
PlanIXIXCUS 
Planomicrobium 
SporosarciMa 
Ureibacilll'S 

Family VI]: Sporolactobacillaceae 
Spo rolnct obaci IIo,s 

Family VI I I: Staphylococca(eae 
leotgalicoceo,s 
MacrIXIXCI'S 
SaliniclXC"S 
Slilphylococcus 

Family IX: ThernlOact i nomy(e1a(eae 
T herm oacri no m yces 
Ulceyella 
,\ fecherchn ri mycfS 
Planijiilm' 
Seino"e/Ill 
Shimllzuella 
T herm of/a vi m icrob i" m 

Incertae Sedis 
Exiguobacr eri 14 m 
Gemel/a 
ThermiCilMus 

Order 1]: Lactobacillales 
Family I: La(\obacilla(eae 

Ulcrobacill"s 
Pa mlacr obaci lIus 
PerlilXlXcus 

Family 1]: Aero<:occa(eae 
Abiorrophia 
AerlX£lCCUS 
DolosiclXc"s 
EremIXIXCUS 
Faekillmia 
Globicillelia 
IgMnvigrlll,um 

Family [[[: Carnoba(ieriaceae 
Alkal ibllcr eri" m 
AI/ofusris 
AI/oiococcus 
Aropobactl'!' 
Aropococcus 
Aropolripes 
Cn mobae leri II '" 
Desemzin 
Dolosigrlll,u/im' 
GmMuliCilfe/la 
IsobaClllom, 
,\ f ari M i Incr ibllci 1111 S 
Triehococcus 

Family IV: Entero<:occa(eae 
Enrerococcus 
Me/isslJC£lCCus 

TetragenlXlXcus 
Vagococeo,s 

Family V: u:uconOS1OCa(eae 
UllCOMostoe 
OeMococcus 
Wein<,lIn 

Family VI: StreplOCOCCa(eae 
Ulcrococcus 
Ulcrovl"" 
Str<,ptlJClJCClIS 

Class ll: Clos1ridia 
Order I: CIOMridiales 

Family I: Clowidia(eae 
AlkaliphilolS 
Anaerobactl'!' 
Anoxy"atro,,"m 
CnlOTilmilfor 
Cn lorlllillerobact er 
CnmiMicdln 
Clostridium 
Nnrronincola 
Oxobacter 
Sarci"" 
TheftMobrachillm 
T herm ohal obae ler 
Tindallia 

Family V: l<Ichnospi ra(eae 
Aceri r om ac" 114 m 
Anaerosripes 
BrynMfella 
Bwyrivibrio 
(/IroMelln 
Dorell 
HespeWn 
lohnsoMelln 
Ulch M obae leri II m 
Moryella 
Oribacrerium 
Pa rill po robacteri" m 
UlChMospira 
Pse" d obll tyrivi brio 
Rosebllfin 
ShllUkworthill 
Spo robae leri 1"" 
SyMfrophococcus 

Family VII: Pep1omcplocoC(a(eae 
Filifactor 
Pe ptostrept IJCIXCUS 
Tepidibacrer 

Family ll: Eubactcriaceac 
Acer obncr I'!'i "''' 
Acer obncr I'!'i "''' 
Alkalibllcrer 
Anaerof"stis 
Eubllcrerium 
Garci""n 
Pse" d ora m ibae ter 

Family VI: Pcp10<:oC(a(eae 
Cryp ra'IIll'!'obact er 
Dehalobactl'!' 
Des" lji r obnct I'!'i" m 
Des"lfonispora 
Des" Ifo spo rosi M us 
Des" Ifo t omacu III m 
Pe/oromacul",,, 
PeptocoCCIIS 
SyMfrophobotuillS 
TheftMincola 

Family Ill: Gracilibncteraceaf 
Gmcilibacrer 

Family IV: Hclioba(\eria(eae 
He/ iobae uri ,,,,, 
He/iobaeilillS 

He/iophill"" 
He/iorestis 

Family VI I I: Ruminococca(eae 
RuminlXlXcus 

Family X: Vcilloncllacea( 
AcerOMema 
Acida m i"lXlXcus 
AI/iso"e/la 
Anaeroarcus 
Anaeroglobus 
Anaeromusa 
AnaerosiMus 
Anaerovibrio 
Cenripeda 
DeMd ro sporobllct er 
DialiHer 
Megasphnera 
Mirsuokella 
Pecti"atus 
Phillcolarct obae leri II m 
PropiOMispira 
PropioMispora 
Q"i"e/la 
Sehwartzia 
Se/enomo"as 
Sporom"", 
Succinic "'Hicu m 
SUCciMispira 
ThermosiMUS 
VeilloMella 
Zymophilus 

Incertae Sedis 
Anaerococcus 
Finegoldia 
Gallicola 
F"sibncrer 

Family IX: Syntrophomonadaceae 
Pe/olpora 
S y Mfro pho m o"as 
SyMfrophospora 
S y Mfro ph or herm us 
The"" OS}'M rropha 

Order Ill: Thermoanaeroba(ieriaies 
Family I: Thermoanaerobactcria(eae 

AmmOMifex 
(/I Ida "aerobacter 
(/I rboxydibrach iu m 
Copro r hermobaer er 
Gelrin 
Moorella 
T hermncerogeM i u m 
T heftMn ""ero m o"as 
T herm oa "a erobacr er 

Incertae Sedis 
(/lid icell 14 losi '" pr or 
Mahell 
T herm oa "aerobacr eriu m 
T he"" 0 sed i mini bact er 
T herm oveMabu II"" 

Order 1] : Halanaerobiales 
Family I: Halanaerobiaceae 

H aln ""erobi ,,,,, 
Haloeellil 
H alot h e rmoth rix 

Family ll: HalobaClcroidaceae 
Acerohalobium 
H aln ""erobllcr er 
Halo"atrom"" 
Nmroniellil 
Ore"ia 
Se/en ihala" Ilerobacr er 
Sporohalobacter 



Phylum Tenerieute!; 
Order I: Mycol'lasmatalcs 

Family I: Mycol'lasmataceae 
Eperyrhrozoo" 
Haemobartonella 
Mycoplnsma 
Ureaplasma 

Order I): En(Omol'lasmatales 
Family I: EIl(omoplasmataceac 

Enromoplamln 
Mesoplasmn 

Fami ly I): SpirOl'lasmaueeae 
Spiroplam'n 

Order 1][: Acholel'lasmatales 
Family I: Acholel'lasmataceae 

Acholeplasma 
Phytoplasma 

Order IV: Anaeroplasmaules 
Family I: Anaerol'lasmataceae 

Anaeroplasula 
Asteroleplasma 

Phylum Actin oooctcria 
Oass I: Actinobactcria 

Order I: Acidimicrobialcs 
Family I: Acidimicrobiaceae 

Acidimicrobillm 
Order I) : Rubrobactcrales 

Conexibacter 
Rubrobacter 
Solirubrobacter 
Thermoleophilum 

Order 1][: Coriobacteriales 
Family I: Coriobacteriaceae 

Atopobi"", 
Collin,ella 
Coriobacteri"m 
Cryptobacterium 
De"itrobacterium 
Eggmhdln 
OlJenella 
Slackia 

Order IV: Sl'haerobactcrales 
Family I: Sphaerobacteraceae 

Sphaerobacter 
Order V: Actinomycetales 
Suborder: Actinomycineae 

Family I: Actinomycetaceae 
Acti"obacullml 
Acti"omYCN 
Arcanobacterium 
Mobilomcus 
Varibac"lum 

Suborder: Micrococcineae 
Family I: Micrococcaceae 

Arthrobacter 
Citricoeeus 
Koc"ria 
Micrococcus 
Nesterenko"ia 
Re"ibacteri,,," 
Rothia 
Stoma/ocoeeus 
Yania 

Family I): lIogoriellaceae 
Bogoridla 

Family [][: Rarobactcraceae 
Rarobacter 

Fami ly IV: Sanguib<lcteraceae 
Sanguibacter 

Family V: Brevibacteriaceae 
Brevibacterium 

Family VI: CdlulonlOnadaceae 
Cellulomonas 
Omkovia 
Tropheryma 

Family VI): Dermabacteraceae 
Brachybacterium 
Dermabactf'l' 

Fami ly V[][: Dcrmat0l'hilaceae 
Derma/ophibIS 
Kineo,phaera 

Family IX: Dermacoccaceae 
Dermacoeeus 
Demetria 
Kytococc"s 

Family X: Intrasporangiaceae 
Arse"icicoccus 
III traspora ngi u m 
Janibacter 
Nos/ocoidia 
Omithinicoccus 
Om i thin i m icrobiu m 
Terrabacter 
Terracocc"s 
Tetrasphaera 

Family XI: )onesiaceae 
JonNia 

Family XII: Microbactcriaceae 
Agrococc"s 
Agromycts 
A" reobact eri" m 
Clnvibacter 
Cryobacterium 
Curtobacterium 
Frigoribacreri"m 
Leifso"ia 
UllCobacter 
Microbacterium 
Rathayibacter 
S"btf'l'cola 

Fami ly X]I[: Bculcnbcrgiaceae 
Be'41enbergia 
George"ia 
Sala"a 

Family XIV: Promicromonosporaceac 
Cdlu /0 sim icrobi II III 
Prom icro'" ° nospora 
X y/a n ibact eri u m 
Xy/animonas 

Suborder: Corynebacteri neae 
Family I: Corynebactcriaceae 

Corynebacterium 
Family I): Dielliaceae 

Dietzia 
Family llI: Gordoniaceae 

Gordo"ia 
Skerma"ia 

Family IV; Mycobacteriaceae 
Mycobac/eri,m' 

Family V: Nocardiaceae 
Nocardia 
Rhodococ"s 

Family VI: Tsukamurell aceae 
TSilkamurella 

Family VI): Williamsiaceae 
lVilliamsia 

Suborder: MicronlOnosporineae 
Family I: Micromonosporaceae 

Acri"opla"es 
Asa"oa 
Carella/ospora 
Carenu/op/allN 
Couchioplanes 
Dacrylo,pora n gi" m 
Micro'''onospora 
Pilimdia 
Spirilliplanes 
Verrl4cosispora 
Virgispora ngi u m 
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Suborder: Propionibacterineae 
Fami ly I: Propionibacteriaceac 

Luteocoeeus 

Propio" i bac teri" n, 
Propio"i!erax 
Propio" i m icrobi" n, 
Tessaracocc"s 

Family I): Nocardioidaceae 
Aeromicrobium 
Acti "opoly morpha 
Fried ma" II iella 
HOllgia 
Kribbdla 
Micropruina 
Marmoricola 
Nocardioides 
Propio" i ci monas 

Suborder: Pseudonocardineae 
Fami ly I: Pseudonocardiaceae 

Acti "oallot eich us 
Acti"opolyspora 
Amycolatopsis 
Crossiella 
Ki bdelospora ngi" m 
Kurz"eria 
Pr"'''f'I'ella 
Pse"donocardia 
Saeeharomo" ospo ra 
Saeeharopo/yspora 
St rept oallo t eich us 
Thm"obispora 
Thermocrilpln" 

Fami ly I): Actinosynnemalaceae 
Acti"okineospora 
Acti"ow""ema 
Lechel'alieria 
unrzea 
Saeeharothrix 

Suborder: Streptomycincae 
Family I: Streptomycetaceae 

Kitasa/ospora 
Streptomyces 
St rept overtici/li" m 

Suborder: Streptosporangineae 
Fami ly I: Streptosporangiaceac 

Acrocarpospora 
HerbidOlpora 
Microbispora 
Microtetra,pora 
Nonomllraea 
Planobi,pora 
Planom 0 "ospora 
Planopoly,pora 
Planotetraspora 
St rept ospora ngi" m 

Family I): Nocardiopsaceae 
Nocardiopsis 
St rept om 0" ospora 
Thm"obifida 

Family llI: Thermomonosporaceae 
Acti"omadura 
Spirillospora 
T herm omono spora 

Suborder: Frankineae 
Fami ly I: Frankiaceae 

Frankia 
Family I): Geodermatophilaceae 

B/al/iXOCCUS 
Geod erma/oph i Ius 
Modestobacter 

Fami ly 1][: Microsphaeraceae 
Micro,phaf'l'a 
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Family [V; Sporkhthyaccae 
Sporie/rrhya 

Family V: Acidolhermaceae 
AcidothemlllS 

Family VI: Kineosporiaceae 
Crypt ospora" gi I' m 
Ki"eococCIIs 
Ki"eosporia 

Suborder: Glycomycineae 
Family [: Glycomycetaceae 

Glycomyces 
Order VI: Bifidobacteriales 

Family [: Bifidobacteriaceae 
Aeriscardovia 
Bift d obac leri I"" 
Falcivibrio 
Gardnerella 
Par/1jeardovia 
5cardovia 

Fami ly [I: Unknown Affiliat ion 
Actinobispora 
Actinocorallia 
Excellospora 
Pe/czaria 
Turicel/a 

Phylum Plandomycetes 
Order I: Planctomycetales 

Family I: PlanctomycetaCeae 
Gemmara 
/sosphaera 
Pire/!"Ia 
Planctomyc", 

Phylum Chlamydiae 
Order I: Chlamydiales 

Family I: Chlamydiaceae 
Chll!tnydia 
Chll!tnydophila 

Family 11: Parachlamydiaceae 
Neochll!tnydia 
Pa rac h / a mydi a 

Family Ill: Simkaniaceae 
R ha bdoch la mydia 
S i m ka" ia 

Family IV: Waddliaceae 
IVadd!ia 

Phylum Spirochetes 
I: Spirochaetes 

Order I: Spirochaetales 
Family I: Spirochaetaceae 

Borre/ia 
Brevinema 
Cln'e/andi"a 
Cristilpira 
Dip!oealyx 
Hollandi"a 
Pillotina 
Spirochaeta 
Trepo"ema 

Family 11: Serpulinaceae 
Brachyspira 
Serp"!i,,a 

Family []]: Leptospiraceae 
uptonen,a 
uptospira 

Phylum Fibrobaderes 
Class I: Fibrobacleres 

Family I: Fibrobacteraceae 
Fibrobaeler 

Phylum Acidobacteria 
Family I: Acidobacteriaceae 

Acidobacterium 
Geothrix 
Ho!ophaga 

Phylum Raderoidetes 
Class I: Bacteroidetes 

Order I: 
Family I: Bacteroidaceae 

Acel oft lament" m 
Acelo m i"ob i u m 
AcelOlhermus 
Anaerophaga 
Anaerorhabdus 
BaCieroides 
MegmnOIll!S 

Family 11: Rikenellaccae 
A!istires 
Marinilabi!ia 
Rike"el/a 

Family Ill: Porphyromonadaceae 
Dysgonomo"as 
Porphyromonas 
Tan"erella 

Family [V: Prevotellaceae 
Prn'olel/a 

Class II: Flavobacteria 
Order I: Flavobacteriales 

Family I: Flavobacteriaceae 
Aequorivira 
Arenibacter 
Bergeyel/a 
Capnocytophaga 
Cellu/aphaga 
Chryseobacterium 
Coenonia 
Croceibacter 
Empedobacter 
Flavabaer en" m 
Ge/idibacrer 
Gillisia 
Mesonia 
M"riCI!I.da 
Myroides 
Om i thobacr eri u m 
PolaribaCfer 
PsychrojlfX"S 
Psychroserpens 
Riemerel/a 
Saligenribacter 
T eHacibaCl' I u m 
IVeeksella 
Zobel/ia 

Family II: Blall abactcriaceae 
81m r a bacr eri u m 

Class Ill: Sphingobacteria 
Order I: SphingobaCleriales 

Fami ly I: Sphingobacteriaceae 
Pedobacter 
Sphi n gobacr eri u m 

Family II: Saprospiraccae 
H a lisco", e noba Cf er 
/£wine/la 
Saprolpira 

Family []]: Fkxibacteraceae 
BeIliella 
Cye/obacteri"''' 
Cyrophaga 
DyadobaCler 
Flmobacil/I'S 
FlfXibacter 
Ho"gie/!a 
Hymenobacter 
Me"iw.s 
Microscilla 
Reichenbachia 
Rune/la 
Spiroso",a 
Sporocytophaga 

Fami ly [V: Flammeovirgaceae 
Flam meov i rga 
FlfXithrix 
Persicobacrer 
The""onema 

Family V: Crenotri,haceae 
Chiri"op/,aga 
Crenothrix 
RhodorhermUJ 
Salinibacter 
Toxothrix 

Phylum Fusobaderia 
Class I: 

Order I: Fusobacteriales 
Fami ly I: Fusobactcriaceae 

F14sobaet eri ,m, 
/lyobaCler 
uptotrichia 
Propio n ige" i 14 m 
Sebaldella 
Snearhia 
Streptobacil/us 

Family 11: lncerlae sedis 
Cetobacleril"n 

Phylum Verruoomicrobia 
Class I: Verrucom icrobiae 

Opirl't"s 
ProsrhecobaCier 
Verrl4com ierobi" '" 
Victival/is 
X iph inem a t obacr er 

Phylum Dictyoglomi 
Class I: Dktyoglomi 

Order I: Dictyoglomales 
Fami ly I: Dictyoglomaceae 

Die/yog/omus 
Phylum Gemmatimonadetes 

Class I: Gemmatimonadetes 
Order I: Gemmatimonadales 

Gem rna ri n, onas 
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9 + 2 arra y Attachment of microtubules in eukaryotic flagella and cilia; 
9 pairs of microtubules plus two microtubules. 
12D treatment A sterilization process that would result in a denease of the 
number of Clostridium bowlimml endospores by 12 logarithmic cycles. 

ABO blood group system The classification of red blood cells basro on the 
presence or absence of A and B carbohydrate antigens. 
abscess A localiz<'<l accumulation of pus. 
A-B toxin Bacterial exotoxins consisting of two polypeptides. 
acellular vaccine A vaccine consisting of antigenic parts of cells. 
acetyl group 

acid A substance that dissociates into one or more hydrogen ions (H+ ) and 
one or more negative ions. 
acid-fast stain A differential stain used to identify bacteria that are not decol -
orized by acid-alcohol. 
acidic dye A salt in which the color is in the negative ion; used for negative 
staining. 
acidophile A bacterium that grows below pH 4. 
acquired immunodeficiency The inability, obtained during the life of an indi-
vidual, to produ<;e spe<;ific antibodies or T cells, due to drugs or disease, 
activated macrophage A macrophage that has increased phagocytic ability 
and other functions after exposure to mediators released by T cells after stimu-
lation by antigens, 
activated sludge system A proces.s used in secondary sewage treatment in 
which batches of sewage are held in highly aerated tanh; to ensure the presence 
of microbes efficient in degrading sewage, each batch is inoculated with portions 
of sludge from a precious batch. 
activation energy The minimum collision energy required for a chemical reac-
tion to occur. 
active site A region on an enlyme that interacts with the substrate, 
active transport Net movement of 3 substance across a membrane against a 
concentration gradient; requires the cell to energy. 
acute di sease A disease in which symptoms develop rapidly but last for only a 
short time, 
acute-phase proteins Serum proteins whose concentration changes by at least 
25% during inflammation. 
adaptive immunity The ability, obtained during the life of the individual, to 
produce specific antibodies and T cells. 
adenosarcoma Cancer of glandular epithelial tissue. 
adenosine diphosphate ("DP) The substance formed when ATP is hydrolyzed 
and energy is released. 
adenosine triphosphate (ATP) An important intracellular energy source. 
adherence Attachment of a microbe or phagocyte to another's plasma mem-
brane or other surface. 
adhesin A carbohydrate-specific binding protein that proj<xts from prokary-
otic ceils; used for adherence, also called a ligand. 
adjuvant A substance added to a vaccine to increase its effectiveness. 
aerobe An organism requiring molecular oxygen (0 2) for growth. 
aerobic respirat ion Respiration in which the final electron acceptor in the 
electron transport chain is molecular oxygen (Ol) ' 
aerotolerant anaerobe An organiSm that does not use molecular oxygen (Ol) 
but is not affected by its presence. 
anatoxin A carcinogenic toxin produced by Aspcrgi/lils j1I1VI'S. 
agar A complex polysaccharide derived from a marine alga and used as a 
solidifying agent in culture media. 
agglut ination A joining together or dumping of cells. 

agranulocy te A leukocyte without visible granules io the cytoplasm; includes 
mooocytes aod lymphocytes. 
alarmone A chemical signal that promotes a cell's response to environmental 
stress. 
alcoho l An organic molecule with the functional group-OH. 
alcoho l fermentation A catabolic process, beginning with glycolysis, that pro-
duces ethyl alcohol to reoxidize NADH. 
aldehyd e An organic molecule with the functional group 
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alga (plural: algae) A photosyothetic eukaryote; may be uoicellular, filamen -
tous, or multicellular but lack the tissues found in plaots. 
algal bloom An abuodaot growth of micros.::opic algae producing visible 
colooies io oature. 
algin A sodium salt of maoourooic acid (C6Hs0 6); found in brown algae. 
allergen An antigen that evokes a hyperseositivity response. 
allergy See hyperseositivity. 
allograft A tissue graft that is oot from a geoetically identical (i.e., oot 
from self or an identical twio). 
allosteric inhibition The process in which ao eozyme's activity is chaoged 
because of biodiog to the allosteric site. 
allosteric site The site on an eozyme at which a noocompetitive iohibitor binds. 
allylamines Aotifuogal agents that ioterfere with sterol synthesis. 
amanilin A polypeptide toxin produced by Amanita spp., inhibits RNA 
polymerase. 
Ames test A procedure usiog bacteria to ideotify potential carcioogeos. 
amination The additioo of an amioo group. 
amino add Ao orgaoic acid contaioiog ao amino group and a carboxyl group. 
10 alpha-amino acids the amioo aod carboxyl groups are attached to the same 
carbon atom called the alpha-carboo. 
aminoglycoside An antibiotic consistiog of amioo sugars and ao aminocydi -
tol ring; for example, streptomycio. 
amino group - NH2. 
ammonification The release of ammooia from oitrogeo-cootainiog orgaoic 
matter by the actioo of microorganisms. 
amphibolic pathway A pathway that is both anabolic aod catabolic. 
amphitricho us Having !lagella at both eods of a cell. 
anabolism All synthesis reactioos io a liviog orgaoism; the building of com-
plex orgaoic molecules from simpler ones. 
anaerobe Ao orgaoism that does oot require molecular oxygen (0 1) for growth. 
anaerobic respiration Respiration io which the final electroo acceptor in the 
electroo traosport chain is ao ioorganic molecule other than molecular oxygeo 
(0 2); for example, a nitrate ioo or COl ' 
anaerobic sludge diges ter Aoaerobic digestion used io secondary sewage 
treatment. 
anal pore A site io certain protozoa for elimination of waste. 
analyt ical epidemiology Comparisoo of a diseased group aod a healthy group 
to determine the cause of the disease. 
anamnestic response See memory respoose. 
anamorph As.::omycete fungi that have lost the ability to reproduce sexually; 
the asexual stage of a fuogus. 
anaphylaxis A hyperseositivity reactioo involviog IgE antibodies, mast cells, 
and basophils. 
Angstro m (A) A uoit of measuremeot equal to 10- 10 m,or 0.1 nm. 
animalia The kingdom composed of multicellular eukaryotes lackiog cell walls. 
anion An ion with a oegative charge. 
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anoxygenic Not producing molecular oxygen; typical of cyclic photophos-
phorylation. 
antagonism Active opposition; (!) When two drugs are less effective than 
either one alone. (2) Competition among microbes. 
antibiogram Report of antibiotic susceptibility of a bacterium. 
antibiotic An antimicrobial agent, usually produced naturally by a bacterium 
or fungus. 
antibody A protein produced by the body in response to an antigen, and capa-
ble of combining sp«ifically with that antigen. 
antibody-dependent cell-mediated cy totoxicity (ADCC) The killing of 
antibody-coatro cells by natural killer cells and leukocytes. 
antibody titer The amount of antibody in serum. 
anticodon The three nucleotides by which a tRNA recognizes an mRNA codon. 
antigen Any substance that causes antibody formation; also callro immunogen. 
antigen-antibody complex The combination of an antigen with the antibody 
that is specific for it; the basis of immune protection and many diagnostic tests. 
antigen-binding s ites A site on an antihody that hinds tn an antigenic 
determinant. 
antigenic determinant A specific region on the surface of an antigen against 
which antibodies are formed; also callro epitope. 
antigenic drirt A minor variation in the antigenic makeup of influenza viruses 
that occurs with time. 
antigenic shift A major genetic change in influenza viruses causing changes in 
Hand N antigens. 
antigenic variation Changes in surface antigens that occur in a microbial 
population. 
antigen-presenting cell (APC) A macrophage, dendritic cell, or B cell that 
engulfs an antigen and presents fragments to T cells. 
antihuman immune serum globulin (anti-HISG) An antibody that reacts 
specifically with human antibodies. 
antimetabolite A competitive inhibitor. 
antimicrobial peptide An antibiotic that is bactericidal and has a broad spec-
trum of activity; see bacteriocin. 
antisense DNA DNA that is complementary to the DNA encoding a protein; 
the antisense RNA transcript will hybridize with the mRNA encoding the pro-
tein and inhibit synthesis of the protein. 
antisense strand (- strand) Viral RNA that cannot act as mRNA. 
antisepsis A chemical method for disinfection of the skin or mucous mem-
branes; the chemical is called an antiseptic. 
antiserum A blood-derived fluid containing antibodies. 
antitoxin A specific antibody produced by the body in response to a bacterial 
exotoxin or its toxoid. 
antiviral protein (AVP) A protein made in response to interferon that blocks 
viral multiplication. 
apoenzyme The protein portion of an enzyme, which requires activation by a 
coenzyme. 
apoptosis The natural programmro death of a cell; the residual fragments are 
disposed of by phagocytosis. 
aquatic microbiology The study of microorganisms and their activities in 
natural waters. 
arbuscule Fungal mycelia in plant root cells. 
archaea Domain of prokaryotic cells lacking peptidoglycan; one of the three 
domains. 
arthrownidia An asexual fungal spore formed by fragmentation of a septate 
hypha. 
Arthus reaction Inflammation and necrosis at the site of injection of foreign 
serum, due to immune complex formation. 
artificially acquired actiw immunity The production of antibodies by the 
body in response to a vaccination. 
artificially acquired pass ive immunity The transfer of humoral antibodies 
formed by one individual to a susceptible individual, accomplished by the injec-
tion of antiserum. 
artificial selection Cboosing one organism from a population to grow 
because of its desirable traits. 
ascospore A sexual fungal spore produced in an ascus, formed by the ascomycetes. 
ascus A saclike stmcture containing ascospores; found in the ascomycetes. 

asepsis The absence of contamination by unwanted organisms. 
aseptic packaging Commercial food preservation by filling sterile containers 
with sterile food. 
aseptic su,"&ery Tecbniques used in surgery to prevent microbial contamina-
tion of the patient. 
aseptic techniques Laboratory techniques used to minimize contamination. 
asexual spore A reproductive cell produced by mitosis and cell division 
(eukaryotes) or binary fission (actinomycetes). 
atom The smallest unit of matter that can enter into a chemical reaction. 
atomic force microscopy See scanned-probe microscopy. 
atomic number Tbe number of protons in the nucleus of an atom. 
atomic weight The total number of protons and neutrons in the nucleus of 
an atom. 
atrichous Bacteria that lack flagella. 
attenuated whole-agent vaccine A vaccine containing live, attenuated (weak-
ened) microorganisms. 
autoclave Equipment for sterilization by steam under pressure, usually oper-
ated at 15 psi and 121°C. 
autograph A tissue graft from one's self. 
autoimmune disease Damage to one's own organs due to action of the immune 
system. 
autotroph An organism that uses carbon dioxide (C02) as its principal carbon 
source. cbemoautotroph, photoautotroph. 
auxotroph A mutant microorganism with a nutritional requirement that is 
absent in the parent. 
axial filament The structure for motility found in spirochetes; also callro 
endoflagellum. 
azole Antifungal agents that interfere with sterol synthesis. 

bacillus (plural: bacilli ) (I ) Any rod-shaped bacterium. (2) \\fhen written as a 
genus (Bacillus) refers to rod-shaped, endospore-form ing, facultatively anaero-
bic, gram-positive bacteria. 
bacteremia A condition in which there are bacteria in the blood. 
bacteria Domain of prokaryotic organisms, characterized by peptidoglycan 
cell walls; bacterium (singular) when referring to a single organism. 
bacterial growth curve A graph indicating the growth of a bacterial popula-
tion over time. 
bactericide A substance capable of killing bacteria. 
bacteriocin An antimicrobial peptide produced by bacteria that kills other 
bacteria. 
bacteriochlorophyll A photosyntbetic pigment that transfers electrons for 
photophosphorylation; found in anoxygenic photosynthetic bacteria. 
bacteriology The scientific study of prokaryotes, including bacteria and 
archaea. 
bacteriophage (phage) A vims that infects bacterial cells. 
bacteriostasis A treatment capable of inhibiting bacterial growth. 
base A substance that dissociates into one or more hydroxide ions (OH- ) and 
one or more positive ions. 
base pairs The arrangement of nitrogenous bases in nucleic acids based on 
hydrogen bonding; in DNA, base pairs are A-T and G-C; in RNA, base pairs are 
A-U and G-c. 
base substitution The replacement of a single base in DNA by another base, 
causing a mutation; also called point mutation. 
basic dye A salt in which the color is in the positive ion; used for bacterial stains. 
basidiospore A sexual fungal spore produced in a basidium, characteristic of 
the basidiomycetes. 
basidium A proestal that produces basidiospores; found in the basidiomycetes. 
basophil A granulocyte (leukocyte) that readily takes up basic dye and is not 
phagocytic; bas receptors for IgE Fc regions. 
balCh production An industrial process in which cells are grown for a period 
of time after which the product is collected. 
B cell A type of Iympbocyte; differentiates into antibody-secreting plasma 
cells and memory cells. 
BCG vaccine A live, attenuated strain of Myc<Jboctcri,m' bovis used to provide 
immunity to tuberculosis. 
beer Alcoholic beverage produced by fermentation of starch. 



benthic zone The sediment at the bottom of a body of water. 
Bergey's Manual Bergey's Manua/ afSystema/ic Bac/eria/ogy, the standard tax-
onomic reference on bacteria; also refers to Bergey's Marilla/ of De/ami'la/iye 
Bacteria/og)" the standard laboratory identification reference on bacteria. 
p -Iactam Core structure of penicillins. 
beta oxidation The remol'al of two carbon units from a fatty acid to form 
acetyl GoA. 
binary fission Prokaryotic cell reproduction by division into two daughter 
cells. 
binomial nomenclature The system of having two names (genus and specific 
epithet) for each organism; also called scientific nomenclature. 
bioaugmentation The use of pollutant-acclimated microbes or genetically 
engineered microbes for bioremediation. 
biochemical oxygen demand (BOD) A measure of the binlogically degradable 
organic matter in water. 
biocide A substance capable of killing microorganisms. 
bioconversion Changes in organic matter brought about by the growth of . . microorganisms. 
bioenhancer Nutrients such as nitrate and phosphate that promote microbial 
growth. 
biofilm A microbial community that usually forms as a slimy layer on a surface. 
biogenesis The theory that lil'ing cells arise only from preexisting cells. 
biogeochemical cycle The recycling of chemical elements by microorganisms 
for use by other organisms. 
bioinformatics The science of determining the function of genes through 
computer-assisted analysis. 
biological transmission The transmission of a pathogen from one host to 
another when the pathogen reproduces in the vector. 
bioluminescence The emission of light from the electron transport chain; 
requires the enzyme luciferase. 
biomass Organic matter produced by liv ing organisms and measured by weight. 
bioreaClor A fermentation I'essel with controls for environmental conditions, 
e.g., temperature and pH. 
bioremediation The use of microbes to remove an environmental pollutant. 
Biosafety Level (BSL) Safety guidelines for working with live microorganisms 
in a laboratory, four levels called BSL- I through BSL-4. 
biosynthetic See anabolism. 
biotechnology The industrial application of microorganisms, cells, or cell 
components to make a useful product. 
biotype See biovar. 
biovar A subgroup of a serovar based on biochemical or physiological prop-
erties; also called biotype. 
blade A !lat leallike structure of multicellular algae. 
blastoconidium An asexual fungal spore produced by budding from the 
parent cell. 
blebbing Bulging of plasma membrane as a cell dies. 
blood-brain barrier Cell membranes that allow some substances to pass from 
the blood to the brain but restrict others. 
brightfield microscope A microscope that uses I'isible light for illumination; 
the specimens are viewed against a white background. 
broad-spectrum antibiotic An antibiotic that is effectil'e against a wide range 
of both gram -positive and gram-negative bacteria. 
broth dilution test A method of determining the minimal inhibitory concen-
tration by using serial dilutions of an antimicrobial drug. 
bubo An enlarged lymph node caused by in!lammation. 
budding (I) Asexual reproduction beginning as a protuberance from the par-
ent cell that grows to become a daughter cell. (2) Release of an enveloped virus 
through the plasma membrane of an animal cell. 
budding yeast Following mitosis, a yeast cell that divides unevenly to produce 
a small cell (bud) from the parent cell. 
buffer A substance that tends to stabilize the pH of a solution. 
bulking A condition arising when sludge !loats rather than settles in second-
ary sewage treatment. 
bullae (singular: bulla) Large serum-filled vesicles in the skin. 
bursa of Fabricus An organ in chickens responsible for maturation of the 
immune system. 
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Calvin-Benson cycle The fixation of COl into reduced organic compounds; 
used by autotrophs. 
capnophile A microorganism that grows best at relatively high COl 
concentrations. 
capsid The protein coat of a virus that surrounds the nucleic acid. 
capsomere A protein subunit of a viral capsid. 
capsule An outer, viscous covering on some bacteria composed of a polysac-
charide or polypeptide. 
carbapenems Antibiotics that contain a ,8-lactam antibiotic and cilastatin. 
carbohydrate An organic compound composed of carbon, hydrogen, and 
oxygen, with the hydrogen and oxygen present in a 2: I ratio; carbohydrates 
include starches, sugars, and cellulose. 
carbon cycle The series of processes that converts COl to organic substances 
and back to COl in nature. 
carbon fixation The synthesis of sugars by using carbons from CO2• See also 
Calvin-Benson cycle. 
carbon skeleton The basic chain or ring of carbon atoms in a molecule; for 
example, I I I -n-y-
cuboxyl group ,,0 
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carboxysome A prokaryotic inclusion containing ribulose 1,5-diphosphate 
carboxylase. 
carcinogen Any cancer-causing substance. 
carrier Organisms (usually refers to humans) that harbor pathogens and trans-
mit them to others. 
casein Milk protein. 
ca tabolism All decomposition reactions in a living organism; the breakdown 
of complex organic compounds into simpler ones. 
ca tabolite repression Inhibition of the metabolism of alternate carbon sources 
by glucose. 
catalase An enzyme that breaks down hydrogen peroxide: 2H l O l --
2HlO+02 
catalyst A substance that increases the rate of a chemical reaction but is not 
altered itself. 
cation A positively charged ion. 
CD (cluster of determination} Number assigned to an epitope on a single anti -
gen, for example, CD4 protein, which is found on T helper cells. 
eDNA (complementary DNA) DNA made in vitro from an mRNA template. 
cell culture Eukaryotic cells grown in culture media; also called tissue culture. 
cell theory All living organisms are composed of cells and arise from preexist-
ing cells. 
cellular immunity An immune response that involves T cells binding to anti -
gens presented on antigen-presenting cells; T cells then differentiate into 
several types of effector T cells. 
cellular respiration See respiration. 
cell wall The outer covering of most bacterial, fungal, algal, and plant cells; in 
bacteria, it consists of peptidoglycan. 
Centers for Disease Control and Prevention (CDC) A branch of the 
U.S. Public Health Service that serves a central source of epidemiological 
information. 
central nervous system (CNS} The brain and the spinal cord. See also periph-
eral nervous system. 
centriole A structure consisting of nine microtubule triplets, found in eukary-
otic cells. 
centrosome Region in a eukaryotic cell consisting of a pericentriolar area 
(protein fibers) and a pair of centrioles; involved in formation of the mitotic 
spindle. 
cercaria A free-swimming Iarl'a of trematodes. 
cfu (colony-forming unit} Visible bacterial colonies on solid media. 
chancre A hard sore, the center of which ulcerates. 
chemical bond An attractive force between atoms forming a molecule. 
chemical element A fundamental substance composed of atoms that have the 
same atomic number and behave the same way chemically. 
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chemical energy The energy of a chemical reaction. 
chemical reaction The process of making or breaking bonds between atoms. 
chemically defined medium A culture medium in which the exact chemical 
composition is known. 
chemiosmosis A mechanism that uses a proton gradient across a cytoplasmic 
membrane to generate ATP. 
chemistry The science of the interactions between atoms and molecules. 
chemoautotroph An organism that uses an inorganic chemical as an energy 
source and CO2 as a carbon source. 
chemoheterotroph An organism that uses organic molecules as a source of 
carbon and energy. 
chemokine A cytokine that induces. by chemotaxis. the migration of leuko-
cytes into infected areas. 
chemotaxis Movement in response to the presence of a chemical. 
chemotherapy Treatment of diwase with chemical substances. 
chemotroph An organism that uses oxidation-reduction reactions as its pri-
mary energy source. 
chimeric monoclonal antibody A genetically engineered antibody made of 
human constant regions and mouse variable regions. 
chlamydoconidium An awxual fungal spore formed within a hypha. 
chlorophyll a A photosynthet ic pigment that transfers electrons for photo-
phosphorylation; found in plant. algae, and cyanobacteria. 
chloroplast The organelle that performs photosynthesis in photoautotrophic 
eukaryotes. 
chlorosome Plasma membrane folds in green sulfur bacteria containing 
bacte ri oc h lorop h ylls. 
chromatin Threadlike, uncondensed DNA in an interphase eukaryotic cell. 
chromatophore An infolding in the plasma membrane where bacteriochloro-
phyll is located in photoautotrophic bacteria; also known as thylakoids. 
chromosome The structure that carries hereditary information, chromo-
somes contain genes. 
chronic infection An illness that develops slowly and is likely to continue or 
recur for long periods. 
ciliary escalator Ciliated mucosal cells of the lower respiratory tract that move 
inhaled part iculates away from the lungs. 
cilium (plural: cilia) A relatively short cellular projection from some eukary-
ot ic cells, composed of nine pairs plus two microtubules. Sec nagellum. 
cis Hydrogen atoms on the same side across a double bond in a fatty acid. 
See trans. 
cistern A nattened membranous sac in endoplasmic reticulum and the Golgi 
complex. 
clade A group of organisms that share a particular common ancestor; a branch 
on a c1adogram. 
dadogram A dichotomous phylogenetic tree that branches repeatedly. 
suggest ing the classification of organisms based on the time sequence in which 
evolutionary branches arose. 
class A taxonomic group between phylum and order. 
donal deletion The elimination of Band T cells that react with sel f. 
donal selection The development of clones of Band T cells against a specific 
antigen. 
done A population of cells arising from a single parent cell. 
due cells Sloughed-off vaginal cells covered with Gil"ltlerellil mgillaiis. 
coagulase A bacterial enzyme that causes blood plasma to do\. 
coccobacillus (plural: coccobacilli) A bacterium that is an oval rod. 
coccus (plural: cocci) A spherical or ovoid bacterium. 
codon A sequence of three nucleotides in mRNA that specifies the insertion of 
an amino acid into a polypeptide. 
coenocytic hypha A fungal filament that is not divided into uninucleate cell -
like units because it lacks septa. 
coenzyme A nonprotein substance that is associated with and that activates an 
enzyme. 
coenzyme A (CoA) A coenzyme that functions in decarboxylation. 
coenzyme Q See ubiquinone. 
cofactor (1) The nonprotein component of an enzyme. (2) A microorganism 
or molecule that acts with others to synergistically enhance or cause disease. 
coliforms Aerobic or facultatively anaerobic, gram-negative, nonendospore-
form ing, rod-shaped bacteria that ferment lactose with acid and gas formation 
within 48 hours at 3SQ C. 

collagenase An enzyme that hydrolyzes collagen. 
collision theory The principle that chemical reactions occur because energy is 
ga ined as particles coll ide. 
colony A visible mass of microbial cells arising from one celt or from a group 
of the same microbes. 
colony hybridization The identification of a colony containing a desired gene 
by using a DNA probe that is complementary to that gene. 
colony-stimulating factor (CSF) A substance that induces certain cells to pro-
liferate or different iate. 
commensalism A symbiotic relationship in which two organisms live in asso-
ciat ion and one is benefited while the other is neither benefited nor harmed. 
commercial sterilization A process of treat ing canned goods aimed at 
destroying the endospores of Clostridium bOll/iilliml. 
communicable disease Any diwaw that can be spread from one host to another. 
competence The physiological state in which a recipient cell can take and 
incorporate a large piece of donor DNA. 
competitive exclusion Growth of some microbes preven ts the growth of other 
microbes. 
competiti.-e inhibitor A chemical that competes with the normal substrate for 
the active si te of an enzyme. See also noncompetitive inhibitor. 
complement A group of serum proteins involved in phagocytosis and lysis of 
bacteria. 
complementary DNA (eDNA) DNA made in vitro from an mRNA template. 
complement fIXation The process in which complement combines with an 
antigen- antibody complex. 
complex medium A culture medium in which the exact chemical composi-
tion is not known. 
complex virus A virus with a complicated structure, such as a bacteriophage. 
composting A method of solid waste disposal , usually plant material, by encour-
aging its decomposition hy microbes. 
compound A substance composed of t ..... o or more differen t chemical elements. 
compound light microscope (LM) An instrument with two sets of lenws that 
uses visible light as the source of illumination. 
compromised host A host whose resistance to infection is impaired. 
condensation reaction A chemical react ion in which a molecule of water is 
released; also called dehydration synthesis. 
condenser A lens system located below the microscope stage that d irects light 
rays through the specimen. 
confocal microscopy A light microscope that uses fluorescen t stains and laser 
to make two- and three-dimensional images. 
congenital Refers to a condit ion existing at birth; may be inherited or acquired 
in utero. 
congenital immunodeficiency The inability, due to an individual's genotype, 
to produce specific ant ibodies or T cells. 
conidiophore An aerial hypha bearing conidiospores. 
conidiospore See conidium. 
conidium An awxual spore produced in a chain from a conidiophore. 
conjugated monoclonal antibody See immunolOxin. 
conjugated vaccine A vaccine consisting of the desired antigen and other 
proteins. 
conjugation The transfer of genetic material from one cell to another involv-
ing cell-IO-cell contact. 
conjugative plasmid A prokaryotic plasmid that carries genes for sex pili and 
for transfer of the plasmid to another cell. 
constitutive enzyme An enzyme that is produced continuously. 
contact inhibition The cessat ion of animal cell movement and division as a 
result of contact wi th other cells. 
contact transmission The spread of d isease by direct or indirect contact or via 
droplets. 
contagious disease A disease that is easily spread from one person to another. 
continuous cell line Animal cells that can be maintained through an indefi-
nite number of generations in vitro. 
continuous flow An industrial fermentation in which cells are grown indefi-
nitely with cont inual addit ion of nutrients and removal of waste and products. 
corepressor A molecule that binds to a repressor protein, enabling the repres-
sor to bind to an operator. 
cortex The protective fungal covering of a lichen. 



counterstain A second stain applied to a smear, provides contrast to the pri-
mary stain. 
cova lent bond A chemical bond in which the el«trons of one atom are shared 
with another atom. 
crisis The phase of a fever characterized by vasodilation and sweating. 
crista (plural: crist at ) Folding of the inner membrane of a miHKhondrion. 
cross ing ovtr Tht process by which a portion of one chromosome is 
exchanged with a portion of another chromosome. 
CfL (cytotoxic T Iymphocytts) An a(!ivated T c cell; kills cells presenting 
endogenous antigens. 
cultUrt Microorganisms that grow and multiply in a container of culture 
medium. 
culture medium The nutrient material prepared for growth of microorgan-
isms in a laboratory. 
curd The solid put of milk that separates from the liquid (whey) in the mak-
ing of cheese, for example. 
cutaneous mycosis A fungal infection of the epidermis, nails, or hair. 
cuticle The outer covering of helminths. 
cyanobacteria Oxygen-producing photoautotrophic prokaryotes. 
cyclic AMP A molecule derived from ATP, in which the phosphate 
group has a cyclic structure; acts as a cellular messenger. 
cyclic pho tophosphorylation The movement of an electron from chlorophyll 
through a se ries of ele(!ron acceptors and back to chlorophyll; anoxygenic; 
purple and green bacterial photophosphorylation. 
cyst A 53C with a distinct wall containing fluid or other material; also, a pro-
tective capsule of some protoloa. 
cysticercus An encysud tap;!worm larva. 
cytochrome A protein that functions as an el«tron carrier in cellular respira-
tion and photosynthesis. 
cytochrome c oxidase An enzyme that oxidizes cytochrome c. 
cytoc ne A small protein released from human cells that regulates the immune 
response; directly or indirectly may induce fever, pain, or T-cell proliferation. 
cytokine s torm O"erproou(!ion of cytokines; can cause damage to the human 
body. 
cyto lysis The destruction of cells, resulting from damage to their cell mem-
brane, that causes cellular contents to leak oul. 
cytopathic rffect (ePE) A visible effe<:t on a host cell, caused by a virus, that 
may result in hmt cell damage or death. 
cytoplasm [n a prokaryotic cell, everything inside the plasma membrane; in a 
eukaryotic cell, everything inside the plasma membrane and external to the 
nucleus. 
cytoplasm ic streaming The movement of cytoplasm in a eukaryotic cell. 
cytod te leton Microfilamcnt s, intermediate filaments, and microtubules that 
provide support and movement for eukaryotic cytoplasm. 
cytosol The fluid portioll of cytoplasm. 
cytostome The mouthlike opening in some protozoa. 
cy totoxin A bacterial toxin that kills host cells or alters their functions. 

darkfield m ic roscopt A microscope that has a device to scatter light from the 
illuminator so that the specimen app;!ars while against a black background. 
deamination The removal of an amino group from an amino acid to form 
ammonia. See abo ammonification. 
dea th phaS\!: The p;!riod of logarithmic d«rease in a bacterial population; also 
called log;uithmic decline phase. 
debridement Surgical removal of n«rotic tiS$ue. 
decarboxyla tion The removal of CO2 from an amino acid. 
d«imal reduction timt (DRT) The time (in minutes) required to kill 90'11> of 
a bacterial population at a given temperature; also called D value. 
dK olo rizing agent A solution used in the process of removing a stain. 
dK omposi tion reaction A chemical reaction in which bonds are broken to 
produce smaller parts from a large mole<:ule. 
deep-frtning of bacterial cultures at - 5O"C to --9S°c. 
defensins Small peptide antibiotics made by human cells. 
definiti ve host An organism that harbors the adult, sexually mature form of a 
parasite. 
degeneracy Redundancy of the genetic code; that is, most amino acids are 
encoded by several codons. 
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degerming The remov;al of microorganisms in an area; also called degermation. 
degranulation The release of contents of secretory granules from mast cells o r 
basol'hils during anaphylaxis. 
dehydrat ion synthts iJ Su condensation reaction. 
dehydrogenation The 10S$ of hydrogen atoms from a substrate. 
delayed-type hypcrk'nsi tivity Cell-mediated hyperk'nsitivity. 
denaturation A change in the mole<:ular structure of a protein, usually mak-
ing it nonfunctional. 
dendrit ic a ll A type of antigen-presenting cell characterized by long finger-
like extensions; found in lymphatic tiS$ue and skin. 
denitrifica tion The reduction of nitrogen in nitrate to nitrite or nitrogen gas. 
dental plaque A combination of bacterial cells, dext ran, and debris adhering 
to the teeth. 
deoxyribonucleic acid (DNA) The nucleic acid of genetic material in all cells 
and some viruses. 
deoxyribose A five-carbon sugar contailled in DNA nucleotides. 
dermatomycosis A fungal infe<:tion oflhe skin; also known as tinea or ringworm. 
dermatophyte A fungus that causes a cutaneous mycosis. 
dermis The inner portion of the skill. 
descri ptive epidemiology The colle<:tion alld analysis of all data regarding t he 
occurrence of a disease to determille its cause. 
desensitization The prevelltion of allergic inflammatory responses. 
desiccation The removal of water. 
d iapedesis The process by which phagocytcs mow out of blood WMC.'ls. 
d ichotomous key An identification scheme based on succeS$ive paired 
questions; answering one question leads to another pair of questions, until an 
o rganism is iden tified. 
d ifferen tial interferenct contrast (Ole) microscope An instrument that pro-
vides a threr -dimtnsional , magnified image. 
d ifferential medium A solid cullure medium that makes it easier to distin-
guish colonies of tht desired organism. 
d ifferential stain A stain that distinguishes objects on the basis of reactions to 
the staining procedure. 
differtntia l white blood cdl count The number of each kind of leukocyte in 
a sample of 100 leukocytes. 
diffusion The net movement of molecules Or ions from an area of higher 
concentra tion to an area of lower concentration. 
dimorphism The property of having two fonns of growth. See a/so sexual 
dimorphism. 
dioecious Referring to organisms ill which organs of different sexes are located 
in different individuals. 
d iplobacilli (Singular: diplobacillus) Rods that divide and remain attached in 
pairs. 
diplococci (Singular: diplococcus) Cocci that divide and remain attached in 
pairs. 
diploid cdl A cdl having two sets of chromosomes; diploid is the normal state 
ofa cukaryotic cdl. 
diploid cell line Eubryotic cells grOWll in vitro. 
di r«t agglut ina tion test The use of kllown antibodies to identify an 
unknown cell-bound antigen. 
d irtct contact transmiss ion A method of spreading inf«tion from one host 
to another through some kind of close a$SO(iat ion between the h05ts. 
d irKt FA tes t A fluorescent-antibody test to dete<:t the presence of an antigen. 
d irm microscopic count Enumeration of cells by observation through a 
mICroscope. 
d isaccharide A 5ugar consisting of two simple sugars, or mono.saccharides. 
disease An abnormal state in which part or all of the body is not properly 
adjusted or is incapable of performing normal functions.; any change from a 
sta te of health. 
disinrection Any treatment used on inanimate obj«ts to kill or inhibit the 
growth of microorganisms.; a chemical used is called a disinf«tant. 
disk-diffusion method An agar-diffusion test to determine microbial suscep-
tibility to chemotherapeutic agents; also called Kirby-Bauer test. 
u-isomer Arrangement of four different atoms or groups around a carbon 
atom. 5« L-isomer. 
d issimilat ion A proce5S in which nutrients are not assimilated but 
are excreted as ammoniJ, hydrogen sulfide, and so on. 
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dissimilation plasmid A plasmid containing genes encoding production of 
enzymes that trigger the catabolism of certain unusual sugars and hydrocarbons. 
dissociation The separation of a compound into positive and negative ions in 
solution. See also ioniution. 
disulfide bond A covalent bond that holds together two atoms of sulfur. 
DNA base composi tion The moles-percentage of guanine plus cytosine in an 
organism's DNA. 
DNA chip A silica wafer that holds DNA probes; used to recognize DNA in 
samples being tested. 
DNA fingerprinting Analysis of DNA by electrophoresis of restriction 
enzyme fragments of the DNA. 
DNA gyrase See topoisomerase. 
DNA ligase An enzyme that covalently bonds a carbon atom of one nucleotide 
with the phosphate of another nucleotide. 
DNA polymerase Enzyme that synthesizes DNA by copying a DNA template. 
DNA probe A short, labeled, single strand of DNA or RNA used to locate its 
complementary strand in a quantity of DNA. 
DNA sequencing A process by which the nucleotide sequence of DNA is 
determined. 
DNA vaccine A vaccine made up of DNA, usually in the form of a plasmid. 
domain A taxonomic classification based on rRNA sequences; above the 
kingdom level. 
donor cell A cell that gives DNA to a recipient cell during genetic recombination. 
droplet transmission The transmission of infection by small liquid droplets . . carrymg mlcroorgamsms. 
DTaP vaccine A combined vaccine used to provide active immunity, contain-
ing diphtheria and tetanus toxoids and Bordetclla perll<ssis cell fragments. 
o value See decimal reduction time. 
d ysentery A disease characterized by frequent, watery stools containing blood 
and mucus. 

eclipse period The time during viral multiplication when complete, infective 
virions are not present. 
ecology The study of the interrelationships between organisms and their 
environment. 
edema An abnormal accumulation of interstitial Iluid in body parts or tissues, 
causing swelling. 
electron A negatively charged particle in motion around the nucleus of an 
atom. 
electron acceptor An ion that picks up an electron that has been lost from 
another atom. 
electron donor An ion that gives up an electron tn another atom. 
electronic configuration The arrangement of electrons in shells or energy lev-
els in an atom. 
electron microscope A microscope that uses electrons instead of light to pro-
duce an image. 
electron shell A region of an atom where electrons orbit the nucleus, corre-
sponding to an energy level. 
electron transport chain , electron transport sys tem A series of compounds 
that transfer electrons from one compound to another, generating ATP by 
oxidative phosphorylation. 
electroporation A technique by which DNA is inserted into a cell using an 
electrical current. 
elementary body The infectious form of chlamydiae. 
EUSA (enzyme-linked immunosorbent assay) A group of serological tests 
that use enzyme reactions as indicators. 
embryonic stem cell A cell from an embryo that has the potential to become 
a wide variety of specialized cell types. 
emerging inrectious disease (EID) A new or changing disease that is increas-
ing or has the potential to increase in incidence in the near future. 
Embden-Meyerhof pathway See glycolysis. 
enanthem Rash on mucous membranes. See also exanthem. 
encephalitis Infection of the brain. 
encys tment Formation of a cyst. 
endemic disease A disease that is constantly present in a certain population. 
endergonic reaction A chemical reaction that requires energy. 
endocarditis Infection of the lining of the heart (endocardium). 

endocytos is The process by which material is moved into a eukaryotic cell. 
endoflagellum See axial filament. 
endogenous ( I ) Infection caused by an opportunist ic pathogen from an 
individual's own normal microbiota. (2) Ant igens, usually of viral origin and 
degraded into fragmen ts, generated within a cell. 
endolith An organism that lives inside rock. 
endoplasmic reticulum (ER) A membranous network in eukaryotic cells con-
necting the plasma membrane with the nuclear membrane. 
endospore A resting structure fnrmed inside some bacteria. 
endosymbiotic theory A model for the evolution of eukaryotes which states 
that organelles arose from prokaryotic cells living inside a host prokaryote. 
endotoxic shock See gram-negative sepsis. 
endotoxin Part of the outer portion of the cell wall (lipid A) of most gram-
negative bacteria; released on destruction of the cell. 
end-product inhibition See feedback inhibition. 
energy le,·el Potential energy of an electron in an atom. See a/sa electron shell. 
enrichment culture A culture medium used for preliminary isolation that 
favors the growth of a particular microorganism. 
enteric The common name for a bacterium in the family Enterobacteriaceae. 
enterotoxin An exotoxin that causes gastroenteritis, such as those produced 
by Slapllyloc(}(C!<5, Vibrio, and Escherichia. 
Entner-Doudoroff pathway An alternate pathway for the oxidation of glucose 
to pyruvic acid. 
envelope An outer covering surrounding the capsid of some ,·iruses. 
enzyme A molecule that catalY"LeS biochemical reactions in a living organism, 
usually a protein. See a/50 ribozyme. 
enzyme-linked immunosorbent assay See ELISA. 
enzyme-substrate complex A temporary union of an enzyme and its substrate. 
eosinophil A granulocyte whose granules take up the sta in eosin. 
epidemic disease A disease acquired by many hosts in a given area in a short time. 
epidemiology The science that studies when and where diseases occur and 
how they are transmitted. 
epidermis The outer portion of the skin. 
epitope See antigenic determinant. 
equilibrium The point of even distribution. 
equivalent treatments Different methods that ha\'<, the same effect on con-
trolling microbial growth. 
ergot A toxin produced in sclerotia by the fungus Clavicep5 pu'purea that causes 
ergotism. 
ester linkage Bonding between 
eukaryotic phospholipids: 

fatty acids and glycerol in bacterial and 

'I -c-o- c-
E test An agar diffusion test to determine antibiotic sensitivity using a plastic 
strip impregnated with varying concentrations of an antibiotic. 
ethambutol A synthetic antimicrobial agent that interferes with the synthesis 
of RNA. 
ethanol H H 

I I 
H- C- C- OH 

A 
ether linkage Bonding between fatty acids and glycerol in archaeal phospho-
lipids; -----C- O- C-----
etio logy The study of the cause of a disease. 
eukarya All eukaryotes (animals, plants, fungi, and protists); members of the 
Domain Eukarya. 
eukaryote A cell having DNA inside a distinct membrane-enclosed nucleus. 
eukaryotic species A group of closely related organisms that (an interbreed. 
eutrophication The addition of organic matter and subsequent removal of 
oxygen from a body of watu. 
exanthem Skin rash . Set also enanthem. 
exchange reaction A chemical reaction that has both synthesis and decompo-
sition components. 
exergonic reaction A chemical reaction that releases energy. 
exon A region of a eukaryotic chromosome that encodes a protein. 



exotoxin A protein toxin released from living, mostly gram-positive bacterial cells. 
experimental epidemiology The study of a disease using controlled experimenlS. 
exponential growth phase See log phase. 
extracellular polymeric substance (EPS) A glycocalyx that permits bacteria to 
allach to various surfaces. 
extreme thermophile See hyperthermophile. 
extremophile A microorganism that lives in environmental extremes of 
temperature, acidity, alkalinity, salinity, or pressure. 
extremozymes Enzymes produced by extremophiles. 

facilitated diffusion The movement of a substance across a plasma membrane 
from an area of higher concentration to an area of lower concentration, mediated 
by transporter proteins. 
facultative anaerobe An organism that can grow wi th or without molecular 
oxygen (02), 
facultative halophile An organism capable of growth in, but not requ iring, 
1- 2% sal t. 
FAD Flavin adenine dinucleotide; a coenzyme that functions in the removal 
and transfer of hydrogen ions (H +) and electrons from substrate molecules. 
FAME Fally acid methyl ester; identification of microbes by the presence of 
specific fally acids. 
family A taxonomic group between order and genus. 
feedback inhibition Inhibition of an enzyme in a particular pathway by the accu-
mulation of the end-product of the pathway; also called end-product inhibition. 
fermentation The enzymatic degradation of carbohydrates in whicb the final 
electron acceptor is an organic molecule, ATP is synthesized by substrate-level 
phosphorylation, and O2 is not required. 
fermentation test Method used to determine whether a bacterium or yeast 
ferments a specific carbohydrate; usually performed in a peptone broth con-
taining the carbohydrate, a pH indicator, and an inverted tube to trap gas. 
fever An abnormally high body temperature. 
F factor (fertility facto r) A plasmid found in the donor cell in bacterial 
conjugation. 
fibrinol ysin A kinase produced by streptococci. 
r.Jtration The passage of a liquid or gas through a screenlike material;a O,45-fLm 
filter removes most bacteria. 
fimbria (plural: fimbriae) An appendage on a bacterial cell used for attachment. 
FISH Fluorescent in situ hybridization; use of rRNA probes to identify 
microbes without cutturing. 
fission yeast Following mitosis, a yeast cell that divides evenly to produce two 
new cells. 
fixed macrophage A macrophage that is located in a certain organ or tissue 
(e.g., liver, lungs, spleen, or lymph nodes); also called a histiocyte. 
fixing (I) In slide preparation, the process of attaching a specimen to a slide. 
(2) Regarding chemical elements, combining elements so that a critical element 
can enter the food chain. See also Calvin-Benson cycle; nitrogen fixation. 
flaccid paralysis Loss of muscle mOl'ement, loss of muscle tone. 
flagellum (plural: flagella ) A thin appendage from the surface nf a cell; used 
for cellular locomotion; composed of flagellin in prokaryotic cells, composed of 
9 + 2 microtubules in eukaryotic cells. 
flaming The process of sterilizing an inoculating loop by holding it in an open 
flame. 
flat sour spoilage Thermophilic spoilage of canned goods not accompanied 
by gas production. 
flatworm An animal belonging to the phylum Platyhelminthes. 
fla voprotein A protein containing the coenzyme flavin; functions as an elec-
tron carrier in electron transport chains. 
flocculation The removal of colloidal material during water purification by 
adding a chemical that causes colloidal particles to coalesce. 
flow cytometry A method of counting cells using a flow cytometer, which 
detects cells by the presence of a fluorescent tag on the cell surface. 
fluid mosaic model A way of describing the dynamic arrangement of phos-
pholipids and proteins comprising the plasma membrane. 
fluke A flatworm belonging to the class Trematoda. 
fluorescence The ability of a substance to give off light of one color when 
exposed to light of another color. 
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fluorescence-activated cell sorter (FACS) A modification of a flow cytometer 
that counts and sorts cells labeled with fluorescent antibodies. 
fluorescence microscope A microscupe tbat uses an ultraviulet light source tu 
illuminate specimens that will fluoresce. 
fluorescent-antibody (FA) technique A diagnostic tool using antibodies 
labeled with fluorochrumes and viewed through a fluorescence microscope; also 
called immunofluorescence. 
FMN Flavin mononucleotide; a coenzyme that functions in the transfer of 
elect runs in the electron transport chain. 
focal infection A systemic infection that began as an infection in one place. 
folliculitis An infection of hair fullicles, often uccurring as pimples. 
fomite A nonliving object that can spread infection. 
forespore A structure consisting uf chromosome, cytoplasm, and endospure 
membrane inside a bacterial cell. 
frameshift mutation A mutation caused by the additinn or deletion of one or 
mure bases in DNA. 
free radical A compound with an unpaired electron. Sec superoxide. 
free wandering macrophage A macrophage that leaves the blood and 
migrates to infected tissue. 
freeze-drying Set'lyuphilizatinn. 
fTA-ABS test An indirect fluorescent -antibody test used to detect syphilis. 
fulminating A condition that develops quickly and rapidly increases in severity. 
functional group An arrangement of atoms in an organic molecule that is 
responsible for most of the chemical properties of that molecule. 
fungus (plural: fungi) An urganism that belongs to the Kingdnm Fungi; 
a eukaryotic absorptive chemoheterotroph. 
furuncle An infection of a hair follicle. 
fusion The merging of plasma membranes of two different cells, resulting in 
one cell cnntaining cytoplasm from both original cells. 

gamete A male ur female reproductive cell. 
gametocyte A male or female prot07.0an cell. 
gamma globulin The serum fraction containing immunuglubulins (antibud-
ies); also called immune serum glubulin. 
gastroenteritis I nflam mation of the stomach and intestine. 
gas vacuole A prokaryotic inclusion for buoyancy compensation. 
gel electrophoresis The separation of substances (such as serum proteins or 
DNA) by their rate of movement through an electrical field. 
gene A segment of DNA (a sequence of nucleotides in DNA) encoding a func -
tional product. 
gene silencing A mechanism to inhibit gene expression. Sec RNAi. 
gene therapy Treating a disease by replacing abnormal genes. 
generalized transduction The transfer of bacterial chromosome fragments 
from one cell to another by a bacteriophage. 
generation time The time required for a cell or population to double in number. 
genetic code The mRNA codons and the amino acids they encode. 
genetic engineering See recombinant DNA technology. 
genetic recombination The process of joining pieces of DNA from different 
sources. 
genetics The science of heredity and gene funct ion. 
genetic screening Techniques for determining which genes are in a cell's genome. 
genome One complete copy of the genetic information in a cell. 
genomic library A collection of cloned DNA fragments created by inserting 
restriction enzyme fragments in a bacterium, yeast, or phage. 
genomics The study of genes and their function. 
genotype The genetic makeup of an organism. 
genus (plural: genera) The first name of the scientific name (binomial ); the 
taxon between family and species. 
germicide Sec biocide. 
germination The process of starting to grow from a spore or endospore. 
germ theory of disease The principle that microorganisms cause disease. 
global warming Retention of solar heat by gases in the atmosphere. 
globulin The class of globular proteins that includes antibodies. See also 
immunoglobulin. 
glycocalyx A gelatinous polymer surrounding a cell. 
glycolysis The main pathway for the oxidation of glucose to pyruvic acid; also 
called Embden-Meyerhofpathway. 
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Golgi complex An organelle involved in the secretion of certa in proteins. 
graft-versus-host (GVH) disease A condition that occurs when a transplanted 
tissue has an immune response to the tissue recipient. 
gram-negative bacteria Bacteria that lose the crystal violet color after decol -
orizing by alcohol; they stain red after treatment with safranin. 
gram-negative sepsis Septic shock caused by gram-negative endotoxins. 
gram-positive bacteria Bacteria that retain the crystal violet color after 
decolorizing by alcohol; they stain dark purple. 
gram-positive sepsis Septic shock caused by gram-positive bacteria. 
Gram stain A differential stain that classifies bacteria into two groups. gram-
positil'e and gram -negative. 
granulocyte A leukocyte with visible granules in the cytoplasm; includes 
neutrophils, hasophils, and eosinophils. 
granzymes Proteases that induce apoptosis. 
green nonsulfur bacteria Gram-negative, nonproteobacteria; anaerobic and 
phototrophic; use reduced organic compounds as electron donors for COl 
fixation. 
green sulfur bacteria Gram-negative, nonproteobacteria; strictly anaerobic 
and phntotrophic; nn growth in dark; use reduced sulfur compounds as electron 
donors for CO2 fixation. 
group translocation [n prokaryotes, active transport in which a substance is 
chemically altered during transport across the plasma membrane. 
gumma A rublJ.ery mass of tissue characteristic of tertiary syphilis. 

HAART (highly active antiretroviraltherapy) A combination of drugs used 
to treat HIV infection. 
halogen One of the following elements: !luorine, chlorine, bromine, iodine, or 
astatine. 
halophile An organism that requires a high salt concentration for growth. 
H antigen Flagella antigens of enterics, identified by serological testing. 
haploid cell A eukaryotic cell or organism with one of each type of chromosome. 
hapten A substance of low molecular weight that does not cause the forma -
tion of antibodies by itself but does so when combined with a carrier molecule. 
HA (hemagglutinin) spike Antigenic projections from the outer lipid bilayer 
of Injlllenzav;",5. 
Hazard Analysis and Critical Control Point (HACCP) System of prevention 
of hazards, for food safety. 
helminth A parasitic roundworm or flatworm. 
hemagglutination The dumping of red blood cells. 
hemoflagellate A parasitic flagellate found in the circulatory system of its bost. 
hemolysin An enzyme that lyses red blood cells. 
herd immunity The presence of immunity in most of a population. 
hermaphroditic Having both male and female reproductive capacities. 
heterocyst A large cell in certain cyanobacteria; the site of nitrogen fixation. 
heterolactic Describing an organism that produces lactic acid and other acids 
or alcohols as end-products of fermentation; e.g., Escherichia. 
heterotroph An o rganism that requires an organic carbon source; also called 
organotroph. 
Hfr cell A bacterial cell in which the F factor has become integrated into the 
chromosome; Hfr stands for high frequency of recombination. 
high-efficiency particulate air (HEPA) filter A screenlike material that 
removes particles larger than 0.3 I'm from air. 
high-temperature short -time (HTST) pasteurization Pasteurizing at 7rc 
for 15 seconds. 
histamine A substance released by tissue cells that causes vasodilation, capil -
lary permeability, and smooth muscle contraction. 
histocompatibility antigen An antigen on the surface of human cells. 
histone A protein associated with DNA in eukaryotic chromosomes. 
holdfast The branched base of an algal stipe. 
holoenzyme An enzyme consisting of an apoenzyme and a cofactor. 
homolactic Describing an o rganism that produces only lactic acid from 
fermentation; e.g., Streptococcus. 
horizontal gene transfer Transfer of genes between two organisms in the 
same generation. See also vertical gene transfer. 
host An organism infected by a pathogen. See also definitive host; intermedi-
ate host. 
host range The spectrum of species, strains, or cell types that a pathogen can 
infect. 

hot -air sterilization Sterilization by the use of an oven at 170"C for approxi-
mately 2 hnurs. 
human leukocyte antigen (HLA) complex Human cell surface ant igens. Su 
also major histocompatibility complex. 
humanized antibody Monoclonal antibodies that are partly or fully human 
proteins. 
humoral immunity Immunity produced by antibodies dissolved in body flu-
ids, mediated by B cells; also called antibody-mediated immunity. 
hyaluronidase An enzyme secreted hy cetlain bacteria that hydrolyzes 
hyaluronic acid and helps spread microorganisms from their initial site of 
infection. 
hybridoma A cell made by fusing an ant ibody-producing B cell with a can-
cer cell . 
hydrogen bond A bond between a hydrogen atom covalently bonded to oxy-
gen or nitrogen and another cm·alently bonded oxygen or nitrogen atom. 
hydrolysis A decomposi tion reaction in which chemicals react with the H + 
and OH- of a water molecule. 
hydroxide OH- ; the anion that forms a base. 
hydroxyl - OH; covalently bonded to a molecule forms an alcohol. 
hydroxyl radical A toxic form of oxygen (OH ' ) formed in cytoplasm by ion-
izing radiation and aerobic respiration. 
hyperacute rejection Very rapid rejection of transplanted tissue, usually in the 
case of tissue from nonhuman sources. 
hyperbaric chamber An apparatus to hold materials at pressures greater than 
[ atmosphere. 
hypersensitivity An altered, enhanced immune reaction leading to patholog-
ical changes; also called allergy. 
hyperthermophile An organism whose optimum growth temperature is at 
least 80· C; also called extreme thermophile. 
hypertonic oolution A solution that has a higher concentration of solutes 
than an isotonic solution. 
hypha A long filament of cells in fungi or actinomycetes. 
hypotonic oolution A solution that has a lower concentrat ion of solutes than 
an isotonic solution. 

lOw The numlJ.er of microorganisms required to produce a demonstrable 
infection in 50% of the test host population. 
idiophase The period in the production curve of an industrial cell population 
in which secondary metabolites are produced; a period of stat ionary growth fol -
lowing the phase of rapid growth. Sre also trophophase. 
19A The class of antibodies found in secretions. 
IgD The class of antibodies fnund on B cells. 
IgE The class of antibodies involved in hypersensitivities. 
IgG The most abundant class of an tibodies in serum. 
IgM The first class of antibodies to appear after exposure to an antigen. 
immune complex A circulating ant igen-antibody aggregate capable of fixing 
complement. 
immune serum globulin See gamma globulin. 
immune surveillance The body's immune response to cancer. 
immunity See adaptive immunity, innate immunity. 
immunization See vaccination. 
immunodeficiency The absence of an adequate immune response; may be 
congenital or acquired. 
immunodiffusion test A test consisting of precipitation reactions carried out 
in an agar gel medium. 
immunoelectrophoresis The identification of proteins by electrophoretic 
separation followed by serological testing. 
immunolluorescence See Il uorescent-ant ibody technique. 
immunogen See antigen. 
immunoglobulin (Ig) A protein (antibody) formed in response to an antigen 
and can react with that antigen. See also globulin. 
immunology The study of a host's defenses to a pathogen. 
immunosuppression Inhibition of the immune response. 
immunotherapy Making use of the immune system to attack tumor cells , 
either by enhancing the normal immune response or by using toxin-bearing 
specific antibodies. Sre also immunotoxin. 
immunotoxin An immunotherapeutic agent consisting of a poison bound to 
a monoclonal antibody. 



inapparen t infection See subclinical infection. 
incidence The fraction of the population that contracts a disease during a par-
ticular period of time. 
inclusion Material held inside a cell. often consisting of reserve deposits. 
inclusion body A granule or viral particle in the cytoplasm or nucleus of some 
infected cells; important in the identification of viruses that cause infection. 
incubation period The time interval between the actual infection and first 
appearance of any signs or symptoms of disease. 
indica tor organism A microorganism. such as a coliform. whose presence 
indicates conditions such as fecal contamination of food or water. 
indirect (passive) agglutination test An agglutination test using soluble anti -
gens attached to latex or other small particles. 
indirect contact transmission The spread of pathogens by fomites (nonliving 
objects). 
indirect FA test A fluorescent -antibody test to detect the presence of specific 
antibodies. 
inducer A chemical or environmental stimulus that causes transcription of 
specific genes. 
induction The process that turns on the transcription of a gene. 
infection The growth of microorganisms in the body. 
infectious disease A disease in which pathogens invade a susceptible host and 
carry out at least part of their life cycle in the host. 
inflammation A host response to tissue damage characterized by redness. 
pain, heat, and swelling; and sometimes loss of function. 
innate immunity Host defenses that afford protection against any kind of 
pathogen. See also adaptive immunity. 
inoculum A culture medium in which microorganisms are implanted. 
inorganic compound A small mnlecule that does not contain carbon and 
hydrogen. 
insertion sequence (IS) The simplest kind of transposon. 
integrase An enzyme produced by HIV that allows the integration of HIV 
DNA into the host cell's DNA. 
interferon (IF N) A specific group of cytokines. Alpha- and beta-IFNs are 
antiviral proteins produced by certain animal cells in response to a viral infec-
tion. Gamma-IFN stimulates macrophage activity. 
interleukin (IL) A chemical that causes T-cell proliferation. See also cytokine. 
intermedia te host An organism that harbors the larval or asexual stage of a 
helminth or protozoan. 
intoxication A condition resulting from the ingestion of a microbially pro-
duced toxin. 
intron A region in a eukaryotic gene that does not code for a protein or mRNA. 
intubation Placing a tube into the body; tracheal in tubation provides access 
for air to the lungs. 
invasin A surface protein produced by Salmonello typlliml<rilmt and 
Be/terie/tia coli that rearranges nearby actin filaments in the cytoskeleton of a 
host cell. 
iodophor A complex of iodine and a detergent. 
ion A negatively or positively charged atom or group of atoms. 
ionic bond A chemical bond formed when atoms gain or lose electrons in the 
outer energy levels. 
ionization The separation (dissociation) of a molecule into ions. 
ionizing radiation High-energy radiation with a wavelength less than lnm; 
causes ionization. X rays and gamma rays are examples. 
ischemia Localized decreased blood flow. 
isograft A tissue graft from a genetically identical source (i.e., from an identical 
twin). 
isomer One or two molecules with the same chemical formula but different 
structures. 
isotonic Mllution A solution in which, after immersion of a cell, osmotic pres-
sure is equal across the cell's membrane. 
isotope A form of a chemical element in which the number of neutrons in the 
nucleus is different from the other forms of that element. 

karyogamy Fusion of the nuclei of two cells; occurs in the sexual stage of a 
fungal life cycle. 
kelp A multicellular brown alga. 
keratin A protein found in epidermis, hair, and nails. 
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ketolide Semi-synthetic macrolide antibiodies; effective against macrolide-
resistant bacteria. 
kinase ( I) An enzyme that removes a CJ from ATP and attaches it to another 
molecule. (2) A bacterial enzyme that breaks down fibrin (blood clots). 
kingdom A taxonomic classification between domain and phylum. 
kinin A substance released from tissue cells that causes vasodilation. 
Kirby-Bauer test See disk-diffusion method. 
Koch's postulates Criteria used to determine the causative agent of infectious 
diseases. 
koji A microbial fermentation on rice; usually Aspergillus oryl ae; used to pro-
duce amylase. 
Krebs cycle A pathway that conwrts two-carbon compounds to CO2, transfer-
ring electrons to NAD + and other carriers; also called tricarboxylic acid (TCA) 
cycle or critic acid cycle. 

lactic add fermentation A catabolic process, beginning with glycolysis, that 
produces lactic acid to reoxidize NADH. 
lagging strand During DNA replication, the daughter strand that is synthe-
sized discontinuously. 
lag phase The time interval in a bacterial growth curve during which there is 
no growth. 
larva The sexually immature stage of a helminth or arthropod. 
laten t disease A disease characterized by a period of no symptoms when the 
pathogen is inactive. 
laten t infection A condition in which a pathogen remains in the host for long 
periods without producing disease. 
LD50 The lethal dose for 50% of the inoculated hosts within a given period. 
leading strand During DNA replication, the daughter strand that is synthe-
sized continuously. 
lectin Carbohydrate-binding proteins on a cell. 
lepromin test A skin test to determine the presence of antibodies to 
Mycoboctl'fiwlI leprae, the cause of leprosy. 
leukocidins Substances produced by some bacteria that can destroy neu-
trophils and macrophages. 
leukocyte A white blood cell. 
leukotriene A substance produced by mast cells and basophils that causes 
increased permeability of blood vessels and helps phagocytes attach to pathogens. 
L-form Prokaryotic cells that lack a cell wall; can return to walled state. 
lichen A mutualistic relationship between a fungus and an alga or a cyano-
bacterium. 
ligand See adhesin. 
light-dependent reaction The process by which light energy is used to convert 
ADP and phosphate to ATP. See also photophosphnrylation. 
light-independent reactions The process by which electrons and energy from 
AT!' are used to reduce CO2 to sugar. See also Calvin-Benson cycle. 
light -repair enzyme See photolyase. 
limnetic wne The surface zone of an in land body of water away from the 
shore. 
Umulus amoebocyte lysa te (LAL) assay A test to detect the presence of 
bacterial endotoxins. 
lipase An enzyme that breaks down triglycerides into their component glycerol 
and fatty acids. 
lipid A non- water soluble organic molecule, including triglycerides, phos-
pholipids, and sterols. 
lip id A A component of the gram-negative outer membrane; endotoxin. 
lip id inclusion See indusion. 
lipopolysaccharide (LPS) A molecule consisting of a lipid and a pnlys.accha-
ride, forming the outer membrane of gram-negative cell walls. 
L-isomer Arrangement of four different atoms or groups around a carbon 
atom. See v-isomer. 
lithotroph See autotroph. 
littoral wne The region along the shore of the ocean or a large lake where 
there is considerable wgetation and where light penetrates to the bottom. 
local inrection An infection in which pathogens are limited to a small area of 
the body. 
localized anaphylaxis An immediate hypersensitivity reaction that is restricted 
to a limited area of skin or mucous membrane; for example, hayfewr, a skin rash, 
or asthma. See also systemic anaphylaxis. 
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logarithmic decline phase Sec death phase. 
log phase The period of bacterial growth or logarithmic increase in cell num-
bers; also called exponential growth phase. 
lophotrichous Having two or more flagella at one end of a cell. 
ludferase An enzyme that accepts electrons from Ilavoproteins and emits a 
photon of light in bioluminescence. 
lymphangitis Inllammation of lymph vessels. 
lymphocyte A leukocyte involved in specific immune responses. 
lyophiliza tion Freezing a substance and sublimating the ice in a vacuum; also 
called freeze-drying. 
lysis (I) Destruction of a cell by the rupture of the plasma membrane. result -
ing in a loss of cytoplasm. (2) In disease, a gradual period of decline. 
lysogenic conversion The acquisition of new properties by a ho<;t cell infected 
by a lysogenic phage. 
lysogenic cycle Stages in viral development that result in the incorporation of 
viral DNA into host DNA. 
lysogeny A state in which phage DNA is incorporated into the host cell with-
out lysis. 
lysosome An organelle containing digestive enzymes. 
lysozyme An enzyme capable of hydrolyzing bacterial cell walls. 
lytic cycle A mechanism of phage multiplication that results in host cell 
lysis. 

macrolide An antibiotic that inhibits protein synthesis; for example, 
erythromycin. 
macromolecule A large organic molecule. 
macrophage A phagocytic cell; a mature monocyte. Sec fixed macrophage, 
free wandering macrophage. 
macule A flat , reddened skin lesion. 
maculopapular A rash with macules and papules. 
magnetosome An iron oxide inclusion, produced hy some gram-negative bac-
teria, that acts like a magnet. 
major histocompatibility complex (MHC) The genes that code for histocom-
patibility antigens; also known as human leukocyte antigen (HLA) complex. 
malolactic fermentation The conversion of malic acid to lactic acid by lactic 
acid bacteria. 
malt Germinated barley grains containing maltose, glucose, and amylase. 
malting The germination of starchy grains resulting in glucose and maltose 
production. 
margination The process by wbich phagocytes stick to the lining of blood 
vessels. 
mast cell A type of cell found throughout the body that contains histamine 
and other substances that stimulate vasodilation. 
matrix Fluid in mitochondria. 
maximum growth temperature The highest temperature at which a species 
can grow. 
M (microfold) cell Intestinal cells that take up and transfer antigens to 
lymphocytes. 
mechanical transmission The process by which arthropods transmit infec-
tions by carrying pathogens on their feet and other body parts. 
medulla A lichen body consisting of algae (or cyanobacteria) and fungi. 
meiosis A eukaryotic cell replication process that results in cells with half the 
chromosome number of the original cell. 
membrane attack complex (MAC) Complement proteins CS- C9, which 
together make lesions in cell membranes that lead to cell death. 
membrane filter A screenlike material with pores small enough to reta in 
microorganisms; a O.4S -l'm filter retains most bacteria. 
memory cells A long-lived B or T cell responsible for the memory, or second-
ary, response. 
memory response A rapid rise in antibody titer following exposure to an anti -
gen after the primary response to that antigen; also called anamestic response or 
secondary response. 
meningitis Inllammation of the meninges, the three membranes covering the 
brain and spinal cord. 
merozoite A trophozoite of PIa5modi,ml found in red blood cells or liver cells. 
mesophile An organism that grows between about [O°C and 50°C; a moderate-
temperature-IOl'ing microbe. 

mesosome An irregular fold in tbe plasma membrane of a prokaryotic cell 
tbat is an art ifact of preparation for microscopy. 
messenger RNA (mRNA) Tbe type of RNA molecule that directs tbe incorpo-
ration of amino acids into proteins. 
metabolic pathway A sequence of enzymatically catalyl.ed reactions occurring 
in a celL 
metabolism Tbe sum of alltbe chemical reactions that occur in a living cell. 
metacercaria Tbe encysted stage of a fluke in its final intermediate host. 
metachromatic granule A granule that stores inorganic pbosphate and stains red 
with certain blue dyes; characteristic of 0Jrynebacterjll'" diplltheri"e. Collectively 
known as vnlutin. 
methane The hydrocarbon CHi ' a flammable gas formed by the microbial 
decomposition of organic matter; natural gas. 
methylate Addit ion of a methyl group (- CH}) to a molecule; methylated 
cytosine is protected from digestion by restriction enzymes. 
microaerophile An organism that grows best in an environment witb less 
molecular oxygen (0 2) than is normally found in air. 
micrometer (I'm) A unit of measurement equal to IO-6m. 
microorganism A living organism too small to be seen with the naked eye; 
includes bacteria. fungi, protolOa, and microscopic algae; also includes viruses. 
microtubule A hollow tube made of the protein tubulin; tbe structural unit of 
eukaryotic Ilagella and centrioles. 
microwave Electromagnetic radiation with wavelength between 10- 1 and 10- ) m. 
minimal bactericidal concentration (MBC) The lowest concentration of 
chemotherapeutic agent that will kill test microorganisms. 
minimal inhibilory concentration (MIC) The lowest concentration of a 
chemotberapeutic agent that will prevent growth of the test microorganisms. 
minimum growth tempera ture The lowest temperature at which a species 
will grow. 
miracidium The free -swimming, ciliated larva of a fluke tbat hatches from 
the egg. 
missense mutation A mutation that results in the substitution of an amino 
acid in a protein. 
mitochondrion (plural: mitochondria) An organelle containing Krebs cycle 
enzymes and the electron transport cbain. 
mitosis A eukaryotic cell replication process in which the cbromosomes are 
duplicated; usually followed by division of the cytoplasm of the cell. 
mitosome Eukaryotic organelle derived form degenrate mitochondria, found 
in TridlOm01l<15 and Giardia. 
MMWR Morbidity mId Morllliity Weekly Report; a CDC publication conta;n-
ing data on notifiable diseases and topics of special interest. 
mole An amount of a chemical equal to the atomic weights of all the atoms in 
a molecule of the chemical. 
molecular biology The science dealing with DNA and protein synthesis of Ii v-
10g orgamsms. 
molecular weight The sum of the atomic weights of all atoms making up a 
molecule. 
molecule A combinat ion of atoms forming a specific chemical compound. 
monoclonal antibody (Mab) A specific antibody produced in vitro by a clone 
of B cells hybridized witb cancerous cells. 
monocyte A leukocyte that is the precursor of a macrophage. 
monoecious Having both male and female reproductive capacities. 
monomer A small molecule that collectively combines to form polymers. 
mononuclear phagocytic system A system of fixed macrophages located in 
the spleen, liver, lymph nodes, and red bone marrow. 
monosaccharide A simple sugar consist ing of 3- 7 carbon atoms. 
monotrichous Having a single Ilagellum. 
morbidity ( I) The incidence of a specific disease. (2) The condition of being 
diseased. 
morbidity rate The number of people affected by a disease in a given period 
of time in relation to the total populatinn. 
mordant A substance added to a staining solution to make it stain more 
intensely. 
mortality The number of deaths from a specific notifiable disease. 
mortality rate The number of deaths resulting from a disease in a given period 
of time in relation to the total population. 
most probable number (MPN) method A statistical determination of the 
numher of cnliforms per 100 ml of water or 100 g of food. 



motility The ability of an to move by itself. 
1.1 protein A heat- and acid-l"fSi!;lant protein of !;Ireptococcal cell Wlllli and fibrils. 
mucous membranes Membranes that line body openings, including the intes-
tinal tract, open to the exterior; also called mucosa. 
mutagen An agent in the environment that brings about mutations. 
mutation Any change in the nitrogenous sequence of DNA. 
mutation rate The probability that a gene will mutate each time a cell divides. 
mutualism A type of symbiosis in which both organisms or populations are 
benefited. 
mycelium A mass of long filaments of cells that branch and intertwine, typi· 
cally found in molds. 
mycolic acid long-chained, branched fally acids characteristic of members of 
the genus Myro!mCltr;um. 
mycology The scientific study of fungi. 
mycorrhiu A fungus growing in symbiosis with plant roots. 
myCOlsis A fungal in(<<lion. 
myCOltoxin A toxin produced by a fungus. 

NAD+ A coenzyme that fUllctions in the rcmoval and transfer of hydrogen ion 
(H+) and elec t rOils from substrate molccules. 
NADP+ A coenzyme similar to NAD+. 
nanobacteria Bacteria well below the generally accepted lower limit diameter 
(about 200 nanometres) for bacteria. 
nanometer (nm) A unit o( meuurement equal to 10""'J m, 10- ' lim. 
NA (neuraminidase) spikes Antigenic projections from the outer lipid bilay· 
er of IlJflm:"zav;Tlls. 
natural killer (NK) cdl A lymphoid cell that destroys tumor cells and virus· 
infected cells. 
naturally acquiud ad;"e immunity Antibody product ion in tOl an 
infectious disease. 
na turally acquired passive immunity The natural transfer of humoral anti-
bodies, for uample, transplacental transfer. 
na tu ral selection Process by which organisms with certain inherited charac· 
teristics are mOlre likely to survive and reproduce than organisms with other 
characteristics. 
necrosis Tissue duth. 

(indir«1) " lection The procrss of identifying mutations by select· 
ing cells that do not grow using replica plating. 
negati"e staining A procedure that results in colorless bacteria against a 
stained background. 
neurotoxin An notoxin that interferes with normal nerw impulse conduction. 
neutraliuation An antigen-antibody reaction that inactivates a ba"erial exo· 
tnxin or virus. 
neutron An uncharged PJrticle in the nucleus of an atom. 
neutrophil A highly phagocytic granulocyte; also called polymorphonudear 
leukocyte (PMN) or polymorph. 
nit rification The oxidation of nitrogen in ammonia to produce nitrate. 
nitrogen cycle The series of processes that converts nitrogen (NI) to organic 
substances and back to nitrogen in nature. 
nitrogen fiXat ion The COlnversion of nitrogen (NI) into ammonia. 
nitrosamine A carcinogen formed by the combination of nitrite and amino 
acids. 
noncommunicable disease A disease that is not transmilled from one person 
tOl another. 
noncOlmpetitive inhibitor An inhibitory chemical that does not compete with 
the substrate (or an enzyme's active site. 5« also allosteric inbibition; competiti"e 
inhibitor. 
noncyclic photOlphosphorylation The movement of an electron from chloro· 
phyll tOl NAD+; plant and cyanobacterial photophosphorylation. 
nonioniung radia tion Short,w3\lClength radiation that does not cause ion. 
iution; ultraviolet (UV) radiation is an example. 
non-nudwside ",verse transcriptase inhibitor A drug that binds with and 
inhibits the action Olf t he II IV reverst' transcriptase enzyme. 
nonsense codOl n A codon that does not encode any amino acid. 
nonsense mutation A base substitution in DNA that results in a nonsense 
codon. 
normal microbiOlta The microorganisms that colonize a host without causing 
disease; also called normal flora. 
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nosocOlmial infection An infection that develops during the course of a hos-
pital s.ay and was not present a. the time the pat ient was admiued. 
notifiable infectiousdisea§( A disease that physicians must report to the U.S. 
Public Hnlth Service; also called reportable disease. 
nuclear en\lClope The double membrane that separates the nucleus from the 
cytoplasm in a eukaryotic cell. 
nudear pore An opening in the nuclear envelope through which materials 
enter and exit the nudeus. 
nudeic acid A macromolecule consisting of nucleotides; DNA and RNA are 
nucieic acids. 
nucleic acid hybridization The process of combining single complementary 
strands of DNA. 
nucleoid The region in a bacterial cell containing the chromosome. 
nucleOllus (plural: nucleoli ) An area in a eukaryotic nucleus where rRNA is 
syntheSized. 
nucleoside A compound consisting of a purine Or pyrimidine and a 
pentose sugar. 
nucleoside revcr&(' transcrip tase inhibitor A nucleoside analog antird ro-
viml drug. 
nucleotide A compound consisting of a purine or pyr imidine base, a five-
carbon sUgJr, and a phosphate. 
nuclw tide analog A chemical that is structurally similar to the normal 
nucleosides in nudeic acids but wi th altered base-pairing properties. 
nuclwtide excision repair The repair of DNA im'olving removal of defe<tive 
nucleotides and replacement with functional ones. 
nucleus (I ) The part of an atom consisting of the protons and neutrons. 
(2) The part o( a eukaryotic cell that contains the genetic material. 
numerical ident ifica tion Bacterial identification schemes in which test values 
are assigned a number. 
nutrient agar 
nutrient broth 

Nutrient broth containing agar. 
A complex medium made of beef extra" and peptone. 

o antigen ]'olysaccharide anligens in the outer membrane of gram-neg;ltive 
bacteria, identified by serological testing. 
objective lenses In a compound light microscope, the lenses closest to the 

obligate aerobe An organism that requires molecular oxygen (0 1) to live. 
obligate anaerobe An organism that does not use molecular oxygen (01) and 
is killed in the presence of 01' 
obligate halophile An organism that requires high osmotic pressures such as 
high concentrations of Nnel. 
ocular lens In a compound light microscope, the lens closest to the viewer; 
also called the eyepiece. 
oligOldynamic action The ability of small amounts of a heavy metal com-
IlOund to exert antimicrobial activity. 
o ligOlsaccharide A carbohydrate consisting of 2 to approximately 20 mono· 
$;lccharides. 
oncogene A gene that can bring about malignant transformation. 
oncogenic virus A virus that is capable of producing tumors; also called 
oncovirus. 
oocyst An encyited apicomplexan zygote in which cell division occurs to form 
the next infectious stage. 
Opa A bacterial outer membrane protein; cells with Opa form opaque 
colonies. 
OlperatOlr The region o( DNA adjacent to structural genes cont rols their 
transcriptiOln. 
operon The Olperator and promoler sites and structural genes Ihey control. 
opportunistic pathogen A microorganism tbat does not ordinarily cause a 
disease but can become pathogenic under certain circumstances. 
opsoniution The enhancement of phagocytosis by cooting microorganisms 
with certain serum proteins (opsonins), also called immune adherence. 
optimum growth temperature The temperature at which a species grows best. 
order A taxonomic classification between class and family. 
organotroph See heterotroph. 
organelle A membrane-enclosed structure within eukaryotic cells. 
organic COlmpound A molecule that contains carbon and hydrogen. 
organic growth facto r An essential organic compound that an organism is 
unable to symhesi7.e. 
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osmosis The net movement of solvent molecules across a selectively perme-
able membrane from an area of lower solute concentration to an area of higher 
solute concentration. 
osmotic lysis Rupture of the plasma membrane resulting from movement of 
water into the ull. 
osmotic prusure The force with which a solvent moves from a solution of 
lower solute concentration to a solution of higher solute concentration. 
oxidation The remoVlll of electrons from a molecule. 
oxidation pond A method of secondary 5twage treatml.'J1t by microbial activ-
ity in a shallow standing pond of water. 
oxidation-reduction A coupled reaction in which one substance is oxidized 
and one is reduced; also called redox 
oxidative phosphorylation The synthesis of ATP coupled with electron 
transport. 
oxygenic Producing oxygen, u in plant and cyanobacterial photosynthesis. 
ozone OJ. 

PAMP (pathogen-associated molecular pallerns) Molecules present on 
pathogens and not sel f. 
pandemic diseuse An epidemic that occurs worldwide. 
papule Small, solid elevation of the skin. 
parasite An organism that derives nu trients from a living host. 
parnit ism A symbiotic relationship in which one organism (the parasite) 
exploits another (the host) without providing any benefit in return. 
parasitology The scientific study of parasitic protozoa and worms. 
parenteral route A portal of entry for pathogens by deposition directly into 
tissues beneath the skin and mucous membranes. 
pasteurization The process of mild huting to kill particular spoilage 
microorganisms or pathogens. 
pathogen A distase-causing organism. 
pathogenesis The manner in which a diseast develops. 
pathogenicity The ability of a microorganism to cause disease by owrcoming 
the defenses of a host. 
pathology The scientific study of disease. 
pellicle ( I) The flexible covering of some prot02oa. (2) Scum on the surface of 
a liquid medium. 
penicillin. A group of antibiotics produced either by Penicillium (natural peni-
cillins) or by adding side chaiJls to the ,B-IaClam ring (semisynthetic penicillins). 
pentose phosphate ]>lIthway A metabolic pathway that can occur simultane-
ously with glycolysis to produce pentoses and NADH without ATP production: 
also called hexose monophosphate shunt. 
peptide bond A bond joining the amino group of one amino acid to the car-
boxyl group of a second amino acid with the loss ofa water molecule. 
peptidoglycan The St ructural molecu Ie of bacterial cell walls consisting of the 
molecu les N _acetylmuramic acid, tetrapeptide side chai n, 
and peptide side chain. 
perforin Protein that makes a pore in a target cell membrane, released byTe cells. 
pericardit is Inflammation of the pericardium, the sac around the heart. 
period of conVlllescence recovery period, when the body returns to its 
predisease state. 
peripheral nervous system (pNS) The nerves that connect the outlying parts 
of the body with the central nervous system. 
periplasm The region of a gram-negative cell wall betwet'n the outer mem-
brane and the cytoplasmic membrane. 
peritrichous Having flagella distribUUd over the entire cell. 
peroxidase An enzyme that destroys hydrogl.'J1 peroxide: Hl0 2 + 2 H t .... 2 
peroxide anion An oxygen anion consisting of two atoms of oxygen (0/-). 
peroxisome Organelle that oxidius amino acids, fatty acids, and alcohol. 
peroxygen A class of oxidizing-type disinfectants. 
persistent vinl infection A disease process that occurs gradually over a long 
pt'riod. 
pfu (plaque-forming units) Visible vi ral plaques counted. 
pH The symbol for hydrogen ion (H+) concentration; a measure of the rela-
tive acidity or alkalinity of a solution. 
phage Sn bacteriophage. 
phage conwcsion Genetic change in the host cell resulting from iofKtion by 
a bacteriophage. 

phage typing A method of identifying bacteria using specific strains of 
bacteriophages. 
phagocyte A cdl capable of engulfing and digesting particles that art' harmful 
10 the body. 
phagocytosis The ingestion of solids by euknryotic cells. 
phagolyso50me A digestive vacuole. 
phagosome A food vacuole of a phagocyte; also called a phagocytic ,·eside. 
phalloidin A peptide toxin produced by Amanita phallaidts, affects plasma 
membrane function. 
phase-contrast microscope A compound light micros<:ope that allows exam-
ination of structures inside cells through the use of a special condenser. 
phenol Oli Also called carbolic acid. 

phenolic A symhdic derivative of phenol used as a disinfectant. 
phenotype The ex ternal manifestations of an organism's genotype, or geJletic 
makeup. 
phosphate group A IlOrtion of a phnsphoric acid molecule attached to some 
other moh:·cu]e, 0 , 
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phospholipid A complex lipid composed of glycerol, two faUy acids, and a 
phosphate group. 
phosphorous cycle The various solubility stages of phosphorus in the 
environment. 
phosphoryla tion The addition of a phosphate group to an orgaJlic molecule. 
photoautOlroph An orpnism that uses light 35 its energy source and cnbon 
dioxide (COl) as its carbon .wurce. 
photohelerotroph An organism thai Il5t5 light as its energy source and an 
organk carbon $Ourre. 
photolyase An enzyme that spl its thymine dimers in the pr(;l;(nce of visible 
light. 
photophosphorylation The production of ATP in a series of redox reactions; 
dectrons from chlorophyll initiate the reactions. 
photosyntht$is The conversion of light energy from the SUJl into chemical 
energy: the light-fuded synthesis of carbohydrate from carbon (C02). 
phototaxis Movement in response to the presence of light. 
phototroph An organism that uses light at its primary energy source. 
phylogeny The evollllionary history of a group of organisms; phylogenetic 
relatiOllships are cvolllliOJlary relat ionships. 
phylum A taxonomic classification between kingdom and dass. 
phytoplankton I:ree-floating photoautotrophs. 
pilus (plural: pili) An appendage on a bacterial cell used for conjugation and 
gliding motility. 
pinocytosis The engulfing of fluid by infolding of the plasma in 
eukaryotes. 
plankton Free-floating aquatic organisms. 
plantae The ki ngdom comp-osed of multicellular with cellulose cell 
walls. 
plaque A dearing in a bacterial lawn multing from lysis by phaF s«,,1so dental 
plaque. 
plasma ( I) The liquid portion of blood in which the formed are 
suspended. (2) Excited gases used for sterilizing. 
plasma cell A cell that an activated B cell differentiates into; plasma cells 

specific anlibodies. 
plasma (cytoplasmic) membrane The selectively permeable 
enclosing the cytoplasm of a cell; layer in animal cells, internal to the 
cell wall in other orgaJlisms. 
plasmid A small circular DNA molecule that replicates iJldependently of the 
chromosome. 
plasmodium (I) A nlllltiJludeated of protoplasm, as in plasmodial slime 
molds. (2) When written u a genus, refers to the causative agent ofmabria. 



plasmogamy Fusion of the cytoplasm of two cells; occurs in the sexual stage 
of a fungal life cycle. 
plasmolys is Loss of water from a cell in a hypertonic environment. 
plate count A method of determining the number of bacteria in a sample by 
counting the number of colony-forming units on a solid culture medium. 
pleomorphic Having many shapes. characteristic of certain bacteria. 
pluripotent A cell that can differentiate into a many different types of tissue cells. 
pneumonia In!lammation of the lungs. 
point mutation See base substitution. 
polar flagella Having !lagella at one or both ends of a cell. 
polar molecule A molecule with an unequal distribution of charges. 
polymer A molecule consisting of a sequence of similar molecules, or monomers. 
polymerase chain reaction (PCR) A technique using DNA polymerase to 
make multiple copies of a DNA template in vitro. See al50 cDNA. 
polymorphonuclear leukocyte (PMN) See neutrophil. 
polypeptide (1) A chain of amino acids. (2) A group of antibiotics. 
polysaccharide A carbohydrate consisting of 8 or more monosaccharides 
joined through dehydration synthesis. 
porins A type of protein in the outer membrane of gram-negative cell walls 
that permits the passage of small molecules. 
portal of entry The avenue by which a pathogen gains access to the body. 
portal of exit The route by which a pathogen leaves the body. 
positive (direct) selection A procedure for picking out mutant cells by grow-
ing them. 
pour plate method A method of inoculating a solid nutrient medium by mix-
ing bacteria in the melted medium and pouring the medium into a Petri dish to 
solidify. 
prebiotics Chemicals that promote growth of beneficial bacteria in the body. 
precipitation reaction A reaction between soluble antigens and multivalent 
antibodies to form visible aggregates. 
precipitin ring test A precipitation test performed in a capillary tube. 
predisposing factor Anything that makes the body more susceptible to a dis-
ease or alters the course of a disease. 
prevalence The fraction of a population baving a specific disease at a given time. 
primary cell line Human tissue cells that grow for only a few generations in vitro. 
primary infection An acute infection that causes the initial illness. 
primary metabolite A product of an industrial cell population produced dur-
ing the time of rapid logarithmic growth. See al50 secondary metabolite. 
primary producer An autotrophic organism. either chemotroph or pho-
totroph. that converts carbon diox ide into organic compounds. 
primary response Antibody production in response to the first contact with 
an antigen. See alS<! memory response. 
primary sewage treatment The removal of solids from sewage by allowing 
them to settle oUI and be held temporarily in tanks or ponds. 
prion An infectious agent consisting of a self-replicating protein. with no 
detectable nucleic acids. 
privileged site (tissue) An area of the body (or a tissue) that does not elicit an 
Immune response. 
probiotics Microbes inoculated into a host to occupy a niche and prevent 
growth of pathogens. 
prodromal period The time following the incubation period when the first 
symptoms of illness appear. 
profundal zone The deeper water under the limnetic wne in an in land body 
of water. 
proglottid A body segment of a tapeworm containing both male and female 
organs. 
prokaryote A cell whose genetic material is not enclosed in a nuclear envelope. 
prokaryotic species A population of cells that share certain rRNA sequences; 
in conventional biochemical testing. it is a population of cells with similar 
characteristics. 
promoter The starting site on a DNA strand for transcription of RNA by RNA 
polymerase. 
prophage Phage DNA inserted in to the host cell's DNA. 
prophylactic Anything used to prevent disease. 
prostaglandin A hormonelike substance that is released by damaged cells. 
intensifies in!lammation. 
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prostheca A stalk or bud protruding from a prokaryotic cell. 
protease An enzyme that digests protein (proteolytic enzymes). 

G-13 

protein A large molecule containing carbon, hydrogen, oxygen, and nitrogen 
(and sulfur); some proteins have a helical structure and others are pleated sheets. 
protein kinase An enzyme that activates another protein by adding a Q from ATP. 
proteobacteria Gram-negat ive, chemoheterotrophic bacteria that possess a 
signature rRNA sequence. 
proteomics The science of determining all of the proteins expressed in a cell. 
protist Term used for unicellula r and simple multicellular eukaryotes; usually 
protozoa and algae. 
proton A positively charged particle in the nucleus of an atom. 
protoplast A gram-positive bacterium or plant cell treated to remove the 
cell wall. 
protoplast fusion A method of joining two cells by first removing their cell 
walls; used in genetic engineering. 
protozoan (plural: protozoa) Unicellular eukaryotic organisms; usually 
chemoheterotrophic. 
provirus Viral DNA that is integrated into the host cell's DNA. 
pseudohypha A short chain of fungal cells that results from the lack of sepa-
ration of daughter cells after budding. 
pseudopod An extension of a eukaryotic cell that aids in locomotion and 
feeding. 
psychrophile An organism that grows best at about ISoC and does not grow 
ahove 20"C; a cold-loving microbe. 
pSC}'hrotroph An organism that is capable of growth between about O"C and 
3ifC. 
purines The class of nucleic acid bases that includes adenine and guanine. 
purple nonsulfur bacteria Alphapro teobacteria; strict ly anaerobic and 
phototrophic; grow on yeast extract in dark; use reduced organic compounds as 
electron donors for COl fixation . 
purple sulfur bacteria Gammaproteobacteria; strictly anaerobic and photo-
trophic; use reduced sulfur compounds as electron donors for COl fixation. 
pus An accumulation of dead phagocytes, dead bacterial cells, and fl uid. 
pustule A small pus-filled elevation of skin. 
pyocyanin A blue-green pigment produced by Pseudomo.ras aeruginosa. 
pyrimidines The class of nucleic acid bases that includes uracil, thymine, and 
cytosine. 

quaternary ammonium compound (quat) A cationic detergen t with four 
organic groups attached to a central nitrogen atom; used as a disinfectant. 
quorum sensing The ability of bacteria to communicate and coordinate 
behavior via signaling molecules. 

R Used to represent nonfunctional groups of a molecule. See also resistance 
factor. 
random shotgun sequencing A technique for determining the nuclentide . . . sequence In an orgamsm s genome. 
rapid plasma reagin (RPR) test A serological test for syphilis. 
r-determinant A group of genes for antih iotic resistance carried on R factors. 
RecA Catalyzes jo ining of DNA strands, facilitates recombination of DNA. 
receptor An auachment for a pathogen on a host cell. 
recipient cell A cell that receives DNA from a donor cell during genetic 
recombination. 
recombinant DNA (rONA) A DNA molecule produced by combining DNA 
from two different sources. 
recombinant DNA (rONA) technology Manufacturing and manipulating 
genetic material in vitro; also called genetic engineering. 
recombinant vaccine A vaccine made by recombinant DNA techniques. 
redia A trematode larval stage that reproduces asexually to produce cercariae. 
redox reaction See oxidation-reduction. 
red tide A bloom of planktonic dinoflagellates. 
reducing medium A culture medium containing ingredients that will remove 
dissolved oxygen from the medium to allow the growth of anaerobes. 
reduction The addition of electrons to a molecule. 
refractive index The relative velocity with which light passes through a 
substance. 
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rela tiw ri sk A comparison of the risk of disease in two groups. 
rennin An enzyme that forms curds as part of any dairy fermentation prod-
uct; originally from calves' stomachs, now produced by molds and bacteria. 
replica plating A method of inoculating a number of solid minimal culture 
media from an original plate to produce the same pauern of colonies on each 
plate. 
replication fork The point where DNA strands separate and new strands will 
be synthesized. 
repression The process by which a repressor protein can stop the synthesis of 
a protein. 
repressor A protein that binds to the operator site to prel'ent transniption. 
reservoir of infection A continual source of infection. 
resistance The ability to ward off diseases through innate and adaptive 
immunity. 
resistance (R) fa ctor A bacterial plasmid carrying genes that determine resist -
ance to ant ibiotics. 
resistance transfer factor (RTF) A group of genes for replication and conju-
gation nn the R factor. 
resolution The ability to distinguish fine detail with a magnifying instrument; 
also called resolving power. 
respiration A series of redox reactions in a membrane that generates ATP; the 
final electron acceptor is usually an inorganic mnlecule. 
restriction enzyme An enzyme that cuts double-stranded DNA at specific 
sites between nucleotides. 
reticulate body The intracellular growing stage of chlamydiae. 
retort A device for commercially sterilizing canned food by using steam under 
pressure; operates on the same principle as an autoclave but is much larger. 
rewrse genetics Genetic analysis that begins with a piece of DNA and pro-
ceeds to find out what it does. 
reverse transcriptase An RNA-dependent DNA polymerase; an enzyme that 
synthesizes a complementary DNA from an RNA template. 
rewrsible reaction A chemical reaction in which the end-products can readily 
revert to the original mnlecules. 
RFLP Restriction fragment length polymorphism; a fragment resulting from 
restriction-enzyme digestion of DNA. 
Rh factor An antigen on red blood cells of rhesus monkeys and most humans; 
possession makes the cells Rh +. 
rhizine A rootlike hypha that anchors a fungus to a surface. 
ribonucleic add (RNA) The class of nucleic acids that co mprises messenger 
RNA, ribosomal RNA, and transfer RNA. 
ribose A five-carbon sugar that is part of ribonucleotide molecules and RNA. 
ribosomal RNA (rRNA) The type of RNA mnlecule that forms ribosomes. 
ribosomal RNA (rRNA) sequencing Determination of the order of nucleotide 
bases in rRNA. 
ribosome The site of protein synthesis in a cell, composed o f RNA and protein. 
ribozyme An enzyme consisting of RNA that speci fically acts on strands of 
RNA to remOl'e introns and splice together the remain ing exons. 
ring stage A young Plasmodium trophozoite that looks li ke a ring in a red 
blood cell . 
RNAi RNA interference; stops gene expression at transcription by using a 
short interfering RNA to make double-stranded RNA. 
RNA primer A short strand of RNA used to start synthesis of the lagging 
strand of DNA, and to start the pnlymerase chain reaction. 
root nodule A tumorlike growth on the roots of certain plants containing 
symbiotic nitrogen-fixing bacteria. 
rotating biological contaClor A method of secondary sewage treatment in 
which large d isks are rotated while part ially submerged in a sewage tank expos-
ing sewage to microorganisms and aerob ic cond itions. 
rough ER Endoplasmic reticulum with ribosomes on its surface. 
roundworm An animal belonging to the phylum Nematoda. 

S (Svedberg unit ) Notes the relatil'e rate of sedimentation d uring ultra -high-
speed centrifugation. 
salt A substance that dissolves in water to cations and anions, neither o f which 
is H+ or OH- . 
saniti:tat;on The removal of microbes from eating utensils and food prepara-
tion areas. 

saprophyte An organism that obtains its nutrients from dead organic mauer. 
sarcina (plural: sarcinae) {I} A group of eight bacteria that remain in a packet 
after dividing. (2) When wriuen as a genus, refers to gram-pmiti"e, anaerob ic cocci. 
saturation {]} The conditiun in which the active site on an enzyme is occupied 
by the substrate or product at all times. (2) In a fatty acid , having no double bonds. 
saxitoxin A neurotoxin produced by snme dinnflagellates. 
scanned probe microscopy Microscopic technique used to obta in images of 
molecula r shapes, to characterize chemical properties, and to determine tem-
perature variations with in a specimen. 
scanning acoustic microscope (SAM) A microsco pe that uses high-frequency 
ultrasound waves to penetrate surfaces. 
scanning electron microscope (SEM) An electron microscope that provides 
three-d imens innal views of the specimen magnified lOOO-IO,OOO x. 
scanning tunneling microscopy Sec Sl:anned-probe microscopy. 
schizogony The process of multiple fission, in which one organism d ivides to 
produce many daughter cells. 
scientific nomenclature See bino mial nomenclature. 
sclerotia The compact mass of hardened mycelia of the fungus C/avieeps 
purpllrea that fills infected rye flowers; produces the tux in ergot. 
scolex The head of a tapewo rm, containing suckers and poss ibly hooks. 
secondary infection An infection caused by an opportunistic microbe after a 
primary infect ion has weakened the host's defenses. 
secondary metabolite A product nf an industr ial cell pnpulation produced 
after the microorganism has largely completed its period of rapid growth and is 
in a stat innary phase of the growth cycle. See also pr imary metabolite. 
secondary response See memory response. 
secondary sewage treatment Biological degradation nf the organic matter in 
wastewater follnwing pr imary treatment. 
secretory "eside A membrane-enclosed sac produced by the ER; transpnrlS 
synthesiled material into cytoplasm. 

medium A culture medium des igned to suppress the growth of 
unwanted microorganisms and encourage the growth nf desired ones. 
selective permeability The property of a plasma membrane to allow certa in 
molecules and ions to mnve through the membrane while restrict ing others. 

toxicity The property nf some antimicrobial agents to be toxic for a 
microorganism and nontoxic fnr the host. 
self Hust tissue. 

replication The process of DNA replicat ion in which each 
double-st randed DNA mnle\:uie contains one nriginal strand and nne new strand. 
sense codon A codon that codes for an amino acid. 
sense strand (+ strand) Vi tal RNA that can act as mRNA. 
sensitivity Percentage of positive samples COrT&tly det&ted by a diagnostic test. 
sentinel animal An organism in which changes can be measured to assess the 
extent of environmental contaminatinn and its implicatinn for human health. 
sepsis The presence of a tox in or pathogenic organism in blood and tissue. 
septate hypha A hypha consisting nf uninucleate cell-l ike un its. 
septicemia The proliferatinn of pathogens in the blood, accompanied by 
fever; somet imes causes organ damage. 
septic shock A sudden drop in blood pressure induced by bacterial toxins. 
septum A cross-wall in a fungal hypha. 
serial dilution The pr()(ess of diluting a sample several times. 
serocom-ersion A change in a person's response to an antigen in a serological test. 
serological testing Techniques for identifying a microorganism based on its 
reaction with ant ibodies. 
serology The branch o f immunolngy that studies blood serum and ant igen-
antibody react ions in vitro. 
serotype See serovar. 
serovar A variation within a species; also called serotype. 
serum The liquid remain ing after blood plasma is clotted; conta ins ant ibodies 
(immunoglobulins). 
sexual dimorphism The dist inctly d ifferent appearance of adult male and 
female nrgan isms. 
sexual spore A spore formed by sexual reproduct ion. 
Shiga toxin An exotoxin produced by Shigella dysenteriae and enterohemor-
rhagic E. (oli. 
shock Any life-threatening loss of blood pressure. See also septic shock. 



shunle vector A plasmid that can exist in several different species; lIsed in 
genetic engineering. 
siderophore Bacterial iron-binding proteins. 
sign A change dlle to a disease that a person can observe and measure. 
simple stain A method of staining microorganisms with a single basic dye. 
singlet oxygen Highly reactive molecular oxygen (02- ). 
siRNA Short interfering RNA; An intermediate in the RNAi process in which 
the long double-stranded RNA has been cut up into short (- 21 nucleotides) 
double-stranded RNA. 
site-directed mutagenesis Techniques used to modify a gene in a specific loca-
tion to produce the desired polypeptide. 
slide agglutination test A method of identifying an antigen by combining it 
with a specific antibody on a slide. 
slime layer A glycocalyx that is unorganized and loosely attached to the cell wall. 
sludge Solid matter obtained from sewage. 
smear A thin film of material containing microorganisms. spread over the 
surface of a slide. 
smooth ER Endoplasmic reticulum without ribosomes. 
solute A substance dissolved in another substance. 
solvent A dissolving medium. 
Southern blotting A technique that uses DNA probes to detect the presence of 
specific DNA in restriction fragments separated by electrophnresis. 
specialized transduction The process of transferring a piece of cell DNA adja-
cent to a prophage to another cell. 
species The most specific level in the taxonomic hierarchy. See al50 bacterial 
species; eukaryotic species; viral species. 
specific epithet The second or species name in a scient ific binomial. Sec also 
speCIes. 
specifici ty Percentage of false positive results given by a diagnnstic test. 
spectrum of microbial activity The range of distinctly different types of 
microorganisms affected by an antimicrobial drug; a wide range is referred to as 
a broad spectrum of activity. 
spheroplast A gram-negative bacterium treated to damage the cell wall. 
resulting in a spherical cell. 
spicule One of two external structures on the male roundworm used to guide 
sperm. 
spike A carbohydrate-protein complex that projects from the surface of cer-
tain viruses. 
spiral See spirillum and spirochete. 
spirillum (plural: spirilla) ( I ) A helical or corkscrew-shaped bacterium. 
(2) When written as a genus, refers to aerobic, helical bacteria with clumps of 
polar flagella. 
spirochete A corkscrew-shaped bacterium with axial filaments. 
spontaneous generation The idea that life cnuld arise spontaneously from 
nonliving matter. 
spontaneous mutation A mutation that occurs without a mutagen. 
sporadic disease A disease that occurs occasionally in a population. 
sporangiophore An aerial hypha supporting a sporangium. 
sporangiospore An asexual fungal spore formed within a sporangium. 
sporangium A sac containing nne or more spores. 
spore A reproductive structure formed by fungi and actinomycetes. See also 
endospore. 
sporogenesis See sporulation. 
sporozoite A trophozoite of PlasmodiHffI found in mosqllitoes, infective for 
humans. 
sporulation The process of spore and endospore formation; also called sporo-
genesIs. 
spread plate method A plate count method in which inoculum is spread over 
the surface of a solid culture medium. 
staining Colorizing a sample with a dye to view through a microscope or to 
visualize specific structures. 
staphylococci (singular: staphylococcus) Cocci in a grapelike cluster or broad 
sheet. 
sta tionary phase The period in a bacterial growth curve when the number of 
cells dividing equals the number dying. 
stem cell An undifferentiated cell that gives rise to a variety of specialized cells. 
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stereoisomers Two molecules consisting of the same atoms, arranged in the 
same manner but differing in their relative positions; mirror images; also called 
D-isomer and L-isomer. 
sterile Free of microorganisms. 
sterilization The removal of all microorganisms, including endospores. 
steroid A specific group of lipids, including cholesterol and hormones. 
stipe A stemlike supporting structure of multicellular algae and basidiomycetes. 
storage vesicle Organelles that form from the Golgi complex; contain proteins 
made in the rough ER and processed in the Golgi complex. 
strain Genetically different cells within a clone. See serovar. 
streak plate method A method of isolating a culture by spreading micro-
organisms over the surface of a solid culture medium. 
streptobacill i (singular: streptobacillus) Rods that remain attached in chains 
after cell division. 
streptococci (singular: streptococcus) O} Cocci that remain attached in 
chains after cell division. (2) When written as a genus, refers to gram-positive, 
catalase-negative bacteria. 
streptokinase A blood-clot dissolving enzyme, produced by beta-hemolytic 
streptococci. 
streptolysin A hemolytic enzyme, prodllced by streptococci. 
structural gene A gene that determines the amino acid sequence of a protein. 
subacute disease A disease with symptoms that are intermediate between 
acute and chronic. 
subclinical inrection An infection that does not cause a noticeable illness; also 
called inapparent infection. 
subcutaneous mycosis A fungal infection of tissue beneath the skin. 
substrate Any compound with whicb an enzyme reacts. 
substrate-level phosphorylation The synthesis of ATP by direct transfer of a 
high-energy phosphate group from an intermediate metabolic compound tn ADP. 
subunit vaccine A vaccine consisting of an antigenetic fragment. 
sullhydryl group -SH. 
sulrur cycle The various oxidation and reduction stages of sulfur in the envi-
ronment, mostly due to the action of microorganisms. 
suJrur granule See inclusion. 
superantigen An antigen that activates many different T cells, thereby elicit-
ing a large immune response. 
superficial mycosis A fungal infection localized in surface epidermal cells and 
along hair shafts. 
super infection The grnwth nf a pathogen that has developed resistance to an 
antimicrobial drug being used; the growth of an opportunistic pathogen. 
superoxide dismutase (SOD) An enzyme that destroys superoxide: 
O2- + 0 1- + 2 H+ -. HI0 2 + 0 2 
superoxide radical A toxic anion (0 2- ) with an unpaired electron. 
surface-active agent Any compound that decreases the tension between mol-
ecules lying nn the surface of a liquid; also called surfactant. 
suscept ibility The lack of resistance to a disease. 
symbiosis The living together of two different organisms or populations. 
symptom A change in body functinn that is felt by a patient as a result of a 
disease. 
syncytium A multinucleated giant cell resulting from certain viral infections. 
syndrome A specific group of signs or symptoms that accnmpany a disease. 
synergism The principle whereby the effectiveness of two drugs used simlilta-
neously is greater than that of either drug used alone. 
synthesis reaction A chemical reaction in which two or more atoms combine 
tn fnrm a new, larger molecule. 
synthetic drug A chemotherapeutic agent that is prepared from chemicals in 
a laboratory. 
systematics The science organizing groups of organisms into a hierarchy. 
systemic anaphylaxis A hypersensitivity reaction causing vasodilation and 
resulting in shock; also called anaphylactic shock. 
systemic (generalized) infection An infection throughout the body. 
systemic mycosis A fungal infectinn in deep tissues. 

tachyzoite A rapidly growing trophozoite form of a protozoan. 
T antigen An antigen in the nucleus of a tumor cell. 
tapeworm A flatworm belonging to the class Cestoda. 
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target cell An infected hody cell to which defensive cells of the immune sys-
tem bind. 
taxa Subdivisions used to classify organisms, e.g., domain, kingdom, phylum. 
taxis Movement in response to an environmental stimulus. 
taxonomy The science of the classification of organisms. 
T cell A type of lymphO(yte, which develops from a stem cell prO(essed in the 
thymus gland, that is responsible for cell -mediated immunity. See a/50 T cyto-
toxic cells, T helper cells, T regulatory cells. 
Te Rs (T-cell receptors) Molecules on T cells that recognize antigens. 
T cy totoxic (T d cells A specialized T cell that destroys infected cells present-
ing antigens. 
T helper (Tit) cell A specialized T cell that often interacts with an antigen 
before B cells interact with the antigen. 
T regulatory (T "l) cells lymphO(ytes that appear to suppress other T cells. 
T-dependent antigen An antigen that will stimulate the formation of anti -
bodies only with the assistance of T helper cells. See a/50 T -independent ant igen. 
teichoic ad d A polysaccharide found in gram-positive cell walls. 
telomere Noncoding regions of DNA at the ends of eukaryotic chromosomes. 
teleGmorph The sexual stage in the life cycle of a fungus; also refers to a fun -
gus that produces both sexual and asexual spores. 
temperate phage A phage capable of lysogeny. 
temperature abuse Improper food storage at a temperature that allows bacte-
ria to grow. 
terminator The site on a DNA strand at which transcription ends. 
tertiary sewage treatment A method of waste treatment that follows conven-
tional secondary sewage treatment; nonbiodegradable pollutants and mineral 
nutrients are removed, usually by chemical or physical means. 
tetrad A group of four cocci. 
thallus The entire vegetative structure or body of a fungus, lichen, or alga. 
thermal death point {TDP} The temperature requ ired to kill all the bacteria 
in a liquid culture in 10 minutes. 
thermal death time (TDT) The length of time required to kill all bacteria in a 
liquid culture at a given temperature. 
thermoduric Heat resistant. 
thermophile An organism whose optimum growth temperature is between 
SO"C and 60"C; a heat loving microbe. 
thermophilic anaerobic spoilage Spoilage of canned foods due to the growth 
of thermophilic bacteria. 
thylakoid A chlorophyll-containing membrane in a chloroplast. A bacterial 
thylakoid is also known as a chromatophore. 
thymus A mammalian organ responsible for maturation of the immune 
system. 
tincture A solution in aqueous alcohol. 
T-independent antigen An antigen that will stimulate the formation of anti -
bodies without the assistance of T helper cells. See also T-dependent antigen. 
tinea Fungal infection of hair, skin, or nails. 
titer An estimate of the amount of antibodies or viruses in a solution; deter -
mined by serial dilution and expressed as the reciprocal of the dilution. 
TlRs (toll-like rceptors) Transmembrane proteins of immune cells that recog-
nize pathogens and activate an immune responses directed against those 
pathogens. 
topoisomerase Enzyme that relaxes supercoiling of DNA ahead of replication 
form; separates DNA circles at the end of DNA replication. 
total magnification The magnification of a microscopic specimen, deter-
mined by multiplying the ocular lens magnification by the objective lens mag-
nificat ion. 
toxemia The presence of toxins in the blood. 
toxigenicity The capacity of a microorganism to produce a toxin. 
toxin Any poisonous substance produced by a microorganism. 
toxoid An inactivated toxin. 
T plasmid An Agmbacter;"m plasmid carrying genes for tumor induction in 
plants. 
trace element A chemical element required in small amounts for growth. 
trans Hydrogen atoms on opposite side across a double bond in a fatty acid. 
See cis. 
transamination The transfer of an amino group from an amino acid to 
another organic acid. 

transcription The process of synthesizing RNA from a DNA template. 
transduction The transfer of DNA from one cell to another by a bacterio-
phage. See a/50 generalized transduction; specialized transductinn. 
transferrin A human iron-binding protein that reduces iron available to a 
pathogen. 
transfer RNA (tRNA) The type of RNA molecule that brings amino acids to 
the ribosomal site where they are incnrporated into proteins. 
transfer vesicle Membrane-bound sacs that move proteins from the Golgi 
complex to specific areas in the cell. 
transformation ( I) The process in which genes are transferred from nne bac-
terium to another as unaked n DNA in solution. (2) The changing of a nnrmal cell 
into a cancerous cell. 
transient microbiota The microorganisms that are present in an animal for a 
short time without causing a disease. 
translation The use of mRNA as a template in the synthesis of protein. 
transmission electron microscope (TUti) An electron microscope that pro-
vides high magnifications ( IO,OOO-IOO,OOOx) of thin sections of a specimen. 
transport vesicle Membrane-bound sacs that move proteins from the rough 
ER to the Golgi complex. 
transporter protein A carrier protein in the plasma membrane. 
transposon A small piece of DNA that can move from one DNA molecule to 
another. 
trickling filler A method of secondary sewage treatment in which sewage is 
sprayed out of rotating arms onto a bed of rocks or similar materials, exposing 
the sewage to highly aerobic conditions and microorganisms. 
triglyceride A simple lipid consisting of glycerol and three fatty acids. 
triplex agent A short segment of DNA that binds to a target area on a double 
strand of DNA blocking transcription. 
trophophase The period in the production curve of an industrial cell popula-
tion in which the primary metabolites are formed; a period of rapid, logarith-
mic growth. See also id iophase. 
trophozoite The vegetative form of a protozoan. 
tuberculin skin test A skin test used to detect the presence of antibodies to 
Mycobacterilml tuberculosis. 
tumornen osis factor (TNF) A polypeptide released by phagocytes in response 
to bacterial endotoxins. 
tumor-specific transplantation antigen (TSTA) A viral ant igen on the sur-
face of a transformed cell. 
turbidity The cloudiness of a suspension. 
turnover number The number of substrate molecllles acted on per enzyme 
molecule per second. 
two-photon microscope A light microscope that uses Iluorescent stains and 
long wavelength light. 

ubiquinone A low- molecular weight, nonprotein carrier in an electron trans-
port chain; also called coenzyme Q. 
ultra-high-temperature (UHT) treatment A method of treating food with 
high temperatures ( 140-IS0°C) for very short times to make the food sterile so 
that it can be stored at room temperature. 
uncoating The separation of viral nucleic acid from its protein coat. 
undulating membrane A highly modified Ilagellum on some protoloa. 
unsaturated A fatty acid with one or more double bonds. 
use-dilution test A method of determining the effectiveness of a disinfectant 
using serial dilut ions. 

vaccination The process of conferring immunity by administering a vaccine; 
also called immunization. 
vaccine A preparation of killed, inactivated, or attenuated microorganisms or 
toxoids to induce artificially acquired active immunity. 
vacuole An intracelllllar inclusion, in eukaryotic cells, surrounded by a plasma 
membrane; in prokaryotic cells, surrounded by a proteinaceous membrane. 
valence The comhining capacity of an atom or a molecule. 
vancomycin An antibiotic tbat inhibits cell wall synthesis. 
variolation An early method of vaccination using infected material from a 
patient. 
vasodilation Dilat ion or enlargement of blood \'essels. 



VDRL test A rapid screening test to detect the presence of antibodies against 
Treponema pallidum. (VORL stands for Venereal Disease Research laboratory.) 
.... ctor (I) A plasmid or virus used in genetic engineering to insert genes into 
a cell. (2 ) An arthropod that carries disease-causing organisms from one host to 
another. 
.... getati ve Referring to cells involved with obtaining nutrients, as opposed to 
reproduction. 
vehide transmission The transmission of a pathogen by an inanimate 
reservoIr. 
.... rtical gene transfer Transferof genes from an organism or cell to its offspring. 
.... side (I) A small serum-filled elevation of the skin. (2) Smooth oval bodies 
formed in plant roots by mycorrhizae. 
V factor NAD+ or NADP+. 
vibrio ( I) A curved or comma-shaped bacterium. (2) When written as a genus 
(Vibrio), a gram-negative, motile, facultatively anaerobic curved rod. 
viral hemagglutination The ability of certain I'iruses to cause the clumping of 
red blood cells in vitro. 
viral hemagglutination inhibition test A neutralization test in which anti -
bodies again 'a particular viruses prevent the viruses from clumping red hlood 
cells in vitro. 
viral species A group of viruses sharing the same genetic information and 
ecological niche. 
viremia The presence of viruses in the blood. 
virion A complete, fully developed viral particle. 
viroid Infectious RNA. 
virology The scientific study of viruses. 
virulence The degree of pathogenicity of a microorganism. 
virus A submicroscopic, parasitic, filterable agent consisting of a nucleic acid 
surrounded by a protein coat. 
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.-olutin Stored innrganic phosphate in a prokaryotic cell. See <llso metachro-
matic granule. 

Western blott ing A technique that use.1 antibodies to detect the presence of 
specific proteins separated by electrophoresis . 
whey The nuid portion of milk that separates from curd. 

xenobiot ics Synthetic chemicals that are not readily degraded by mlcro-
orgaDlsms . 
xenodiagnosis A method of diagnosis hased on exposing a parasite-free nor-
mal host to the parasite and then examining the host for parasites. 
xenotransplantation product A tissue graft from another spIXies; alsn called 
xenotransplant. 
X factor Substances from the heme fraction of blood hemoglobin. 

yeast Nonfilamentous, unicellular fungi. 
yeast infection Disease caused by growth of certain yeasts in a susceptihle 
hnst. 

zone of inhibition The area of no bacterial growth around an antimicrobial 
agent in the disk-diffusion method. 
zoonosis A disease that occurs primarily in wild and dnmestic animals but can 
be transmilled to humans. 
zoospore An asexual algal spore; has two nagella. 
zygospore A sexual fungal spore characteristic of the zygomycetes. 
zygote A diploid cell produced by the fusion of two haploid gametes. 
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inl",l<ukin'" po"ibl< Ihcrapy. 1601 
","po,i's "rroma. 11. 3751, 385. 470. 539, 
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in H IV IAIDS p.ti<nt<, 541. 544,. 601-ti02 
incubation period. 430, 
microbialanl.goni.m phenom<non .nd. 
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c.p.ule< of bacteri • . 79-81. &i/. 10 I I 

antibodie< .gain<t produced by hum.n 
imm une .ystem. 432 

u e •• mp1e< of T -independent .ntigen •. 
484.484/ 

chemical nature imp.in ph"gocyto,i. 
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cat.1bolic, 32, 113, 114, 114f 
collision Iheory .nd. 115 
condensation , 38 
coupl«l, 114 , l14f 
dcrompo.ilion. 32, 33b 
dehydration. 38 
endergonic.31 
energy .b"'rption/rele"" in, 3l 
energy of. 31 
<TI'ym« and, 115, I 15f 
nch.nge. 33---34, 39 
excrgonic, Jl 
reaclion rale, 115 
revcnible. 34. 39f 
'ynlh .. i •. 31 

chemical.ignal. 
alarm .ignal. (alarmon<1, 215-216 
biofilm •• nd, 57b. 163 

chemical .pill', bioremediation and. 17 
chemical .terilization. 100-101. lOS. 

by elhylene oxide. 100-201. lOS. 
by pl .. m .. , 201. 105, 
by , upereritical fluids. 20 1-201, 205. 

chemically defin«l cul\ure m«lia, 165, 165, 
chemio.mo.is. 123, 115f. 1 JO- I31. l30f 
chemi.try, 26-53. 27 

alom •. 17-18, 17f. 17. 
chemical bonds. 18-31 
chemical reaction •. 31-34, 33b 
dement., 27-18. 27. 
importancr to microbiologi'I<.16 
mol«ul«. 27. 16-Jl 

chem .... utolroph •. 143, 143f. 145, 159.305 
carbon requiremen" for growth, 160 
culture media for. 169/ 
N;lroMrttr.305 
N"ro,ornom.s.305 
ThioMciJlu,.305 

chemoh<lerotroph" 143f. 145 
carbon requiremen" for growth, 160 
chemically defined medium for growing. 

165, 
culture media for. 169/ 
fungi a •. 330, 330., 333 
grffn .ulfur bacteria as. 3 14. 
proteob.acteri;. as. 301-311, 313f. 314, 
protowa a', 346 

chemok.ine ror«cptors. CCR5 and CXCR4. 541 
chemokin«. 461, 492 
chemosl«il.nt. (ga«ou.). 200-201 
chemou.i',82 

as fi"t pha« in phago<yt",i" 458, 458f 
kinin. and. 462 
neulrophil. allracted to. 462 

Chemolherapeulic drug<. Su also antibiotics; 
.nlimicrobial drug< 

fulure of. 578-579 
m.jor modes of aclion (",,,,,iew ), 556! 
.. I"r .. n (.ntisyphilitic), II 
.p«trum of .clivity of, 555. 557, 

.ynlhetic drug', 12 
loxicily to human •• nd. 12 

Chemolherapy, 12, 260., 553 
hi'tory of. 554 
« lective loxicity .nd. 553 
1«" for microbial ,u''''plibililylsen.iti,ity. 

572-573, 572[. 57Jf 
chemolroph •. 142. 143f 
Chernobyl nudear disa.ter, lichen •• nd, 340 
ch«lnut tre", fungal blight by Cryphollw,in 

f'O"""ica, 339 
chick embryo., viru ... fOf vaccin« grown in, 

377f.504 
chicknl"'" (varicdla). 375., 385, 596-597, 597f 

a. notifi.ble inf«liou, di«a«. 41 1. 
breaklhrough varicella, 597 
incubalion period, 4JO,. 596 
port.1s of entry, 4JOf. 596 
ra.h cau«d by. 590b 
Rey< ,yndrome complication of. S96 
vaccine. 13. 503. 

chichn, 
anlibioli« in chichn feed. 577b 
.vi;.n sareoma ,iru' deri,..d from norm.1 

chichn gen«. 391 
chole., in (fowl choler. ), 311 
influenza A viru ... and. 19 
leukemia in, 389 
viral_caused .areOm. in. 389 

chikungunya fever, 65 Ib, 658 
childbirth. gen<lically engineered relaxin to 

a"i'l.l60, 
childbirth fever (puerpcral sep.i.). 11. 197, 

418. 640-641. 6-43b 
childhood immunization •. S02, 504. 
chills .nd fever, 463 
ChikJma<l,x, 347f 
chimeric monoclonal antibodi«. S09 

as immuno,upp"",i,«. 537 
chilin, 4, 40, 10 II 

in ceU wall, of algae, 98 
in cell wall. of fungi. 330. 

Chlarn",/ia genu</'ppJChlamydial«. lOll, 
322,313f 

anlibioti« dfecti,'e .g.in,l. 565, 566. 751 
a. gram-ncgoti,'e coccoid bacteri;., 312 
a. inlracellular pannil"" human 

pathogen •. 302. 
can ,uTVive in ph.go<yt<1,459 
culture media and, 167.312 
elementary bodi .. , 322, 313f 

,ize of. 369! 
life cycle, 3ll, 313f 
no longer grouped with richtt.ial 

bacteri;., 199 
pathogenic .peci .. of. 312 
phylogen<lic relation.hip', 281f 
pneumonia ,au«d by, 322, 687b, 689 
portals of entry, 419. 430. 
Iran.mi .. ion rout«, 311 
viru ... compor«l to.}68. 

Chlarn",/in Irnrhomnli, 
a. notifi.ble inf«liou, di«a«. 41 1. 
gonorrh .. coinf«lion .nd, 750 
incl u.ion conjuncti,iti< causcJ by, 604, 664b 
incubation period, 4JO, 
lymphogranuloma venereum cau«d by. 

311. 459, 755 
port.1s of entry, 419. 430. 
toxin produced by. 161 
Ifachoma cau«d by. 312, 604-605. 60S! 
urethritis (non'pecific) by. 4JO., 

75D-751,76Ib 
Chlamydiae, J21 

important genera/'pecial feature •. 302, 
chlamydoconidi;.. 33J. 334[. 338. 
Chlarn",/ornolln, (gr«TI .Iga). 341f 
Chlarn",/op/llu, genu",pp" 3011, 322, Jl3f 

da .. ificalion and, 279 

intTllcdlular p .... it ... human pathogens. 
302, 

Chlarn",/oph,u, p,innri, 3l2. 313f 
a. potential biological weapon. 649b 
psittacosis (omith",i. ) causcJ by. 687b, 689 
re< .. ,'oi"/Iran.mi"ion me\hod. 410. 

Chlarn",/phiu, plI,umolluu, 311 
Chlor_ Floc t.blel<. to clarify w.ter, 197 
chloromin«.197 

10 .. nitize glassware/e.ting ulen.il"dairy 
<quipmenl.197,20).4. 

chloramphenicol. 56J. 565. 565! 
.d,er« efrecl<. 565 
bacteri;.1 r«i.lance to. 139. HOf 
blood-brain barrier and, 611 
mode of aclion/'pectrum of activity. 562. 
produced by Slrtp.omy<n vt'lIZurl<u, 555. 
protein .ynth«i. inhibiled by. 95. 

556-557.556[. 558f. 563, 565-566 
,usccptibilily of gram-negalive Vi. gram_ 

po.itive bacleri;. 10. 88. 
chlorh .. idine. 197. 103/, 104. 
chloride ion 

a. an .nion. JO 
in table •• 11 , dissolved in w"er, 35. 35f. 36f 

chloride of lime, 184. 197. Set .1<0 calcium 
hypochlorite 

chlorinalion 
chlorine dioxide ga. and. 101 
of drinking waler, 197 
oWne a •• upp lement to. 102, 1051 

chlorine, as antimicrobial agenl. 196[. 197. 
201.103 •. 1041 

chlorine (0) 
as bleaching .genl. peroxide .'" 3b 
.. omic number/atom ic weight. 27. 

chlorine g", u«d to di.infect w"er, 197.104. 
chlorin«, as antimicrobial agenl. 196f. 197, 

201.103 •. 1041 
Chlorobi, 301 •. 314. 

important genera/'pecial fe.lure., 301. 
Chlorobium genu,/,PP" 30 I., 314. 

as .n"")'genic pholoautotroph<. 144, 301. 
characteri"i«, compared. 314, 

chlorobium , .... id .. (,hloro"'m<1). 144 
Chloroflexi. 301t. 3141 

imrortant genera/'pecial feature' , 301. 
Chlorofkxu.< genu",pp" 145. 301 •. 314. 

as pholo'ynthetic, anoxygenic bacteria, 
Wh 

characteri"i«, compared. 314, 
chlorophyll., 140. 14 1[. 144. 145. 

in .Igae. 343, 343. 
chlorophyll b. in gr«n .Igoe. 343, 3431 
chlorophyll c. in brown . lgae, 343. 
chlorophyll d, in r«l algoe. J43. 
chlorophyll<. 105, 140. 14 1{, 144. 145 •. 146 
Chlorophyl •. cha"cleri"i« of gr«n algoe. 

343, 
chloropl .. ".99f. 102, 105, lotif. 140, 145. 

of Euglrll<l. 350, 351f 
origin. of. 275f.177. 277! 

chloroquine 
mode of aclion/use., 56-4. 
10 \rcot m.lari., 571 

chloro"'m" (ehlorobrium ,«id .. ). 144. 1451 
chlort<l.,cydine (Aurromycin). 565 

mode of aclion/'pectrum of activity. 562. 
produced by produced by S.",p.omy<n 

555. 
chorolale ««I" fermented before eating, 800 
cholent. 19. 309, 716-717. 716f. 722 b. &t 

nlso Vibrio <ho/ern, 
a. emerging infectious di«a«. 417. 
a. notifiable inf«liou, di«a«. 41 1. 
convalescing palient and disc..., .pread. 

epidemic of 1848 (London) .nd disco,'ery 
of "'urCe, 418 



in chicken. (fowl choleT'), 311 
incub.,ion pcTiod, 430, 
rnodern I .... n'porwion and 'pre.d of, 416 
new "rain, of, 717. &t Vibrjo <hokm' 
noncholera vibTi"" 717 
poT1ds of enlry, 429. 430f 
.ymplom •• 438' 
toxin> (A- B enterotoxin.) cawing. 437, 438, 

glycoprolein" pl •• m. membran .. and. 

vaccine. S002 
walerborne I .... n'rnission .nd, 411 

cholc<tcrol 
structure of, 41, 42f 
.ynth«i. of. 146, 147f 

Chordata, po<ilion in taxonomic hierarchy, 
280f 

Chromatiales., irnport.nt genera of, 300, 
chromatin, 102f. 103 
Chroma""", genu".pp .• 300, 

u an<urgenic photoautotrop]u., 144, 145, 
choraeleri"ics, comp.red. 314, 

chromatophore<. 144, 1451 
chromatophor .. (thylakoid.). 91, 91f 
Chromi ... , position in evolutionary ITCe, 175f 
chromophore.68 
chromo<om«, 9<1, 21 I 

""<1erial.94-95,101,.103 
DNA .nd, 211-112, 2Uf 
cubryutic. lOll, 10l 
rn.p. of, 212, 2Uf 
of Es<htrl,h,a ("Ij. 211-112, 212f 
probryutic. 111, 211f 

chronic fat igue 'yndrorne (CfS), 613 
chronic g .... nulom.tou. di<ca<c (CGD). 

Ittombin.nt gamma interferon 10 
lfeOl,469 

chronic inflarnmotion/inflamm.tory 
«<pon ... 460, 463 

chronic (pe"isten') viral inf«tion •• 392. 392[ 
ex.mpl .. (di ..... lprimary df«tlcausative 

viru.}.394, 
chronic wasting d i .. a ... prion di ..... off«t-

ing wild deerlelk. 630 
Chrysops (deer fly). a< vector tntn'mining 

tul.remi., 36h 363[ 
Cidex, 200. 105, 
cidofovir 

rnode of ,clionlus«, '}6.4, 

to treat cylomegaloviru' eye inf«lion" 
569-570 

Ci«h.nm'CT. Aaron. 15, 
cigu.te ..... 344. 354' 
ciL"t.lin , 561 
cilia/cilium 

of eukaTyulic cell., 98, lOO[ 
origin. of. 106 

of hum.n respirotoTY Ifacl. 98, 452. 452[ 
u dden ... g.in" p.thogen •• 452, 471, 

of muCOu' membrane<. 585 
of Param .... j"m. 35O[ 
of prolo",a. 6, I OOf 

cili."y esc.l.tor. 452, 452{, 675, 676 
ciliated ceU" 451[ 
ciliates (Ciliophora). l50, 3SoO[ 

conjugation in. 346, 346[ 
food aequi,ition method" 346 
po,ition in nolutionary tre<, 275[ 

Ciliophor •. Su cilia'es 
Cipro (ciprofloxacin), 563" 567 
ciprofloxacin (Cipro), 567 

rnode of .ction/'pecl rum of . ctivity. 563, 
<;, fatty acid. 40, 41[ 
cistern., 103, 103[ 
cilric acid, 117_128. 128{, 149[ 

u fermenwion end-product, 137, 
A;perxi/lld mgt.- fung'" ukd to prod u«. 339 
biol«hnology . nd, 246 

cilric acid cycle. &t Krebs cyde 

Cilrobarttr genu".pp. 
•• enteric bact"i •• 185 
a< norrnoJ microbiot. of Lorge inl<Stine, 403, 
u opportunistic pathogen •• 300, 
in laxonomic hierarchy, 300, 
no<o<omi.1 inf .... ,ion' and. 414, 4141 

ClO (CTCutzfddt-jllob di ..... ), 20, 393, 
630-63 I, 631[. 631, 

d.de, 2l3b, 281 
of HI\, genome. 542 

d.dog .... m., 275{, 281[. 293. 294f 
"ep' for construcling, 294[ 

dam. 
paralylic .hellfi,h poiooning (PSP) and, 

344.354'.444 
unicdlul" .Iga< .ymbionts in gi.nt 

Trid<l<n<l,345 
darithromycin, S66 

rnode of .ction/'peclrum of activity. 562, 
d .... in taxonomic hie .... rchy, 279, 280[ 
d ... ic.1 p.lhw.y of complement aclivation, 

464[. 466. 466[ 
d."ificalion of 0.,;ani<m •• 273---298 

binomial nornendat ure u«d in, 278-279 
by nUlrition.1 paUern •• 142-145. 143[ 
method" 182-294 
n.tu .... l, re/lrrting phylogenrtic relation-

>hips, 274. 277 
of eukaryot .. , 275{, 180[. 281-282 
of prokaryote<, 275[. 279-18 1, 280[ 
of viru .... 373---374. 375--376, 
st udy of phylogenetic rel;t,ionlhip<, 274--278 

hierarchie •• 177-178. 278[ 
,"xonomic hierarchy .nd, 279.180[ 
three-dom.in 'Y"em, 274-278.175f 

Cltmap' purpurta (fungus), 443 
dovul.nic acid (polO"ium davulanat<), 561 
dirnate, incidence of inf«lious di .. a<c1 .nd, 

'"" dindarnycin,565 
&cr""j,}r> [mgi}'s resist.nt to, MO[ 
microbial r«i<unce to. NO[ 
rnode of .ction, 565 

dofazimine. to tre.t lepro,y. 620, 631b 
clon.1 ddction. 41\4 
don.1 expan,ion of B «II" 482. 482f 
clonal .. Ieclion of B cdl<, 48J-(84. 483[ 
clone.279.181 
clones/cloning, 247 

applic.'ion" 258-167 
agricult ural. 264-267 
«ientific, 261-264 
therapeulic,258-259 

of plan' cell., 264-265. 267 
.. l«ting, 256-257.156{, 257[ 
type. of c<ll< u .. d for rONA product<. 

257-258, 257f 
u'" for, 258 
v«'o" and. 150--251. 150[. 25 1f 

cloning , .. ctor<, 15,. 147, 248[. 250--251, 250[. 
251[ 

Ckmorrhis ,,,,ens;' (Asi.n li, .. r fluke). 356, 356[ 
Clorox. 196{, 197 
clo"ridia. &t Clomid,um 
Cla<lrj,/jum <lwobulylU:um. fermenl .. ion 

and. 137, 
Cla<lrjdjum bo,ul,num. 316. &t al<c botuli<m 

a. obligate .naerobe, 161. 316, 616 
a. poten,i.1 biological weapon. 649b 
botulism caukd by. 616. &t al<c b01uli'm 
commcrri.1 sterilizalion to d«troy. 185, 

193.794-795. 794{, 795[ 
gastric juice un.ble 10 deslroy, 453 
grow:< .t refrige .... 'or ternperatures., 6 18 
in <oil. 409. 616 
Iy<ogenic ph.g« .nd, 382 
neurotoxin produc«1 by. 437. &t al'" bol-

ulinum toxin 
nitTiles octive .gain<l. 100, 2041 

C/a<lridjum d,jfJ(jlr 
antibiotic theropy .nd, J 16 
diarrhea· .. <o<iated, 3 16. 720, nOb 

dindarnycin .nd, 565 
norrnal microbiot., . nlibiotic therapy .nd, , .. 
no<o<omial inf .... ,ion. and. 414, 4141 
toxin of .imilar to Chla"'YI/ia traChomali. 

toxin. 162 
Cla<lrjdjum gen usl 'pp./Closlfid i.l"" 

316-317. 316, 316{, 777 
.. an.erobic hum.n pathogen. 161 , 301, 
a. gram-variab le ooc1<ria. 87 
a< norm.1 microbiota of vagin., 403, 
c.nn«1 food 'poilage by, 795, 796, 
cndospor« of, 96-98. 97{, 185. 301 '. 795 
fament.lion and. 134f 
import.nt generaJ'p«i.l fcolures, 301, 
in taxonomic hierarchy, 30 I I 
low G + C content of. 316 

C/a<l,i,/jum p<r[rjng£ns 
g" gangrene caukd by. 316. 430, 
g."rucntcrili<, 720, 723, 
incubation pcTiod, 430, 
penfringog]ycin toxin produc«1 by. 65{, 68, 
ponals of entry, 430, 

Cla<lrjdjum 'e,ani. 316[ 
in <oil, 409 
incubation pcTiod, 430, 
neurotoxin of. 139, 437. 438,. 615 
ponals of entry, 429. 430, 
,<I.nu' cau .. d by, 316, 406. 6 1 S-616, 616{, 

632b 
vaccine .g.inst. 13. 435, 501, 

clotrirna>ole, '}6.4" 568. 600 
dub fungi. &t 6a<idiomy<ol. 
due c<lb. of b.CI"i.1 vagino,i., 756. 756[ 
dumping of c<ll"viru"', Ig.\l .nlibodi« 

.nd. 480, 484 
du<le" of differenli.lion (CD) in T « II<, 487 
cm (<<ntimeter). mct.ic/U.S. equiv.lent, 55, 
eM (cctacean morbilliviru.) viru" marine 

m.mrn.l death, .nd, 283b 
CM\'. &t cytomegaloviru. 
CoA (coen'yme A), 117 
co.gul ... , 432, 586 
co.gul ... -nq;.live Slaphylo<o«i, 41 4. 414" 

586-589 
c ... gul ... -po.itive. grom.po.itive coeci. 4!lb. 

411[.587 
p.thogenicily .nd. 587 

c ... 1 rnines., 159 
c ... 1 tar, phenolic:< d"i, .. d from, 195. 196[ 
Coar .. focu.ing knob. of compound ligh t 

micro«ope, 56, 56[ 
cobalt •• , cofactor, 117 
coc"boxyl ... , 117, 
CoaidiOuI« j",mil;' (fungu,) 

arthroconidi. forrned by, 3B, B4{,696, 
"%{ 

choraeleri"ics •• pathogenic fungi, B8, 
coccidioidomycosis cau«d by. 13, 416, 

6_97 
emerging infecliou. di .. a<c1 and. 417, 
infrrtion. caukd by. increa,ing ral .. of, 

13, 416 
coccidioiciomycosi" 696-697,696[. 697{, 

- " .i rborne lran.mi .. ion .nd, 412 
.mphotericin B df«tive against, 568 
u •• ystemic rnyco.;'" 336 
u emaging inf«tiou. di ...... 417, 
u notifi.ble inf«tiou, di ...... 41 I , 
epidemic .re. fOT. 696, 697[ 
incidence increa<c following n.tural disa.-

1<r.416 
<omelime< known a. Valley fe,·erIS.n 

lo.quin f<ver, 696 
coccobacilli. 78, 78[. 303, 305, 308 
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coccu"cocci (.pheric.l-shaped b.CI"i.). 
77-78.78f 

cdl . rr.ngemenU of. 77-78. 78[ 
coco. 

fament.lion u .. d in pruduclion of, 800 
infrrted by Phy,ophy,hora 344 

codeine, u genetic. lly engin<1Or«1 product, 

'" codon •• 112, 219-120. 219[. llO-12I[ 
non .. n .. ,219 
.. n ... 219 
'IOrt. 112, 219-120, llO-22I[ 
"op. 212. 119-110, 22O-HI[ 

coenocY'ic hyph.e. 331. 33 I{, 333 
coen.yme A (CoA), 117, 1171 
coen.yme Q (ubiquinones). 129. 1!9[ 
coentymes. I 16. 116[ 

deri,·ed from vilamin. ( .. 1«,«1). 117, 
vitamins funct ioning " , 161 

cofaCIO" for cn,ym«. 116. 116{, 160 
coffe<, ferment.tion u<cd in production of, 

.00 
cohon group.lcohorl mrthod in an.lylical 

epidemiology, 420 
cold <Ore' (f .. ·er bli"e"), 385. 597. 598{, 757 

herpes .irnpl<x viru' type I (HS\,-I) Ca u'-
ing. 385, 597. 598{, 757 

l. tent st.te in nerve cell •• 391. 3941, 598[ 
cold temperat ur«.lo control microbial 

growth. 157-158, 158[. 170, 191-192, 

cold viru •. &t cold, 
cold.loving microl>« (p'ychrophil«). 157, 

157[ 
cold" COrnmon 

Coroliavjru. and, 376, 
Rhjnov"", .nd, 375, 

Coley. Willi.m B .. 538 
Coley's toxin •• 538 
coli form b.cteri. 

•• indicator organi.m" 780, 780[ 
co unting mrthod" 175. 177{, 780 

coliti. 
fat.l, 401 
hemorrh.gic.718 

collagen v"",ular dioorde". coukd by inheril· 
«1 complement deficienci ... 468 

collagena<c. 433 
colli,ion theory, 115 
colonies (microbi.l). 156. 170. 170f 

colony.forming unil< (CFU) . 174, 175f 
f«h"r;,hia colj, fimbria<, coloniz.lion .nd, 

83, 84[ 
mutant, replic. plaling to identify, 

231-231.132f 
colony hybridization. 256-257, 257f 
colony.form ing unil< (CFU) . 174, 175f 
colony.stim ulaling factor (CSf). 491 

genelicolly engin«TCd. therapeutic u"'. 
258.160, 

Colorado lick fever. 376, 
colorim<ler, '0 mco.ure turbidity. 178. 179[ 
colo"rum.494-495 

gastrointestin. 1 inf«lions and. 481 
IsA" pre .. n« in, 481 

comedon.1 acne. 594 
commensali<m. 401. 401f 
comme",i.1 application., of rnicrobes, 2 
comme",i.1 steriliz.'ion, 185, 185,. 188. 190, 

439. 440b. 594{, 794-795 
110 lre.tment (bo,uljnal <".(1). 795 
c.nning retoTI<, 795, 795[ 
in indu"ri.l conning, 794_795. 794{, 795[ 

Common arm of tRNA. of 
Archaoa/6.c'eria/Eubry' comp.red. 
276, 

Common cold. 679-680. 68 l b 
adenovi.us« coming. 385 
antibody pro'«lion .gainst, 480--481 
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Co,orravi,u. cau,ing. 3761. 679 
ro"al of entry for. 419 
Rhmovlrus cau,ing. 3751. 679 
lr.n.mi .. ion of. 679--680 
lr .. tment.< for. 680 

COmmon ,.,i.ble hyrogamm.globulinemia. 
5391 

communicable disca<c<. 406 
control methods. SOl 

competence (genetic). 236. 253 
tr.n,fonn.tion .nd. 134-136. n5[. 153 

m.king fKMrichu, ,o/i competcnt. 253 
comp<titivt exclu,ion. normal microbiot. 

.nd.401 
competitivt inhibitorS 

of <n,ym ... 1l0. UOf 
of <""nti.1 m<t.bol it< 'ynth .. i,. 556[. 558. 

5611. 567.568f 
complem<nt. Su al<o compl<ment .y<t<m 

cytoly.i, c.u«<l by. 465[. 479 
d<fici<ncy of. 467b 
early diww<ri ... bout. 477 
Fc .. gion. of .ntibodi .. and. 479 
testing .. mm for p .... ncr of. 467b 

compl<m<nt fIX.tion. 465. 467b. 5 12- 513. 
514f 

by immunoglobulin cl .... 481/ 
compl<m<nt 'y,t<m. 463--468. 4721 

aCliv.tion of. 465--468. 466 
.It<m.tivt p.thw.y. 464[. 466--467. 466f 
by .ntibodi«. 480. 484. 485. 485f 
cl ... ical p.thw.y. 464f. 466. 466f 
in tran,fu,ion re.clion .. 526-527. 519 
Iwin pathway. 464j; 467-468. 468f 

c"",.ding .ction of. 465 
di .. a<c< m.y pl.y rol< in. 468 
ev •• ion by microbes. 468 
function, of. 464 
in «<ond lin< of ho.t'. Mfen .... 4SOj; 4721 
inh<fited Mfici<nci .. and r«ulting disor-

d<". 468 
outromrs of .CI;v.lion (0"trvi<w). 464f 

cyloly<;', 464. 464f. 465. 465f 
inflamm.lion. 464. 464[. 465. 465f 
ph.gOCylO.;'" 464. 464f 
ph.gocylo.;' (via) op.,miuIion. 464f 

protein C3 activ.tion. 464j; 465 
protein d«ign.Iion •. 464-465 

of. 468 
t«ting for in SCrum (lab 1«1). 467b 

complement-fixation .. aclion •. 5 12_513. 514f 
complementary bale p.iT<. 47. 48[. 211 

DNA uplication .nd. 2 12-215. 214f. 216f 
'ticky <nd. of DNA 'tr.nd, .nd. 149. lSOf 

complem<ntary DNA (cDNA). 2S4--255. 
255f 

compl<x culture medi •. 165. 1661 
compb lipid, (p ho.pholipid.). 40-41. 41f 
compl<x ,iru .. ,. 3n. 374f 
composting.776 

thrrmophilrs imporl.nl to. 158.776. 777f 
compound lighl microscop<. 7. 7[. 55. 56. 56j; 

58-59.59f 
p.th of lighl in. 56. 56f 
princip l< part< .nd funclion •. 56. 56f 
'pecim<n .i .... nd. 58. 58f 

compound microscope. 7. 7j; St, "/,,, com -
pound light microscope 

fint.55 
compound •• 28 

inorganic. 34-37 
organic. 34. 37-49 

compromi«<l ho.I. 414[. 4 15 
concenlralion gradient. 91 - 94. 92j; 93f 
condensalion re,clion.}S. 39f 
conden .. r len ... of compound light micro-

leope. 56. 56f.59f 
conidio.pore (conidium/conidia). 333. 334f 

Su genital w.rt. 

<onfoc.1 micro«opy (Cn 62 . 62j; 671 
ad"nt.ge< of, 62 
biofilms and, 163 
Par.menum rnul'm,irronurie.,um im'ge, 

61f,67, 
'pecimen preparation .nd. 62 

<ongenital immunoddiciencie<. 538. 539, 
<ongenital rubeU •• yndrome. 599 
<ongenital 'yphil;'" 755 

a. nolifi.ble inf«tiou, dileale, 42 1, 
<ongenital toxopla1mo,is. 350. 3541 
cong .. Iivt heart fai lure, from hearlworm di.-

.... ,360 
conidi.lconidium (conidio.pore), 17 1, 333. 

334,334[' 336f. 3381 
conidiophore •. 333, 334[. 336f 

of A.prrgil/u, fo>'7d, 333. 334f 
conidio.por« (conidi um/conidia). 171, 333. 

334.334[. 336f. 3381 
of 321, 31 1f 

conidium. Stt conidia/conidium (coni -
dio,pore ) 

coniferS .• ' eukarya, 6 
minil.n', 339 

conjugated prolein .. 45 
conjugatoJ ,·.c,in ... 503 
conjugation 

in bacl«i •. 16. 236-237, 137[. 238f 
biofi lm, .nd, 163 
"x pili .nd, 84, 236-237, 237f 

in prolo>o., 346. 346f 
conjugation fungi. Stt Zygomycol' 
conjugation ( .. x) pili. 84, lJ6.--137.137f 
conjugative plasmid •. 238-239 
conjunctiva of eyes 

as porl.l of enlry for pathogens. 429, 430" 
445[.603 

norm.1 microbiota of, 402, 
conjunctivilis, 354,. 419. 603. 604 b 

inclu,ion, 604, 604b 
swimm ing pool. 604 

conn«Ii,"< ti«ue, hi.t.mine pUlen, in. 460 
con.t.nl (Cl ugion., of .ntibodies, 479. 480f 
con'Iit uti .. gen«, 211 
conlacl dermalil;'" .Ilergic, 530-53 I . S.lOf. 

531b 
lichens or their acids cau.ing. 340 

conl.cl inhibition. 442. 443f 
10" of, .nd «II growth, 441 , 

443f 
• iru .... nd, 441. 443f 

conl.cl len., hj·drogen peroxide •• d i,infec-
tant, 102 

conlacl len ... 
biofi lm, colonizing, 43 I 
conjunctivilis .nd. 603 

conl.cl Iran,mi .. ion, 41 0. 41 If 
conlagiou, di ...... , 406 
,o"lagium vivum f!uidum ("cont.giou, 

fluid"), viru, firsl d«<ribed " , 368 
conl.minaled intra''tnou. hq>.rin solution. 

blood.Iream infeclion .nd. 164b 
conlinuou. celllin«. 378 
conlrol of microbi.1 growth, 184-109 

by . llering plasm. membrane. 186 
by damaging proteins/nucleic .cid., 187 
chemical melhod,. 195--102 
dwh rate graph •. 186. 1861, 187f 
in nosocomi.1 infeclion., 416 
microbi.1 characleristics .nd, 202-205 
phy<ic.1 m<Ihod •. 187-194.194. 

cold, 157-158, 158f.170, 191-191, 194, 
d«icc.Iion, 192. 1941 
dry heat, 191, 1941 
fillration. 177[. 184f. 191, 191['1941 
he'I, 188-191 
high pt«<ure, 192 
inciner'Iion, 191, 194, 
low lemper.Iur .. , 191- 192 

moi.I he.I.I88-I90, 189f. 194, 
o.moti< p"".ure. 191 
radialion, 192-193 
,umm.ry by melhodlmechani.m of 

,clion/preferred u". 1941 
of. 185--186, 1851 

con".I«<ent home infeclion" Stt nosocomi.1 
inf«tions 

conv.l«<ent period (!Cco,'ery) slage, 409 
convul.i", symptom, of I<lanus, 437 
copper. J7 
copper 8- hydroxyquinoline. 199 
copper 

anlimicrobial .ctiyity of, 198-199, 198[. 2041 
as Cof.clor, 117 

copper ore extracIion by leaching, 806, 807f 
copper ,ulf'Ie, as .n algicide, 199. 1041 
cordite. 2 
Core polysaccharide. 86j; 87 
coreprc«orS. 225. 125f 
Corn bour, Europe.n, 267 
Corn piants. Iran'roson. di«ovcrro in. 140 
Corne. 

AranrhamOt'ba keralili. of, 605 
herpetic keratitis of. 605 

coronary artery disc ... , 18 
anlisenle DNA explored., gene ther.py. 

'" Co,on •• i, id.e, Char.Cl<fi.Iics/imporl.nt gen -
<fa/clinical fcatur«. 3761 

Co,o"avi,u, 
common cold c.u«<l by, 376,. 679 
SARS-.,soci.ted, .l67. 376,. 4171 

corte", of lichen, 339, 340f 
corlico'teroid., to t«at psori •• is, 533 
Co'y"eb4ru,ium." norm.1 microbiot. of 

<ye.4011 
Co'y"eb4ru,ium d,phlh"u,e. 678f 

diphtheria to.in produeed by. lJ7, 320, 
381. 436f. 438,. 677, 678f 

emerging infecliou. di ....... nd, 417, 
mel.chrom.Iic granules of, 95 

Co'y"eb4ru,ium genus/,pp .. JOII, 320 
., hum.n p.Ihogen" JOII, 310 
as no,m.1 microbiota of mouth. 40" 
as norm.1 microbiol. of 'kin. 402,. 586 
., pleomorphic bacleri •. 79 
G + C ralio, 316 

Co'y"eb4ru,ium as normal micro-
biota of .kin, 586 

c",melics .nd .Uergic conl.<I dermatiti •. 530 
coUon ball •. qU'I 'nti«plics neulrali><d by, 

199.10 Ib 
colton pl.nl" in"cl tOlin genelic.Uy engi -

neeroJ inlo, 264-265 
colton production. microbes u«<l in. 3b. 40 
Cou ller counte", 176. 178, 178f 
counterst.in,. 69. 71 
coupled chemic. 1 r"clions. 114. 114[. 122. 

Illf 
co"alent bond., 30-31. 31f 

doubl<,31 
ionk bond ...... 3 I 
of different <Iement., 31. 31f 
'ingle, 31, 31f 
triple. 31 

cowpox 501 
cowpox viru,. I I, SO I 

<3u«<l by I'o:<viridac, 385 
cow, 

bovine luberculo,is, 685 
d.iry. bovine growth hormone (bGH) in 

milk produclion, 267.167, 
li,·«tock 

animal feed anlibio,ic .. 554, 562" 565. 
575.577b """,",eI., -c.u<cd lep,i. in c.ttle. 311 

Salmon,l., Common intcslin.1 inh.bit.nt. 
of. 310 

Coxitll. burnet;i. 309 
a. poten,ial biological we.pon, 649b 
endo,pore-like ,Iruclure. fo'moJ by, 96 
Q feve' c.u«<l by, 309. 690,690f 
replicatrs in.ide ph.golysosom<s, 459 

Coxitlla genus/.pp .. .3001. 309 
., obligaldy inlracellular hum.n 

p.thogen., 300, 
cOXS3di"iru"3751 
coyot«. lapeworm f,him"/IC"" grarr"IMU' 

in, 358. 359f 
CI'E (cylop.Ihic effecl). in «II cu ltur ... 378. 

378f 
cranberry juice, prevtnt. coJ. from adher-

ing 10 «lis. 746 
crayfi,h, lung fluke •• nd. 356, 357f. 361. 
Crcn.rch.roto, 302 f 

778 
Cren.rch.rot., gram-n<£.Iivc .rch.ea, J021 
cresol •. 195. 196f 
Crcul,feldl-I.kob di ..... (ClD), 20. 393, 

630-63 I, 631f. 632b 
"ari.nt CII), comp.red. 63 I. 

Crick. Frane« H. C .. lOj; 14 •. 16, 47 
crisis ph ... of pyrogenic r .. pon .. (f .. · .. ), 

%, 
crisl.elcri.I., 104. 105f 
Crohn'. dilea .. , 460 

inlerleukin -11 and. 493b 
monoclonal antibodies 10 Ireat, 509 

crop planl' 
insrcl toxin g<netk.lly engineereJ inlo, 

264- 265 
tomatoe., 167. 1671 

cross-bridge amino .dd, 85. 86f 
crossing o,'er (gen<lic recombinalion) , 234, 

234f 
crown gall di .. a .. , 264, 265[. 304 
Cru,ta« •. 361 
cru,I.cr.ns. chilin exo.keleton of. 98 
Cru,t<>'C lichens. 339. 340f 
Cruz, O.w.ldo, 4, 
Crypho"mru, p.,.",,, •• chestnut Ir.., blight 

c.uled by, 339 
CrYP'MfI)(,u, ga"'; (fungu. ). 617b, 617 
Cryp'/IC(/)('U' g,ub,; (fungus). 61 7b, 626-627 
cryptococco.;'. 617b, 626-627. 627f 
Cryp''''''',us (fungu. ) 

., opportuni'Iic fungu,. 339 
bl .. Ioronidi •• pore. found in. 333 

Cryp''''''',u, ""'fo'm""' (fungu.), 626-627 . 
617f 

in AIDS patient<. 544. 
p.thogenic properli ... 338,. 443 

crypto.poridio.i •. 731, 734b 
as .n emerging infecliou, di ..... , 20-11. 

4171 
as nolifi.ble inf«tiou, di ...... 42 1, 

Crypro'p""d,"m hemi,,;, (proto>o.) 
c.u.ing perSislenl di.rrhea in AIDS 

palient., 544, 
di.rrhea c.u«<l by. nita>oxanide to t«at, 

m 
Crypro'p""d,"m (proto,o.), 3SO, 354, 

c.u.ing waterborn< di.rrhea oulbre.k.<. 
329. 355b 

chlorine-, .. ist.ncr and, 355h 
.merging infecliou. disc ..... nd, 417, 
intcrleukin-Il .nd. 493b 
pre,·enting outbre.k.<, 355b 
tran.mission rout ... 355b 

cry.I.1 viol<l 'I.in, 68, 69 
in Cram 'toin,69, 70[. 87 

cry<Ial (CV-I) complex, 69, 87 
CSP (cerebro.pin.1 fluid), 610, 611. 612f 

'pin.1 lap (lumbar punclure). 614. 614f 
CSP (colony-'tin>ul'Iing f.clor). 492 

gen<Ii .. Uy enginerred. Ih"'p<ulk u"'. 
258.1601 



CfL {cytotoxic T Iymphocyt<}, 487,489/, 
496/,529, 545 

cancer c<ll and, 537, 537/ 
CUCUmN", I.ctic acid fermentatio n . nd, 

135b 
Cultx (mo<q uito) 

•• ,..,ctor for .Tbo.in,] en«ph.liti., }til" 
413r,618b 

as ,..,ctor for St. Loui. enceph.lit;" 628b 
Culis,," (mo<quito), •• ,..,ctor for ea,ter n 

equine encephaliti', 628b 
cuhuu, 164 
cuhur< media, 164-169 

.g.r, 139, 159, 165,343 

.ltem.t i,.., methom to, 40J4--.105 
chemically defined, 165, 165, 
complex, 165, 166, 
cTiteri. for, 164-165 
different ial, 139,139[' 168-169, 168/, 169/ 
enrichment, 169, 169, 
filt",tion . nd, 191 
fo,"eroN', 167-168, 168/ 
for anacro!Jd., 166-167, 167/ 
for growing bacteTioph.ge<, 374, 377, 377/ 
Hoemophi/", b.cteri. and, 311 
nUlrien' broth/nutrient 'K"r, 165 
reducing medi. , 166 
.. It concentration .nd, 159 
.dcrti,·e, 168, 169[. 169" 28S-286 
solidifying .gents, 165, Sre aha 'K"r 
'p«i.1 '«hniq u<s, 167-168, 168/ 
S1erili ... tion . nd, 164-165, 191 
.ummary, by type/purpose, 169, 
Ir.Ce dement. and, 160 
".n.port, 284 
vim"" .nd, 374, 377-379 

curd, in ch",« production, 798-799, 799/ 
cut.ncou' .nthrax, 645, 645[. 6SOb 

virulence of, 430 
cut. ncou' diphtheria, 678 
cut. ncou' myco«. (denn atomyc"",,), 337, 

338" 600-601, 600/ 
letocon.,ole to tuat , S68 
pot ... ium hydroxide (KOHl to diagnose, 

W. 
cutides 

of flukes., 356, 356/ 
of t'pe",orm., 356 

CXCR4 (chemokine cor<cepton ), 541 
cy.nide 

combined with enzymes to pu><nt cdl 
funct ioning, 120 

iron .nd, 120 
cy.nobacteria, 301[' 30 I I, ll J-31 5, 3 14/, 

314, 
a llealine h.bit.1< . nd, 37 
as n ilrogen fIXen, 17, 160, 314 
as phot<>autotroph., 143---145, 143[, 30 I I 
environment.1 role of, 314 
evol utionary contrib ution. to life on 

Earth , 314 
fo .. il. of, 277 
g •• vacuoles and, 96, 314 
h.bit.t .nd, HI/ 
import.n t genera of/'p«i.1 fcatuu., 301, 
in taxonomic hier.rchy, 30 I I 
lichen •• nd, 339 
pH rang«.nd, 37 
photo.ynthesi, .nd, 140, 143---145, 143/, 

145, 
phylogenetic ulation.hip', 281/, 313---314 
po,ition in nolutionary tl<'<, lI5/ 
« Icrted characteri<tic., comp.red, 31 4, 

cy.nocobalamin (. it.min 611), 117, 
Cyanaphora pamlloxo, 177, 277/ 
cyclic AMP (cAMP) , 22S-216, 216/ 

amocba-produced, 35 I, 352/ 
cyclic compounds., 43, 43[. 47 
cyclic photophosphorylation, 140, 14 1/ 

cyclic R group, cha",cteri'tic of various 
.mino .cids, 43, 4J[. 44, 

cyclic .tructure, 43 
Cytimpora, 329, 350, 354, 
Cycw;pora '"rt,nne"''' (proto"'an ), 350, 

354" 417" 731, 734b 
Cycw;pora di.rrheal infection, 731, 734b 
cyclo'porine, d iscovery and . uccessful tran'-

plants, 536 
cYSl<ine (cy') 

d i,ulfide bridg« of, 45, 46/ 
,tructural formul.lcharacteri't ic R group, 

'" cystic .Cne, 453 
cystic fibro, i., 18 

biofilm.forming P. """'gino'" in . 57b, 163 
biofilm •• nd, 163 
Burtho/lltrI" infection •• nd, 306, 308 
DNA seq uencing to identify c.u«, 261 
genet ic.lIy engin«ud enzyme used to 

Ireot, 260, 
hUllomom" infection •• nd, 30lI 
tobramycin to contrull'«ullorno"a; infec-

tion. COmmOn to, 565 
cysticerci,357 
cysticerco.i., 358, 73 2-733 
cystiti., 746. 748b 
cysts of protozoa, 3301, l46 

ch lorine d ioxide activity .goin't, 197 
of Chi/oma",x, 347/ 
of Ciardia, 347/ 
oocyst of Apicomplexa .nd, H6 
raist.nce to chemic.1 biocide<, 203, 203/ 

cyt (cytochrom«), 129-130. 119/ 
cytochrome c oxid.«, 139 
cytochrome O>.ida«, 116, 
cytochrumes (cyt), 129-130. 119/ 
cytocid.1 eff«t<, 44 1 
cytokine .tOTm, 492, 511 

of 1918 influenza p.ndemic, 694 
cytokine<, 436, 450, 462, 491 -492 

•• chemic.1 messengerS of immune cdls, 
491-491 

•• ther.pe utic .gent<, 492, 493b 
cellular immunity .nd, 491-491 
chemokine<, 
hematopoietic, 492 
in B cdl .ctivation. 482, 481/ 
in ceUulaT immunity, 491-492, 496/ 
in humoral imm unity, 469, 482-484, 481[' 

492. 496/ 
in ti« ue r<p.iT .t.ge of infl.mmator y 

rapon«, 463 
inflammator y rapon« .nd, 461/, 462 
interferon. as, 469, 492 
interlcukin-I (IL.I), 437.438, 
interlcukin-Il (IL- Il ) a. "m. gic bullet ; 

493b 
overproduction (cytok.ine , torm), 492 
ph.gocyto.is . nd, 459 
rules of. 450 
«<uted by T cell., 478 
.ymptom. ind uced by, 436 
to>.ic at high concentration., 437 
tumor n«""i. f.ctor .Ipha (TNF-a), 437, 

438/,492 
cytoly.i •• 454, 455, 

by complcment .ctivation. 464, 464[. 465, 
465/, 466, 466/ 

cytomegalo.iru., 643b, 658 
a. AIDS-associ.ted d i«a«, 544, 
cytop.thic eff«t. of. 443, 
eye inf«tion. in AIDS p.tients. 542, 658 
ind u.ion bodies of, 385 
pregn.ncy and, 760 
typic.1 U,S, pr<".lence of .ntibodies 

against, 567, 567[. 568 
Cy ,om'X"/omu. (HHV-5), 375" 643b, 643b. 

'" 

cytomeg.lo.iru. retiniti •• 542, 658 
cytopathic effe<:15 (ePE), 44 1-441, 442[. 443t 

in cdl cuhurc<, 378 , 378/ 
CYlophogo genU!/'pp., 324, 777 
cytopla'm 

eukaryotic •• 99/, 11)0..101 
in prokaryotic ,"" eu learyotic 101, 
prokaryotic cell. 80/, 81[' 94 

cytopla'mic membra ne. Sre pla.m. mem o 
br.ne 

cytopla.mic 'tr<.ming, 101 , 101" 352, 353/ 
cyto.ine (C), 47, 48[' 211 

in DNA replication, 1 11_11 5, 214f-216/ 
in Ir.nslation phase of protein 'yn thc<i" 

216,118/ 
cyto.keleton, 101, 101. 

in .. ,in' .nd, 433 
pathogen. use of actin in, 433 

cytosol,IOI 
cytoS1ome, 330,. 346 

of euglenoid,. 351/ 
of Porom .... i"m. 350/ 

cytotoxic re.ctions. 513" 526-528 
a. Typ< II hyp<rsen.itivity " action, 52}" 

516-528 
d rug. ind uced, 528, 529/ 

cytotoxic T lymphocyte (CTL), 487,489/, 
496/,529, 545 

canCu cell and, 537, 537/ 
cytotoxin., 435 

disc. "" c.used by, 438, 

o value/DRT (decim.l ",d uct ion tim<). 188 
D.gluco«,43 
dadizu m.b.537 
dairies, di,infe<:tanlS used in, 197 
d.iry Cow,, Nnef,1< of bGH to milk produc. 

tion, 267. 267, 
dairy equipmen t, chloramin« to .. n itize, 

197,104' 
d .iry produc15 

butter/b uttermilk, 779 
ched< , Sec cheese 
cuhured SOur cream. 799 
«tim.ting bacteri.1 population. in, 176. 

178/ 
g.netic.lIy engineered rennin . nd, 267. 
microN' used in productio n of. 798_799, 

'WI 
pasteuriz.tion of, j 90-191 
phosph.tase t«t and, 190 
yogurt, 799 

dalfopTi<t in . S66 
dalfopTi<tin (Synercid). mode of .ctionl.p<c. 

trum of activity, 561. 
dandruff, 586 

MO"'!l5<zi. c.u.ing, 338, 
dapsone, to tr.at lepro.y, 610, 632b 
daptomycin, S66 
darHieid micro«:ope, 59. 60/, 66, 
Darwin, Charl«. 27. 
daughter cell' 

DNA 'trand •• 1. 211, 114, 214/ 
in flow of genet ic inform.t ion, 211.113[' 

1I4/ 
17, 19 

deami""tion. 136,771, 771/ 
death, fneT .nd, 463 
deoth {logarithmic d«lin<} ph.« of b.cterial 

growth Cur"", 173[. 174 
death ral< of microN', .ntimicrobial .gent< 

.nd "ponenti.1 death ",1<" 186, 
186 •• 187/ 

deathc.p muiliroom (Ama"ila pha/kJidc<), 

'" debridement, 616 
d«arboxylation, 127, 128[. 136 

b iochemic.1 test fOT, 138, lJ9/ 
d«im.1 uduction t ime (OKT /D valu<), 188 

INDEX 1-13 

deci meter (dm). metricIU.S. equivalent , 55, 
decolorizing . gent in gr.m , t. ining. 69 
decompose" 

fungi a •• 330 
oom),cotc< ... 345/ 
water mold. a', 344 

decompo.ition re.ctions. 32, JJb 
deep .freezing 

to co ntrol microbial growth, 19.j, 
to pre«r"" bacterial cultur«, 170 

deep .... hydrotherm.1 ""nt<. microN • ....,· 
ciated with,I58 

d..,r, a. di«.« r""'TVoi". 410" 651b 
d..,r fly ( Chrywp,). a. ,'crtor for tularemia, 

361,.363[.641 
d..,r fly fever, 641 
d..,r mice, a. disease r<1<TVoirS, 410, 
d.fec .. ion, 452, 471 , 
d.f.n ... ofhuman body. 5« immun ity 
d.f.n.in., 579, 584 

prod uced by 
neutrop hi 1<1 m.croph.gc<hpi theli · 
urn, 470 

d.f.n.i"" cell' of inn.te imm unity, 472. 
natur.1 killer (NK) cell •• 454, 455,. 472, 
ph'gocytCl, 450/. 457-460. 457/, 472, 

d.fin iti .... host, 349 
of Echi"otoccu, gmnu/o,us, 358, 359[' 361, 
of Porogoniml" .. «"rmoni, 356, 357/ 
of P{",modium vi,'ox, 349-350, 349/ 
of «Iected parasitic helmin th., 361, 
of To,,,;' "'gino'o, 357, 361 , 
of To",;' ",/ium, 357_358, 361. 

d.generacy (of genetic code), 219, 126-117, 
m 

d.generative evolu tion, 310 
d.germin&,dcgermation, 185, 185., 197. 104, 

a lcohol .",ab. as, 197.104' 
"'"p' ". 199, 1041 

d 'g,.d . t ion of .yn thetic chemic.l. 
bio"med i.tion, 775, 776/ 
co mpo"ing.776 
solid m unicipal w.'te, 77S-776 

d 'g,.d . t i,,, ch.mic.1 re.ction •. Sre catabo · 
li.m 

d'granulation, 524, 524/ 
d.hydration, fe.'<T .nd. 463 
d.hydration ' ynth,,;" ].8, 39[' 114 

pept ide bond. formed by, 43, 45/ 
d.hydrogen. scs, 116 
d.hydrogenation, 122, 136. Sec 01", 

O,idation re.ctio n 
bioch.mic.1 t«t fOT, 138, 1J9/ 

Joha nn, IS. 
d .layed hypersensitivity reaction., 529-53 I. 

53O/ . 531/,53 Ib 
a. Type IV delayed ".c· 

tions, 52}" 529 
T cell. and. 519-530, 530/ 
tr. n.plant rejection .nd, 529, 531 b 

d.layed .on"" blood'tream infe<:tion<, l64b 
Max. 10/. 14, 

delirium, fcver .nd, 463 
d.ha hep.t it is. Se! hepa.iti. D 
ddtaproteubacteri., 301,. 312 

import.n t genera/.peci.1 featuu., 301. 
characteristic<limport.n t gen-

era/dinic.l features, 376. 
den.turntion , 45. 119, 119/ 

.nt imicrobi.l agents .nd, 187 
by moi.t hcat , 188-190, 189/ 
by posteurizat ion, 9, 190-191, 194, 

dendritic cell •• 454, 455,. 490 
.nt imicrobi.l protein. (AMl':I ) .nd, 471 
a •• ntigen-pr<<<nting cell •• 476[. 490, 490/ 
in «<ond line of defense, 450, 450/ 

dengue, 376" 417 •• 659, 660b 
Aid« m""luito •• v«tOr, 361" 413. 
•• emerging infcrtiou. di«.«. 417, 



1-14 INDEX 

dengue hemorrhagie fever (DHF). 659. 660b 
a' emerging infectious dis<.s<. 417, 

denim blue jean •. m.de by microb< •. 3b 
den",1 cari« (Ioolh d«.y). 707_709. 707/. 

708/.710& 
caus<d by S"ep,",oau, mu,am. 319. 

707-708.708/ 
denUI plaque. 707 

asbiof,lm.431 
dexlran. A(linomya •• Slrep''''''',u; mula", 

and.431. 440 
dentific.lion. 770/. 771 
deoxyribonuclea<a.. 590 
deoxyribonucleic acid. &t DNA 
deoxyribos<. 39. 47. 48/. 211 
Orrm.unto, amlerroni (wood lick) 

as v<clor of R"."".i. rirkeru,i. 4lJI 
Rocky Mounuin 'roaed b 'er lran'miued 

by. }62,. 655 
Orrm.unto, "",iabilo< (dog lick). Rocky 

Mount.in spoued feva lran'mined 
by. 655 

dermatiti, 
Mnkl1«'zia cau,ing. 3381 
h,,,lomon,,,. 591. 5H-594 

derm.tomyco .... (cul.neou. mycoscs). 337. 
338,. 600-601. 600/ 

k<locona>ole to t",al. 568 
r<>1 ..... ium hydroxide (KOHl to diagno",. 

dermatophytes. 337. 600 
derm.tomyco",. (cul.neou. mycoscs) 

caus<d by. H7. 338, 
keralin.s< <TI>yme ",cr<led by. H7. 600 

dermicidin.470 
dermis. 451 . 45 1/. 585. 585/ 
descriptiv< epidemiology. 419 
des<n.itization.526 
d«icc.tion. to control microbial growlh. 192. 

194, 
designer jeans. m.de by microbes.. 3b 
lXtulfo.ib,io d<':lul/"",an;. meTtury eonumi-

nalion .nd. 33b 
lXtulfo.,b,io genuslspp .• 30 II. 112. 777 

an.erobic respiration .nd. I Jl 
as .ulf.le redu«:n. 30 II 
found in inl"'Iin.1 lracts of humanl 

animals. 3 Il 
Dcsulfovibrional«. 301 '. 312 

a' ,ulfur reducing Mcteria. 312 
imrort.nt genera/'peci.l fcatu", •. 301, 

Dcsulfuro<occalcs 
imrort.nt genera/speci.l f .. lu", •. 302, 
in ta,onomic hieraTthy. 3021 

d<lergent (SDS).157/ 
d<lergenl1. 199 

anionic .• usceplibility of gram.n<goti,'e .;, 
gram-po,ili,-e bacleria to. 88, 

as .ntimicrobial.genU. 199. 204, 
calionic. I99.104' 
gram-negativ< bocleria and. 87. 88, 

deuteromy«:lcs. uncla«ified. H5 
l:ku"rom;n>la.335 
<kv<loping eountri«. p.>,..,ili.c di ........ and. 329 
d<>escovinid,. 107b 
dextran. 40 

Artinomy'd. S,rep,",omd mu'an' and 
denial plaque. 43 I. 440 

dextran,ucra"'. produced by Slrep''''''',u; 
mu,"",.440 

DHAP (dihydroxyac<lone ph<><phale). 124. 
1l5/ 

diab<tes 
gene therapy .nd. 18 
in,ulin produ«:d by bacteria and rONA 

t«hnology.247 
diab<tes mellitu, 

in,ulin-d<p<ndenl.533 
mucormyco,i. and. 338 

diagnostic immunology. S07-5 18, &t ./'" 
diagnostic tool. 

fu tu", of. 516---517 
diagnostic tool. 

agglutination r<aclion'. 510-5 12. 51O/. 511/ 
complement-fixation ",aclion •. 512_513. 

514/ 
DNA probn and. 5 17. &t .1", DNA probes 
<TI>yme.linhd immunosorb<nt assay 

(EUSA ). 514-5 16. 518/ 
nuorescent-.ntibody (FA) te"s. 51 3-5 14. 

515/ 
for HIV del«lion. 545 
for . iraIRNA. 545 
monoclonal antibodies. 507_509. S08/ 
neutralizalion reaction'. 51 2. 51 3/ 
pr«ipitotion «aclion •. 509--510. 509/. 510/ 
rONA tcchnology and. 262 
",n,iti.ity .nd. 507 
'p«ificity and. 507 
W"'lem blotting. 287. 289/. 379. 5 10. 5 16 

dialysis patient •. at rid for gram-po.iti,'e 
"'p,is,640 

diar<d«i •. 461/. 462 
diaphragm. of rompound light micro"'0r<. 

diarrhea. 710 
antibiolic a.sociated. 4381 
cholera.nd. 309. 437. 438, 
C/o,tridium d'fficilr -a,soci.ted. 4381. 720. 

720b 
cryptosporidio,i •• nd. 10-21. 354, 
C'YP'o'f>O"d,um c.u,ing. 3541 
Cy<impora ,ay"nne"''' cau.ing. 354,. (17, 
fsch.""hia coli 0 I 57:H7 and. 10. 83. 84/. 

113.417' 
hemorrh.gic. (17, 
infant. 239 
inf.nt mortalily and. 710-711 
micro'rora cau,ing. 348. 354, 
n"""'omi.l. 41(1 
r<r<iSlent. in HIVI AIDS patients. 542. 5441 
IT.v<lds. 239. 310 
w.terborn e (""",.tional). 3SO. 355b 

diarylquinoline. experimental . nti-TH drug, 634 
diatom'. 341/. l43. 343/. 34l , 

identifying. 343 
in kingdom Stramenopil • . 343 
neurological di",.", caused by. 343 
oil storage by. 343. 343, 

DIC (diffe«nlial interference contrasl) 
microscor<. 60. 61/. (,6, 

DIC (di«<minated intravascular coagul.-
tion).437 

dichotomous keys. 293 
ex.mpl", of. 283b. 185/. 303 

D,,,yo,,e{,um. 351/ 
differential cullu", media. 168-169. 168/. 

169/.1691 
to idenlify pathogenic fsch<,r;,hia coli. 139. 

139/.169 
differential interferen«: Contra,t (DIC) 

microscor<. 60. 61/. (,6, 

differential ,uin,. 6'J-71 
.cid-fast 'tain. 70-71. 71/ 
gram s"'in. 6'J-70. 70/ 
us<d to identify microorgani.ms. 285 

differential white blood cdl count. (54. 455,. 
4>6.457 

diffraclion of light rays. 60. 60/ 
diffu,ion 

chemio.mo,is and. 1300l 3 I. 13O/. lJ 1/ 
faci litated. 91 _92. 91/ 
simpIe. 9J, 92/ 

diffu,ion m<lhod, (10 evaluate .ntibiolic 
",n,itivity) 

did·diffu,ion method. 195. 196/. 101 b. 
572. 572/ 

E test. 572. 573/ 

DiCeotge', .yndrome. 538. 539, 
digestion ... pha'" of phagocylo,is. 457. 458/. 

'" digesti,'e .id •. l 
dig«ti" system. 705--742 

f«al-oral cycle. 705 
inf«tion 1'>, intoxication. 710 
microbial di",.",. 

bacteri.l. 707-721. 710b, 722b 
fungal. 729-730. 734b 
helminthic. 7Jl-737. 735b 
protowan. 730-731. 734b 
viral. 72 1-729. 724b, 729b 

norm.l microbiota of. 706--707 
ruminant. microb<. in biofilm. and. 163 
SlTuctu«lfunclion. 706. 706/ 

dig«ti,,, 'ystem inf«tions. RroviriJa" and. 387 
dihj'druxyaC<1one pho'ph.te 

in bi<><ynthesi. of lipid,. 147/ 
in lipid c.taboli,m. 136/ 

dihj'druxyaC<1one pho'ph.le (DHAP). 124. 
115/ 

diiodohydroxY'luin (iodoquinol). to t«at 
intestinal .moebic di",.", •. 57l 

diiodohydroxY'luin. mode of action!u ...... 

dilation. of blood , .... "'Is (vasodilation). (60. 
461/ 

dilution I",IS of .nlibioti«. 572-573. 573/ 
dime" 

«<",tory 19A. 480 
unrepaired . • nd ' kin Can«:n. 231 

dimorphic fungi. H2. 33lf. 338, 
dimorphism. 332. 332/ 

"'xual. 358-J59 
Dinon.gdlat. 

blOQm' of ccrt.in 'p«i« indicate rolluted 
w.ter.344 

characleristics of. 343, 
in kingdom Stramenopil •. 343 

dinonagdlat« .• s prolowa. but of len "udied 
with . lgae. 346 

dinonagdlat« (plankton) (algae). 341/. 
343-344.343,. 3(4/ 

dioccious pa""ilic helminlh,. 354-355 
dir<plide. 43. 45/ 
diphtheria. 19. 95. 237. 677-679. 678/. 681 b 

1990'. epidemic .• nd adult voccin.tion 
booster. 4 18 

a' emerging infectious dis<.",. 417, 
a' notifiable inf«liou, di",a",. (1 I , 
Coryn<barterium d,phll"r;,,< cau,ing. 310. 

471,.678 
cut.neou' diphtheria. 678 
cytotoxin's m«hani'm of .<lion. 438, 
membrane in thro.t chanclai"ic of.678. 

678/ 
toxin causing, &, diphtheria toxin 
voccine. OS. SOl. SOh S04,. 678 

diphtheria toxin. 435. 436. 4381. 439,. 441 
as examp le of A-S toxin . 435. 436/ 
mechani'm of aclion (model). 436/ 
produced by Corynebarterlum {Iiph,her;"e, 

237.438, 
if inf«IM by lysogenic phage corrying 

'ox gene. 4}6. 436/ 
•• ccine produced from purified. S02, 

diphtheroid, 
as norm.1 microbiot. of <ye. 401/ 
as normal micrubiota of noS<. 403, 
as normal micrubiota of run. 586 
as normal micrubiou of u",thra. 403, 

dipirolinic .cid. 97 
diplobacilli. 78. 78/ 
diplocucci. 77. 78/ 
diploid «:U line<, 378 
dir«1 .gglulination te<l<. 510-511. 511/ 
dir«1 COntact transmi .. ion. 410. 41 0,. 411/ 

in nosocomial inf«lion •. 41 5-416 

dir«1 ELISA I«IS. 514. 515-516. 518/ 
dir«1 FA t"'l<. 5 13. SIS/ 
dir«1 fl.ming ,terili ... tion. 191. 194, 
dir«1 micr<>«opic count of ba<leria. 176. 

177/.178 
dir«1 (po.iti,'e) ",lection method to identify 

mutation •. 231 
Dorofikl'ia imm"" (nematode). 360. 360/ 

Wolbarhi. bacleri. es"'ntial to. 360 
disaccharides. 39. 39/ 
di",aS<. 400, &r .1", inf«tioo< di"'as<" 

microbial di",.",. 
.cute.406 
chronic. 407 
communicable. 406 
cont.gious. 406 
degenaati" .• ;, infecliou •. 4()4 
diagno''', anlibody pre<cnc< (lg1>I) and. 480 
diagno,i. of. 406 
duration or "',,,rily of. (06-407 
<TIdemic.406 
epidemic. 406 
frum cooperation among microb< •. 404 
fulminating. 602 
general pr inciples of. 399-418 

cl ... ific.lion.406-407 
emerging. 416--4 18 
etiology. 400. 404-406 
hospital-.cquired. (13-416 
normal microbiota and. 400-404 
patlern' of. 408-409 
spread of infcction. 409--413. 444 

germ theory .nd. 9. II. 404. 477 
incidence. 406 
infectiou,. 19. 40(. &t.1<o inf«liou. di,· 

<= 
inherited (genetic). v<. infectious. 404 
microbial. &, microbial diS<as<. 
noncommunicable di",a", •. 406 
oeCur",n«: of. 406 
p.ndemic.406 
pathogenesis of. 400 
pathogen. and. 399 
pathology.' 'tudy of. 400 
p.tlern, of. 408-409. 408/ 
predi'ro,ing facton. 408 
prevalen«:. 406 
"'If-limiting. 676 
",vaity Or dur.tion of. 406-407 
sign' .nd 'ymptom •. 406 
'poradic. 406 
'pread of. 409--413. 444 
"agesl«quen«: of ev<nlS during. 408-409. 

408/ 
syndrome<, 406 
v;. inf«tion. 400 

di"'a« re"'rvoin. 409. 41 0, 
animal and hum.n. 409 
nonliving (soil/water). 409 
of >oono",</with tnnsmi«ion m<lhod,. 

410, 
di,infect.nt< 

alcohols. 197_198. 1981. 103,. 204, 
.ldehydes. 200. 104, 
antibiotics ••. 200 
bacteria thai can grow in. 196/.102. 449/ 
bacterial pl •• ma membnne damaged by . 

" biguanides. 196-197. 204, 
bisphenols. 196. 196/.103,. 204, 
Ccpacol, 199. 204, 
chemical food pre<cr .. li,-e<, 199-200 
chemical ,terili •• tion . 100-201. 205, 
chlorhexidine. 197. 1031. 104, 
con,ideration, in choo,ing. 195 
copr<r.198-199.198/ 
detergent<. 199 
early uS« of. I I 
<v.luating effectivenes • . 195 



formaldehyde, 200 
glutar.ldehj·de, 200. 203,. 1051 
h.logen •. 197. 2()4, 
hydrogen peroxide, 102 
mercmy, 199, 203, 
peroxygen., 202 
phenolics, 195, 196/.1031 
phenol<. 195. 196/ 
pla,m. ,terilization. 201 
,ilver, 196-199. 198/ 
'ilver ,ulf.di ... ine. 198. 1041 

199 
,ulfUT dioxide, 199 
,uperrritic.1 fluid>.. 101-102 
,urf.ce-.cti ... gent<, 199 
Smf.cine, 196-199 
temp<Tlltme .nd df«tivene« of. 186 
typc. of. 195--202 
u",,-dilution te<l<, 195 
"t . • nti<q>tics, 185 
'inc. 199 

di.inf«tion. 185, 185, 
ev.lu.t ing dfcctivene" of, 195. 196/ 
principl« of. 195 
w.ter t",atment, 781/. 783 

di.inf«tion .nd rdea"" in <ew.ge t",atment, 
785, 785/ 

disl·diffu.ion method. 195. 196/. 201 b, 572, 
572/ 

disseminateJ intrav,scu",r coogul. t ion 
(D1C).437 

dissemin.tion of di«a"", 409-4 13. 444 
dilSimilation, n3, n4/ 
dilSimilation pia'mid" 2J8-139 
dilSimilatory metabolism , 312 
dilSOCi.tion (ionization ), n. 35/. 36/ 
di.tilleJ wat«. microbi.1 growth . nd, 159 
di,ulfide bridges. 45. 46/ 

antimicrobi.l agent< .nd. 187 
of .ntibodies, 479. 480/ 

di verSity, genetic, 23 I, 241 
dm (decimeter). metric/U.S. equivalent. 55, 
DNA. 39. 47 

amplification of, 247 
antimicrobi.l agent< .nd. 187 
bacterial chromosome. 94-95, 97/ 
ba"" pairS. 211 
bull'" vi. gene gun •. 253. 254/ 
complementary (eDNA). 254-255, 255/ 
complementary .tructure .nd duplic.tion 

of.211 
conjugation. 16. 84 
damage/destruction by radiation. 193, 194, 
double helix, 47, 48/. 58/. 211 
enzyme< of replication procd<, 111-215, 

214/. 215/. 11 5,. 116/ 
exper iment< with b.creri. and science of, 

" for identific.tion purpo""', 286-294 
from mummi«/extincr plant".nim.I •. 

261.264 
genetic tran.formation and hereditary 

inform.tion, 135--2J6 
in bacterial binary fi«ion, 171/ 
in prokaryutic edlJeukaryutic cellJeukary-

otic org.nell«.1761 
"junk: 161 
local ion in eukaryutic cell., 102-103 
loc.tion in prokaryutic/b.cterial cell, 80/. 

94-95 
mitochondrial, 105 
muugenic .gent< and. 218-133 
mut.11ion .nd. 226-133 
"n.keJ: .ndlron,formation pr<>C«<, 234, 

m 
of viru""'. 371-372 
probe., 256--257, 257/ 
protein involved in rcp.ir of. 65/ 
protein .ynth«i. and. 147 

lttombin.nt, 16 
STM microscope. to view. 65. 65/ 
"ruCtu"" 47, 48 / 

•• ,uperroiled (twi.ted ), 212 
complement.ry nalure .1I0wing for 

pr«i« du plic.lion, 211 
linear ""quence of ba"", of. 211 
p.ired DNA 'Irand •• nd. 21 3-21 5. 214/ 

.up<rroil«l "r.nd. in replication procd<, 
112-213.214/ 

'ynlhetic, 255, 256/ 
ultraviolet lighl d.mage to, 193. 194, 
v.ccin«. 50}..';O.( 

DNA base compo.ition. to identify microor-
ganism •. 288-289 

DNA chip •. 161, 292, 293/. 5 17 
DNA fmgerprinling. 262. 290 

foren,ic microbiology .nd, 161. 264/ 
to identify micrub«. 189-290.190/ 
to track infcctiou. di""a"", 162. 264/ 

DNA gy"'''''. 115, 
DNA hybridization 'Iudies 

by colony hybridization. 256-257. 157/ 
in cla«ificalion of microb«, 279 
u.ing DNA chip technology, 192.193/ 
v.lue to underStanding .. ·olutionary rela-

tionship., 178 
DNA lig."", I 16,. 216/ 

in m.king recombinant DNA. 250. 250/ 
DNA oncogenic viru""', 391 

viral f.mili« found wilhin. 391 
DNA polymeTa«. 21l. 2151, 216/ 

in polymera"" ch.in ",.ction (PeR) 
proce«.15 1,5S2[ 

proof",.ding c.p.bility of, 1 14-2 15 
DNA probe., 256, 291, 517 

by colony hybridization. 256-257. 157/ 
by Southern blotting, 263/. 291, 192/ 
DNA chip lechnology and. 292. 293/ 
to identify pathogen .. 256-157. 157/. 162. 

291 _192, 291/. 293/ 
DNA rep.ir 

by exci.ion rep.ir. 130-13 1, 2JO/ 
by light-rep.ir en'ym«.DO 
import.nt en'ym« in. 215,. 230 
radi.tion c.u,ing eITO" in. 130 

DNA ",p lic.tion. 1I2-11 5, 214 / -1l6/. 215, 
5' to J' diltttion of DNA 'trand>.. 214, 

214/.215/ 
bidirectional replication in b.cleri •. 114, 

217/ 
energy . upply for. 114, 215/ 
rn>yme< imporl .nt in. 112-11 4. 1151 
genelic informal ion flow .nd. 111, 213/ 
in DNA viru""" 3S5--3S6. 3S5,. 386/ 
mi.t.h, in. 114-21 5, 216-233 

rot« for .pont.nrou, erro ... 23 I 
mi.t.h, in (mul.tion.). 226-D3 
nudroside an.logs and, 210/. 219-130 
rodi.tion c.u,ing eITOrS in. 130 
replication fork. 113-214. 114/ 

evenl< .t (.ummary). 216/ 
in E«"eri,hia coli bacteria. 214, 117/ 

""miron""rv.ti,·e, 21l 
DNA "" .. r« transcripta"" viru""" 385, 
DNA ""quencing, 261 _162, 261/ 

fungi and. 274 
DNA'lrand, 

blunl end" 249, 2SO/ 
complementary, 211 
sticky end •. 215,. 241/. 249, 2SO/ 

DNA ,ynt he<i. 
anlibiotics that inhibit. 567 
from nud""id« wilh deoxyribo"", 214 
nitrogen requirement .. 160 

DNA lechnology 
commerri.1 'uccess« of, 258 
Ittombin.nt, 16. &t also recombin.nt 

DNA (rDNA) t«hnology 

DNA lempl.te "rand, 215., 216. n 8/ 
DNA lran,fer, pili', role in. S3-84 
DNA vaccin«. 259 

.dvant.ges of. 506 
DNA ,'eclor< (gene-cloning ,·cctor<lcloning 

vecton), 247. 148/. 250-251 , 15O/. 
151/ 

requir«l properties. 250 
DNA viru"", 

bio'ynth«i. of. 3S4,. l85-386. 3S5,. 386/ 
th.1 inf«t hum.n. (, ummary). 375, , .• 
as di""a"" r<S<n·oir<. 410, 
bit« of, Pa'"u,..!''' m"/'",,,/" tran.mitted 

by,311 
hearlworm in , 360 
",porleJ c."", of rabies in , 62 4/ 
tapeworm &hmoc""u' l mnulo'"t in, 35S. 

359/ 
vaccinated .gain" lerto'piru<i., 324 

Doherty. I'<ler C. 15, 
dolphin. 

bottleno"". 2S3b, 183/ 
M.ui,2S3b 

Dom.in Arch.ca. 76.. 274_175.175/. 176,. 
300.325 

memberS of. 275, 275/ 
po,ition in nolutionary tre<, 275/ 

Dom.in Bacteri. , 274, 175/. 276/, 300-315. 
&t "I>" b.cteria; prokaryut« 

po,ition in evolutionary tre<, 275/ 
po,ition in taxonomic hierarchy, 2S0/ 

Dom.in Eukarya, 274, 275/. 276,. Set also 
cubryot« 

Kingdom' in, 275/ 
po,ition in nolutionary tre<, 275/ 
po,ition in taxonomic hierarchy, 2S0/ 

domain name. defined, 279, 2S0/ 
domain, 

Dom.in Archae •. 76.. 274_175.175/. 176,. 
300, 315 

Dom.in Bacteria, 300, 300-302" 302-325 
of the three·domain .y.tem. 6. 274-277. 

275/.276/ 
domoic .cid intoxic.tion, 343 
donor celb, in gene tran,fe", 2J4, 234/ 
double covalent bond, 3 1 
double helix, DNA. 47, 4S/. 211 
double-'Iranded DNA viru""'. 3851 

en,·dopcd viru""'. 375,. 385/ 
noneveloped viru""', 375, 

double-'Iranded RNA viru""" 385" 3S8/ 
nonem,<lopcd viru""" 376, 

doxycycline. 565. 646 
Dra",n,ulu, midi,"n'" (guinea worm). 13. 

Uf 
drain dcane,., 1, 17 
drink.ing waler 

liquid form of COm pre""" chlorine gas 
u""d to di.infect. 197 

p .... itic protow. ond, 354, 
droplet tran.mission, 41 I. 411/ 

di"" .... 'p",ad by. 41 1 
drotrecogin .Ifa (Xigris). 640 
DRT/D volue (decimal ",duction time), 188 
drug resi".nce. 12-13. See al>o antibiotic 

""i't.nce 
drug-induced cylotoxic ""clion', 518. 519/ 
drugs 

.nlibiotic .. 12-13, Uf. &t also antibiotic:< 

.nlimicrobi.l, 553--583. &t a/so .ntimi· 
crobi.l drugs 

'ynlhetic, 12_13 
dry heat "erilization. 191 
dry weight .•• me.'ure of microbi.l numben.. 

176-179 
DT.r vaccine. 616, 678 

Ittommended schedule, 504. 
Duchenne. muscular dY'lropny, 18 

INDEX 1-15 

duck.<, influenza A viru"", .nd, 19 
dUClS. of m.le reproductive ,y.tem. 745, 745/ 
Dulbecco, Renato. 10/.14, 
dura mater, 6 11, 612/ 
du" mite<. 525, 515/ 
DulCh elm di""a"". 339 
dj·e deriv.tiv« .... ntimicrobi.1 .gent .. 12 
dj·es 

.cidic,68-69 
b .. ic,68-69 
gram-negati, .. b.cteri •• nd. 87 

dysentery. 71 0 
.moebic. See amoebic dysentery 
b.cillary. Set shigello.i. 
Balantidium coli c.u.ing. 350. 3541 
epidemics .• ntibiolic r«i't.nce .nd. 239 
life· threatening, Shigtlla .nd, 3 10 

dy'uria.746 

EAEC (entero.ggregali,,< E. coJj). 717, 72lb 
caroch«, Haemophilu. ;njl","mr cau,ing, 

'" Earth's carbon cycle, Pelagi""",.,- ubiqut role 
in , 303 

e .. tern equine encephaliti. (EEI'J Tog<lv;rut ), 
375', 615. 6Ub 

eating uten,il< (""t.urant). calcium 
hypochlorite (chloride of lime) to 
di,infect, 197.104, 

E6 viru'. See Ep'tein-6.rr (£6) virus 
Ebol. hemorrh.gic fever (EHf ). 20 

as .n <TI1erging infectious di«_, 20, 417, 
Ebol. virus, 637/. 659. 659/. 660b 

as an emerging infectious di«a""', 10, 
417', 659 

•• filoviru •. 373/. 376, 
•• hdic.1 viru •. 373. 373/ 
•• potenti.l biological weapon. 649b 
.ize of. 369/ 

echinoc.ndin •. 569 
echinoc.ndin. (.ntifungal<). 564, 
E,hin",o"''' grallu/o;u, (t.peworm ). 35S, 

359/.3611 
life cycle, 35S, 359/ 

E,hin","',," m"I,,"""lar", 359/ 
echoviru""'. 375,. 3941 

as opportuni.tic pathogen •. 404 
eclip"" period in virol muitiplic.lion cycle, J.8O 
ecological niche (ho't range ). of viral 'pecie<. 

'" ecology, microbial. 17 
Eco RI re.triction en'yme. 249,. 15 1/ 
eco'Y'tem', without ' un ligh t, 773--n4 
eclomycorrhizae, 767. 768/. 769/ 
eclopic pregn.ncies. pelvic inflammatory di.· 

e_ .nd, 751 
eclo'ymbio.i<,107b 
Edelm.n, Ceroid 1>1., 10/. 14, 
«lema, of inflammalion, 460 
«lema toxin. of Ba,iII"t 645 
EOTA (ethylenedi.minetelraacetic .cid). S9 
EEfJ T"l:a""u, (co'tern «luine enceph.liti.), 

375', 615. 6Ub 
d.viren', 571 
d1omithine. 10 Ireat African <Ieeping 'ick-

ne", 
ECf (epidermal growth f.ctor). genetically 

engineereJ, heal< 
bum"wound"ulcer<. 260, 

"" embryonat«l, to grow viru""', 377_37S. 
377/. ';0.( 

food .1Iergi« .nd, 515 
EHEC (cnterohemorrh.gic E. ,oli), 717_718, 

7IS/. 72lb 
EHf (Ebola hemorrh.gic f,,'<r). 20 
Ehrlich, raul, IO/. 12, 14,, 477.478,554 
EhrliC"'" ,"aff""';' 

ehrlichi ... i. c.u""d by,654 



1- 16 INDEX 

Lone St.r tick ... «tor. 654 
peR u«"<l to identify. 191. 654 

£hri,,",a genus/,pp .. .lOO,. 303 
arthropod v«,orS th., tr.n,mit. 413, 
U obligatdy intracellul., hum.n 

pathogen •. 3001.){)3 
ehrlichi"";. and. 291. ){)3. 351,. 362,. 410,. 

413, 
rn<rw:rir<ltran.mission method. 410, 

ehrlichi""; •. 291. ){)3. 35ll. 362,. 41 0,. 41 3,. 
651 b.654 

a. notifiable inf«tiou, disease. 41 1, 
c.u •• ti .. agenll.rthropod ,-«tor. 41 3, 
human granulocytic .napla.m",i •• 291. 

651 b.654 
EtA (en.yme immunoa .... y). 514. 677. 755 
EIO" Su emerging inf«tiou. di«'1a 
EIEe «nteruinv .. ive E. coij), 717, 723b 
d«trulyte imb.lancr<, fe .. r and. 463 
d«trumagnetic field., in pl .. m. sterilization. 

201. 205, 
electrum.gnetic u«d in el«tron 

microscope •. 
dectrun ,cc<ptorS.){).){)[ 

final. in enagy.producing prO<c<la, 133. 
134[.137I, 141.143[ 

d«trun c.rrier< 
in energy prod uction. 14 1, 143[ 
u«d in oxid.ti,-e pho.phoryiation, 123, 

m[ 
d«trun donor<. 30. 30[ 

in energy prod uction. 14 1, 143[ 
d«trun micruscopes/micT<>1<opy, 16, 6}..(i5. 

64[.67, 
classification of micrubd and, 174 
",.nning el«trun micru"'ope (SEM), 

64-65.64[,67, 
tran.mission de<tron micT<>1<opc (TEM ). 

63-64.64[,67, 
viral 'iu and, 369. 369[ 
virUIa .nd the in .. nlion of, 368, 379 

electrun <hell •. l7[. 28.19, 
d«trun tran.fer<. cocn.yma import.nt in. 

117,.111 
d«trun "an'port, .it.min K a. cocn.yme 

u«din,1171 
d«trun tran.port ch.in ('y<tem), 123, 114. 

115[. 129-1){).129! 
u me<h'nism of ATP 'ynthai. (chemio.-

mo,i.), 130--131, I){)[, 131[ 
AT? yidd, 131, 
in aerobic respiration, 119-132. 119[, In[ 
in eulclryolic cell •. 129, 131[ 
in pho,o'ynthai., 140. 14 1[ 
in prolclryotic cell •. 129, 131[ 

d«tronic cdl counte ..... 176, 178. 178[ 
eI«tronic configurlltion', 17. 27[, 28. 29, 
electron •. 27, 27[ 

chemical bond, .nd, 18-32 
in ceilular oxid.lions., Ill, 111[. 123! 
in ioni.ing radiation, mutagen. and. no, 

,m{ 
u«d instead of light in microscope" 

w .. dength .iu, v,, th.l of .i.ible light. 63 
el«trophoT<,i •. Ste gd d«trophorc<i. 
electroporation, 253 
dementary bodies, of Chu,mydophiu, p,i"aci. 

122, 323[. 689 
clement< (chemic.l). 27_28, 27, 

isolOpe,,27_18 
traCe. 117.160 

elephanti •• i.,444 
EUSA (en.yme-linked immun010rbent 

..... y). 287, 188[, 514_5 16. 518! 
HIV .ntibodia detecled by. 516, 5 18[. 545 
'yphili •. 755 
Toxopu,'l1Ia go",/jj dctwed by, 3SO 

EIICTTTIan. Wilhdm, 389 

dm tl<'<', Dutch dm dise.se .nd Or.'''')':Ilj, 
uimj fungu •. 339 

embalming chemicals., 100 
EmWen- Meycrhof p.,hw.y <&iyeoly.i.). 124 
embryo form. lion among eulclryolic 

microbe •. 3){), 
embryon.led <gg< 

inHuenza .iru«. grown in to m.ke v.c· 
cine. SOl! 

10 cultUT< animal .iruse •. 377-378. 377! 
embryonic stem cell. (£SCs). 535, 535[ 
emerging eubryotic pathogen •. 319 
emerging infecliou. di«a«< (ElIh). 19-1 I , 

223b, 416-418 
criteria for identifying, 416 
ex.mpla of, by microbelyc.r/di«a«, 417, 
factOr< contributing to, 19, 416. 418 
genetics important to undeT<tanding. 210 
no<o<omial, 4l2b 
vaceine de,'dopment and. ';06 

viral hemorrh.gic fne", 637. 659--MJO. _. 
£mf''lj''g I,,!wlou, Disease< (scientific jour. 

nal).418 
emphy«m., 260, 
emtricitabine. 57 1 
emul,ification, l99 
enanthem ra,hes, 586, 587[ 
Enbrel (el.nere<pl ). 509 
enc<ph.liti •. 61 I 

.. boviral. 624--62 6. 616[ 
Culrx mosquito u .. ctor. 362,. 4131 

a<cptic.123b 
Bau,m",hi4 cau,ing, 348. 354, 
California enc<ph.liti. «rogroup. 376,. 

626. 616[, 628b 
fatal, frum rabies. 622 
gr.nulomotou •• mebic. 348, 617b. 617b, 

'" Hendra .iru. 417, 
lap.nese 8, 626 
Nip.h .iru. c. u,ing. 417, 
progreMi .. , 394, 
raCCoon roundworm cau,ing 

(Bayi;"'«ari, pro<yon;,). 417, 
,ub.cute ",lero,ing panencephaliti< 

(SSPE). 392, 394. 
w ... t Nile, 19-20. 212, 113b.113[, 626 

enc<ph.liti. virula," potenti.l biologic.l 
weapon,649b 

ency<tmenl of proto,,,,. 346 
end'producI, 110. In 
<TId'producl inhibitionlfccJb.ck inhibition. 

120-12I,lll[ 
end.product< of fermentation. I H, 134[. 

USb 
industrial or commereial u«', 137, 

endemic disease. 406 
endemic murine typhu., 303. 410, 

c.u .. ti ... gentlarthropod ,-«tor, 41 3, 
Rjd""j. Iyphi .. c.usal agent, 303 
Xrnop'ylu, (rat H .. ) .... ctor tntn'milling, 

endeTgonic ,hemic.l re.clion •. 32, 114 
Ende", lohn E, 141 
endo meJium. for enumerating ,oliform •. 

177[ 
endocarditi •. 641 . 64 1[, 643b 

acule bacteri.l. 64 J. 643b 
gonorrheal, 748 
,ub.cute bac'erial, 641 , 641[. 643b 
v.ncomycin-re.istant enterococci .nd, 

417, 
endoeyt",i., 100, 384, 
endoO.gd", (axi.l fil.ments), 82-8J. 84[, 322, 

324[ 
<TIdogenou, 'nligens., 438 
endogenou, pyrogen. Se, interleukin·1 
endolitru.771-774 

<TIdomyeorrhi>ae (.csicular.arbuscular 
my<orrhi>ac), 767. 768[, 769[ 

endonudease •. 21 5,. n I 
<TIdopia'mic reliculum (ER ), 10). 103[ 

rough, fj9[, 103, 103[ 
'moolh, 103, 103[ 

endoscope •. pcrocctic .cid .nd. 201 
<TIdo'pore ,u'p<n.ions., to test for ,ucceMful 

sterili>ation. 190 
<TIdo'por«, 71, 71[. 96-98. 97[ 

alcohol. and, 197. 1031, 104. 
bacterial. Vi. 'pores of other 

prokaryot«leulclryo'e<, 97, 332 
boiling water ,ur.i .. ] lime and. 98. 188 
chemical antimicrobia" .cli.ity against. 

103.203, 
chlorine dioxide activity against. 197 
desiccation and. 192 
ethylene O>.ide and. 101 
formation pr<>CcM, 96-98. 97[ 
fungal .pore. compaT<d to, Hl 
heating 10 destruy. 185, 188 
high preMure techniqua to control. 192 
in f<>Od;tulfs., r.diation dOIa necJed to 

kill, ;971 
iodine and. 197 
microbial death Curva and, 186. 187! 
of 317-318. 317[ 
of C/oS/",li,ml bowimum. 30 II, 316-317. 

316[ 
of thermophilic b.cteri., 98. 158 
rc<ist.nce to chemic.l biocide<, 103[. 203, 
st.ining, 71, 72[, 721, 96 

end"'ymbionts.175 
endo'ymbio'is., 106 
endo'ymbiotic b.cteri •. 106, 277.177[ 
endo'ymbiotic theory. 106, 175 

prokaryotic cell.leulclryo,ic organell ... 
compared. 176,. 177 

endothelial cells., 45 I 
endot(Uic 'hock (gram-negati .. «p';,). 437, 

MO 
endotoxin •. 435[, 437, 438[, 439, 439, 

.ntitoxin. and, 439. 439, 
u immunotherapy for CanCer p.tients. 538 
U lipopolysaccharid«. 437, 439. 
.utod .. in8 and, 439,. 440b 
blood-dotting protein •• ctivated by,437 
ex.mpla of microOc; that product. 439 
exotoxin. v' .. 439, 
fever (pyrogenic re'pon«) and, 438[. 439' 
gram-negali,,,, b.cteria and. 437, 4391 
lethal do« .nd, 439, 
lipid A •• , 437, 439, 
prop<rti« of. 437, 439 

comp.red to exotoxins., 4391 
.ymptom. induced by. 437, 439, 
toxicity of, 439, 

energy 
.ctivation, 115, 115[ 
<dlul.r 

active transpon. 94 
c.rbohydrata a. "'uree of. 39 

chemical, AT? and, 47-49. 49[, 114, 11 4[ 
chemical reaction. that rdea«, 113. 114, 

114[, Sa alto cataboli'm 
chemical reaction. that require, 113. 114, 

114[, Set alto .naboli.m 
coupling an.boli, and catabolic reaclion., 

114.114[ 
group tran.location 94 
high.energy bond" III 
organi.m, d ... ifieJ by their "'UITe of. 

142-145.143[ 
PEP .nd. 94 
polenti.l. in gluco«, 112 
radiant, 193. 193[ 
required for a chemical reaction, liS, IIS[ 
.upply in DNA replication, 114 

energy l<>e" of electron •. 28 
energy production mechani<m •. Il l-In 

.<robic T<Spiral;on, 127_131, I H[, 141. 143[ 
aerobi<i.nacrobic re'piration, fermenta-

,ion compared, 137, 
.naerubic rapiration, 117. 131, 137" 141. 

143[ 
by carbohydrate cataboli.m, 114-135, 125[ 
by lipid c.taboli.m, 136-137, 136[. 138[ 
by protein cataboli.m. 136-137, 136[. 138! 
fCTmentation, 9, 114. 115[, 132-134, 134[. 

USb, 136[. 143! 
met.bolic p.thw.y •• nd. 123 
number of ATP molecul<> produced/glu. 

co« molecule. 137, 
oxidation-reduclion re.ction" 116" 122, 

111[.123, 113[. 141, 143[ 
pholo.ynthai" 140. 14 1[ 
",urc«for, 141. 143f 
.ummary, 141 

energy "orage.lipid. function in, 146 
energy "or«. alf«ling rate of biochemic.] 

re.ction" 1>0 
enfuvirtide. 571 
enrichment cult ure medi., 169, 169, 
£"ramo,ba Ili'!",r, 348.354' 
£"ram""ba hi""{y,ica, .mocbic dysentery 

c.used by, 348. 348[, 354., 731_732. 
731[. 734b 

etaneTCept (Enbrd ). 509 
enterics. 309-3 I I. Sec aw Enlerob.cterial<> 

bacteriocin, produced by and «ologic.l 
b.l.nce in inlalines, 310 

biochemic.l test, to iden,ify, 285. 285[, 
1S6-287. l86[, 309 

dinical imporl.nce of. 309 
entero.W<'g:tti .. E. (oli (EAEC). 717, 723b 
£,,'crobartcr arrog""<' h",pital-acquired 

inf«tion. cau«"<l by, 311 
£"'"obart,, riM"", h",pital-acquired infec-

,ions c"u«"<l by.31 1 
£"'crobart,, genus/.pp .. 30(),. 31 I 

.ntibiotic r«i<1.1nce high in. 319 
a. enteric b.cteri •. 185, 311 
u norm.l microbiota of large in'aline, 

403, 
U opportunistic pathogen •. .lOO, 
fCTmentation and. 134[, 309 
no<o<om i.l inf«lion. and. 319, 414, 414, 

Enterob.cteri.ceae, 280[. 285 
Enterob.cteTi.]« (order), 180[. J09-3 II 

important genera.!.pccial feature' , 300, 
enterob.ctin, b.cteri.l .iderophore •• nd. 434, 

434[ 
£,,'crob,u, vcrmjruu,r;<, 358, 360[, 361, 
enterococci. 3 19, 640 

c.u,ing «plic .hocl, 643b 
natural raist.nce to pcnicillin , 640 
vancomj'cin-re,istant (VRE), 417,. 563, 

577b,640 
£"',,O<"I)«(US ["trail<, 319 

cl ... ifi<ation .nd, 179 
indwelling cathele" and, 3 19 
leading c.u« of nosocomial inf«tions., 

319.640 
penlose pho'phate pathw.y .nd, 117 
.urgic.l wound infe<tion' and, 319 
urinary lract infeclion •• nd. 319 
v.ncomycin-re.istant, 11-13 

raist.nce tran,ferred 10 Siaphyloro«:u< 
a"reu< vi. Tn 1546 tran.po><:>n. 14 I 

£"',,O<"I)«(U' [atrIum , d ... ific.tion and, 179 
£"',,O<"I)«(U' genus/.pp .. lOll, 319 

a. cau,ing nosocomial infections., 414, 414, 
u normal microbiota of large inl"'line, 

403, 
U norm.l microbiota of urethra, 403, 
u opportunistic pathogen •. ){)I,. 3 19 
cl ... ification and, 179 



entCTohernonhagi< Ii. co/i (EHEC), 717_718, 
723b 

enteroinva,i,-e Ii. ,oli (EIEC), 717, 723b 
enterotoxico.i., staphylococc.l. 711_712. 

71 1/. 722b 
enterotoxigenic E. ",/, (ETEC), 717. 723b 
enterotoxin', 435 

di<casd cau<cd by. 438. 
produced by CkmriJium ,lijJicilr. 4381 
produced by E. 'o/i .t,..in •• 310 
prod uaJ by S.aphykK",,,,, aUr<us, 318. 4381 
produced by Vibrio ,no/"at, 437, 438. 
'I.phylococcal. 430, 417, 439., 440 
".,,,Id. di.nhe •• nd. 438. 

Enterotube II , 2U/ 
E"I"o,-iru, genuS/.pp .. 375. 

cytopathic df«\< of. 443. 
pregn.ncy .nd. 760 

Entner-Doudoroff p.thw.y, 127 
in purine/pyrimidine bio'ynlhesi., 147. 

148/ 
E"lornoplu.ga fungu •••• pest conlrol. 339 
entry st.ge, in animal vim. rnultiplication 

cycle. 38J. 384 •• 386/ 
en,-elope. virol. 372. 372/ 
en,-elopcd helical virusc<, 373 

IlIjlUf'IIUlViru", example. 371/. 373 
en,-elopcd polyhedr.l virusc<, 373 

herpc; .irnple. virus a. exarnple, 373. 387/ 
en,-elopcd viru<c'. 372f, 373 

bigu.nide di.infect.nts and, 197 
biocidal re,i<tance and. 103, 203/ 
helical. 372f, 373 
polyhedr.l. 373, 387/ 
qua" .cti¥< against, 199. 104. 

environment.l mi<robiology. 766--792 
i<sucs in biolechnology, 268 
oil-degr.ding bactnia .nd oil 'pill,. 33b 

environment.l niche< 
gianl Mcteria .nd. 326 
rnicrobial diverSity .nd, 315-326 

environment<, extreme. 4.175 
en,yme imrnun ...... y (EIA). 51 4. 677. 755 
en,yme poi<ons, 110 
en,yme.linked immuno"'"rben' .... y 

(EUSA), 287. 188f, 5 14-516, 518/ 
direcl ELISA ICSl<. 514, 515-516. 518/ 
indir«t ELISA te'ts, 514. 5 16. 518/ 

en,yme"UMtr.le cornp1c.. 115. 115f, 
117-118, 118/ 

en'ymes, 42. I I 5-111 
.rnyLt<c'. 40 
a. biological cal.lyst<. 11 5 
bacterial virulence .nd, 431--<133 
biochemical te.t< to detect pre«nce of, 

138--139, 139/ 
<ellulasd u«d in "stone-wa.hed" -icon. 

production.3b 
da .. ifica,ion, by type of chemical reaction 

catalyzed. 116, 116. 
<oagula«., 432 
<ofaclorS, 116, 116/. 160 
<01l'genase. 4Jl 
<olli,ion Iheory and. I 15 
components of, 116--117. 116. 
denalu .. tion of. I 19. 119f, 194. 
efficiency of, 116 
extTllcellular, 92. 92/. 321 
extTllcellular (cocn'ymcs), 432 
filtntion u<cd 10 sterilizc, 191 
genes' re",tion.hip to. 16 
hy.luronid.<c.432-433 
in baClerial pl .. m. mcmb,..ne., 91 
in cytop l.smic Ouid of proLuyote., v<. in 

organelle. of eulcaryote •• 101 
in DNA replicalion. 112-1 H, 215/ 
inhibitorS of, 120-121. 120f, Ill/ 
lin.<c,.432 
ligh t-rep.ir (pnololyasd ), 2 151, 2]0 

rnechani,rn of action. 117_118. I I 8/ 
rnechani,rn thal pre,-enl 'ynth«i< of, 

221-216 
rnet.bolic pathw.y •• nd. 123 
rnet.bolic p.thw.y. of cell; .nd, 114 
rnicrobi.l. m.nipulaled 10 .ynlhe.iu new 

,ub't.nce'. 1 
naming of. 116 
phage ly",",yme. 380 
phololya<c •• 215/, 230 
produced by Mc'eria th.1 bre.k down 

large molecule. for crossing pla.ma 
rnembrane.92 

regulation rn«hani,rn. 
induction. 224. 124/ 
repression, 224, 114/ 

"'Iriction. &t restriction en,yme. 
role in <oordinaling .n.bolic/cat.bolic 

""clion',147 
>h.pe/molecular weigh"struc,ure of, 45, 

46/. 116, 187 
'pc<ificity of. 116 
'treptococci'produced, .nd lissue destruc· 

lion.3 18 
'ynlhe.i •• f.Clor< inO uencing, 118 
'ynlhe.i. of. 122 
l<rnpcrature .nd, 115 
lurnover number and. 116 
vir.l. 379, 380, 385 

eo,in dye. 69 
eo,inophi", 454, 455. 

.dhning to para.ilic Huke I"',-.e. 492/ 
as ",cond line of dcfen<c. 450/ 
hist.mine relea<cd by, 454 
produce loxin. against p .... ite •• 454 
'1.1ining .nd. 454 

epidemic di<caS<, 406 
epidemics. emerging infectious di«a«. and. 

19_11 
epidemiologi,ts. role in ho.pit.l inf«lion 

<ontrol,416 
epidemiology, 4111-422, 419/. 42 1. 

analylic.1, 419-4 20 
caS< reporting, 410 
deseripti¥<, 419 
early effort. of Nightingole, Scmmdweis. 

Snow. 418 
ex.mples of epidemiological g .. phs, 419, 

419/ 
experiment.l, 
inform.tion SOufCe' in. 420 
MMWR·. imporl.nce 10, 420 
rnorbidilY r.le/mort.lily r.le and, 420 
nolifiahle infectious di«a«, rcpom. 420 
puhlic health departments, st.le and feder-

.1,420 
lopies of study, 4111-419 
Iype. of in,-estigalion', 419 

epiderm.1 growth fa<lor (EGF). a, rDNA 
product in rnedicallher.py.26O. 

epiderm i., 45 I, 451/. 585. 585/ 
as phy.ical barrier to rnicrobe., 451. ,,, 
<ut.ncou' myco<c< and, H7. 3381 
fungal inf«tion •• 337 

Epu1ermoph;10n 
•• pathogenic fungi, 338. 
rc«n-oinltr.n.rni .. ion m<lhod. 10. 

Ep,J<rmoph;10n (fungu,) , 600 
epiglotti', 675. 675/ 
epiglottili<, 452, 4711, 631b 

Haemophilu, ,njJutnlllt cau.ing, 311, 613 
epinephrine, .naphylactic >hock and. 524 
epilheli.1 cell. 

of muCOu' membr.nes. 451 
of .kin, 451 

epilhelium 
ca,hdicidin. produced by. 470 
dden,in' produced by. 470 

epilopc; (""tigenic determinants ), 478. 479/. 
480.484 

EPO (erylhropoietin), gen<licaUy engineered 
10 treat anemi •• l60. 

EPS (extra<ellular polyrneric .ubst.n«) , 81 
ep.ilonpro,rob.cteri., 301, 3 12 

import.nt generaj'p<:<i.l fealure •• 301. 
Epstein, Mi<hael, 1Of, 391 
Epstein-B.rr (EB) virus ( Lymphocryp.o,-iru,) 

Burkitt '. lyrnphoma as<o<ialed with. 643b. 
65'Hi56.657/ 

cancer.nd.391 
incubation period, 430. 
inf«tio", mononucleosi. cau<cd by,430., 

"" POrl ... of entry, 430. 
pregn.ncy .nd. 760 
""clivated in HIV I AIDS p.tients. 542 
lypic.1 U.S, prevalen<e of .ntibodies 

.g.in<1. 567. 567/ 
Epulopu,ium genu.Ispp .. 30 II, ll6-317, 3 16/ 

as gi.nl bacteria, 3011, 316-317. 316 
equilibrium, in .imple diffu,ion proc"" 91, 

"f 
equiv.lcnllrealment<, 191 
ER (endopla.mic reliculurn), lOJ . 103/ 
ergol poi<oning, 729-730, 734b 
ergot toxin , 443 

a. notur.1 ","ufCe 15D {Iy<crgic .cid 
dicthylamide).443 

ergoli'm.443 
ErwmUt genu".pp., 300., III 

a. plant palhogen., 300 •• 31 1 
nysipeLt •• 319, 591. 591/ 

cau«d by Strep.O(O(,u. pyogrne<, 406 
ra.h cau<cd by. 59lb 

Ery<,(,<lo.hrix rhu'lOpl1lniaf'. 183b 
nylhem. inf«lio.um. &t fifth di<c.<c 
ny,hrublastosi, fet.li<, &r hemolylic discaS< 

of newborn 
nylhro<yte. (red hlood cell.), 455. 

.gglutinalion by en,-dope 'pike. of 
inHuenu viru« •• 376. 

blood agarand, 168. 168/ 
function. of. 4551 
in inH.rnm.tory "'pon«, 461/ 
p .... ile. 

&br;Ut mICron. 350 
Pkumo,lium viv<lx, 348-350, 349/ 

ery,hrogenic loxin', 417, 4381, 441. 677 
Sirep.""",u, pyogen«. 137, 437. 438. 

ery,hrolilmin , dye u<cd in li tmus p.per 
extTllcled from lichen •• 340 

ery,hromycin. 566. 5661 
inhibit< prolein 'ynlhe.is, 95. 556--557, 

556/. S58/. 566 
mode of a<lion/'pectrum of activity. 562. 
produced by Saalu.ropo/y;portl try.hmea. 

555. 
ery,hropoictin (EPa), genelic.lIy engineered; 

u«d to t«al . nerni. , 260. 
E«hcrich. Throdor, 3, 10/ 
Esehf'r;,nia co/i. 3/ 

. dhcsin. on firnbriae, Shigf'lIa .nd, 43 I, 
431/ 

.gricult urally imporl.ln' products geneli. 
cally engineered in. 167, 

a. cau.ing nosocomial inf«lions, 414, 414. 
a. faculwi,-e .n.erobe, 161 
as importan' biologic.l r""a",h tool, 3 10 
.. normal microbiota of large int«line. 403. 
bacteriocin. produced by, 40 I 
beneficial .ctivitie. of. 10 
biochemical test, to iden,ify pothogeni<, 

139. 139f, 169 
ceph.lo'porin r«ist.nce lron.ferred 10 

s"lmonrlla enleric<l by, 577b 
chernically defined medium for growing. 

165. 

INDEX 

colony.stimulating f.ctor .nd.1601 
compelence . nd, 236.253 
conjugotion in. lJ6.--137, 238/ 
cys,iti. cau<cd by, 746 

1-17 

di,infect.nt< ev.lualed hy disk-diffu,ion 
rnethod,I96/ 

DNA «p lic.tion by. 114, 217/ 
E. ",I, 0157;H7 "roin 

and laboTlllory ICSt<. 87 
... n cmcrging inf«liou. di«aS<. 20, 417, 
as "'rOvar<. 82 
cuitu« rnedia .nd, 169 
emerging infectious di«asd and, 20, 

'" genelic r«ornbin.tion .nd, 416 
hemolytic urem ic .y ndrorne (HUS) 

and. I Hf, 1I O. 718 
naming of. 310 /oolnort 
oulbreak lracl<cd by DNA fingerprint-

ing.264/ 
Shigo loxin gene .nd, 210 
lomat"'" .nd. 310, 714. 715b 

Eco RI restriction en,yme u<cd in rONA 
l«hnology.2491 

endot""in' produced by .nd genelic engi. 
neering .nd.157 

enteropathogenic "rain •• 440 
epiderm.1 growth fa<lor (EGF) .nd, 260. 
feedback inhibition in. 121, Ill/ 
g.strocnlcrili<, 717_718. 718f, 723b 
genelically engincer<d ph .. maceutical 

prod ucts produced by, 260. 
genelically enginc<<<d to produce gene 

product< (e.g .. gamrn. interferon), 
257-258, 257/ 

genelically engincrrrd to produce pharma. 
<eutic.1 products, 259.160. 

genelically modified, 246/ 
genelically modified to produce gomm. 

interferon. 246/ 
genelically modified, to produce human 

growth hormone, 247. 260. 
genorne has been m.pped.161 
growth rale of E. 'oli on &!uco<c. 22'>-126, 

226/ 
interferon. produced hy.16O. 
l.cto« mel.boli<rn in. 214-225. 114{, !l5/ 
leukemia therapy .nd, 260. 
no<o<om i.1 inf«lion. and. 414, 4141 
nurnber of H .nligen. for, 82 
oxygen .vailabili,y and, 156/ 
pathogenic strain., Shiga loxin .nd, 382 
p.thogenic. T.qM.n .ystem uSC; PCR 10 

idenlify.191 
penlo<c pho'phale palhway .nd, 117 
plasrnid ,-«lOr pUC 19 u«d for doning, 

251/ 
position in laxonomic hier.rchy, 280/ 
Pl-elonephrili. c.u<cd by, 746 
R«A protein (STM im.ge). 65/. 68. 
s"lmonrlla str.in •• nd, df«1< on ho<!'. 

plasrn. rnembr.ne. 433, 4H/ 
.iu of. comp.red to <clected viru«', 369/ 
'hal cau<c' diarrhea in inf.nt< .nd " .. "I· 

CT1.239 
tr.nsduction in. 237, 239/ 
".¥<Id, diarrhea enteroloxin. and. 438. 
,wilching motility in. 83 
used in indigo production. 3b 
u.ing 10 ,ynthe.ize gene products, 

257-258, 257/ 
Esehf'r;,nia gonuS/.pp .. 31 0 

as enteriC<, 285, 300., 310 
as pathogens, 3001 
ferment.lion .nd. 134/ 
in la.onomic hier.rchy, 280/. JOO. 
oxida« l<'land. 139 
rcsist.nce plasmid R 100 .nd, 239. 140/ 

ESC. (ernbryoni< stem cell.). 535, 535/ 



1-18 INDEX 

e<ler group. 38. 
e<ler linhge. 40. 41/ 
ETfC (enleroloxigenic E. ",1". 717. 723b 
elhambulol. Soli] 

mode of .. Iion/'peclrum of activily. >62. 
elhanol.37 

Amo"""er .nd. 139 . .\03 
as. biofuel. S07-11Ol1 
a •• nlimicrobial .genl. 198. 198 •. 2001. 

'M, 
as fermenwion end-product. 1341. 135b. 

136/.1371.332 
as primary met.bolite of indu.lrial fer-

ment.tion. S03. 804/ 
biotrrhnology .nd. 246 
Glurono"",ur .nd. }o3 
industrial u'" for. 137. 

elher group. 38. 
elhic .. 1 ;"'u«. of genelic engineering. 268 
elhylcne O>.ide gas. 200-20 I 

vt, hydrogen peroxide ga., 202 
elhylenediaminelelraacetic .cid (ED11\ ). 89 
eliology.400 
Eu,alyp'llJ .peci«. inf«led by Phy'oph.ho,a 

'lnllamoni.344 
Eugkna (alg.). Aagdlum of. 98. lOOf 
Euglenoid>.. 356-351. 351f 

algae .nd, 346. 351 
as pholooulotroph., 350. 351 
h.bit.l. 34 1/ 
red ey«p<>t of, 3>0. 351/ 

Euglenozoa, 356-351. 351f 
as pholooulotroph., 3s.o-351. 351/ 
p<>.ition in nolutionary tl«, 275/ 

Eukary. (domain). 6. 274, 2751. 2761 
algae. 340-345 . &r alto .Igae 
Arch.ea compared t<>, 276. 
.rthropod. as , .. Cto" .nd, 361-363 
Bact«ia compared 1<>, 2761 
fungi, 330-339. &r aim fungi 
hdminlh., 352-361. &r al5l> hdminth; 
lingdom. in, 2751. 281-182 
protowa, 345-351. Su also protozoa 

cubryotu/eukaryolic cdls.. 4. 76. 99/ 
active tran.port procc<.<c< u«d by. 94 
analomy 

cdl w.lI. 98. 99/ 
cili •• nd A.gdla, 98, 99/. 100/ 
Aagella .nd cili., 98, 99/. 100/ 

as , .. hid« for «pre"ing genelic.lly engi-
neered genes.. 258 

characteristics thaI di<lingui.h, 77 
dassific.lion of, 275/. 181-282 
doning genes from, 254-255.155/ 
DNA .rr.ngement of, 76 
evol ution , 106. 275-278, 275/. 176, 

Cyallopho,a paOli/OX"" modern «.01-
pic of, 277.177/ 

genelic recombination in. 134 
m.jor difference •• mong, 3301 
muwion identification .nd. 231 
nueleu., .nd prohryotic c"mmat" 

obmmglobu<. 322, 3l2/ 
organdl« of. compared to prohrYOlic 

«11',275.176 •. 177 
origin of. 1O{, 106.175-178.1751. 276 •. 

277/.321 
pholo.ynth«i. in, comp.red 10 prokary. 

ot«.145. 
pholo'ynthelic.6 
plasmid. and. 138 
princip.l difference. between prokarYOlic 

cdlsand, IOlt.l06 
prohryotic «II. compared t<>, 77. 81 , 82 , 

95, JOlt 
protein .ynth«i. in, 220.112/ 
ribosomal differences, 95 
Sa«h",omyut ""vitlat •• best under-

<1000 genome. 158 

• ize of. vt. prokaryotic cell •• 10lt 
typical «II .tructure. 99/ 

euhryotic pathogen., o><r half world', ropu-
lalion infected wilh, 329 

euhryotic 'p«i«, 279 
taxonomic definilion of, .s, prokaryotic 

.p«ies.. 279.281 
Europe.n COrn borer, 267 
Euryarchacot.,.102. 

gram-posilive to v .. i.ble archae., 302. 
eutrophication. 779 
evaporated mill •• Igae-produced Ihidene .. 

u .. d in, 343 
ev.porating rond., sol ... extreme halophiles 

(archae. ) found in. 325 
evolution 

Cal1<lndkl tUIWi', .m.1I genome .nd, 326 
cy.nobacteria fossi l evidence, 3 14-315 
definition of. 174 
degenerati,'e.310 
EIDund, 19 
eubryotic. 106, J07b 
genelic.lly modified crop. and. 168 
microbial p.thogenicity. virulence .. nd, 428 
mut.tion rat« .nd. HI 
nalural ",1«Iion .nd, 274 
nuelropl •• mJnudcopla<mic «II. as uni-

ver",1 .. ncestor. 175. 275/. 177-178 
of the three domain •. 175-277, 275/. 176 •. 

277. 
phylogeny .nd. 274 
<p«i« .daplalion .nd genetic mutalion, 231 
'y'temali« .nd, 274 
\VoJN,hia'. unique biology .nd its inAu-

enCe on, 307b 
evolutionary «lation.hip. 

eladogram.to m.p, 293.194/ 
to determine, 292 

"udy of. 174 
evolutionary Ircc 

Ihe thr«-dom.in 'y"em, 274.275/ 
Thtrmoro:ga ma,i.ima ncar origin Or "root" 

of, 277 
ex.nlhem ra.h«, 586, 587/ 
exch.nge «aclion., 38 
eutgonic chemical «action •. 32, 114. 214 
eutgonic hydrolysi., 214 
exfoliation. 588, 588/ 
exfoliative toxin., 239. 588 
exocnzym« (extracdlular en>yme< ). viru-

lence and. 432 
exon., 2151, 220, 221/. 254-255. 155/ 
exonuel .. « •. 215. 
exotoxin •. 42. 434-437. 435/ 

alte«d (inactiv.ted ) •• toxoid., 435. 439. 
as en>ymc<, 434 
.. one of mo.t Ielha! .ubst.nc« known, 435 
as protein., 434. 437 
di ...... c .. u«<l by. 438. 
endoloxin. vt.. 439. 
gene< of carried on b.cterial plasmid, or 

ph.g ... 434 
lethal d<>k .nd, 439. 
naming of. 435 
propcrti« of. 434-435, 435/ 

compared 10 endoloxin., 439. 
representative exampl« of. 436-437 
'ymptom' induced by. 435, 439. 
loxicily of, 439. 
Iype. of. 435-436 

A-8 toxin., 435, 4361. 4381 
cxotoxin A and .Ireptococcal M pro· 

lein., 591 
membrane-diSrupting 1000in •. 436. 4381 
,uperanligen', 436, 43S. 

experimenl.l epidemiology, 420 
exponential growlh (log) ph_, in bacteri.1 

growth Curve, 173, 173/ 
expression . gene. 111. 1 13/. 11(}-221 

ext .. «lIular .ntigen •. in humor.1 immunity . 
482. 482{, 496/ 

extra«lIular en>yme<, in facilit.ted diffu.ion. 
91 , 92/ 

ext .. «lIular en>yme< (ex<><n>yme<), viru-
lence and. 432 

extra«lIular polymeric .ub.l.n« (EPS) , 81 
extrachromosom.l genelic dements 

(plasmid.), 95 
extreme acidophil«, 325 
ext«me h.lophile<, 4. J 59. 175, 275/. 325 

phylogenetic «lation.hip', 281/ 
f'O, ition in <>"olutionary tr«, 275/ 

extreme thermophib, Set hyperlhermophil« 
ext«mophil«. 325. 767 
ext«mo>ymc<,767 
EXxon Valdez oil .pill (1 989), 17 

bacterial d .. nup of. 33b 
eydid., 451. 452/ 
eyepiea (ocular len.). of compound light 

microscope, 56, >6/ 

infrrtion. 
inH.mmation of (Clinical focu, ), 440b. 

440/ 
Momulla bacleria .nd, 308 
loxic .nterior «gmenl syndrome 

(TASS). 440b 
lacrimal apparat us .nd t .... produced by, 

451-451.452/ 
microbial di ...... of. 603--605, 604b 
normal microbiot. of, 402. 

eye<pot 
of euglenoid., 3>0. 351/ 
of gK<n . Igae, 342/ 

f «II •. &r f faclor 
f faclor (fertilily factor), 236-237.138/ 

as conjugali, .. pla.mid. 238 
f faclor (fertilily factor) cell •• 84. 95. 

236-237.238/ 
fA lest<. &r Huorescent-.ntibody (FA ) t<Sts 
fabric. produced u.ing microbiological 

method., 3b 
faci litated diffu.ion. 91_92, 92/ 
fACS (fluordCence-aclivated «II soTler). 514, 

516/ 
factor B compicment protein. 466, 466/ 
factor D compicment protein. 466, 466/ 
factor P (properdin) complement protein. 

466.466/ 
f.ctor VII , genelic.lly engin«:«d, used to 

tr<Ot hemorrh.gic <1roke.1601 
factor VIII. genetic .. lly engineered, used 10 

treat hemophilia/improve dolling. ,w, 
facult.live anaerobes. 16J . 161. 

fungi a •. 3}o. 
facult.ti .. halophil«. 159 
fAD. in Kreb. cyde. 127, 128/ 
fAD (Havin .denine dinudeotide) 

<Ilzym.tic function., J J 7 
in dectron lran'ror1 chain, 129-130, 119/ 
oxidali, .. pho.phorylalion and. 122 

fADH 
in dectron lran'ror1 ch.in, 129-lJO, 129/ 
in Krebscyde, 114. 125{, 127. 128, 128/ 

fallopian (uterine) tubes.. 744, 744/ 
famcielovir, >69 
fAME (fally acid methyl «Icr) t«l, 10 identi-

fy microorgani.m., 188 
family n.me (taxonomic), defined. 279. lWf 
farm .nimal. 

anlibioti« in .nim.1 feed, 554, >62 •. >65, 
575.577b 

anlibiotic r«i.Unce and. 577b 
linled to human di .. a ... 577b 

anlihdminthic (iverm«lin ) to treat. 571 
as di«a« r«<r>'oi ... 410. 

fasigyn (tinidawl<l. 571 
fa.tidiou. microorgani.m., 165. 166. 

chemically defined medium for growing. 
165. 166. 

tr.n.port medi. for palhogenic. 284 
fat.1 f.mili.1 insomnia. 393 
fat. (triglycerides), 40, 41/. 136 

fat molrrule form.lion, 40, 41/ 
in lipid c.t.boli.m, 136, 1361. lJ8/ 
'ynlhesi. of. 146, 147/ 

fatty acid profiles (fAME ), 238 
fatty acid>.. 40, 41f 

b.cteri., petroicum product. and. 33b, 136 
'" fatty acid>.. 40, 41f 
in biosynthesis of lipid., 146, 147/ 
in lipid cat.boli.m, 136, 1361. 138/ 
"'Iurated, 40, 411. 41/ 
'ynlhesi •. biolin and. 117. 
'mn; fally acid>.. 40 
un<;uur.ted. 40, 41{, 41/ 

fc (.Iem) region of anlibodies. 479, 480/. 481, 
513-524 , 514/ 

f«al-oral cyele. 705 
f«es, 706 

phenolics to di.infect, 195 
feedbacl inhibitiOn/end-product inhibition. 

120-121,121/ 
in regulation of amino acid produclion, 

'" in regul.tion of bacterial gene expression, 
221-226 

fdine AIDS, 377 
fdine leulemi. virus (FeLV ), 391 
feLV (fdine leulemi. viru' )' 391 
ferment.lion, 9, 124, 115/. J 32-134. 1341. 

135b,136/ 
.bility .•• melhod of id<Iltifying bacleria, 

285.285/ 
aerobic r .. pir.lion 137. 
.lcohol, Jl5b, 136/ 
anaerobic r«piration v;" 137, 
end'products, 133. 134{, 135b. 136/. 137. 
foundation figure. 125 f 
indu.trial u ... for different type. of, 137. 
lactic acid. J35b. 136/ 
ofm.nnitol, 168-169, 169/ 
of mill products. 798-799, 799/ 

ferment.lion lest, 138-139, 139/ 
fern., .. eubry •. 6 
ferr itin. 434, 470 
ferrous iron .•• energy "'urce. 145 
fert ilily factor (F factor), 236-237.138/ a. conjugali, .. pla.mid. 238 
fertilily factor (F factor cdb). 84. 95. 

236-237.237j, 23S/ 
f<t.1 calf serum. 495 
f<tal genetic "'reening, 261 
fetus 

IgC .nlibodi« and. 48lt 
immune .y.tem loler.nce of, 534-535 
rejection .. non«lf .nd, 534-535 

fever. 4501. 46], 472. 
as pyrogenic re'pon« to endoloxin., 437, 

438/ 
as «rond line of defen ... 4501. 463. 472. 
Bab";,, m)(,ori ca u.ing. 350 
chilb of, 463 
complication. of, 463 
cytoline< and, 437. 438{, 463 
d<oth .nd, 463 
endot""in' .nd, 437. 438{, 441. 463 
Pklnnodium vivax c.u.ing. 349-350 
prost.glandin .ynthesi •• nd. 437. 438/ 
shivering .nd, 463 
SI"p''''''',u< pyogen« cau.ing, 406 
tumor n«rosi. factor .Ipha (TNF-a) and. ." 

fe'ier bli.te ... &r cold SOre' 
fibrinogen. 460 



fibrinoly<in ('treptokina<c). 432 
fibro.;'" in form ing <car ti«ue.463 
fibrou, protein •• ,bap<l,,,u<tur<: of. 45. 46f 
fiflh di"'a'" (aylhem. inf«lio'mn). 375 •• 

383. 600 
hum.n par",viru, 619 <.u.ing. S89b. 600 
m.<ular r.sb cau<c<l by. 589b 

50S r ibosom«. 95. 95f 
filam<T\t of flagdla. 81. 82f 
filamentous .Igae. 341. 34lf 
fil.mentou. bacteria 

r<:prod ucti, 'e method,. 171. 310 
50il inhab itan .... ctinomy«t« .nd. 310 

filamentous fun gi • • dvant.g« of. 310 
fil.mentou. S"eameTS, biofilm •• nd. 163 
filovi,idae. cha rocte,istic./imporlan' genaa/ 

clinic,,1 fcotu,«. 376. 
Fi/o""",. 373[. 376. 

Ebola virus as. 373. 373f 
filterable .gents. 367. 368 
filterable virulb, 191 
filterS 

HEPA. 191 
memb rane. 191. 191/ 

filtnttion 
<terili>.ing liquid . or g:t"" by. 185 
10 control microbial growth. 177[. 184f. 

191. 191[' 194. 
10 <ounl bacteria. 175. 177/ 
w.ta t,cotment. 782_783. 782f 

fimbr i.<lfimbria. 8J-84. 84f. 412 
of enleri«. 309 
of Ne;"'roa incre"", it< viru-

len«. 431 
of prokaryotic «11,. 80[. 306/ 
of ulerine (fallopian) tube,. 744/ 

fin.1 eI«tron >«epto" during ferment.-
lion/.erobic ""piralion/.nerobi< 
r«piration. 133. 134f. 137. 

fine focu, ing knob. of compound light 
mi<ro«<>pe. 56, 56f 

fingemails., cutaneouS myco<c< .nd. 337. 539 
fir<:.Andrew.151 
firmicut« (low C + C ratios). 281[' JOI •• 

315--316. 316-320 
import.n t genera/'p«i.l featu", •• 301. 

'"" food .lIergi« .nd. 525 
killed by toxic marine . lgae. 344 
tr.n.mitting para.iti< wurm .. 361 

fiSH (/luorc«<T\t in ,itu hybridization). 
292_193. 294f 

to identify new bacteria in marine mam· 
m.l •• 283b 

to identify tooth bactaia. 707 
fi;ber, Edmond H., 151 
flS<ion yc ..... 312 
flTe (/luore«ein isoth iocy.nle). 61 
fi''''-kingdom 'ystem, Whitt.hr's proposal of. 

m 
5' - 3 • d irection. 114, 214f. 115[. 216. 118[. 

'" ';-bromouracil, 229-230, 119f 
flX<d m.crophage. (hi'liocyt«). 457. 638, 639f 
fixedlfixing 'p«imen., 68 

d«tron mi<ro«ope' .nd. 
/laccid paraly.i •• cau<c<l b y botulinum toxin, 

437.616 
/lagell. st.ining, 71. 7lf.72, 

negative st.ining, 63 
/lagella/flagdlum, 71. 81 

bacterial, 4. 71, 80f. 81 -112, 8 If. 82f 
arr.ngement< of, 81, 81f 
in gram-neg.ti¥< v<. gram'po,iti¥< ba<-

t<ria.88. 
<t.ining for, 63, 71. 72f. 72, 
,,,u<tur<:, 81-111. 81/ 

energy u<c .nd. 82 
eubryoti< cell. 99f 

<uhryoti< cell. 98, 99f. 100/ 
evolutio nary a<pe<:". 106. 107b 
in prokaryotic ,"" euhryotic cell •• 101. 
motility .nd, 82_83. S3 
mo,,,,ment in euhryotic v,_prohryotic 

cells,98, 100f 
of .Iga. 98. 100f 
of arch.<zo.ns. 341_34S. 341/ 
of 312 
of Chiloma",x protozo., 347f 
of d inoflagellat«. 344f 
of Eugl,na. 350, 35lf 
of gi.n t bacteria Epuwp,";urn fi,h,lson;, ". 
of H</Kobacter. 312, 313f 
of oomyeo ... por« (zoo'por .. ). 344, 345/ 
of Pro.cm 310, 311f 
of protozo.a. 6. 98. 107b 
of T ,phocrira, 107b 
of Trirhomo"o, mginah 347f 
of unicdlul .. green alg ... 342, 342f 
origin of in euhry"'«, 1()6 
precmergent, of 351, 35 If 

flagdli n,8 1 
FJ.gyl (metronidazole). to " cat vagi ni tis 

cau .. d by vaginali" 57 1 
flaming (d ry he., <Ieriliz.,ion ), 191, 194, 
flat SOur spoiJ.ge. of anned food., 795. 7%, 
fl.,worm. (P latyhelminlh«), 6, 353, 

356-358, 356f. 357[' 358f 
cestod .. (Iapeworms), 356-358. 35S[. 361. 
trem.,odes (fl uks), 356, 356[' 36 1, 

flavin, 129 
flavin adeni ne dinucleotide (FAD). 117 
flavin monon udeotide (I'MN). 117 

in cellular respirat ion, 129. 129/ 
FJ.viviridac, char.cteristicslimport.nt g.n · 

era/dinical fe .. urcs, 376f 
Fla,';,';"''' 376., 660b 

",,,,,,,irSl"ansmi,,ion method. 410. 
St , louis encephalitis caused by. 376,. 

625-626. 628b 
IV«t Nile virus epidemiologic.1 t racki ng 

and. 2!3b 
fl .. ..,protein .. 1I7f, 129, 129f 
fl .. ",ing """, for fermentation end. prod. 

oct .. 137f 
flco· tr.n.mitted di<e .... 

endemic murine typh u., 362f 
pJ.gue .nd Ym;n;" f!<'>,is. 311 
typh us .nd Rirkm,," 'yph;, 303 

flco. 
a. ,..,ctor<, 362., 410" 413f, 648 
d ilCalc< tran.mitted by, 303, 31 I. 362. 

Fleming, AI.xander. IOf, 12, 14[. 453. 554 
'fl .. h .eating" bacteria (necroti>.ing f.lCiit;'). 

20, 287. 31S, 321, 422b, 591. 59 If 
fl i .. 

d ilCa<c< tran'mitted by, 354f, 361. 362. 
th .. a", vKlo", 362. 362. 

floc form .tion in .<tivated .Iudge .y<tem •• 
784.785/ 

floccul.ting agents, 197 
floccul.tion,782 
jWm , Sec normal microbiot. 
flor<:y. Howard. 10[.14[. 554 
flow cylometerS. 188, 514. 516/ 
flow cytomelry. 288 
fluconazole. 568--569 
fluryt",in e. ';64. 
fluid mosaic modd, 90 
fluks (t",matod«). 356, 356[. 3611 

immu ne .ystem .ttack on, 491. 492/ 
pra,i,!uantd to trcal. 557, 

fluore«ein isothiocj'anate (fITC). 61 
fluorc!<encc, 61 -62, 61f 
fluore!<encc micro«opy. 61-62, 6 1[' 661 
fluore«ence-activ.ted cell SOrter (I-'ACS). 514, 

5I6f 

fluore",ent dy<' (fl uorochrom«), 61 
fluore",ent in .itu hybridiz.,ion (FISH), 

292_193,294f 
to ident ify new b.cteria in marine mam · 

m.l •• 2S3b 
fluore",ent t"'ponem.1 .ntibody .bsorption 

(FTA. ABS) Ust, 61f. 62, 755 
fluore",ent .ant ibociy (FA) te"" 61 -62, 62f. 

66f, 350. 513-5 14. 515f 
fluoride 

akium .nd, 120 
m.gn«ium and. 120 

fluorochrom« (fluorescent dy<')' 61, 61f 
fluo"'quinolon « (FQ). 412b, 567, 577b 

in cbicken f«<l, 577b 
mode of action/'pect rum of activity. 

Nw«ri. ",.ista nt, 750. 751 b 
r«.istant c"rnpywbacur i<juni . n d, 577b 

FMN (fl.vin mononudeotid.) 
enzym.tic function .. I I 7 
in e1«:tron transport ch.in, 129-130, 119f 

focal infection, 407 
folic acid 

coenzym.tic function .. I 17f 
synthesis of, 120 

folio« lichen •• 339, 340f 
folliculit;'" SS8, 592b 
fomit .. , 410,. 411, 41 1[. 415 
fomivir«n. 579, 658 
food acquisition method. 

by absorption VI. ingestion. 330 •• 333 
of .Ig ... 330 •• 342 
of .mocba •• 346 
of .nim.ls., 182, 333 
of arch.co, 325 
of bacteri., 330f 
of fluk«, 356 
of fungi, 181, 330. 330., 333 
of helm in lh .. 330f 

tapeworm .. 356 
of para.itic helminth .. 354 
of pJ.n ... 282 
of protozoa. 330., 346 
of viru .... 282 

food .lIergi«, 525--526 
food cann ing 

home, IS8, 190 
industr ial. 794_795. 794[' 795f 

food poi<on ing. Su also gastroenteritis 
algae.a..ociated, 329. 34 1 
botuli'm. Su botuli.m 
endo.po",' and. % 
exotoxin. cau.ing, 438. 
mu;broom •• 729-730. 7Hb 
Salmonrlla .nd, Su salmonello,i. 
shellfi.h, 344. 354 •• 4014 
staphylococc.l, 318, 438f, 71 1_712, 711f. 

7l2b,722b 
'ymptom •• 43S. 
v«lorS tr.n.mitting bacteria that Cau<c, 

m 
food pr«<rvation 

by .dding .ntibioli< .. 100 
by ""pti< packaging. 795--796. 795--797, 

797f 
by chemical additi,'«, 199--200, 204, 
by commercial sterilization , 185, 185 •• 188, 

594f, 794_795. 794[. 795f 
by heat, 185.185',188 
by high-p",,,ur<: proce"ing. 797 
by industri.1 can ning proc«"". 794-795, 

794f,795f 
by irradiation , 796---797. 797., 798/ 
HACCP 'ystem to pr<:,,,,nt cont.minalion 

in , 794 
o.moti< p","ure . n d, 159-160, 160[. 192 
tempe",tur« .nd, 157-158, 157[. 158f. 

159f 

INDEX 1-1 9 

food production, 2 
A'p<rgillu, nig« fungu, in citric acid pro· 

duct ion, 339 
di.infect.nt< u .. d in, 197 
endo.po",. forming bacteria problem. for, .. 
genetic.lly engineered produc ... 267. 
in.pectio n ag.nci ... 79.j 
microbe. u .. d in, 797-1100 

chee« making, 798_799, 799f 
food ,poilage 

acidic food •• nd, 795 
b .cteri.1 VI. mold damage. 339 
C/O>lrii/;um bacteria and. 618, 795 
commcr<ial sterilization to pr ..... nt. 185. 

IS5,. 794-795, 794f, 795f 
fermen tat ion and. 9, 135b 
of canned food •• 795, 796, 

fl., SOur, 795 , 796f 
thermophilic anaerobic. 795. 796, 

p.steuriz.,ion to pre,,,,n t, 9 , IS5, ISS,. 
190-191, 194f 

pH .nd, 159 
l'«uI/orno"", bacteria and. 30S 
refriger.tion and. 191_ 192, 308, 319. 61 5, 

"" rd.tion.hip between microbe< and. 9 
Salmonrlla bacteria .nd, 310 
temperature .nd, 157_ 158. 157f- 159/ 
thermophilic .naerobic 'poiJ.ge, 795. 796. 

food thichner< 
algi n (from brown . lgae), 342 
arrageen.n (from red algae). 342 
xan than (fro m Xo,,,llOrno,,a, 

80lb 
food "acuoles 

in Jige"ive .y<tem of protozoa. 346 
of Am""ba protem, 348f 
of Chiloma",x protozoa, 347f 
of Param .... i"m. 350/ 

food·a..oci.wl infections. ph.ge typin g to 
trac •• 28S, 190/ 

foodborne illne .. 
[,,'ma monOCY'ogmn . nd, 615 
",Imondlo.;'" 310. 715b 

food"",rne infe<:tion< 
C/O>lrii/;um p<rjr;nt""' and. 316 
E_ rnli enterot""in' c.",ing, 310 
epidemics. E. rnl; OI57:H7. 20. 82 
h.molytic uremic . yndrome (HUS), I 13f 
incidence in U.S" 705 

foodborne t ,.n,mi .. ion of di<ea .. agen ... 
411-412 

''''''', 
frccze· dried.192 
microbe. u<ed in prodoctio n of. 247 

foren,ic medicine, DNA fingerprinting .nd . 
262.264/ 

foren,ic microbiology, 262, 164 
foren'i«. us« of cloned DNA in, 158 
fore'po"" 96, 97f 
formaldehyde, 200.1051 
formalin. 100 
lonnie ""Kl ... krmrnt.tion rod-product, U4f 
formylm<1hionine, 219. 276. 
fo«iJi,ed mOleri.I., DNA studi« of .nd sci-

enCe of taxonomy. 262, 164 
fo"il. 

&,jJI", ,ph.";",, survived embedded in, 

"" <yanoba"'eria .nd . tmo'pheric oxygen, 
314-315 

<y.nob.Cleri.-likc. 277, 27Sf 
of prokaryot«, 275. 177, 278f 
old«t known, 275.277 
phylogenetic ",",-tion.hip', cI."ifi<alion 

and. 177-178, 278f 
fowl cholera, 311 

<au<cd by I',,,,,",dla, 31 1 



1-20 INDEX 

foxe; 
'" di«a« re;<c,'oin. 410, 
",port"" c.«. of r.bi .. in. 624f 

fQ. Su Ouoroquinolon« 
fractur«. gen<lic enginCCTing product to 

hcol.2601 
fram<Shift mUlOgen •. 130 

carcinogen •• nd. 230 
from«hift mUlation •. 228.118f 

gonu</,pp .. 300,. 308 
,u/art",j,. 308 

•• potential biologic,,1 weapon. 642. 642f. 
M'; 

can rem.in dormant within phagocyt ... 
459.643 

lularemia c.u«d by. 308. 641-413. 643b 
F,a"k,a genu./,pp .. 301,. 320 

actinomycet« inform.l namo for. 310 
.ldcr tr<:< root pathogen. 320 
'" .ymbiotic nitrot;en.fixeTi. 3011. 320 

franklin. R""'lind. 47 
free (<<tracollular ) .ntigen' 

B cell activotion .nd. 482. 482f 
in humoral immunity. 482. 481[, 496f 

free nud<o.id .. in DNA replication. 213-2 14. 
lUf.!!4f 

fr« radical,. 101. 130. 160, 
fr« ribosomes. 102 
free (w.ndering) m.croph'g", 457 
frCtle-drying (lyophilization) 

.0 control microbial growth. 194, 

.0 pre«"e Mcterial cultur«. 170 
frCtl ing temper.lur« 

Mcteria .nd. 192 
food 'poilage and. 158. 158[, 192 

fre;hw.ter microbiot •. 2. 300,. 304. 305. 
n6-777 

frog<. deformed. 356f 
fructo«. 39. 39[, 146. 146f 

how it Cro"'" pla.m. membr.me. 91 . 92f 
in dohydnotion .ynthe;i •• 39f 
in hydroly.i •. 39f 
microt>c. in m.nufacture of. 146 

fruit Oi«. Wo/bad"a Mcteria .nd. 307b 
fruit juic« 

famentation and. 137, 
pre«"ed by high pr«.u", I«hniq u ... 192 

fruiting bacteria. 312. 313f 
fruits. gen<lic.lly engineer"" MacCregor 

10matO<'. 167. 167/ 
fruit< and '..g<l.bb. PAA for w .. hing! 

di.infecting.102 
ITA-ABS t«lS. 61[, 61. 755 
fuel products. fermenlOtion .nd. 1371 
fugal .por«.localiud .naphylaxi •• nd. 515 
fully hum.n .ntibodi«. 509 
fulminating disc .... 602 
fumoric .cid. 118f. 149f 
functional group<. 37_38. 381 
fung.>I blight< On tre«. H9 
fung.>I di«aS<1. &r fungal inf«tion. 

.ntifungal drug •• o treat. 558 
of digestive ,y.tem. 729-730. 734b 
of neTruu' .ystem. 617b. 626--ti27 
of reproductive .y.tem •• 758--759. 759b 
of re.piratory .y.tem. 695--698. _b 
of .kin. 

.... h« c.u«d by. 589b 
fung.>I inf«tion. (myc"",). 335-339. 338, 

by Comdooll/« 13 
of .kin and n.il •. 

fung.>l zoon""'. 41 0, 
fungi (kingdom). 4. 6. 274.175[, 281. nO .. 339 

chorocteristi« of. 330,. 33 1-335. 33 1[, 331f 
d"elop from .por« Or hyphae. 181. 33 If 
<1\ergy soure« of. 181. HO 
lichen •• nd. H9--340. HOf 
nutritional n<ed. of. 18 1. 330. 330, 
org.>ni.m. indud<tl in. 181 

position in nolutionary tr<:<. 275f 
po,ition in tuonomic hierarchy. 280f 

fungi-farming .nt<. 330 
fungi/fungu •. 1. 4. 281. 319-339. HO,. H8, 

.lcohol< .nd .ntimicrobi.1 activity .g.inst. 
197.104, 

ana morphic. 335 
.namorph, (.«x u.1 fungi). 337 
antibio.ic. derived from . 11. 12[,249 
.ntibio.ic. produced by. 555/ 
•• biological control. of pe,t<. H9 
•• c ... bon r«yderS. 17 a. chemoheterotroph •. 330. 3301 
•• decompo«rS of plant matter. 330 
•• eunrrotic cell<. 6. 76. 281. 3301 
'" kingdom in Dum.in Eunry •. 4.6. 174. 

175f.330-339 
'" telromorph •. 335 
•• unicellular/multicellul ... microt>c •. 4 
... xu.J (.n.mo rph.). 335 
• «xu.J 'POTC' of. 330,. 33 1[, H2 .. 3H. 334 

f-337['338, 
Mcteri. compa",d to. 330,. H3 
t>cndicial activiti .. of. 17. 330 
t>cnefici.J u«. of. 339 
biofilm •• nd. 163 
biot«hnolot;y u"" fOT. 339 
branch of microbiology that 't udi ... 13. ". 
cell w.ll< of.98 
cellular .tructure of. 4. 5f 
cellul ... , produc<tl by. 40 
chorocteristi« of. 330,. 33 1-335. 33 1[, 332f 
chitin in cell w.lI. 40. 3301 
conjugation (Zygomycot.). H3. 335f 
dimorphic. H2. Hlf. H81 
di«a"" c"u«<l by. 335-339 
economic df«ts of. 339 
emerging infectious disca"" cau«d by. 

417, 
filamentou •. 320 
0«hy.331.33lf 
hum.n use. of. 330 
hyphae of. 331 .. 33l, Hlf 
identification m<lhod, for. 33 I 
identification of. 181 
in lichon .. H9-340. 340f 
in soil. 409 
iodine .cti,'o .gainst. 197 
ketocon.,ole to tTCat. 5571 
life cycle of. Hl-333. H4f 
low-moi,ture environments .nd growth 

<ap.bility.333 
medically import.nt. 333-335. H8, 
met.bolism of. 330. 330, 
moist heat ,teriliution to kill. 188 
mu{<Ir. 5f 
mycology.s study of. 330 
nutrition of. ( 
nutritional .dapt",ion" 333 
nutrition.1 da"ification of. 143.143f 
o.motic p","ure re.i.tance of. 333 
pathogenic. 330. H9. (43 

dimorphi'm .nd. 331 
penicillin produc<tl by. 11. 11f 
/'r",,,I/i,m,. rDNA I«hnolot;y and. 249 
pH rang .. tolorated by. 37. 3H 
Pneumocy;tj, d.«ification .nd. 185 
rapid idenlification test< for. 286 
reproduction in. 4 

.eri.J hyphae .nd. 33 l. 33 If 

... xu.I,poTC" HO,. 332 .. 333. H4f· 
H7f 

filamentous fungi. 331 
«xu.l .por«. 330,. 333. 335 f • H7f 

r«i't.n« to chemic.l biocide<. 203f 
rul« for n.ming and. 179 
«xu.l .por« of. 330,. 333. 335 f .337f 
.ilkworm disc .... nd. II 

olin', keratin no ob".c1e to. 429 
.por« of. 33 1[, 112 .. 333. 334f 

.sexu.J. H2 .. 3J3. 33(f 
r«ist.n« to chemic.1 biocide;. 203f 

loxin'producing. 339. 443 
veget.ti,,, .tructure; of. 33 1-331. H2f 

fungicides. 186 
fungi't.ts.l00 
fungu •. Sf< fungi/fungus 
furious rabies (in .nimal.). 623 
furunde (boil). S88 
Fu"'rjum (fungo'), tmin of. 443 
fu, iform Mcteri • . 314. 324f 
fu, ion. in viral multiplication. 384. 384, 
fu,ion inhibitor<. S71 

10 treat HIV infection. 548 
fusobacteri •. lOll. 324 
fusob.c.erial ... important genera/'pecial f .. -

lur«.302, 
Fu",badtroum genuS/.pp .. 301,. 324. 324f 

as norm.1 microbiota of largo inle;line . 
302,.314[, 403, 

'" normal microbiot. of mouth. 403, 
in gingival crevic«. 324 

C + C ratio<. high. 181f. 3011. 3 15-3 16. s.-c 
,,{;o Ac.inoMcteria 

C·CSF {granulocyte.colony 'timul.ting fac· 
lor). 491 

CAE (gran ulomatou. amebic enceph.liti.). 
617b. 629 

Cajdusek. C.rleton. 631 
gal gene. in 'pecialiud transduction . 382. 

383f 
g.lac.ose.39 

how it Cro"'" pl •• m. membnone. 91 . 92f 
g.lactose fermentation. 382 
g.lac.ose-binding I«tin'. H8 
G"rnbjrrdj«u, ,,,,",us (dinofl.gell.te). ciguat. 

eTa disc ... and. 344 
gamete; {gametocytes ) • .l46 

in lifo cycle of 335 
of pla.modial slime mold. 353f 

gamma globulin. 495 
gamma interferon (human). 469 a. rONA product in medical thCTllpies. 

160,.469 
E. ""/' gen<lically engin«red to produce. 

1(6f.257f 
induc« neutrophil<lm.croph.g« to kill 

Mcteria. 469 
gamma rays. 192. 193f 

'" mut.gon .. 228. 230-231. 130f 
in food irradi.tion. 797 .. 798. 798f 

g.mmaprotrob.ctcri •. 280[, 300-301,. 
306-311 

important genera/'pecial feature •. 
300-3011 

g.ncidovir. 569 
mode of action/u« •• 564, 

gangrene. 96. 646. 646[, 668b 
Cia"ridjum p<'f,jng£'" c.u,ing. 646. 646[, 

M'; 
g ••. 316. 430,. 433. 438,. 439,. 646. 647f 
port.1< of entry. 419. 430, 

C.rda.il (HPV va«ine).l60,. 391. 503,. 538. 

'" G"rI/ncrtJia gonu</.pp .. 301,. 320 
'" gram-variab le. pleomorphic b.c.eri •. ". 
'" hum.n pathogen,. 30 I ' . 310 

G"rI/nITt'lIa vaginitis caused by. 310. 
756.756f 

g •• formation. in carbohydrate cataboli.m. 
138. U9f 

g" g.ngTCne. 316. 646 
C/a",i,fjum p<'f,jng£'" c.u,ing. 316. 430, 
coll.gen ... onzyme of Cw;t"dium help 

.pread. 433 

exotoxin cau.ing. 438,. 4391 
hyperbaric chambers to treat. 646. 647f 
incubation period. 430, 
.ymptom •. (38, 

CAS (group A streptococci). 590-591. 591[, ". 
g., vacuol«. 96. 3 I( 
g •• ve;ide<. % 
g.w>u. chemo.terilant •. 200-101 
g •• tric juice 

'" chemic.l defen« against pathogen •. 
453.471' 

pH of. 453 
loxin. not destro}"<tl by. 453 

g.'tritis.. fle/jroba"", pylo,i and. 453 
g •• truenterit;'.7 )(1 

&{iJIu""rtu,. 720-721. 723b 
Cnmpy/obaru,. 718. 723b 
C/o",idjum p<'frjng£"" 720. 7231 
E«h",;{hia co/j. 717 .. 718. 718[, 72Jb 

tr.veler', d iarrhea. 717. 723b 
gonomi« used 10 trOCe outbreak<. 261. 

'M; 
hepatiti. E viru, .nd. 375, 
nomviru.·associat<tl. 728--729. 729b 
roto>iTus-a<sociated. 728. 729b 
Sa/monrJia. 310. 410,. 712-714. 713[, 714f. 

722b 
Vib,io i"'mh"rmo/y"{u, .nd. 309 
viral. 728-729. 729b 
Yminu.. 720. 723b 

g •• trointestinal .nlhr"'. 645 
virulence of. 430 

g.'tmintestinal (GI) traC!. &r digestive ,y.-
". 

g •• trointestinal infection •. following .ntibiot-
ic .henopy. 40 I 

g.,tmint«tin.1 tract 
'" port.J of ontry. 429. 430,. 445f 
p ..... itic helminth. and. 361, 
physical form. of defense .g.in.t 

microt>c •. 451 
g.tifloxacin.567 

mode of .<lion/'pectrum of activity. 563, 
gaUl<. quat .nti«ptico neutr.diz<tl by. 19'9 
CB >iru,. 386. 728 
CBS (group 6 .tTCplococci). neonatal «p.i. 

cau«d by.640 
gd dectrophordi. 

in So uthern blotting. 261. 163f 
pulsed-field (FfeE). 718 
10 «p ..... te serum protein .. 495. 495f 
10 view .mplifi<tl DNA. 151.1'1O 

gemifloxacin. 567 
Grmma," genuS/.pp .. 301,. 322 

cdl w.ll< of. 301, 
observation. of true nudeu. in. 177. 301,. 

311. 321f 
Grmma,,, obs<u,jgwbu,. 3ll. 311f 

'" model for origin of eunrrotic nudeu .. 
m 

CenBank.261 
gone exp""';on. 111. 113f. 110-111. Sf< a{;o 

tr.n"'ription; tnon'tation 
<1\'ym« import.n. in. 215, 
regulation of. 111-226 

induction. 224. 224f 
operon modd.114-l25.124f 
positive regul.tion. 125-226. 126f 
repression. 224. 2l5f 

.ilencing of. 259. 259f 
gone gun. 253. 254f 

10 inject .. ccine<. 503 
gone library. &r genomic library 
gone m.ppIng 

conjugalion . nd loc.tion of genes on 
b.cteri.1 chromosome.lJ7 

Human Genome Pro;«t .nd.161 
Hum.n Proteomo project .nd. 161 



gene .ilen<ing, 25<J, 259/ 
a. n.tural pTOCO<S occurring in oegoni'm', 

'" «ver<c gen<tie. and, 262 
gene thaapy. 17_18, 25<J 

viral DNA a' ,'«10", 251.159 
gene t .. n,fer< 

bet,.,....,n OO<teria. 233---141 
by <onjug .. ion, 2.16-237. 237f, 238/ 
by <ro«ing o,'er, 234, 234/ 
by transduction. 237. 239/ 
by tran.formation. 234-236, 235/. 236/ 
by tran.po<ition (t .. n'p<>son,). 140--141. 

W/ 
horizontal. 11 3f, 234, 5nb 
verti<.I. 213/. 234 

gene-doning v«ton, 151, 247. 148I, 250--251. 
150/.251/ 

gene.doning '"«1Or:<i<loning ,"«10rS, 147. 248/ 
Genen<or.3b 
gene ... Set Genu"genera 
genalllized ('y'temi<) infection. 407 
gene .. Jized t .. nsdu<tion in bacteria, 217, 

239/ 
geneTlltion time. 171 
gen«, 16,47, 21t. Su nl>o DNA 

aJtw,d or "ar .. nged by mutation. tran'· 
ro,ition. ",<ombination, 141 

artifi<ial, 254-255, 155/ 
a. product<. 157-158. 257f, Set 

genetic engineering 
<hemi<ally synthesized. 155 
doning and, 247.154-155.155/ 
<on.titutiv<.112 
eubryoti<. tran«ription in. 110 
evolution and. 241 
genetic tran,fer< (tTlln,form.tion ) and, 

234-236 
in plasmid" 95 
indu<ible, 124.114/ 
librari« of, 254.155/ 
minimum n«« ... ry for fr«-l iving exi.· 

'en«. 310, 316 
muwion and. 126-233 
muwion rate<. 13 1 
number needed by immune <db in .nti· 

gen r<rogIlition. 484 
prokaryotic 

in protein 'ynth"i" 116-211 
transcription, 113/. 216-217. 118I, 

no 
tran.lation. 217, 119-210. 11<JI, 

110-211/ 
location on bacterial <hromosom«, 211 

repr<Mible. 21 4. 114/ 
souree< for rONA t«hnology, 254-255, 

155/ 
'tru<tural, 214/. 125, ll5/ 
'yntheti<, 155.1Sf,/ 

genetic change, plasmid, and tran'poson, a. 
m«h.ni,m, of, 237 

genetic <ode. 219, 119/ 
degeneracy and. 119, 216-217, 155 

genetic roun.ding, nhi<.1 issues, 168 
genetic d isease. 

gene therapy .nd, 17_18, 25<J 
«",ening for. 161 

genetic d i,'e"ity 
evolution and. 241 
rondom.low-f",quency mutation' .nd 

'peci« ad'ptation, 231 
genetic engineering, 147.153-158, Set .1", 

Ittombinant DNA (rONA ) t«hnol· 
0", 

agri<ultural products, 164-167. 267, 
animal hu,OOndry produ<t •• 167. 1671 
food production produ<t.<.167, 
genomic librarie<. 154-155. 155/ 
in plant .. 264-167, 265/ 

inserting fo",ign DNA in'o «U" 253---254. 
164.165 

method, 
d«troporation, 253 
gene gun, 253, 154/ 
mi<roinj«tion. 254. 254/ 
producing protopl.,t .. 89, 253. 153/ 
protoplas, fu.ion. 253. 253/ 
tr'n,formation, 234--2.36, 135/. 2'/)/. 253 

obtaining DNA fOT. 254-155, 255/ 
overview of 'ypi<al pTOCedure.148/ 
pharmaceutical product<, 158-259.16(), 
pharmaceutical produ<ts of, 16(), 
<huHle , .. cto" and multicellular organ· 

i'm •• 15 1 
technique< of. 153---158 
ther.peutic product .. 258-159, 16()1 
tran.geni< .nim.b. 259, 16()1, 167/ 

genetic information 
now of from One generation to next, 112. 

lU/ 
location in bacterial cdl, 80/. 94-95 
transcription of, 216-217, 218/. 121 
tran.lation of, 217, 119-111. 2I<JI, 

110-211/ 
genetic mahup of «II, relation'hip of meta· 

bolic p.thwaY' and en.ym<1, 114 
genetic mapping 

Hum.n Genome Proj«t and. 261-162 
of r«i<tance plasmid RlOO.1J9, 240/ 

genetic mata;"l 
changes in (mutation). 216-133 
DNA and chromosome<. 211-212 
DNA "'p li<ation pr<>Cc<<<s, 212-215. 116/ 
genotype and.ll1 
information now and, 212 , 113/ 
phenotype and, 211 
protein synth"'i' and, 116-221 
Ittombin .. ion processe •• 133---141. Set .1", 

genetic recombination 
RNA .nd protein ,ynth"i', 216-ll1 
",u<,u«/function of. 21 1-121 

genetic modification techniqUe<. See genetic 
engin«ring 

genetic r«ombin.tion . 133, 234_241, Set .1", 
r«ombin.nt DNA (rONA ) technol· 
0", 

beneficial a .pects of, 234 
bet ...... n organi.m., avian influen>:l 

(H5N I ) and, 416. 693 
by c""';ng o,'er, 234 
by gene tran,fe", 234-236 
<onjugation.1J6-1J7 
plasm id,,238-240 
«aMortment and .ntigenic .hifts of flu 

viru •• 6<J3 
transduction. 237 
tran.form.tion, 234-236 
tran.po<on .. 240-241 

genetic sc"",ning. 262 
genetic tran,formation, 234_136, 235/.1J6I, 

m 
genetically modifi«l plants. 158, 264-267, 

165/.2671 
genetics, 211 

mi<robial, 16. 1 10-145. Set al<o genetic 
material 

mol«ular, doning pTOCedu",. of. 249 
of bacterial morphology, 79 
revcr«. 262. 694 

genital herr<' (herr<' .implex viru"ype 
l/HSY.2). 757. 757I, 761b 

acydovir to t",at. Sf,9, 570/. 757 
alpha interferon '0 treat, 470 
incidence. Sf,7/ 
latent state in nerve cell •• 757 

genital infection. 
ChI.rn",/ia cau,ing. 411/ 
Trilhomona, ""! inali' causing. 347, 347/ 

genit.1 wartS. 41<J. 757. 758f, 761b 
hum.n papilJom.viru. cau.ing. 375" 

385-386. 386/ 
imiquimod to trcat, 570 

genitourinory tract 
as p<>rtal of entry. 419, 430., 445/ 
pathogenic di«.« •• 41<J. 4301 

genome, 211 
cubryoti<. bahr', yu,t a, be,t onder-

<100d.158 
genome «quencing, 261-261, 161/ 
genom« 

minimum genetic "'luiremen", 310. 

'" of flaviviru •• lllb 
«ientifi< .pplication •• 261-162 
viral. ovail.bility of. 161 

genomic libra.y. 254-255, 155/ 
genomic •• 13 

in West Nile viru, trocking. 223b.123/ 
'0 tra« 0 noroviru. infection outb«ak, 

161.166b 
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spoilage. 795, 7961 
gro'min, produc«l by S1"p,omy<a. 321 
germ throry of di«a"', <J. II. 404-406. 477 
Germ.n measl«. See rubella 
germfr« mammals (without microbiota ). 

u«d in re«arch. 401 
germicidall.mp •• 193 
germicides, 186 
germin.tion. 97 
germ .. 2. Set al'" microbes/mi<roorgani'm' 
Gent mann -St u «Ier· Schein k<T syn dru me, 

'" giant OO<'eria 
£pulop",ium. 301., 316-317. 316f, 326 
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metronidazole to t«a'. 571 
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glycogen, 40 
.ynth«i. of, 146, 146/ 
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cdl w.lls, 85, M/ 

Gram ,I.in m«h.nism .nd, 87 
choracteristics of, 88, 
conjugation in. 136 
cytolysis ",.i,l.n« .nd, 465 
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cdlul"'" cdl wall. of. 343 
life cycle of, 342. 341/ 
mul!i«llular, 341/. 342/ 
lerr«lri.1 plant< origin •• nd. 343 
uni«llular. 341{, 342/ 

gfffn bacleri., 143, 143[, 144.145/ 
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chlorobium , .... id .. found in, 144 
phylogen<lic ",Iation,hips, 281/ 

Griffilh, Frederick, 1O{, 234-236. nSf 
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cdl w.lls distinctive to, 41, 85, 86j; 310 
di.infect.nts .usceptib le to, 195 
G + Cratioof,316 
lipid indu.ion. of, 96 
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lipid-rich cdl w.1l of, 41 
pathogenesis of, 682 , 683j; 684 
po,tals of entry for, 419. 430, 
u"'.« t«, to identify. 144b 
virulen« .. nd, 431 

MytONCte,;um uit<",,,,. Buruli ulcer caused 
by,594 

myrolactone, 594 
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negative st.ining. 63. 69. 72/. 72, 
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ophth.lmi. neon.torum and. 603-604. 
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<athdicidin, produc<tl by. 470 
dden,in' produced by. 470 
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import.ncr to 'gri<ulture. 305 
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nitrocdluloS< filt.".. 257/.163/ 
nitrogen. 2 

anaerobic rapiration .nd. 131. 1371 
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/J,aayrhw.bium.300, 
CJo"riJium.771 
cy.nob.cteri •• 314. 314j; 772 
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Noxofil (po<acon.wle). 569 
NSU (non'p«ific urethritis). 750-751. 761 b 
"nubiotic .. " 579 
nudear en,'elope. 102j; 103 

of Gemrnnta ob>n<riglobu •. 311[ 
nude .. membrane. 1011 
nudear rore., 102j; 103 
nudeic acid hybridization, 291-293. 291[ 

by DNA chip technology, 292. 193[ 
by DNA probe •. 291 . 292[ 
by fluor««nt in >itu hybridization 

(fISH), 292_293, 294[ 
by ribotyp ing and rRNA ""luencing. 292 
by Southern blotting, 291. 191[ 
in HIV testing, 545 

nudeic acid., 47-49. 48[ 
antimicrobi.1 agents . nd. 187, 556[. 558, 

558[.5611,567 
gram-positive bacteria .nd, 31 S-316 
hydrogen bond. of, 32 
in definition of life. 368 
in nudroprotein •. 45 
.ynthesi. inhibition 

by .ntibiotics, 556[. 558, 558[. 56lt. 567 
by .ntifungal drug •. 564. 
by .ntimicrobi.1 .gent<. 187 

viral. 368, 372-373 
West Nile >iru • • nd sequencing, 113b 

nudrobas« (.den i ne / thymine/cytosin el gua-
nine). 47, 48j; 49[. 111 

nudroid (prouryotic cell ). roj; 94-95 
of Gernrnnla ob>n<"globu •• 311[ 

nudrolilnudeolu .. 99j; 101 I. 102j; 103 
nudrop la.m.175,275[.177 
nudropl •• mic cell, original. 177, 277[ 

nudroprotein •. 45 
nudro.ide an.log. 229-HO, 119[ 
nuciro.ide re>"<T« transcript'l< inhibito ..... 548 
nudro.ides, 47 

nudro.ide an.logs and, 229-230, 229[ 
nudro.ide tripho.phates, 214. 115[ 

nudrosome. 103 
nudrotide exci.ion repair, 230-131, BO[ 

defcct .• nd inherited xerooerma pigmen. 
to'urn , HI 

nudrotid«. 47. 48[ 
.dding to DNA.1IS[ 
biosynthesis of. 147, 148[ 
in DNA replication. 112-115, 213[. 114j; 

215[.215/ 
mutation •• nd. 226---133. See mutation. 
nudrobas« 

(adenine It hy m i ncl cyto< ine/ gu.n i ne) 
.nd.111 

nudro.ide an.logs and, 229-230, 229[ 
nudeu, 

euur),otic. <JOj; 't9j; 102, 102[ 
u . ite of t",nscription, 220 

euur),otic vs. in prokaryote<. 101. 
in Grmmal" bacteri • . 277 

nudeu .... tomic, 27. 27[ 
nude mice 

to culture leprosy b.acillu •. 539j; 619 
tran.plant r«<arch and, 538. 539[ 

nurnerical identific.tion, 2lI6. 186[ 
nur"'ri« (ho'pit.l), df«tive di.infectants 

for, 196. 196[ 
nUrSing horne infection •. See nosocomial 

infection. 
nutrient .gar, 165 

composition, 166, 
nutrient broth (complex medium ), 165 
nutrient<. gluco",'. volue u. 122 
nutrition 

in para.itic helminth., 354 
of bacteria, 4 
of proto",a. 346 
organi.m. da"ified by pattern, of, 

141-145.143[ 
nul< (tree. grown) , food aUergi« .nd, 515 

a polysacch.ride, 86[, 87, 468 
O-phenylphenol, 195. 196[ 
oak trc< death" c.u",d by Phy'''phlhora 

ramorum, 344 
objecti,.., len"". of compound light micro-

scope. 56, 56[ 
obligate aerob«. 161 . 161. 
obligate .naerob«, 161, 1611, 161 

cuhure rnedia for. 1691 
obligate halophil«. 159 
obligate intTIlceUul .. bacteri., culture media 

and. 167 
obligate int",cellul .. p .... it«. vim"" a •. 182 
obligately intracellular hurnan pathogen. 

CoxUclla. 3001 
Ehrl,th,a.3OO1 
Ridr",ia. 3001 

obligatory intracellul .. p .... ites. viru"" a •. 
282. J68 

ocean" mo.t . Igae .peci« found in , 34 1. 341[ 
ocular lens (ey<piece). of compound light 

microscope, 56, 56[ 
00 (optic.l density)labsorb.ance. 178. 179[ 
oil 

bioremediation of, 17 
<1ored by diatom •. 34}. 

oil gland. of skin 
antimicrobi.1 properti« of. 402. 
",bum ",creted by, 453. 471 •. 585 

oil immer<ion len. 
magnification .nd. 56 
refractive index .nd, 59, 59[ 

oil imme";on objecti .. len •. 59. 59[ 

oil >pill •. bacteri. th.t degrade, 33b. 136 
Olo",ki fragments, 215" 216[ 
Old World /I.viviru,. introo uced into New 

World.l11b 
oleic .cid, 41[ 
oligoadenylate 'yntheta",. 470 
oligodyn.mic action. 193. 198[ 
oligos.«harides. 39 
oli,..,,, ferment.tion used in production of, 800 
om.li,um.b (Xolair), 525 
oncogenes. 390-391 

activated by >iru', 441 
oncogenic virus« (oncoviruld). 376/, 391 

arnong DNA >iru"'s. 391 
arnong RNA viru"", 391-391 
latent infection .nd. 392 
retro>iru"" .nd. 389, 391-391 

oncolytic >iru"'s. 369 
oncoviru"". See oncogenic virus« 
ony<hornyco.is (tinea unguiurn ), 606-601 
oocy<!< 

of Apicomplexo proto,.,.. 346 
of CrYPlo'porid,um, 355b, 355[ 
of fOnt/'i. 350 

Oomycot. (water molds). 34} •. 343 •. 344. 
345[ 

oomyeot« 
a. decompo«n in fre.h water. 345[ 
po.ition in nolutionary tT«, 275[ 
terrestrial. •• plant para,ites, 344 

OPA (ortho-phthaladehyd<l, 100 
Op. prol<in , 432 

antigenic vari.tion .nd. 433 
gonococc.1 bacteria and. 749 

open.reading fram«, DNA region' likely to 
encooe protein •. 112 

operator, 225, 225[ 
operon.l14j; 215, 2l5[ 
operon modd of gene «pression, 224-225. 

224[.225[ 
operon. 

inducible, 124j; 225 
repressible. 225, ll5[ 

ophth.lmia neonatorum, 198. 104 •. 429, 
748-749 

opi.thotono., 615, 616[ 
opos;um .... di"'a« rel<rruin, 651 b, 661 
opportunistic fungal infection •. 337_339, 

3381 
opportunistic pathogen" 300" 337, 338 •. 

found in dolphin', 283b 
op<oniution (immune . dherence ) 

in .ntigen-.ntibody binding. 485. 485[ 
in complernent activ.tion p.thw.y •. 464j; 

465. 466,466[. 468,468[ 
rnicrobial " .. ion of. 468 

ophth.lmic cy.ticerco.i •. 733. 733[ 
optical den.ity/OD (.bsorb.nce). 178. I i9[ 
optimum growth temperat ure. 157, 157[ 
oral candidia.i. (thru.h ). 339, 601 , 60 1[. 759 
oral c .. ity Mcteria 

gingival cre>ice &ltt<roiMs, 314 
Prtv",,//;r. lOll, 324 
>piroch<les, 312-323. 314[ 
Slrep.lXOCtu, mulall>' 319 

oral groo .. , of Chiloma,,,. protowa, 347[ 
oral rehydration therapy, for diarrhea. 

710-711 
order name. defined, 2711, 280[ 
Ore. 37 

Mcteria u",d to extract, 247 
organelles 

euloryotic. 99j; 102_105. 101[. 106[ 
prokaryotic cell. compared to, lOll, 

276, 
mitosome of Arch.cw •. 347 
of .picomplexan .. 348 
of euglenoid., 350. 351[ 



organic COm round •. 34. 37--49 
chemi.t,y of. 37-38. 381 
mo,t COmmon dement. found in. 27 •. 37 
<1,uClure. 37-38. 38, 

organic growlh f.cto,... 162 
organic mol«ul«. 37-49, Set al'" organic 

comround, 
organi.m" Sec also microbc</micworgani,m, 

cl."ific.tion of. 271>-282 
methoo .. 182-294 

evol utionary ,dation.hip' among. 
274-277. 175{. 281/ 

identification of. 282-194 
«ientific n.m« for. 2-3. 4,. 271>-179 

organotroph. (heterotroph, ). 142_ 143. 143/ 
complex medium for growing. 166, 

Orn;,hodoru, (tick). ,IS v«tor for rel'p,ing 
fever. 362, 

ornitho<.i. (p,itt.c",i. ). 3l2 . 410, 
a. notifi.ble inf«liou, disease. 41 I , 

orph. n viru« •. 387 
ort ho-phth.ladehytle (OPA ). 200 
orthodone OKTJ. important rONA product< 

in medical therapy. 260, 
Ort ho m yxovi rida<. characteristic</im port . n t 

genen/dinic.l feature •• 376,. 389 
orthomyxovim« •. 389 

375, 
Orrhop"w;ru, genu<!.pp .. 374/ 
o«lt.mivir (T.miAu) 

mooe of .ction/u«,. '}6.4, 

to treat influen ... 570 
o.mium. u«d in st.ining of ,v«imen •. 63 
o.m",i •. 92-94. 93/ 
o'molic Iy'i<, 89. 94 

hypotonic oolution. and. 94 
o'molic p","ure. 9J. 93/ 

microbial growt h requirements. 159-160. 
'WI 

mO<1 fungi ",.ist.nt to. 333 
to control microbial growth. 192. 194, 
to preserve food .. 192 

ostruporo.i<, I><t. interferon (Actimmune) 10 

treat osteoporo.i •. 470 
otitis externa. 593 

ro.h cau«<l by. 592b 
otitis media. 679. 679/. 681 b 

Ha<moph;lu, ,njJutnlllt cou,ing. 613. 679 
Momxella ca'arrha/is c.u,ing. 679 
Slrep,,,,,,,,al pntumoma, cau,ing. 614. .,. 
Slrep"'(f)«al PY"!'nd c.u«<l by. 679 

out-of-ph.« light roy •• 59 
oute, memb .. ne. 86/. 87. 90/ 

in gr.m-neg.tive gram'po,itive baCte· 
ri •. 88, 

ovari.n c.ncer. genetic.Uy engin<c",d Taxol 
u«d to t",.t.l601 

ovaries. 744. 744/ 
ox.cillin. >61 

mooe of aClion/'pectrum of activity. ';6(){. 
>61, 

oxalate d«arooxyla«. 116/ 
ox.loocetic .cid. 148/. 149/ 

in tran"'minotion. 148/ 
oxa,olidinon<s. S66 

devdoped in re'ron« to ,-ancomycin 
rc<i<t.nce.566 

inhibits protein .ynthesi<, 558{. 566 
mooe of .clion/'pectrum of activity. 

>61, 
oxid.« 1<<1. 139 
oxid.« •. 116 
oxid.tion rond,. in "",.ge t",.tment. 788 
oxid.tion re.clion. 122.122{. 113/ 

in hot·ai,sterili,.tion. 191. 194, 
oxid.tion-",duction (redox ) re.ction •. 116 •. 

122.111/.123, 113/ 
in Krein cycle. 127_128. 1l8/ 

oxid.tive bUrSl rc<pon« 
I'«!u,/omonas a<Tug;no," .nd. 460 
toxic oxygen prooucts proo uced by. 459 

oxid.ti,,,, pho'phoryl.tion. 122_ 1 H 
aerobic r«piration and. 137, 
anaerobic respiration .nd. 1371 
ATP yidd. 131,. 137, 

oxido",ducta« enzyme. 116 
Iype of chemic.1 ",action catalyzed! 

e .. mples. 116, 
oxygen. 34 

a. poisonou, gas. 161 
b.cteri.1 growth and. 161-162. 1611 
mol«ular. Earth" .upply proouced mo,tly 

by pl.nktonic . lgae. 344 
photo.ynthetic .Igae provide mOst of 

Earth' •• upply. 344 
photo.ynthetic pru<<<<<. and. 140. 141/. 

143.1 45,.344 
reducing media to grow an.erol>< •. 

166-167.167/ 
requirements for microbial growth. 

161-162.161t 
.ing]et,61. 161 
toxic form' of. 161-161. 459 
tran'rorted OCrO" pl .. m. membrane by 

'imple diffu.ion pru<<<<, 91 
oxygen (atmo.pheric). photo.ynthetic 

cyanob.cteri •• nd. 314-315 
oxygen (molecul .. ), Earth', 'upply .nd 

pJ.nktonic . lgae, 344 
oxygen (0) 

atomic numl><".tom ic weight. 27, 
d«tronic configuTlltion.19, 
hydrogen oonding .nd. 31_32. 3l/ 
in organic compound •. 37 

oxygenic photo.ynthetic bacteri • . 31J-3 1 5, 
314/.3 141 

environmental importance of. 314 
evol utionary cont, ibution' to life on 

Earth . 314 
proce<Sd of, 14J-144. 145/ 

oxyldracydine. mooe of .ction/'v«tmm of 
,clivity.562, 

oxyldr.cydine (Terramycin). >65 
o>one. 162 

a. di<inf«tant.102. 105/, 783. 783/ 
O>On.torS in water treatment pl.nts. 783. 

783/ 
o>one l.yer of .tmo'phere. UV lighl .nd. no 

P .ntigen. 383 
p53 gene. 159 
PAA/peroxyacetic .cid (peracetic .cid). 101 . 

202.205, 
PA6A ( pam -.minoben,oic acid ), 110. 558 

,ulfon.mid« and. 558, 567 
packaging materi.l, m.de by microl>< •. 3b 
PiurikJmycr< to kill termite<. 339 

exhibiting bacteri.l p.d I><hav· 
ior. 57b, 57/ 

""rn;bacillu, polymyxa. Polymyxin derived 
from, 5551 

p.in, of inA.mmation, 460 
p.int< 

copper added to prevent mildew. 199 
mercuri.l. 10 control mildew in. 199 

p.livizum.b (Synagi.), 692 
p.lmitic .cid, 41/ 
PAMPs. Sec p.thogen-associ.ted mol«ular 

pattern' 
pandemic di«a«, 406 
Paneth « lb. 706--707 

defen,in' ",leased by. 579 
pantothenic acid, cocn.ym.tic function •. 117. 
pape' produc". microbe< .nd thei, enzymes 

in m.nuf.ctu", of. 146 
375, 

v.ccine. S03, 

Papovovi, idac. 335-386. 3M/ 
a. DNA viru •. 385 
a. pl.nt viru •. 394, 
bio'ynth«i. of. 385, 
ch "acterist icsJ im rort.n t gencraJ d in ic.l 

feature<. 375,. 443, 
papovavirus 

cytopathic effects of. 443, 
replication of DNA in. 3M/ 

pap ul« (I«ion.), 586, 587/ 
pant.aminobenzoic .cid (PABA), 110. 558 

.ulfonamid« and. 558, 567 
p ... gonimiasi. (lung Auk« ), 3>6/. 357{. 

361, 
Paragon;rnu, ,....<Imnan, {lung Aul<c).life 

cycle. 356, 357/. 361, 
p ... inA uenu di«.«. 376, 
p ... lysi. 

A.ccid. c. u«<l by bot ulinum toxin, 437. 
m 

polio as I><st known infecliou, cau«. 610. 
631b 

p.ralytic rabies (in animal. ), 623 
p.ralytic .hellfi,h poisoning (PSP). 344, 354,. ... 
Paramec;um. 61[, 61/. 63/. 64[, 661 

cdl " ructure. 350/ 
Paramre;um l1Iul"micronud,a,um. 62/ 
P .. a myxovi rida<. ch. racteristicsJimpoII.n t 

genen/dinic.l featur«, 376, 
Paral1lyxovlrus.3761 
par.myxoviru«,. 389 
p .... it«. 6, 145 

.nimal. 6 
biologic.l tran.mi«ion of disease . nd. 

412--413 
coevolution between host and. 418 
hum.n 

Giardia lamblia. 347{. 348. 443-444 
Trilhomona, 347. 347/ 

n.tu .. l killer (NK) cell. c.n .tt.ck. 491 
obligato, y intracellular. viru«, a •. 282, J68 
of bacteria ( Bddwv,brio ), JO II 
veclOrS and. 362-363 

p .... itic archoc>o"-n .. 347. 347/. 348 
par .. itic bacteria. RICk",,;ia;. J03 
par .. itic helminth •. 6, 13. 13/. 192. 329. 

353-361. 361, 
antibody.dependent ceU-medioted cyto. 

loxicity and. 491. 491/ 
futw<:rrm'. 6. 353. 3S6--358. 361 , 
Auke., 356, 3>6/. 357{. 3611 
identification of. 282 
roundwurms. 6. 192, 353. 358-361 . 360/. 

rul« for n.ming and. 179 
p .... itic inf«tion. 

.. top 10 microbial cau«. of death. 329 
IgE increa«. during, 481 
of .kin. 

p .... itic protozo., 346 
antibody.dependent ceU-medioted cyto. 

toxicity and. 491. 491/ 
eyew'para, 329 
<TIcystmenl .nd 'urvi,-al ou"ide host, 346 
featur«/di«a«, caused by/<ource of 

inf«tion.354' 
Cia,,/;a lamblia. 347{. 348 
PIa,mo,/;um v;"tx, 341>-349. 349/ 
Trilhomon", 347. 347/ 

par .. itic w«vil •. controlled by M"arrhlZ,um 
fungu •. 339 

p .... itic wOrm in f«lions. ru.inophil. 
increase during, 454 

par .. itic wO,m ' 
IgE antibodies and. 48 1 
immune .ystem attacl« on. 491. 492/ 

par .. iti.m. in .ymbio.i •. 402[, 403 
par .. itology, 13 
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p. renchym •. in tissue rep.ir of infl.mm.tory 
r«pon«.461 

p.ren, cell' 
in Aow of genetic inform.tion. 212.213{. 

214/ 
parental DNA strands. 214/.116/ 

p.ren,er.1 rOu1<. 429. 430, 
.. port.1 of entry. 419, 4301. 445/ 
di«a'" cau«<l by. 419, 430, 

parro,. ... di«a« ",«rvoilS. 4101 
parthenogene'i<, J07b 
Porvoviridae 

a. DNA viru •. 385 
bio'ynthesi. of. 385, 
characterist icsJim ro,t.n t gencraJ d in ic.l 

feature<. 375, 
p .. voviru. 619. P 'nligen .nd. 383 
p."ive immunity 

acquired. 494{. 
gamma globulin mOst often used to t .. n.-

fer. 495 
n.tu .. l (at birth). 494. 494/ 

p."ive natur.l. 480 
p."ive tron,poll proc<M« (of moving m.te· 

rial. acro" membranes ), 
faci litated diffu.ion. 91 _92,91/ 
o'm",i,. 92-94. 93/ 
simple diffu.ion. 91 _91, 91/ 

Pasteur. Loui<. 8, 9{. IO{. II . 184. 190,477 
""",urdla genu<l,pp .. 3011. 111 

a. dome<tic animal p.thogen,. 311 
a. human pathogen', JO II 

""",urdla mul,,,,i,/ •. 283b 
tran.mitted by dog .nd cat bite<. 311 

Pasteurellales. 311 
imrort.nt genera/.peci.l featu", •. 301, 

190-191. 194, 
commerci.1 sterilization and. 185. 185,. 

794/. 795/ 
high.temperature , hort·time (HTST ). 

190-191 
uhra.high.temperoture (UHT) t",atmen" 

and. 190-191 
patch t«t to determine Gnr« of derm.titis. 531 
p. ternity determination, DNA fingerprinting 

and. 262, 164/ 
pathogen-associ.ted molecular p.tterns 

(PAMPs ). 450. 458--459, 458/ 
p. thogen«is. di«.«. 400 
pathogenic .mocb • . 348. 348/ 
pathogenic b.cteri. 

at refrigerator temperatu", •. 192 
pl"mid, cooing for protein. that enh.nce. 

no 
pathogenic fungi. 335-339 

dimorphi'm in. temperatu",. and. 332 
,umm.ry of. 338, 

pathogenic microbe<, 2 
mooern chemotherapy genesis and. 11_13, 

>01 
,,*tative. di.inf«tion to run'rol. 185. 1851 
virulence determin.tion, 71. 72/ 

pathogenic proLrryotes, induded in Dom.in 
B<lcteri • . 174 

p. thogenicity. 428--448, 445/ 
ahe",d. 228. Sec a/;o mut.lion. 
cytopathic df«,. .nd. 441-442, 442/. 443,. 

445/ 
dam.ging host cell •. 434-441. 445/ 

by dir«t d.m.ge. 434. 445/ 
by prooucing toxin •. 434-439. 438,. 

439,. 445/ 
by u.ing host's nutrient .. 434. 434/ 

entering the ho". 41_32. 4JO, 
lysogeny .nd. 440-441. 445/ 
numl><, of invading microbe •• nd. 

42_31.445/ 
of .Igae. 444 
of fungi, 443 
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of hdminlh" 444 
of prolo"'a. 4H--444 
of >iruk'. 44 1-443. 4431 
renelralion of h"" ddenk. 

by .nligenic varialion. 433 
by c'p,uie pr«<n«:. 432 
by cdl w.1I component<. 432 
by en.ymd., 431-433 
by inv .. in,. 433. 433f 

pl ... mid, and. 439-441 
portal< of enlry. 429. 4}o, 
port.1< of exil. 444 
proph.g'" and. 44 1 
,iderophor .... nd. 434. 434f 
virulen«: and. 429 

numlx" of invading microbe •• nd. 
429-431.445f 

p.lhogen •. 399 
MClerial biokn"''' '0 det<C1. 780b 
fi", line of ddenk .gain". 449-453. 4';Of. 

471 ,. Ste aha immuni,y 
how Ih<y enler. host. 429-432 
how Ihey h.rm host «:11 •. 434-44 1 
how Ihey renelr.le ho" ddenk •. 432-433 
hum.n. Ste human p.,hogen, 
pJ.nt. Set planl palhogen. 
«<ond line of hoot defen"". 4';Of, 

454-471. 472 ,. Ste also imm unily 
Ih.1 c.n Cauk mulliple discak., 406 
Ihird line of ddenk 'gainst, 4';Of 

p.lhology. «ien«: of. 400 
p.ucibacillary lepr<><y. 619 
PeR micro.IT'y" 262. 517 
PeR (polymer .... ch.in "aclion). 25 1, 252f 

hI .nd 2nd cyde procedur .... 152f 
a. diagnostic look 251 
DNA prolx •• nd.162 
",ai-lime PCR.151 
",v<",.tran«riplion PeR, 251 , 266b 
10 idenlify microorgani'm" 290-291 

from .ncienl B<lciJlus b.cleri. , 290--291 
Hantamus hemorrh.gic f .. -er oUlb"ak. 

'" in norovirus infcclion, 266b 
in Whipple'. discak, 290 
of lickborne disca«, 291 
10 idenlify "'ur« of rabi ... >im •. 191 
Wesl Nile >im •. 379 

10 !ludy genelic mal<rial from exlincl 
pJ.nlsJ.nim.l<.l64 

re' .phids., Wolba.h,a b.cleri. and. 307b 
re.nul bUller, .flaloxin .nd, 443 
re·nut< 

aO.loxin .nd, 130. 443 
food .lIergi .... nd, 525-516 

re". food .Uergies and, 515 
pertin, 267, 167, 

in «II w.lIs of di.lom" 343. 343, 
rediculo.i. (Ii«). 362, 361" 603f 

head, ivermeclin effccli, .. against, 572 
Lyme d ikak .nd, 323 
Pri'i",iu. humaliu, (pan"ile) 'peei ... nd. 

361,. 363j;602 
rash cau<cd by. 592b 
,ucking.36U 
lr«Ument< for. 
Iyphu.lran.mittro by. 303 

Pri'i",iu. humalius 'apili. (head louk). 

Pri'i",iu. humalius .o'Pori' (body lou« ), 602 
tr.n.mi" Iyphu" "Iap,ing f .. er, 3621, 

363f.4131 
'ummer .. u,.ge .nd, 137, 

Ptlagibact,.,- genuS/,pp" 303 
fISH <ludy 'howed rd .. edn .... lo rick-

ett.ia •. 192 
mO<l .bund.nl li>ing organi.m in oeean" 

'"' ,m.1I genome of,}o3 

Prlllg;bact,.,- ubiqut, 778 
fISH <ludi ... and, 192. J03 

rellid .. 
of euglenoid" 351f 
of Parama;um, 3';Of 
of prolo"'a. 98. 346, 3';Of. 351f 

relvic inflamm.lory di«'k (PID ), 751_752. 
751f.7M b 

Chlarn)"lia trachomal;' c.u,ing. 7';0 
cclopic pregnanci« .nd, 751 
NtiS".,-ia l"liorrhD<a< c.u.ing. 751 
po .. ible infertilily u,uiting from. 752 

pemphigus nwnOlomm (bulleou. imreligo 
of newborn ). 5118 

renelralion <l.ge in viral mulliplic .. ion cyde, 
380, 381f 

penfringoglycin 0 loxin. 65j; 68, 
renicillin, 76, 559-561, 56Of. 563 

allergic reaclion, 10. 478-479. 524 
incrca« in, from m-<Tu« 40 Y"" .go. 

531b 
.... haplen. 478, 524 
... kcondory m<l.bolile of indu"rial fer· 

mentalion , 803, 804f 
blood-brain b.rrier .nd, 611 
bro.d<T-'peclrum,561 
di«m-ery of, 12-IJ, 11f, 553 
gram-neg.li, .. b.cleri. and. 87. 88,. 89 
gram-po,ili,-e b,cleria .nd, 70. 87. 88f. 89. 

". 
mode of ,clion, 85, 86f, 89. 556. 556f, 557f 
nalural, 559, 560f 
penicillina«-u.i".nl, 560-561, 56 If 
replidoglyc.n .nd, 98, 556 
produced by Prn;,iJ/ium mold, yidd 

incrca<cd by rONA Icchniqud., 249 
mist.n« 10, 559-561 , 56lf 
«mi'yn,helic, 560, 560f 

mode of .clion/'p«lrum of .<li,-ily. 5611 
,,,uc,u,,,,56Of 

.p«trum of ,clivily. 5611 
"'uclure of, compared 10 «phalo,porin. 

su«eplibilily of gram-negalive Vi. gram· 
po.ili .. oocleria 10, 88, 

renicillin C 
mode of .clion/'reclrum of activily. 557,. 

relenlion of. 559. 560f 
"'UC'U"', 559, 560f 

renicillin V 
mode of .clion/'reclrum of activily. 562, 
"'UC'U"', 559, 560f 

renicillin-u,i".nl S. au"us. 19-10 
penicillin.k.",.isl.nl penicillin<, 560-561, 56lf 
renicillina«" 559. 56 l f 

monobaclam' 10 inhibil. 561 
pol ... ium damlanale 10 inhibil. 561 

Pr"'Cii/ium .h'Y"'l:rnum, .nlibiolic penicillin 
deri,-ed from. 4,. 12. 12j; 554, 555,. 
559.560 

Pr"'Cilli"m genuslspp, 
... opporlunistic fungill. 339 
ex.mple of .n.morph arising from mul.· 

,ion in I<lcomorph. 335 
u«d 10 riren chec«., 799 

Pr"'Cii/ium g,iMoful""rn, .nlibio,ic griseoful. 
vin deri, .. d from, 555, 

Pr"'Cilli"m no,nlum, 11. Uf.554 
renis, 745. 745f 
renlamidine.lo Irc .. Afric.n ' Ioeping 'ick-

ne", 627 
pentamidine iklhionale.lo lual 

Pneum"",,,i. pneumonia. 569 
renlok pho'phale palhway (hexok 

monopho'ph.le .hunt). 125. 127 
b.<leri.lhal uk. 127, 135b 
in purinelpyrimidine biosynlh ... is, 147. 148f 

renlo ..... 39 

PEP (phosphoenolpyruvic .cid), 94 
replic ulcer dik.«. He/ieoM<fer, 3 U. 

718-721,719,,723 
replidak'. 136 
p<p1ide .nlibioli«, Su .nlimicrobial p<p1id ... 
replide bond •. 41. 45f. 46j; 219. nOf 
replide cro .. -bridge, 85. 86f 
replidd., 43 
replidoglyc.n (mu",in). 4, 82f. 85, 86f. 90f 

arcMea «U wall< .nd, 175. 325 
bio'ynlh«i. of. 146, 146f 
fungal «U wall< .nd, 330, 
in bacteri.1 cdl wall. 

gram-neg.li, .. , 85, 86f. 87. 88,. 437 
gram-po,ili,-e, 69, 85, 86f, 88" 4';0 

in eukarYOI'" Vi. prokaryol«. 77. 98. 101, 
Iywzyme d.m.ge '0. 88-89, 88" 453 

replone ion .gar.lo detecl hydrogen ,ulfide 
produclion. 139. 139f 

replon«, complex cui lure mNia .nd, 165 
rera«lic .cid (peroxyacetic .cidIPAA). 201 , 

202.205, 
rerforin, 454, 488 
rericardili., 64 1, 643b 
reri«nlriolar malerial, 99f, 105 
1'IT;,Ii"i"m (dinoflagellale), 344f 
reriodonlal dikak. 709. 709j; 710b 
reriod of conval ... «n« in infecliou. di«a«, 

408f. 409 
reriod of decline in infecliou. disca«, 408f. 

'M 
period of iHII<11 in infertiou, disc.k, 403, 408f 
periodonlilis, 709 
reripherol ner>ou' 'Y'1<m (PNS). 6 11 . 61 1f 

lepr<><y palhogen .nd, 61_10, 620f 
robi« viru' and, 622 

reripherol pro,ein •. of prokarYOlic plasm. 
membrane. 89, 'JOf 

reripla.m,85 
reripla.mic 'p.c<. in grom.negalive Vi. gram-

posili .. ooc1<ria. 88, 
reri".I,is, 452 . 4711 

in ""pon« 10 microbi.lloxin" 451 
reriloneal macrophag«. 457 
reriloneallulxrculo.i •. 144b 
rerilonili •. 314, 418 

ctiology del<Tmin.,ion .nd, 405 
rerilrichou, Hagella, 81, 81f 
rermeabilily 

of blood ... kl< in inflamm.lory r ... ponk. 
460.46lf 

« lerti,-e.9O 
rermea«, 224, 224f 
rermea«<. in f.cil il.led diffusion. 91-91, 91f 
reroxid .... ,3b, 162 
reroxide a. blcaching .genl. chlorine Vi., 3b 

microlx. (yea"') in produclion of. 3b 
reroxide anion, 162 
reroxi..,md., 99j; 105 
reroxya«lic .cid/PAA (peraceti, .cid ). 201, 

102.205, 
reroxygen', 202, 1051 
reni<lenl (chronic) viral infertion" 392. 392f 

ex.mpl ... (dik'klprimary <ff«tlcau"'li .. 
viru.).394, 

re"i<lenl enlero>iru' infertion. 3941 
rer..,n.lo-perlOn lron'mission, of .. ian 

inHuenza .. "u •. 19 
re"piralion, 453 

of .kin, 585. 585f 
rerlu .. i. (whooping cough),}06, 680-681, 

680f. 699b 
a. emerging infertious dik.k. 417, 
a. nolifi.ble infecliou, dikak. 41 I , 
incub .. ion period, 430, 
port.1< of enlry, 430, 
'p"ad by dropl<l lransmi«ion , 411 
v.ccine. 13. SOl, S031, ';04" 682 

pe" conlrol 
fungi u«d for. 339 
microorgani'm' u<cd in. 17 

re"icide u.ist.n«, engineered inlo crop 
plan". 165 

376, 
Petri di.h«, 165 
Petri, juliu" IOf 
Petroff-H.usser c<ll Counler, 176. 178f 
petruleum , formN from diOlomS/planklonic 

organi.m, li>ing million. of Y"" 
.go.344-345 

petroleum hydrocarbon •. bacleria IhOl u« a. 
energylcarbon ..,urce.H9 

relruleum prod uct<, b<l.-oxidalion of. 33b, 

Peyer's palch«. 456j; 457. 710 
M c<ll< and, 486, 487j; 710 

(dinoHagelJ.le). 344. 3541 
PFU (plaque-forming unilS). 377 
PC (polygolacluron.k), 267 
pCH (poreine growlh hormone), 1671 
pH buffe,., J6-37 
pH «.Ic, 35-36. 36 f 
pH valu«. 35-37. 36, 36f 

di,infecl.nt'. ,clivily .nd, 195 
en.ym.lic ,clivily .nd, 119, 119f 
exlume .• cidophilic .,ch",a .nd. 325 
growlh of Mc1<ria .nd. 37, 158-159 
pH «.Ic,36f 

PHA (polyhydroo. yalbno.le), as biodegrad. 
.ble .llern.,ive 10 pl.stic. 3b 

Ph.wphyl •. cha",c'<ri<,ics of brown . Igae, 
343, 

phage conv<r<ion, ... u.ull of Iy"'geny, 382 
phage DNA.H7, 149. 380 

... prophage. 380 
phage library. 255 f 
phage Iy..,.yme. 380 
phage Iher.py, 368-369. 579 
phage Iyping. 2118. 1'JOf, 712 
phag«. Ste bacleriophag« (phag«) 
phagoeyld., 457-460. 457f 

,clion' of, 457. 457f 
aging .nd progu .. ive inefficiency of, .. , 
... kcond line of d<fenk. 4';Of, 457. 472, 
fued m.crophag«, 457 
in.bilily 10 produce .nd, 461 
m.croph.g« •• , 454, 455,. 457, 457f. 490 
microlx. Ihal 'urvi,-e in,ide, 459 

phagoeylic > .. ide (phago..,me). 458j; 459 
phagoeylo.is, 94. 100, 457-460, 457f. 458f 

ad'plive immunilY" role in, 460. 487. 
489-490. 49Oj; 496f 

biofilm •• nd, 459-460 
/J,u,,11Il able 10 .ur>i .. , 305 
capsule pr«<nc< .nd, 80 
capsul« of p.lhogen. imp.in , 432 
«II, Ih .. rerforrn, 455,. 457. 47 U 
IgC .nlibody .nd, 4811 
in inHamm.lory ",'pon«, 461f. 462 
Iy<o«>m«, .nd loxic form. of oxygen, 162 . 

458f 
mechani'm of, 458-459. 458f 
ph .... of 

chemo",.i" 458, 458f 
.dheun«, 458, 458f 
ingestion, 458. 458f, 459 
digestion. 458, 458f 

Slrep''''oc,u. pnrurnoliioe and. 234-236. 
235f.431 

Slrep''''''''u. pyogen« .. -oidanc< fcalur<. , .. 
phagolylO..,md., 458f. 459 
phago..,me (phag"'l'lic ,-«ide). 458j; 459 
phalloidin, 443 
pharm.«ulical .gen" .• lgae-pruducN Ihick· 

ene" ukd in, J43 



ph.,m.ceulic.l proou<lS, genelic.lly engi-
neered, 258-259, 260f 

ph.,maceulic.l use. for ferment.lion end-
proou<l<, 1371 

ph.,yngeal gonorrhe •. 749 
ph.,yngili<, .Ir<plococ<al ('''ep Ihroal), 3 19, 

676, 677, 677f. 681 b 
pha<c-conl .... '1 mi<roscope, 60[, 661 
phenol (carbolic acid). 195, 1%[, 2o.tl 

MCleri. c.p.ble of md.boli>.ing. enrich· 
ment medium. for, 169 

e.,ly uk> in .mgery. II. 195 
loc.l .n«lheti< <lfe<l<, 195 
mechani,m of ,clion, 195. 1041 
mol«ular .lru<lu"" I %f 
preferred U«, 2041 

phenoli«, 195, I %f. 1031, 2o.tl 
mechani,m of ,clion, 195. 1041 
preferred U«, 2o.tl 

phenolypa., 21 1 
<h.ng« in . 126. Su also mul.lion. 

idenlifying mul.nl •• nd, lJl-231.131f 
",ve"ion' and. 132 

phenylal.nine (phe) •• Iruclur.l formula/chaT' 
.<Ieristi< II. group. 441 

pHisoHex, l% 
I'hk""lomo< {sand ny).lei<hm.nia.i< .nd, 

3541,665 
phl""m.342 
phocid dislemper ,iru'. found in «aI<, 283b 
phospha .. se 1«1. pastemi .. lion and. 190 
phosphate 

in DNA 'Iruclur<, 47. 48f 
in RNA 'Iru<lme. 49f 

phosphate funclional group. 381 
in phosphoprolein .. 45 

phospha1e group. in nudeolid«. 111 
phosphate sail., culiur< media .nd, 159 
phosphoenolpyruvic .cid (PEP), in group 

".nslocation.94 
phosphogly<cric acid. 149f 
phospholipids (compln lipid.), 40-11. 42f. 

89,90f 
in lipid bilar<r of prol"uyulic pla,m. 

membron«. 89, 90f 
phosphoprolein .. 45 
phosphorus {PI 

.Iomic number/.lomi< weighl. 271 
cI«Ironi< configuTlllion.191 
in organic compound •. 37 
rcquiremenlS for mi<robial growlh. 160 
sourc« of. 160 

phosphoryl.lion , 122 
typc used 10 generole ATP, compared, 1371 

photic (light) wne of bodies of water. 341[, 

'" photic 'on« fOT .lg.1 h.bitaU, 341-342, 341f 
nu"ilion and. 342 

photo.ulOlrophic proloryol«. induded in 
Domain Ba<leria, 274 

photo.ulOlropn... 14l-145. 143[, 1451 
.Igae ", 3301, 341. 341f 
carbon "'quiremen" for growlh, 160 
culiur< media for. 1691 

photohelcro"oph., 143. 143[, 145 
photolyase. (light-repair en.ym«). 2151. 230 
photopho.phorylation, III 

noncydic. 140, 141f 
photopho.phorylalion, eydi<. 140. 141f 
photo'ynlh«is, 2, 100f. IlJ. 140. 141f 

.Igae .nd,6 

.noxygenic, 144, 145/, 315 
M<leri.1. 4. 144, 145/, 31J-315. 3141 
MClerial pl •• ma membr.me en.ym« .nd, 

" <arbon dioxide, carbohyJr.l« and. 17 
<hloropla'" .nd. 105, 100f 
in « l«ted euhryol« .nd probryule<, 

<ompar«l.u5, 

li<hens .nd, 340 
life wilhoul 'unlight, endo li ln. .nd, 

77J-774 
lig!l l-depcndenl (lighl) rea<lion .I.ge. 140. 

141f 
lig!l l-independenl (dark) r<ociion 'I.ge. 

140,1 41f 
oxygenic. 14l-144. 1451. 313-315 

pholo'ynlheti< bacleTia, IH-145, 143f. 1451 
30lt 

Chlorobium. JOII 
Chlorofkxus. JOlt 
Chromatln",,144.145,.300I,314, 
<yanob.<leria, 313_315. 314[, 3141 
en,yme r<quir«l by. % 

JOI I 
R"",/0<plTilln",,3011 
« l«led <haracleTi<li«, compared, 3141 

photo.ynlhcti< pigmenlS, of algae. 3UI 
photol""i •. 82 
photolroph .. 142, 143f 
phycobiliprolein,, 3431 
phylogendic r<Ialion.hip" 274-278 

phylogenie hierarchi«, 277-278, 278f 
ribolyping 10 ddermine, 292 
the Ihre< Dom.in" 275--277. 275[, 2761 

phylogeny (.y.lemati«). 274 
phylum. in laxonomic hierorchy, 279, 280f 
phYU'phoru' <yde. 774 
Ph,...,ru"" 353f 
phy<ical melhoo. of microbial conlrol. 

187-194,194, 
Phy,ophl"o", cinnamon;' EucalYPlus .peci« 

inf«led by, 344 
Phy,ophl""", pol.lo crop. inf«led 

by, 319. 344 
phytopl.nklon,777 
pia mOler, 611. 6llf 
pid.!« 

I,clic a<id fermenwion .nd, 135b. 800 
pH .nd, 159 

Picomo>irida<, 387. 388f 
•• RNA viru .. 385/ 
bio'ynth«i. of. 3851. 387 
char.cleri" ics/ im port.n I gen<n/ d in i<al 

featme<,3751 
«nse "r.nd (+ "rand) in, 387 

PID. Set pelvic innammatory di«a<c 
pig inHuenza ,iru«'. 19 
pigmen" 

MCler;"!. protection from .nd. 193 
photo.ynlhcti<.141. 143f 

of .Igo<, 343. 3UI 
photo.ynlhcti<, of . lgae, 3431 

pig. 
.. di«a« r«<,,·oi ... 4101 
geneli<ally mooifying •• organ donon, 536 
heorl ,-al,.." of, 535 
inHuenza A virUk> and, 19. 370-371 b 

pili/pilus. 00[, IIJ-84 
conjugalion (<<x) pili. 84, 136-237.137[, 

m 
pilin .ubuni", 83 
pilol whal«. CM viru •• nd, 183b 
pimaTicin (Nal.mycin ), .ntifungal anlibioti< 

u«d in food •. 100 
pin, of • T -"'en b.cleriophage. 374f. 381f 
pink <ye/r<d er< (conjuncli,ili.), 601, 604b 
pino<ylo,i., 94, 100. 38l. 384f 
pinworms (nem.looe). 358. J60[, 361 I. 

734--735,735b 
Pilyro,porum (fungu,),,, norm.1 mi<robiol. 

of .kin, 4021 
placebo. in expeTimenul epidemiology, 420 
pla«nl.llran,fer of •. 4811, 

m 
plague, 6411. 648f. 650. 651 Ii, 651. 651f 

•• nolifi.ble inf«liou, disease. 42 1 I 
•• >oonolic di«a«. 4101 

M<leri. cap.ule •• nd ,irulence. 432 
bubonic. 648, 648[, 650b 
<ausali>< .gent/arlhropod ,-«lor, 41 01, 

4131 
port.); of enlry, 419 
rol nea (Xmop'yl"') a. v«lor, 3611, 4101. 

4131,648 
«pli«mi<. 648. 650b 
v.«ine. 650. 651 
Ym;nia J'<'SI;' <.u,ing, 3 II. 4101. 41 3" 432, 

M' 
Pkm"omr(t, genus/.pp" 3021. 322 

a. aqu.lic. ".Ik-prooucing bacleTi., JOlt, 
m 

Grmmala oil«uriglcbn< and origin of 
culor),oli< nudeu •. 312. 311f 

Pl.n<lomycd.l«. J02, 
Plon<tomycd«. 3021. 322. 312f 

imporl.nl genera/'p«i.l featur<'. J021 
pl.nklon (dinollagellal«). 341[, 343-344, 344f 

photo.ynlh«i, of .nd Earlh', oxygen sup-
ply. 344 

plankloni< ba<leri •. biofilm. and. 163, 163f 
planl .lkaloids., gendi<ally engineered, 258 
planl br<eding, 264 
planl cell. 

genelic engineered to proouce ,-aluable 
proou<l1,258 

Ti pl.,mid •• nd, 164, 265f 
planl di«a«., c.used by viroid" 194_395 
planl pathogens 

A!robaClerium. 3001 . .J.O.I_J05 
Ecwmia.3001 
rhizobia. 304-305 
s"proltgnia f=x, 329f 

planl pollen', allergic rea<lion' .nd, 513-526 
planl rol disc.«, 3 II 
planl viru«', 393-395. 394, 

d."ifi<.lion {,iral family/genus/morphol. 
ogy/lron'm i"ion),3941 

Pl.ntae (kingdom) 
<TIergy 1Ource.182 
in Linnacu,' cla«ifi<alion 'y"em.174 
organi,m, induded in. 182 
po,ilion in nolulionary 11«, 275f 
po,ilion in laxonomic hierarchy, 280f 

plan" 
.d,anl.g« of genelic.lly engin«r<d for 

proouclion of hum.n Iherapeuli«, 
m 

• ppli<ations of TDNA I«hnology, 
264-267. 265f 

.. eubrya,6 

.. kingdom in Domain EukaT)'" 6, 274, 
275f.280f 

a. polential source for vo«in«. 506 
dependency on 'ymbioli< fungi .nd, 330 
euhryoli< cell. compo,ing, 76 
geneli<ally engin«r<d. 164-167, 165f 

inlrodu<ing foreign DNA inlo. 25J-254, 
253f. 254f.164. 165f 

Ti pl.,mid .nd, 164, 265f 
to .<1 .. "f,clori«" for producing d«ir-

.ble <hemical .. 147 
u«. of bo<leri. in, 258. 164-165. 165f 

gr<en 
.. pholoaulolroph., 14J-145. 143f 
<.rbon flUtion. phol<><ynthe<i. and, 140 

oxygen-producing .nd cyanoMcteria. 
314-315 

photo'ynlh«i, in, 1451 
typi<al cell "mclure. 99f 

plaque melhoo for del«ling. counling ,iru.-
e<, 374. 377, 377f 

plaque (Iooth/denlal). bior.Jm, and, 163 
plaque-forming unit< (PFU). 377 
plaques, vir.l. 374. 377. 377f 
pl .. m., blood, 201, 454, 457. 467b 
pl .. m. « lls, 99[, 482f. 48l. 483[, 494. 496f 
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pla,m. ('flopla'mi<) membrone 
el«lron Ir.n'porl <h.in ('y<lem) and. 129 
in prohryoli< v<. eukaryoli< cell •. 101 I 

pl .. m. ('flopl"mi<) membrane {euhry-
ol«).99f. IOO 

pl .. m. membr.ne. 40. 00[, 82[, 86f. 89-91, 

.nlifung.l drug. Ihal damage. 5641 
anlimi<robial drug< Ih.1 d.m.ge, 91. 186. 

195. 104-1051. 55f;[, 558. 559[, 5f;21. 

fun <lion •. 90-91 
membrone ruffling .nd, 433[, 443 
mm..,menl of ,ubSl.nc« .Cro", 91-94. 

91f.93f 
energy 1Ourc« for. 94 

of Mycoplmm" genu •. 41. 42f. 87 
of T · .. ·en bacleriophage. 381f 
penelr.lion by palhogeni< in, .. in'. 433, 

433f 
prolein' of, 95 
« l«li,'e permeabilily of, 91, 186 
"erols and, 41. 41f. 87, 89, 558 
Slru<tu"" 89-90. 90f 

pla,m. Slerili"uion. ZOI 
pl .. m. ,iral load (PVL), 545 

t«" of. 545 
pl .. mid library, 255f 
pla'm id ,'«Ion, u«d 10 deliver Iher.peulic 

gen«, 259 
pl .. mid" 80f. 95, 236. B7_240. 140f 

A!robaClerium lumtfacimt •• vehide for, 
264.165[, 3o.t-305 

.. gondic engineering loot, 240. 150 
a. ,..,ClorS. 15(J.-151. 15Of. 151f 

a<ling ., .hunle ,-«10". 151 
.. prim.ry v«lor used for doning, 250. 

251f. 256-157, 25f;f. 157[, 305 
circular DNA .. prolective properly, 250 
<onjugalive. B8-239 
di«imil.li"n, 238-139 
f fa<lor .nd. 95. 136-137, 237f. lJ9f 
gen« ddermining p.lhogeni<ily and. 

439-441 
in M<lerial <onjug.lion. 136-237. 137f, 

lJ9f 
in synlh«i. of M<lerio<in' 10 kill olher 

M<leria. 139 
in Ir.n.fer of r«i".nce 10 .nlibioli«, 

lJ9-240.140f 
in typical geneli< mooifi<ation pTOCedur< . 

247. 148f 
p.lhogeni<ily and. 439-44 1 
II. fOCloT .nd, 239-240, 240[, 250, 250[, 

439-441 
lttombinanl,248f.158 
Ti pl.,mid •. 264. 165f 
".n.fer to olher .p«i« .nd. 239-140 
virulen« f.clon .nd, 439-440 
yea'" .nd «pression of fOr<ign eulor),oli< 

gen«, 258 
pl .. mooial .Iime m"lds., 351 , 152 

<ylopla'mi< Slr<aming .nd, 352, 353f 
life cycle of, 353f 
pla'mooium .nd, 152, 353f 
po,ilion in nolulionary IT<'<, 275f 

Pkumodium faklparum. 663 
Pkumodium ma"'ria ... 663 
Pku",,,,/ium o,,,lr, 663 
Pkumodium (prolo"' .. ) 

<an .urvi>< in ph.gocyl«, 459 
v«lo .. and. 362-363f 

Pku",,,,/ium v;vax (prolowan), 348-350, 
349f. 3541. S«, also m.lari. 

AllopJ.e/t< m",,!uilo .. v«lor, 348-350. 
349f. 361-363, 3611, 41 01, 4131. 663 

incubation perioo, 4JOI 
life cycle. 348-349, 349f 
p.lhogeni< m«hani.m. of. 443 
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ron.I; of enlry, 430, 
rc«rvoi" for, 410,. 413, 
'porozoile u inf«li, ... I.ge of, 348-349, 

349/ 
pla,mogomy. 3H. 3J5f, 336f, 337/ 
plumoly.i •. 94. 159. 160f, 192. 194, 
pluti< 

biodegrod.ble . ltem.live 10. 3b 
made by microbe., 3b 

plate counts. 174-175. 175[, 176/ 
platelets, 455, 

function. of. 4551 
hi".mine prc;cnl in, 460 
thrombocidin produced by. 470 

platen,imycin.S66 
platinum, u«d in st.ining of 'p«imen', 63 
Plalyhelminth« (u"tworm. ), 353, 356-358, 

356/.357/.358[, 361, 
«"od« (tapewurm<). 356-358, 358/. 361, 
lrem.lod .. (O uk<1). 356. 356f, 357f, 361, 

ple.led ,h«1' of prolein "ruclure, 45. 46/ 
pleomorphic bacleria, 79 
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