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PREFACE

 

Our understanding of the functions of intestinal microflora and the use of
probiotic microorganisms, a novel concept, to improve human health has
made significant strides. Further, as our knowledge of gastrointestinal dis-
eases increases, the use of probiotics offers an innovative approach for new
food product development in functional foods for specific diseases. Likewise,
the need for better control of microbial contamination in foods has been
paramount in recent years. Foods previously thought not to be involved in
foodborne illness, or believed to be infrequent sources of foodborne illness,
have been associated with outbreaks, or sporadic episodes of illness, which
sometimes have been fatal. Our understanding of foodborne pathogens has
dramatically increased at an unprecedented rate in the last two decades, and
so have the types of microorganisms, previously unknown, or not known to
be causes of foodborne illness, which have recently been linked with docu-
mented outbreaks of illness. This makes it necessary for scientists, industry,
and regulators to reconsider the traditional approach to food preservation
for pathogen control in order to enhance food safety.

The variety of medical approaches to tackle gastrointestinal diseases and
the challenge in ensuring microbiological safety of our food supply empha-
size the need for a comprehensive book on probiotics. These observations,
and our involvement through the years in research addressing microbiolog-
ical safety of foods, led us to the conclusion that such a book is timely. The
intent of this book is to present an in-depth characterization and diagnostics
of probiotic strains, their mechanism of action in humans, food applications
role in the development of new products that contribute to our well-being
by guarding against gastrointestinal diseases and regulatory status. Every
effort was pronounced to make this book as comprehensive and current as
possible. This book is written at a level which presupposes a general back-
ground in medical and food microbiology needed to understand the basic
mechanisms of probiotic action and the functionality of foods. The unique
feature of this book is its thorough coverage of the various topics pertaining
to probiotics, thereby creating new opportunities for food and nutrition
scientists to develop functional foods with specific health benefits for differ-
ent subpopulations. Such a thorough coverage of probiotics is expected to
be equally useful to healthcare professionals. The material in each chapter
is arranged in a logical, systematic, and concise sequence. Each chapter is
written in an easy-to-follow format by a nationally and internationally
renowned expert or team of experts in their particular fields. At the end of
each chapter, citations from the scientific literature by experts in that partic-
ular field of probiotics are included. 

 

DK3341_C000.fm  Page 5  Thursday, September 1, 2005  10:44 AM

© 2006 by Taylor & Francis Group, LLC



 

It is necessary for the food industry and regulatory agencies to have
personnel who are knowledgeable of the functional properties of foods
aimed at improving human health. Currently, such information is available
in a variety of diverse sources that are not always readily available. Accord-
ingly, this book should be of special benefit to individuals who have little
or no opportunity for additional classroom training and is a valuable text
for those who directly or indirectly are involved in food product develop-
ment or serve as nutritionists or doing research on food functionality and
gastrointestinal disease control, which includes individuals in academic,
industrial, and government institutions, including federal, state, and local
agencies, food consultants, and food lobbyists. 

We are grateful to all of our coauthors for their relentless effort in contrib-
uting the chapters. The credit for making this book a reality goes to them.
We hope that this book will help in identifying potential new approaches to
develop new microbiologically safe functional foods and significantly con-
tribute to decreasing the incidence of bacterial foodborne illness outbreaks
and gastrointestinal diseases.
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1.1 INTRODUCTION

 

1.1.1 History

 

During the second part of the 19

 

th

 

 century, early scientific studies on micro-
organisms have also dealt with their interactions with the human host,
albeit primarily from a negative perspective. However, as early as 1885,
Escherich (1) described the microbiota and in 1886 early colonization (2)
of the infant gastrointestinal tract (GIT) and suggested their benefit for
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digestion, whereas Döderlein (3) was probably the first scientist to suggest
the beneficial association of vaginal bacteria by production of lactic acid
from sugars, thereby preventing or inhibiting the growth of pathogenic
bacteria. These findings and other information on the early stages of devel-
opment toward biotherapeutic concepts and the utilization of functional

major metabolic product were generally grouped as “lactic acid bacteria”
(LAB) even in those early days, and their association with fermented milk
products was also recognized. Recent research has underlined the impor-
tance of a vital and “healthy” microbial population of the GIT. Particularly,
the beneficial association of LAB with the human host, suggested more
than 100 years ago on the basis of gut ecological and taxonomic studies by
Moro in 1900 (4), Beijerinck (5), and Cahn (6), has been confirmed and
extended by increasing research efforts during the last three decades.
Metschnikoff (7, 8) in his bestseller 

 

The Prolongation of Life

 

 was probably
the first to advocate, or rather postulate, the health benefits of LAB asso-
ciated with fermented milk products. He suggested the longevity of the
Caucasians to be related to the high intake of fermented milk products.
Although Metschnikoff viewed gut microbes as detrimental rather than
beneficial to human health, he considered substitution of gut microbes by
yogurt bacteria to be beneficial. He considered that lactic acid production,
resulting from sugar fermentation by LAB, to be particularly beneficial.
The bifidobacteria, another group producing lactic acid, phylogenetically
distant but commonly accepted to form part of the LAB, were discovered
in 1889 and described in the early 1900s by Tissier (9, 10) to be typically
associated with the feces especially of breast-fed infants. When compared
to formula-fed infants, a lower incidence of intestinal upsets was observed
for infants receiving mother’s milk. Thereby the assumption was made
about the benefical association of bifidobacteria with the human GIT. 

 

1.1.2 Definitions

 

The expression “probiotic” was probably first defined by Kollath in 1953
(11), when he suggested the term to denote all organic and inorganic food
complexes as “probiotics,” in contrast to harmful antibiotics, for the pur-
pose of upgrading such food complexes as supplements. In his publication
“Anti- und Probiotika," Vergio (12) compared the detrimental effects of
antibiotics and other antimicrobial substances with favorable factors (“Pro-
biotika”) on the gut microbiology. Lilly and Stillwell (13) proposed probi-
otics to be “microorganisms promoting the growth of other
microorganisms.” Although numerous definitions have been proposed
since then (see Table 1.1), none has been completely satisfactory because
of the need for additional explanations, e.g., with regard to statements such
as “beneficial balance,” “normal population,” or “stabilization of the gut
flora.” A consensus and somewhat generalized definition as suggested by
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TABLE 1.1

 

Chronology (Arbitrary) and Development of the Concept of Biotherapy and Probiotics

 

Period Time Concept/Approach/Definition Literature

 

“Empiric” <1850 Fermented foods (yogurt) consumed for therapy against diarrhea 
Early developments of 
microbiology as science

1850–1890 1857: LAB discovered and lactic acid fermentation described by Pasteur
1878: Lister isolates LAB (“

 

Bacterium lactis

 

”) in pure culture from fermented 
milk

Particular micro-organisms beneficial for GI tract
The microbiota of the neonate and breast-fed infant Escherich, 1885 (1)
Early bacterial colonization of the infant GI tract (by 

 

E. coli

 

) and relationship 
to digestion

Escherich, 1886 (2)

1889: 

 

Bifidobacterium

 

 discovered in feces of breast-fed infants Tissier, 1900; 1905 (9; 10)
1890: First “commercial” starter cultures for sour milk and cheese in 
Copenhagen and Kiel

Microbiology as basis for scientific 
approaches

1890–1930 Positive association of lactic acid bacteria in the stabilization of the vagina Döderlein, 1892 (3)
Discovery of 

 

Lactobacillus acidophilus

 

Moro, 1900 (4)
“Industrial” lactic acid bacteria Beijerinck, 1901 (5)
Rod-shaped bacteria (lactobacilli) of the infant feces Cahn, 1901 (6)
Longevity of the Caucasians related to the high intake of fermented milk 
products. Gut microbes more detrimental but substitution of gut microbes 
by yogurt bacteria beneficial

Metchnikoff (1907; 1908) 
(7; 8)

Prophylactic substitution by non-pathogenic, “physiological” 

 

E. coli

 

 directly 
after birth

Nissle, 1916 (14)

“Antagonistic” treatment of chronic intestinal inflammation Nissle, 1918 (15)
“Mutaflor” treatment of diarrhea and dysentery Nissle, 1919 (16)

Development of concepts toward 
probiotics and biotherapeutics, 
and their functions

1930–1990 1936: Isolation and early biotherapeutic application of “

 

Lb. casei

 

” Shirota
1953: First suggestion and definition of the term “probiotic," denoting all 
organic and inorganic food complexes as probiotics in contrast to harmful 
antibiotics – for the purpose of upgrading as supplements

Kollath, 1953 (11)

“Probiotic” first defined: Promotion of body functions and beneficial 
microorganisms by microbes and their metabolites

Vergio, 1954 (12)

Prophylactic treatment of acute infections with “physiological” bacteria Kolb, 1955 (17)
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TABLE 1.1

 

Chronology (Arbitrary) and Development of the Concept of Biotherapy and Probiotics (continued)

 

Period Time Concept/Approach/Definition Literature

 

Characterization of typical lactobacilli and bifidobacteria from different 
regions of the human GI tract 

Lerche and Reuter, 1962 
(18); Reuter, 1963 (19); 
1965 (20); 1969 (21)

Probiotic defined as microbiologically produced substances (“factors”) which 
promote growth of other organisms

Lilly and Stillwell, 1965 
(13)

Oral administration of beneficial lactobacilli (“

 

Lb. acidophilus

 

 Shirota”) 
influences intestinal population of infants

Shirota et al., 1966 (22)

Role of LAB and their fermentation products in antitumor activity and 
modification of biological responses

Reddy et al., 1973 (23); 
Kato et al., 1981 (24); 
Yokokura et al., 1981 (25)

Feed supplements for animals – defined as “organisms and substances that 
have a beneficial effect on the host animal by contributing to its intestinal 
microbial balance”

Parker, 1974 (26)

Intestinal population of breast-fed and infants established and similar to those 
receiving formula-milk 

Hoogkamp-Korstanje et 
al.,1979 (27)

Modulation of immune response Schwab, 1977 (28); Conge 
et al., 1980 (29) 

Definition by Fuller: “live microbial feed supplements which beneficially 
affect the host animal by improving its intestinal microbial balance”

Fuller, 1989 (30)

Probiotics toward functional 
strains and understanding of 
mechanisms

1990– present-
day

Improved definition: “mono- or mixed cultures of live micro-organisms 
which, when applied to animal or man, beneficially affect the host by 
improving the properties of the indigenous microflora”

Havenaar et al., 1992 (31)

Definition: “viable microorganisms (bacteria or yeasts) that exhibit a beneficial 
effect on the health of the host when they are ingested”

Salminen et al., 1998a (32)

Definition: “living microorganisms, which upon ingestion in certain numbers, 
exert health benefits beyond inherent basic nutrition”

Guarner and Schaafsma, 
1998 (33)

Consensus definition: “Probiotics are defined, live microorganisms, which 
when reaching the intestines in sufficient numbers (e.g., administered via 
food), will exert positive effects” 

BgVV, 1999 (34)
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the Bundesinstitut 

 

für

 

 gesundheitlichen Verbraucherschutz und Veterinär-
medizin (BgVV; now called BfR) states that probiotics are defined, live
microorganisms, which when reaching the intestines in sufficient numbers
(e.g., administered via food), will exert positive effects (34). The present-
day concept refers to viable microorganisms that promote or support a
beneficial balance of the autochthonous microbial population of the GIT.
These microorganisms may not necessarily be constant inhabitants of the
GIT, but their “…beneficial effect on the general and health status of man
and animal” (26, 30) should be ascertained. This is also reflected in the
suggestion of Havenaar et al. (31), defining probiotics as “…mono- or
mixed cultures of live microorganisms which, when applied to animal or
man, beneficially affect the host by improving the properties of the indig-
enous microflora.” Probiotics are best known by the average consumer
with relation to food where they are defined by the EU Expert Group on
Functional Foods in Europe (FUFOSE) as “viable preparations in foods or
dietary supplements to improve the health of humans and animals” (35).
Yet, particular pharmaceutical preparations containing viable microorgan-
isms in capsules and which are being used for the restoration of the gas-
trointestinal population, e.g., after or during antibiotic treatment, have also
been known as “biotherapeutics” for many years.

 

1.1.3 Administration and Consumption of Probiotics

 

Viable strains of especially the 

 

Lactobacillus acidophilus

 

 “group” and 

 

Bifido-
bacterium bifidum

 

 were introduced into dairy products in Germany during
the late 1960s because of their expected adaptation to the intestine and the
sensory benefits for producing mildly acidified yogurts. Such products first
became known in Germany as mild yogurts or "bio-yogurts", while in the
USA, acidophilus milk was better known (36, 37). 

tered in different forms, comprising foods, mainly in a fermented state,
and pharmaceutic products, mainly as capsules or in microencapsulated
form. By definition, probiotic strains may even be undefined organisms
from fermented foods, which survive the gut passage and may exert pos-
itive effects in the GIT. If probiotic microorganisms constitute a defined
part of a food, they are defined by FUFOSE as “live consituents of a food
which exert positive effects on health” (32, 38). Probiotic foods comprise
between 60 and 70% of the total functional food market. A continued
increase is observed among the dairy-type probiotic foods, but even in the
range of nondairy probiotic food products such as fermented meats and
vegetable and fruit juices. Taking into account the wide range of potential
(fermentable) substrates and the different conditions under which LAB
strains may be challenged for “functional performance,” it can be expected
that developments toward new food-based probiotics will proceed further
in the future.
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It is postulated that this positive effect is achieved when the proportion of
lactobacilli and bifidobacteria in the intestinal population increases, either by
increased intake of typical gut bacteria (e.g., as fermented foods or dehydrated
preparations), or indirectly as a result of the stimulation of autochthonous gut
bacteria belonging to these groups. The lactobacilli and bifidobacteria associ-
ated with the GIT are generally considered beneficial for such things as com-
bating disturbances of the mucosa associated immune system and of the
established gut population.

A particular feature of probiotic cultures is that they regulate the balance of
the gut bacterial population, e.g., by competition for epithelium contact sites
and nutrients and also by modulation of the pH value. Other features refer to
the support of absorption of nutrients and the synthesis of vitamins such as
riboflavin. Further stabilization of the gut microbiota is associated with the
synthesis of nutritional physiologically important short-chain fatty acids
(SCFAs) by which the gut mucosa is supported. In addition, probiotic cultures
are also suggested to stimulate the immune system. These functional aspects
are briefly discussed in Section 1.2.

 

FIGURE 1.1

 

Administration of probiotics in different forms.
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strains
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foods

Food products

(functional foods)
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tablets, or as lyophilised

powders, often micro-

encapsulated

Novel-type fermented

foods containing viable

bacterial strains selected

for their functional

properties:

-  probiotic “yoghurts” and

   other milk products

-  probiotic mildly

    fermented sausages

-  probiotic fruit juices

Cereal-based foods

containing both live micro-
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Nutritional supplements
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1

 

.

 

2 GUT MICROBIAL ECOLOGY

 

1.2.1 The Gastrointestinal Tract as Ecosystem

 

The GIT with its diverse and concentrated microbial population is one of
the key organs of the human body; it is in fact an ecosystem of highest
complexity that mediates numerous interactions with the chemical (and
nutritional) environment. The mucosal surface increase by circular folds,
intestinal villi, and microvilli provides a large area for such interactions
associated with digestion, adhesion to the mucosal wall, and colonization
(39). Compared to about 2 m

 

2

 

 of skin surface area of the average human
body, the gastrointestinal system comprises an area of 150 to 200 m

 

2

 

 (40),
making available the necessary space for digestive interactions and for adhe-
sion and colonization associated with the mucosal wall. The circular folds
contribute to about a 3-fold increase, a 7- to 10-fold increase by the epithelium
folding (intestinal villi), and a 15- to 40-fold increase by the microvilli in the
enterocyte resorptive luminal membrane.

 

1.2.2 Microbiota of the Human Gastrointestinal Tract 

 

ranging from varying numbers of food-associated bacteria in the esophagus,
to 10

 

1 

 

- to 10

 

3

 

/ml (or g) in the stomach, 10

 

7

 

/ml in the jejunum (comprising
mainly lactobacilli, 

 

Enterobacteriaceae

 

 and streptococci), up to 10

 

9

 

 CFU/g in
the terminal ileum, and ca. 5 x 10

 

11

 

/g in the distal colon. Many microbes
isolated from the duodenum and jejunum are considered to be typical tran-
sients, especially considering rapid chymus flow; indigenous colonization
is, however, more likely to occur in the lower parts of the ileum. The esti-
mated total population of 10

 

14

 

 viable bacteria in the adult human GIT (41)
represents about 10 times more than all body tissue cells. The microbial
population therefore represents an immense metabolic potential that not
only supports the digestion processes but is also interactive in detoxification
and toxification processes and, most importantly, comprises the major part
of the human immune system. 

 

Bacteroides

 

 and the Gram-positive, anaerobic
genera 

 

Eubacterium

 

 and 

 

Bifidobacterium

 

 predominate in the densely popu-
lated large intestine. Other groups such as the clostridia, peptostreptococci,
“streptococci,” and lactobacilli also play an important role, e.g., in the main-
tenance of a stable gut mucosa and in the generation of SCFAs in a beneficial
ratio. The role of the lactobacilli may be more important in the small intes-
tines where they comprise a higher proportion of the total population. In
healthy humans, lactobacilli are normally present in the oral cavity (10

 

3

 

 to
10

 

4

 

 CFU/g), the ileum (10

 

3

 

 to 10

 

7

 

 CFU/g), and colon (10

 

4

 

 to 10

 

8

 

 CFU/g) and
are the dominant microorganism in the vagina (68-70).
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TABLE 1.2

 

Estimated Numbers (Per ml or g of Intestinal Contents) and Suggested Role (Postulated Effects) of Major Microbial 

 

Population Groups in Different Segments of the Gastrointestinal Tract 

 

Microbial Group
Stomach

10

 

1

 

 – 10

 

3

 

 CFU/ml
Duodenum

10

 

1

 

 – 10

 

4

 

 CFU/ml
Jejunum + Ileum
10

 

5

 

 – 10

 

8

 

 CFU/g 
Colon

10

 

9

 

 – 5x10

 

11

 

 /g 
Positive 
Effects

Negative 
Effects

 

Actinomyces

 

 spp. 10

 

4

 

 - 10

 

6

 

?

 

Bacteroides-Prevotella-
Porphyromonas

 

 Group
Up to 10

 

2

 

ca .10

 

3

 

10

 

4

 

 - 10

 

7

 

10

 

9

 

 – 10

 

11

 

+

 

Bifidobacterium

 

 spp. 10

 

9

 

 – 10

 

10

 

+

 

Clostridium

 

 spp. 10

 

4 

 

- 10

 

5

 

10

 

8

 

 – 10

 

9

 

(+) +

 

Coprococcus cutactus

 

10

 

7

 

 – 10

 

8

 

Enterobacteriaceae

 

Up to 10

 

2

 

10

 

2

 

 – 10

 

4

 

10

 

3

 

 – 10

 

6

 

10

 

5

 

 – 10

 

7

 

(+) (+)

 

Enterococcus

 

 spp. 10

 

2

 

 – 10

 

4

 

10

 

3

 

 – 10

 

6

 

Eubacterium

 

 spp. 10

 

9

 

 – 10

 

11

 

+

 

Fusobacterium

 

 spp. 10

 

3

 

 - 10

 

5

 

10

 

5

 

 – 10

 

7

 

Lactobacillus

 

 spp. 10

 

1

 

 – 10

 

3

 

10

 

2

 

 – 10

 

4

 

10

 

4

 

 – 10

 

6

 

10

 

5

 

 – 10

 

8

 

+

 

Megamonas hypermegas

 

10

 

7

 

 – 10

 

8

 

Megasphaera elsdenii

 

10

 

7

 

 – 10

 

8

 

Methanobacteria

 

 up to 10

 

9

 

(+) (+)

 

Peptostreptococcus

 

 spp. 10

 

2 

 

- 10

 

6

 

10

 

8

 

 – 10

 

9

 

(+) (+)

 

Proteus

 

 spp. 10

 

3

 

 – 10

 

6

 

Pseudomonas

 

 spp. >10

 

3

 

Staphylococcil

 

 ca. 10

 

3

 

Streptococcus

 

 spp. 10

 

1

 

 – 10

 

3

 

10

 

3

 

 – 10

 

8

 

up to 10

 

7

 

Veillonella

 

 spp. 10

 

3

 

 – 10

 

7

 

10

 

5

 

 – 10

 

8

 

+
Yeasts ca. 10

 

3

 

(+)

 

Source

 

: Modified according to Holzapfel et al. (39); Tannock (42, 43); Sullivan et al. (44); Holzapfel (45).
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Interestingly, 

 

Streptococcus intermedius

 

 and 

 

Haemophilus parahaemolyticus

 

could not be detected in the jejunum of 18 patients with gastrointestinal
diseases, as compared to healthy subjects, whereas lactobacilli were detected
more commonly in diseased than healthy subjects (44). 

In spite of increased research on gut microbial ecology, still only a relatively
small number of the ca. 400 genera and species have been cultivated and
studied with regard to their physiology, metabolic interactions, and taxonomy. 

Considered as beneficial bacterial groups of major importance to the gut
ecosystem, special attention was given to the Gram-positive genera 

 

Lactoba-
cillus

 

, 

 

Bifidobacterium,

 

 and, more recently, to 

 

Eubacterium

 

. All Gram-positive
bacteria cluster in two of the formerly recognized 17 eubacterial phyla that
also coincide with their DNA base composition (71, 72). Practically all organ-
isms used in probiotic foods or food supplements are representatives of the
genera 

 

Lactobacillus

 

, 

 

Enterococcus

 

 or 

 

Bifidobacterium. The genus Bifidobacterium
shares some phenotypic features with the “typical” LAB, but traditionally
and also for practical purposes they are still considered to form part of the
LAB. The bifidobacteria exhibit a relatively high guanine plus cytosine (G+C)
content of 55 to 67 mol% in the DNA and are phylogenetically distinct from
the “true” LAB and form part of the so-called Actinomycetes branch. The
“true” LAB form part of the so-called Clostridium branch which is character-
ized by a G+C content of <55 mol% in the DNA (70, 71). Based on the
comparison of 16S rRNA sequences, Carnobacterium, Enterococcus, Vagococcus,
Aerococcus, Tetragenococcus, and the newly described genus Lactosphaera are
more closely related to each other than to any other LAB. Lactococcus and
Streptococcus appear to be relatively closely related genera, whereas the genus
Lactobacillus is phylogenetically diverse. Comparison of 16S rRNA sequenc-
ing data showed the genera Lactobacillus and Pediococcus to be phylogeneti-
cally intermixed as 5 species of Pediococcus cluster with 32 homo- and
heterofermentative Lactobacillus species in the so-called Lactobacillus casei-
Pediococcus group (73). The 16S rRNA sequence data of pediococci and lac-
tobacilli clearly indicate that the taxa generated on the basis of phenotypic
properties, such as cell morphology and fermentation type, do not corre-
spond with the phylogenetic branching. Therefore, a number of species of
LAB may have to be reclassified; this may have important consequences for
commercial probiotic strains (37).

The early observations and hypotheses in the 20th century pointed toward
the beneficial role of the LAB in food fermentations (46), the GIT (4, 6, 7),

numbers of LAB of the different regions of the human GIT were rare. Among
the first comprehensive studies were those by Reuter and coworkers (18-21,
47). Thanks to their precise and well-documented observations, the three
major groups of homofermentative lactobacilli, typical of the intestinal tract
of the human host, were characterized in the 1960s and were confirmed by
later taxonomic investigations, supported by improved sampling techniques
and molecular biological methods comprising:
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• The “Lactobacillus acidophilus group” involving strains that are pres-
ently recognized as L. acidophilus, L. gasseri, L. crispatus, and L. johnso-
nii (discussed in Section 1.3; see also Table 1.3)

• “Lactobacillus salivarius”
• The “Lactobacillus casei group,” comprising strains of L. paracasei and

L. rhamnosus

The heterofermentative lactobacilli were shown to comprise a major phe-
notypic group (later classified as L. reuteri) and, to some extent, also L.
fermentum and L. oris (47). 

Apart from the bifidobacteria, the LAB in the gut are mainly represented
by the lactobacilli, but in contrast to their domination in the ileum, they only
form a minor population in the colon. The lactobacilli, as major LAB repre-
sentatives, in fact only make up about 1% of the total bacterial population
of human feces but may be more numerous in the proximal colon (48). They
do not appear to be detectable by conventional culture methods in the feces
of all adults; yet, they seem to be consistently present in the colon, albeit in
relatively low numbers. This may in part also result from the consumption
of fermented food products (42, 49, 50). This has in fact been shown by Dal
Bello et al. (51) using “alternative” incubation conditions (30˚C, 2% O2) and
confirmed by polymerase chain reaction (PCR) – denaturing gradient gel
electrophoresis (DGGE) analyses of resuspended bacterial biomass obtained
from agar plates for revealing of the species composition. These workers in
fact reported that food-associated LAB, such as Lactobacillus sakei and Leu-
conostoc mesenteroides, hitherto not described as intestinal inhabitants, were

showed L. sakei as one of the predominant food-associated LAB species, to
reach counts of up to 106 CFU/g feces.

TABLE 1.3

Features of the Species of the So-Called “Acidophilus” Group of Lactobacilli 

Species Habitata

mol% G+C 
in the DNA

“Biotypes” 
acc. to 

DNA Homology 
groups acc. to

Lerche and 
Reuter (1962)

Lauer et al. 
(1980)

Johnson et al. 
(1980)

L. acidophilus HSCP 32-37 I,/II I a A-1
L. amylovorus S/C 40 IV (III) I b A-3
L. crispatus H/P 35-38 III I c A-2
L. gallinarum P 33-36 - I d A-4
L. gasseri H/C 33-35 I II a B-1
L. johnsonii H/S/P 32-38 I, II II b B-2

a H = humans; S = pigs; C = cattle; P = poultry.

Source: Modified according to Mitsuoka (70); Reuter (47); Holzapfel et al. (39).
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1.4). Randomly picked colonies grown under the alternative condition
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Even so, detailed and scientifically well-founded studies on other “bene-
ficial” groups of the human GIT were particularly rare until the last decade
of the 20th century. This was mainly due to technical restrictions related to
sampling techniques, and detection and cultivation methods. In contrast to
the oxygen-tolerant lactobacilli, the study of anaerobic groups such as the
bifidobacteria and eubacteria was made possible by the development of
anaerobic techniques developed in the early 1970s (52, 53), which were

TABLE 1.4

LAB Typically Associated with the Human Host 

Lactobacilli Other LAB

Intestinal Bacteria

Lactobacillus acidophilus* “group”
L. acidophilus senso strictu
L. animalis
L. brevis*
L. buchneri
L. crispatus
L. curvatus
L. deLrueckii *
L. fermentum
L. gasseri*
L. johnsonii
L. paracasei*
L. plantarum*
L. reuteri*
L. rhamnosus*
L. ruminis
L. salivarius*
L. sakei

Bifidobacterium adolescentis*
B. angulatum
B. bifidum
B. breve
B. cantenulatum
B. dentium*
B. infantis 
B. longum
B. pseudocantenulatum

Enterococcus faecalis*
E. faecium*

Leuc. mesenteroides

Pediococcus pentosaceus*

Weissella confusa

Vaginal Bacteria

Lactobacillus acidophilus*
L. fermentum
L. casei*
L. rhamnosus*
L. cellobiosus
L. plantarum*
L. brevis*
L. delbrueckii *
L. salivarius*
L. jensenii*
L. vaginalis
L. gasseri*
L. crispatus

Bifidobacterium bifidum
B. longum
B. infantis
B. breve
B. catenulatum
B. dentium

a Also found in clinical samples.

Source: From References 42, 47, 50, 51.
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further improved in combination with improved cultivation media. Com-
pared to their domination in infants, bifidobacteria comprise only up to 3%
of the total fecal bacteria of humans and up to 10% of the total culturable
population (54-56). With increasing age, however, their numbers in feces are
reported to decline in adults (43, 57). They comprise up to 91% of the total
population in breast-fed babies and up to 75% in formula-fed infants (58).
A reduced environment and special media are applied for the selective
cultivation of bifidobacteria; yet, such media do not equally support the
growth of all Bifidobacterium species present in human feces (59). Moreover,
the identification of Bifidobacterium species by phenotypic characteristics is
difficult and unreliable (43, 60). These culture-related and other factors limit
the research data and their quality with regard to bifidobacterial and other
gastrointestinal populations. Also, it can be expected that the population
detected in feces may probably more correspond to that of the distal colon
than the proximal region. It is in the distal colon where fermentable but
nondigestible carbohydrates (so-called “prebiotics”) may play an important
role in stimulating the Bifidobacterium and Eubacterium populations, or per-
haps particular species only. With the aid of genetic fingerprinting tech-
niques, it could be shown that particular Bifidobacterium and Lactobacillus
strains are unique to each individual (43). In addition, it was suggested that
the composition of these populations remains relatively constant for some
individuals and to fluctuate considerably for others (43, 56). Using fluores-
cent in situ hybridization (FISH) with group-specific 16S rRNA-targeted
oligonucleotide probes, it was possible to detect variations in bifidobacterial
populations in the feces of different age groups. The percentage of bifido-
bacteria in the feces ranged from 0 to 78.9%, depending on the age group,
with large variations within each group (58, 61, 62). Moreover, DGGE band-
ing patterns of human gut bacteria have been found to differ significantly
from those of other mammals. Furthermore, 16S rDNA sequences showed
three bacterial species, Ruminococcus obeum, Eubacterium halii, and Fusobacte-
rium prausnitzii to be most probably ubiquitous to humans; these groups
were therefore suggested to play an important role in the human GIT (63-66).

Matsuki et al. (67) investigated the population structure of the human fecal
microorganisms by applying 16S rRNA-gene-targeted group-specific oligo-
nucleotide primers for the B. fragilis group, Bifidobacterium spp., the C. coc-
coides group, and Prevotella, and thereby detected and identified 74% of the
predominant bacteria in the feces of six healthy volunteers. The other isolates
were identified by 16S ribosomal DNA sequence analysis and consisted of
Collinsella, the Clostridium leptum subgroup, and isolates of other clusters. As

bers and their distribution among the different regions of the gut. Recent
observations suggest the Bacteroides-Prevotella-Porphyromonas group, with
numbers of up to 1011/g, to dominate the colon population together with
the Eubacterium group, and to reach 10- to 100-fold higher numbers than
the bifidobacteria (43). As for the Lactobacillus species, the Bacteroides-Prevo-
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tella-Porphyromonas group appears to be present in all regions of the GIT,

1.2.3 Role and Functions of the Microorganisms of the Gut

A healthy intestinal epithelium, in association with an established and stable
intestinal microbial population, presents a vital barrier against the invasion
or uptake of pathogenic microorganisms, antigens, and harmful compounds
from the gut lumen, while the intestinal mucosa also efficiently assimilates
antigens (36). Specific immune responses are evoked by the specialized anti-
gen transport mechanisms in the villus epithelium and Peyer's patches (74).
The positive role of gut microorganisms in human health was largely over-
looked for a long time, and the main focus was placed on enteric pathogens
and factors leading to gastrointestinal disorders or “dysbiosis” (36). A stable
barrier, typical of healthy individuals, ensures host protection and serves as
support for normal intestinal function and immunological resistance. The
gut-associated lymphoid tissues (GALT) are considered to be the largest
“immune organ” in the human body, and its “barriers” serve for intrinsic
protection against infective agents. Around 80% (1010) of all immunoglobu-
lin-producing cells are found in the small bowel (75), while the gut microbial
population is essential for mucosal immune stimulation and amplification
of immunocompetent cells. Numerous physiological functions have been
ascribed to the “normal” gut microbial population; some of the major func-
tions are considered the following (36; 39; 76):

• Maintenance and restoration of barrier function 
• Stimulation of the immune system
• Maintenance of mucosa nutrition and circulation
• Improvement of bioavailability of nutrtients
• Stimulation of bowel motility and reduction of constipation

1.3 Probiotic Microorganisms

1.3.1 Examples of Probiotic Microorganisms

Probably the longest history of proven health benefits and “safe-use” of
probiotic bacteria in food is documented for L. casei strain “Shirota” (22) and
some strains of the L. acidophilus group. Since at least 40 years in Japan and
more than 30 years in Germany, LAB cultures of human origin are applied
in the manufacture of fermented milk products. Viable strains of especially
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“Lactobacillus acidophilus” and Bifidobacterium bifidum were introduced in Ger-
many during the late 1960s into dairy products because of their expected
adaptation to the intestine and the sensory benefits for producing mildly
acidified yogurts (77). In Germany, such products first became known as
mild yogurts or “bio-yogurts“, whereas in the USA, acidophilus milk was
developed. The functional properties and safety of particular strains of L.
casei/paracasei, L. rhamnosus, L. acidophilus, and L. johnsonii have extensively
been studied and are well documented (32, 78-80).

Viable probiotic strains with beneficial functional properties are at present
found among a wide and diverse number of microbial species and genera.
They are supplied in the market either as fermented (mainly “yogurt”-type)
food commodities or in lyophilized form, both as food supplements and as
pharmaceutical preparations. Most strains currently in use as probiotics in
food, nutrition, and in pharmaceutical preparations are members of the LAB
(Table 1.5 ). A number of “nonlactic” strains, e.g., Bacillus cereus (“toyoi”), B.
clausii, B. pumilis (146), Escherichia coli (Nissle) (16), Propionibacterium freuden-
reichii, P. jensenii, P. acidopropionici, P. thoenii (147), and Saccharomyces cerevisiae
(“boulardii”), are also available in the market mainly as pharmaceutic prep-
arations and some also as animal feed supplements (39, 79) (Table 1.5).

With 65%, the probiotic milk products (mainly “yogurt”-like) represent
the largest segment of the functional foods market in Europe, while in Japan
they are estimated to comprise about 75% of the foods for specified health
uses (FOSHU)) market. Initiated by a national project team under the aus-
pices of the Japan Ministry of Education and Science, specific regulatory
measures on functional foods were first initiated in Japan in 1984. This

TABLE 1.5

Microorganisms Reported to Find Application as Probiotics Mainly for Humans 

Lactobacillus Species Bifidobacterium Species Other LAB  “Non-lactics”c

L. acidophilus
L. amylovorus
(L. casei)
L. crispatus
L. delbrueckii subsp. 
bulgaricusc

L. gallinaruma

L. gasseri
L. johnsonii
L. paracasei
L. plantarum
L. reuteri
L. rhamnosus

B. adolescentis
B. animalis
B. bifidum
B. breve
B. infantis
B. lactisb

B. longum

Ent. faecalis a

Ent. faecium
Sporolactobacillus 
inulinus a

Bacillus cereus 
(“toyoi”)a,c

Escherichia coli 
(Nissle 1917)c

Propionibacterium 
freudenreichiia,c

Saccharomyces 
cerevisiae 
(“boulardii”)c

a Mainly for animals.
b Synonym of B. animalis.
c Mainly in pharmaceutical preparations.

Source: Modified from Holzapfel et al. (39).
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triggered the beginning of numerous academic and industrial studies on
functional foods in relation to nutrition and evidence in support of functional
claims. The Japan Ministry of Health and Welfare thereupon established a
specific policy on FOSHU in 1993, by which health claims of some selected
functional foods are legally permitted. The developments of functional food
science in Japan focused, among others, on minimizing undesirable and
maximizing desirable food factors. Three major requirements had to be met
for FOSHU approval, viz.:

• Scientific evidence of the efficacy, including clinical testing 
• Safety for consumption
• Analytical determination of the effective component

By the end of 1999, 167 items were approved as FOSHU, as compared to
293 by 2002. In April 2001, the Japanese government introduced a new
regulatory system (foods with health claims), comprising FOSHU and foods
with nutrient function claims (FNFC). Most of the descriptions of foods
under the FOSHU system are similar to the category of enhanced function
claims of Codex (81-83).

Functional food products primarily contain strains of the “acidophilus
group” (mainly L. acidophilus, L. crispatus, and L. johnsonii), L. casei/paracasei
and Bifidobacterium spp.; enterococci are rarely used in probiotic milk prod-
ucts (22, 32, 77-80). Information on the typical LAB species associated with

problems still encountered with the correct identification of these strains are

(among others) be related to the use of unreliable phenotypic methods (com-

typically difficult to assess, the heterogeneity of L. acidophilus, one of the
most important “probiotic” species, was recognized in the 1960s by Reuter
and coworkers (19), who suggested four different “biotypes”. DNA-DNA
hybridization studies reported in 1980 (20, 21) confirmed this heterogeneity,
suggesting the existence of six different homology groups (see Table 1.3).
Consequently, only strains belonging to the similarity group and showing a
high degree of DNA relatedness with the type strain of L. acidophilus
remained in this species, while members of the other homology groups were
classified as separate species, i.e., L. amylovorus, L. gallinarum, L. crispatus, L.
gasseri, and L. johnsonii. Although they are regarded as separate species, they
are closely related and have been suggested to belong to one phylogenetic
“group” or branch (37, 39, 47, 72). The exact identification of members of
the “L. acidophilus group” is an important aid toward indication of the origin
and typical host of a species (see Table 1.3). 

Identification studies on various mild yogurts and novel-type probiotic
yogurt-type dairy products showed the 26 isolated Lactobacillus strains to
represent L. acidophilus, L. johnsonii, L. crispatus, L. casei, L. paracasei, and L.
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TABLE 1.6

Lactic Acid Bacteria in Commercial Probiotic Dairy Products: Comparison between Claimed Identity and Identification Results 

Product Name
Producer / Distributor/ 

(Country) Strain Identity Claimed on Product Confirmed Identity

ABC Söbbecke (D) L. acidophilus, L. casei L. acidophilus, L. paracasei
Actimel Danone (F) L. casei Actimel (“Immunitas”) L. paracasei 
Andechser Bioaktiv Bioland (D) BIOGARDE cultures L. johnsonii
B’A Fruits B’A France (F) Bifidobacterium (“active bifidus”) S. thermophilus
BI’AC TMA (D) L. acidophilus, L. casei L. acidophilus; L. paracasei ssp. paracasei; S. thermophilus
Biogarde plus (naturel) Almhof (NL) L. acidophilus, L. casei, Bifidobacterium L. acidophilus; S. thermophilus
Bio Snac’ Danone (F) Bifidobacterium, living yogurt cultures Lc. lactis subsp. lactis
Biotic Aldi (D) L. acidophilus LA7 L. acidophilus
Do-filus Arla (S) L. acidophilus L. acidophilus
Fitness Quark Onken (D) L. acidophilus, Bifidobacterium L. johnsonii, S. thermophilus
Fysiq (Mona) Campina (NL) L. acidophilus Gilliland, L. casei L. crispatus, L. paracasei ssp. paracasei
Gaio (Causido®) MD Foods A/S (DK) Enterococus faecium, S. thermophilus Enterococus faecium, S. thermophilus
Gefilus Valio (FIN) Lactobacillus GG, living yogurt cultures L. rhamnosus
Kinderjoghurt mild J. Bauer KG (D) L. acidophilus, L. bifidus L. acidophilus; L. johnsonii, S. thermophilus
Lc1 Nestlé (D) L. acidophilus LA-1 L. johnsonii
Probiotic LA7-Plus Bauer (D) L. acidophilus LA-7 L. acidophilus
Procult Drink Müller (D) B. longum, live yogurt cultures L. acidophilus, S. thermophilus
Natreen Pro 3+ Milchwerke Köln (D) L. acidophilus LA-H3, L. casei LC-H2 ND
Primo Zott (D) BactoLab cultures L. acidophilus 
Symbalance Toni Lait (CH) L. acidophilus, L. casei, L. reuteri L. acidophilus, L. paracasei, L. reuteri
Vifit Südmilch (D) L. casei GG L. rhamnosus, L. acidophilus
Vifit Drink Mona (NL) L. casei GG, L. acidophilus, B. bifidum L. acidophilus, L. rhamnosus
Yakult Yakult, Europe / (D) L. casei Shirota L. paracasei 
Yogosan Lidl (D) L. casei L. paracasei (casei)

Note: CH = Switzerland; D = Germany; DK = Denmark; F = France; FIN = Finland; NL = The Netherlands; S = Sweden
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rhamnosus, revealing that some strains had been misclassified (85). Some
strains designated as L. acidophilus were shown to belong either to L. johnsonii
or L. crispatus. Most strains currently designated as L. casei may in fact be
members of either L. paracasei or L. rhamnosus (85, 86); (compare also Collins
et al. [87] and Dicks et al. [88]). Viable numbers of lactobacilli in mild and
probiotic yogurts varied greatly, whereas a few products contained only low
Lactobacillus numbers (85). This was followed up by a recent study which,
once more, showed the identity given for strains in some products to differ
from that found by DNA homology studies (36). An important but still
controversial issue regarding the “minimal effective dose” of viable bacteria
by which scientifically confirmed beneficial effects may be expected is still
under discussion. 

In addition to the wide range of probiotic “yogurt”-like dairy products in
the market, increased attention is also given to other foods as carriers for
probiotic lactobacilli and bifidobacteria (90). Particular interest is focused on
different types of cheese with “added functional value” by addition of strains
of, e.g., L. acidophilus, L. paracasei, and Bifidobacterium species to different
cheese types, including Cheddar, Tallaga, and Ras, and soft cheeses (90, 91).
Moreover, the use of B. bifidum , L. acidophilus, and L. rhamnosus GG has also
been suggested for ice cream (92, 93), frozen dairy desserts (94), of L. plan-
tarum 299v (95) or bifidobacteria (96) for a fermented oatmeal gruel, and of
Bifidobacterium spp. for fermented sausages and ham (97, 98). Lee (99) sug-
gests many traditional fermented foods to have functional properties, result-
ing both from the microbial strains involved (mostly LAB) and from other
functional components, either originating from the ingredients or formed
during fermentation. Several well-known traditional fermented foods may
serve as examples, e.g., Korean kimchi (100), sauerkraut (101), and a number
of African cereal gruels (e.g., ogi and uji), Nigerian gari, and Asian vegetable
foods (99). This hypothesis is also supported by Molin (102), who focused
on the role of Lactobacillus plantarum, an extremely heterogeneous species. 

Numerous probiotic food supplements are available in the market, most
commonly as capsules but also as powders and tablets. As for the probiotic
milk products, controversies exist also for some products between label
claims and sound scientific identifications (84). In addition to the Lactobacillus
and Bifidobacterium species, typical of the probiotic milk products, nonlactics
are also being applied, albeit only in a few products, e.g., Bacillus IP5832
(identified as Bacillus cereus) in “Bactisubtil” (Synthelabo Belgium), Saccha-
romyces cerevisiae in “Bifidus complex” (Biover, Belgium). Furthermore,
Enterococus faecium, L. reuteri, and even Pediocooccus acidilactici have been
used in some products (84). 

Biotherapeutics for clinical applications are also based on selected probiotic
strains, mainly LAB but may also include Escherichia coli strains (e.g., the
“Nissle” strain), Saccharomyces cerevisiae (boulardii), and also a number of
Enterococcus faecium and E. fecalis strains, the latter being marketed under
the name of “Symbioflor 1”. 
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1.3.2 Selection of Appropriate Strains

The prevalence of bifidobacteria in the feces of breast-fed infants may have
been a major reason for selecting strains of this group for use as probiotics
(13). Decisions on the use of Lactobacillus strains as probiotics have been
determined by a number of favorable factors such as:

• Their association with traditional fermented foods earlier noted by
Metchnikoff (7) when he postulated benefits from the consumption
of yogurt by the Caucasians), together with the high acceptability
of lactic fermented foods 

• Their association with the human GIT, together with observations
on their beneficial interactions in the gut ecosystem

• The adaptation of many lactobacilli to milk and other food substrates
and the relatively long history of technical application of LAB with

The selection of new strains presents a major challenge, both to science
and industry. The primary objective is to select microbial strains with one
or more proven functional properties. Even when probiotic microorganisms
are suggested to promote health and well-being, the challenge remains to
define particular end points or biomarkers by which such strains can be
characterized and particular claims be sustained — either by in vivo or
validated in vitro tests — even when all the mechanisms involved have not
yet been fully elucidated (38). Approaches for selection of an “ideal” strain
are therefore still difficult and indeed require considerable resources. Desir-
able technical features and factors related to health promotion or sustaining
health serve as important criteria for strain selection. Five major aspects may
be taken into account as key criteria for the selection of an appropriate
functional strain (36, 38, 39, 86, 103, 104), viz.:

1. General aspects, e.g., origin, identity, and resistance to mutations
2. Technical aspects (growth properties in vitro and during processing,

survival and viability during transport and storage)
3. General physiological aspects (resistance against environmental

stress and to the antimicrobial factors prevailing in the upper GIT
as encountered during the stomach-duodenum passage [pH 2.5,
gastric juice, bile acid, pancreatic juice], adhesion potential to intes-
tinal epithelium)

4. Functional aspects and beneficial features (adhesion, colonization
potential of the mucosa, competitiveness, specific antimicrobial
antagonism against pathogens, stimulation of immune response,
selective stimulation of beneficial autochthonous bacteria, restora-
tion of the “normal” population)
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5. Safety aspects (no invasive potential, no transferable resistance
against therapeutic antibiotics, no virulence factors)

Research during the past two decades focused mainly on functional fea-
tures of strains selected for inclusion, e.g., in functional foods. Considering
the worldwide increase in the consumption of dairy products containing
probiotic strains of the bacterial genera Bifidobacterium and Lactobacillus dur-
ing this period, relatively little attention has been given to technical and
sensory properties of these strains and/or the resulting products (107). For
the producer, technical properties related to growth, adaptation, and persis-
tence of some probiotic strains, and also the sensory properties of the result-
ing products, are still major obstacles toward the large-scale production of
functional foods containing probiotic strains. Information on particular pro-
duction steps and modification of growth conditions are still well-protected
industrial secrets for the technical production of some strains. Technical
production of especially the bifidobacteria in milk substrate constituted a
considerable technical challenge but was at least partly solved by some
industries during the 1960s (77). Still, it is known that particularly strains of
the “acidophilus” group and also bifidobacteria are not well adapted to the
milk substrate and, in addition, do not influence the sensory properties of a
product positively. Such strains therefore still constitute special technical
challenges (108; Holzapfel et al., unpublished data). 

From the viewpoint of regulatory authorities, the safety and nonpathoge-
nicity of a new strain is considered of major importance. Ongoing and partly
controversial discussions are particularly directed toward the assessment of
new strains without a previous “history of safe use” and the definition of
minimal requirements to be met before it can be classified as “safe” or
“GRAS”. According to Marteau (105), an extremely low potential of four
types of side effects may exist for probiotic bacteria, viz., systemic infections,
deleterious metabolic activities, excessive immune stimulation in susceptible
individuals, and gene transfer. The following approaches for assessing the
safety of probiotic and starter strains have been recommended by Salminen
et al. (78): 

• Characterization of the genus, species, and strain and its origin that
will provide an initial indication of the presumed safety in relation
to known probiotic and starter strains

• Studies on the intrinsic properties of each specific strain and its
potential virulence factors

• Studies on adherence, invasion potential, and the pharmacokinetics
of the strain

• Studies into interactions between the strain, intestinal and mucosal
microflora, and the host
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Lactobacilli and bifidobacteria are extremely rare causes of infection in
humans. This, even more so, applies to probiotics based on these organisms;
in fact, very few cases of adverse effects have been related to the consumption
of probiotics. Even when in rare cases strains of some LAB are isolated from

the general public is at risk from the consumption of lactobacilli or bifido-
bacteria used as probiotics or starters (36, 78, 105, 106). In a paper published
in 2003 by the Health & Consumer Protection Directorate-General of the
European Commission (SANCO Secretariat) entitled “A generic approach
to the safety assessment of micro-organisms used in feed/food production,"
a “qualified presumption of safety” (QPS) system was suggested as an
approach for the safety assessment of microorganisms for use in food and
feed. This suggests a key decision which takes into account, among other
things, (a) experience and a history of safe use and (b) the detection of known
strain-specific risk factors.

In addition to the LAB, strains of other microbial groups such as Bacillus
spp. (146) and Propionibacterium spp. (147) have also been reported to show
probiotic or functional properties. The safety, particularly of some “probi-
otic” strains of Bacillus cereus, may be questioned, some of which have been
shown to produce Hbl and Nhe enterotoxins (146).

1.3.3 Functional Properties

In spite of research progress in recent years, our understanding of the gut
ecosystem is still fragmentary and consequently limits our comprehension
of a normal or balanced microbial population. Thus, the impact of a func-
tional strain on the composition and function of the intestinal population is
still difficult to ascertain (39, 109). Numerous beneficial functions have been
suggested for probiotic bacteria (36, 109), e.g.:

• Nutritional benefits:
• Vitamin production, availability of minerals and trace ele-

ments
• Production of important digestive enzymes (e.g., β-galac-

tosidase)
• Production of β-galactosidase for alleviation of lactose in-

tolerance

• Barrier, restoration, antagonistic effects against:
• Infectious diarrhea (traveller's diarrhea, children's acute vi-

ral diarrhea)
• Antibiotic-associated diarrhea, irradiation-associated di-

arrhea
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• Cholesterol-lowering effects by:
• Cholesterol assimilation
• Modifcation of bile salt hydrolase activities
• Antioxidative effect

• Stimulation and improvement of the immune system, e.g., by:
• Strengthening of nonspecific defense against infection
• Increasing phagocytic acitivity of white blood cells
• Increasing IgA production
• Regulating the Th1/Th2 balance; induction of cytokine

synthesis

• Enhancement of bowel motility, relief from constipation
• Reduction of inflammatory or allergic reactions, by:

• Restoration of the homeostasis of the immune system
• Regulation of cytokine sysnthesis

• Adherence and colonization resistance
• Anticarcinogenic effects in the colon by:

• Mutagen binding
• Inactivation of carcinogens or procarcinogens, or preven-

tion of their formation
• Modulation of metabolic activities of colonic microbes
• Immune response

• Maintenance of mucosal integrity
• Antioxidative activities (110)

Effects such as lowering of the serum cholesterol level are not fully sub-
stantiated yet by placebo-controlled, double-blind, randomized clinical tri-
als. On the other hand, strain-specific effects of probiotic lactic cultures on
the human immune system and on diarrhea are well documented, e.g., for
counteracting rotavirus or antibiotic-associated diarrhea, by application of
strains such as the LGG strain of L. rhamnosus and the Shirota strain of L.
casei (L. paracasei) (48, 111, 112). Therapeutic use is also considered successful
in cases of lactose intolerance, irritable bowel syndrome, colon cancer, and
Helicobacter pylori infection (109). Complex underlying mechanisms, such as
adhesive and immunomodulating properties of effective strains, are major
challenges remaining to be solved by intensified research (36, 80). 

Apparently, adhering probiotic strains may transiently colonize the GIT,
and thereby cause an increase in IgA levels (113, 114), resulting in the
enhancement of serum IgA response to pathogens such as attentuated Sal-
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monella typhi Ty21a (115). Moreover, many probiotic effects are mediated
through immune regulation and especially through balance control of proin-
flammatory and anti-inflammatory cytokines, thereby suggesting the use of
probiotics as innovative tools to alleviate intestinal inflammation, normalize
gut mucosal dysfunction, and down-regulate hypersensitivity (116). In the
ideal situation, immune stimulation by probiotic strains would be based on
transient or longer-term colonization through adhesion and aggregation
without invasion (115). 

1.4 Prebiotics

Prebiotics are defined as nondigestible but fermentable food ingredients that
beneficially affect the host by selectively stimulating the growth and/or
activitiy of one or a limited number of bacteria in the colon, and thus improve
host health (116). The major prebiotics are resistant dietary carbohydrates,
but noncarbohydrates are not excluded from this definition. In theory, Har-
temink (118) states that “…any antibiotic that would reduce the number of
potentially harmful bacteria and favour health-promoting bacteria or activ-
ities, can be considered as a prebiotic”. Although these definitions do not
highlight any specific bacterial group as such, prebiotics are considered to
stimulate selectively bacterial groups such as bifidobacteria, lactobacilli, and
eubacteria resident in the colon. These are considered particularly beneficial
for the human host. Resistant short-chain carbohydrates (SCCs) are also
referred to as nondigestible oligosaccharides (119) or low-digestible carbo-
hydrates (LDCs) (119). These SCC or LDCs provide interesting possibilities
for inclusion into conventional food products for their “bifidogenic” effects
(36, 118). Several such “candidate prebiotics” are currently under consider-
ation by the industry for human consumption (120). Inulin and fructo-oli-
gosaccharides (FOSs) are considered as typical “bifidogenic factors” and are
probably the most commonly used prebiotics in the market (121–123). In
addition, Bouhnik et al. (124) have shown that ingestion of 10 g of lactulose
per day increases fecal bifidobacterial counts. Other promising prebiotic
oligosaccharides under consideration are galacto-oligosacccharides,
isomalto-oligosaccharides, soybean oligosaccharides, lactosucrose, and xylo-
oligosaccharides (125). A quantitative tool has been developed by Palframan
et al. (126) for the comparison of the prebiotic effect of dietary oligosaccha-
rides; the quantitatiove probiotic index (PI) equation may find application
in quantifying prebiotic effects in vitro.

In some cases, prebiotics such as FOSs are added to probiotic yogurts, the
combination of which would thereby result in a “synbiotic” (36). These
substances should ideally be well tolerated in the GIT and also reach the
cecum where they will be availabe to benefit bacterial groups such as the
bifidobacteria and some lactobacilli and eubacteria for fermentation. In some
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instances, however, dose-related undesirable effects, due to osmotic potential
and/or excessive fermentation, may occur, e.g., excessive flatus, bloating,
abdominal cramps, and even diarrhea. Although dose-related intolerance
symptoms may occur after ingestion of LDCs, the dose of intolerance gen-
erally appears to be high, thereby allowing a relatively broad “therapeutic
window," i.e., the dose above the minimal effective level (36, 125, 127).
Although it is generally established that bifidobacterial numbers increase in
the feces of humans upon ingestion of FOSs (123), the average increase is
considered small, whereas the “biological significance” for the human pop-
ulation and in specific disease situations appears not to be fully clarified (43,
128, 129). When compared to the observations of Bouhnik et al. (124) with
lactulose, it appears that also the type and quantity of probiotic ingested
might be decisive. Another factor may, however, be the underestimation of
the bifidobacterial population by selective plating techniques, with recovery
rates ranging from 17 to 58% (depending on the species), as compared to
85% by culture-independent methods (130).

Still, general agreement seems to exist on a number of beneficial effects of
prebiotics, which point to the favorable influence on the small bowel by
improved sugar digestion and absorption, glucose and lipid metabolism,
and protection against known risk factors of cardiovascular disease. In the
actual “target region,” the colon, the fermentative production of SCFAs is in
fact considered a major beneficial feature related to the primary prevention
of colorectal cancer (131). Other confirmed effects from prebiotics are related
to the low energy value (<9 kJ/g) resulting from their nondigestibility, to an
increase in stool volume, to the modulation of the colonic flora by stimulation
of beneficial bacteria (Bifidobacterium, Lactobacillus, and Eubacterium spp.),
inhibition of “undesirable” bacteria (Clostridium and Bacteroides), and colo-
nization resistance against Clostridium difficile (132). Some of the postulated
effects that have not been finally confirmed refer to the prevention of intes-
tinal infections, the modulation of the immune response, the prevention of
colorectal cancer, reduction of the serum cholesterol level, and to improved
bioavailability (36). In spite of strong indications on the positive role of LDCs
in the maintenance of the human GIT, this issue is not fully clarified and
deserves further attention (131). 

By definition, a synbiotic refers to a product in which a probiotic and a
prebiotic are combined. The postulated synbiotic effect may involve two
different “target regions” of the GIT, comprising both the small and the large
intestines. Moreover, the growth of a probiotic strain that is able to utilize a
prebiotic will be selectively stimulated in the gut. This combination of pre-
and probiotics in a single product has been shown to confer benefits beyond
those of either on its own. Convincing data showed, e.g., an enhanced reduc-
tion in the number of colonic aberrant crypt foci (ACF) (133) and for colon
carcinogenesis in rats (134). Also, antibiotic-associated diarrhea could be
prevented by the combined application of Lactobacillus sporogenes (syn: prob-
ably Bacillus Coaguleus) and fructo-oligosaccharides in children (135). On the
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other hand, synbiotic therapy did not result in any improvement of gut
barrier function in elective surgical patients (136).

1.5 Conclusions

The establishment of scientifically confirmed evidence of “functional” effects
related to pre-, pro-, and synbiotics presents a tremendous challenge to
interdisciplinary scientific research. More than a century has passed since
the early scientific observations and careful reporting, with increased
research efforts and continuous development of new and improved hypoth-
eses in the last two decades. The important role of the intestinal flora in the
maintenance of health and in the prevention of disease is well recognized
and acknowledged. Disturbance of the delicate balance of the gut microbial
ecosystem may lead to dysbiosis and other disorders and thus facilitate
establishing a state of disease (39). Particular interest is increasingly focusing
on the continuous interaction or “communication” of the gut microbiota with
the environment, the central nervous system, the endocrine system, the
immune system, and the complex underlying mechanisms (43, 137–140).
Based on in vivo and in vitro studies, Freitas et al. (141) suggest that both the
established intestinal bacteria and probiotic strains are able to modulate
host–pathogen interactions in the gut. It appears that species-specific mod-
ulations of intestinal cell glycosylation may represent a simple, general, and
efficient mechanism to adapt the host defense toward pathogens. The strong
focus of recent research efforts and observations on the role of the gut
microflora and probiotics (functional strains) in immunomodulation is exten-
sively addressed by Fuller and Perdigón (142) and a number of experts in a
book on this topic. 

Even when Tannock (43) does not see much progress on the “understanding
of how probiotics work," he admits that pre- and probiotics have stimulated
and generated new interest by the medical profession in the gut microbiota.
It is envisaged that probiotic and prebiotic products of the future may be
targeted for use in the prevention or alleviation of symptoms of specific dis-
eases, provided that “abnormal microfloras” can be recognized and the safety
of probiotics be guaranteed also to immunologically dysfunctional persons
(43, 143) and at the same time effect the modulation of the immune response
of the immunodeficient host (144). 

Another major challenge concerns the development and validation of in vivo
and in vitro test models. Significant progress has been made in recent years in
conducting placebo-controlled, double-blind clinical studies, for which impor-
tant functional effects could be verified. Yet, both for pre- and probiotics, a
number of postulated effects still need to be confirmed (36, 39, 43). For preb-
iotics, studies may particularly be directed toward their influence on blood
serum cholesterol values, the role of some dominant but hardly studied
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bacterial groups in the colon (Fusobacterium, Eubacterium, Veillonella, Pep-
tostreptococcus, etc.), and the influence of composition of the colonic microbial
population on a “favorable” ratio of SCFAs (36). Microbiologists, particularly,
should play a major role in isolating strains and testing mechanisms of action
and in “packaging these into reliable products for human use” (145). A
particular challenge would be to present probiotic strains in substrates dif-
ferent than milk and to utilize raw food materials more readily available and
accepted in specific regions, e.g., maize porridge in African countries (148).

It may be accepted that pre- and probiotics have different “target” regions
(36). In vivo studies on colonization and interactions of probiotics with the
gut mucosa, especially in the small intestines, constitute both a challenging
and complex area for investigations. For a “safety and acceptability record”
of a probiotic strain, experience and history are still important. In spite of
an explosion in recent years of publications dealing with probiotic organisms
by clinicians, microbiologists, food scientists, and nutritionists, vital infor-
mation is still needed as a basis for decision making, e.g., by scientists,
industries, and regulatory authorities. 
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2.1 Introduction

 

2.1.1 History of Probiotics

 

The idea that some bacteria contained in our food may have beneficial effects
is much older than the term probiotic. At the beginning of the 20

 

th

 

 century,
the Russian Nobel Prize laureate Elie Metchnikoff associated the observed
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longevity of Bulgarian peasants with their high consumption of live microbes
in fermented milk products, as he reported in his book 

 

The Prolongation of
Life

 

 (1). In 1930, the Japanese scientist Minoru Shirota isolated a lactic acid
bacterium from the feces of a healthy infant. Five years later, one of the first
fermented milk drinks thought to support intestinal health was produced
with the strain he developed and was named “Yakult.” The concept of
probiotics was already successful in Asia for many years when the first
probiotic fermented milk products were eventually introduced in Europe in
the 1980s. Today, probiotic food products containing bifidobacteria and/or
lactobacilli are consumed by millions of people worldwide.

 

2.1.2 Definition of Probiotics

 

The term probiotic (“for life”) was originally proposed in 1965 by Lilley and
Stillwell (2) as an antonym to the term antibiotic and was thought to be used
for microbial substances

 

, 

 

which promote

 

 

 

the growth of other microorgan-
isms. Some years later the term probiotic was used in the context of animal
feeds by Parker (3) (“Organisms and substances which contribute to intes-
tinal microbial balance”) and Fuller (4) (“A live microbial feed supplement
which beneficially affects the host animal by improving its intestinal micro-
bial balance”). A more recent definition intended for human nutrition has
been proposed in 1998 by Salminen et al. (5): “a live microbial food ingredient
that is beneficial to health”. Gibson and Roberfroid found it necessary also
to define a term for ingredients stabilizing a beneficial flora and defined the
term prebiotic: “A nondigestible food ingredient that beneficially affects the
host by selectively stimulating the growth and/or activity of one or a limited
number of bacteria in the colon, that can improve the host health” (6). Taken
together, probiotics and prebiotics define a direct and an indirect route to
establish a beneficial intestinal flora.

 

2.2 Intestinal Flora — Important “Organ” in Human 
Nutrition and Health

 

2.2.1 Role of Intestinal Microbial Flora in Digestion and Release 
of Nutrients

 

The human intestinal flora is composed of about 10

 

14

 

 bacterial cells (7),
which belong to hundreds of different species — most of them are probably
still unknown. The metabolic activity of the flora is as diverse as the flora
itself. The bacteria can ferment various substances that the host is not able
to digest himself (e.g., prebiotics). The bacteria and their fermentation
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products influence the anatomy, physiology, and immunology of the host
(8). Beneficial metabolic activities of the intestinal bacteria include the
synthesis of B and K vitamins, production of short-chain fatty acids
(SCFAs), which serve as an energy source for host tissues (e.g., butyric acid
is a preferred energy source for intestinal epithelium), and conversion of
dietary carcinogens to inactive compounds and the conversion of prodrugs
to active drugs (9).

 

2.2.2 Role of Beneficial Flora in Exclusion of Pathogens

 

The indigenous intestinal microflora provides a colonization resistance
against potential pathogenic microorganisms. In part, this colonization resis-
tance is based on occupation of available niches (competitive inhibition of
binding sites) and autogenic regulation factors (e.g., synthesis of fatty acids,
hydrogen peroxide, and bacteriocins). An additional aspect might be the
non-specific activation of the immune system (10). The importance of the
colonization resistance becomes obvious when a broad-spectrum antibiotic
therapy disturbs the bacterial balance and decreases the colonization resis-
tance, which may lead to an overgrowth of enteropathogenic bacteria such
as 

 

Clostridium difficile

 

 (9).

 

2.2.3 Disorders Associated with Disturbed Intestinal Flora

 

The intestinal microflora plays a fundamental role in the perpetuation of the
host’s normal intestinal functions (11). The colonization of the intestine with
a balanced microflora is, however, also of importance for the correct develop-
ment of the immune system (12). Exposure to commensal bacteria is essential
for fine-tuning of T-cell receptor function and mucosal cytokine profiles (13).
The intestinal microflora and the intestinal immune system influence each
other and together have an impact on the host, also beyond the intestine (12).
Some diseases involve changes in the composition of the normal microflora.
These changes may be a consequence or the cause of an enteric disease (12).
In the case of infectious diarrhea, it is clear that a pathogenic microorganism
causes the disease (12). However, in many other intestinal diseases the ques-
tion of cause or consequence cannot yet be answered. There is growing evi-
dence that, depending on the genetic background of the host, an abnormal
interaction between the gut flora and the local immune response may lead to
inflammatory bowel disease (IBD) (9). Alterations in the balance and compo-
sition of the microflora (e.g., decreases in lactobacilli and bifidobacteria) have
been reported in both disease models in experimental animals and human
patients (11). Gut bacteria also seem to play a role in allergies. Changes in the
environment, including reduced microbial exposure and altered food con-
sumption, are likely to explain the increase in the prevalence of allergic disease
during the past decades (14). A different microbial exposure and changed
eating habits could influence the indigenous microflora. Kalliomaki et al. (15)
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found differences in the neonatal gut microflora between infants who did or
did not develop atopy. Infants with allergic disorders were found to have
increased levels of clostridia and reduced levels of bifidobacteria (14). This
indicates the importance of the indigenous intestinal bacteria for the develop-
ment of human immunity to a nonatopic mode (15). Irritable bowel syndrome
(IBS) is another intestinal disorder that has been suggested to be accompanied
by an abnormal fecal microflora with high numbers of facultative anaerobes
and low numbers of lactobacilli and bifidobacteria. However, the cause of IBS
is still unknown (16). Endogenous microflora may also be involved in the onset
of colon cancer (17). One proposed mechanism is that intestinal bacteria release
carcinogens from conjugates formed in the liver. As the gut microflora affects
the immune system, it is conceivable that a change in its composition may
exert influence on host health also beyond the intestinal tract.

 

2.3 Analysis of the Effect of Probiotics

 

2.3.1

 

In Vitro

 

 Systems and Assays

 

2.3.1.1 Selection of Candidate Strains

 

The first task in the development of new probiotic strains is the isolation
and selection of appropriate candidates from a pool of biodiversity. This
can be done either by looking into existing culture collections (18), by
isolation from traditional fermented culture products (19), or by isolation
from healthy animals or humans (20–24). Once a number of potential
candidates exists, which can be cultured at least under laboratory condi-
tions, the second task is to identify the best subselection of probiotic can-
didates by applying simple 

 

in vitro

 

 assays that mimic, for example, the
digestive tract or the intestinal epithelium.

 

2.3.1.1.1 Acid and Bile Tolerance

 

One of the most obvious tests to rank probiotic candidates for further
screening is their tolerance to conditions in the stomach and the upper gut.
Therefore, 

 

in vitro

 

 assays have been developed for studying acid and bile
tolerance of bacteria (25–27). In the acid test, candidate strains are exposed
to low pH in a buffer solution or medium for a period of time, and then
the viability of the bacteria is determined. Some research groups have tried
to make the assay more realistic by taking into account the food matrix.
There were significantly higher cell counts detectable if the acid exposure
was not done in a buffer system but in a simulated food matrix, e.g., infant
formula model (Apajalahti et al., unpublished results) or using an even
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more heterogeneous food matrix like fermented meat or fat from a sausage
(Elsser Dieter, Danisco, Germany, personal communication). An improved
acid tolerance assay measures the ability of the strains to still acidify
substrate solution after the treatment (Apajalahti et al., unpublished
results). Bile tolerance can be investigated by incubating the bacteria for
24 hours in a milk–yeast medium containing different concentrations of
bile extract and checking the cell count and pH at the beginning and after
24 hours of incubation.

 

2.3.1.1.2

 

In Vitro

 

 Adherence Models

 

For certain health benefits, it is desirable that probiotic bacteria at least
transiently colonize the intestine. Adhesion of the microorganisms to the
intestinal mucosa is thought to be a precondition for colonization. The adhe-
sive properties of bacteria can be tested either with monolayers of intestinal
tissue culture cells or with human intestinal mucus (28). Different types of
differentiated human intestinal cell lines such as HT-29, Caco-2, and HT29-

of bifidobacteria adhering to Caco-2 cells. Most research groups used radi-
olabeled cells to verify the binding capacity of the strains (29, 30). Also, direct
microscopy using Gram-stained bacteria can be employed to assess the bind-
ing capacity. With the same cell culture model, the antagonistic activity of
probiotic bacteria against pathogenic strains at the mucosal interface can also
be studied (29).

 

2.3.1.1.3

 

In Vitro

 

 Pathogen Challenge Test

 

A third 

 

in vitro

 

 test criterion for probiotic candidate strains may be an 

 

in
vitro

 

 challenge against pathogenic bacteria. A fast first screening is usually
done with an agar spot test. A selection of probiotic bacteria is spotted on
agar plates and overlaid with agar containing certain pathogens. The zone
of inhibition around the spots of the probiotic strain is used as a quanti-
tative measure of the inhibition capacity (31, 32). It should be noted, how-
ever, that acid production is contributing significantly to the inhibition
observed in this test.

 

2.3.1.1.4 Immunoassays

In vitro

 

 cultures of intestinal or systemic immune cells can be applied in
order to investigate the influence of probiotic bacteria on immunocompetent
cells. Usually immune cells from animals or humans (e.g., macrophages,
dendritic cells, natural killer cells, other lymphocyte subsets) are incubated
with dead or live bacteria, and cytokine release, activation of cytoplasmic
transcription factors, expression of activation antigens, or proliferation of
immunocompetent cells is observed (33–36). These immunoassays can also
be done with intestinal immune cells isolated from patients suffering from,
e.g., Crohn’s disease (37).

 

DK3341_C002.fm  Page 39  Thursday, September 1, 2005  7:18 AM

© 2006 by Taylor & Francis Group, LLC

MTX can be used (20, 29). Figure 2.1 shows electron microscopic photographs



 

40

 

Probiotics in Food Safety and Human Health

 

FIGURE 2.1

 

Electron microscopic photographs showing the interaction between bifidobacteria and the
colon adenocarcinoma cell line Caco-2, which was used after complete differentiation. (A)
and (B) show the adhesion of breast-fed infant isolate 

 

Bifidobacterium bifidum 

 

S16 to the
microvilli of the eukaryotic cells in independent experiments. The whole length of the scales
in the right corner of the photographs corresponds to 5 µm (A) and 2 µm (B) (20).

A

Staudi1 10.0 kV YAGBSE 3/22/01 5.00 um

Staudi5 10.0 kV 0.2 mm × 25. 0k YAGBSE 6/8/01 2.00 um

B
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2.3.1.1.5 Safety Tests

 

Fermented foods have a long-standing history in our daily diet. Up to one
quarter of our food intake consists of fermented foodstuffs (38, 39). Since
probiotics are designed to have a beneficial effect on the health of the con-
sumer, the safety considerations need to go beyond the history of safe use
of lactic acid bacteria. Several safety biomarkers have been discussed in the
literature (40–42). Straub et al. (43) gave a detailed analysis of several lactic
acid bacteria (LAB) strains that have been screened for their potential to form
biogenic amines (BAs). Interestingly, some species known to be probiotic
(e.g., 

 

Lactobacillus reuteri)

 

 produce significant amounts of BAs. The safety
check of probiotic candidates may involve screening for potential virulence
factors (44) and enzyme activities involved in the formation of putatively
genotoxic metabolites, including 

 

β

 

-glucuronidase, nitroreductase, and azore-
ductase (40). A further safety assay for potential probiotic candidate strains
make use of an 

 

in vitro

 

 mucin degradation model. In this model, any damage
or disturbance of the mucin layer is considered to compromise the host's
mucosal defense function. Indeed, it has been shown that pathogenic strains
of 

 

Escherichia coli

 

 and 

 

Salmonella enterica

 

 do grow on intestinal mucus (45).
It should be noted, however, that bacteria utilizing luminal mucin, which
has peeled off from the epithelium, might be totally harmless (46, 47).

The spread of food-borne pathogens carrying multiple antibiotic resistances
is currently a serious food safety problem. It is consequently very important
to assure that industrially used bacterial cultures do not directly or indirectly
contribute to increase the antibiotic resistance problem. The possible exchange
of antibiotic resistance markers between pathogens and food microorganisms
has been raised as a possible food safety issue (48). The work of several
research groups evaluating the actual risk of probiotic cultures participating
in the spread of antibiotic resistance has been reviewed by Salminen et al. (49).
In order to eliminate even a theoretical risk of the spread of antibiotic resistance
through the cultures used in food, it has now become common practice to
check strains for the sensitivity to commonly used antibiotics (31, 50). LAB are
intrinsically resistant to many antibiotics. Nevertheless, there would only be
an actual risk for the consumer in case of a transmissible resistance. In most
cases the resistance will not be transmissible, and this type of intrinsic resis-
tance is not to be considered a safety problem.

 

2.3.1.2 Gut Model Reactors

 

Several reactor systems have been developed to simulate the gastrointestinal
tract. They are used for studying the effects of pro- and prebiotics on the
composition and metabolism of the microflora. Most models consist of sev-
eral sequential vessels that represent different parts of the intestinal tract.
Macfarlane and colleagues developed a three-stage continuous culture sys-
tem modeling the proximal, transverse, and distal colon. The model system
was validated against gut contents from human sudden death victims (51,
52). The basic medium in which the products are tested is an artificial ileo-
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stomy fluid, which mimics the composition of digested contents in the host
colon. Another design is the Simulator of the Human Intestinal Microbial
Ecosystem (SHIME). This system consists of six vessels simulating the fol-
lowing parts of the gastrointestinal tract: stomach, duodenum, small intes-
tine, ascending colon, transverse colon, and descending colon (8, 53, 54).
TIM-1 and TIM-2 are The Netherlands Organisation for Applied Scientific
Research’s (TNO) gastrointestinal models. TIM-1 simulates the stomach and
small intestine, whereas TIM-2 is the colon model. Both systems consist of
a number of glass units with flexible walls inside. The flexible walls allow
peristaltic movements by pumping water into the space between the flexible
walls and the glass jacket. The system has been validated for several appli-
cations (55).

Apajalahti and Siikanen developed a miniature multistage (2 to 8), com-

fermentation in the distal intestine of various host species (unpublished).
The basic medium in this small-scale simulator is authentic extract of ileal
digested contents from pigs or other animals, which have been fed a human
diet or other diet relevant for the specific study. This complex undefined
medium is used to ensure that bacteria are provided with all, also undiscov-
ered, nutrients, vitamins, and cofactors present in the authentic intestinal
environment. Multiple channels in the simulator allow simultaneous com-
parison of several test products under identical conditions by using identical
inoculum. 

 

2.3.1.3 Analytical Procedures for Analysis of Complex 
Microbial Ecosystems

 

As a consequence of their low morphological diversity, microorganisms
cannot be identified under the microscope. Therefore, chemotaxonomic
markers, growth requirements, biochemical properties, and genetic charac-
teristics are used to differentiate and enumerate these organisms in the
system under investigation. The detection and enumeration of microorgan-
isms can be performed using cultivation-dependent and -independent tech-
niques.

 

2.3.1.3.1 Cultivation-Dependent Techniques

 

Conventional plating procedures are still the most widely used enumeration
methodologies in various fields of microbiology. There are different strate-
gies for differential detection and enumeration based on cultivation. The
general principle of selective plating is that selective media should specifi-
cally support the growth of the limited number of bacteria, e.g., species of
a single genus. No medium or culture conditions support the growth of all
bacteria. Nevertheless, bacterial counts obtained using nutrient-rich media
are often called total bacterial counts. For 

 

Lactobacillus acidophilus

 

 and 

 

Bifido-
bacterium

 

 species, several differential plating media have been described (56).
For probiotic bifidobacteria as feed additives, a plating method has recently
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been validated as an official enumeration control method (57). For a detailed
summary of cultivation methodologies and media for probiotic 

 

Lactobacillus

 

and 

 

Bifidobacterium

 

 species, the interested reader is referred to the review of
Charteris et al. (56). Cultivation-dependent techniques have also been used
in various clinical and intervention studies of probiotic bacteria (58–61).
Unfortunately, there are no standard bacterial enumeration methods, which
would have been used in these studies, and, therefore, they are seldom
comparable. Indeed, it has been shown that even the most commonly used
selective media for bifidobacteria recover these bacteria at different efficien-
cies. All selective media are likely to underestimate the abundance of bifi-
dobacteria and, furthermore, different media select for different species of
bifidobacteria (62). The requirement for anaerobiosis of the strictly anaerobic
microorganisms of the gastrointestinal tract can complicate sample handling
and preparation for cultivation (63). Moreover, it has been known for a long
time that plate counting is inadequate to quantify all microorganisms in
environmental samples. By calculating the percentages of viable vs. total cell
counts, it was estimated that only 0.001 to 15% of the cells occurring in
various ecosystems can be cultivated using standard techniques (64). This
so-called “great plate count anomaly” (65) can either be explained by (i) the
presence of known microorganisms being in a nonculturable state, or for
which the chosen cultivation methods were not suitable; or (ii) by the pres-
ence of unknown species which cannot be cultured using the applied tech-
niques (64). It is also possible that a substantial fraction of bacteria die or

 

FIGURE 2.2

 

The multistage, computer-controlled laboratory simulator shown mimics bacterial fermenta-
tions in the gastrointestinal tract. This EnteroMix simulator was developed at the Danisco
Innovation Centre, Kantvik, Finland. 
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become seriously injured during sample handling. For studies of complex
microbial communities, these drawbacks of cultivation-dependent tech-
niques should be taken into account. Cultivation-independent techniques
have greatly improved our understanding of complex microbial systems
over the past years. Especially the full-cycle rRNA approach, consisting of
sequence retrieval and subsequent probing (64), has improved our under-
standing of microbial diversity.

 

2.3.1.3.2 Determination of Bacterial Viability

 

The viability of bacteria may be crucial for the application of probiotic
microorganisms. As opposed to the determination of colony-forming units
more recently developed techniques make use of cultivation-independent
measures of viability. Cell viability can be inferred from enzymatic activities
such as esterase conversion of carboxyfluorescein diacetate (cFDA) (66); the
reduction of tetrazolium salts such as CTC (67, 68); or dyes such as carbox-
yfluorescein, propidium iodide, TOTO-1, SYTO 9, and oxonol that have been
used to determine viability indicators such as membrane integrity and mem-
brane potential (62, 69–73). Bunthof et al. (66) combined these measures with
determination of culturability and showed that cFDA labels the culturable
subpopulation, whereas TOTO-1 labels the nonculturable one. These authors
also showed that cFDA and TOTO-1 were accurate indicators of culturability
for cultures that had been exposed to deconjugated bile salts or to acid. A
number of detection tools have been used for these assays including fluo-
rescence microscopy, confocal laser scanning microscopy, and flow cytome-
try (66, 69–75). For a comparison of these techniques, see the review by Lipski

culture industry due to the high number of cells that can be analyzed in a
given time. Thus, flow-cytometry-based viability tests for probiotic bacteria
are likely to replace time-consuming cultivation-dependent techniques in
the future.

 

2.3.1.3.3 Percentage of Guanine+Cytosine Profiling

 

Percentage of guanine+cytosine (G+C) profiling separates the DNA of the
component populations of the bacterial community based on their charac-
teristic G+C content through differential density, which is imposed by the
AT-dependent DNA-binding dye bisbenzimidazole (77). Determination of
the percentage of G+C content represented by each gradient fraction can be
accomplished by regression analysis of data obtained from gradients con-
taining standard DNA samples of known percentage of G+C content (78).
This method is little used since it is somewhat laborious. However, it is one
of the few methods depicting the total bacterial community independently
of any previous knowledge of the component bacteria or their DNA
sequences. It is worth noting that most molecular methods are dependent
on previous knowledge of DNA sequences for primer and probe design or
rely on the presence of widely universal sequence regions. We have previ-
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ously shown that percentage of G+C profiling depicts the total bacterial
community of the gastrointestinal tract in a highly reproducible manner (78,
79). Thus, G+C profiling is a useful approach to study the structure of the
entire gastrointestinal microbial community independent of cultivation bias
(Figure 2.3). It can also be used in combination with other methods such as
16S rDNA sequencing and denaturing gradient gel electrophoresis (DGGE)
and thereby significantly improve the resolution power of these methods.
This approach has been successfully applied to studying the effects of inulin
on the microbial community of the mouse cecum (80) and among other
examples the total bifidobacteria community in human feces has been deter-
mined (62). 

 

2.3.1.3.4 PCR-Based Identification and Detection Techniques

 

Polymerase-chain reaction (PCR) has caused a quantum leap in biology since
it was introduced in the late 1980s (81). Also in the field of bacterial detection
and identification, PCR-based techniques have become the methods of choice
in most microbiological laboratories around the world. In several studies
concerning the gastrointestinal microbial system, specific PCR-based detec-
tion or identification assays have been developed (82–87). In most studies
bacteria are cultivated first, and the isolates are then identified using specific
PCR primers. Conventional PCR is a purely qualitative tool, i.e., cell densities
or DNA copy numbers cannot be inferred from the amount of PCR product
produced. Therefore, if PCR is applied to DNA extracted from fecal samples,

 

FIGURE 2.3

 

Percentage Guanine+Cytosine profiling of fecal bacterial communities. The method fractionates
bacterial chromosomes according to their characteristic percentage G+C. This allows culture-
independent profiling of total bacterial communities. The figure shows the structure of the fecal
bacterial community of a human volunteer before (dotted line) and after (solid line) ingestion
of a probiotic bacterium 
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no information can be obtained concerning the quantitative presence of a
bacterial phylotype of interest. Therefore, other methodologies such as PCR-
DGGE, which has been used to study the effect of probiotic instillation (88),
do not allow quantitative interpretations. A further improvement of PCR
has been achieved by monitoring the PCR process in real time (89), i.e., by
quantifying the amount of PCR product during the process using DNA
binding fluorescent dyes or fluorescent probes. This technique is also referred
to as quantitative PCR (Q-PCR). Although Q-PCR has been a particularly
active field of research in the past few years (90–102), to our knowledge there
has been only one report concerning the quantification of potentially probi-
otic bacteria (84). Considering the flexibility of Q-PCR in terms of the variety
of potential applications such as genetic identification and transcription
profiling as well as its potential for high throughput analyses, we expect it
to be a widely used method in future probiotic research.

 

2.3.1.3.5 Whole-Cell Fluorescent 

 

In Situ

 

 Hybridization 

 

In contrast to Q-PCR or hybridization techniques that are based on extracted
nucleic acids, whole-cell hybridization is applied to morphologically intact
cells. Thus, information about the cell concentration can be obtained and, if
applied 

 

in situ

 

, the spatial distribution of specific microorganisms within

whole-cell hybridization are usually labeled using fluorescent markers such
as the cyanine dyes CY3 or CY5, which can be detected by flow cytometry,
epifluorescence microscopy, and confocal laser scanning microscopy. Typical

applied, the method is usually referred to as fluorescence 

 

in situ

 

 hybridiza-
tion (FISH), although the sample microstructure is frequently not maintained
to allow realistic 

 

in situ 

 

studies. Prior to whole-cell hybridization, cells need
to be permeabilized. Generally, this can be achieved by fixation of the sample
with paraformaldehyde (PFA) or ethanol. In some cases, additional perme-
abilization steps such as treatment with lysozyme (103), mutanolysin (104),
lipase (105), or HCl (106) may improve the permeability of cell walls for
oligonucleotide probes. To obtain a total bacterial detection rate, the domain-
specific probe EUB338 (107) is usually applied to PFA-fixed samples, and
percentages are calculated relative to the counts obtained by the nucleic acid
stain 4',6-diamidino-2-phenylindole (DAPI) (Figure 2.4). There have been
several reports concerning the application of FISH in studies of the gas-
trointestinal microbial system (58, 108–112). FISH is a particularly useful
method to study the composition and structure of complex microbial com-
munities because the fixation largely maintains the 

 

in situ

 

 situation. How-
ever, counting procedures are usually very laborious if procedures for
computer-aided image analysis are not applied. Moreover, if FISH is applied
in combination with retrieval of rRNA and rDNA sequences, yet uncultured
bacterial species can be detected (64). This approach allows insights into
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relationships among microorganisms or with gastrointestinal cell lines that
are not accessible using conventional cultivation-dependent techniques. The
high degrees of conservation of the ribosomal RNAs usually limit the taxo-
nomic resolution of FISH to the species or subspecies level. 

 

2.3.2 Animal Trials

 

Animal trials can be very helpful in identifying potential health benefits
of pre- and probiotics in a safer, faster, and cheaper way than with human
trials. In addition, they offer an opportunity to make investigations that
would not be acceptable in human studies (e.g., 

 

Salmonella

 

 challenge stud-
ies). Apart from all the advantages of animal trials, the results cannot
always be directly transferred to humans. The safety of new probiotic
strains can be tested 

 

in vitro

 

 or in animal studies. BALB/c mice may be

 

FIGURE 2.4

 

Microscopic photographs showing fluorescence conferred by DAPI-stained (left panel) and
probe-labeled cells (right panel). In (A), cells of a pure culture of probiotic 

 

Bifidobacterium lactis

 

420 were hybridized with a specific 16S rRNA-targeting CY3-labeled probe using two helper
oligonucleotides. Note that virtually all cells confer both DAPI and CY3 fluorescence. In (B), a
fecal sample of a healthy subject was hybridized using the probe Bif164, being complementary
to the primer Bif164 published previously (83). The scale bars represent 10 µm.

A

B
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used in order to study adverse effects, oral toxicity, and translocation
potential of new probiotic strains (113–115). Challenge experiments with,
for example, 

 

Salmonella

 

 have also been performed in BALB/c mice. In these
studies, mice were fed with probiotic products or placebo and received a
single oral dose of 

 

Salmonella

 

. Differences in survival and immunological
parameters between probiotic- and placebo-fed mice can be observed (116-
118). In general, most health benefits of probiotics that can be observed in
humans can also be investigated in animals, e.g., stimulation of the immune
system in mice (119) and protection against rotavirus diarrhea in suckling
rats (120). In some studies, germ-free animals, monoassociated or human
flora-associated animals are used (121-123). Furthermore, there are animal
models available for several human diseases that allow studying the effect
of pre- and probiotics on these diseases. The transferability of the findings
on human patients is a critical point also for these model systems. Ova-
riectomized rats serve as an osteoporosis model for investigations on cal-
cium absorption and bone density (124). Interleukin-10 gene-deficient mice
develop a Crohn’s disease-like chronic colitis; hence, they are used as a
model for IBD (125). Congenitally immunodeficient mice may help to
assess the safety of probiotics for immunodeficient humans including neo-
nates (126). In addition to several animal cancer models for different types
of cancer exist (127–129), other examples are rat and mouse models for
hypertension (130), allergies (131), and arthritis (132).

 

2.3.3 Human Trials

 

Human trials (clinical or dietary intervention studies) are essential for
proving health benefits of probiotic strains. Different designs have been
applied such as pre- and postintervention designs and placebo-controlled
designs, parallel and crossover designs, and case-control studies. The best
evidence is probably coming from double-blind, randomized, placebo-
controlled trials. In addition to the study design, the methods applied for
analysis of various parameters are also of great importance. Epidemiologic
evidence relating probiotics or probiotic-containing

 

 

 

foods and disease inci-
dence would be valuable but is hardly available. However, these studies
would be difficult

 

 

 

to control as fundamental parameters such as specific
strain and dose

 

 

 

would be unknown for most probiotic-containing food
products (133). In human studies certain markers are usually applied in
order to observe the effect of pre- and probiotics or functional foods in
general on the human body. Markers can be classified into three categories:
[a] markers that relate to the exposure to the food component under study,
[b] markers that relate to the target function or biological response, and [c]
markers that relate to an appropriate intermediate endpoint (134). It was
suggested that markers of type [b] might lead to enhanced function claims,
whereas markers of type [c] might allow reduced risk of disease claims
(134). In the case of probiotics, the detection of a certain probiotic strain
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in feces could be classified as a type [a] marker, an increase in natural killer
cell activity and phagocytosis as type [b] (enhanced functioning of the
immune system), and a reduced incidence of respiratory symptoms (e.g.,
cough, sore throat, runny nose) as type [c] (reduced risk of respiratory tract
infections).

 

2.4 Health Benefits of Probiotics

 

2.4.1 Health Benefits of Probiotics Established in Human Studies

 

Originally, probiotics were thought to balance disturbances of the gut micro-
flora and thereby prevent or correct gastrointestinal-related dysfunctions.
However, some health benefits, e.g., immune modulation, may be achieved
even with dead bacteria (135). Many health benefits of probiotic bacteria
have been shown in human studies. However, the mechanism of action
behind most of these effects remains to be ascertained.

 

2.4.1.1 Diarrhea

 

The most common cause of acute diarrhea in childhood is rotavirus (5).
Several probiotic strains — especially 

 

Lactobacillus rhamnosus

 

 GG — have
been shown to prevent or alleviate infantile diarrhea (5, 136–138). It is
also well-established that some probiotic strains can both prevent and
shorten antibiotic-associated disorders (137–139). However, the evidence
for the effects of probiotics on traveler’s diarrhea remains low, because
few studies have been conducted and they showed contradictory results
(137, 138).

 

2.4.1.2 Stimulation of the Immune System

 

Many human studies have been performed to investigate the effects of pro-
biotic cultures on the immune system. Some studies focused on the intestinal
immune system, others on the systemic immunity. These studies reveal that
probiotic bacteria are able to enhance both innate and acquired immunity
by increasing natural killer cell activity and phagocytosis, changing cytokine
profiles, and increasing levels of immunoglobulins (140–142). Two probiotic
strains have been developed with a particular focus on their enhancing
effects on immune responses: HOWARU

 

TM

 

 Bifido (

 

Bifidobacterium lactis

 

HN019) and HOWARU

 

TM

 

 Rhamnosus (

 

Lactobacillus rhamnosus

 

 HN001) (113).
Both strains have been demonstrated in several studies to enhance natural
immune function in healthy people (143–149).
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2.4.1.3 Inflammatory Bowel Disease

 

There is growing evidence that probiotics have a potential therapeutic benefit
for patients suffering from IBD. Controlled clinical studies have shown that
probiotics are efficacious in the maintenance of remission of pouchitis, pro-
phylaxis of pouchitis after the formation of an ileoanal reservoir, maintenance
of remission of ulcerative colitis, and treatment of Crohn’s disease. The pro-
biotics that have been used in these controlled clinical trials are two single
strains (

 

Escherichia coli

 

 Nissle 1917; 

 

Saccharomyces boulardii

 

) and a product
called VSL#3 that consists of a mixture of four strains of lactobacilli, three
strains of bifidobacteria, and one strain of 

 

Streptococcus salivarius 

 

subsp

 

. ther-
mophilus

 

, as has been reviewed lately by Hart et al. and Marteau et al. (11, 138).

 

2.4.1.4 Irritable Bowel Syndrome 

 

The level of evidence that probiotics may alleviate the symptoms of subjects
with IBS is low to date. Varying results have been obtained in the trials that
have been conducted so far. Most trials have concentrated on the reduction
or cure of symptoms. However, it is possible that the future role of probiotics
may be in prevention rather than cure of IBS (16, 138).

 

2.4.1.5 Lactose Intolerance

 

Bacterial cultures — yogurt starter cultures as well as some probiotic cultures
— are known to improve the lactose digestion in lactose maldigestors. The
concentration of the lactose-cleaving enzyme 

 

β

 

-galactosidase is too low in
subjects suffering from lactose intolerance. Bacteria in fermented or unfer-
mented food products release their 

 

β

 

-galactosidase in the small intestine,
where it supports lactose digestion. However, probiotic bacteria seem to
promote lactose digestion in the small intestine less efficiently than do con-
ventional yogurt cultures, but they may alleviate clinical symptoms arising
from the undigested lactose (133, 138, 150).

 

2.4.1.6 Allergies

 

Pelto et al. (151) found that 

 

Lactobacillus rhamnosus

 

 GG confers an immuno-
stimulatory effect in healthy adults, whereas the same strain downregulates
the immunoinflammatory response in milk-hypersensitive subjects when
challenged with milk. Moreover, probiotics have been applied successfully
in the management of atopic eczema in infants (152). Furthermore, 

 

Lactoba-
cillus rhamnosus

 

 GG was shown to be effective in the prevention of early
atopic disease in children at high risk. The 

 

Lactobacillus rhamnosus

 

 GG prod-
uct was given prenatally to mothers and postnatally for 6 months to the
mothers or to their infants directly. The frequency of atopic eczema in the
probiotic group was half that of the placebo group at the age of 2 years. The
preventive effect was reconfirmed at the age of 4 years (153, 154).
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2.4.1.7 Cancer

 

A few epidemiological studies indicate an association between a lower inci-
dence of colorectal cancer and consumption of fermented dairy products
containing lactobacilli or bifidobacteria. However, there is no direct experi-
mental evidence that probiotics reduce the risk of colon cancer in man, but
there is some indirect evidence based on several markers applied in human
studies (e.g., fecal enzyme activities, fecal mutagenicity and genotoxicity,
immunological markers) (5, 17, 140). The effect of 

 

Lactobacillus casei

 

 strain
Shirota on recurrence of superficial bladder cancer was studied by Aso et al.
(155, 156). The 50% recurrence-free intervals after tumor resection were sig-
nificantly higher (1.8 times) for the probiotic group compared with the pla-
cebo group. A case-control study conducted in Japan with 180 cases and 445
controls revealed that habitual intake of lactic acid bacteria reduces the risk
of bladder cancer (157).

 

2.4.1.8 Respiratory Tract Infections

 

The evidence for a potential positive effect of probiotic bacteria on respira-
tory tract infections has been hitherto very low (158). A probiotic yogurt
drink containing 

 

Lactobacillus rhamnosus

 

 GG, 

 

Bifidobacterium 

 

species 420, and

 

Lactobacillus acidophilus

 

 145 was shown to reduce significantly the occurrence
of potentially pathogenic bacteria in the nose compared with a control yogurt
(159). Hatakka et al. (160) conducted a long-term study with 571 Finnish
children attending day care centers. They found a slight reduction in the
incidence of respiratory infections and antibiotic treatments after 7 weeks’
consumption of a milk containing 

 

Lactobacillus rhamnosus

 

 GG compared with
a control milk.

 

2.4.1.9 Constipation

 

Some studies have been carried out on the effects of lactic acid bacteria on
constipation and intestinal motility (161). A reduced severity of constipation
and an improved bowel movement frequency and stool consistency have
been observed in constipated but otherwise healthy people after consump-
tion of a fermented milk drink containing 

 

Lactobacillus casei

 

 strain Shirota
(162). Administration of Bifidobacterium longum BB536 to constipated women
resulted in a significantly increased defecation frequency and stool softness
(163). A positive influence of Bifidobacterium longum BB536 on the “regular-
ity” was also reported for elderly people (21).

2.4.1.10 Urogenital Tract Infections

Apart from the intestine, the urogenital tract is a promising field of application
for probiotic bacteria. A case-control study with 139 females with acute urinary
tract infection and 185 controls revealed that consumption of fermented milk
products containing probiotic bacteria was associated with a decreased risk
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of recurrence of urinary tract infection (164). To date there is just a small
number of human studies showing positive effects of probiotics in urinary
tract infections (158). Nevertheless, these studies suggest that probiotic prep-
arations given orally or intravaginally may provide a therapeutic source of
lactobacilli to help control urogenital infections in women (133, 165).

2.4.1.11 Helicobacter pylori Infection

Colonization of the stomach mucosa with Helicobacter pylori has been asso-
ciated with gastritis, stomach carcinoma, gastric ulcer, and lymphomas. Sev-
eral probiotic strains have been shown to inhibit Helicobacter pylori in vitro.
Human studies confirmed this inhibitory effect on Helicobacter pylori, which
seems to be independent of the viability of the bacteria (137, 138, 140, 158).

2.4.1.12 High Cholesterol 

Many human studies have evaluated the effects of culture-containing dairy
products or probiotic bacteria on cholesterol levels with equivocal results
(140). Some examples are given below. A fermented milk containing Entero-
coccus faecium and Streptococcus thermophilus was reported to produce a small
but significant decrease in total and LDL-cholesterol in patients with primary
hypercholesterolemia. However, some subjects did not respond to the prod-
uct and even showed a cholesterol increment (166). Richelsen et al. (167)
investigated the effect of a long-term (6 months) consumption of the same
fermented milk product. In normocholesterolemic subjects, the fermented
milk resulted in a rapid reduction of LDL-cholesterol, but after 6 months the
effect was similar to the placebo milk. In another long-term study (6 months),
a yogurt containing Lactobacillus acidophilus 145, Bifidobacterium longum 913,
and 1% oligofructose did not have a significant effect on total cholesterol
and LDL-cholestrol in normo- and hypercholesterolemic women. But as the
HDL-cholesterol concentration increased significantly, the ratio of LDL to
HDL cholesterol decreased significantly (168).

2.5 Technology of Probiotics

2.5.1 Application of Probiotic Cultures in Food Products

Probiotic bacteria are applied in many different products worldwide. In
addition to food products, probiotic cultures are also used in pharmaceuti-
cals and animal feed. Most definitions of probiotics are based on live bacteria
that confer a health benefit for the consumer. Thus, it is considered as impor-
tant that probiotic products contain an effective dose of living cells during
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their whole shelf life. However, for some health benefits, viability of the
microorganisms does not seem to be essential. Nonviable bacteria are, for
example, applied in some pharmaceuticals and food supplements. The selec-
tive enumeration of probiotic species in a fermented product is sometimes
impossible due to the product’s background flora. Also, the choice of media
may have a major impact on the viable cell counts.

2.5.1.1 Dairy Products

Probiotic bacteria have been applied in fermented dairy products for many
years. In some cases fermented milk products are monocultures of probiotic
bacteria, but usually support cultures are applied to speed up the acidifi-
cation process and provide the desired texture and flavor. Many lactobacilli
and bifidobacteria survive in fermented milk products for 4 to 8 weeks.
There are several parameters that may influence the growth and survival
of the probiotics, e.g., the starter culture, fermentation temperature, pH,
sugar content, presence of oxygen, packaging material, fruit preparations,
and other ingredients. Therefore, the survival of a probiotic culture should
be reconfirmed in the final product formulation. Probiotics may also be
applied to unfermented milk products such as milk-based sweet or acidi-
fied drinks and ice cream.

2.5.1.2 Other Food Products

The applicability of probiotics in food products depends in general on factors
like water activity, processing and storage temperature, shelf life, oxygen
content, pH, mechanical stress, salt content, and content of other harmful or
essential ingredients. For many products, excess water activity is a critical
parameter that increases the death rate of bacteria. Products with an unfa-
vorable water activity are, for example, cereals, chocolate, marmalade, honey,
and toffees. These products are too “dry” for applying live bacteria and too
“wet” for the application of freeze-dried bacteria. Freeze-dried bacteria could
be applied in these products if the bacteria could be protected from moisture,
as small amounts of moisture can be very detrimental to the dried culture.
In addition to dairy products, fruit juices have been shown to be suitable
carriers for probiotics. The limiting factor for many of the probiotic strains
is the low pH of the juices. There is growing interest in applying probiotics
to fermented meat products. Lactic acid bacteria have been used for the
fermentation of meat products for many years, and today some strains are
also utilized as protective cultures. Probiotics might be an instrument to
change the perception of meat products toward a healthier image. This
might, however, also be a hurdle in the marketing of probiotic sausages.
Freeze-dried probiotic bacteria are applied to infant nutrition powders and
powdered milk drinks. In these products, the water activity is very low,
which is essential for the stability of freeze-dried bacteria.
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2.5.1.3 Food Supplements and Over-the-Counter Products

Most probiotic food supplements and over-the-counter (OTC) products are
available as powders, tablets, and capsules. As these products also contain
dried bacteria, the water activity in the final product must be very low.
Another critical parameter for tablets is the pressure applied in tableting and
the heat that is produced. An enteric coating can be applied on tablets and
capsules in order to protect the bacteria from the acidic environment in the
stomach and improve their survival rate.

2.6 Conclusions

A very short conclusion to this chapter could be that probiotic food ingre-
dients must be safe and have a well-documented functionality. When taken
to the extreme, this statement describes the requirements set for all food
ingredients. What makes probiotics different from most other ingredients is
that the functionality — improving the health of the consumer — is not seen
in the food product itself, but after consumption. The documentation of such
functionality requires a substantial amount of science. 

During the next few years we will see new probiotic products being devel-
oped through the use of genomics. The use of genomics on microorganisms
has the potential to reveal the complete metabolic potential of each of the
bacterial strains. Several probiotic strains have already been completely
sequenced (169, 170). The genome of Bifidobacterium longum revealed a large
number of genes potentially coding for enzymes in the metabolism of pre-
biotic carbohydrates (169). This opens the possibility to construct new com-
binations of pre- and probiotics. Also, the application of human genomics is
likely to show a large impact on the innovation in this area. With the avail-
ability of the sequence of the entire human genome (171, 172), it is now
possible to design DNA chips for the analysis of the regulation of particular
genes or even to analyze simultaneously the regulation of all human genes.
The combined use of genomics on the microorganisms as well as the human
host is likely to result in the design of probiotics with increased health-
improving effects.

In addition, the safety aspect of probiotics is somewhat different from most
other food ingredients. The production on an industrial scale of highly
concentrated live bacterial cultures without undesirable contamination by
harmful microorganisms requires competencies possessed only by the ded-
icated food culture manufacturers and a few scientifically based food com-
panies. Legislation on probiotics and microbial food cultures in general
differs among major markets. In the European Union, the regulatory require-
ments are going to be harmonized and therefore subject to change. Hopefully,
Europe in this area will avoid the usual tendency to overregulate. Future
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innovations in probiotic food ingredients will be determined by a balance
between the rapidly expanding scientific achievements and the regulatory
framework imposed on the area. The scientific achievements open new pos-
sibilities, but they also open our eyes for previously unknown risks. Regu-
latory measures are justifiable if a real safety problem is being discovered.
If, however, the problem is still hypothetical, regulation will probably be
harmful, as innovation in the area will be delayed by costly approval pro-
cedures. This regulatory issue is also relevant for other food ingredients in
the area of food safety.

Danisco is a company producing a large range of food ingredients includ-
ing, among others, products for food safety, cultures, probiotics, and prebi-
otics. The company is actively conducting research to support the
development of innovative products for food safety and healthy food.
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3.1 Introduction

 

The problem of the identification and naming of probiotic organisms arose
together with the first suggestion that viable microrganisms could be an aid
to human well-being.

Metchnikoff, the scientist credited as being the first to characterize a spe-
cific 

 

Lactobacillus

 

 strain able to survive in the human intestinal tract,
described this bacterium, isolated from Bulgarian yogurts by a Swiss scientist
and then studied at the Pasteur Institute, as “the most active bacillus in
causing souring of milk.” According to the original source, Metchnikoff
named it “

 

Bacillus bulgaricus

 

”. However, this name is misleading, and we
cannot identify this bacterium with the species named, in modern times, 

 

L.
bulgaricus

 

 or 

 

L. delbrueckii

 

 subsp. 

 

bulgaricus

 

 and used for yogurt production.
The original description of Metchnikoff deals with a bacterium able to accu-
mulate 25 g/l of lactic acid when grown in milk, an amount of lactic acid
not typical of the “bulgaricus” strains and reached only by 

 

L. helveticus

 

strains (Kandler and Weiss, 1986). To strengthen this doubt, it is to be noted
that in international culture collections there is one strain identified as “one
of the original Metchnikoff strains,” and it was deposited as 

 

L. jugurti

 

 (ATCC
cat. N.521), a species nowadays recognized as a biotype of 

 

L. helveticus

 

(Dellaglio et al., 1973; Kandler and Weiss, 1986). 
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Misclassification of probiotic bacteria has occurred also in recent times.
For example, 

 

Lactobacillus

 

 GG, one of the most successful probiotic organisms
(Gorbach, 2002) was originally identified as belonging to the 

 

L. acidophilus

 

species (Gorbach and Goldin, 1989).
This is surprising, as this species is unable to ferment five carbon sugars

and produce 

 

DL

 

-lactic acid as a final product of glucose fermentation. On
the contrary, 

 

Lactobacillus

 

 GG is able to ferment pentoses and produces

 

L

 

(+)-lactic acid, and this is the normal behavior of strains belonging to 

 

L.
rhamnosus

 

 as 

 

Lactobacillus

 

 GG; nowadays 

 

Lactobacillus

 

 GG is correctly identified as a
lactose-negative biotype of the species 

 

Lactobacillus rhamnosus

 

.
What is more surprising is the misclassification of bacteria not only at the

species but even at the genus level. A case history could be represented by
probiotic products claimed to contain the so-called 

 

Lactobacillus sporogenes.

 

This species was proposed in 1932 but was immediately recognized as a
misclassification, and it was officially rejected in 1939 (!) in 

 

Bergey’s Manual

 

.
This rejection was confirmed in the 5

 

th

 

 (p. 377), 6

 

th

 

 (p. 762), and 8

 

th

 

 (p. 577)
editions of 

 

Bergey’s Manual

 

 (

 

Bergey’s Manual of Determinative Bacteriology

 

, 5

 

th

 

(1939), 6

 

th

 

 (1948), and 8

 

th

 

 (1974) editions, William & Wilkins, Baltimore).
Clearly, the name “

 

Lactobacillus sporogenes

 

” has no scientific validity, but it
is still in use in several labels of probiotic products (Sanders et al., 2003).

In addition, recent surveys on the identification of spore-forming probiotic
bacteria have shown that in a relevant number of cases, nomenclature of
bacteria used for labeling is incorrect or out of date (Hamilton-Miller et al.,
1999).

Ambiguous nomenclature has plagued not only probiotic bacteria but also
yeast. An example is 

 

Saccharomyces boulardii, 

 

a well-studied yeast used as a
probiotic for humans and animals and supported by a robust scientific liter-
ature. This probiotic has been used in several clinical trials and has been
included as a positive example of the action of probiotics in several meta-
analyses (Cremonini et al., 2002; D'Souza et al., 2002), but its allotment to a
specific taxonomic group has been achieved only recently by means of molec-
ular biology techniques, which suggest that this organism could be included
in 

 

S. cerevisiae (

 

Mitterdorfer et al., 2002; Hennequin et al., 2001; Dujon, 2001)
It is also of note that several products that are on the market and claim to

contain “bifid” bacteria, report on their labels the presence of bacteria named
according to very old nomenclature, no longer accepted by the scientific
community. Several papers have been published on this matter, and they
point out the use of old names such as “

 

Lactobacterium bifidum

 

” or “

 

Lactoba-
cillus bifidum

 

,” ignoring the existence of a genus called “

 

Bifidobacterium

 

”. On
the other hand, the same authors note the presence of lactobacilli misclassi-
fied as 

 

L. acidophilus 

 

but belonging to one of the six species obtained in 1980
by DNA-DNA analysis of strains phenotypically identified as 

 

L. acidophilus

 

.
What is reported above shows that difficulties in selecting probiotic bac-

teria is an old but still existing problem that has to be solved in order to
assure consumers about the real composition of probiotic products. Tools
are available for the purpose, and they are neither expensive nor too sophis-
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ticated. It is to be noted that the expert consultation set up jointly by the
Food and Agriculture Organization and the World Health Organization (see

bacteria by means of molecular biology techniques.
In the same documents it was suggested that probiotic bacteria should be

deposited in an international culture collection, in order to facilitate the assess-
ment and further identification of the active ingredients of probiotic products.

 

3.2 Identification and Classification

 

In order to introduce this section, it could be worthwhile to provide some
basic definitions (Benner et al., 2001) taken from the latest edition of 

 

Bergey's
Manual of Systematic Bacteriology

 

.

•

 

Classification

 

 is the arranging of organisms into taxonomic groups
(taxa) on the basis of similarities or relationships.

•

 

Nomenclature

 

 is the assignment of names to the taxonomic groups
according to rules.

•

 

Identification

 

 is the process of determining that a new isolate
belongs to one of the established, named taxa.

Taxonomic ranks are levels of the hierarchical organization used in bacterial
taxonomy. As regards bacteria, the ranking levels are reported in Table 3.1.

Species is the basic group for systematic classification of prokaryotes, and
it can be defined as a collection of strains that have in common many features
and that differ in a significant way from all other species. The word “strain”
means the product of a succession of cultures derived from an initial single
colony. It is a bacterial culture composed of cells derived from a single initial
cell. For each species, one strain is designated as the type of strain, and all
other strains that are sufficiently similar to it are included with it in the same
species. However, the concept of species is still under debate and revision
(Rossello-Mora and Amann, 2001). 

 

TABLE 3.1

 

Taxonomic Ranking Used for Bacterial Classification

 

Ranks Example

 

Domain Bacteria
Class

 

Actinobacteria

 

 Stackebrandt et al., 1997
Order

 

Bifidobacteriales

 

 Stackebrandt et al., 1997
Family

 

Bifidobacteriaceae

 

 Stackebrandt et al., 1997
Genus

 

Bifidobacterium

 

 Orla-Jensen, 1924
Species (one example)

 

Bifidobacterium bifidum

 

 (Tissier, 1900

 

 

 

) Orla-Jensen 1924, species. 
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According to Benner et al. (2001), a subspecies is “based on minor but
consistent phenotypic variations within the species or on genetically deter-
mined clusters of strains within the species”; another definition of subspecies
was provided by Wayne et al. (1987): “Subspecies designations can be used
for genetically close organisms that diverge in phenotype.”

As further subdivisions, bacteria are sometimes grouped according to
special characters. These groups, however, have no official standing in offi-
cial nomenclature.

It is relevant to note that, as is pointed out in the chapter devoted to
bacterial classification of the 

 

Bergey's Manual

 

, that “There is no ‘official’
classification of bacteria. (This is in contrast to bacterial nomenclature, where
each taxon has one and only one valid name, according to international
agreed-upon rules).”

International Committee on Systematic Bacteriology) is a branch of the Inter-
national Union of Microbiological Societies and is in charge of updating the
International Code of Nomenclature of Prokaryotes (formerly the International
Code of Nomenclature of Bacteria), which contains principles, rules, and rec-
ommendations in order to name bacteria correctly.

Since 1975, this code has required a new step for bacterial nomenclature,
i.e., the valid publication of names of bacteria. It means that publication of
the name and description of a new taxon in a recognized scientific printed
publication is required in order to include this new taxon in the Approved
Lists of Bacterial Names, which is the inventory of the accepted nomencla-
ture for bacteria. The publications must be in accord with requirements set
up in the International Code of Nomenclature of Prokaryotes.

The publication of the first Approved Lists of Bacterial Names (Johnson
et al., 1980), which contained all the bacterial names having standing in
nomenclature as of January 1, 1980, was a starting point in the renewal of
bacterial nomenclature. The names validly published before January 1, 1980
but not present in these lists are no longer valid but are available for revival
individually if all requirements for doing so are met.

Updates of “Approved Lists of Bacterial Names” are regularly published in
the 

 

International Journal of Systematic and Evolutionary Microbiology

 

 (formerly
the 

 

International Journal of Systematic Bacteriology

 

). The lists are also available

relevance not only for scientific purposes but also for industrial uses.
Another keystone of the bacterial taxonomy that also has practical impli-

cations is the designation of the taxon type, which is a requirement peculiar
to systematic bacteriology and extremely relevant not only for taxonomists
but also for applied microbiology. 

The type of each taxon must be designated by the author at the time the
name of the taxon is validly published in the appropriate scientific journal

This rule was set because it is impossible to fully describe a microorganism,
and it is necessary to have a reference organism available to the scientific
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community for purposes of comparisons, studies, etc. This availability is
guaranteed in an International Culture Collection.

It seems worthwhile to point out also that patenting procedures do require
the deposit of the biological material that is the object of patent, i.e., the
bacterial strain. This quite sensitive matter is regulated by rules listed in the
Budapest Treaty on the International Recognition of the Deposit of Microor-
ganisms for the Purposes of Patent Procedure. To quote from the introduction
to the treaty: “To guarantee full disclosure of an invention involving micro-
organisms, the Budapest Treaty provides for the deposit of (micro) biological
material with a recognised culture collection, known as an ‘International
Depositary Authority (IDA)’. An IDA must make the material publicly avail-
able at the appropriate point in the patenting procedure.” 

Deposit in the International Culture Collection of the strains used as pro-
biotic supplement to animal feed is also requested by the European Union
(EU). Since 1993, the EU Directive No. 93/113 states, under Article 7, that
the following is mandatory: “B. For microorganisms and their preparations:
(a) the identifications of the strain(s) according to a recognized international
code of nomenclature and the deposit number of the strain(s); (b) the number
of colony-forming units (CFU/g).” It is highly relevant to note that this
directive requires the use of the international code of bacterial nomenclature
and the deposit of the strains.

We then arrive at the core of our considerations about taxonomy and the
probiotic use of bacteria. Bacterial taxonomy is based on the characterization
of a single strain, the prototype of the taxon, and the following efforts are
based on comparative analysis between the prototype and the organism under
study.

There will be no bacterial taxonomy without deposited strain types, but
also industrial applications require the identification and public availability
of strains. The question arises about the tools that are available to identify
the strains and to perform the comparison among them. Increasing knowl-
edge of DNA properties and the development of more and more sophisti-
cated techniques of molecular biology have made a considerable
contribution to species identification.

The first method based on nucleic acid applied for the description of taxa
was the determination of the guanine and cytosine (G+C) content of the
DNA. This method is considered a classical way to distinguish between
strains genetically different that are phenotypically similar. It is one of the
genomic characteristics recommended for considering a strain as belonging
to a species. Variation values higher than 5% indicate heterogeneity within
a species. It is important to underline that the G+C contents do not take into
consideration the linear nucleotide sequences of the DNA analyzed, and for
this reason this parameter can only be used negatively. In other words, this
method can be used for separating groups, but a similar value of G+C does
not indicate a close relationship between two strains.

In contrast, a parameter that allows the delimitation of species borders is
the determination of whole genome similarity since a strong correlation has
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been found between this value and phenotypic similarity. For this reason
DNA hybridization became a standard technique in bacterial taxonomy. A
characteristic property of DNA molecules, exploited in this technique, is its
ability for reassociation or hybridization. The denatured DNA molecules are
able to reassociate, under appropriate experimental conditions, to reform
native duplex structure. DNAs from different microorganisms can reassoci-
ate depending on the degree of similarity of their sequences. It is currently
recommended that a strain be considered as belonging to a given species if
there is a value of 70% or higher degree of similarity. Then the percentage
of homology or similarity is the quantification of relatedness of microorgan-
isms. This represents a very important practical advantage because it allows
a sharper definition, when compared with the phenotypic methods, of
groups of microorganisms. This method allowed the solving of some iden-
tification problems as for example the confused situation of 

 

L. acidophilus

 

species. Historically, probiotic roles have been attributed primarily to this
species that were extremely heterogeneous on the basis of phenotypic char-
acterization. In 1980 (Johnson et al. 1980), DNA-DNA hybridization studies
suggested that the 

 

L. acidophilus

 

 species was composed of six different spe-
cies. Strain ATCC4356 with a higher degree of similarity with 

 

L. acidophilus

 

remained in the original species, whereas the other homology groups are
now considered separate species.

Techniques based on ribosomal RNA or rRNA gene analysis brought about
a complete revolution in bacterial taxonomy. In fact, the development of molec-
ular-genetic methods led to identifying in ribosomal RNA molecules very
good candidates for phylogenetic studies because the 16S, 5S, and 23S genes
are highly conserved molecules that are present in all microorganisms. These
genes contain conserved region related to their structural and functional obli-
gation; these regions are very important for phylogenetic investigations.
Highly variable regions are also present in these molecules, and their
sequences can be used for differentiation between closely related species. The
amplification of the 16S rRNA gene and sequencing can be performed using
universal primers designed on the basis of the conserved region sequences,
making this identification method suitable for a wide range of organisms. A
very practical advantage is that DNA can be extracted directly from a single
colony-forming unit. These practical considerations allow understanding of
the widespread use of this technique in microbiology laboratories.

Comparison of sequences of rRNA genes is currently considered to be one
of the most powerful and accurate methods for species identification. In
recent years, sequencing of 16S, 5S, and 23S rRNA genes has led to a rapid
expansion of large international sequence databases (Maidak et al., 1999)
such as the Ribosomal Database Project (RDP). The huge number of
sequences available allows the creation of phylogenetic trees or dendro-
grams, and in some cases the taxa created on the basis of phenotypic prop-
erties do not correspond to the phylogenetic branching. As a consequence,
for certain species their classification has been reconsidered. 
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It is commonly accepted that 16S rDNA sequencing and more generally
methods based on the rRNA genes are a good alternative to many classical
methods, but the last guideline gives precedence to the phenotype over the
genotype. The complete sequence of the 16S rRNA gene is not suitable as a
unique parameter for species identification, but additional investigations
using other methods are needed for a reliable taxonomy description of bac-
terial isolates. In fact, it has been demonstrated that the resolving power of
16S rRNA sequences is limited when closely related organisms are examined
(Stackebrandt and Goebel, 1994). Thus, the decision if a new isolate belongs
or not to a given species has to take into consideration results provided with
other standard methods. At present, in accordance with 

 

Bergey's Manual

 

, a
species includes strains with genomic similarities of 70% or greater and a
97% of 16S rRNA sequence similarity. 

Sequences of the variable regions of rRNA genes can also be used as a
target for highly specific probes or species-specific primers, and for these
reasons a series of rapid identification methods has been developed.

DNA hybridization probes have found a large spectrum of applications.
Probes have been used for bacteria identification and for studies of the
structure and dynamics of complex ecosystems. 

Probes commonly used are 16S and 23S rRNA target nucleotides, DNA
probes, and probes based on key enzyme sequences. Pot et al. (1993) used
a 23S rRNA targeted oligonucleotide for identification of 

 

L. acidophilus

 

, 

 

L.
gasseri,

 

 and 

 

L. johnsonii

 

. Results reported by the authors show that this
procedure allowed the correct identification of strains belonging to the
respective species. This method has had a certain success but has been
increasingly substituted by other methods principally involving the poly-
merase chain reaction (PCR).

A species-specific PCR method was developed by Drake et al (1996), and
it was possible to identify strains belonging to the following species: 

 

L. casei

 

subsp. 

 

casei

 

, 

 

L. casei

 

 subsp. 

 

rhamnosus

 

,

 

 L. acidophilus

 

, 

 

L. delbrueckii 

 

subsp.

 

bulgaricus, 

 

and 

 

L. delbrueckii 

 

subsp. 

 

lactis

 

. The taxonomic position of the 

 

L.
casei

 

 group has been a much-debated question. 

 

Bergey' s Manual of Systematic
Bacteriology

 

 lists four subspecies of 

 

L. casei

 

 (Kandler and Weiss, 1986) whereas
Collins et al. (1989) reclassified strains of this group into three species on the
basis of DNA-DNA homology. Ten years later, Mori et al. (1997) described
the sequence signature of 16S rDNA that discriminates among these species.
The exploitation of these sequences allowed Ward and Timmins. (1999) to
identify these species by a species-specific PCR analysis.

In order to develop an accurate and convenient method for the character-
ization of bifidobacteria in the intestinal microflora, Matsuki et al. (1998,
1999) set up a species-specific PCR for all known species of bifidobacteria
that inhabit the human intestinal tract. Authors compared this identification
method with the traditional culture methods and concluded that the species-
specific PCR technique was able to detect a wider range of species than the
other method. However, 

 

B. longum 

 

and 

 

B. suis

 

 were not distinguishable from
each other by this technique.
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An alternative way to exploit the phylogenetic information of rDNA mole-
cules is a method called restriction fragment-length polymorphism (RFLP).
For this technique universal primers of conserved regions are used to amplify
parts of 16S including or not the ribosomal spacer region. Products of ampli-
fication reaction are digested by endonucleases, and patterns obtained are
examined by electrophoresis agarose gel. These patterns are usually species-
specific.

Chen et al. (2000) used this technique in order to demonstrate a polymor-
phism in the spacer region between the 23S and 5S rRNA genes of bacteria
belonging to the 

 

L. casei

 

 group. Grouping obtained with RFLP analysis was
in agreement with the reclassification proposed by Collins et al. (1989). 

Another method for species-specific identification that has been developed
on the basis of 16S rRNA gene sequences is the amplified ribosomal DNA
restriction analysis (ARDRA). This procedure provides the amplification of
the 16S rRNA gene followed by a restriction analysis. The ARDRA technique
was used to identify different species of 

 

Lactobacillus 

 

isolated from human
feces and vagina (Ventura et al., 2000). The method was set up using strain
types and then was applied to fresh isolates. Strains were first grouped by
physiological tests, and then 16S mrDNA samples were obtained by PCR
amplification. A set of four restriction enzymes was able to differentiate 14
species of 

 

Lactobacillus

 

. This procedure was validated using 16S rDNA
sequencing. The same method has also been used to identify bifidobacteria
(Ventura et al., 2000). 

This procedure allowed the identification of 15 species of bifidobacteria;
however, either the ARDRA technique or the species-specific PCR primers
described by Matsuki et al. (1999) were unable to distinguish 

 

B. longum 

 

from

 

B. suis

 

. The authors suggested that these two species should be taxonomically
combined on the basis of DNA-DNA homology value (from 75 to 78%) and
16S rDNA similarity (>90%). In contrast with the results obtained by species-
specific PCR, the ARDRA technique was able to discriminate 

 

B. catenulatum

 

from 

 

B. pseudocatenulatum

 

. ARDRA seems to be a reliable and reproducible
molecular identification method either for lactobacilli or bifidobacteria. In
ecology studies when it is important to evaluate the predominant species, it
becomes very important to dispose of rapid and accurate techniques of
identification because of the high number of colonies that it is necessary to
analyze.

Industrial interest in the use of specific bacterial strains such as food
additives in dairy products is rapidly growing. This development has led to
the requirement for accurate quality control of probiotic products and hence
methods for specific identification of probiotic strains. Such accurate identi-
fication procedures could also serve in accurately monitoring the develop-
ment of populations of specific probiotic strains during the passage through
the gastrointestinal tract. 

Techniques for plasmid isolation and characterization are routinely used in
several laboratories; they are easily performed and reproducible. It should also
be pointed out that several properties that are relevant for defining probiotic
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properties of one strain (i.e., the ability to produce antibacterial compounds
such as bacteriocins) are generally plasmid encoded. To monitor the plasmid
profile of a probiotic strain, it is then useful not only for strain identification,
but also for checking its genetic stability. This typing technique can obviously
be applied only for bacteria containing plasmids, and this represents an impor-
tant limitation and reduces the proportion of strains typeable by this method.
For this reason, and the instability of these extrachromosomal elements, this
method has been substituted by techniques based on chromosomal DNA that
have become more popular.

Genomic methods are normally PCR methods such as randomly amplified
polymorphic DNA (RAPD), amplified fragment-length polymorphism
(AFLP), arbitrary primer PCR (AP-PCR), repetitive extragenic palindromic-
PCR (Rep-PCR), or various restriction analysis such as restriction endonu-
clease analysis (REA), pulsed field gel electrophoresis (PFGE), or ribotyping.
AFLP is a combination of PCR and restriction analysis.

Chromosomal DNA restriction endonuclease analysis (REA) was the first
of the chromosomal DNA-based typing schemes. In this method genomic
DNA is cut with frequent cutting enzymes and then is examined on an agarose
gel. Patterns obtained after electrophoresis are highly reproducible because of
the high specificity of endonucleases and the stability of the chromosomal
DNA. The differences of banding patterns between strains are due to the
differences in DNA base composition of the organisms examined. The most
important inconvenience of this technique is the very complex banding pat-
terns obtained using the common agarose gel migrations because numerous
bands are normally obtained with the high-frequency cutting enzymes. 

A method that overcomes the limitations of REA is the PFGE technique.
This method is considered by some authors to be the “gold standard” for strain
identification. PFGE is a special methodology to avoid shearing the DNA into
random fragments. Genomic DNA is prepared by embedding intact microor-
ganisms in agarose plugs. After cell lysis, plugs of isolated DNA are digested

 

in situ

 

 with a low-frequency cutting enzyme. Electrophoresis involves periodic
orientation changes of the electric field. This migration allows a separation of
fragments of very high molecular weight. The combination of migration con-
dition and use of low-frequency cutting enzymes produces restriction patterns
composed of a relatively low number of fragments, making their visual exam-
ination easy. PFGE has been described as a reproducible and highly discrim-
inatory method used for typing of important probiotic bacteria such as 

 

L. casei

 

(Ferrero et al., 1996; Tynkkynen et al., 1999), bifidobacteria (McCartney et al.,
1996), and 

 

L. rhamnosus 

 

(Tynkkynen et al., 1999).
An interesting aspect has been pointed out by Tynkkynen et al. (1999).

These authors applied PFGE, RAPD, and ribotyping on 24 strains belonging
to the 

 

L. casei

 

 group in order to compare the discriminatory power of these
methods. PFGE was able to discriminate 17 genotypes for 24 strains exam-
ined against 15 and 12 genotypes individuated by ribotyping and the RAPD
method, respectively. Also, McCartney et al. (1996) obtained the same results

 

DK3341_C003.fm  Page 75  Thursday, September 1, 2005  7:16 AM

© 2006 by Taylor & Francis Group, LLC



 

76

 

Probiotics in Food Safety and Human Health

 

for bifidobacteria and lactobacilli isolated from human fecal samples com-
paring PFGE and ribotyping.

Another way for typing probiotic bacteria is the ribotyping method. In this
case genomic DNA is digested by restriction endonucleases and transferred
to a membrane for a subsequent hybridization analysis. Probes used are 5S,
23S, and 16S rRNA genes. After probing, each fragment of bacteria containing
rRNA genes is detected creating a fingerprint composed of 1 to 15 bands.
These profiles can be easily compared among strains. Reproducibility and
high-discriminatory power are important advantages of this genotyping
method. 

Ribotyping presents a very important practical advantage in that,
because of the similarity of ribosomal genes, a universal probe can be used.
This method is used for typing, but also as a species identification method
(Zhong et al., 1998). PFGE and ribotyping are considered two very highly
discriminatory and reliable methods, but obviously they present some
disadvantages. Both methods are time-consuming and a little more tedious
than other methods. Moreover, the number of strains that it is possible to
examine using these techniques is quite limited compared with PCR-based
methods. Another aspect that is important to evaluate is that PFGE is
expensive and requires considerable experimental experience.

The introduction of PCR methodology into microbiology laboratories led
to the development of a series of PCR-based methods for strain typing.
RAPD is based on a PCR reaction in which short arbitrary sequences are
used as primers. The amplification products are constituted by random-
sized DNA fragments. RAPD is a very simple, rapid technique. Moreover,
selection of primers used in the PCR reaction does not depend on a known
species or strain-specific sequence, and for this reason it can be a univer-
sally applicable technique. For these properties the RAPD technique has
been considered a suitable method for routine use, and as a consequence
of that, it has been widely used in microbiology laboratories. Unfortunately,
the reproducibility of RAPD is occasionally poor because small changes in
annealing conditions can produce changes in pattern profiles. It is impor-
tant to point out that the PCR reaction in the RAPD technique is performed
using a single short primer, making this method more sensitive to changing
PCR conditions. Factors that can influence annealing conditions have been
well-documented (Meunier and Grimont, 1993; Penner et al., 1993). RAPD
profiles have been used for typing of 

 

Bifidobacterium

 

 (Roy et al., 1996., Du
Plessis and Dicks, 1995) and for strains belonging to the 

 

L. acidophilus

 

group. RAPD has also been used as a typing method for 

 

L. rhamnosus

 

 and

 

L. casei

 

 strains (Tynkkynen et al., 1999) in comparison with PFGE and
ribotyping. As already mentioned in the description of the PFGE technique,
RAPD was the least discriminatory among the studied methods. 

Attempts to overcome RAPD limitations led to the development of meth-
ods able to generate characteristic DNA fingerprint patterns using primers
that recognized conserved regions of chromosomal DNA. One of them is
the AP-PCR technique. PCR reactions are performed using a specific primer
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targeting a highly conserved region within the 16S rRNA gene. A variation
of this method is a procedure designed as triplicate arbitrary primed PCR
(TAP-PCR). In this case three different annealing temperatures are used
simultaneously in a triplicate reaction. The advantage of this variation in
the procedure is the easier identification on agarose gel of bands that are
sensitive to small changes in temperatures. This technique has been suc-
cessfully used for the typing of isolates from major genera of lactic acid
bacteria and bifidobacteria (Cusik and O’Sullivan, 2000).

Repetitive extragenic palindromic (Rep) elements and enterobacterial
repetitive intergenic consensus (ERIC) sequences are conserved regions
dispersed on genomic DNA. These regions are the targeting of primers
used in amplification reactions in Rep-PCR and in ERIC-PCR techniques,
depending on the type of regions used for typing. Using these methods it
is possible to obtain profiles due to the amplification of inter-Rep and inter-
ERIC distances. Profiles obtained are typical of bacterial species or some-
times are strain specific. 

A combination of PCR and restriction enzyme analysis yielded the AFLP
technique. Genomic DNA is digested with two different restriction endo-
nucleases that yield restriction fragments with two different types of sticky
ends. Adapters are ligated to these ends in order to prepare the template
for the PCR reaction. The two different primers used in the reaction mixture
contain the same sequences of the adapters.

AFLP is a very highly discriminatory and reliable method, but like PFGE
and ribotyping is a time-consuming technique and requires strict standard-
ization conditions.

Recently, AFLP, PFGE, Rep-PCR, TAP-PCR, and ERIC-PCR techniques have
been compared in order to evaluate their discriminatory power for the iden-
tification of 

 

Lactobacillus johnsonii

 

 strains. Results obtained suggested that PCR
fingerprinting methods like ERIC and Rep-PCR are highly reliable and rapid
methods for characterization of 

 

L. johnsonii

 

 at their strain level. 
Taxonomy for probiotic bacteria is essential for quality assurance as

required by consumers and state law. It is obvious that the identification of
species may indicate the safety of a strain and its industrial applicability for
use in probiotic products. In spite of all the molecular tools now available
for taxonomic purposes, it is clear that in the absence of a gold standard the
so-called polyphasic approach seems to be the only way to solve bacterial
identification problems (Vandamme et al., 1996). A classification that takes
into consideration all information on all possible known aspects of a partic-
ular microorganism in fact covers the essential part of its genome. 

Identification of probiotic bacteria and/or enteric microorganisms could
be of interest even when applied “

 

in vivo

 

”. The following two techniques
are detailed just as an example of the potential of the molecular approach
to the ecology of the gut.

Recent advances in rRNA-based molecular techniques make it possible to
identify microorganisms among complex bacterial populations without prior
cultivation (Aman et al., 1995). The detection of all members within natural
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communities can be achieved by amplification of 16S rRNA genes from
samples. These PCR products can be cloned and sequenced, but this
approach is time-consuming and very laborious. This problem has been
overcome by the development of denaturing gradient gel electrophoresis
(DGGE). This technique, in fact, allows the separation of 16S rDNA frag-
ments of the same length. Primers used for the amplification reaction are
designed on the basis of conserved regions of 16S rRNA gene but addition-
ally consisting of a GC clamp of 40 nucleotide GC.

Fragments are separated by a polyacrylamide gel with a denaturant gra-
dient. Separation of the mixture of fragments is based on the mobility of
partially melted DNA molecules that are the same size but have a different
base composition. The DGGE technique presents, however, some disadvan-
tages. The most important is the short fragment available for sequencing,
making the correct bacteria identification difficult. The second problem arises
because DNA extracted from natural samples may not be representative of
the total community because of a difference in cell wall composition that can
make a difference in the extraction yield. The DGGE technique has been
used in several studies of intestinal communities (Zoetendal et al., 2001;
2002), for bifidobacteria communities (Satokari et al., 2001) or for monitoring
changes in fecal bacterial populations after the ingestion of exogenous 

 

Lac-
tobacillus

 

 strain (Simpson et al., 2000; Tannock et al., 2000).
The second technique used for the study of complex bacterial communities

is fluorescence 

 

in situ

 

 hybridization (FISH) using specific oligonucleotides
designed on the basis of 16S rRNA sequence as probe. This method has been
described as a very useful tool for bacterial identification within a complex
matrix. The application of FISH to human fecal samples in order to detect
bifidobacteria demonstrates that this method could be as accurate as the
traditional enumeration techniques (Langendijk et al., 1995). On the contrary,
it has been reported that the number of lactobacilli detected by FISH was
higher than plate counts. Authors suggested that this difference could be
due to the detection by FISH of nonviable cells. However, for accurate and
fast identification, the FISH method is probably more appropriate, because
it is based on molecular markers (Harmsen et al., 2000).

 

3.3 The Physiology of Probiotic Bacteria

 

Whereas dairy starter bacteria are selected for their ability to rapidly acidify
milk or produce desirable organoleptic characters in dairy products, probi-
otic bacteria are selected for their potential to promote a health benefit after
ingestion. It is generally agreed that probiotics should be viable in the gut
in order to exert their beneficial effects, with the exception of the alleviation
of lactose intolerance, which is linked to an enzymatic action. 
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Mandatory physiological traits for maintaining viable ingested bacteria
are resistance to gastric conditions and to the action bile salts. Pronounced
differences have been observed in the survival rate of probiotic strains, even
among individuals belonging to the same species, passing through the stom-
ach and the upper intestinal tract. Survival rates have been estimated at 20
to 40% for properly selected

 

 

 

strains (Bezkorovainy, 2001), whereas others
have a survival rate less than 0.1%, the main obstacles to survival being
gastric acidity

 

 

 

and the action of bile salts.
Human gastric juice has been used (Conway et al., 1987; Goldin et al.,

1992), but 

 

in vitro

 

 tests simulating a gastric environment have been more
widely applied (Charteris et al., 1998a) in order to predict the behavior of
the strains in 

 

in vivo

 

 conditions. These assays have been successful in select-
ing new probiotic organisms, which performed well when tested in humans.

 

In vitro

 

 assays (Hood and Zottola, 1988; Charteris et al., 1998b) show that
enteric lactobacilli could tolerate the exposure to pH 2 for several minutes,
while higher pH slightly affects their counts, and pH 1 is destructive for all
tested lactobacilli

 

. 

 

It is to be noted, however, that results obtained by means of these assays
are to be critically considered; data recently published by a Danish group
(Jacobsen et al., 1999) showed that strains of lactobacilli which have a doc-
umented ability to survive and reproduce in the human gut scored poorly
when challenged 

 

in vitro

 

 for 4 hours at pH 2.5.
These differences could be explained by the conditions applied, probably

too harsh, but they also point out that little is known about the real physi-
ological conditions of bacteria during the gastric passage. Are they metabo-
lizing cells, or does the acidic pH keep them in a dormant state? Do they
use the metabolic pool of ATP, if present, or are they able to ferment and to
produce new ATP? What is clearly established is that the resistance to gastric
conditions is strain dependent, as all published studies report a different
scoring among strains belonging to one species.

The ability to survive the action of bile salts is an absolute requirement of
probiotic bacteria, and it is generally included among the criteria used to
select potentially probiotic strains. Gilliland et al. (1984) were the first to
suggest the importance of assessing bile tolerance to select lactobacilli for
probiotic use.

Several authors used this assay to assess the bile resistance of potential or
already commercialized probiotic lactobacilli. Results obtained in all these
papers clearly showed, also for this trait, that the amount of delay detected
in the growth curve of lactobacilli challenged with oxgall was strain- and
not species-dependent. The mechanisms underlining the resistance are at the
moment under investigation.

Genes involved in hydrolysis of bile salts have been cloned and sequenced
(Elkins et al., 2001), but it should be pointed out that the deconjugation and
resistance are unrelated activities (Moser and Savage, 2001). Cholic acid was
found to be highly deleterious for viability of lactobacilli (De Boever and
Verstraete, 1999) A novel interaction between lactobacilli and bile has been
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recently described (Kurdi et al., 2000); cholic acid was found to accumulate
in Lactobacillus cells by means of a transmembrane proton gradient. 

An additional assay generally used for probiotic selection and related to
the physiology of these bacteria is the measurement of the ability of the
potential probiotic strain to adhere to surfaces mimicking the intestinal epi-
thelia tissue, such as cell cultures, mucus, etc. (Blum et al., 1999; Ouwehand
et al., 2001) as it is generally agreed that a strain needs to adhere to intestinal
surfaces to persist in a moving environment such as the gut. It is to be noted,
however, that some authors have suggested that a potential risk could arise
from adhering probiotic bacteria (Apostolou et al., 2001).

Adhesion assays have provided a lot of information on the strain to vari-
ation of adhesion properties, but they do not seem to provide clear-cut
results, as reported differences among adhering and nonadhering strains of
lactobacilli are small variations (i.e., 1 vs. 1.5 bacterium per Caco-2 cell) that
are unlikely to be able to predict significant differences in the in vivo situation
(Morelli, 2000).

Furthermore, in a survey undertaken in the frame of a European Union-
funded project, it turned out that the outcome of adhesion assays are deeply
influenced (Blum and Reniero, 2000) by the following factors:

• pH
• Presence of calcium ions
• Dose of lactobacilli used
• Presence of supernatants
• Growth phase in which bacteria are collected

Moreover, only strains scoring high in these in vitro tests have been used
for confirmation assays in vivo. It could be of interest to validate these tests,
to assess also the strains with the lowest in vitro scores for the ability to
survive and persist in the gut under in vivo conditions.

We can observe that all the above-cited ambiguity about in vitro assays
reflects the lack of knowledge about the physiological properties that are
responsible for acid and bile resistance, whereas 

ce data are available for the molecular mechanisms involved in adhesion.
Surface layer proteins have been shown to have a role in determining

adhesion to surfaces (Kos et al., 2003; Matsumura et al., 1999, Schneitz et al.,
1993). Cloning of a surface layer from an adhering Lactobacillus brevis to a
nonadhering Lactococcus lactis has transferred to the recipient strain the adhe-
sion properties, providing good evidence of the involvement of these surface
structures in adhesion processes (Avall-Jaaskelainen et al., 2003). A detailed
study of the surface layer domains involved in adherences to a number of
surfaces has been published (Antikainen et al., 2002).

It was recently shown, by means of atomic force microscopy, that the
presence and absence of surface layer protein has a major impact in the
surface topography of the cell wall. Moreover, this analysis showed adhesion
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peaks caused by the presence of polysaccharides on the cell surface of bac-
teria lacking the surface layer proteins. This is a new field of investigation,
strictly related to the physiological composition of the cell surfaces, and
worthy of further development (Schaer-Zammaretti and Ubbink, 2003).

The ability to bind mucus has been related to the presence of specific
proteins. In Lactobacillus fermentum 104R a 29-kDa surface protein (then
smaller than surface layer proteins) has been related to the mucus-binding
property of this strain (Rojas et al., 2002), while in L. reuteri 1063, the gene
encoding for a 358-kDa protein was cloned and sequenced. A clear link was
established between this protein and the observed ability of this strain to
bind to mucus (Roos and Jonsson, 2002).

A third mechanism that establishes a link between a physiological trait
and adhesion is the aggregation phenotype. Some strains are able to grow
as clumps or sand-like particles; these strains have been isolated from human
gut and vagina, but also from animals (Kos et al., 2003; Cesena et al., 2001;
Roos et al., 1999).

Aggregating strains are generally hydrophobic and score well when
assayed for their ability to survive and persist in the intestinal tract (Cesena
et al., 2001).

A model system has also been established in which a spontaneous mutant,
lacking the aggregation phenotype, has also lacked the ability to reproduce
well in the human gut; this result could establish a link between aggregation
and such a probiotic property (Cesena et al., 2001).

An in vitro model has also been used to evaluate some probiotic activities
possibly exerted by select strains in the intestinal tract. Adhesion could have
a prohealth effect by blocking the attachment sites of pathogenic bacteria
and viruses, and thus probiotic bacteria might contribute to the prevention
of infection by pathogens. 

The nonmucus-secreting enterocyte-like intestine Caco-2 cell line displays
typical features of intestinal cells, and they are well-known and widely used
model systems for evaluating probiotic bacteria. By using this cell line as an
in vitro model, it was shown that L. acidophilus and L. rhamnosus strains
adhere in relatively high numbers of organisms and are able to prevent
attachment of pathogenic microorganisms such as Salmonella typhimurium,
Yersinia enterocolitica, and enteropathogenic E. coli (Coconnier et al., 1993;
Bernet et al., 1994). The value of these observations can, however, be ques-
tioned. First of all, only a threefold difference between “good” and “poor”
adherent was detected (Lehto and Salminen, 1997), which microbiologically
is not highly significant. In addition, the growth conditions may vitally
influence the expression of bacterial surface structures. The cell surface, for
example, of an overnight culture is quite different from that of bacteria which
have just passed the stomach and small intestine and have been stressed by
gastric acid, bile, and pancreatic juice.

In recent work, a dramatic difference in the morphology of bifidobacteria
grown in laboratory media in the presence or absence of mucus has been
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reported for lactobacilli (Jonsson et al., 2001). The addition of mucin to the
growth medium of different strains of Lactobacillus reuteri improved the
mucus-binding activity of most strains that initially showed very poor bind-
ing when grown in MRS broth (De Man et al., 1960). At the molecular level,
it was shown that proteolytic treatment of bacteria grown in the presence of
mucin eliminated the adhesion, suggesting that mucin induces the produc-
tion of cell surface proteins that possess mucus-binding properties.

As an example of the relevance of the physiology of probiotic bacteria for
their beneficial roles, even in healthy subjects, it is possible to cite what has
been named “colonization resistance” (Vollaard and Clasener, 1994), mean-
ing the mechanism physiologically used by bacteria already present in the
gut to maintain their presence in this environment and to avoid colonization
of the same intestinal sites by freshly ingested microorganisms, including
pathogens. Nowadays this concept is applied to healthy individuals in order
to reduce the risk of infections. Most of the so-called probiotic products on
the market today are based on the assumption that healthy individuals are
also better protected by a food supplement of bacteria selected to improve
colonization resistance. 

However, the overall mechanism of action of probiotic bacteria toward
the other bacteria inhabiting the gut is not well understood. It is thought
that feeding probiotics could alter the intestinal population as determined
by fecal enumeration. However, in individuals where the number of
already present enteric bacteria is low (e.g., after antibiotic therapy), a
probiotic supplement can increase the number of fecal counts of lactic
bacteria. It seems difficult to increase the presence of the total population
of lactic acid bacteria in healthy subjects. Some studies suggest that a
replacement effect takes place; in other words, while the total lactic counts

FIGURE 3.1
Different morphologies of Bifidobacterium longum M4 strain grown in the presence or absence
of mucus. (A) Cells grown in TPY medium with mucin added (Scardovi, 1986); (B) cells grown
without mucin. Courtesy of T. Vignali; Istituto di Microbiologia UCSC; graduation thesis, July
2003.

A B
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remain stable, the fed strain(s) replace some of the previously present lactic
strains. 

A large number of well-conducted trials (Cremonini et al., 2002; D'Souza
et al., 2002) have shown in vivo efficacy against rotavirus and antibiotic-
associated diarrhea. Although the efficacy has been demonstrated in a quite
acceptable way, the mechanism underlying this efficacy is little understood.

It could be suggested that two potential ways of physiological action could
be envisaged for probiotic bacteria: (1) adhesion to epithelia and (2) interac-
tion with the gut-associated lymphoid tissue (GALT). Adhering probiotic
bacteria seem to out-compete pathogens in the colonization process, and in
this way they protect the host from infections. These observations, however,
are based mainly on in vitro experiments, and molecules possibly involved
are not described.

Interactions of probiotic bacteria with GALT were discovered after several
workers noticed in vivo the ability of some selected strains to regulate some
immunological functions. Investigations in this field have been widened,
and now a complex picture of the immune-regulating properties of strains
of lactic bacteria is available. A careful selection and characterization of the
strains have to be done in order to avoid the use of strains able to elicit a
proinflammatory response from the host. This is a quite new and relevant
point to be raised from the safety point of view.

On the other hand, an exciting field of research and application has been
opened by the studies which have shown that interaction of probiotic bac-
teria with the host immune functions could be used to reduce problems of
allergy in children. Although the mechanisms are not fully understood, the
clinical observations seem more than promising.

A further area of probiotic efficacy is related to the action of these bacteria
on nutrients. The role of lactic bacteria to favor lactose digestion in lactose-
intolerant subjects has been fully demonstrated. The mechanism of action
seems to be linked to the release of β-galactosidase from bacterial cells during
the transit through the small intestine. This evidence has been obtained for
the yogurt starter cultures, but the mechanism could be similar also for enteric
lactic acid bacteria. However, it is to be noted that lactic bacteria utilizing
lactose via a phosphoenol pyruvate (PEP)-dependent phosphotransferase sys-
tem (PTS) are less efficient in lactose digestion during gut transit.

Additional effects of probiotic bacteria on ingested food, such as the bind-
ing of mutagenic substances, have also been shown, but the evidence is
slight. The bacterial strain is the core of the probiotic action; it is essential,
in the future, to have a deeper knowledge of each strain and its physiology
during its life in the intestinal tract to have a more science-based application
of probiotic supplementation of foods. 
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4.1 Introduction

 

Probiotic research has exploded at nearly an exponential rate over the last
15 years, since the first workable definition for probiotics was proposed. This
definition, proposed by Fuller (1), was “a live microbial feed supplement
which beneficially affects the host animal by improving its intestinal micro-
bial balance.” Although this definition is still workable in many instances
today, an expanding application list for probiotics has resulted in many new
variations of the definition being proposed. These variations take into
account such applications as benefits to the host outside its microbial balance
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and applications other than feed, such as topical applications for probiotics.
This recent explosion in probiotic research would lead one to think that
probiotics are a relatively new concept. However, the concept has been
around for 100 years, from the studies of lactobacilli in soured milks by Elie
Metchnikoff (2) and the treatment of infant diarrhea with bifidobacteria by
Tissier (3). The resurgence is primarily due to a better understanding of the
intestinal microorganisms and their effect on intestinal health. 

Maintaining or improving human health is not the only target market for
probiotics. Farm animals are also a big market as studies have implicated
probiotics in many positive attributes such as reduced scouring in calves (4),
improved weight gain and feed efficiency for beef cattle (5), improved milk
yield in dairy cattle (6), increased weight gain in chickens (7), control of
postweaning diarrhea in pigs (8), and reduced 

 

salmonella

 

 in chickens (9).
Currently, antibiotics are included in many animal feeds for many of these
benefits. With the increasing public resistance against this practice and
increasing knowledge of animal probiotics, this market would seem to have
a very bright future. 

Although the human probiotic market is quite significant in Europe and
Asia, particularly in Japan, it only started receiving attention by the U.S.
food industry recently (10). The growing U.S. interest in this market is
primarily because of the increasing number of health-conscious consumers
in the U.S. and the potential health benefits attributed to probiotics. The
potential benefits include increased resistance to gastrointestinal (GI) tract
infections, alleviation of constipation, reestablishment of a healthy intestinal
flora following antibiotic or chemotherapy treatments, stimulation of the
immune system, reduction of serum cholesterol, prophylactic for intestinal
cancers, and alleviation of the symptoms of lactose intolerance (reviewed in
References 10 and 11). The lack of a consensus scientific agreement on the
extent of these benefits attributed to specific probiotic strains has slowed
regulatory acceptance of any specific functional claims to date. However,
with mounting evidence for specific health claims, these may soon be mar-
ketable, thus accelerating this market. 

 

4.2 Delivery of Probiotics

 

In order for probiotics to have their desired effect, they need to be delivered
safely to their targeted site of action. The traditional target sites for probiotics
are the upper and lower gut, and this chapter will concentrate to a large part
on probiotics targeting these areas. However, it is worth summarizing some
of the other probiotic targets that contributed to the expansion of the probi-
otic concept. The oral cavity is generally the most populated body area
outside of the large intestine with microbial populations as high as 10

 

9

 

 CFU/
g. A probiotic product consisting of 

 

Streptococcus salivarius

 

 in a product called
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BLIS K12 Throat Guard is marketed in New Zealand to control 

 

Streptococcus
pyogenes

 

 (strep throat) infections in children (12). Another target is the vagina
for the control of vaginosis, and lactobacilli have been shown to be promising
probiotic candidates for this purpose (reviewed in Reference 13). Finally,
some ongoing research is looking at the potential of certain probiotic bacteria
to prevent the occurrence of inflammation in wounds (14).

Probiotics targeting the intestine clearly encounter the greatest hurdles in
order to be delivered to their targeted site. The biggest hurdles are the acid
conditions of the stomach and the bile in the duodenum. Currently, probiotic
strains that can overcome mere hurdles are obtained by screening for strains
that have adapted to these stresses. Although this strategy does achieve the
goal of delivering the probiotic safely to its target site, it may in some cases
compromise the probiotic bacterium as the adaptation, or attenuation may
put it in a competitive disadvantage when it arrives at its targeted niche.
The effect of attenuation on probiotic functioning will be discussed in more
detail in the following sections. This acid adaptation is especially problematic
for probiotics targeting the large intestine as this is normally a buffered,
largely neutral pH environment. A more logical approach is to choose a
probiotic bacterium based on its 

 

in vivo

 

 characteristics and develop technol-
ogies to protect it 

 

in vitro

 

 and during transit through the stomach and duode-
num. Studies have been done using microencapsulation technologies to
protect probiotic bacteria during processing, storage, and transit through
simulated gastric conditions. Some of these studies concentrated on bifido-
bacteria, which are the primary probiotic bacteria targeting the large intes-
tine. Encapsulation using calcium alginate or kappa-carrageenan have
shown good promise at protecting cells during processing and storage (15,
16). However, microencapsulation using cellulose acetate phthalate pro-
tected bifidobacteria quite impressively during spray drying and during
prolonged exposure to gastric simulated conditions (17). Further develop-
ments in technologies such as these will enable food processors to concen-
trate more on probiotic traits for efficacy 

 

in vivo

 

, rather than on traits for
surviving processing, storage, and transit of the probiotic through the stom-
ach and duodenum. 

In the U.S., probiotics are available to consumers in some dairy food
products and also in dietary supplements. The food industry is strictly
regulated by the Food and Drug Administration (FDA), which limits mar-
keting and label statements concerning the products. Currently, the FDA has
not approved any specific health statements concerning probiotics, which
greatly hampers the marketing of probiotic foods by the food industry.
Nevertheless, consumers are becoming increasingly more aware of these
healthful cultures, and their listing on labels appeals to a growing niche
market. Dairy products have a long history of association with cultures,
which helped probiotics find a home primarily in the dairy industry. It also
helps that probiotic bacteria generally demonstrate better survival charac-
teristics in dairy products compared to other foods. Examples of dairy foods
that contain probiotic cultures in the U.S. are yogurts, milks, and fermented
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milks such as kefir. These products generally add a 

 

Bifidobacterium

 

 and a

 

Lactobacillus acidophilus

 

, identified as “bifidus” and “acidophilus” on the
labels. Sometimes additional probiotic cultures are added such as 

 

L. casei

 

and 

 

L. reuteri

 

, which are listed in Stonyfield yogurt. However, other than
listing the cultures on the labels, statements pertaining to their benefits are
either absent or extremely guarded. Dietary supplements, on the other hand,
are largely unregulated, although the FDA in instances does control them
when the consumer is either at risk or when grossly unfair practices are
used. This allows more liberal statements on probiotic dietary supplements,
which are generally supplied as freeze-dried cultures in capsules. However,
the general consumer is very cautious with dietary supplements that do not
have a long history of safe and effective use, as there have been numerous
highly publicized cases of supplements causing severe harm, including
death, to individuals. Although the overall dietary supplement market is
growing in the U.S., probiotics occupy <1% of this market. 

The probiotic market is significantly greater in many other countries,
particularly within the European Union (EU) and Asia, caused primarily
by a more liberal approach to marketing statements on food labels. Perhaps
the most successful type of probiotic product in these markets is a small,
sweetened dairy drink with very high numbers (>10

 

10

 

) of viable 

 

Lactoba-
cillus casei

 

, which is marketed to give the immune system a boost when
taken on a daily basis. Examples of these products are Yakult and Danone’s
Actimel™ (Figure 4.1). It is noteworthy that Danone did some test mar-
keting of Actimel in the U.S. as a dietary supplement in Colorado, Arizona,
and Florida. Although the product did acquire a niche market, its growth
was hampered by its labeling as a dietary supplement and its small con-
tainer size! However, after several years of testing, it is now marketed in
the U.S. under the brand name DanActive™.

 

 

 

FIGURE 4.1

 

Probiotic drinks containing 

 

Lactobacillus casei

 

 marketed as immune system boosters when con-
sumed daily. Apple is included for a size perspective.
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4.3 Where Do Probiotic Bacteria Come from?

 

Selection of strains for probiotic use should always follow two general prin-
ciples: safety of the organism, and possessing desirable characteristics for its
intended use. Intestinal probiotics are dominated by members of 

 

Bifidobac-
terium

 

 and 

 

Lactobacillus

 

, as these two genera have a long history of safe use
and have GRAS (generally regarded as safe) status. They are also very suited
to augmenting the intestine, as 

 

Bifidobacterium

 

 is a major inhabitant of the
large intestine and 

 

Lactobacillus

 

 is a major inhabitant of the small intestine.
The origin of the strains used in probiotics can be either freshly isolated from
a human or animal host or from a culture collection. Culture collection strains
have generally been extensively cultivated in fermentation systems and thus
have likely attenuated to suit the 

 

in vitro

 

 environment. However, as stated
by Havenaar et al. (18), the choice of where to get a probiotic strain depends
on the specific purpose of the probiotic. For example, if only transient activity
of the probiotic is needed, such as for lactose digestion, then it is not neces-
sary for the probiotic to have characteristics that would enable it to colonize
the host. Most probiotic effects in the GI system would be enhanced if the
probiotic would be able to compete with the indigenous flora. This requires
a more careful selection of strains. Although all the criteria for this purpose
are not currently known for any intestinal organism, there is one general
consensus pertaining to a criterion that is important. That consensus is that
the probiotic should originate from the same animal species that it is
intended to target (19, 20). The rationale is that the intestinal environments
in different animal species are sufficiently different such that the most com-
petitive bacteria in each host species have evolved specific traits for survival
in that host (21). Human probiotics, therefore, should originate from a human
source if the objective is to effectively modulate the microbial populations
at their target sites. 

It is noteworthy that when commercial probiotics are fed to human subjects
during controlled feeding studies, the probiotic can be detected in high
numbers in the feces during the feeding period, but rapidly disappears
following cessation of feeding (22). The rate of decrease of the probiotic

  

such as 

 

Lactobacillus rhamnosus

 

 GG can in some cases persist longer than a
week postfeeding (23). The lack of detection of the probiotic postfeeding
indicates that it is not able to compete very well with the endogenous strains
of that species. This is to be expected because the endogenous strains are
adapted to their environment, whereas the probiotic strain may not have all
the traits necessary to compete with it. Unfortunately, all of the necessary
traits are not yet known, but significant progress has been made, and this is
discussed in a following section. 
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4.4 Species Used as Probiotic Cultures

 

Probiotics for human probiotics are dominated by different species and

    

reason for this is that both these genera are dominant inhabitants of their
respective niches in the intestine, 

 

Lactobacillus

 

 in the small intestine and

 

Bifidobacterium

 

 in the large intestine. Of the lactobacilli, 

 

L. acidophilus

 

 is by
far the most widely used probiotic as it has a long history of research and
use. Many of the other 

 

Lactobacillus

 

 species listed in Table 4.1 are closely
related to 

 

L. acidophilus

 

. This long history dates back to the early 1900s when
significant research on intestinal flora followed Metchnikoff’s work with a
lactic acid-producing bacterium, then called 

 

Bacillus bulgaricus

 

, found in a
yogurt product. As 

 

L. acidophilus

 

 is a related bacterium and one of the pre-
dominant organisms in the intestinal tract of breast-fed babies, it quickly
took the place of 

 

L. bulgaricus

 

 as the probiotic of choice in the U.S. (24). It,
therefore, has almost 100 years of use in human diets. Another very popular

 

Lactobacillus 

 

probiotic is 

 

L. casei

 

, as it is thought to significantly enhance the
immune system by inducing IL-12 and IFN

 

γ

 

 expression and activates NK
cell tumoricidal activity, as well as stimulating the production of secretory
IgA (25, 26). This has been the foundation for the successful probiotic bev-

they colonize the small intestine in the vicinity of the Peyer's patches, which
are very immunogenic. Many other lactobacilli, as well as some bifidobac-
teria, also have been shown to stimulate an enhanced immune response (25).

Of the bifidobacteria, 

 

B. longum

 

 is particularly dominant in human intes-
tines and is one of the few species to regularly harbor plasmids (27). It is a

 

FIGURE 4.2

 

A typical detection pattern for probiotic bacteria from feces during human feeding trials. (1)
The rate of decline in numbers detected following feeding is dependent on the particular
probiotic; (2) depends on the probiotic, but is generally <1 week.
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erages shown in Figure 4.1. It is thought the high immune response is because

strains of the genera Lactobacillus and Bifidobacterium (Table 4.1). A primary
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very popular “touted” 

 

Bifidobacterium

 

 species in commercial human probi-
otics (10). More significantly, it is the most frequently reported species asso-
ciated with many of the purported health benefits of bifidobacteria. These
include diarrhea prevention in antibiotic-treated patients (28), cholesterol
reduction (29), alleviation of lactose intolerance symptoms (30), immune
stimulation (31), and cancer prevention (32). This species is the primary one
associated with cancer prevention, and it is reported to protect against many
different carcinogens, including methyl quinolines (32), heterocyclic amines
(33), nitrosamines (34), and azomethane (35). 

 

B. infantis

 

, which is the closest
genetic relative to 

 

B. longum

 

, was generally reported in the early literature
to be solely an inhabitant of the child intestine. However, it is now regularly

 

TABLE 4.1

 

Microorganisms Used in Human Probiotics

 

a

 

Species Generally Present in the Human GI Tract Popular Strains and Locations

 

Lactobacillus acidophilus

 

NCFM (USA)
R0010 (Canada)
LA-1 (Europe)
SBT-2062 (Japan)

 

L. casei

 

Imunitass (Europe)
Shirota (Japan)

 

L. rhamnosus

 

GG (Europe)
R0052 (Canada)

 

L. paracasei

 

 CRL 431 (Europe)

 

L. salivarius

 

UCC118 (Europe)

 

L. johnsonii

 

LA1 (Europe)

 

L. reuteri
L. crispatus
L. fermentum
L. gasseri
Bifidobacterium longum

 

BB536 (Japan)

 

B. infantis
B. breve

 

Yakult (Japan)

 

B. bifidum
B. adolescentis
Enterococcus faecium

 

Fargo 688 (Europe)

 

Pediococcus pentosaceus
P. acidilactici
E. coli

 

Species not generally present in the human GI tract

 

Bifidobacterium animalis
B. lactis

 

Bb12 (Europe)
DR10 (New Zealand)

 

Bacillus subtilis 
Saccharomyces boulardii

 

a

 

 Does not include cultures used for functional purposes in foods but which may have 
probiotic activities such as 

 

Streptococcus thermophilus

 

, 

 

Lactobacillus delbrueckii

 

 subsp. 

 

bulgaricus

 

, 

 

L. plantarum

 

, 

 

Propionibacterium acidipropionici,

 

 and 

 

Lactococcus lactis

 

.
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found in adults as well (36). The fact that it disappears from the intestines
of elderly people makes it a very intriguing probiotic indeed. 

 

Bifidobacterium lactis

 

 is a very commonly used probiotic, and it is intriguing
that it is not a normal human inhabitant. It was first isolated in 1997 from
fermented milk by Meile et al. (37) and was noted to have a higher tolerance
to oxygen than other bifidobacteria. Although it was genetically very close
to 

 

B. animalis

 

, it was deemed to have changed sufficiently during adaptation
to fermentation environments to warrant a new species. The new name was
especially attractive to the food industry, as it is a lot more palatable to list
lactis on a label rather than animalis. However, a number of comparative
studies between these two species suggest that 

 

B. lactis

 

 should still be named

 

B. animalis

 

 (38, 39). The changes that occurred in 

 

B. lactis

 

 during its adaptation
to fermentation conditions make it a very resilient strain that can remain
viable during processing and storage longer than other bifidobacteria. These
practical reasons contribute to its popularity. These adaptations, however,
would not give it a competitive edge in the intestine as the most competitive
strains lose unwanted traits in a natural environment. Although this would
limit the full potential of 

 

B. lactis

 

, it still has the potential for many positives
during its transient passage through the intestine.

It is also intriguing that 

 

Bacillus subtilis

 

 is used in many human probiotics.
Although it is a safe bacterium, with GRAS status, the genus 

 

Bacillus

 

 in general
is not usually an inhabitant of human intestines. It is a lot to ask of a bacterium
to modulate an environment that is completely foreign to it. However, its
ability to form endospores enables it to survive passage through the stomach
and duodenum, which is the primary attraction for using this bacterium. One
concern is the purity of the spore preparations, as one study of two popular
commercial 

 

B. subtilis

 

 probiotic preparations sold in Europe and Asia found,
neither contained 

 

B. subtilis

 

. One contained a related species to 

 

B. subtilis

 

,
whereas the other contained the unrelated species, 

 

B. alcalophilus

 

 (40).

 

4.5 What Is Known about Selection Criteria for 
Probiotic Cultures

 

When selecting a candidate bacterium for a probiotic, a lot of decisions have
to be made beyond the origin of the bacterium and the genus and species.
Once a species is chosen, it is then necessary to find a strain of that species
with all the traits necessary for an optimum efficacious effect. If there was
no knowledge of any trait that was important for a probiotic, it would
essentially be impossible to select a strain that had any effect. A comparable
analogy would be that if an alien from outer space approached his subordi-
nate and asked to please select five 

 

Homo sapiens

 

 from Earth for a basketball
team. Unless the subordinate had any knowledge of what traits a basketball
player should have, what are the odds of his picking a Kobe, Shaq, or Michael
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Jordan randomly from 6 billion strains of 

 

Homo sapiens

 

. Fortunately, some
knowledge is available of desirable traits for probiotic bacteria, and although
it is far from complete, it can help to get strains with desirable traits for
specific purposes. The following is a brief summary of the traits that are
currently considered important when selecting probiotic strains.

 

4.5.1 Tolerance to Acid and Bile

 

Unless a probiotic is going to survive transit through the stomach and duode-
nun, it is going to be of little or no benefit, unless the purpose was just to
deliver 

 

β

 

-galactosidase to the small intestine. The high-acid conditions of
the stomach require that the organism should have a high tolerance to acid
or is protected using encapsulation technology. Acid resistance is frequently
measured by evaluating its ability to survive pH 3 or lower for 3 hours, an
average passage time through the stomach. Although this is a good indicator,
more in-depth studies using simulated transit conditions can also be per-
formed (41). Whereas many probiotics do not have their stress defenses
constitutively expressed, and thus would be killed with this treatment, they
can often be primed by exposing them to mild stresses that can induce stress
defenses to enable them to withstand greater stresses. Therefore, potential
isolates for probiotic cultures need not necessarily be directly resistant to pH
3, as long as they tolerate it after prior priming at a higher pH. This may
easily be accomplished when yogurt is used as the delivery vehicle for the
probiotic, as the mild acid conditions may be sufficient to effectively prime
many isolates. Similarly, isolates need sufficient tolerance to bile to enable
safe passage through the duodenum to their site of action. This is generally
measured by simply plating out isolates on media containing bile salts. This
process, however, largely measures direct resistance to bile rather than just
tolerance. 

 

In vivo

 

, a probiotic culture’s stress response will already be strongly
induced following passage through the stomach. It is known that exposure
to one stress can induce a response that protects cells against multiple
stresses (42). As the stress response is already induced at that stage, it may
be capable of surviving the bile in the duodenum. This is pertinent as many
candidate isolates may be overlooked if they do not display direct resistance
to bile, when in reality the ability to induce sufficient tolerance is all that is
required.

 

4.5.2

 

β

 

-Galactosidase Activity

 

A significant proportion of the population has some degree of intolerance
to lactose. This is especially true of certain racial groups, such as African
American and Hispanic. People with northern European heritage have the
lowest instance of lactose intolerance. The lactic acid bacteria are excellent
digesters of lactose due to production of 

 

β

 

-galactosidase or phospho-

 

β

 

-galac-
tosidase. This feature of a probiotic organism is pertinent when the culture
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is intended to reduce the symptoms of lactose maldigestion. Isolates display
large differences in the amounts of this enzyme they produce. It should also
be noted that most wild-type isolates have very low constitutive levels of
this enzyme but have much higher levels following growth in lactose as the
sole carbon source. The induced 

 

β

 

-galactosidase level is, therefore, the per-
tinent feature for a probiotic organism intended to aid subjects with lactose
digestion. Enzyme activities of potential candidates can also be readily
increased up to approximately threefold following a straightforward classi-
cal mutagenesis approach (43). As this is a food-grade classical approach, it
does not cross the realm into the currently used definition for a genetically
modified food.

 

4.5.3 Adherence to Intestinal Cells

 

It is intriguing that a lot of emphasis is placed on the ability of probiotic bacteria
to adhere to the available human cell lines when there is still no definitive
evidence to date that they actually do adhere to cells 

 

in vivo

 

. Electron micro-
graphs depicting bacteria adhering to intestinal cells can be misleading as the
methodology used for this technique dehydrates the mucin layer. Bacteria in
the mucin layer would, therefore, appear to be attached to the epithelial cells
on electron micrographs. However, ecological evidence from other environ-
mental habitats would suggest that to survive and compete successfully in a
natural ecosystem, such as the human intestine that is in constant flux, a
bacterium needs to be able to attach to the available attachment sites in the
intestine. Studies have shown that probiotic bacteria can attach to mucin, so
it is feasible that this may be sufficient to sustain a species (44). Measuring the
ability of isolates to adhere to intestinal cells is not very easy given the diversity
in human intestines and diversity of cells within. Currently, adherence is
measured primarily using two 

 

in vitro

 

 cell lines, Caco-2 and HT-29. As these
essentially represent a single cell from the intestines of two individuals, it is
not a thorough test on the true adherence abilities of isolates. Positive attach-
ment to these cell lines, however, can be viewed as a good indicator of their
potential to attach. However, too much emphasis should not be placed on cell
attachment until it is proven that attachment to intestinal cells rather than to
mucin is important for colonization.

 

4.5.4 Bacteriocin Production

 

Ecological studies have shown that aggressive colonizers can inhibit their
competitors using a number of mechanisms. One such mechanism is the
ability to produce bacteriocins, which are proteinaceous antimicrobial com-
pounds. Lactobacilli most likely use this approach, as many of them have
been shown to produce bacteriocins, including many members of the prev-
alent probiotic species, 

 

L. acidophilus 

 

(45), 

 

L. casei

 

 (46), 

 

L. reuteri

 

 (47),

 

L. rhamnosus

 

 (48), 

 

L. gasseri

 

 (49), 

 

L. salivarius

 

 (50), and 

 

L. johnsonii

 

 (51). It is
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therefore an important trait to consider when selecting strains of lactobacilli
for probiotic purposes. Another aspect is the spectrum of antimicrobial activ-
ity of the bacteriocins, and this varies greatly among the characterized bac-
teriocins (52). It is considered more desirable to have a broader spectrum of
activity to provide the host better protection against GI infections. Only one
species of 

 

Bifidobacterium

 

, 

 

B. bifidum

 

, has been shown to produce a bacteriocin
(53), suggesting that members of this genera may rely on other competitive
features for aggressively colonizing the large intestine. 

 

4.5.5 Competition for Organic Nutritients

 

Carbon sources available in the intestine can be quite variable. Therefore,
strains with a varied metabolic capability would have an advantage over
strains with a limited metabolic capability. The ability to metabolize nutrients
that are not metabolized by the host would be very advantageous for a
species. One example is oligosaccharides, which are not metabolized by
humans and, therefore, are available for microbial growth. Very few bacteria
can metabolize oligosaccharides, and because bifidobacteria and some lac-
tobacilli are some of the few that can, this can give them a significant advan-
tage when these substrates are present. The area of prebiotics has arisen from
a derivation of this concept, that is, feeding people oligosaccharides such as
inulin or fructooligosaccharide (FOS) to give the resident bifidobacteria and
lactobacilli a competitive advantage in their respective environments.
Screening for strains that can efficiently utilize certain prebiotics will there-
fore enable the probiotic to be ingested with the prebiotic, thus providing a
competitive advantage for the organism when both arrive in the nutrient-
limiting large intestine. This concept of consuming a probiotic with a pre-
biotic is referred to as synbiotics (54).

 

4.5.6 Competition for Iron

 

Iron is an essential element for essentially all living cells; 

 

Lactobacillus plantarum

 

and

 

 Borrelia burgdorferi

 

 are notable exceptions (55, 56). This metal is a required
cofactor for a variety of basic biochemical mechanisms although it can be toxic
at elevated amounts because of its ability to generate free radicals. Not sur-
prisingly, iron uptake and storage are carefully regulated by cells. The solu-
bility and bioavailability of iron is extremely low in neutral pH environments.
As iron is acid soluble, it is not a limiting factor for growth in low pH envi-
ronments, such as the small intestine. However, it is considered a major com-
petitive factor among microbes in neutral pH environments. Certain
microorganisms respond to iron limitation by secreting siderophores, low-
molecular-weight compounds produced to solubilize, bind, and transport
enviromental iron to their cells (57). Dominant colonizers of an environment
generally have better scavenging systems and can inhibit the growth of other
competing organisms by depriving them of iron (58, 59). As the large intestine

 

DK3341_C004.fm  Page 101  Wednesday, September 7, 2005  6:09 AM

© 2006 by Taylor & Francis Group, LLC



 

102

 

Probiotics in Food Safety and Human Health

 

is largely neutral pH, competition for iron has to be an important feature for
surviving there. Bifidobacteria are superior competitors in the large intestine.
It was proposed in this laboratory that bifidobacteria compete successfully in
their environment against other bacteria, such as 

 

Escherichia coli

 

, by depriving
them of iron for growth. Previous studies on iron uptake by bifidobacteria in
vitro suggested they did not secrete iron-binding compounds (60). However,
these studies were performed in batch cultures where the production of
organic acids would reduce the pH and make iron more bioavailable. Also,
Mevissen-Verhage et al. (61) showed that infants fed cows milk fortified with
iron had higher counts of E. coli and less bifidobacteria in their feces than
infants fed unfortified milk. This study strongly suggested that bifidobacteria
use iron scavenging to compete against E. coli in the large intestine. This
hypothesis was tested in my laboratory using a bank of 29 Bifidobacterium
isolates. Eight of 29 strains were shown to produce a compound during buff-
ered neutral pH conditions that prevented the growth of indicator bacteria.
Interestingly, these eight were newly isolated strains, whereas all of the strains
from culture collections did not exhibit inhibition, suggesting this trait may
be attenuated upon prolonged culture in vitro. For further studies, one of the
positive isolates was chosen a B. longum isolate, which we had previously
isolated and characterized (62). To test the range of inhibition, Lactococcus lactis,
Clostridium difficile, C. perfringens and E. coli were also tested with this B. longum
isolate, and all were inhibited by the production of a compound. It should be
noted that the inhibition is purely static, as addition of iron to the inhibitory
zone, and reincubation of the plate, enable the indicator to grow (reviewed in
Reference 63).

4.6 How Will the Genomic Era Provide the Knowledge Base 
for a Scientific Selection Process for Probiotic Cultures?

All areas of biological science are currently being revolutionized by the
genomics era. The first microbial genome to be published was Haemophilus
influenzae in 1995, and in the ensuing 8 years another 127 have been published
and many more completed but not published. In addition, there are currently
more than 400 ongoing microbial sequencing projects. The use of this
sequence information will provide enormous knowledge about the function-
ing of the respective bacteria. 

There are currently six complete genomes for probiotic cultures deciphered

developed in the U.S. consisting of a group of U.S. researchers interested in
the molecular functioning of lactic acid bacteria cultures. This Lactic Acid
Bacteria Genome Consortium (LABGC), which consists of 10 scientists,
formed a collaboration with the Joint Genome Institute (JGI) funded by the
Department of Energy to sequence 11 genomes of commercially relevant
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cultures, including three probiotic cultures. Unlike many genome projects
with private funding, the genomes sequenced via the JGI/LABGC will be
deposited in public databases upon completion. Currently, publications are
being prepared, and the sequence is set to be released upon publication. This
information will enable researchers to begin to uncover all the relevant traits
of probiotic cultures that are necessary for efficacy.

Selection of probiotic cultures is severely hampered by an incomplete
knowledge of what features of the cultures are important for survival during
processing and storage, and for survival and efficacy in the human intestine.
Knowledge of what genes are expressed in the different environments will
reveal the features of the cultures, which are relevant to their survival in
dairy products and performance in the intestine. Microarray technology
holds the key to uncovering all these traits. This technology involves probes
for every gene in an organism being placed on a glass slide to form a “gene
chip” of the organism. By hybridizing the gene chips with total RNA from
cultures growing in different environments, it is possible to uncover what
genes are being expressed. By applying this technology to probiotic cultures,
all the traits of the cultures that are relevant for their survival in vitro and
for competition in vivo can be uncovered. This information will greatly
improve the selection process for probiotic cultures. 

TABLE 4.2

Probiotic Bacteria Whose Genomes Are Completely Sequenceda

Bacterium Strain
Genome 
Size Coordinator Institution

Bifidobacterium 
longum

NCC2705 2.3 Schell et al. (64) Nestlé, Switzerland

B. longumb DJO10A 2.3 DJ O’Sullivan University of 
Minnesota

Lactobacillus 
acidophilus

NCFM 2.0 TR Klaenhammer
R Cano

North Carolina State 
University

Cal-Poly Technical 
University

L. gasserib ATCC33323 1.8 TR Klaenhammer North Carolina State 
University

L. caseib ATCC334 2.3 J Broadbent Utah State University
L. johnsonii NCC533 2.0 D Pridmore Nestlé, Switzerland

a   Does not include cultures used for functional purposes in foods, but which may have
probiotic activities (Lactococcus lactis, L. lactis subsp. cremoris, Streptococcus thermophilus,
Lactobacillus delbrueckii subsp. bulgaricus, L. plantarum). Also does not include the ongoing
projects that may be completed prior to publication (Bifidobacterium breve and Lactobacillus
rhamnosus).

b  Sequenced as part of a collaboration between the Joint Genome Institute and the Lactic
Acid Bacteria Genome Consortium; sequence will be made public during 2004.
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4.7 Conclusions

The field of probiotics has progressed a lot since its inception over 100 years
ago. Perhaps the biggest hurdle yet to overcome is understanding mecha-
nisms of probiotic effects and how the cultures compete naturally in the
intestine. Although some information is available, the scientific picture of
this is still very fuzzy. Uncovering these answers will provide a clearer
scientific basis for culture selection for specific probiotic effects. This will
greatly improve the marketing of probiotics and also provide cultures with
optimum efficacy for their intended probiotic effects. The genomics era
appears to hold the key to this information, and the coming years should
see a flood of information concerning bacterial traits involved in probiotic
functioning. This will enhance the scientific credibility of this field and enable
cultures to be obtained that are optimized for all the traits necessary for their
probiotic purpose. 
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5.1 Introduction 

 

Probiotics in the form of fermented dairy products have long been part of
attempts to maintain good health in many parts of the world. Until recent
years, much of the scientific support for this use has been based on empirical
observations. Early uses and studies have employed dairy strains of lacto-
bacilli, which may not be optimal for survival and activity in the environment
of the human gastrointestinal or vaginal tracts. Now, however, probiotic
lactobacilli, bifidobacteria, and other lactic acid-producing bacteria and a
probiotic yeast have been identified that have desirable pharmacological
activities and pharmacokinetic properties 

 

in vivo

 

. Using these microbes as
“living drugs” a reasonably large number of controlled clinical trials have
been conducted, and the findings are validating the use of probiotics to
prevent and treat a variety of diseases. Desirable attributes for probiotic
microbial strains would include the following:

1. A stable and well-described microbe
2. Absolute lack of toxicity and pathogenicity
3. The ability to survive and perhaps multiply in the location of desired

action but not to persist permanently
4. An ability to associate and adhere to the target tissue to effect a

desirable host response
5. For treatment of infections, production of antipathogenic activities

including stimulation of a host immune response
6. Efficacy proven in well-designed placebo-controlled clinical trials
7. Ease of large-scale commercial production and distribution

Few probiotics currently meet all of these criteria, although the lack of careful
studies precludes a complete assessment. Below, selected important biolog-
ical properties of probiotic strains of microorganisms are discussed with an
emphasis on those microbes that have been tested and found to have efficacy
in humans. 
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5.2 Desirable Properties for Therapeutic Probiotics

 

There are numerous studies that attempt to define the parameters needed
to characterize a potential probiotic candidate, but the consensus agrees on

probiotic strain is not trivial. Dunne et al. (1) screened over 1500 strains
before finding a single strain that had probiotic potential. Lee et al. studied
109 lactic acid bacteria isolated from healthy infants and found eight poten-
tial probiotic strains (2). McLean and Rosenstein found only 4 of 60 vaginal
isolates of lactobacilli strains were inhibitory toward bacterial vaginosis
pathogens (3). The pathway to development involves the initial isolation
and characterization of the probiotic strain, testing using 

 

in vitro

 

 assays,
experiments with animal models, safety and dosing ranging in healthy
human volunteers and finally determination of the efficacy in patients with
the disease indication (4).

 

5.2.1 Manufacturing Properties

 

Probiotics are products that share similar requirements with other sellable
manufactured goods on the market. Therefore, the process of producing and
manufacturing probiotics should have standardized protocols and quality
control procedures. In order for the product to be successful in the market-
place, probiotics need to return a profit. Fortunately, the production of most
probiotics is straightforward and relatively inexpensive, at least compared
with the manufacturing of medications. The production of microorganisms
is based on a long history of fermentation processes and does not rely upon
advanced technology.

 

5.2.1.1 Strain Identification

 

The probiotic strain should have distinct characteristics that allow the taxo-
nomic definition and identification of the probiotic strain from the other
members of its species (5–8). Current methods rely on molecular techniques
(polymerase chain reaction-based or other genotyping methods), carbohy-
drate fermentation patterns, biotyping, or DNA and RNA homology group-
ing (9). Strain identification is important for both quality control and
differences in clinical efficacy for the differing strains of probiotics (10).

 

5.2.1.2 Potency Properties

 

The type of food product that will deliver the probiotic should allow the
probiotic to survive in high numbers and have its characteristics compatible
with the probiotic. Heller described the various manufacturing steps for
various probiotic foods including milk, cheese, yogurts, kefir, and cottage
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cheese and found that all of these types of foods allowed for the survival of

 

Lactobacillus

 

 strains (11). If the probiotic is to be added to foodstuffs, the
behavior and recovery should be tested using the final food product. It is
important that different lots of manufactured probiotics are tested for via-
bility, as studies have found lot-to-lot variability. Clements et al. found lot-
to-lot variation in Lactinex

 

®

 

 products, with one lot having absolutely no
clinical efficacy (12). 

 

FIGURE 5.1

 

Desirable properties of probiotics.

Manufacturing properties:

Easy to produce

inexpensive to grow and package

competitive marketing edge

lack of antibiotic-resistant plasmids

stability of dosage form (shelf-life)

Within target host:

Resistant to amylase 

Stimulates immune response 

Acid resistant (survives stomach) 

Bile acid tolerant 

Survival in target organ: 

persistent in complex microbial ecology

replication within target organ

attachment to mucosal surfaces

unaffected by antibiotics or medications

production of specific pathogen inhibitors

(bacteriocins, proteases, H2O2)

Safety:

Lack of systemic translocation

Lack of side-effects
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5.2.1.3 Stability Properties

 

Probiotics, whether sold as dried cultures or added to foodstuffs, need to
have a sufficiently long shelf life to reach the consumer at high concentrations
and in a living state. Lyophilized or freeze-dried preparations of probiotics
have the advantage of the longest shelf life and have no need for refrigera-
tion. Dried culture preparations of 

 

L. acidophilus

 

 strain NCFM were found
to be viable for up to 8 months (6). Stability of the same strain in yogurts or
other foods is also excellent, but the carrier food usually degrades before the
probiotic loses significant viability. 

 

5.2.1.4 Formulation and Dose Concerns

 

There are no standard regulations for the minimum dose of probiotics on
the market. The evidence from clinical trials suggests that doses over 10

 

8

 

to 10

 

10

 

 colony-forming units per day (CFU/d) are necessary before a ther-
apeutic effect is observed (13). Most oral doses to deliver this intake of
viable microbes have ranged from 1 to 3 g/d for infants and 1 to 15 g/d
in adults (13).

 

5.2.1.5 Marketing Properties

 

If the probiotic has a distinct or unique property, such as the production of
a substance that targets a specific pathogen or is formulated in a manner
that allows more probiotic to reach its target organ, then this would gave
the probiotic a competitive edge when it comes to marketing. These prop-
erties will be discussed later in this chapter, but include the production of
hydrogen peroxide by 

 

Lactobacillus

 

 species (6, 12), production of bacteriocins
(13), other inhibitory substances by 

 

L. acidophilus 

 

LA1 (8) or the antimicrobial
agent reuterin by 

 

L. reuteri

 

 (14), or toxin-specific proteases against 

 

Clostridium
difficile

 

 toxins by 

 

Saccharomyces boulardii

 

 (15). As probiotics are often given
to patients with acute disease, another advantage for a potential probiotic is
the ability to survive in the presence of antibiotics or concurrent medications.
Such probiotics as 

 

Saccharomyces 

 

species have the advantage of not being
susceptible to antibiotics (other than antifungal agents).

 

5.2.1.6 Commercial-Scale Production

 

Many investigational drugs are not able to make the leap successfully from
efficacy based on small, well-controlled production in a laboratory to the
mass production needed for a successful marketable product. Promising
probiotics from smaller trials may not be amenable to the rigorous stresses
that are involved in large-scale manufacturing procedures. Probiotics require
a high degree of stability, ability to withstand drying and exposure to air,
and survival in the formulation process and packaging lines.
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5.2.1.7 Quality Control

 

As with other products on the market, manufacturers need to have estab-
lished quality control procedures and methods to test them. Yeung et al.
reported seven studies that found discrepancies between probiotic product
labeling and independent laboratory analysis of the species contained in the
product (7). Hughes and Hillier tested 16 probiotic products and found only
4 contained the 

 

Lactobacillus

 

 species listed on the label, and 69% had con-
taminants (16). Zhong and Millsap tested 64 

 

Lactobacillus

 

 strains from various
sources and found that 6 contained 

 

L. plantarum,

 

 which was not indicated
on the product label (17).

 

5.2.2 Endogenous Properties 

 

5.2.2.1 Transit to the Target Organ or Surface

 

In order for a bacterial or yeast probiotic to be effective, it must first survive
to reach its target organ. As most probiotics are given orally and are focused
on diseases of the gastrointestinal tract, the probiotic must survive through
the mouth, stomach, duodenum, and within the colonic environment. Probi-
otic strains are tested for amylase (to survive passage through the mouth),
acid resistance (to survive passage through the stomach), and bile acid toler-
ance (to survive through the duodenum and intestine). If a strain is highly
acid resistant and bile acid tolerant, the strain may be investigated further (1).

 

5.2.2.2 Persistence within the Target

 

The gastrointestinal tract may contain over 500 species of bacteria and yeasts,
which when disrupted by antibiotics or other processes may produce inflam-
mation or disease symptoms as a result. As most probiotics target the intes-
tinal tract, the probiotic must survive in the complex microbial milieu of the
colon. Microbes that inhabit the intestinal tract normally resist the advance
of new microbes using multifactorial mechanisms globally termed “coloni-
zation resistance” (18). The normal microbial flora presents a formidable
barrier to new organisms that involves the physical barrier effect of the
existing biofilm, production of bacteriocins, spatial crowding, or changes in
pH (production of acidic byproducts). Therefore, the probiotic must be able
to circumvent these mechanisms and become established in the intestinal
tract. Investigation into potential probiotics is aided if studies are done that
document interactions with the normal microbial flora and the potential
probiotic (18, 19). Brigidi et al. administered the oral probiotic VSL 3 (a
mixture of eight strains) to ten patients with irritable bowel syndrome or
functional diarrhea and successfully recovered two of the strains in the VSL
3 mixture from the patients’ stools (20). Dunne et al. tested 80 healthy vol-
unteers with a yogurt that had the 

 

Lactobacillus salivarius

 

 UCC118 strain
added and found that <10% still carried the probiotic strain 3 weeks after
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cessation of its administration (1). Fujiwara et al. documented the survival
of 

 

Bifidobacterium longum

 

 SBT2928 in the human intestine for 30 days after
ingestion (21). Production of antimicrobial substances that inhibit pathogens
is also useful (1, 2, 8, 12, 20). 

 

5.2.2.3 Adherence to Mucosal Surfaces

 

Survival in the target organ is aided by adherence to intestinal epithelial
cells or other mucosal surfaces of its target organ (8, 22, 23). Most probiotics
have been shown to have adherence to either selected cell lines 

 

in vitro

 

 or
within animal models (12, 19, 22).

 

5.2.2.4 Reproduction within the Target

 

The ability to colonize the intestinal tract and reproduce may also be a
beneficial trait (21). 

 

5.2.2.5 Metabolic Pathway Interference

 

Another potential property is the ability of the probiotic to influence meta-
bolic activities, such as cholesterol assimilation, production of carcinogens,
lactase activity, or the production of hydrogen peroxide (6, 14, 19).

 

5.2.2.6 Stimulation of the Immune System

 

As many of the diseases treated or prevented with probiotics involve the
immune system, an advantageous property would be the stimulation of the
immune response. This property has been found associated with several
probiotics (24–26) although absent in others (27).

 

5.2.2.7 Safety

 

The probiotic should be safe to give not only to healthy people as a preven-
tive agent, but also to ill patients if the probiotic is to be used as a therapeutic
agent. Special concerns should be considered when giving a living organism
to a patient who may be severely compromised by illness, takes concurrent
medications, or has a disturbed immune system. The probiotic candidate
should survive, but not persist indefinitely. Persistence of the strain may
affect the balance of the normal microecology or lead to translocation if the
immune status of the host is compromised. The probiotic strain should be
tested for its pathogenic potential using 

 

in vitro

 

 models and animal models,
and in healthy human volunteers. 

The safety profile of the probiotics tested in randomized, controlled trials
has shown a high level of tolerance and a low incidence of side effects (28,
29). In rare instances, case reports of toxicity associated with probiotic use
have been reported. Complications associated with 

 

Lactobacillus

 

 strains have
included a fatal case of 

 

L. rhamnosus 

 

septicemia after 

 

Clostridium difficile
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infection (30), liver abscess due to 

 

L. rhamnosis

 

 (31), a case of 

 

L. casei

 

 pneu-
monia and sepsis in a patient with AIDS (32), and an aortic graft infection
by 

 

L. casei

 

 (33). Cases of catheter-associated fungemia have been reported
associated with the use of 

 

Saccharomyces boulardii

 

 (19, 34, 35) but all cases of
fungemia resolved with treatment. There is concern with the use of 

 

Entero-
coccus

 

 strains as probiotics as this genus develops multiple antibiotic resis-
tance, including resistance to vancomycin (28, 36). Overall, use of probiotics
in patients who are not immunocompromised has not been associated with
serious side effects. Caution should be exercised when the patient is immu-
nosuppressed, has a central catheter, or is extremely ill. Large controlled
studies on the incidence of side effects for most probiotics are lacking.

In summary, there are some valid guidelines to suggest avenues of inves-
tigation for the identification of potential probiotic strains, but there is no
reliable 

 

in vitro

 

 set of predictors of 

 

in vivo

 

 efficacy. The identification of these
probiotics must be based on a variety of 

 

in vitro

 

 and 

 

in vivo

 

 models, with
further investigations using randomized, placebo-controlled clinical trials of
patients with a specific disease indication. 

 

5.3 Properties of Evidenced-Based Probiotics

 

5.3.1 By Microbial Species

 

5.3.1.1 Lactobacillus Species in General

 

Lactobacilli have long been the most prominent of probiotic microorganisms
because of their association with popular fermented dairy products. Con-
sumption of these products, e.g., yogurt, has long been associated with good
health. Lactobacilli are Gram-positive rods and are part of the large group
of lactic acid-producing bacteria. Lactobacilli are important in the food
industry, being involved in pickling and cheese and yogurt making. Human
strains of lactobacilli are part of the normal flora of the mouth, lower small
intestine, colon, and vagina in some but not all people. While they may be
present, they are not the dominant species in the intestinal tract. Although
they are anaerobic and get their energy from fermentative metabolism, they
can survive in the presence of oxygen because they have peroxidase activity
to inactivate hydrogen peroxide. The end product of the fermentation of
carbohydrates via pyruvic acid is lactic acid, and a distinguishing character-
istic of this genus is the ability to survive at low pH. This ability to produce
lactic acid gives lactobacilli a competitive niche in environments rich in
nutrients and may explain, in part, their probiotic action. They are rarely
pathogenic.
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5.3.1.2

 

Lactobacillus rhamnosus

 

 

 

Lactobacillus rhamnosus

 

 GG is the most studied lactobacilli-based probiotic.
This strain of 

 

Lactobacillus

 

 was isolated from the feces of a healthy human
by Gorbach and Goldin (hence the GG) as reported by Silva et al. (13). It has
been variously designated 

 

Lactobacillus casei

 

 subspecies 

 

rhamnosus

 

 strain GG
or 

 

Lactobacillus rhamnosus 

 

GG. It was deposited with the American Type
Culture Collection as 

 

Lactobacillus acidophilus

 

 and assigned number ATCC
53103. Patents have been issued for isolation and use (U.S. Patent 4,839,281,
U.S. Patent 5,032,399). 

 

L. rhamnosus

 

 GG is stable to bile and an acidic pH and
was described to be adherent to intestinal mucosal cells 

 

in vitro

 

 (37). Silva
et al. (13) described a microsin from this strain that had relatively broad-
spectum antibacterial activity as measured by an agar diffusion assay.
Although the strain has antagonistic activity against 

 

Salmonella typhimurium

 

in germ-free mice (38), this finding does not prove 

 

in vivo

 

 production of the
antimicrobial substance. It is unknown whether this substance is produced

 

in vivo

 

.
An 

 

ex vivo

 

 study (37) demonstrated that 

 

L. rhamnosus

 

 GG survived in
gastric juice for 4 h at pHs 7, 5, and 3 but not at pH 1. Fecal samples were
analyzed from healthy adult volunteers receiving 

 

L. rhamnosus

 

 GG in the
form of fermented milk or whey for 28 d. 

 

L. rhamnosus

 

 GG was recovered
in all samples tested. The observation (37) that 

 

L. rhamnosus

 

 GG could be
isolated 7 d after stopping ingestion of the fermented whey product indicated
that this probiotic has the capacity to persist and colonize. Furthermore, a
human study (39) quantitating 

 

L. rhamnosus

 

 GG in fecal and colon biopsy
samples revealed that the probiotic was found in all biopsy and fecal samples
14 d after cessation of treatment, but had mostly disappeared at 28 d. There
were more positive biopsy samples than fecal samples, indicating that 

 

L.
rhamnosus

 

 GG has the ability to adhere and perhaps divide associated with
the colonic mucosa. Similarly, 

 

L. rhamnosus

 

 GG could be recovered from fecal
samples in over half of premature infants at 3 weeks after administration (40).

Feeding 

 

L. rhamnosus

 

 GG to healthy volunteers for 4 weeks decreased fecal

 

β

 

-glucuronidase specific activity, whereas feeding 

 

Streptococcus thermophilus

 

or 

 

Lactobacillus bulgaricus

 

 did not (37). Thus, the probiotic seemed to have
modulated intestinal metabolic activity. The interest in 

 

β

 

-glucuronidase
relates to the activity of this enzyme in deconjugating and “activating”
potentially harmful chemicals in the gut, but the long-term effects of this
modulation are unknown. A study in rats showed that daily feeding of 

 

L.
rhamnosus

 

 GG (41) before and during dimethylhydrazine injections
decreased the incidence and number of colon tumors, compared to no pro-
biotic feeding (41). Another interesting finding was that 

 

L. rhamnosus

 

 GG
enhanced the mucus-binding ability of 

 

Bifidobacterium lactis

 

 (42), indicating
that one probiotic might influence the adhesion of another. Relative to the
potential application of probiotics in oral health, 

 

L. rhamnosus

 

 GG was found
to inhibit 

 

Streptococcus sobrinus

 

 

 

in vitro 

 

(43) and to colonize the oral cavity (8
of 9 subjects positive at week 2 after dosing cessation) (44). A 9-month trial
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of 

 

L. rhamnosus

 

 GG-supplemented milk vs. regular milk in children (n = 451)
showed a trend for both a decrease in 

 

Streptococcus mutans

 

 and for less dental
caries in the supplemented group (45). 

 

L. rhamnosus

 

 GG, unlike other lacto-
bacilli, does not ferment lactose and is not considered cariogenic. The finding
of benefit in decreasing indexes of caries risk from short-term application of

 

L. rhamnosus

 

 GG in children should be further explored.

 

L. rhamnosus

 

 DR20 has been shown to enhance immunity in animals (46)
and in man (47, 48) and is of interest as a probiotic. In one of the most
comprehensive studies of probiotic disposition in and effects on the human
intestinal tract, Tannock and coworkers (49) studied the composition of the
fecal microflora of 10 healthy volunteers after 6 months of ingestion of 

 

L.
rhamnosus

 

 DR20. Using a variety of sophisticated genomic and analytical
techniques, they were able to quantitate changes in the overall composition
of the microbial flora and to specifically follow elimination of the probiotic
strain. 

 

L. rhamnosus 

 

DR20 induced increases in total lactobacilli and entero-
cocci, but consistent differences in other microbial populations were not
found or were activities of azoreductase or 

 

β

 

-glucuronidase consistently
affected. 

 

L. rhamnosis

 

 DR20 was detected at >10

 

2

 

 CFU/g in all stool samples
in 6 of 10 subjects, but inconsistently or at very low levels in the others.
Upon cessation, DR20 did not persist beyond 1 month in 9 of 10 subjects.
The average stool concentration (from subjects that excreted DR20) was 3 

 

×

 

105 CFU/g with an input of 1.6 × 109/d. The authors estimated that the colon
contents contained about 107 CFU. The percentage recovery of the dose was
not calculated, however. Thus, this exhaustive study showed that this pro-
biotic transiently changed Lactobacillus and enterococcal levels in the feces,
but not other metabolic activities or microbial groups studied. The DR20
strain was not consistently detected in all subjects during dosing and rapidly
disappeared after dosing stopped. 

5.3.1.3 Lactobacillus reuteri

Another lactic acid-producing probiotic is L. reuteri. Strains of this microbe
are widespread in nature and can be isolated from a variety of food products,
from animals, and from the human gastrointestinal tract. In vitro, L. reuteri
produces from glycerol, 3-hydroxypropionaldehyde, which has relatively
broad-spectrum antimicrobial activity (50). Reutericin 6, a bacteriocin pro-
duced by L. reuteri strain LA 6, has also been identified (51). It is not clear
whether these antimicrobial substances are produced in the human intestine
in concentrations high enough to directly inhibit pathogens; nevertheless, L.
reuteri strains have received considerable commercial attention as a probiotic
for both human and animal uses. L. reuteri strain 1063 encodes a protein
involved in mucosal adhesion in pigs and chickens and is autoaggregative
(14, 52). 

Jacobsen et al. (53) did an interesting evaluation of 47 Lactobacillus strains
with respect to properties that might be important for probiotic activity.
Among the tested strains, only L. rhamnosus GG, L. rhamnosus 19070-2, and
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L. reuteri DSM 12246 were relatively resistant to acid and bile, were highly
adherent to Caco-2 cells in culture, showed antimicrobial activity against
enteric pathogens, and could be isolated from most stool samples from 12
volunteers after ingestion. Wolf et al. gave 1 × 1011 L. reuteri to 15 volunteers
for 21 d (54). A similar group received placebo. Adverse effects were not
different between placebo and treatment, and analyses of blood and urine
were within expected ranges for both groups. Fecal samples from treated
volunteers contained significantly higher concentrations of L. reuteri com-
pared to placebo for days 7, 14, 21, and 28, but not at day 77. Thus, some
colonization was evident for at least 7 d after cessation of dosing, but not at
30 d. The L. reuteri, even at this relatively high dose, was well tolerated. A
later study (55) done in 39 HIV-infected adults also showed L. reuteri to be
well tolerated; however, fecal concentrations appeared to be lower than
observed in the earlier study in healthy volunteers. Casas and Dobrogosz
(14) have comprehensively reviewed the probiotic activities of L. reuteri.

5.3.1.4 Bifidobacterium species

Bifidobacterium species are anaerobic lactic-and acetic acid-producing Gram-
positive rods or branched rods. They are present in the normal flora but are
the predominant member of the intestinal flora of the breast-fed infant. Upon
weaning, levels decline. Bifidobacterium sp. grow well in milk, and there has
been long interest in bifidobacteria-containing probiotics in the form of fer-
mented dairy products. One of the few human pharmacokinetic studies on
bacterial probiotics was conducted by Marteau et al. (56) in a rather heroic
human study quantitating the transit of both Lactobacillus acidophilus and a
Bifidobacterium species in the upper gastrointestinal tract. Six volunteers took
a single dose of milk containing the bacteria or took sterile milk in random
order. Ileal fluid was aspirated continuously for 8 h. Total recovery in the ileum
of the dose of L. acidophilus and Bifidobacterium sp. was 1.5 and 37.5%. In a
subsequent study using an antibiotic-resistant variant of Bifidobacterium that
could be distinguished from resident bifidobacteria, the total transit and recov-
ery of this special strain was measured in 8 volunteers receiving a fermented
milk product for 8 d. The shape of the fecal concentration curve was similar
to Bacillus stearothermophilus spores used as a marker. The Bifidobacterium was
no longer detected 8 d after cessation of dosing. The recovered dose was about
30%, i.e., similar to that recovered in the ileum in the earlier study. It was
concluded that Bifidobacterium sp. does not colonize the colon. It can also be
concluded that much of the destruction of the probiotic took place in the upper
intestinal tract. Marteau et al. (57) found that Bifidobacterium animalis shortened
the colonic transit time in healthy women. Radioopaque pellets were used to
measure transit after B. animalis or control fermented milk. The mechanism of
the effect was not explained by an effect on fecal weight or bacterial mass or
modifications of bile salts. Interestingly, the control milk (fermented with
yogurt cultures) did not influence transit times. Several Bifidobacterium sp. have
been shown to adhere and to displace selected pathogens from intestinal cells
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in vitro (58, 59). Recently high fecal recovery (>10% of dose) was obtained in
human volunteers receiving a Bifidobacterium breve fermented soy milk product
(60). Thus, although there is no firm evidence of proliferation of administered
Bifidobacterium species, these probiotic bacteria have good ability to survive
passage through the gastrointestinal tract and may favorably affect intestinal
functions. 

5.3.1.5 Lactobacillus acidophilus

The presence of L. acidophilus is widespread in commercially available pro-
biotic products. It is also found in fermented dairy products and may be
part of the intestinal and vaginal microflora. It is clear that the important
biological properties of adherence and stability in the gastrointestinal tract
are strain specific. Strains optimal for fermenting milk may not be optimal
to generate favorable effects in the lower bowel or the vaginal tract. Few
direct comparisons of Lactobacillus strains are published, so that it is impor-
tant to be explicit about which strain is being investigated in publications.
Selected L. acidophilus strains (e.g., LB, LA1, BG2FO4, LCFM) express adhe-
sive factors that foster adhesion to human intestinal cells in vitro (6, 61–63).
While adherence in vivo may occur, this has not been well-demonstrated,
and exogenously administered lactobacilli eventually drop below detectable
concentrations in stool samples. An inhibitory effect of heat-killed L. acido-
philus LB organisms against the human intestinal Caco-2 cell adhesion and
cell invasion by a large variety of diarrheagenic bacteria was found (61).
Furthermore, L. acidophilus LB culture supernatant inhibited the ability of
Salmonella enterica to enter and proliferate in Caco-2 cells. L. acidophilus
LCFM, a commonly used dairy strain, survives passage through the human
gastrointestinal tract, but did not colonize during a 2-week consumption in
healthy volunteers (64), but pharmacokinetic details are lacking. It was con-
cluded that daily consumption would be needed to maintain high intestinal
levels of this probiotic strain. Several L. acidophilus strains have been shown
to produce antimicrobial substances in vitro (6, 61, 65), but production in vivo
of concentrations high enough for a direct inhibition of pathogen growth
has not been demonstrated. Conconnier et al. (66) have shown decreased
Salmonella typhimurium concentrations after 4 and 7 d of treatment with a
fivefold concentrate of L. acidophilus LB supernatant given orally to mice,
but this does not prove that observations of inhibition of pathogens in vivo
are due to an antimicrobial secreted by an ingested L. acidophilus LB. How-
ever, it seems that the LB strain of L. acidophilus encompasses a number of
desirable probiotic properties.

5.3.1.6 Lactobacillus casei

Similar to L. acidophilus, the probiotic properties of L. casei are strain specific.
L. casei strain Shirota has received much commercial attention. It has been
shown to have antagonistic activities against Escherichia coli in a mouse
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model for urinary tract infection (67), against Listeria monocytogenes in rats
(68), to reduce influenza virus titers in aged mice (69), and to reduce Helico-
bacter pylori in humans (decreased urea breath test) (70). Spanhaak et al. (71)
gave L. casei strain Shirota to healthy humans in a placebo-controlled trial
and demonstrated an increase in fecal bifidobacteria and a decrease in beta-
glucuronidase and beta-glucosidase activities, but no effect on immune
parameters compared to placebo. Thus, this strain has the capability to
modify the composition and metabolic activities of the human intestinal
flora. Using a selective medium and monoclonal antibodies, Yuki et al. quan-
titated fecal recovery of L. casei strain Shirota in humans (72). With an input
of about 1010 /d for 3 d, about 107 /g of feces was recovered at day 4. While
survival was demonstrated, unfortunately, pharmacokinetic details and a
mass balance of dose and recovery were not investigated. Survival of L. casei
strain. Lcr35 was also studied in healthy volunteers using a specific 16S
ribosomal probe. The presence of relatively high levels of Lcr35-like endog-
enous lactobacilli precluded a precise view of the probiotic strain. Neverthe-
less, Lcr35-like lactobacilli increased during probiotic ingestion and
decreased after cessation. 

5.3.1.7 Other Lactobacilli

Jacobsen et al. (53) evaluated 47 Lactobacillus strains with respect to properties
that might be important for probiotic activity. Among the tested strains, only
L. rhamnosus GG, L. rhamnosus 19070-2, and L. reuteri DSM 12246 were rela-
tively resistant to acid and bile, were highly adherent to Caco-2 cells in
culture, and showed antimicrobial activity in vitro against enteric pathogens.
Among the strains failing one or more of these parameters were strains of
L. plantarum, L. fermentum, L. johnsonii (L. acidophilus LA1), L. crispatus, L.
paracasei, L. acidophilus, L. delbrueckii, and L. helveticus. The authors point to
the importance of in vitro methods to predict survival in the human intestinal
tract, but even highly adherent strains did not persist after stopping dosing.
A streptomycin–rifampicin-resistant mutant of L. gasseri given to volunteers
for 7 d decreased fecal populations of Staphylococcus and fecal p-cresol (73).
Unlike reported studies with other lactobacilli, there was evidence of per-
sistence of L. gasseri. Levels at day 90 after cessation of dosing were about
104 CFU/g feces in four of eight subjects. This is presumptive evidence of
proliferation. Another strain of L. gasseri has shown activity in clarithromy-
cin-resistant Helicobacter pylori infection (74). Probiotic strains of L. gasseri are
worthy of further evaluation in large-scale clinical trials.

Reid and coworkers have studied the applications of lactobacilli in uro-
genital infections (75–77), particularly L. rhamnosus GR-1 and L. fermentum
RC-14 (78–79). In a recent randomized clinical trial in 64 healthy women
given a mixture of the two lactobacilli or placebo orally for 2 months (78),
the probiotic bacteria favorably affected (compared to placebo) the vaginal
flora with respect to the presence of Gram-negative (Bacterial vaginosis
appearance) or the predominance of a Lactobacillus-dominated flora. Reduc-
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tions in yeasts and coliforms were also noted in the lactobacilli-treated
group. When the two Lactobacillus strains were administered vaginally, they
were shown to persist in the vaginal tract for up to 19 days (79) and also
to colonize the vaginal tract following oral administration. Lactobacilli
strains GR-1 and RC-14 were shown to be bile tolerant and to survive
passage through the intestinal tract (80). Interestingly, oral Lactobacillus GG
did not have an effect on the vaginal flora (81), indicating, once again, that
strain selection is of paramount importance and that intestinal probiotics
may not be the most appropriate for infections at other sites. The findings
of Reid and coworkers show that appropriate strains of probiotic lactoba-
cilli have the potential to provide an alternative to routine antimicrobial
therapy for vaginal infections.

Another lactic acid-producing commercially available probiotic that has
been studied is Enterococcus faecium SF68. Although this strain is nontoxic,
there has been concern that the probiotic might pick up and share vanco-
mycin-resistant genes in the human gut. Lund and Edlund have used an in
vitro mating assay to point out that E. faecium is a possible recipient of the
vanA gene (82). On the other hand, these investigators showed that oral
administration of the probiotic strain of E. faecium did not correlate with the
presence of vancomycin-resistant enterococci, which were found only spo-
radically in fecal samples (83). The probiotic SF68 strain was able to be
detected at the end of dosing but not in samples taken 3 weeks later (83). In
vancomycin-treated subjects, no E. faecium SF68 could be detected in any
samples. Thus, E. faecium SF68 seems safe for probiotic use based on current
evidence, but given the many other well-studied and effective probiotics that
are available, one may question the wisdom of widespread use of a probiotic
of E. faecium.

5.3.1.8 Saccharomyces boulardii

Another well-studied, commercially available probiotic is S. boulardii.
McFarland and Bernasconi (18) have reviewed the properties and thera-
peutic applications of this unusual yeast. Unlike the lactobacilli, S. boulardii
is not found as a component of the gastrointestinal or vaginal tracts. How-
ever, it does have a growth optimum of 37ºC and survives passage to the
feces in animals and in humans (84). The yeast does not strongly adhere
to the intestinal mucosa and is eliminated within 24 to 72 h if not read-
ministered. However, S. boulardii was able to colonize germ-free mice and
prevent establishment of Candida albicans (85). Continuous feeding was
protective against Clostridium difficile pathology in germ-free mice, but no
colonization was evident when a normal microflora was present (86). The
elimination pharmacokinetics of S. boulardii has been extensively studied
in laboratory animals, and these studies have been reviewed by Martin et
al. (87). Here we will focus on the biological properties discerned from
studies in humans. 
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As was observed in laboratory animals, S. boulardii does not colonize in
humans and must be given daily to achieve therapeutic levels. Maximal fecal
concentrations were found to be achieved 36 to 60 h after a single dose and
were below limits of detection 2 to 5 d later (84, 88). Daily administration of
1 g (3 × 1010 CFU) resulted in fecal steady-state levels of about 108 CFU/g
by day 3, and these concentrations were maintained as long as the yeast was
given daily (84, 88). Upon cessation of dosing, S. boulardii was eliminated
with a half-life of about 6 h. In volunteer subjects, intersubject variability in
S. boulardii stool levels was found to be large, but intrasubject variability
small with repeat dosing (88). Fecal steady-state levels were found to be dose
dependent within the dose range of 0.2 to 3 g of lyophilized product taken
daily.

S. boulardii is not affected by antibacterial antibiotics directly, yet antibiotic
administration to human volunteers, probably by modulating the competing
microbial flora, increased steady-state fecal concentrations 2.4-fold (88). Even
with antibiotic treatment, the yeast did not persist after stopping dosing.
Nystatin treatment, however, reduced steady-state fecal levels to below
detection (89). On the other hand, the highly bioavailable antifungal flucon-
azole had no effect on S. boulardii fecal levels provided the doses of yeast
and antifungal were separated by 3 h. In rats, the fecal recovery of S. boulardii
was increased fourfold by high-fiber diets (Elmer et al., unpublished data)
and high-fiber diets were shown to modulate onset of Clostridium difficile
disease in a hamster model (90). In healthy volunteers, S. boulardii steady-
state levels were positively related to average daily stool weight, suggesting
that high-fiber diets might increase intestinal concentrations of the yeast (88).
Fiber intake influences on probiotic kinetics and therapeutic action remain
an unexplored area of research.

S. boulardii exhibits other biological properties indicative of a desirable
probiotic. Interference in adhesion of Entamoeba histolytica trophozoites to
human erythrocytes has been demonstrated in vitro (91) and S. boulardii
administration decreased mortality in E. histolytica-infected rats (92). Berg et
al. showed decreased translocation of Candida albicans to mesenteric lymph
nodes and spleens of immunocompromised mice (93) with S. boulardii treat-
ment compared to controls. 

Studies have shown that S. boulardii has the ability to decrease the action
of microbial toxins. In isolated intestinal loops, S. boulardii decreased fluid
volume secreted in response to cholera toxin (94), and the cAMP increased
in response to addition of the toxin to cultured intestinal epithelial cells (95).
The cAMP response was elicited by dead yeast or by S. boulardii-conditioned
culture medium and appeared to be due to a secreted protein. 

S. boulardii is the only probiotic shown in controlled clinical trials to
decrease the recurrence rate of C. difficile disease in humans (96–97), and the
mechanism of this effect has been under intense investigation. Pothoulakis
et al. (15, 98) described a 54-kDa protease secreted by the yeast that inhibited
binding of labeled C. difficile toxin A to ileal brush-border membranes,
reduced toxin A induced fluid secretion in rat ileal loops, and partially
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digested toxin A and its receptor. An antiserum raised against the yeast
protease blocked these effects and blocked the toxin A and toxin B inhibition
of protein synthesis in cultured human colonic cells and created drops in
transepithelial resistance (99). Previous studies using the hamster model for
C. difficile disease indicated that the effect of S. boulardii treatment was not
in eliminating C. difficile, but in decreasing C. difficile toxins (100). Together,
these data suggest that S. boulardii protease plays a large role in the beneficial
therapeutic effects of this yeast in C. difficile disease. 

However, S. boulardii enhances host immunological responses, and these
and other biological properties need to be also considered as potential mech-
anisms of action. Buts et al. showed an increase in secretory IgA in the small
intestines of rats treated with S. boulardii (25) and described a metalloprotease
secreted by the yeast in vivo (101). An increased total IgA antibody and
specific IgA directed against C. difficile toxin A has been demonstrated in S.
boulardii-treated mice (102). In a human study by Caetano et al., S. boulardii
activated complement and the reticuloendothelial system (103). 

Buts et al. (104) and Jahn et al. (105) have studied the response of the
intestinal mucosa to exposure to S. boulardii. S. boulardii was demonstrated
to have trophic effects resulting in increases in disaccharidases and alkaline
phosphatase activities in the intestinal mucosa without changes in intestinal
morphology or invasion into subepithelial layers. The enhanced expression
of luminal enzyme activities was suggested as a beneficial effect to improve
carbohydrate digestion impaired by diarrhea. Buts et al. have provided
evidence that these trophic effects are mediated by release of spermidine
and spermine upon catabolism of yeast cells during intestinal transit (106,
107). Thus, the beneficial probiotic activities of S. boulardii are most likely
due to multifaceted biological properties including immune stimulation,
trophic effects on intestinal cells, digestion of toxins and toxin receptors, and
antagonistic activities against pathogens.

5.4 Evidence-Based Probiotics 

The interest in probiotics has increased due to the heightened flexibility in
medical care choices and alternatives to the reliance on antibiotic therapy.

claims for probiotics has been inconsistent (108, 109). Numerous health
claims have been based on case reports; small case series; or small, open
trials and not blinded, placebo-controlled randomized trials. However, sev-
eral meta-analyses have been reported for a limited number of health claims
(110–115). A complete review of the efficacy of probiotics is beyond the scope
of this chapter. Here we provide examples of human studies supporting the
use of probiotics for the prevention and treatment of diarrhea.
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5.4.1 Antibiotic-Associated Diarrhea

A prevalent and vexing problem is antibiotic-associated diarrhea (AAD). In
the hospital setting, antibiotic-associated diarrhea may prolong hospital stay
and put undo demands on the time of hospital staff. In hospitalized patients
receiving antibiotics, the prevalence of AAD ranges from 5 to 39%, depend-
ing upon the antibiotic (116). In the outpatient setting, diarrhea as an adverse
event of antimicrobial therapy may decrease patient compliance with treat-
ment and may precipitate a need to switch to a different, less appropriate,
more expensive antimicrobial. Prolonged patient exposure to antibiotics
increases pathogen resistance. Although the etiologies of antibiotic-associ-
ated diarrhea have not been thoroughly established, antimicrobial perturba-
tion of the normal intestinal microflora is at the heart of the problem.

Numerous controlled trials have shown that probiotics can be efficacious in
preventing AAD. Various lactobacilli (L. acidophilus, L. bulgaricus, L. rhamnosus),
Bifidobacterium longum, Enterococcus faecium, and the yeast Saccharomyces bou-
lardii have been tested in randomized, placebo-controlled clinical trials (117,
118). A meta-analysis of nine such trials (112) revealed an odds ratio of 0.37

FIGURE 5.2
Frequency of positive and negative findings in controlled trials testing probiotics for human
disease.
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(0.26 to 0.53) in favor of probiotic treatment over placebo. Appropriate probi-
otics should be routinely recommended to prevent this most common adverse
effect of antimicrobial therapy.

5.4.2 Clostridium difficile Disease

A rare but more serious and even life-threatening adverse event of anti-
microbial therapy is overgrowth of Clostridium difficile. The resulting elab-
oration of C. difficile toxins A and B is followed by an intense and
characteristic ileal and colonic inflammation termed pseudomembranous
colitis. Standard treatment is a course of metronidazole. More difficult cases
require oral vancomycin therapy. A conceptual problem with treatment is
that an antimicrobial agent is used to treat an antimicrobially induced
disease! Indeed, once therapy is stopped, relapse is common (96, 97,
119–121). Probiotics have great potential as adjunct agents to standard
metronidazole or vancomycin therapy. The approach would be to admin-
ister the probiotic during and for some time after antimicrobial C. difficile
treatment in order to help “normalize” the gut microbial flora and to
establish colonization resistance against C. difficile regrowth. Few probiotics
have been tested to prevent recurrences of C. difficile-associated colitis in
controlled clinical trials. There is limited evidence for success with L.
rhamnosus (119, 120), but only S. boulardii has been tested in placebo-
controlled trials. Encouragingly, this yeast treatment cut recurrences by
more than 50% (97, 122). This is an example of a probiotic being successfully
used to prevent recurrences of a very serious infection. It is not known
whether S. boulardii or other probiotics can prevent an initial C. difficile
infection. A study testing probiotic efficacy in prophylaxis of C. difficile
disease would be difficult to conduct because pseudomembranous colitis
is a serious but rare event following antimicrobial therapy.

5.4.3 Traveler’s Diarrhea

Tourists traveling to areas of the world where the risk of acquiring traveler’s
diarrhea is high are usually given a prescription for an antimicrobial for use
if diarrhea develops. Probiotics have the potential to decrease antibiotic use
(and hence antibiotic resistance) when taken prophylactically to prevent
traveler’s diarrhea. Both L. rhamnosus and S. boulardii have been shown to
have modest efficacy (123–125), but more study is needed, and other probi-
otics should be tested. The market potential for an effective probiotic for
traveler’s diarrhea is high.
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5.4.4 Pediatric Diarrhea

In developing countries, childhood diarrhea is a leading cause of childhood
morbidity and mortality. The etiology involves bacteria and parasites.
Improved sanitation and nutrition is key to decreasing the extent of the
problem, but routine use of an inexpensive probiotic preparation could have
value. L. rhamnosis has been studied for the prevention of diarrhea in under-
nourished Peruvian children (126). In this difficult setting, a modest reduc-
tion in episodes was observed compared to placebo. The effect was largely
confined to nonbreast-fed, 18- to 29-month-old children (4.77 episodes per
child per year in the treated group vs. 6.32 in the placebo group, p = 0.006).
In contrast, rotavirus is the most common cause of acute childhood diarrhea
in developed countries. In a hospital setting in the U.S., a mixture of Bifido-
bacterium bifidum and Streptococcus thermophilus as a supplement to a formula
was beneficial in preventing diarrhea in infants (127). A similar study using
L. rhamnosus reduced the risk (6.7% in treated vs. 33.3% in placebo, p = 0.002)
of nosocomial diarrhea in hospitalized infants in Poland (128). Thus, probi-
otic use shows promise as a benign prophylactic measure to reduce the
problem of diarrhea acquisition in hospitalized children.

5.4.5 Treatment of Acute Diarrhea

Oral rehydration is the cornerstone for treatment of acute childhood diar-
rhea, but several studies show that added probiotics can help speed recovery.
Probiotic preparations containing one or more lactobacilli (L. rhamnosus, L.
reuteri, L. acidophilus, L. bulgaricus), S. thermophilus, B. infantis, or S. boulardii
have been shown to reduce days of diarrhea in studies conducted in seven
different countries (129–134) and in a multicentered European trial (135). A
recent meta-analysis on studies testing probiotics for acute diarrhea in chil-
dren was reported by Huang et al. (113). Analysis of 18 eligible studies
suggested that probiotic use decreased illness by about 1 day. Similar con-
clusions were reached in two additional systematic reviews (114–115). The
meta-analysis by Van Niel et al. (115) was restricted to studies involving
lactobacilli therapy. Summary point estimates showed a reduction of diar-
rhea of 0.7 d and a reduction in stool frequency on day 2 of 1.6 stools per
day. As expected, there was considerable heterogeneity in the data sets;
nevertheless, probiotics, particularly lactobacilli, were concluded to be a
useful treatment for pediatric diarrhea. 

There is less information on the efficacy of probiotics to treat acute diarrhea
in adults. The diverse pathogens involved in adult diarrhea contribute to
high intersubject response variability. Nevertheless, probiotics hold promise
for treatment of some adult diarrheas (130). 
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5.5 Conclusions

Probiotics have shown an ability to prevent and to treat diarrhea, and have
a high safety record. Probiotic use also has the potential to decrease antibiotic
use and hence help in the effort to decrease antibiotic resistance. However,
many health care providers (in the U.S. especially) remain skeptical about
the value of routine probiotic use, and many commercially popular probi-
otics have not been studied in controlled clinical trials. In order for probiotics
to be more widely accepted, it is incumbent on the industry to sponsor, either
individually or collectively, further controlled studies to validate therapeutic
claims. Studies are also needed to identify the mechanism(s) by which pro-
biotics act beneficially and to better understand the pharmacokinetics of
elimination. With this knowledge, the next approach should be to optimize
probiotic action by appropriate strain selection and dosing regimens. For the
future, genetic engineering has the potential of helping to develop highly
effective probiotic microbes targeted for specific diseases. Then these “living
drugs” will find more routine and effective use in therapy.
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6.1 Introduction

 

Probiotics are described as “live microorganisms which when consumed
in adequate numbers confer a health benefit on the host” (1). Probiotic
foods are part of the functional foods sector, i.e., those foods or food
ingredients that exert a beneficial effect on host health and/or reduce the
risk of chronic disease beyond basic nutritional requirements (2). There is
an ever increasing and more convincing body of evidence to support the
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clinical efficacy of these live bacteria as part of the human diet (3). Some
of the best-documented and most clearly reported evidence of the health
benefits of specific probiotics concerns the treatment of viral diarrheal
disorders (4), prevention of atopic disease (5), and prevention of acute
pouchitis (6). In many cases, however, the effects attributed to the ingestion
of probiotics remain scientifically unsubstantiated (7), a situation which
could be resolved by better defining particular probiotic strains and an
understanding of the mechanisms that underlie survival and functionality
in the host gastrointestinal tract. Thus, when considering the challenges
and outlook for the future of probiotic functional foods, more distinct and
consistent probiotic strains may be developed by design rather than screen-
ing. In this respect, the era of genomics could make this rationale simpler
and more readily achievable, due particularly to genetic engineering tech-
nology which allows selected genes to be exchanged from one microor-
ganism to another, even among different species. 

Genome sequence information for intestinal microorganisms is increas-
ing rapidly, so there are new potential opportunities to apply this knowl-
edge to the construction of designer strains which are engineered for better
performance. Three possible reasons to genetically engineer probiotic
strains include (i) to accentuate the health-promoting properties or “func-
tionality” of probiotic bacteria for example, to introduce entirely novel
traits in well-characterized probiotic strains; (ii) to improve the technolog-
ical robustness of probiotic bacteria, enhancing yield and performance
during fermentation, food processing, and shelf-life; and (iii) to develop
new applications in engineering nonprobiotic strains to promote health
and/or produce therapeutic molecules such as antigens for the develop-
ment of vaccine vectors. 

In this review, we will concentrate on genetic technologies that have been
developed over the last 30 years for lactic acid bacteria (LAB) and that can
be, and are being, applied to probiotic strains. Technologies such as food-
grade cloning and transformation techniques, chromosomal mutations,
functional genomics, and proteomics are some of the more outstanding

examine current sequencing projects that are completed or near comple-
tion, that provide a sound understanding of the probiotic genome and how
this information may be applied to engineer probiotic strains of the future.
A better understanding of the genetics and physiology of probiotic lacto-
bacilli and bifidobacteria in particular will allow for better strain use and
selection in the development of probiotic foods. Enterococci are also ame-
nable to genetic manipulation, but concerns over their safety (8) may in
the future limit their potential for human therapeutic purposes. Finally,
the potential benefits of these genetically modified bacteria to society and
the possible risks associated with their use will be discussed in relation to
human health.
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6.2 Development of Improved Genetic Tools

 

LAB are widely used in the food industry and have been used for millennia
in food fermentations. In the last three decades, these microorganisms have
been made amenable to genetic manipulation through concentrated efforts
of a number of groups worldwide. In particular, 

 

Lactococcus lactis

 

 IL1403,
which was the first LAB whose genome was sequenced (9), has been used
as a template for genetic manipulations. The information acquired from
working with 

 

L. lactis

 

 and the technologies developed for genetic engineering
of the strain have in many cases been “loosely applied” to the development
of similar technologies for lactobacilli. Lactococci

 

 

 

and lactobacilli are similar
in that they both have high adenine and guanine (AT) content, and many
strains can readily be transformed by electroporation. In contrast, bifidobac-
teria have a high guanine and cytosine (GC) content, and thus prove more
challenging when developing electroporation techniques. The genetic sys-
tems used to introduce novel properties in bacteria used in industrial food
fermentations must be food grade. Essentially, this means that they should
be considered as safe as the host in which they are introduced, well-charac-
terized, and stable as well as flexible (10). For selection purposes, many of
the successful vectors developed for LAB to date carry antibiotic resistance
genes. Though it is an essential feature of food-grade systems that they
should not contain transferable antibiotic resistance markers, it is important

 

FIGURE 6.1

 

Technologies involved in the genetic modification of lactobacilli and bifidobacteria, and some
of the potential applications that result.
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here to consider these genetic systems that are not food grade purely for
proof of concept when attempting to manipulate the probiotic genome.

 

6.2.1 Transformation

 

An essential element for the controlled improvement of bacteria and inves-
tigation into the genetic linkage of important commercial traits is the ability
to introduce DNA into the cells by transformation using methods that are
convenient and reliable (11). Essentially, transformation involves the mod-
ification of the genotype of a cell by introducing DNA from another source,
via the uptake of free DNA. Electroporation is a transformation technique
whereby host cells are concentrated and mixed with the DNA to be trans-
formed. An electric voltage is passed through the host cells causing the
pores in the cell membrane to transiently open, and DNA can then be taken
up. The first 

 

Lactobacillus

 

 strain to be efficiently and reproducibly trans-
formed was a strain of 

 

L. casei

 

, by Chassy and Flickinger (12). Since then,
many other strains of lactobacilli have been successfully transformed (Table
6.1) with different electroporation protocols, which due to the heterogene-
ity of the group need to be optimized for each species and within the
species for each strain. Many of these procedures are based on weakening
the cell wall with either glycine, sucrose, or magnesium, or polyethylene
glycol (PEG) in the electroporation buffer (13). In general, electroporation
frequencies vary from 10

 

2

 

 to 10

 

6

 

 transformants/

 

μ

 

g DNA. Recently, two
studies have examined the optimization of this for lactobacilli, and param-
eters that have been found to influence the efficiency of transformation
include strains used, vectors, and buffers (14, 15). Treatment of recipient
lactobacilli with lysozyme, glycine, or penicillin improved electrotransfor-
mation efficiencies up to 480-fold (14). A postelectroporation recovery time
of 2 to 3 h proved to be a critical step in achieving efficient and reproducible
electrotransformation of clinical lactobacilli with the plasmids pSA3 and

 

TABLE 6.1

 

Transformation Efficiencies of Various 

 

Lactobacillus

 

 and 

 

Bifidobacterium

 

 Species

 

Strain Vector Frequency Ref.

 

L. casei

 

pSA3 8.5 

 

×

 

 10

 

4

 

(12)

 

L. acidophilus

 

pGK12 3.3 

 

×

 

 10

 

5

 

(116)

 

L. helveticus

 

pLHR 1.3 

 

×

 

 10

 

4

 

(117)

 

L. curvatus

 

pNZ12 2.4 

 

×

 

 10

 

5

 

(15)

 

L. fermentum

 

pNZ17 4.8 

 

×

 

 10

 

4

 

(14) 

 

L. casei

 

pNZ17 3.7 

 

×

 

 10

 

6

 

(14)

 

L. delbrueckii

 

pLEM415 10

 

3 

 

to 10

 

4

 

(13, 118)

 

B. breve

 

pRM2 1.3 

 

×

 

 10

 

4

 

(20)

 

B. longum

 

pDG7 7 

 

×

 

 10

 

4

 

(20)

 

B. infantis

 

pNC7 1.2 

 

×

 

 10

 

5

 

(21)
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pNZ17. While pSA3 transformants also benefited from the use of subin-
hibitory concentrations of antibiotics in the selective plates, good transfor-
mation efficiencies with pNZ17 could be achieved when plated directly
onto selective concentrations of chloramphenicol. Also, significant differ-
ences in electrotransformation efficiencies were reported between guinea
pig vaginal 

 

Lactobacillus

 

 isolates (maximum of 4.8 

 

×

 

 10

 

4

 

 transformants/

 

μ

 

g
pNZ17 DNA) and the human 

 

L. casei

 

 strain ATCC 393 (3.7 

 

×

 

 10

 

6

 

 transfor-
mants/

 

μ

 

g pNZ17 DNA). 
Plasmids are autonomous, self-replicating, extrachromosomal pieces of

circular DNA that can be used to introduce foreign DNA into bacterial
cells. The plasmid vectors most widely used for lactobacilli are reported
to be of three types (16). The first of these are plasmids based on rolling
circle replication (RCR) replicons; these vectors have two origins of repli-
cation, one for 

 

Esherichia coli

 

 and Gram-positive bacteria, or alternatively
these 

 

Lactobacillus

 

 vectors will have a second replication origin for Gram-
negative bacteria. Many of these vectors are those initially constructed for

 

L. lactis

 

 such as the many derivatives of pWV01 (17),

 

 

 

e.g., pGK12, which
can successfully replicate in lactococci, 

 

E. coli, L. Bacillus, subtilis

 

, and a
number of lactobacilli and carries erythromycin and chloramphenicol resis-
tance markers. A second class of vectors are those of the pSA3 type, which
have two origins, one of which is functional in 

 

E. coli

 

 and a second in
Gram-positive bacteria. The third vector type is those which encode select-
able markers and replication origins from Gram-negative bacteria on native

 

Lactobacillus

 

 plasmids, which have 

 

Lactobacillus

 

 RCR replicons and encode
erythromycin-chloramphenicol resistance, lacZ or xyl catabolism marker
genes, and which can replicate not only in lactobacilli but also in other
Gram-positive bacteria, 

 

E. coli

 

 and 

 

Bacillus. 

 

An important consideration
when developing cloning and expression systems for lactobacilli is that
promoter activity levels can be strain dependent (18), and that replication
efficiencies and plasmid copy numbers may differ. In addition, 

 

Lactobacillus

 

strains show varied preferences for codon usage (19), which could influence
the efficiency of translation of a given protein.

Genetic transformation of 

 

Bifidobacterium

 

 strains poses more of a chal-
lenge because little is known about the genetics of this genus. A limited
number of systems for the efficient and reproducible genetic transformation
of bifidobacteria and for broad host transformation into 10 different species

coworkers (20) relies on preincubation of the bacteria at low temperatures
in the electroporation buffer and on the use of plasmid vectors with a
replicon from 

 

Actinomycetaceae

 

. Interestingly, AT-rich plasmids from 

 

Lacto-
coccus

 

 and 

 

Lactobacillus

 

 do not replicate in 

 

Bifidobacterium animalis

 

 and
presumably in other bifidobacteria (22). The development of food-grade
cloning and expression vectors for the 

 

Bifidobacterium

 

 genus may be
improved by the use of 

 

E. coli

 

-

 

Bifidobacteria

 

 shuttle vectors constructed from
three fully sequenced bifidobacteria plasmids, pMB1, pCIBb1, and pKJ50
(23). In contrast to lactococci and lactobacilli, genetic research with bifido-
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bacteria

 

 

 

has been very limited, with only a few genes sequenced, e.g., 

 

lacZ

 

,

 

xfp

 

, 

 

β

 

-gal

 

, 

 

β

 

-d-glucosidase,

 

 

 

bile salt hydrolase (24–29), and a few plasmids,
e.g., pMB1 and pKJ50 having been isolated from the genus (30, 31). 

 

6.2.2 Food-Grade Markers

 

For selection purposes and to be firmly maintained in the host, transfor-
mation procedures require selection markers. In order to be food-grade,
transferable antibiotic markers may not be used. LAB, which have a long
history of safe use, are a typical source of these food-grade markers. Food-
grade markers have been grouped into three classes (10) that include the
markers based on sugar utilization, auxotrophic markers, and markers that
confer resistance or immunity. Food-grade markers that have been success-
fully used for lactobacilli include the genes for xylose fermentation (32)
and lactose fermentation (33, 34), inulin fermentation (35), nisin resistance
(36), and lacticin F immunity (37). In the latter case, the genes that confer
immunity to lacticin F 

 

(lacF) 

 

do so specifically in lactobacilli, and therefore
this system

 

 

 

has certain limitations for use as a food-grade marker. Subse-
quently, the genes involved in immunity to lacticin 3147 (

 

ltnI

 

) from the
lactococcal plasmid pMRC01 have been identified and heterologously over-
expressed when cloned behind a nisin-inducible promoter (38). If adapted
for use in strains of 

 

Lactobacillus

 

 and bifidobacteria, this broad host-range
system may confer immunity to lacticin 3147, which could then be

 

 

 

used to
select transformants in the absence of antibiotic selection. 

Inducible promoter systems adapted for use in lactobacilli are quite
limited in number. The most efficient systems to date include 

 

xylR

 

 promoter
from 

 

L. pentosus

 

, 

 

α

 

-amylase from 

 

L. amylovorus, p

 

-coumarate decarboxylase
promoter from 

 

L. plantarum

 

, the powerful nisin-controlled expression
(NICE) system in 

 

L. plantarum

 

 (39) and more recently phage 

 

φ

 

FSW in 

 

L.
casei

 

 S1 (40). In this system, the thermoinducible promoter-repressor cas-
sette from 

 

L. casei

 

 phage 

 

φ

 

FSW was adjoined to promoterless 

 

gus

 

A reporter
gene in 

 

L. casei

 

 and successfully directed 

 

gus

 

A transcription there.
Interesting, systems recently developed for lactococci that allow food-

grade cloning, and secondly food-grade engineering of native plasmids,
could prove to be useful resources in the development of vectors suitable
for use in probiotic bacteria. The first system designed by Sorensen and
coworkers (41) employs an amber suppressor, 

 

supD,

 

 as selectable marker
on a food-grade cloning vector pFG200 that consists entirely of 

 

Lactococcus

 

DNA, with the exception of a small polylinker region. 

 

supD

 

 encodes an
altered tRNA

 

ser

 

 and suppresses only amber codons, which are stop-codons
in approximately 10% of 

 

Lactococcus

 

 genes. Selection for the vector is based
on the suppression of pyrimidine auxotrophs generated by introduction of
an amber codon in the chromosomal 

 

pyrF

 

 gene. If this efficient food-grade
cloning system was applied in probiotic strains, it would allow food-grade
genetic modification of these bacteria and overexpression of a host of
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relevant genes. A novel system, recently developed by Cotter and cowork-
ers (42), that has been originally developed for 

 

Lactococcus

 

, combines RepA

 

+

 

temperature-sensitive helper plasmid and RepA

 

-

 

 cloning vector to create
a system that allows functional analysis and modification of native lacto-
coccal plasmids. If applied to novel plasmids of probiotic strains, this
system would allow the removal or replacement of undesirable plasmid
encoded genes, permit functional analysis of genes, and open the door to
creation of a wealth of native probiotic food-grade vectors.

 

6.2.3 Manipulation of the Probiotic Genome through 
Homologous Recombination

 

The integration of foreign genes into the genome constitutes an interesting
option for securely maintaining cloned genes without the need for selective
markers. This approach has been used successfully in a number of cases
including the integrative food-grade vector system successfully designed
for

 

 L. acidophilus

 

, containing 

 

β

 

-

 

galactosidase gene (

 

β

 

-gal

 

) from 

 

L. bulgaricus,

 

which was used to combine with the host chromosome, allowing selection
and stable expression of 

 

β

 

-gal

 

 (43). The transformant strain demonstrated

 

β

 

-galactosidase activity comparable with that of 

 

Streptococcus thermophilus

 

and 

 

L. bulgaricus,

 

 strains which have been used for their high -galactosidase
activity to alleviate symptoms of lactose intolerance. A second integration
system for 

 

L. casei 

 

employs two different types of site-specific recombinases
to achieve the stable integration of vector DNA into the host genome. This
system was used successfully to make a stable food-grade 

 

L. casei

 

 strain
completely immune to phage A2 infection during milk fermentation (44).
An integrative expression vector developed for 

 

L. casei

 

 that has great poten-
tial for the food and health industries was developed by Gosalbes and
coworkers (45). This system allowed the selection of stable mutants capable
of expressing foreign genes under the tight control of the 

 

lac

 

 operon pro-
moter. Russell and Klaenhammer (46) have also designed the first efficient
and effective integration strategy for thermophilic probiotic lactobacilli
such as 

 

L. acidophilus

 

 and L. gasseri. This system employs two pWV01-based
plasmids, one is the integration plasmid, and the second is a helper plasmid
with RepA. By a homologous recombination event, this system was suc-
cessfully used to disrupt lacL in L. acidophilus and gusA in L. gasseri. It is
expected that this system could be used in a number of Gram-positive
bacteria because of the broad host range of pWV01-based plasmids. This
system is not, however, suitable for single-plasmid integration experiments
due to the moderate stability of the pWV01 replicon above 42ºC. A system
has recently been described by Neu and Henrich (47) in L. gasseri using
the new delivery vehicle pTN1 whose replication is efficiently shut down
at 42ºC. A novel complementation marker that has recently been used in
lactobacilli is the alr gene from L. lactis together with the nisin-regulatory
genes in L. plantarum (48). 
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It has recently been reported that IS (insertion sequence) elements and
attP-integrase systems are the most useful emerging technologies as inte-
gration systems for lactobacilli (45). The use of IS elements may, however,
be limited due to their tendency for additional transposition events, in
comparison with phage-based integration systems that are stable, occur as
single copies, and are capable of integrating large fragments of DNA at
specific, nonessential sites on the host chromosome.

An interesting approach toward manipulating the genetic material of bac-
teria is the use of classical chemical mutagenesis, which was employed by
Ibrahim and O’Sullivan (49) in a study aimed at overproducing β-galactosi-
dase from probiotic bacteria. Chemical mutagenesis can be considered food
grade because it does not involve the introduction of heterologous DNA or
the manipulation of existing DNA by recombinant means (49). Indeed β-gal
production in this study was successfully increased in L. delbrueckeii and B.
longum by 137% and 222%, respectively.

6.3 Genomic Dissection of Probiotics

The establishment of a large bank of microbial genome sequences will provide
the inspiration to guide physiological studies, mutant selection, and the use
of genetic and protein engineering for probiotic strain development. The accu-
mulation of this sequence data is increasing at a rapid rate due to improve-

sequences can now be determined in days (50). The genomic sequence of a

completion. These include strains isolated from the human gastrointestinal

the genus Bifidobacterium isolated from the human GIT that are currently
undergoing sequencing include B. breve (see Reference 52) and two strains of
B. longum (see Reference 52). For a comprehensive review on bifidobacteria
and Lactobacillus sequencing projects, the reader is referred to Klaenhammer
et al. (52) and Renault (53). The rapidly emerging genome sequence informa-
tion is invaluable to the future course of genetic engineering, laying the foun-
dations for acquiring and analyzing biological data by transcriptome,
proteome, and metabolome analyses, as well as structural genomics, which
together constitute the era of functional genomics. A possible concern is the
discovery of unfavorable genes and metabolic capabilities that are present on
mobile genetic elements, (i.e., antibiotic resistance genes, virulence genes),
which raises the possibility that it should be a requirement that all microor-
ganisms used in food and feeds be sequenced (54). A quick and simple screen-
ing technique designed for genetic testing for antimicrobial resistance genes
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tract (GIT) such as L. plantarum, WCFS (see Reference 51), L. johnsonii, Nestle

ments in large-scale sequencing techniques. Indeed, entire bacterial genome

(see Reference 52), L. acidophilus (see http://www. calpoly.edu/~ rcano/

number of lactobacilli have already been completed or are in the course of

Eric_LAB7), L. gasseri, and L. casei (see http://www. jgi.doe.gov/). Species of

http://www.calpoly.edu
http://www.calpoly.edu
http://www.jgi.doe.gov
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has already begun on Campylobacter and Staphylococcus, as reported by Westin
and coworkers (55).

6.4 Genetic Engineering for Design of Improved 
Probiotic Cultures

6.4.1 Accentuate Functionality

The improvement and/or modulation of health-promoting properties of
probiotics through genetic manipulation (Table 6.2 for review) is still at an
early stage of investigation. This is partly to do with the fact that molecular
mechanisms for health promotion are not well understood. An exception to
this is the ability of certain probiotic strains to alleviate the symptoms of
lactose intolerance in individuals who cannot tolerate dietary lactose. This
condition is caused by a deficiency of β-gal in the small intestine, an enzyme
which hydrolyzes the main carbohydrate, lactose, in milk, to form glucose
and galactose. The consumption of live bifidobacteria and lactobacilli
improves lactose digestion and alleviates the symptoms of lactose intoler-
ance (56). Chemical mutagenesis, which is considered food grade (49), has
successfully been used to generate β-gal overproducing mutants of bifido-
bacteria and lactobacilli, thereby improving the potential of these probiotic
cultures for treating lactose intolerance in humans.

TABLE 6.2

Examples of Studies Showing the Genetic Engineering of Lactobacilli and 
Bifidobacteria

Organism Genetic Manipulation Main Objective Ref.

L. plantarum Express choA Aid cholesterol breakdown 
in food

(59)

L. plantarum Express model antigen M6-gp41E Vaginal immunization for 
HIV

(119)

L. plantarum Express cholera toxin B Protection against cholera 
toxin B

(120)

L. casei Express E7 of HPV 16 Vaginal immunization for 
papillomavirus 

(121)

L. casei Express hMBP Prevention of infectious 
diseases or treatment of 
autoimmune disease

(67)

L. johnsonii Ldh mutant Produce a safer strain (57)
L. plantarum Express Frag C Protection against tetanus 

toxin
(69)

L. plantarum Express green fluorescent protein Aid tracking in the GIT (86)
B. adolescentis Express endostatin Inhibit tumor angiogenesis (64)
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One of the most well-known examples of a probiotic strain that has been
genetically engineered for human consumption is the L. johnsonii La1 mutant
(57). When cultured in milk, the native L. johnsonii La1 strain ferments lactose
to L- and D-lactate, the latter being potentially harmful because it is linked
with D-lactate acidosis and encephalopathy in patients with short bowel
syndrome or intestinal failures (58). The genetically engineered L. johnsonii
La1 mutant, however, has a single in vitro deletion in the ldhD gene, which
effectively results in the production of L-lactate from pyruvate instead of the
potentially harmful D-lactate. Another example of where the health-promot-
ing properties of a probiotic strain have been enhanced is the expression of
the heterologous gene product cholesterol oxidase (choA) from Streptomyces,
in probiotic L. plantarum (59). Cholesterol oxidase is the first enzyme in the
degradation of cholesterol to hydrogen peroxide and ketosteroids. This
expansion of the metabolic activity of the probiotic strain potentially leads
the way to the generation of probiotic bacteria capable of changing the
composition of dairy foods, such as lowering their cholesterol content (60).

A major hurdle in gene therapy for cancer is the specific delivery of
anticancer gene products to the solid tumor (60). Bifidobacteria have been
found to germinate and proliferate in solid tumors (61), which has led to the
construction of genetically engineered bifidobacteria useful as specific gene-
delivery vectors for cancer gene therapy (62). In a study by Li and coworkers
(62), B. adolescentis was used to transport endostatin gene to solid tumors in
tumor-bearing mice. Endostatin has been shown to be an effective inhibitor
of tumor angiogenesis and growth (63), and when delivered to the site of
local tumors by the B. adolescentis vector, tumor growth was inhibited (64).

The need for improved methods for oral delivery of antigen at low cost
together with concerns over the safety of attenuated live delivery systems
have led to an interest in the use of LAB as vaccine-delivery vehicles. Lac-
tobacilli of human origin can potentially colonize or at least survive transit
to the gut mucosa, which makes them extremely attractive as vaccine vectors

streptoccocci are naturally found to colonize the oral cavity. The use of live
LAB vectors such as Lactobacillus and Streptococcus to deliver antigens includ-
ing fragment C of tetanus toxin model antigen M6-gp41E of HIV gp41
protein and E7 protein of HPV type 16, at the mucosal surface are just a few
examples from the number of potential LAB that are currently being engi-
neered for therapeutic purposes (53, 66). Interestingly, parenteral immuni-
zation with a recombinant L. casei strain that can secrete human myelin basic
protein (hMBP) has been proposed for use in oral tolerance induction for
patients with multiple sclerosis (67). In this study, a series of L. casei expres-
sion vectors were constructed to secrete hMBP or hMBP as a fusion protein
with E. coli β-glucuronidase. The successful expression and secretion of these
heterologous proteins by L. casei and their ability to induce peripheral T-cell
tolerance makes them ideal candidates for the development of delivery
vehicles for the prevention of infectious diseases or treatment of autoimmune
diseases. 
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For the delivery of therapeutic molecules, it is essential that dose-response
curves be established for the targeted biological effect (39). This may be
particularly important for lactobacilli, because in comparison with other LAB
vectors used as vaccine delivery vehicles, these may not elicit an immune
response (68). However, in a recent comparative study by Grangette and
coworkers (69), of the immunogenicity of recombinant L. plantarum and L.
lactis producing equivalent amounts of the tetanus toxin fragment C (TTFC),
the Lactobacillus strain used, i.e., L. plantarum NCIMB8826, was successful in
eliciting the strongest ELISA TTFC-specific and protective humoral response.
This would suggest that for future vaccine development, the ability of the
bacterial vector to persist in the GIT will impact on the immunogenicity and
the level of protection induced. An essential factor that may limit the use of
lactobacilli in future vaccine vector development is the number of gaps in a
comprehensive understanding of the molecular genetics underlying probi-
otic effects in this species (66). Thus, the potential for promoting health using
well-characterized recombinant LAB such as lactococci holds much appeal
(will be discussed later).

FIGURE 6.2
Lactobacilli as vaccine delivery vehicles. Lactobacilli are engineered to express an antigen and
present it at the gastrointestinal tract where it is detected by cells of the mucosal immune
system. This is done directly by dendritic cells or by M-cells of the Peyer’s patches, which then
transport the cells to antigen-presenting cells (APCs). APCs, depending on the signal, will
activate CD4+ T-cells, resulting in the stimulation of plasma cells to produce antigen-specific
immunoglobulins. (Adapted from Reference 68.)
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6.4.2 Improved Technological Suitability

Fermented dairy foods, including milk and yogurt, are among the most
accepted food carriers for delivery of viable probiotic cultures to the human
GIT. It has been recommended that foods containing such bacteria (i.e.,
probiotic functional foods) should contain at least 107 live microorganisms
per gram or per milliliter (70) at the time of consumption, in order to benefit
the consumer. Technological challenges associated with the introduction and
maintenance of such high numbers of probiotic cultures in foods include the
form of the probiotic inoculant, ability of the probiotic culture to retain
viability in the environment of the food matrix, and maintenance of probiotic
characteristics in the food product through to the time of consumption (71).
Spray-dried and freeze-dried cultures are useful means of introducing pro-
biotic culture into these food systems. However, the use of such approaches
in preparing cultures may impair viability and probiotic functionality (71).
Indeed, during the production of probiotic functional foods, substantial loss
of culture viability may be experienced. Culture viability may be reduced in
all steps from producer to site of action in the host mainly as a result of
structural and physiological injury to the bacterial cell. Survival of probiotic
bacteria through the contrasting and changing environments of food and
GIT and the ability to react to minor fluctuations in either of these environ-
ments is controlled by the stress-responsive elements of the genome. Inherent
resistance to stress obviously differs among strains and species of probiotic
bacteria. For example, survival of L. acidophilus and B. bifidum varied in
commercial yogurt preparations over a 5-week period, and the rate of decline
due to acid stress was more rapid for bifidobacteria strains compared with
lactobacilli during storage (72). Similarly, screening of a wide range of LAB
species revealed that a larger number of bifdobacteria were inherently more
sensitive to bile stress than lactobacilli (73). Indeed, lactobacilli also demon-
strate strain-to-strain variation in resistance to stress (74). Two probiotic
Lactobacillus strains, L. paracasei NFBC338 and L. salivarius UCC118, dried
under identical conditions, demonstrated a 100-fold difference in survival
during drying, with L. paracasei NFBC338 proving to be the more technolog-
ically robust strain (74). This study also revealed that L. paracasei maintained
constant viability, whereas L. salivarius declined by approximately 1 log
during 2 months of powder storage.

A well-characterized phenomenon among LAB is that sublethal stress can
lead to an elevated state of resistance (75–80), which in the case of probiotic
bacteria may be exploited to determine preconditioning treatments that can
improve survival during food processing, storage, and GI transit (78). The
use of genomics and proteomics has allowed the identification of the genes
involved in Lactobacillus and bifidobacterial stress responses such as F1F0-
ATPase (acid stress) (81), groESL and dnaK (heat stress) (80), or Osp (oxygen
stress) (83). The regulatory mechanisms, however, involved in the adaptive
response of LAB remain poorly understood (84). The mechanisms responsi-
ble for improved survival of heat- and salt-adapted probiotic L. rhamnosus
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HN001 during storage in dried form were examined using two-dimensional
gel electrophoresis, which revealed that the level of expression of classical
heat shock proteins GroEL and DnaK were upregulated in the stressed
cultures when compared with a nonstressed control (80). Interestingly, this
study also revealed changes in the synthesis of some glycolytic enzymes,
triose phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase,
phosphoglycerate kinase, and enolase, raising the possibility that these
enzymes are subject to the same regulatory mechanisms as those of the heat
and salt stress responses in lactobacilli. This insight into the proteomics
responsible for increased resistance to stress could in the future be applied
to the generation of more technologically robust probiotic strains, by over-
expressing the protective genes using food-grade molecular tools. 

In cheddar cheese-making, the proteolytic activities of the various cheese
flora determine the rate of ripening of the cheese and the flavor in the final
product. In a study by Christensson et al, (85), attempts were made to
overexpress a proteolytic enzyme PepO from the probiotic nonstarter strain
L. rhamnosus HN001. Overexpression of the enzyme was very low from its
own promoter, but with a more efficient system, the active PepO from L.
rhamnosus HN001 could benefit cheese-making technology by controlling
cheese bitterness.

As a means of tracking and monitoring the physiology of bacteria in
different environments, including the GIT, studies have been successfully
undertaken to fuse the green fluorescent protein (GFP) reporter to the nisA
promoter, which is then controlled by extracellular nisin via signal transduc-
tion (86). When introduced into L. plantarum, this system allows the success-
ful tracking of the strain both in vitro and in vivo. The food-grade generation
of silent mutations in the pepX gene of L. helveticus CNRZ32 was proposed
as an effective genetic labeling technique for detection of probiotic lactoba-
cilli (87).

6.4.3 Modification of Nonprobiotic Strains toward Improving Health 

To date, much of the research in engineering strains to have health benefits
has been directed at the development of new vaccination techniques and at
therapies to rectify enzyme malfunctions in the digestive tract using innoc-
uous bacteria such as L. lactis, which does not colonize the digestive tract of
man or animals (88, 89). The first report of an L. lactis strain being used as
antigen carrier was by Iwaki and coworkers in BALB/c mice (90), when the
recombinant strain expressed a Streptococcus mutans surface protein antigen
and successfully stimulated antigen-specific IgA and IgG immune responses
following three consecutive doses and one booster dose of 109 formalin-killed
cells. Since then, recombinant L. lactis cells have been modeled to express a
range of proteins, such as tetanus toxin fragment C, which is capable of
protecting mice from lethal challenge with tetanus toxin (91). In more recent
studies, L. lactis cells have also been modeled to express an L7/L12 protein
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to protect against Brucella abortis infection (92) and urease subunit B antigen
to protect against Helicobacter pylori infection (93).

The coexpression of stimulatory molecules as a means of further directing
the immune response is an interesting development being made with live
vaccine vectors. In particular, this approach has been successful in the treat-
ment of irritable bowel disease (IBD) and Crohn’s disease using IL-10-secret-
ing L. lactis (94). Fourteen daily intragastric doses of L. lactis (LL-mIL10)
secreting biologically active murine IL-10 (mIL-10) at 2 × 107 and control L.
lactis were administered to mice in which chronic colitis had been induced
using dextran sodium sulfate (DSS). This study showed that mice treated
with LL-mIL10 demonstrated close to 50% decrease in pathological symp-
toms, and 4 of 10 mice in the LL-mIL10-treated group had the histological
characteristics of healthy mice. Adenomas in mice treated with DSS are
common; however, in the mice treated with LL-mIL10, no adenomas were
evident. Furthermore, mIL-10 was also being synthesized in situ by LL-mIL-
10 in the colon. Although the LL-mIL10 strain was detected in other parts of
the GIT, mIL-10 was not detectable there, which may be due to protein
degradation in these areas (94). When compared with the performance of
standard antiinflammatory methods, the LL-mIL10 model worked equally
well; however, a much lower dose of mIL10 from LL-mIL10 was required to
demonstrate the same effect. This is most likely due to the rapid delivery of
mIL-10 at its therapeutic target by LL-mIL10 cells producing the protein in
the lumen where it can diffuse to the target site, or alternatively the lactococci
may be taken up by M cells and secrete mIL-10 into the intestinal lymphoid
tissue. This LL-mIL10 model system where the therapeutic agent is synthe-
sized by food-grade bacteria is a major breakthrough in the development of
localized delivery vehicles and has been approved for use in human clinical
trials.

An exciting new development in the use of LAB for vaccination has been
that the repeat domain in a major muramidase in L. lactis, Acm-A, can bind
to bacterial cells when added to these cells from the outside (95). Foreign
antigens can thus be presented on the surface of L. lactis in order to elicit a
mucosal immunogenic response by connecting this repeat domain to other
proteins by genetic engineering. This system has been effectively used to
express the MSA2 protein of Plasmodium falciparum by nasal and intragastric
immunization (96). Different approaches such as engineering leaky lactococ-
cal strains are currently being designed to increase the efficiency and safety
of LAB vaccine vectors (97). However, to date, examples of detailed immu-
nization studies are limited, with most being conducted in mice, and a paper
has reported immunization in monkeys (98). The development of effective
LAB vaccines for use in humans will depend on elucidating a full under-
standing of the mucosal immune system and a thorough assessment of the
efficacy and safety of these live vectors (66). In this respect, improvement of
local immunization, efficiency, analysis of in vivo antigen production, unrav-
eling of the Lactobacillus colonization mechanisms, and the development of
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biologically contained strains are just some of the future areas of research
that need to be addressed (97).

LAB can also be used to deliver enzymes of medical importance, such as
lactase (99) and lipase (100). The potential use of LAB to supplement the
human supply of lactase in the gut in cases of deficiency has been studied
extensively (99), and, as mentioned earlier, has proven successful with the
use of bifidobacteria and lactobacilli. An excellent example of where LAB
can be used to deliver enzymes is the use of genetically modified lactococci
as a vector to deliver lipase cloned from Staphylococcus hyicus to the GIT
(100). This system aided lipid digestion in an animal model of pancreatic
insufficiency and may be used in the treatment of this condition in humans
(100). Research on the development of LAB as cell factories for production
of biologically active compounds and nutrients such as vitamins and low-
calorie sugars is an emerging area of importance in the development of foods
or food components that have a claimed health-medical benefit (101). 

In the future, a major factor in the development of bacteria that promote
health in the host will undoubtedly be the improvement of genetic tools. In
particular, the systems employed for the secretion and anchoring of proteins
and peptides are often inefficient, resulting in inadequate levels of antigen
being secreted and exposed on the vector surface. However, the design of
new protein-targeting systems for LAB are improving. For example, a study
by Dieye and coworkers (102) designed an expression export system that
enabled the targeting of a reporter protein to specific locations in L. lactis by
modifying the signals at the N- and C-termini of the reporter protein.

6.5 Functional Genomics and Proteomics

The era of functional genomics has revolutionized the rapid development
in our understanding of the molecular and adaptive responses in bacterial
cells. For probiotic bacteria, this critical research involves the correlation of
genotypes and phenotypes that impact probiotic functionality. The availabil-
ity of probiotic genome sequences will greatly accelerate the success of
functional genomics technologies such as microarrays and proteomics. DNA
microarrays operate on the convention of DNA hybridization and can be
used to quantitate levels of gene expression as well as to detect gene muta-
tions. For DNA microarrays, gene probes are spotted onto glass slides by a
high precision robot, followed by hybridization to sample material contain-
ing either fluorescently labeled reverse transcribed mRNA (for gene expres-
sion analysis) or genomic DNA (for mutation analysis). The fluorescent
signal is then read by a laser scanner, and the extracted data may then be
analyzed using computer tools. Microarray analysis offers the possibility of
assessing coordinated gene expression across the varying conditions to
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which probiotic bacteria are exposed, and arrays are also being developed
to examine changes in the composition of the gut flora (103). 

The proteome describes the entire protein complement of a cell, and the
term refers to functional genomics at the protein level. There are two facets
to proteomics research, the first, i.e., expression proteomics, is the study of
global changes in protein expression; and the second, i.e., cell map proteom-
ics, involves the study of protein-protein interactions. O’Farrell (104) and
Klose (105) originally described a two-dimensional gel electrophoresis tech-
nique that could separate proteins on the basis of isoelectric point and molec-
ular weight. With advances in matrix-assisted laser desorption and
ionization time of flight (MALDI-TOF) mass spectroscopy, and the parallel
growth in protein and expressed sequence tag (EST) databases for rapid
identification of proteins (106), the combination of these two techniques is
a powerful approach. To date, a few proteomic maps have been completed
for LAB; however, much of the research is biased toward the study of specific
functions or situations encountered during processing (107). Future pro-
teomic research for LAB, and probiotic bacteria in particular, is certain to be
applied to biomedical studies, i.e., strain identification, mechanisms of
action, and drug resistance.

Bioinformatic systems to date have allowed for cluster analysis of tran-
scriptome data (i.e., all RNAs synthesized in the cell) to provide cellular
process information and also to assign function to unknown genes (50). The
integrative E-Cell model building of “minimal” cells to predict their dynam-
ics and allowing “in silico” experimenting can readily be used for modeling
of LAB. This software package enables modeling of metabolic pathways and
other higher-order cellular processes such as protein synthesis and signal
transduction, and this system can continuously be updated as more genomic
information becomes available. A second valuable program is the “Virtual
cell” that can be used to simulate cellular processes. For this system, the
information is provided as biochemical and electrophysiological data of the
cell. This era of functional genomics, composed of microarrays, proteomics,
and advances in bioinformatics, will set the course for genome mining and
functional analysis of biological systems by readouts of tens of thousands
of genes and their products simultaneously (50).

6.6 Safety Legislation and Risk Assessment

It is crucial that probiotic cultures are safe for human use; this is especially
important in the case of immunocompromised hosts. The majority of micro-
organisms used as probiotics are LAB, which have GRAS (generally rec-
ognized as safe) status. A LABIP workshop organized to discuss the safety
of LAB recognized that the major concern regarding their use of Lactic
Acid Bacteria Industrial Platform as probiotics is their intrinsic resistance
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to antibiotics (108). This is particularly a problem when considering the
use of Enterococci, which are inherently vancomycin resistant (108). Lacto-
bacilli and bifidobacteria, on the other hand, generally do not carry resis-
tances that are transmissible, and in many cases are sensitive to clinically
used antibiotics (108). Many probiotic cultures have undergone safety test-
ing. This is particularly true in the case of Lactobacillus GG, which has a
considerable bank of data to demonstrate its safety (109). Genetically mod-
ified probiotic bacteria must undergo even more rigorous safety assesment
prior to use for human consumption. Genetically modified organisms
(GMOs) are currently defined as organisms that contain genetic material
that has been altered in a manner that does not occur by natural mutation,
mating, or recombination event (53). The introduction of GMOs to the food
chain is regulated in the U.S. by the Food and Drug Administration (FDA)
and in Europe by the Novel Foods Regulation (258/97/EC). The FDA
defines a food additive as any substance “not generally recognized as safe”
by qualified experts. Most LAB used in foods are perceived as having GRAS
status, due to a long history of safe use, thus food producers do not need
FDA approval prior to marketing of LAB-containing products. In the case
of probiotics, the U.S. Dietary Supplement Health and Education Act
(DSHEA) (1994) states that a new ingredient in dietary supplement does
not need FDA approval prior to release on the market, but the FDA must
be notified at least 75 days prior to the intended market date (110). In
Europe, the Novel Foods Regulation defines a novel food or food ingredient
as “food and food ingredients which have not hitherto been used for
human consumption to a significant degree within the community," making
this regulation applicable to newly discovered strains or GMOs. Where
microorganisms are used as vehicles for production, both the safety of the
microorganism and final product must be determined. Because many LAB
contain plasmid or transposon-encoded antibiotic resistance genes, a crit-
ical factor that must be determined is the stability of the novel microor-
ganism, in particular the ability of the microorganism to transfer genetic
material to other microorganisms within the host (110). On a global basis,
these regulations determine that for GMOs to reach the marketplace, their
novel genetic combinations should be selected, tightly maintained, and
expressed using food-grade systems that are safe, stable, and sustainable
(111). 

The purpose of risk assessment for the deliberate release of GMOs is to
identify and evaluate the risks associated with their release. This is con-
trolled in the U.S. by the Environmental Protection Agency (EPA) under
the Toxic Substances Control Act Biotechnology Program (112). Other
organizations involved in assessing the risk of releasing GMOs include
the European Commission and BATS (the Biosafety Research and the
Assessment of Biotechnology Impacts of the Swiss Priority Program Bio-
technology), and EFB (the Working Party on Safety in Biotechnology of
the European Federation Biotechnology) (112). In the EU, Directive 90/
220/EEC is the principal legislation governing experimental and commer-
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cial release of GMOs (53); this was updated in October 2002. Self-cloning
(10) is an exception to the EU Directive on the contained use of GMOs
(CEC219, 1990). By adhering to the terms of these organizations, it is
possible to achieve approval for the use of GMOs in the EU (100). In
Europe, the time and cost associated with acquiring legal approval and a
subsequent market for GMOs will possibly dictate that there will be a
limited number of these products. It is more likely that major markets for
these types of products will develop in the U.S. and the rest of the world
(54). With the advent of better documentation of the probiotic effect and
clearly described health benefits, it is possible that European consumers
will accept GMO-probiotics.

6.7 Conclusion and Future Developments

Molecular biology has provided the means to manipulate probiotic bacteria
for both novel and specialized tasks, either in food or in the intestinal tract
of the host. Genetic engineering of probiotic strains may, in the future, be
directed at meeting general consumer demands such as reduction of heart
disease, cancer, osteoporosis, high blood pressure, stress, tooth decay, and
obesity, and products that provide energy and enhance athletic performance
(113). More specific requirements of future probiotic strains, such as produc-
tion of riboflavin, folate, B-vitamins, and low-calorie sugars, will also need
to be addressed. Food-grade bacteria are already being engineered to pro-
duce medicinal enzymes such as cholesterol oxidase, lipase, and β-galactosi-
dase, and this may be expanded to bioconversion capabilities for improving
the nutritional quality of foods. For example, engineered Lactobacillus strains
may have the capacity of some bifidobacteria isolates (114) to convert linoleic
acid to the beneficial fatty acid cis-9, trans-11 conjugated linoleic acid (CLA).
Targets for microbiologists engineering probiotic bacteria in the future are
likely to be centered around metabolic engineering, linking cultures with
protective prebioitics, colonization, delivery of digestive enzymes, and vac-
cine developments (115). No doubt the delicate balance between advances
in molecular biology and bioinformatics, safety risk and assessment, market
demands and consumer opinion, and finally economics will determine the
future success of genetically engineered probiotic bacteria. 

Acknowledgments

This work was funded by the Irish Government under the National Devel-
opment Plan 2000-2006, the European Research and Development Fund, and

DK3341_C006.fm  Page 156  Thursday, September 1, 2005  8:28 AM

© 2006 by Taylor & Francis Group, LLC



Genetic Engineering of Probiotic Bacteria 157

by EU Project QLK1-CT-2000-30042. C. Desmond is in receipt of a Teagasc
Walsh Fellowship.

References

1. FAO/WHO. Evaluation of Health and Nutritional Properties of Powder Milk
with Live Lactic Acid Bacteria. Proceedings of FAO/WHO Expert Consultation,
Cordoba, Argentina, 2001. 

2. AC Huggett, B Schilter. Research needs for establishing the safety of functional
foods. Nutr. Rev., 54: S143–S148, 1996.

3. C Stanton, C Desmond, G Fitzgerald, R Ross. Probiotics-health benefits —
reality or myth. Aust. J. Dairy Tech., 58: 107–113, 2003.

4. E Isolauri, M Kaila, H Mykkanen, WH Ling, S Salminen. Oral bacteriotherapy
for viral gastroenteritis. Dig. Dis. Sci., 39: 2595–2600, 1994.

5. M Kalliomaki, S Salminen, H Arvilommi, P Kero, P Koskinen, E Isolauri.
Probiotics in primary prevention of atopic disease: a randomised placebo-
controlled trial. Lancet, April: 1076–1079, 2001.

6. P Gionchetti, F Rizzello, U Helwig, A Venturi, KM Lammers, P Brigidi, B Vitali,
G Poggioli, M Miglioli, M Campieri. Prophylaxis of pouchitis onset with pro-
biotic therapy: A double-blind, placebo-controlled trial. Gastroenterology, 124:
1202–1209, 2003.

7. M Cross. Immunoregulation by probiotic lactobacilli: pro-Th1 signals and their
relevance to human health. Clin. Appl. Immunol., 3: 115–125, 2002.

8. WP Hammes, H Hertel. Research approaches for pre- and probiotics: challenges
and outlook. Food Res. Int., 35: 165–170, 2002.

9. A Bolotin, P Wincker, S Mauger, O Jaillon, K Malarme, J Weisenbach, SD
Ehrlich, A Sorokin. The complete genome sequence of the lactic acid bacterium
Lactococcus lactis ssp lactis IL1403. Genome Res., 11: 731–753, 2001.

10. W de Vos. Safe and sustainable systems for food-grade fermentations by ge-
netically modified lactic acid bacteria. Int. Dairy J., 9: 3–10, 1999.

11. J Sambrook, D Russell. Molecular Cloning. A Laboratory Manual, 3rd ed, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, New York, 2001.

12. BM Chassy, J Flickinger. Transformation of Lactobacillus casei by electroporation.
FEMS Microbiol. Lett., 44: 173–177, 1987.

13. TW Aukrust, MB Brurberg, IF Nes. Transformation of Lactobacillus by electropo-
ration. Methods Mol. Biol., 47: 201–208, 1995.

14. MQ Wei, CM Rush, JM Norman, LM Hafner, RJ Epping, P Timms. An improved
method for the transformation of Lactobacillus strains using electroporation. J.
Microbiol. Methods, 21: 97–109, 1995.

15. MT Aymerich, M Hugas, M Garriga, RF Vogel, J Monfort. Electroporation of
meat lactobacilli. Effect of several parameters on their efficiency. J. Appl. Bacte-
riol., 75: 320–325, 1993.

16. MJ Kullen, TR Klaenhammer. Genetic modification of intestinal lactobacilli and
bifidobacteria. Curr. Issues Mol. Biol., 2: 41–50, 2000.

17. J Kok, MB Jos, M van der Vossen, G Venema. Construction of plasmid cloning
vectors for lactic streptococci which also replicate in Bacillus subtilis and Escher-
ichia coli. Appl. Environ. Microbiol., 48: 726–731, 1984.

DK3341_C006.fm  Page 157  Thursday, September 1, 2005  8:28 AM

© 2006 by Taylor & Francis Group, LLC



158 Probiotics in Food Safety and Human Health

18. A McCracken, P Timms. Efficiency of transcription from promoter sequence
variants in Lactobacillus is both strain and context dependent. J. Bacteriol., 181:
6569–6572, 1999.

19. PH Pouwels, JA Leunissen. Divergence in codon usage of Lactobacillus species.
Nucleic Acids Res., 22: 929–936, 1994.

20. A Argnani, RJ Leer, N van Luijk, PH Pouwels. A convenient and reproducible
method to genetically transform bacteria of the genus Bifidobacterium. Microbi-
ology, 142 ( Pt 1): 109–114, 1996.

21. M Rossi, P Brigidi, D Matteuzzi. An efficient transformation system for Bifido-
bacterium spp. Lett. Appl. Microbiol., 24: 33–36, 1997.

22. V Scardovi. Genus Bifidobacteriumus. In: PHA Sneath, NS Mair, ME Sharpe, JG
Holt, Eds. Bergey’s Manual of Systematic Bacteriology, vol. 2. Baltimore, MD: The
Williams & Wilkins Co., 1986, 1418–1434.

23. MJ van der Werf, K Venema. Bifidobacteria: genetic modification and the study
of their role in the colon. J. Agric. Food Chem., 49: 378–383, 2001.

24. MN Hung, Z Xia, NT Hu, BH Lee. Molecular and biochemical analysis of two
beta-galactosidases from Bifidobacterium infantis HL96. Appl. Environ. Microbiol.,
67: 4256–4263, 2002.

25. N Nunoura, O Kohji, T Keiko, T Hisanori, Y Toshihiro, I Masayuki, Y Hideaki,
Y Kenji, K Hidehiko. Cloning and nucleotide sequence of the beta-D-glucosi-
dase gene from Bifidobacterium breve clb and expression of beta-D-glucosidase
activity in Escherichia coli. Biosci. Biotechnol. Biochem., 60: 2011–2018, 1996.

26. M Rossi, L Altomare, VRA Gonzalez, P Brigidi, D Matteuzzi. Nucleotide se-
quence, expression and transcriptional analysis of the Bifidobacterium longum
MB 219 lacZ gene. Arch. Microbiol., 174: 74–80, 2000.

27. H Tanaka, H Hashiba, J Kok, I Mierau. Bile salt hydrolase of Bifidobacterium
longum—biochemical and genetic characterization. Appl. Environ. Microbiol., 66:
2502–2512, 2000.

28. L Meile, LM Rohr, TA Geissmann, M Herensperger, M Teuber. Characterization
of the D-xylulose 5-phosphate/D-fructose 6-phosphate phosphoketolase gene
(xfp) from Bifidobacterium lactis. J. Bacteriol., 183: 2929–2936, 2001.

29. MI Trindade, VR Abratt, S Reid. Induction of sucrose utilization genes from
Bifidobacterium lactis by sucrose and raffinose. Appl. Environ. Microbiol., 69:
24–32, 2003.

30. MS Park, DW Shin, KH Lee, G Ji. Sequence analysis of plasmid pKJ50 from
Bifidobacterium longum. Microbiology, 145 (Pt 3): 585–592, 1999.

31. M Rossi, P Brigidi, A Gonzalez Vara y Rodriguez, DMatteuzzi. Characterization
of the plasmid pMB1 from Bifidobacterium longum and its use for shuttle vector
construction. Res. Microbiol., 147: 133–143, 1996.

32. M Posno, PT Heuvelmans, MJ van Giezen, BC Lokman, RJ Leer, P Pouwels.
Complementation of the inability of Lactobacillus strains to utilize D-xylose with
D-xylose catabolism-encoding genes of Lactobacillus pentosus. Appl. Environ.
Microbiol., 57: 2764–2766, 1991.

33. H Hashiba, R Takiguchi, K Jyoho, K Aoyama. Establishment of a host-vector
system in Lactobacillus helveticus with beta-galactosidase activity as a selection
marker. Biosci. Biotechnol. Biochem., 56: 190–194, 1992.

34. TM Takala, PE Saris, S Tynkkynen. Food-grade host/vector expression system
for Lactobacillus casei based on complementation of plasmid-associated phos-
pho- beta-galactosidase gene lacG. Appl. Microbiol. Biotechnol., 60: 564–570, 2003.

DK3341_C006.fm  Page 158  Thursday, September 1, 2005  8:28 AM

© 2006 by Taylor & Francis Group, LLC



Genetic Engineering of Probiotic Bacteria 159

35. E Wanker, RJ Leer, PH Pouwels, H Schwab. Expression of Bacillus subtilis
levanase gene in Lactobacillus plantarum and Lactobacillus casei. Appl. Microbiol.
Biotechnol., 43: 297–303, 1995.

36. TM Takala, P Saris. A food-grade cloning vector for lactic acid bacteria based
on the nisin immunity gene nisI. Appl. Microbiol. Biotechnol., 59: 467–471,

37. GE Allison, T Klaenhammer. Functional analysis of the gene encoding immu-
nity to lactacin F, lafI, and its use as a Lactobacillus-specific, food-grade genetic
marker. Appl. Environ. Microbiol., 62: 4450–4460, 1996.

38. O McAuliffe, C Hill, RP Ross. Identification and overexpression of ltnl, a novel
gene which confers immunity to the two-component lantibiotic lacticin 3147.
Microbiology, 146 ( Pt 1): 129–138, 2000.

39. S Pavan, P Hols, J Delcour, MC Geoffroy, C Grangette, M Kleerebezem, A
Mercenier. Adaptation of the nisin-controlled expression system in Lactobacillus
plantarum: a tool to study in vivo biological effects. Appl. Environ. Microbiol., 66:
4427–4432, 2000.

40. B Binishofer, I Moll, B Henrich, U Blasi. Inducible promoter-repressor system
from the Lactobacillus casei phage phiFSW. Appl. Environ. Microbiol., 68:
4132–4135, 2002.

41. KI Sorensen, R Larsen, A Kibenich, MP Junge, E Johansen. A food-grade cloning
system for industrial strains of Lactococcus lactis. Appl. Environ. Microbiol., 66:
1253–1258, 2000.

42. PD Cotter, C Hill, R Ross. A food-grade approach for functional analysis and
modification of native plasmids in Lactococcus lactis. Appl. Environ. Microbiol.,
69: 702–706, 2003.

43. MY Lin, S Harlander, D Savaiano. Construction of an integrative food-grade
cloning vector for Lactobacillus acidophilus. Appl. Microbiol. Biotechnol., 45:
484–489, 1996.

44. MC Martin, JC Alonso, JE Suarez, M Alvarez. Generation of food-grade recom-
binant lactic acid bacterium strains by site-specific recombination. Appl. Envi-
ron. Microbiol., 66: 2599–2604, 2000.

45. MJ Gosalbes, CD Esteban, JL Galan, G Perez-Martinez. Integrative food-grade
expression system based on the lactose regulon of Lactobacillus casei. Appl.
Environ. Microbiol., 66: 4822–4828, 2000.

46. WM Russell, T Klaenhammer. Generating site specific integrations in the ge-
nomes of thermophilic, probiotic lactobacilli via homologous recombination.
Proceedings of the 101st General Meeting of the American Society for Micro-
biology, Orlando, FL, 2001.

47. T Neu, B Henrich. New thermosensitive delivery vector and its use to enable
nisin-controlled gene expression in Lactobacillus gasseri. Appl. Environ. Microbi-
ol., 69: 1377–1382, 2003.

48. PA Bron, MG Benchimol, J Lambert, E Palumbo, M Deghorain, J Delcour, WM
De Vos, M Kleerebezem, P Hols. Use of the alr gene as a food-grade selection
marker in lactic acid bacteria. Appl. Environ. Microbiol., 68: 5663–5670, 2002.

49. SA Ibrahim, D O'Sullivan. Use of chemical mutagenesis for the isolation of
food grade beta-galactosidase overproducing mutants of bifidobacteria, lacto-
bacilli and Streptococcus thermophilus. J. Dairy Sci., 83: 923–930, 2000.

50. OP Kuipers. Genomics for food biotechnology: prospects of the use of high-
throughput technologies for the improvement of food microorganisms. Curr.
Opinion Biotechnol., 10: 511–516, 1999.

DK3341_C006.fm  Page 159  Thursday, September 1, 2005  8:28 AM

© 2006 by Taylor & Francis Group, LLC



160 Probiotics in Food Safety and Human Health

51. M Kleerebezem, J Boekhorst, R van Kranenburg, D Molenaar, OP Kuipers, R
Leer, R Tarchini, SA Peters, HM Sandbrink, MW Fiers, W Stiekema, RM
Lankhorst, PA Bron, SM Hoffer, MN Groot, R Kerkhoven, M de Vries, B Ursing,
WM de Vos, RJ Siezen. Complete genome sequence of Lactobacillus plantarum
WCFS1. Proc. Natl. Acad. Sci. U. S. A., 100: 1990–1995, 2003.

52. T Klaenhammer, E Altermann, F Arigoni, A Bolotin, F Breidt, J Broadbent, R
Cano, S Chaillou, J Deutscher, M Gasson, M van de Guchte, J Guzzo, A Hartke,
T Hawkins, P Hols, R Hutkins, M Kleerebezem, J Kok, O Kuipers, M Lubbers,
E Maguin, L McKay, D Mills, A Nauta, R Overbeek, H Pel, D Pridmore, M
Saier, D van Sinderen, A Sorokin, J Steele, D O'Sullivan, W de Vos, B Weimer,
M Zagorec, R Siezen. Discovering lactic acid bacteria by genomics. Antonie Van
Leeuwenhoek, 82: 29–58, 2002.

53. P Renault. Genetically modified lactic acid bacteria: applications to food or
health and risk assessment. Biochimie, 84: 1073–1087, 2002.

54.  EB Hansen. Commercial bacterial starter cultures for fermented foods of the
future. Int. J. Food Microbiol., 78: 119–131, 2002.

55. L Westin, C Miller, D Vollmer, D Canter, R Radtkey, M Nerenberg, J O'Connell.
Antimicrobial resistance and bacterial identification utilizing a microelectronic
chip array. J. Clin. Microbiol., 39: 1097–1104, 2001.

56. T Jiang, A Mustapha, D Savaiano. Improvement of lactose digestion in humans
by ingestion of unfermented milk containing Bifidobacterium longum. J. Dairy
Sci., 79: 750–757, 1996.

57. B Mollet. Genetically improved starter strains: opportunities for the dairy in-
dustry. Int. Dairy J., 9: 11–15, 1999.

58. G Bongaerts, J Tolboom, T Naber, J Bakkeren, R Severijnen, H Willems. D-lactic
acidemia and aciduria in pediatric and adult patients with short bowel syn-
drome. Clin. Chem., 41: 107–110, 1995.

59. P Kiatpapan, M Yamashita, N Kawaraichi, T Yasuda, Y Murooka. Heterologous
expression of a gene encoding cholesterol oxidase in probiotic strains of Lacto-
bacillus plantarum and Propionibacterium freudenreichii under the control of native
promoters. J. Biosci. Bioeng., 92: 459–465, 2001.

60. DI Pereria, GR Gibson. Effect of consumption of probiotics and predotics on
seum lipid levels in humans. Crit. Rev. Brochem. Mol. Biol. 37:259–281, 2002.

61. K Yazawa, M Fujimori, J Amano, Y Kano, S Taniguchi. Bifidobacterium longum
as a delivery system for cancer gene therapy: selective localization and growth
in hypoxic tumors. Cancer Gene Ther., 7: 269–274, 2000.

62. X Li, GF Fu, YR Fan, WH Liu, XJ Liu, JJ Wang, G Xu. Bifidobacterium adoles-
centis as a delivery system of endostatin for cancer gene therapy: selective
inhibitor of angiogenesis and hypoxic tumor growth. Cancer Gene Ther., 10:
105–111, 2003.

63. MS O'Reilly, T Boehm, Y Shing, N Fukai, G Vasios, WS Lane, E Flynn, JR
Birkhead, BR Olsen, J Folkman. Endostatin: an endogenous inhibitor of angio-
genesis and tumor growth. Cell, 88:277–285, 1997.

64. N Ibnar, Zerki, S Blum, EJ Schifrin, T von der Weid, Divergent patterns of
colonization and immune response elected from two intestinal Lactobacillus
strains that display similar preperties in vitro. Infect. immun. 71:428–436, 2003.

65. PH Pouwels, RJ Leer, M Shaw, MJ Heijne den Bak-Glashouwer, TD Tielen, E
Smit, B Martinez, J Jore, PL Conway. Lactic acid bacteria as antigen delivery
vehicles for oral immunization purposes. Int. J. Food Microbiol., 41: 155–167,
1998.

DK3341_C006.fm  Page 160  Thursday, September 1, 2005  8:28 AM

© 2006 by Taylor & Francis Group, LLC



Genetic Engineering of Probiotic Bacteria 161

66. G Perdigon, R Fuller, R Raya. Lactic acid bacteria and their effect on the immune
system. Curr. Issues Intest. Microbiol., 2: 27–42, 2001.

67. CB Maassen, JD Laman, MJ den Bak-Glashouwer, FJ Tielen, JC van Holten-
Neelen, L Hoogteijling, C Antonissen, RJ Leer, PH Pouwels, WJ Boersma, DM
Shaw. Instruments for oral disease-intervention strategies: recombinant Lacto-
bacillus casei expressing tetanus toxin fragment C for vaccination or myelin
proteins for oral tolerance induction in multiple sclerosis. Vaccine, 17:
2117–2128, 1999.

68.  JF Seegers. Lactobacilli as live vaccine delivery vectors: progress and prospects.
Trends Biotechnol., 20: 508–515, 2002.

69. C Grangette, H Muller-Alouf, MGeoffroy, D Goudercourt, M Turneer, A Mer-
cenier. Protection against tetanus toxin after intragastric administration of two
recombinant lactic acid bacteria: impact of strain viability and in vivo persis-
tence. Vaccine, 20:3304–3309, 2002.

70. N Ishibashi, S Shimamura. Bifidobacteria: research and development in Japan.
Food Technol., 46: 126 – 135, 1993.

lenges facing development of probiotic-containing functional foods. In: Farn-
worth E., Ed., Challenges Facing Development of Probiotic-Containing Functional
Foods, CRC Press, Boca Raton, Florida, 2003, Chap 11.

72.  NP Shah, WEV Lankaputhra, ML Britz, W Kyle. Survival of Lactobacillus
acidophilus and Bifidobacterium bifidum in commercial yoghurt during refriger-
ated storage. Int. Dairy J., 5: 515–521, 1995.

73. G Kociubinski, P Perez, G De Antoni. Screening of bile resistance and bile
precipitation in lactic acid bacteria and bifidobacteria. J. Food Prot., 62: 905–912,
1999.

74. GE Gardiner, E O'Sullivan, J Kelly, MA Auty, GF Fitzgerald, JK Collins, RP
Ross, C Stanton. Comparative survival rates of human-derived probiotic Lac-
tobacillus paracasei and L. salivarius strains during heat treatment and spray
drying. Appl. Environ. Microbiol., 66: 2605–2612, 2000.

75. NP Shah. Probiotic bacteria: selective enumeration and survival in dairy foods.
J. Dairy Sci., 83: 894–907, 2000.

76. HK Park, JS So, T Heo. Acid adaptation promotes survival of Bifidobacterium
breve against environmental stress. Food Biotechnol., 4: 226–230, 1995.

77. G Schmidt, R Zink. Basic features of the stress response in three species of
bifidobacteria: B. longum, B. adolescentis, and B. breve. Int. J. Food Microbiol., 55:
41–45, 2000.

78.  C Desmond, C Stanton, GF Gitzgerald, K Collins, RP Ross. Environmental
adaptation of probiotic lactobacilli towards improved performance during
spray drying. Int. Dairy J., 11: 801 – 808, 2001.

79. WS Kim, L Perl, JH Park, JE Tandianus, N Dunn. Assessment of stress response
of the probiotic Lactobacillus acidophilus. Curr. Microbiol., 43: 346–350, 2001.

80. J Prasad, P McJarrow, P Gopal. Heat and osmotic stress responses of probiotic
Lactobacillus rhamnosus HN001 (DR20) in relation to viability after drying. Appl.
Environ. Microbiol., 69: 917–925, 2003.

81. MJ Kullen, T Klaenhammer. Identification of the pH-inducible, proton-trans-
locating F1F0-ATPase (atpBEFHAGDC) operon of Lactobacillus acidophilus by
differential display: gene structure, cloning and characterization. Mol. Microbi-
ol., 33: 1152–1161, 1999.

DK3341_C006.fm  Page 161  Thursday, September 1, 2005  8:28 AM

© 2006 by Taylor & Francis Group, LLC

71. C Stanton, C Desmond, M Coakley, JK Collins, G Fitzgerald, RP Ross. Chal-



162 Probiotics in Food Safety and Human Health

82. M Ventura, R Zink, GF Fitzgerald, D von Sindern. Gene structure and tran-
scriptional organization of the dnaK operon of Bifidobacterium breve UCC 2003
and application of the operon in bifidobacterial tracing. Appl. Environ. Microbiol.
71: 487–500, 2005.

83. JB Ahn, HJ Hwang, J Park. Physiological responses of oxygen tolerant anaerobic
Bifidobacterium longum under oxygen. J. Microbiol. Biotechnol., 11: 443–451, 2001.

84. M van de Guchte, P Serror, C Chervaux, T Smokvina, SD Ehrlich, E Maguin.
Stress responses in lactic acid bacteria. Antonie Van Leeuwenhoek, 82: 187–216,
2002.

85. C Christensson, H Bratt, L LJ Collins, T Coolbear, R Holland, MW Lubbers,
PW O'Toole, J Reid. Cloning and expression of an oligopeptidase, PepO, with
novel specificity from Lactobacillus rhamnosus HN001 (DR20). Appl. Environ.
Microbiol., 68: 254–262, 2002.

86. EE Vaughan, B Mollet, WM deVos. Functionality of probiotics and intestinal
lactobacilli: light in the intestinal tract tunnel. Curr. Opin. Biotechnol., 10:
505–510, 1999.

87. E Malinen, LR Laitinen, A Palva. Genetic labelling of lactobacilli in a food grade
manner for strain-specific detection of industrial starters and probiotic strains.
Food Microbiol., 18: 309–317, 2001.

88. M Gruzza, M Fons, MF Ouriet, Y Duval-Iflah, R Ducluzeau. Study of gene
transfer in vitro and in the digestive tract of gnotobiotic mice from Lactococcus
lactis strains to various strains belonging to human intestinal flora. Microb.
Releases, 2: 183–189, 1994.

89. N Klijn, AH Weerkamp, WM de Vos. Genetic marking of Lactococcus lactis
shows its survival in the human gastrointestinal tract. Appl. Environ. Microbiol.,
61: 2771–2774, 1995.

90. M Iwaki, N Okahashi, I Takahashi, T Kanamoto, Y Sugita-Konishi, K Aibara,
T Koga. Oral immunization with recombinant Streptococcus lactis carrying the
Streptococcus mutans surface protein antigen gene. Infect. Immun., 58: 2929–2934,
1990.

91. JM Wells, PW Wilson, PM Norton, MJ Gasson, RWL Page. Lactococcus lactis:
high-level expression of tetanus toxin fragment C and protection against lethal
challenge. Mol. Microbiol., 8: 1155–1162, 1993.

92. LA Ribeiro, V Azevedo, Y Le Loir, SC Oliveira, Y Dieye, JC Piard, A Gruss, P
Langella. Production and targeting of the Brucella abortus antigen L7/L12 in
Lactococcus lactis: a first step towards food-grade live vaccines against brucel-
losis. Appl. Environ. Microbiol., 68: 910–1006, 2002.

93. MH Lee, Y Roussel, M Wilks, S Tabaqchali. Expression of Helicobacter pylori
urease subunit B gene in Lactococcus lactis MG1363 and its use as a vaccine
delivery system against H. pylori infection in mice. Vaccine, 19: 3927–3935, 2001.

94. L Steidler, W Hans, L Schotte, S Neirynck, F Obermeier, W Falk, W Fiers, E
Remaut. Treatment of murine colitis by Lactococcus lactis secreting interleukin-
10. Science, 289: 1352–1355, 2000.

95. WN Konings, J Kok, OP Kuipers, B Poolman. Lactic acid bacteria: the bugs of
the new millennium. Curr. Opin. Microbiol., 3: 276–282, 2000.

96. K Leenhouts, G Buist, J Kok. Anchoring of proteins to lactic acid bacteria.
Antonie Van Leeuwenhoek, 76: 367–376, 1999.

97. A Mercenier, U Wiedermann, H Breiteneder. Edible genetically modified mi-
croorganisms and plants for improved health. Curr. Opin. Biotechnol., 12:
510–515, 2001.

DK3341_C006.fm  Page 162  Thursday, September 1, 2005  8:28 AM

© 2006 by Taylor & Francis Group, LLC



Genetic Engineering of Probiotic Bacteria 163

98. S Di Fabio, D Medaglini, CM Rush, F Corrias, GL Panzini, M Pace, P Verani,
G Pozzi, F Titti. Vaginal immunization of Cynomolgus monkeys with Strepto-
coccus gordonii expressing HIV-1 and HPV 16 antigens. Vaccine, 16: 485–492,
1998.

99. SE Gilliland, HS Kim. Effect of viable starter culture bacteria in yogurt on
lactose utilization in humans. J. Dairy Sci., 67: 1–6, 1984.

100. S Drouault, C Juste, P Marteau, P Renault, G Corthier. Oral treatment with
Lactococcus lactis expressing Staphylococcus hyicus lipase enhances lipid diges-
tionin pigs with induced pancreatic insufficiency. Appl. Environ. Microbiol., 68:
3166–3168, 2002.

101. J Hugenholtz, W Sybesma, MN Groot, W Wisselink, V Ladero, K Burgess, D
van Sinderen, JC Piard, G Eggink, EJ Smid, G Savoy, F Sesma, T Jansen, P Hols,
M Kleerebezem. Metabolic engineering of lactic acid bacteria for the production
of nutraceuticals. Antonie Van Leeuwenhoek, 82: 217–235, 2002.

102. Y Dieye, S Usai, F Clier, A Gruss, J-C Piard. Design of a protein-targeting system
for lactic acid bacteria. J. Bacteriol., 183: 4157–4166, 2001.

103. AL Hart, AJ Stagg, M Frame, H Graffner, H Glise, P Falk, MA Kann. The role
of the gut flora in health and disease, and its modification as therapy. Ailment
Pharmacol. Ther. 16: 1383–1393, 2000.

104. PH O'Farrell. High resolution two-dimensional electrophoresis of proteins. J.
Biol. Chem., 250: 4007–4021, 1975.

105. J Klose. Protein mapping by combined isoelectric focusing and electrophoresis
of mouse tissues. A novel approach to testing for induced point mutations in
mammals. Humangenetik, 26: 231–243, 1975.

106. WP Blackstock, M Weir. Proteomics: quantitative and physical mapping of
cellular proteins. Trends Biotechnol., 17: 121–127, 1999.

107. MC Champomier-Verges, E Maguin, MY Mistou, P Anglade, JF Chich. Lactic
acid bacteria and proteomics: current knowledge and perspectives. J. Chro-
matogr. B Analyt. Technol. Biomed. Life Sci., 771: 329–342, 2002.

108. S Salminen, A von Wright, L Morelli, P Marteau, D Brassart, WM de Vos, R
Fonden, M Saxelin, K Collins, G Mogensen, SE Birkeland, T Mattila-Sandholm. 

 Demonstration of safety of probiotics — a review. Int. J. Food Microbiol., 44:
93–106, 1998.

109. M Saxelin. Lactobacillus GG-a human probiotic strain with thorough clinical
documentation. Food Rev. Int., 13: 293–313, 1997.

110. J Feord. Lactic acid bacteria in a changing legislative environment. Antonie Van
Leeuwenhoek, 82: 353–360, 2002.

111. WM deVos. Safe and sustainable systems for food-grade fermentations by
genetically modified lactic acid bacteria. Int. Dairy J., 9: 3–10, 1999.

112. O Doblhoff-Dier, H Bachmayer, A Bennett, G Brunius, K Burki, M Cantley, C
Stepankova, G Tzotzos, K Wagner, R Werner. Safe biotechnology 9: values in
risk assessment for the environmental application of microorganisms. The Safe-
ty in Biotechnology Working Party of the European Federation of Biotechnol-
ogy. Trends Biotechnol., 17: 307–311, 1999.

113. M Hilliam. The market for functional foods. Int. Dairy J., 6: 349–353, 1998.
114. M Coakley, RP Ross, M Nordgren, G Fitzgerald, R Devery, C Stanton. Conju-

gated linoleic acid biosynthesis by human-derived Bifidobacterium species. J.
Appl. Microbiol., 94: 138–145, 2003.

115. TR Klaenhammer, MJ Kullen. Selection and design of probiotics. Int. J. Food
Microbiol., 50: 45–57, 1999.

DK3341_C006.fm  Page 163  Thursday, September 1, 2005  8:28 AM

© 2006 by Taylor & Francis Group, LLC



164 Probiotics in Food Safety and Human Health

116. JB Luchansky, PM Muriana, TR Klaenhammer. Application of electroporation
for transfer of plasmid DNA to Lactobacillus, Lactococcus, Leuconostoc, Listeria,
Pediococcus, Bacillus, Staphylococcus, Enterococcus and Propionibacterium. Mol. Mi-
crobiol., 2: 637–646, 1988

117. H Hashiba, R Takiguchi, S Ishii, K Aoyama. Transformation of Lactobacillus
helveticus subsp. jugurti with plasmid pLHR by electroporation. Agric. Biol.
Chem., 54: 1537–1541, 1990.

118. P Serror, T Sasaki, SD Ehrlich, E Maguin. Electrotransformation of Lactobacillus
delbrueckii (subsp.) bulgaricus and L. delbrueckii (subsp.) lactis with various plas-
mids. Appl. Environ. Microbiol., 68: 46–52, 2002.

119. P Hols, P Slos, P Dutot, J Reymund, P Chabot, B Delplace, J Delcour, A Mer-
cenier. Efficient secretion of the model antigen M6-gp41E in Lactobacillus plan-
tarum NCIMB 8826. Microbiology, 143 (8): 2733–2741, 1997.

120. P Slos, P Dutot, J Reymund, P Kleinpeter, D Prozzi, MP Kieny, J Delcour, A
Mercenier, P Hols. Production of cholera toxin B subunit in Lactobacillus. FEMS
Microbiol. Lett., 169: 29–36, 1998.

121. D Medaglini, MR Oggioni, G Pozzi. Vaginal immunization with recombinant
Gram-positive bacteria. Am. J. Reprod. Immunol., 39: 199–208, 1998.

DK3341_C006.fm  Page 164  Thursday, September 1, 2005  8:28 AM

© 2006 by Taylor & Francis Group, LLC



 

165

 

7

 

Immunochemical Methods for Detection 

 

of Probiotics

 

Analía G. Abraham, María Serradell, Graciela L. Garrote, 
Alberto C. Fossati, and Graciela L. De Antoni

CONTENTS

 

7.1 Antigenic Molecules and Structures Associated with Probiotic 
Characteristics ............................................................................................166

7.2 Application of Immunochemical Techniques to Potentially 
Detect Probiotic Bacteria ..........................................................................167

7.3 Methodology for Immunochemical Detection of Probiotics ..............171
7.3.1 Preparation of Antigens ...............................................................171

7.3.1.1. Preparation of Bacterial Antigens ................................171
7.3.1.2 Purification of Bacterial Proteins..................................172

7.3.2 Production of Specific Antibodies ..............................................173
7.3.2.1 Production of Polyclonal Antibodies (Antisera)........173
7.3.2.2 Preparation and Production of Monoclonal 

Antibodies ........................................................................175
7.3.3 Labeling of Antibodies .................................................................177

7.3.3.1 Labeling Antibodies with Fluorochromes ..................177
7.3.3.2 Labeling Antibodies with Biotin ..................................178
7.3.3.3 Labeling Antibodies with Enzymes.............................179

7.3.4 Methods for Detection..................................................................180
7.3.4.1 Indirect Immunofluorescence .......................................180
7.3.4.2 Noncompetitive Indirect ELISA ...................................180
7.3.4.3 Competitive Sequential ELISA .....................................182
7.3.4.4 Capture ELISA ................................................................183
7.3.4.5 Immunoblotting or Western Blot .................................183
7.3.4.6 Dot Blot.............................................................................184
7.3.4.7 Flow Cytometry ..............................................................185

7.4 Conclusions.................................................................................................185
Acknowledgment................................................................................................186
References.............................................................................................................186

 

DK3341_C007.fm  Page 165  Thursday, September 1, 2005  8:35 AM

© 2006 by Taylor & Francis Group, LLC



 

166

 

Probiotics in Food Safety and Human Health

 

7.1 Antigenic Molecules and Structures Associated with 
Probiotic Characteristics 

 

A probiotic is a microbial dietary adjuvant that beneficially affects the host
physiology by modulating mucosal and systemic immunity, as well as
improving nutritional and microbial balance in the intestinal tract (1). 

Among bacterial probiotics for human gut, lactic acid bacteria (LAB) and
bifidobacteria are widely used in food and pharmaceutical products. How-
ever, the evidence for their health benefits has not been rigorously demon-
strated in all cases. For that reason, in 1996, a multicenter European research
project began to study several commercial probiotics and demonstrated that
some strains can positively affect human health in rigorously conducted
human clinical studies (2). Common criteria used for isolating, characteriz-
ing, and selecting probiotic microorganisms include the following: strains of
human origin, safe for oral administration (GRAS status), stable in the gut
environment, and specific health-related effects (3). 

About the role of probiotics in health and disease, there is a bibliography
in which a compilation of commercial strains has been published (4). Probi-
otic action can be ascribed to several mechanisms such as competitive exclu-
sion, production of antimicrobial substances, modulation of the immune
response, alteration of intestinal bacterial metabolic activity, alteration of
microecology in human intestine, and inhibition of bacterial translocation
(4). Association of probiotic action with surface bacterial properties can be
considered in almost all mechanisms mentioned. Some probiotic microor-
ganisms have the ability to interact with different substrata like gut epithelial
cells, intestinal mucus, pathogenic microorganisms, toxins, and mutagenic
compounds. Through this interaction, probiotic strains exert their action of
toxic and pathogenic inhibition. Interaction of probiotics and substratum has
different degrees of specificity. In general, the putative probiotic character-
istic is strain specific as revealed by 

 

in vitro

 

 experiments (5, 6). 
To exert their probiotic effects, maintenance of LAB in the gastrointestinal

tract is necessary to prevent their rapid removal by contraction of the gut.
The ability of LAB to adhere to mucosal surfaces could confer a competitive
advantage. Clearly, the ability to adhere to the intestinal mucus or epithelial
cells is required for long-term persistence in the gut. Under these conditions
probiotic bacteria can produce antagonist effects on pathogens by different
mechanisms such as competition for nutrients, release of antimicrobial sub-
stances, and prevention of the subsequent attachment of pathogens by com-
petitive exclusion. Different studies have suggested that adhesive probiotic
bacteria can prevent the attachment of pathogens and stimulate their
removal from the infected intestinal tract (7). Laboratory models using
human intestinal cell lines such as Caco-2 and intestinal mucus have been
developed to study the adhesion of probiotic bacteria and their competitive
exclusion of pathogenic bacteria (8). Some adhesive strains of 

 

Lactobacillus
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showed a strong inhibition of the adhesion of food-borne pathogens by a
combined effect of both bactericidal activity and competition for attachment
sites (9). Results obtained with 

 

Lactobacillus

 

 and 

 

Bifidobacterium

 

 indicate that
surface-mediated properties, such as aggregation, can have a role in adhesion
and colonization (5, 10). Commercial probiotic strains such as 

 

Lactobacillus

 

GG are able to slightly reduce S-fimbria-mediated adhesion of 

 

Escherichia
coli

 

 to glycoproteins extracted from feces. In addition, adhesion of 

 

Salmonella
typhimurium

 

 was significantly inhibited by probiotic 

 

L. johnsonii

 

 LJ1 and 

 

L.
casei

 

 Shirota (11). 
The association of probiotic bacteria with the intestinal mucosa is the first

step in the development of the immune response. Studies conducted with
fluorescent LAB and transmission electron microscopy in mouse revealed
that some strains of lactobacilli can interact with Peyer’s patches, M cells,
and also epithelial cells of the small and large intestine. This interaction was
shown to be host specific for the genus 

 

Bifidobacterium

 

 but not for 

 

Lactobacillus

 

(12). These interactions are probably regulated by specific molecules on the
bacterial surface.

Given the binding capacity of their surface envelopes, probiotic bacteria
can be used as scavengers of mutagenic substance (13, 14), toxic compounds
like bile acids (15, 16), and pathogenic microorganisms (by coaggregation)
(17, 18). These abilities are desirable in probiotic strains that are unable to
interact with the gut epithelium. 

Frequently, adhesion is highly specific and depends on the presence of a
certain receptor on the substratum and adhesins on the probiotic surface.
Adhesins can be attached to the bacterial wall, to appendages such as fim-
briae, and to structures like the S-layer. Molecules such as teichoic acids,
lipoteichoic acids, proteins, glycoproteins, and polysaccharides participate
in the adhesion phenomena. Among adhesins, lectins are oligomeric or mul-
timeric proteins or glycoproteins with binding specificities for a particular
carbohydrate structure (19). 

Some probiotic strains produce antagonistic metabolites including organic
acids, diacetyl, and a wide range of bacteriocins, some of which have activity
against food pathogens such as 

 

Listeria monocytogenes

 

 and 

 

Clostridium botuli-
num

 

. The bacteriocin nisin has been used as an effective biopreservative in
some dairy products for decades, whereas a number of more recently discov-
ered bacteriocins demonstrate increasing potential in food applications
(20–22). 

 

7.2 Application of Immunochemical Techniques to 
Potentially Detect Probiotic Bacteria

 

Because of their high specificity and sensitivity, immunological methods are
useful tools for the identification and detection of microorganisms. There are
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a number of formats available today that employ antibodies to specifically
detect certain food-borne pathogens. Detection systems include the enzyme-
linked immunosorbent assay (ELISA), particle agglutination tests, precipita-
tion tests (immunoimmobilization), direct immunostaining, antibody-coated
paramagnetic beads, and antibody-based biosensors (23). ELISA is the most
widespread and useful technique for the detection of food-borne pathogens
because of its simplicity and ability to analyze large numbers of samples at
one time. 

Specifically, there are commercially available immunoassays that use either
polyclonal antibodies or monoclonal antibodies to detect 

 

Salmonella

 

, 

 

Listeria

 

,

 

E. coli

 

 O157:H7, 

 

Staphylococcus aureus

 

, 

 

Campylobacter

 

 (23), enterotoxic 

 

B.
cereus

 

, and other organisms and their toxins (24). Immunoassays are also
used in the food industry to detect spore-forming and nonspore-forming
bacteria, and even to differentiate vegetative cells from spores (25). In addi-
tion, several species-specific and genus-specific ELISAs have been developed
using monoclonal or polyclonal antibodies against exoantigens and heat-
stable polysaccharides from a wide range of fungi, including 

 

Aspergillus

 

,

 

Penicillium

 

, and 

 

Fusarium

 

 (26).
Application of immunoassays to detect LAB or their metabolites is still in

an initial developmental stage. LAB enzymes as peptidases (27) or malolactic
enzyme (28) have been detected by immunoblotting after sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE). 

A summary of putative probiotic components detected by immunochem-

and teichoic acid (Antigen E) (32) are some of the surface molecules recog-
nized by antibodies.  

Antibodies produced against surface molecules of 

 

Lactobacillus brevis

 

 give
us an example of the importance of antigen selection. Several antibodies
have been obtained against 

 

L. brevis

 

 that allow the detection or identification
of isolates at different levels (Table 7.1). An antibody against the S-layer
allows the grouping of 

 

L. brevis

 

 strains according to the homology of their
S-layer reactivity (33), while a second antibody against an antigen common
to all 

 

L. brevis

 

 strains is used to identify the species (32). An antibody against
specific antigens present in 

 

L

 

. 

 

brevis

 

 that causes spoilage to beer is used to
detect strains that may impair the quality of beer (30). 

Selection of a method also determines the specificity of the assay. Antise-
rum against the S-layer of 

 

L. kefir

 

 recognize specifically the S-layer of the
same species under a competitive ELISA. However, immunoblot or dot blot
assays performed with the same antiserum show cross-reaction with the S-
layer of 

 

L. parakefir

 

 (29). 
The detection limit of an immunoassay depends on the format of the test.

As was reported, the detection limit for pediocin A1 was found to be 2.5

 

μ

 

g/ml by immunodotting, 1 

 

μ

 

g/ml in the NCI-ELISA, 0.025 

 

μ

 

g/ml in the
CI-ELISA, and the sensitivity was even enhanced in the CD-ELISA (34). 

An antiserum against the S-layer of 

 

L. kefir

 

 can detect 10

 

4

 

 CFU/ml of
different strains of 

 

L. kefir

 

 by CI-ELISA in kefir-fermented milk containing a
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TABLE 7.1

 

Application of Immunoassay to Surface Protein Detection

 

Antigen
Antibody 
Obtained Assay Recognize Application Ref.

 

S-layer of 

 

L. kefir

 

Antiserum Competitive ELISA S-layer of 

 

L. kefir

 

Determination of 

 

L. kefir

 

 in 
kefir fermented milk

(29)

S-layer of 

 

L. kefir

 

Antiserum Dot blot 
Western blot

S-layer of 

 

L. kefir

 

 and 
cross-reaction with S-
layer of 

 

L. parakefir

 

Characterization of 
antiserum reactivity

(29)

Whole cell of 

 

L. brevis

 

 
(S-layer deficient strain)

Antiserum 
adsorbed with cell 
wall of the same 
strain

Agglutination 
Precipitation

Antigen E in 

 

L. brevis

 

 
strain and cross 
reactivity with 
lactobacilli (serological 
groups E and D)

Determination of 
serological group

(32)

Whole cell of 

 

L. brevis

 

 578 with S-
layer

Antiserum 
adsorbed with cell 
wall of 

 

L. brevis

 

 L47

Precipitation 
Agglutination

Surface molecules 
beneath S-layer

Determination of 

 

L. brevis

 

 
beer spoilage strain

(30)

Whole cell of 

 

L brevis

 

 strains with S-
layer

Antiserum SDS-PAGE and 
Western blot

S-layer of the 
homologous strain

 

L. brevis

 

 classification by 
immunological 
properties of S-layer

(33)

Whole cell of 

 

L. kefir

 

 or 

 

L. 
kefiranofaciens

 

Antiserum 
adsorbed with 
broken cells 

Immunofluorescence
 

Structures present in 
whole cell of 

 

L. kefir

 

 or 

 

L. kefiranofaciens

 

 

Distribution of 

 

L. kefir

 

 and 

 

L. kefiranofaciens

 

 in kefir 
grains

(42)

High molecular mass cellular 
surface protein of 

 

L. reuteri

 

 from 
supernatant and bacterial surface

Antiserum 
adsorbed with 
nonadhering 

 

L. 
reuteri

 

ELISA
Immunofluorescence

High-molecular-weight 
protein

Select clones that express 
the protein. Adhesion of 
protein to mucus

(31)

Whole cell of 

 

L. casei

 

 Shirota Monoclonal 
antibodies

ELISA

 

L. casei

 

 strain Shirota Identification of 

 

L. casei

 

 
Shirota isolated from 
feces

(36)

Whole cell of 

 

Veillonella

 

, 

 

Enterococcus

 

Monoclonal 
antibodies 

Competitive ELISA

 

Veillonella

 

, 

 

Enterococcus

 

Detection of poultry 
probiotic bacteria 

(35)
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TABLE 7.2

 

Application of Immunoassay to Bacteriocin Detection 

 

Antigen Antibody Obtained Assay Recognize Application Ref.

 

C-terminal fragment of 
pediocin PA1 and 
purified pediocin PA1

Antiserum NCI ELISA
CI ELISA 
CD ELISA

Pediocin PA1 Screening of Pediocin PA1 
producing strain

(34) 

Nisin Antiserum ELISA Lantibiotics and nisin Cross-reactivity with nisin (37) 
Nisin ELISA Nisin-like bacteriocins Screening of 

 

L. lactis

 

 strains 
producing nisin-like 
bacteriocins

(38) 

Nisin Antiserum Anti-nisin antibodies on 
magnetic beads

Nisin Rapid purification of nisin (41)

Nisin Monoclonal antibodies Immunoaffinity 
chromatography

Nisin Purification of nisin (40) 

Nisin Monoclonal antibodies Flow ELISA Nisin A Quantification of nisin (39) 

 

Note

 

: NCI ELISA: noncompetitive indirect ELISA. CI ELISA: competitive indirect ELISA. CD ELISA: competitive direct ELISA.
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complex mixture of lactobacilli, lactococci, and yeasts at a concentration of
10

 

8

 

 to 10

 

9 

 

CFU/ml (29). The same detection limits were described by Durant
et al. (35) in the detection of probiotic strains for chicken in fecal content.
For lower bacterial concentration, an enrichment step is necessary; however,
subsequent identification is quite rapid when compared with standard cul-
ture methods. Monoclonal antibodies against 

 

L. casei

 

 Shirota were used to
determine the survival of this strain in the gastrointestinal tract of individ-
uals after consumption of fermented milk containing this probiotic strain.
The strain was isolated from feces using a selective method prior to identi-
fication using monoclonal antibodies (36). 

Antibodies have also been used to study surface molecules on 

 

L. reuterii

 

involved in adhesion to host epithelium and to analyze possible mechanisms
of action (30). Polyclonal antibodies were used for the detection of pediocin
PA-1 (pedA1). Antibodies were also used to determine structural similarities
between different bacteriocins and nisin (37) and for the isolation of a bacte-
riocin-producer 

 

Lactoccoccus

 

 strain (38). Development of a flow method based
on the affinity of antibodies allowed the on-line determination of nisin (39). 

Antibodies against bacteriocins can be used for the purification of bacte-
riocin by immunoaffinity chromatography (40) or by one-step immunomag-
netic separation (41). 

 

7.3 Methodology for Immunochemical Detection of 
Probiotics

 

7.3.1 Preparation of Antigens

 

7.3.1.1. Preparation of Bacterial Antigens

 

Bacterial cells contain numerous components, which are potential antigens.
Components from cell wall and membrane and cytoplasmic proteins can
induce an immune response during a bacterial infection and, therefore, can
be used as immunogens. Because of the dissimilarity of components of differ-
ent bacterial species, few purification methods are widely applicable (43). 

A first question to be aware of is that culture conditions can be critical for
recovering antigens of interest. In some cases, liquid media are the best choice
(i.e., recovery of extracellular soluble products like enzymes or bacteriocins),
wheras solid media are more appropriate for other purposes.

In order to isolate different antigenic fractions of microorganisms, many
different techniques can be used. The extracellular proteins can be isolated
and concentrated from filtered culture supernatant by saline precipitation
using a series of saturation steps with ammonium sulfate. 
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If the aim is to obtain intracellular antigens, different methods can be used
to disrupt bacterial cells. These methods can be separated into relatively
simple procedures, such as grinding frozen material in a mortar and pestle
and methods that require specialized instruments (43). This latter category
may include:

• Ultrasonic disruption: some bacterial species are more susceptible
than others to ultrasonic disruption. Optimal time of exposure and
frequency depend on the volume and density of bacterial culture,
the bacterial species, and the physiologic state of the cells.

• Pneumatic press disruption: in this case, the bacterial cells in the
form of a frozen paste are compressed and passed through a small
orifice into a second chamber, where expansion and cell rupture
occur.

• Mechanical disruption: a concentrated suspension of cooled bacteria
is mixed with an equal volume of glass beads, and the mixture is
shaken for 5 to 15 min. The small beads are separated by filtration
and can be reused after washing with concentrated nitric acid and
distilled water.

Additionally, physical properties of bacterial cells can be exploited in other
methods such as heat disruption, freezing and thawing cycles, or osmotic
lysis.

After disruption, the cell wall fraction has to be separated from intracel-
lular components. In order to do this, two methods are usually used (43):

• Centrifugation: conditions normally depend on the size of the cells
of the particular species. Unbroken cells are generally removed by
centrifugation at 2500 to 3500 

 

g

 

 for 10 to 15 min, whereas cell walls
are removed at 8000 to 12,000 

 

g

 

 for 20 to 30 min. 
• Density gradient centrifugation: this method usually employs a

sucrose gradient.

 

7.3.1.2 Purification of Bacterial Proteins

 

Purified antigens are frequently used for developing serological methods for
the diagnosis of infectious diseases or to quantify and identify microorgan-
isms. Purification of antigens involves diverse techniques, including chro-
matography and preparative electrophoresis.

Liquid chromatography can be classified according to stationary phase
characteristics. Liquid-solid chromatography is the technique more fre-
quently used for purification of molecules of interest in immunology. Several
procedures based on different principles can be used, such as
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• Gel filtration: separation is based on different size and shape of mol-
ecules. The stationary phase is composed of a matrix with pores of
different and controlled sizes. Therefore, the smaller the protein, the
greater the volume of buffer needed to elute it. This procedure is
frequently employed to determine the molecular weight of proteins
(43, 44).

• Ion exchange chromatography: in this case, proteins with different
charges on their surface interact differentially with particular
charged groups and are adsorbed to the stationary phase. Conditions
of binding can be modified by changing the saline concentration or
the pH of the buffer used as the eluting reagent. This procedure
offers a variety of possibilities because of the diversity of matrices
and charged groups that can be used.

• Hydrophobic interaction chromatography: proteins dissolved in the
mobile phase establish hydrophobic interactions with the stationary
phase, and the elution of proteins is achieved by reducing the saline
concentration of the eluting buffer. Matrices used consist of nonpolar
ligands bound to hydrophilic gels. Hydrophobicity of ligands, saline
concentration of buffer, and temperature affect the binding (44). 

• Affinity chromatography: this method is based on the interaction
between antigenic proteins and specific antibodies. In order to purify
a particular antigen, specific antibodies (polyclonal or monoclonal)
are covalently bound to beads, and after incubation of beads with
antigen solution, unbound antigens are removed by washing. Bound
antigens are ultimately eluted using diverse eluting reagents (see

Preparative electrophoresis is another useful procedure (44). If samples are
run under denaturing conditions, they can be separated according to their
molecular weight. That is the case of preparative SDS-PAGE, an adaptation of
the corresponding analytical procedure. Samples are prepared in a buffer solu-
tion containing SDS (usually 2% w/v), and consequently they become nega-
tively charged. The pore size of the gel depends on the percentage of acrylamide
and 

 

bis

 

-acrylamide, and it determines the size range of proteins that can be
separated. Components are automatically collected in separated vials.

 

7.3.2 Production of Specific Antibodies

 

7.3.2.1 Production of Polyclonal Antibodies (Antisera)

 

Antibodies generated in a natural immune response or after immunization
in a laboratory are a heterogeneous mixture of antibodies of different
specificities and affinities. These antibodies constitute the antiserum. Usu-
ally, the animals selected for the production of antisera are rabbits or mice.
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TABLE 7.3

 

 

 

Routes and Doses Most Frequently Used in Laboratory Immunization of Mice or Rabbits Experiments

 

Form of Antigen Examples

 

Mice

 

Rabbit
AdjuvantRoute Dose Route Dose

 

Soluble proteins Enzymes, carrier proteins 
conjugated with peptides, 
immune complexes

ip, sc 5–50 

 

μ

 

g sc, im, id, iv 50–1000 

 

μ

 

g Yes

Particulate 
proteins

Bacterial cells
Structural proteins

ip, sc 5–50 

 

μ

 

g sc, im, id 50–1000 

 

μ

 

g Yes

Insoluble 
proteins

Proteins from inclusion bodies, 
bound to beads

ip, sc 5–50 

 

μ

 

g sc, im, id 50–1000 

 

μ

 

g Yes

Carbohydrates Polysaccharides, glycoproteins ip, sc 10–50 

 

μ

 

g sc, im, id, iv 50–1000 

 

μ

 

g Yes

 

Note: ip: intraperitoneal; sc: subcutaneous: im: intramuscular; id: intradermal; iv: intravenous.
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Because of the dynamics of the immune system, composition of the anti-
serum is continuously changing along the immunization, making each
antiserum irreproducible (47). In most cases, more than one dose of antigen
is needed to generate a strong immune response. Generally, three to five
immunizations 3 to 4 weeks apart are carried out, and it is usually neces-
sary to inject the antigen mixed with an adjuvant. An adjuvant is any
substance that enhances the immunogenicity of components mixed with
it. There are many different adjuvants (45), but the most employed in
regular protocols consist of an oil-in-water emulsion known as incomplete
Freund's adjuvant (IFA). Complete Freund's adjuvant (CFA) is the emulsion
added with muramyldipeptide (component of 

 

Mycobacterium

 

 spp.). Usu-
ally, CFA is used for the first challenge, while IFA is employed in the
following immunizations, in both cases mixed in a 1:1 ratio with the antigen
solution. 

There are many options to immunize the animals, depending basically
on the antigen and the animal. The route, dose, and form in which the
antigen is administered can profoundly affect the type of response pro-
duced. Different routes can be used to inject the antigen: subcutaneous,
intradermal, intramuscular, intraperitoneal, or intravenous injection. In

nization of mice or rabbits using different types of bacterial antigens (45). 

 

7.3.2.2 Preparation and Production of Monoclonal Antibodies

 

Monoclonal antibodies have many other advantages over polyclonal anti-
bodies in addition to specificity. They also provide reproducibility and
unlimited supply.

The clone selection theory, presented by Burnet in 1959 (48), proposed that
each B lymphocyte produces only a specific antibody in response to stimu-
lation. This idea inspired Georges Köhler and César Milstein to devise a
technique for producing a homogeneous population of antibodies of known
antigen specificity. They fused spleen cells from an immunized mouse to
cells of a murine myeloma and obtained hybrid cells that proliferated indef-
initely and secreted antibody specific for the antigen employed to immunize
the donor (49). The spleen cells provide the ability to make antibodies,
whereas the myeloma cells provide the ability to proliferate continuously in
culture.

Immunization options were shown in the previous section, so we will not
discuss that issue here again. There are many myeloma cell lines that can be
used to fuse to spleen cells. They can proliferate indefinitely 

 

in vitro

 

 and
usually do not produce antibodies (i.e., NSO, SP2/0*, FO**). They are cul-
tured in a carbonate-buffered medium (i.e., RPMI 1640, pH = 7.4) containing
10 to 20% of bovine calf serum, glutamine, pyruvate, and antibiotics (strep-
tomycin and penicillin) (RPMI-BCS). Usually, splenocytes and myeloma cells
are used in a ratio ranging from 1:1 to 10:1. In our experience, ratios of 2:1
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or 3:1 provide good results. Polyethyleneglycol (PEG) at 50% is generally
used to induce the fusion, and it must be added slowly with shaking. Because
of its toxicity, PEG must be removed by washing with increasing volumes
of a saline or buffer solution after 2 min of contact. The whole procedure is
performed at 37˚C. An example of a fusion protocol is shown below.

1. Mix spleen cells with myeloma cells (approx. 1 

 

×

 

 10

 

8

 

 cells) in a ratio
of 1:1 to 5:1.

2. Centrifuge the mixture at 300 

 

×

 

 

 

g

 

 for 5 min and discard the super-
natant.

3. Place the pellet on a bath at 37˚C, and add 1 ml of PEG 50% slowly
during 1 min with constant shaking.

4. Shake for 1 min.
5. Add 2 ml of buffer solution during 2 min, with shaking.
6. Add 5 ml of buffer solution during 2 to 3 min, with shaking.
7. Add 10 ml of buffer solution and complete volume to 50 ml with

the same buffer.
8. Centrifuge at 300 

 

×

 

 

 

g

 

 for 5 min, and discard the supernatant.
9. Add 50 ml of HAT medium, and distribute in 5 to 10 culture micro-

plates (100 

 

μ

 

l per well).

After the fusion, cells are grown in a selective medium in which only the
hybridomas are able to survive. Because myeloma cells are defective in the
enzyme hypoxanthine guanine phosphoribosyltransferase (HPGRT), the
selective medium contains aminopterin (to inhibit the 

 

de novo

 

 synthesis of
purines and thymidine), and hypoxanthine and thymidine (HAT medium).
HAT medium can be prepared by adding HAT mixture to RPMI-BCS
medium.

After 10 to 15 days of fusion, cells are screened for the production of

capable to detect as low as nanograms per milliliter or micrograms per
milliliter of antibody and to allow the selection of cells producing antibodies
with the desired characteristics. Indirect ELISA is the procedure frequently

Once specific hybridomas have been selected, they are cloned by limit
dilution or in semisolid agar, and clones are frozen until they are used.
Selected monoclonal antibodies can be produced 

 

in vivo

 

 by producing ascitic
fluid in mice (generally 2 to 20 mg/ml of antibody can be recovered), or 

 

in
vitro

 

, by growing hybridomas in bioreactors (allows the production of gram-
to-kilogram quantities of antibody) (44). Antibodies can be purified by chro-
matographic procedures from the supernatant of hybridoma cultures or from
ascitic fluid. One of the available techniques is anion-exchange chromatog-
raphy, in which the stationary phase is usually diethylaminoethyl–cellulose
(DEAE-cellulose). Antibody solutions and eluting buffer are adjusted to pH
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specific antibodies. The screening has to be performed by a rapid method,
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8.0 for purification of IgG subtypes (45). Another option is affinity chroma-
tography, which can be based on antigen–antibody interactions or on the
capacity of certain bacterial proteins (proteins A and G) to bind to the Fc
region of immunoglobulins. In the first case, antigen is usually covalently
bound to inert beads, which are then mixed with the antibody solution. After
the specific binding of antibodies to the antigen, the unbound substances in
the sample are removed by washing. The beads are then treated with an
elution buffer, and the purified antibody is released. There are several elution
reagents, such as ionic detergents, dissociating agents, chaotropic agents,
organic solvents, high salt buffers, or high or low pH buffers. Notwithstand-
ing, the systems using proteins A or G are frequently the most recommended
techniques. Each of these proteins binds to a different spectrum of antibodies.
In general, protein A is recommended for mouse monoclonal antibodies from
the IgG2a, IgG2b, and IgG3 subclasses, whereas protein G is used for puri-
fying IgG1. Usually, a low pH solution (pH = 3.0) is used to elute the bound
antibody (45). 

 

7.3.3 Labeling of Antibodies

 

7.3.3.1 Labeling Antibodies with Fluorochromes 

 

Fluorochromes are among the most useful labels that can be attached to
antibodies. Two fluorochromes are the most commonly used: fluorescein and
rhodamine. There are problems associated with the use of fluorochrome,
such as over- or underlabeling. Therefore, for each antibody there is an
optimal ratio of fluorochromes to antibody. For labeling antibodies with the
isothiocyanate derivatives of these fluorochromes, the antibody solution
should not contain additional molecules with free amino groups (45). 

1. Prepare an antibody solution of at least 2 mg/ml, and adjust it to
pH 9.0 (i.e., in sodium borate or carbonate buffer).

2. Dissolve the fluorescein isothiocyanate or tetramethylrhodamine
isothiocyanate in anhydrous DMSO at 1 mg/ml.

3. Add 50 

 

μl of fluorochrome solution per milliliter of antibody solution
very slowly. Protein solution has to be continuously mixed.

4. Leave the reaction in the dark for 1 h or overnight at 4˚C.
5. Add NH4Cl to 50 mM and incubate for 2 h at room temperature.
6. Separate the unbound dye from the conjugate by gel filtration.
7. The ratio of fluorochrome to protein can be estimated by measuring

the absorbance at 495 nm and 280 nm for fluorescein, or 575 nm and
280 nm for rhodamine. The ratio should be between 0.3 and 1.0 for
fluorescein, or between 0.3 and 0.7 for rhodamine.
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7.3.3.2 Labeling Antibodies with Biotin

Antibodies can be easily labeled with biotin. The biotin groups can act as
binding groups for avidin or strepavidin, which are commercially available,
coupled to enzymes, fluorochromes, or iodine. The affinity of biotin for
avidin or streptavidin is exceptionally high (Ka 1015 liter mol-1); thus, the
interaction is essentially irreversible and can be used as an amplification
system to reveal antigen-antibody reactions (45). The technique for the cova-
lent coupling of biotin to antibodies is very simple and normally does not
have any adverse effect on the antibody. 

1. Adjust the antibody solution (1 to 3 mg/ml) to pH 8.8 in 0.1 M
sodium borate buffer.

FIGURE 7.1 
Schematic chart flow of monoclonal antibodies production.
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2. Prepare a solution of N-hydroxysuccinimide biotin at 10 mg/ml in
anhydrous DMSO.

3. Add the biotin ester to the antibody at a ratio of 25 to 100 μg of ester
to 1 mg of antibody.

4. Mix and incubate at room temperature for 4 h.
5. Incubate with ammonium chloride solution (20 ml of 1 M per 250

mg of ester) for 10 min at room temperature.
6. Dialyze against the desired buffer, and purify by gel filtration.

7.3.3.3 Labeling Antibodies with Enzymes

The most employed enzymes in immunochemical methods are horseradish
root peroxidase and alkaline phosphatase. There are two general methods for
coupling these enzymes to antibodies. The first is a chemical method involving
covalent binding between both proteins. In this case, the pH of the buffer used
to carry out the conjugation is crucial to enhance the enzyme–antibody inter-
action. The most frequently used coupling agents are glutaraldehyde or
sodium periodate. The latter is commonly used for conjugation of peroxidase
to IgG immunoglobulins and allows the binding of up to 90% of the enzyme.
The final step of these procedures involves the purification of conjugated
antibody by ion exchange, followed by affinity chromatography (using con-
canavalin A), and previous precipitation with 35% ammonium sulfate. A pro-
tocol for this chemical conjugation is shown below.

1. Dissolve 2.5 mg of peroxidase in 0.25 ml of 100 mM NaHCO3.
2. Add 0.25 ml of 12 mM NaIO4 and incubate for 2 h at room temper-

ature in the dark.
3. Dialyze the antibody solution against 100 mM carbonate buffer pH = 9.
4. Mix the antibody solution with peroxidase and incubate for 3 h at

room temperature in the dark. 
5. Add 1/20 in volume of NaBH4 solution (5 mg/ml in NaOH 0.1 mM)

and incubate for 30 min at 4˚C. 
6. Add 1 volume of NaBH4 solution to 10 volumes of the mixture, and

leave at 4˚C for 1 h.
7. Precipitate with 50% saturated ammonium sulfate for 1 h, centrifuge

at 6000 × g for 15 min, and discard the supernatant.
8. Wash with 50% saturated ammonium sulfate.
9. Dissolve the pellet in a 0.1 M phosphate buffer pH = 7.2, and dialyze

against the same solution.
10. Pass the sample through a column of Concanavalin A Sepharose

4B™ (conjugated antibody will bind to the column). Elute with α-
methyl mannose (10 to 100 mM in 0.1 M phosphate, 0.1 M NaCl, pH
= 7.2).
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The other coupling method is based on the interaction between the enzyme
and an antienzyme antibody. Enzyme–antienzyme complexes are formed to
reveal immunoenzymatic reactions. This procedure was optimized to detect
immunoglobulins from different species with peroxidase (PAP method) or
alkaline phosphatase (APAAP method). 

7.3.4 Methods for Detection

Numerous immunochemical techniques can be appropriate to detect specific
antibodies or to quantify a specific component in a sample. In this section,
we will discuss only a few different options that can be particularly helpful
in bacteriology. 

7.3.4.1 Indirect Immunofluorescence

This method is particularly useful to study the interaction between micro-
organisms and specific cells and for the detection of microorganisms in
tissues. Although the sensitivity of the technique is high, which is advanta-
geous, its specificity can be low. Consequently, an experienced operator is
crucial to avoid misreading a result. Indirect antigen detection using unla-
beled primary antibodies and fluorochrome-coupled secondary antibodies
involves a simple series of incubations. Both primary and fluorochrome-
conjugated antibodies should be diluted in a protein-containing solution (i.e.,
phosphate buffer with 3% bovine serum albumin [BSA]). Dilutions of anti-
bodies vary according to the characteristics of the sample (45). 

1. Place coverslips, slides, or plates containing the sample on a flat
surface.

2. Add the primary antibody, and incubate for at least 30 min at room
temperature.

3. Wash three times with phosphate buffered saline pH 7.4 (PBS).
4. Apply the fluorochrome-coupled secondary antibody, and incubate

for at least 20 min at room temperature (incubation times greater
than 1 h have to be avoided).

5. Wash three times with PBS. Mount using buffered glycerol. 
6. Observe under fluorescence microscope.

7.3.4.2 Noncompetitive Indirect ELISA

This is a two-step method. It consists of the immobilization of the antigen
(i.e., proteins, whole bacterial cells, etc.) on a solid phase followed by a
reaction with specific antibodies and finally an incubation with an enzyme-
conjugated antibody (51). Two enzymes are mainly used: horseradish root
peroxidase (HRP) or alkaline phosphatase. They catalyze the oxidation of a
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substrate, which produces a colored soluble product. Color intensity is read
in a spectrophotometer.

This method can be used to identify microorganisms, metabolic products,
specific antigens, etc. in different samples. A simple representation of the
assay is shown in Figure 7.2.

To improve the binding of antigens to the microplate, antigen solutions
can be adjusted to pH 9.0 (generally with sodium carbonate buffer 0.1 M).
Usually, concentrations ranging from 0.5 to 100 μg/ml of protein are used
to coat the plate. To block the free sites on the plate (those not occupied by
the antigen), incubation with a solution of unrelated proteins (1% BSA,
gelatin, and nonfat milk at 1 to 5%) is performed. Generally, samples where
specific antibodies are to be detected are rabbit or mice antisera, human sera,
hybridoma culture supernatant or ascites fluid. Thus, reaction parameters
such as dilution and time and temperature of incubation depend on the
characteristics of a particular sample. Usually these samples are diluted in
blocking solution. A washing step with PBS containing 0.05% Tween 2 is
needed after each incubation. 

1. Apply 100 μl of the antigen solution to each well, and incubate at
37˚C for 1 or 2 h or overnight at 4˚C.

2. Wash three times with washing solution.
3. Add 200 μl of blocking solution to each well, and incubate for 1 or

2 h at 37˚C or overnight at 4˚C.
4. Wash three times with washing solution.
5. Apply 100 μl of antibody sample to each well and incubate under

the chosen conditions. 
6. Wash three times with washing solution.
7. Add 100 μl of the HRP-conjugated anti-immunoglobulin antibody

to each well, and incubate for 1 h at 37˚C.
8. Wash three times with washing solution.

FIGURE 7.2
Noncompetitive indirect ELISA.
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9. Add 100 μl of the substrate solution (2 mg/ml ortho-phenylenedi-
amine and 1 μl/ml H2O2 30%, in 0.1 M citric acid, 0.1 M
Na2HPO4.2H2O, pH = 5). Leave for 10 to 15 min in the dark.

10. Read absorbance in a spectrophotometer at 490 nm.

7.3.4.3 Competitive Sequential ELISA

This method is mainly useful to quantify a specific component in a sample
(i.e., bacterial cell proteins, etc.) and detection limit is as low as nanograms
per milliliter of protein. 

This technique is based on the competition for the antibody binding
between a soluble antigen present in the sample and antigens bound to a
microplate (50). The scheme shown in Figure 7.3 depicts one of the many
different forms to perform this type of assay.

In this procedure, a curve performed with standard antigen solutions of
different concentration is used as a reference. Diluting, washing, time, and
temperature conditions are similar to those of the indirect ELISA method.

1. Apply 100 μl of the antigen solution to each well, and incubate at
37˚C for 1 or 2 h or overnight at 4˚C.

2. Wash three times with washing solution.
3. Add 200 μl of blocking solution to each well, and incubate for 1 or

2 h at 37˚C or overnight at 4˚C, and then wash three times with
washing solution.

4. In parallel, mix a volume of antigen standard solution (at different
concentrations) or the unknown samples with the same volume of
a chosen dilution of the antibody solution in separated vials (prein-
cubated mixture) and incubate under the chosen conditions. 

5. Apply 100 μl of preincubated mixture to each well, and incubate
under the chosen conditions. 

6. Wash three times with washing solution.
7. Add 100 μl of the HRP-conjugated anti-immunoglobulin antibody

to each well, and incubate for 1 h at 37˚C.

FIGURE 7.3 
Competitive sequential ELISA.
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8. Wash three times with washing solution.
9. Add 100 μl substrate solution (2 mg/ml ortho-phenylenediamine and

1 μl/ml H2O2 30%, in 0.1 M citric acid, 0.1 M Na2HPO4.2H2O, pH =
5). Leave for 10 to 15 min in the dark.

10. Read absorbance in a spectrophotometer at 490 nm.

7.3.4.4 Capture ELISA

This is another available procedure for the quantification of particular sub-

antibody is directly coupled to the polystyrene microplate (52). The “sand-
wich ELISA” outlined as follows is one of many different ways in which this
test can be performed.

1. Apply 100 μl of the coating antibody solution to each well, and
incubate at 37˚C for 1 or 2 h or overnight at 4˚C.

2. Wash three times with washing solution.
3. Add 200 μl of blocking solution to each well, and incubate for 1 or

2 h at 37˚C or overnight at 4˚C, and then wash three times with
washing solution.

4. Apply 100 μl of antigen solution (standard or sample) in suitable
concentrations and incubate for 1 or 2 h at 37˚C or overnight at 4˚C.

5. Wash three times with washing solution.
6. Add 100 μl of the second antibody solution, and incubate at chosen

conditions.
7. Wash three times with washing solution.
8. Add 100 μl of the HRP-conjugated anti-immunoglobulin antibody

to each well, and incubate for 1 h at 37˚C.
9. Wash three times with washing solution.

10. Add 100 μl of the substrate solution (2 mg/ml ortho-phenylenedi-
amine and 1 μl/ml H2O2 30%, in 0.1 M citric acid, 0.1 M
Na2HPO4.2H2O, pH = 5). Leave for 10 to 15 min in the dark.

11. Read absorbance in a spectrophotometer at 490 nm.

7.3.4.5 Immunoblotting or Western Blot

The Western blot technique combines the high resolution of the electro-
phoretic methods with the sensitivity and specificity of immunochemical
assays. It consists of the transfer of the components previously separated by
electrophoresis from the gel to a membrane (usually nitrocellulose or mod-
ified nylon sheets) and the detection of the antigenic fractions using specific
antibodies (45). This procedure allows determining the specificity of partic-
ular antibodies to detect a desired component in a sample.
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Electrophoresis can be performed in agarose or polyacrylamide gels, and
the SDS-PAGE is the most commonly used procedure. In the latter case, the
transfer can be performed employing electric current (taking advantage of
the negative charge of the molecules in the gel) or by diffusion. The time
required for transfer depends on the acrylamide concentration in the gel and
the molecular size of the proteins. Once transfer is done, blocking of free
sites is performed, and membranes are sliced for the following analysis.
Incubations with primary and enzyme-conjugated antibodies should be car-
ried out in blocking solution. The assay can be revealed using chromogenic
or chemiluminescent substrates; the latter option is generally more sensitive
(0.1 to 0.5 ng) than the first (1 to 10 ng). The chromogenic substrates have
to produce water-insoluble colored products, which precipitate on the mem-
brane. 

1. Prepare the antigen sample, and run an SDS-PAGE.
2. Soak the membrane in the transfer buffer (25 mM Tris- (hydroxy-

methyl) aminomethane, 192 mM glycine, 20% methanol, pH = 8.3).
Fill the tank with the same buffer.

3. Place three or four sheets of filter paper covering both sides of the
electrotransfer cassette.

4. Place the gel and the nitrocellulose membrane on the electrotransfer
cassette (gel on the cathode side and the membrane on the anode
side). Run for 45 to 60 min at 300 mA or at 35 to 40 V for 1 to 3 h. 

5. Stain the membrane with a 3% Ponceau S solution for 5 min; remove
the dye with distilled water (optional).

6. Slice the membrane, and incubate with blocking solution for 2 h at
37˚C or overnight at 4˚C.

7. Wash three times with washing solution.
8. Apply antibody samples, and incubate at chosen conditions. 
9. Wash three times with washing solution.

10. Add the HRP-conjugated anti-immunoglobulin antibody, and incu-
bate for 1 h at 37˚C.

11. Wash three times with washing solution.
12. Add an adequate volume of the substrate solution (15 ml of Tris

Buffered Saline [TBS], 9 mg of 4-chloronaphthol, 3 ml methanol, 12
μl of H2O2, 30%).

7.3.4.6 Dot Blot

In this assay, antigenic samples are directly applied onto a nitrocellulose
sheet. The rest of the procedure is analogous to that of the previously
described method for immunoblotting. It has the advantage of being a rapid
and very simple method for detection of specific antigen–antibody reactions. 
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7.3.4.7 Flow Cytometry

This technique allows individual cells to be identified by their surface anti-
gens and to be counted. Individual cells within a mixed cell population are
first tagged by treatment with specific monoclonal antibodies to cell-surface
proteins labeled with fluorescent dyes. The labeled cells are forced through
a nozzle, creating a fine stream of liquid containing cells individually sepa-
rated at constant intervals. As each cell passes in front of a laser beam, it
scatters the laser light, and dye molecules bound to the cell are excited and
emit fluorescence (47). Therefore, this is a very important procedure to study
the expression of different antigenic components on the bacterial surface. 

7.4 Conclusions

Both adhesins and bacteriocins are molecules involved in probiotic action
and are useful as antigens for specific antibody production. Regarding the
use of immunochemical methods for probiotic detection, it is important to
point out that probiotic action is strain specific. Therefore, once the probiotic
strain has been isolated and characterized, it is possible to determine a
specific characteristic only present in that strain and absent in other strains
of the same species.

For the screening of probiotic strains among a large collection of new
isolates, it might be possible to search for the presence of specific molecules
involved in probiotic action by the use of immunochemical methods, for
example, by exploring the presence of bacteriocins or molecules responsible
for mucus adhesion or coaggregation. 

Specific antibodies will be used in the future to identify and classify pro-
biotics isolates (ELISA, dot blot, and agglutination), to detect and localize
probiotic strains in complex communities like the intestine (immunoblotting
and immunofluorescence), to quantify probiotic strains in food products and
feces (competitive ELISA and colony blot), to define the mechanism of pro-
biotic action (interaction with epithelium or mucus or other bacteria), to

FIGURE 7.4 
Capture ELISA.
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detect extracellular probiotic metabolites (bacteriocins and adhesions), and
to study adhesion mechanisms and the role of determined epitopes in surface
properties of probiotic microorganisms.

Development of immunochemical methods for probiotics could be applied
to the rational selection and design of novel probiotics as well as to the
microbiological control of commercial probiotic products and the detection
of probiotics in the gastrointestinal tract. Although an important collection
of probiotic strains used in food and pharmaceutical products is available,
the development of immunochemical methods could facilitate the search for
other strains with superior characteristics. Such methods could be used for
the detection and study of new strains present in complex microbiological
communities, like those present in kefir granules and in the gut of man and
animals. The use of immunochemical methods for pursuing these goals
requires, for example, knowing the chemical composition of the epitope of
an adhesion having a determined probiotic action, so that a specific antibody
can be obtained. It must be kept in mind that the probiotic character is strain
dependent; as reflected in the bibliography, only certain strains within the
Lactobacillus and Bifidobacterium genera have probiotic characteristics.
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8.1 Introduction

 

The word probiotic is derived from the Greek meaning “for life”. Probiotics
are mainly consumed by eating foods or supplements that contain a mono-
or mixed culture of live bacteria. The microorganisms exist in a viable state
in foods like dairy products or as lyophilized forms in supplements. The
beneficial effects attributed to the consumption of probiotic bacteria include
improving intestinal tract health, enhancing the immune system, synthesiz-
ing and enhancing the bioavailability of nutrients, reducing symptoms of
lactose intolerance, decreasing the prevalence of allergy in susceptible indi-
viduals, and reducing the risk of chronic disorders like ulcerative colitis and
colorectal cancers (1–9).

The probiotic bacteria that can be attributed to improving health are mainly
from two genera: 

 

Lactobacillus 

 

(e.g., 

 

Lactobacillus acidophilus

 

, 

 

L. casei, L. bul-
garicus, L. plantarum, L. salivarius, L. rhamnosus, 

 

and

 

 L. reuteri

 

) and 

 

Bifidobac-
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terium 

 

(e.g., 

 

Bifidobacterium bifidum, B. longum, 

 

and

 

 B. infantis

 

) (10)

 

. 

 

Several
molecular methods have been used for the identification of 

 

Lactobacillus

 

 and

 

Bifidobacterium

 

 species. These methods are important for efficient detection
and discrimination of strains in products as well as in feeding trials involving
human subjects — so as to better understand the effects probiotics may have
on the improvement of health (5, 11–14). 

Part of the improvement in the health of individuals who consume probi-
otic bacteria can be attributed to the production of organic compounds such
as lactic and acetic acids in the human intestinal tract or food products. These
organic compounds can inhibit the growth of infectious bacteria that cause
different types of diarrhea by decreasing pH. Probiotics also promote good
digestion and boost immune function (9, 15). A reduction in the gut pH by
lactic acid probiotic bacteria may improve intestinal motility and relieve
constipation. In this context, the consumption of 

 

Bifidobacterium

 

 and 

 

Lacto-
coccus

 

 strains by elderly patients with constipation improved intestinal motil-
ity and bowel behavior (15–17). 

Probiotics can also produce bacteriocins that have antimicrobial activity
against several foodborne bacteria (18–20). Bacteriocin-producing lactic acid
bacteria are naturally found on the surfaces of raw produce, in milk, and in
fermented food products (18–20). Generally, bacteriocins have antimicrobial
activities against Gram-positive bacteria, but when they are combined with
agents that alter the bacterial cell wall, they have been shown to reduce
colony counts of both 

 

Salmonella

 

 species and

 

 Escherichia coli

 

 in broth systems
(21, 22). 

Probiotic bacteria can improve the quantity, availability, and digestibility
of some dietary nutrients due to enzymatic reactions (7, 9). Fermentation of
food products with some of the lactic acid probiotic bacteria increases bio-
availability of protein and fat, B vitamins, especially folic acid and biotin,
and the production of free amino acids (7, 9). Because the B vitamins are
biocatalysts that increase digestive enzymes, probiotic bacteria can improve
the overall digestive process and help to alleviate symptoms of intestinal
malabsorbtion (7). 

One of the most common health benefits of probiotic bacteria is their ability
to alleviate symptoms of lactose intolerance, which affects around half of
the world’s population, by the production of lactase during the fermentation
of food products or in the intestinal tract or stomach of humans who consume
the probiotic cultures (9). 

Molecular methods have been used to detect and monitor in time the lactic
acid bacterial population of ripening cheese products (23, 24). These studies
indicated that the predominant bacterial strains in the cheese products were

 

Lactobacillus

 

 species and 

 

Streptococcus thermophilus 

 

(23, 24). Commercial
yogurts analyzed by polymerase chain reaction-denaturing gradient gel elec-
trophoresis (PCR-DGGE) contained the typical species associated with
yogurt production, 

 

Streptococcus thermophilus

 

 and 

 

Lactobacillus delbrueckii

 

subsp

 

. bulgaricus,

 

 along with 

 

Bifidobacterium lactis 

 

(25). 
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In order to decrease the incidence of gastric or intestinal illness, humans
should consume probiotic bacteria at a level of 10

 

7 

 

to 10

 

11 

 

per day (2, 4, 5). A
clinical trial with 60 patients who had inflammatory bowel diseases who
consumed a daily 400-ml drink containing 5 

 

×

 

 10

 

7 

 

CFU/ml of 

 

Lactobacillus
plantarum

 

 showed a reduction in pain and flatulence after 4 weeks of intake
(26). PCR analysis, using species-specific primers, of fecal samples from 10
patients affected by inflammatory bowel diseases who consumed a commer-
cial probiotic supplement containing 3 

 

×

 

 10

 

11

 

 CFU/g of viable lyophilized
bacteria for 2 months showed a similar bacterial colonization pattern as in
healthy subjects (13, 14). 

Several studies using molecular techniques have evaluated the retention
of bacterial strains in feces of individuals consuming commercially available
probiotic supplements that contain the following lyophilized bacterial
strains: 

 

S. thermophilus

 

, 

 

B. longum

 

, 

 

B. infantis

 

, 

 

B. breve

 

, 

 

L. acidophilus

 

, 

 

L. casei

 

,

 

L. delbrueckii

 

 subsp

 

. bulgaricus, L

 

. 

 

plantarum

 

 (13, 14, 26, 27). The results of
these studies indicated that persistence in the human gut is dependent upon
the specific strain of probiotic and the microflora of the individuals being
evaluated (13, 14). 

With the development of cultural-independent molecular techniques, a
more detailed analysis of the intestinal tract microflora can be evaluated. In
addition, molecular techniques will allow a more comprehensive under-
standing of the interaction of probiotic bacteria with the other microflora in
the intestinal tract. There is an extensive library of DNA primers available
for the detection of probiotic bacteria that are genus or species specific and
even strain specific (28–34). These primers were developed from the most
variable region of the bacterial DNA sequence, the region that codes for the
16S or 23S ribosomal RNA (rRNA). 

 

8.2 Molecular-Based Identification Methods

 

A variety of DNA-based methods can be employed to identify probiotic
microorganisms. They are based mainly on restriction enzyme analysis or
PCR, sometimes in combination.

 

8.2.1 Isolation of DNA

 

The first step in the molecular identification of probiotic bacteria is the
isolation of the DNA from pure cultures, fecal material, or food products.
Klijn et al. (33) developed a method to isolate small amounts of DNA from
a single colony. The authors found that this method of isolation produced
reliable results that could be used to characterize isolates from starter cul-
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A more simple method used in our laboratory for bacterial cell lysis is to
suspend a single colony into 400-µl dH

 

2

 

O in a microcentrifuge tube and then
place the tube into a 95˚C water bath for 5 min. After heating, the tubes are
immediately placed into ice that causes the bacterial cells to lyse. This
method can be used for the detection and identification of pure bacterial
cultures with the use of PCR primers.

A more detailed procedure has to be followed for the isolation of DNA
from mixed microbial communities such as those found in fecal material and

these mixed environments that may interfere with the reagents used during
PCR such as the Taq polymerase. Recently, a rapid method for detection and
enumeration of 

 

Streptococcus thermophilus

 

 and 

 

Bifidobacterium 

 

strains from
human fecal material was developed that does not require time-consuming

tion and a washing procedure to separate bacteria from the enzyme contam-
inants of fecal samples. 

 

8.2.2 Primers for Identification of Probiotic Bacteria

 

Primers can be used to study microbial habitats and ecology, or as rapid
methods for the detection or identification of a particular microorganism. A
variety of DNA primers have been sequenced for most probiotic bacteria

ribosomal DNA regions of the gene that specifically codes for the V1 and
V2 variable regions. The primers developed from the V1 and V2 regions of

 

PROTOCOL 8.1

 

Isolation of DNA from a Single Colony

 

a

 

Cell Lysis:

1. Suspend one colony into 50 

 

μ

 

l of 10 m

 

M

 

 Tris HCl buffer (TE buffer) (pH
8.0) containing 400-

 

μ

 

l of lysozyme.
2. Incubate at 37˚C for 40 min.
3. Add 50 

 

μ

 

l of 10% SDS (sodium dodecyl sulfate) and 250 

 

μ

 

l of the TE buffer.
4. Incubate for 30 min at 50˚C, and then centrifuge at 12,000 

 

g

 

 for 3 min at 4˚C.
5. Pipette supernatant into a fresh 1.5-ml tube.

DNA Precipitation:

1. Add 60 

 

μ

 

l of 3 

 

M

 

 sodium acetate and 1 ml of 96% ethanol to the supernatant,
and place on ice for 20 min.

2. Centrifuge at 12,000 

 

g

 

 for 20 min at 4˚C.

 

3. Dissolve the DNA pellet in 50 

 

μ

 

l of the TE buffer.

 

a

 

 Protocol from Klijn et al. (33).
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PROTOCOL 8.2

 

Isolation of DNA from Fecal and Food Samples Using Mini Bead Beater

 

 

 

Cell Lysis:

1. Add 50 to 100 mg (wet weight) of feces or food products to a 2-ml screw-
cap tube (keep tubes on ice).

2. Add 500 

 

μ

 

g of lysis buffer (200 m

 

M

 

 NaCl, 200 m

 

M

 

 TrisBase, 2 m

 

M

 

 sodium
citrate, 10 m

 

M

 

 CaCl

 

2

 

, 50 m

 

M

 

 EDTA), 20 

 

μ

 

l of poly A (10 mg/ml), 20 

 

μ

 

l of
10% pyrophosphate, and 30 

 

μ

 

l of lysozyme (100 mg/ml).
3. Incubate for 40 min at 37˚C.
4. Add 10 

 

μ

 

l of 20% SDS and 500 

 

μ

 

l of phenol:CHCl3:IAA (24:24:1) and 0.3
g acid-washed zirconium beads. Mix on low setting for 2 min in the Mini
Bead Beater.

5. Spin at 12,000 

 

g

 

 for 3 min at 4˚C. Pipette supernatant into fresh 1.5-ml tube.

DNA Precipitation:

1. Extract samples with one volume of phenol:CHCl3:IAA (24:24:1). Mix by
inversion and centrifuge at 12,000 

 

g

 

 for 2 min at 25˚C. Remove aqueous
upper layer and put in new tube.

2. Precipitate nucleic acids by adding an equal volume of isopropanol and
0.1 volume 3 

 

M

 

 NaAcetate, pH 5.2. Put on ice for 20 min, next spin at
12,000 

 

g

 

 for 20 min at 4˚C.
3. Remove the supernatant, and rinse pellet with 500 

 

μ

 

l of cold 70% ethanol.
Invert tube and allow to air dry for 30 min. Resuspend pellets in 20 

 

μ

 

l of

 

TE buffer.

 

a

 

 Protocol from Reference 68.

 

PROTOCOL 8.3

 

Isolation of DNA from Fecal Samples by Centrifugation

 

a

 

1. Add 1 g of feces to 9 ml of sterile 0.05 

 

M

 

 phosphate-buffered saline (PBS)
(pH 7.4), and mix by vortexing for 5 to 10 min.

2. Centrifuge the sample at 2450 

 

×

 

 

 

g

 

 for 1 min, and collect the supernatant
collected; repeat three times.

3. Collect the bacterial pellet by centrifuging the supernatant at 8000 

 

×

 

 

 

g

 

 for
3 min.

4. Wash the bacterial pellet four times with 2.5 ml of PBS, and then wash
with 1 ml of sterile water.

5. Resuspend the bacterial pellet with 0.3 ml of Triton X-100. 

6. Heat the sample at 100˚C for 5 min, and immediately cool in ice; repeat

 

five times.

 

 

 

a

 

 Protocol from Reference 14.
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TABLE 8.1

 

Primers Used for the Detection and Identification of Probiotic Lactobacilli Species

 

Species Primer Sequences
PCR Fragment 

Length (bp)
PCR Annealing 

Temp (˚C) MgCl

 

2

 

Ref.

 

L. delbrueckii

 

ACGGATGGATGGAGAGCAG
GCAAGTTTGTTCTTTCGAACTC

200–300 72 3.0 64

 

L. acidophilus

 

AGCTGAACCAACAGATTCAC
ACTACCAGGGTATCTAATCC

200–300 62 1.5 35

 

L. acidophilus

 

TCTAAGGAAGCGAAGGAT
CTCTTCTCGGTCGCTCTA

200–300 72 3.0 64

 

L. rhamnosus

 

CTATTTAGTAATCACAGAAAA
TAACAGCAGTCTCCAAATGG

595 72 3.0 65

 

L. rhamnosus

 

CAGACTGAAAGTCTGACGG
GCGATGCGAATTTCTATTATT

200–300 58 2.0 35

 

L. casei

 

CAGACTGAAAGTCTGACGG
GCGATGCGAATTTCTTTTTC

290 55 2.0 35

 

L. plantarum

 

GCCGCCTAAGGTGGGACAGAT
TTACCTAACGGTAAATGCGA

200–300 55 2.0 35

 

L. fermentum

 

GCCGCCTAAGGTGGGACAGAT
CTGATCGTAGATCAGTCAAG

200–300 55 3.0 35

 

L sharpeae

 

GATAATCATGTAAGAAACCGC
ATATTGTTGGTCGCGATTCG

200–300 58 1.5 35

 

L. curvatus

 

GCTGGATCACCTCCTTTC
TTGGTACTATTTAATTCTTAG

250 72 1.0 24

 

L. pentosus

 

GCTGGATCACCTCCTTTC
GTATTCAACTTATTAGAACG

250 72 1.0 24
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TABLE 8.2

 

Primers Used for the Detection and Identification of Probiotic Bifidobacterial Species

 

Species Primer Sequences
PCR Fragment 

Length (bp)
PCR Annealing 

Temp (˚C) Ref.

 

B. adolescentis

 

CTCCAGTTGGATGCATGTC
CGAAGGCTTGCTCCCAGT

279 72 66

 

B. bifidum

 

CCACATGATCGCATGTGATTG
CCGAAGGCTTGCTCCCAA

278 72 66

 

B. breve

 

CCGGATGCTCCATCACAC
ACAAAGTGCCTTGCTCCCT

340 72 66

 

B. infantis

 

CCATCTCTGGGATCGTCGG
TATCGGGAGCAAGCGTGA

565 72 55

 

B. longum

 

GTTCCCGACGGTCGTAGAG
GTGAGTTCCCGGCATAATCC

153 72 67

 

B. lactis

 

GTGGAGACACGGTTTCCC
CACACCACACAATCCAATAC

680 95 36
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the 16S and 23S rDNA are specific enough that bacteria can be identified at
the genus, species, and even subspecies level. The use of these primers will
give us a better understanding of the dosage of probiotic bacteria needed
for persistence within the intestine, if particular probiotic bacteria can colo-

from the gut. Several biotechnology companies produce the primers and can
be located on the Internet.

 

8.2.3 PCR-Based Identification Methods

 

PCR is a rapid method for the amplification of DNA fragments from a known

available through most biotechnology companies. The basic procedure for
preparing the samples for generating the PCR fragments is explained in the
protocols throughout this article. The thermocycler is programmed according
to the manufacturer’s instructions. The basic cyclic parameters for amplifica-
tion of 

 

Lactobacillus

 

 species rDNA by PCR are as follows: initial denaturation
at 94˚C for 2 to 4 min; 30 to 35 cycles of 94˚C for 30 sec (denaturation), 56 to
61˚C for 30 to 60 sec (amplification), and 68˚ for 1 min (annealing); final
extension 68˚C for 7 min (27, 31, 35). The cyclic parameters for 

 

Bifidobacterium

 

species are as follows: initial denaturation at 95˚C for 5 min; 40 cycles of 95˚C
for 1 min (denaturation), 53˚C for 30 sec (amplification), and 72˚C for 5 min
(annealing); final extension 68˚C for 7 min (Protocol 4). When low numbers
of the indicator bacteria are expected, the number of PCR cycles should be
increased. One study using a pure culture of 

 

B. lactis

 

 indicated that after 25
cycles of PCR, 100 bacteria/ml could be detected, and by increasing to 50
cycles, 1 to 10 bacteria/ml were detected (36).

Sometimes it can be advantageous to identify simultaneously several dif-
ferent species of bacteria within one reaction tube, and this can be done by
Multiplex PCR. During Multiplex PCR, several primer sets are added to a
single reaction tube along with mixed DNA templates. This method has
several advantages; mainly it can reduce the cost and time associated with
identifying single bacterial species. Henegariu et al. (37) developed a step-
by-step protocol for conducting Multiplex PCR that also included all possible
pitfalls of the procedure. 

Theoretically, PCR should, by judicious choice of the amplified sequence,
be able to identify a target simultaneously with its detection, i.e., the presence
of a PCR signal should be completely diagnostic for the desired target.
However, it is not always easy to find sequences that are suitably variant
among species or strains such that they can be used to mediate discrimina-
tion between them in a single PCR. Amplification of random or repetitive
sequences can be used as approaches to identify closely related strains, and
have been reported as useful in this regard for probiotic microorganisms. 

Random amplification of polymorphic DNA (RAPD) is a PCR-based
method in which a pattern of amplicons is produced through the simulta-

 

DK3341_C008.fm  Page 198  Thursday, September 1, 2005  8:41 AM

© 2006 by Taylor & Francis Group, LLC

nize the intestine and how long it takes for the probiotic bacteria to be eluted

8.2). The main instrument needed to perform PCR is a thermocycler that is
sequence using two primers to generate the PCR fragment (see Tables 8.1 and



 

Molecular-Based Methods Directed toward Probiotics

 

199

neous amplification of many chromosomal sequences mediated by annealing
of short oligonucleotide primers. The primers are composed of random
nucleotide sequences and are not designed to match any specific sequence
in the target organism’s DNA, but by using a low annealing temperature in
the reaction will allow them to bind and mediate amplification. If cycling
conditions are maintained, then the pattern produced by RAPD should be
reproducible for an individual species or strain. In actuality, the method may
be affected by variability in laboratory conditions or equipment. Further-
more, it can require some effort to find suitable primers to produce specific
RAPD patterns for particular strains of interest (38). Nonetheless, RAPD has
been shown to be capable of differentiating between 

 

L. acidophilus

 

 group
strains (39) and has been useful for monitoring introduced and indigenous
lactobacilli in the intestinal tract (40). RAPD analysis of yeast isolates from
feta cheese provided reliable identification at species level and good discrim-
ination at strain level (12).

Amplification of repetitive chromosomal sequences can produce distinc-
tive patterns between closely related species or strains. Ventura and Zink
(41) used enterobacterial repetitive intergenic consensus PCR to explore
phylogenetic relationships between 

 

B. animalis 

 

and 

 

B. lactis 

 

isolates; their

 

PROTOCOL 8.4

 

Identification of Probiotic Bacteria Using Polymerase Chain Reaction 

 

(

 

PCR

 

)

 

9

 

1. To a 0.5- or 0.2-ml microcentrifuge tube (depending on the thermal
cycler) on ice add: 

2. 26.5 

 

μ

 

l of water (double-distilled)
3. 5 μl of 10 Taq buffer (0.5 M KCl, 0.1 M Tris – HCl pH 9, 1% Triton

X – 1.5 mM MgCl2
a)

4.
dTTP)

5. 6 μl of forward primer (50 μg/ml)
6. 6 μl of reverse primer (50 μg/ml)
7. 1 μl of substrate DNA (1 ng/μl)
8. 0.5 μl of Taq (or similar) DNA polymerase (5 units/μl)
9. Mix, then place in the thermal cycle, and initiate PCR. See refer-

primers.
10. Remove 5 μl, and run on a gel to verify that the specific DNA was

present.

a The concentration of MgCl2 varies for the primer sets used by the lactobacilli species (see
Table 8.1).

a Protocol from Reference 69.
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findings led them to support redefining the classification of B. lactis as a
subspecies of B. animalis.

PCR and restriction enzyme analysis can be used in combination to facil-
itate identification of microorganisms, and this approach has been used for
the study of probiotic organisms. Digestion of amplified 16S ribosomal gene
sequences can produce group- or species-distinctive patterns; it has been
employed to identify Lactobacillus spp. (42). A variation of this approach,
which compared the size of fragments produced after restriction of labeled
16S amplicons from fecal samples, has been used to monitor bacterial pop-
ulations in the digestive tract after ingestion of L. acidophilus (43). This tech-
nique, terminal restriction fragment (TRF) pattern analysis, can allow several
species or strains to be visualized simultaneously and can be employed
directly on fecal or environmental samples, without the necessity of prior
culturing (44).

Other culture-independent techniques, which can mediate the identifica-
tion of individual bacterial species or strains, include DGGE (45). DGGE
analysis is based on the differences in electrophoretic mobility of partially
denatured amplicons in polyacrylamide gels containing a linear gradient of
chemical denaturants (urea and formamide) or temperature. Molecules with
different sequences may have different melting behaviors and therefore
migrate differently; this property can be used to separate otherwise indis-
tinguishable amplicons from different species or strains. DGGE has been
used to detect Lactobacillus and other species in the human gastrointestinal
tract (46), to monitor Bifidobacterium populations (47), and to study the devel-
opment of the Lactobacillus-like community (28) in the gastrointestinal tract
of human volunteers; and to verify the bacterial species present in commer-
cial probiotic products (24, 25, 48).

Many of the studies mentioned above have found that the identity of
probiotic strains used in commercial products does not always conform to
that which is designated in the product. Klein et al. (49) strongly recom-
mended that the taxonomy of probiotic microorganisms should be clarified,
and considered that molecular techniques should be used in combination
with culture-based techniques to achieve this. They affirmed that knowledge
of taxonomy would provide the basis for quality assurance schemes, as
required by national legislation and consumer interest. Harmonized
approaches are required to elucidate fully the taxonomy of probiotic organ-
isms and produce validated methods for determination of strain identity.
The acquisition of full taxonomic knowledge and production of widely
accepted identification methods should ensure that probiotics are safely and
beneficially used. 

8.2.4 Restriction Enzyme Analysis-Based Identification Methods

Restriction enzymes cut, or digest, DNA at specific sequences. The resulting
fragments are separated by size using electrophoresis through agarose gels,
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producing a pattern of bands after staining with a fluorescent dye. The
banding pattern can be representative of a particular species or strain. The
banding patterns may be quite difficult to interpret without sophisticated
computer-aided analysis (50), and care must be taken in the choice of
enzymes used. Identification methods based on restriction enzyme analysis,
which have been used to identify probiotic microorganisms, include ribotyp-
ing and pulsed field gel electrophoresis.

Ribotyping involves typing species and strains through characteristic vari-
ations in their ribosomal (r)RNA genes. Chromosomal DNA is digested by
restriction enzymes, and after electrophoresis the DNA is transferred to a
membrane by Southern blotting. The membrane-bound DNA is hybridized
to probes, which are specific for 16S and 23S rRNA genes. The probes are
labeled to allow visualization of the pattern produced, which is used to
determine the identity of the original bacterium. In general, ribotyping pro-
duces easily interpretable fingerprint patterns and can be particularly useful
in species recognition (50). Ribotyping has been used to confirm the identity
of probiotic Lactobacillus strains inoculated into foods (51) and to identify
Lactobacillus isolates from human colonic biopsy samples (52). 

When electrophoresis of digested DNA is performed with periodic changes
in the orientation of the electric field, it can facilitate the separation of high-
molecular-weight fragments. This is the basis of pulsed field gel electrophore-
sis, or PFGE. Commonly, rare-cutting restriction enzymes are used; these act
at uncommon DNA sequences and thus produce large fragments that can be
several hundred kilobases in length. The technique has high discriminatory
power. Roussel et al. (53) used it to differentiate closely related strains of L.
acidophilus, and Ferrero et al. (54) used it to characterize L. casei strains. Roy et
al. (55) differentiated commercially available bifidobacterial strains by PFGE,
and it has also been used to determine the identity of Lactobacillus and Bifido-
bacterium strains that had probiotic properties (56). PFGE was shown to be
more efficient than ribotyping for differentiation of Enterococcus faecalis strains
(57). Lund et al. (58) and Gelsomino et al. (59) used the technique to confirm
the establishment in the intestine of enterococcal species following the daily
consumption of dairy products containing them. RAPD has also been used to
confirm the identity of Pediococcus spp. (60).

8.3 Future Directions

With the burgeoning developments in PCR technology and the increasing
use of methods based on PCR for detection of microorganisms, the need for
international standardization has become apparent (61, 62). With regard to
probiotics, regulatory measures to ensure the identity of a product may be
underpinned by standard detection and identification procedures. The pro-
vision of these standards will require harmonized approaches to develop-
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ment and evaluation, among those laboratories involved in method
development.

However, PCR-based detection does not unequivocally indicate that the
target was viable. An alternative molecular detection technique, nucleic acid
sequence-based amplification (NASBA), may be able to provide rapid detec-
tion of viable microorganisms (63–67) and could be worth consideration for
future probiotics testing.

8.4 Conclusion

Molecular techniques can be useful tools for evaluating the effectiveness of
probiotic bacteria in the prevention and treatment of gastrointestinal disor-
ders. Now that a large set of rDNA primers are available for the identification
of probiotic bacteria, more extensive research needs to be conducted to
determine the most effective probiotic bacteria for improving the health of
humans. Mainly, more work needs to be done to determine if probiotic
bacteria are capable of persisting within the human intestinal tract and what
conditions will improve or enable them to colonize therein.
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9.1 Introduction

 

Although the first recordings on the potential health-promoting effects of
lactic acid bacteria (LAB) in fermented milk products date from the begin-
ning of the 20

 

th

 

 century, it is only since the 1990s that LAB-containing prod-
ucts have been linked to the health and physical condition status of the
modern consumer.  The strong expansion of the human probiotic market has
also led to a diversification of probiotic species (1). Although the genera

 

Lactobacillus 

 

and

 

 Bifidobacterium 

 

are among the most commonly used probi-
otics, strains belonging to other Gram-positive genera such as 

 

Enterococcus,
Lactococcus, Pediococcus, 

 

and

 

 Bacillus

 

 have also appeared on the market as
well as yeasts such as 

 

Saccharomyces boulardii

 

.
Next to their functional and technological properties, the safety aspect of

probiotics is of major importance both to the producer and the consumer.
Because the current state of evidence suggests that probiotic effects are
mostly strain specific (2), correct identification of probiotics is crucial to link
a strain to a specific health effect as well as to enable surveillance and
epidemiological studies (3). Over the past decade, there were several major
attempts by the scientific community to clarify the classification and identi-
fication of probiotic microorganisms (4). Furthermore, it is also assumed that
probiotic effects are dose dependent, although there is currently no consen-
sus on the quantitative estimation of a daily probiotic dose (5, 6). A reliable
quantification of probiotic bacteria is regarded of equal importance to their
identification and should therefore be performed on a frequent basis using
widely acknowledged techniques. In a number of independent studies, it
has been demonstrated that the identity and the number of recovered species
do not always correspond to the label information of the probiotic product
itself (4, 7–9).

The need for legislation in which guidelines are defined for quality control
is urgent and of immediate relevance. The Thematic Priority “Food Quality
and Safety” of the European Sixth Framework Program, clearly underlines
the need for this type of research through the availability of a budget of $900
million (10). It is generally agreed that quality control guidelines should be
based on the use of standardized and harmonized methods to enable com-
parisons among products on an international scale.

Most research studies report on the identification of isolates obtained from
probiotic products, rather than the identification of pure cultures or starter
organisms obtained from the manufacturer itself (4, 7–9). Hence, there is a
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strong need for efficient and validated techniques in order to perform such
product analyses. Although the majority of these techniques still rely on
culture-dependent approaches, the use of culture-independent methods for
taxonomic characterization is expected to increase in the near future. This
chapter will focus mainly on identification strategies for LAB included in
probiotic products. As a culture-dependent approach, the use of selective
isolation and cultivation media coupled with genotypic fingerprinting and
identification using repetitive element sequence-based (rep-) polymerase
chain reaction (PCR) will be thoroughly discussed. The denaturing gradient
gel electrophoresis (DGGE) method represents one of the most promising
methodologies among the currently available culture-independent tech-
niques.

 

9.2 Culture-Dependent Analysis

 

Despite the availability of molecular techniques, enumeration and detection
of probiotic bacterial species is still widely performed using culture media.
These media need to support growth of all bacteria that may occur in pro-
biotic products. However, the specific nutritional demands of certain probi-
otics may sometimes hamper the development of a cultivation medium with
the desired selectivity and electivity. Because at present no fully optimized
culture-independent alternatives exist for the quantitative microbial analysis
of probiotic products, it is very important that each step of the protocol be
performed as standardized as possible in order to reduce the biases possibly
encountered when performing culture-dependent analysis (11).

The following section discusses all points involved in the culture-depen-
dent microbial analysis of probiotic products, from various sample treat-
ments to methodologies for identification of the obtained isolates with
special focus on rep-PCR.

 

9.2.1 Sample Treatment

 

Depending on the type of product sample (e.g., dairy product or freeze-dried
food supplement), different approaches may be required for enumeration
and identification of probiotic bacteria. The labels of most probiotic products
usually mention the estimated amount of bacteria present in the product on
the expiration date, which is also the recommended date for microbial anal-
ysis. In comparative studies, it is especially relevant to perform analyses of
products at the same date in relation to the time of production. For dairy
products, the shelf life is usually limited to 1 month, whereas that of freeze-
dried products may range from 1 to 5 years. In the latter case, it is obvious
that quantification at the expiration date may be impractical to perform. 
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9.2.1.1 Dairy Products

 

• Prior to the actual enumeration, it is important to verify if the prod-
ucts were kept refrigerated from the point of purchase or shipment
up to the start of the actual analysis. In case that analysis should be
postponed until the expiry date, products need to be stored at a
maximum of 6˚C.

• Although the risk of air contamination is considered to be minimal,
it is recommended that all subsequent steps be carried out in a
laminar flow cabinet.

• Using a sterile pipette, 1 ml of product is sampled from the middle
of the product recipient. The intake of air is avoided because certain
probiotic bifidobacteria are highly sensitive even to the slightest trace
amount of oxygen due to their strictly anaerobic metabolism. For
viscous dairy products, air-free sampling can be achieved by slightly
moving the pipette around in the matrix while taking up the sample.

• One milliliter of product is transferred to a tube containing 9 ml of
sterile physiological peptone solution (PPS) (NaCl: 8.5 g/l; neutralized
bacteriological peptone: 1 g/l), after which the solution is homoge-
nized through gentle shaking. The suspension is set to rest for approx-
imately 30 min, and for recovery of bifidobacteria, reducing agent
(e.g., 0.5 g/l of cysteine-HCl) needs to be added to the PPS.

• A 10-fold dilution series is prepared in PPS, each time using a new
pipette in order to prepare the next dilution. Dilutions should be
plated within 30 min after preparation. 

 

9.2.1.2 Freeze-Dried Products

 

• In contrast to dairy products, most freeze-dried products (e.g., pow-
ders, capsules, and tablets) can be stored at room temperature.
Because of the much longer shelf life (mostly 1 to 3 years) of freeze-
dried products, analysis at the expiry date is often difficult to achieve
in practice.

• Powder: In case the freeze-dried powder is contained in a box or
sachet, approximately 100 mg of powder is weighed under sterile
conditions and dissolved in 9 ml of PPS. 

• Capsules: The average net weight of one capsule is between 50 and
150 mg. In order to avoid the weighing of exactly 100 mg of powder
from a capsule, it is recommended to empty a complete capsule in
9 ml of PPS. If the exact content (in milligrams) of such a capsule is
known, it is possible to calculate the equivalent to 100 mg. However,
if no information about the weight is available, the weight of the
capsule should be determined before and after emptying.
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• Tablets: Hard tablets should be crushed to powder using a sterile
mortar, after which the powder is dissolved in 9 ml of PPS. The equiv-
alent to 100 mg can be calculated when the weight of one tablet is
known.

• The PPS solution containing the freeze-dried product is homoge-
nized through shaking and set to rest for 1 hour, in order to dissolve
small remaining lumps. Again, PPS containing cysteine-HCl has to
be used for the recovery of bifidobacteria.

• After a second homogenization through gentle shaking, a 10-fold
dilution is prepared as outlined for dairy products. 

 

9.2.2 Plating

 

Although most LAB display good growth on deMan, Rogosa, and Sharpe
(MRS) (12) medium, enumeration of specific bacterial groups such as entero-
cocci, streptococci, and bifidobacteria requires the use of specially designed
selective culture media. On the other hand, the selectivity of certain culture
media may lead to an underestimation of the actual number of targeted organ-
isms present in the original sample. In this regard, reliable enumeration of
bifidobacteria remains difficult to achieve because of their (strict) anaerobic
character and high nutritional demands (11). Therefore, the most optimal
approach for culture-dependent quantitative analysis of probiotic products
includes the use of a range of culture media with overlapping selective or
elective properties. Next to the choice of these culture media, the plating
method should also be carefully chosen. Table 9.1 presents the most commonly
used culture media with their corresponding incubation parameters.

 

9.2.2.1 Culture Media

 

• deMan, Rogosa, and Sharpe (MRS) (12): MRS agar and broth were
designed to allow growth of LAB including the genera 

 

Lactobacillus,
Streptococcus, Pediococcus,

 

 and 

 

Leuconostoc

 

. Depending on culture

 

TABLE 9.1

 

Overview of Culture Media and Incubation Parameters Used for Enumeration and 

 

Isolation of Probiotic LAB

 

Bacterial Group Medium Incubation Parameters

 

Lactobacillus, Pediococcus, 
Streptococcus, Lactococcus, 
Leuconostoc

 

MRS 24–48 h, 37˚C, MA

 

Streptococcus

 

M17 48 h, 37˚C, MA

 

Enterococcus

 

KAAAB 24 h, 37˚C, AE

 

Bifidobacterium

 

Acidified MRS, MRS + TTC, BSM 72–96 h, 37˚C, AN

 

Note

 

: MA = microaerophilic, AE = aerobic, AN = anaerobic. For more information, see 9.2.2.
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conditions, enterococci and bifidobacteria can also be isolated on
this medium. Selectivity can be enhanced by addition of specific
agents such as cycloheximide (antibiotic inhibiting growth of yeasts)
or sorbic acid (inhibiting growth of yeasts by pH reduction of the
medium from 6.2 to 5.7) (13).

• M17: A well-buffered medium for the growth of the nutritionally
fastidious lactic streptococci (14). Shankar and Davies (15) recom-
mended M17 agar for the enumeration of 

 

Streptococcus thermophilus

 

from yogurt. Meanwhile, the medium has also demonstrated its use
for analysis of other probiotic products.

• Bifidobacteria: The majority of the media that were developed for
the enumeration of bifidobacteria are in fact either too selective or
inhibit insufficiently the growth of nonbifidobacteria. Because bifi-
dobacteria have variable physiological requirements for growth,
none of the currently described media are suitable for the recovery
of all species. As far as 

 

Bifidobacterium

 

-containing probiotic dairy
products are concerned, an overview of the currently available
media and methods is presented by Roy (11). For routine enumera-
tion of bifidobacteria from pure cultures, commercially available
non-selective media such as reinforced clostridial agar (RCA) and
MRS supplemented with cysteine-HCl are recommended. These
media provide an excellent recovery of bifidobacteria and are time
and cost effective. Furthermore, the addition of certain short-chain
fatty acids (e.g. propionic acid) or bifidogenic factors (e.g., lactulose)
to these non-selective media might improve their elective properties.
For selective enumeration of bifidobacteria in dairy products, exist-
ing medium bases are often supplemented with elective or selective
agents, e.g., Columbia agar base media supplemented with lithium
chloride and sodium propionate plus raffinose; Columbia agar with
propionic acid and dicloxacillin or MRS medium supplemented with
neomycin, paromycin, nalidixic acid, and lithium. In a recent study
by Leuschner and coworkers (17), spread plating on four different
agars including MRS, acidified MRS, MRS with triphenyl tetrazo-
lium chloride (TTC) and a selective bifidobacteria medium (BSM)
was evaluated for the selective enumeration of probiotic bifidobac-
teria used as feed additives. For routine analysis of products con-
taining only bifidobacteria, the use of MRS agar supplemented with
cysteine-HCL is recommended.  In presence of either enterococci or
pediococci and lactobacilli, acidified MRS and MRS supplemented
with TTC is recommended, respectively. In cases where bifidobac-
teria are less predominant in the presence of other microorganisms,
the use of BSM for selective enumeration was reported to be the
most optimal choice (17).

• KAAAB: The kanamycin aesculin azide agar base medium was orig-
inally designed by Mossel and coworkers (16) for the selective isola-

 

DK3341_C009.fm  Page 212  Thursday, September 1, 2005  8:43 AM

© 2006 by Taylor & Francis Group, LLC



 

Application of Repetitive Element Sequence-Based

 

213

tion of enterococci from food samples. Round, white or gray colonies
about 2 mm in diameter, surrounded by black zones of at least 1 cm
in diameter is the typical morphology of enterococci on KAAAB.

 

9.2.2.2 Different Plating Techniques

 

Especially in the case of bifidobacteria, it is important to find a suitable com-
bination of culture medium and plating technique. In order to obtain statisti-
cally significant quantitative data, all dilutions are usually plated in triplicate.

• With the spread plate method, 50 

 

μ

 

l of each decimal dilution is
transferred and spread on the appropriate medium using a sterile
Drigalsky spatula. More advanced (automated) systems such as spi-
ral plating can be used to perform a more accurate enumeration. 

• With the pour plate method, 1 ml of decimal dilution is transferred
to an empty petri dish after which the appropriate medium is poured
into the plate and gently mixed to obtain a homogeneous distribu-
tion. Make sure the medium has cooled down to an acceptable
temperature of about 50˚C before pouring.

 

9.2.3 Incubation

 

The incubation parameters are crucial in any isolation procedure because
they can largely influence the growth capacity of the organisms. Besides the
length of incubation, the atmosphere and temperature should be well chosen.

discussed earlier.
Although most LAB are aerotolerant, incubation under microaerophilic

conditions (e.g., 5% O

 

2

 

, 3.5% CO

 

2

 

, 7.5% H

 

2

 

, 84% N

 

2

 

) greatly enhances their
growth after 24 to 48 h. The incubation temperature is usually set at 37˚C,
although growth of thermophilic species may require incubation at higher
temperatures, such as 42˚C for 

 

Lactobacillus acidophilus

 

.
Regardless of the medium used, bifidobacteria always require anaerobic

incubation. Because of their complex physiological demands, these organ-
isms are relatively slow growers, and for this reason incubation at 37˚C lasts
for 72 to 96 h. In order to enhance the degree of anaerobicity in the (vented)
petri dishes, a medium containing cysteine-HCl (0.1% w/v) is preferred.

 

9.2.4 Enumeration and Isolation

 

9.2.4.1 Enumeration

 

• In order to obtain statistically significant counts, dilutions are usu-
ally plated in triplicate, from which an average value is calculated.
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• Plates containing between 30 and 300 colonies are considered for
counting. Based on the initial volume of 50 

 

μ

 

l that has been plated
and the corresponding dilution factor, the number of colony forming
units (CFU) per gram or milliliter of product can be calculated.

• Dairy products: The initial solution prepared (1 ml of product in 9
ml of PPS) is considered as the first decimal dilution.

• Freeze-dried products: In case 100 mg of product has been diluted
in 9 ml of PPS, this solution is considered as the second decimal
dilution because CFU values of freeze-dried products are expressed
per gram. 

 

9.2.4.2 Isolation and Strain Storage

 

At this point of the product analysis, only quantitative data are obtained. In
order to reveal the taxonomic composition of the product, identification of
a batch of representative isolates has to be performed. Because of practical
limitations, it is often not possible or simply not necessary to identify all
colonies obtained on the culture medium. Therefore, a statistically significant
balance has to be found between the amount of isolates selected for subse-
quent identification and the workload involved.

• Select those petri dishes that contain a representative number
(approximately 100) of well-separated colonies.

• Depending on the selectivity of the medium used, up to 10 colonies
can be picked using a sterile loop. The selection of these colonies is
mainly based on their morphology, which in case of small colony
sizes is determined using a microscope.

• Except for bifidobacteria, all presumptive LAB colonies can be puri-
fied on MRS agar using the following incubation parameters: 37˚C,
48 h, aerobic (or microaerophilic). Bifidobacterial colonies need to
be subcultured on media sustaining their growth, such as RCA or
MRS supplemented with cysteine-HCl, and incubated anaerobically
for 72 h at 37˚C.

• If required, several repetitive inoculations have to be performed in
order to obtain a pure culture.

• Isolates can be preserved for long-time storage at –80˚C, either in
medium supplemented with glycerol, or by using a bead storage
system (e.g., MicroBank, Pro-Lab Diagnostics

 

®

 

).

 

9.2.5 Identification–Repetitive Element Sequence-Based (rep-) PCR

 

Especially in the field of food production and gastrointestinal microbiology,
there is a huge interest in the identification and characterization of LAB,
mainly because of (i) the association of these organisms with health-promot-
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ing properties; (ii) their application in numerous food products as probiotics;
and (iii) the requirements of legislative and industrial bodies, as well as the
consumer, with respect to safety, labeling, and strain integrity (18). Next to
the improvement of the technological and functional aspects of probiotics,
safety and quality control are equally important and should ideally be per-
formed on a frequent basis (19). At present, a broad range of techniques is
available for the identification of LAB with varying degrees of discriminatory
power, reproducibility, and workload (20). At present, the most commonly
used techniques for LAB identification include 16S rDNA sequencing and
the phenotypic API50CHL system (Biomérieux), mainly because of the avail-
ability of (on-line sequence) databases and the good exchangeability of gen-
erated data. However, both methods have insufficient taxonomic resolution
to discriminate among certain groups of LAB species.

A technique combining high taxonomic resolution (subspecies level) with
acceptable reproducibility and low workload, also allowing dereplication of
the set of isolates, is rep-PCR. This genotypic technique is based on the use of
outwardly facing oligonucleotide PCR primers complementary to interspersed
repetitive sequences, which enable the amplification of differently sized DNA
fragments lying between these elements. Examples of evolutionarily con-
served repetitive sequences are BOX, ERIC, REP, and (GTG)

 

5

 

 (21). rep-PCR
fingerprinting is considered to be a valuable tool for classifying and typing a
wide range of bacterial genera (21, 22). Within the LAB, this method has been
evaluated for identification of 

 

Lactobacillus 

 

(23) and 

 

Bifidobacterium 

 

species (24).

 

9.2.5.1 Bacterial Strains and Cultivation

 

Similar to the use of other DNA fingerprinting methods, a taxonomical
framework of reference strains has to be constructed in order to be able to
perform an identification of unknown isolates with rep-PCR. Using a repre-
sentative set of well-characterized type and reference strains obtained from
international bacteria collections, such as the BCCM

 

™

 

/LMG Bacteria Collec-
tion (Ghent University, Belgium) or DSMZ (Braunschweig, Germany), a
reliable identification database can be generated. 

Presumptive LAB strains should be grown overnight at 37˚C on MRSA,
whereas bifidobacteria are usually grown overnight at 37˚C under anaerobic
conditions (80% N

 

2

 

, 10% H

 

2

 

, 10% CO

 

2

 

) on Modified Columbia Agar com-
prising 23 g of special peptone, 1 g of soluble starch, 5 g of NaCl, 0.3 g of
cysteine-HCl-H

 

2

 

O, 5 g of glucose, and 15 g of agar dissolved in 1 l of distilled
water. 

 

9.2.5.2 Total DNA Extraction

 

Extraction of total bacterial DNA is based on the method of Pitcher and
coworkers (25) with slight modifications regarding the concentration of
lysozyme and an additional step involving RNase at the end of the proce-
dure. 
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• From a pure overnight-grown culture, half a loop of cells is harvested
and washed in 500 

 

μ

 

l TE-buffer (1 m

 

M

 

 EDTA pH 8.0; 10 m

 

M

 

 Tris-
HCl pH 8.0) after which the cell suspension is centrifuged for 2 min
at 13,000 rpm. 

• Following the removal of the supernatant, the resulting pellet is
frozen at –20˚C for at least 1 h to facilitate the rupture of the Gram-
positive cell wall. 

• The thawed pellet is resuspended in 150 

 

μ

 

l of lysozyme-solution (5
mg of lysozyme in 150 

 

μ

 

l of TE buffer), followed by an incubation
step at 37˚C during 40 min. 

• Subsequently, 500 

 

μ

 

l of GES reagents (600 g/l guanidium-thiocyan-
ate; 200 ml/l of 0.5

 

M

 

 EDTA [pH 8] and 10 g/l of sarkosyl, sodium
lauryl sarcosinate) is added, and the solution is gently mixed until
a transparent solution is obtained, which is allowed to stand on ice
for 10 min. 

• To enhance the precipitation of proteins, 250 

 

μ

 

l of ammonium-acetate
(7.5 

 

M

 

) is added and carefully mixed with the lysed cell suspension.
Keep on ice for 10 min.

• To separate the precipitated proteins from the nucleic acids, 500 

 

μ

 

l
of chloroform/isoamyl alcohol (24:1) is added. The mixture is thor-
oughly shaken until a homogeneous one-phase solution is obtained,
after which it is centrifuged for 20 min at 13,000 rpm. The isoamyl
alcohol serves as an antifoaming agent.

• Following the centrifugation step, a three-phase solution is usually
obtained: the upper aqueous phase (containing nucleic acids), the
interphase (containing a layer of proteins and cell debris), and the
lower phase (containing the chloroform fraction). Approximately
700 

 

μ

 

l of the upper phase is transferred to a new Eppendorf tube
containing 0.54 volumes (approximately 378 

 

μ

 

l) ice-cold isopro-
panol. By means of careful mixing, the nucleic acids are precipitated
as a white fluffy cloud.

• The nucleic acids are centrifuged for 1 min at 13,000 rpm, after which
the supernatant is gently removed and the remaining pellet is washed
two times (with 1 min centrifugation and supernatant removal in
between) with 150 

 

μ

 

l 70% ethanol to remove traces of isopropanol.
• The obtained semitransparent pellet is dried under vacuum and

dissolved in 100 

 

μ

 

l of TE buffer.
• The resulting DNA pellet is dissolved in 200 

 

μ

 

l TE-buffer and kept
overnight at 4˚C. 

• The RNase step can be performed once most of the pellet has solu-
bilized. Remaining RNA is then digested by adding 2 

 

μ

 

l of an RNase
solution (10 mg of RNase dissolved in 1 ml of milli-Q water) fol-
lowed by an incubation step of 90 min at 37˚C. 
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• Quality of the DNA extracts is verified by spectrophotometric mea-
surements at 260, 280, and 234 nm. The DNA is then diluted to a
working concentration of 50 ng/

 

μ

 

l. The integrity of the DNA is
checked by electrophoresis on a 1% agarose gel in 1 

 

×

 

 TAE (0.04 

 

M

 

Tris-acetate, 0.001 

 

M

 

 EDTA) buffer and visualization under ultravi-
olet light after staining with ethidium bromide. 

 

9.2.5.3 rep-PCR Fingerprinting

 

Several repetitive sequence-based oligonucleotide primers can be used for
rep-PCR (22). Depending on the group of organisms and the desired taxo-
nomic resolution, it may be necessary to evaluate several of these primers.
A list of primers frequently used is presented in Table 9.2. For all rep-PCR
assays, a universal PCR reaction mix can be used in which the primer is
interchangeable. Annealing temperatures for the different primers are men-
tioned in Table 9.2.

• Each 

 

25 

 

μ

 

l PCR reaction

 

 contains in milli-Q water:
• 5 

 

μ

 

l 5 

 

×

 

 Gitschier buffer [83 m

 

M

 

 (NH

 

4

 

)

 

2

 

SO

 

4

 

, 335 m

 

M

 

 Tris-HCl
(pH 8.8), 33.5 m

 

M

 

 MgCl

 

2

 

, 32.5 µ

 

M

 

 EDTA (pH 8.8), and 150 m

 

M

 

β

 

-mercaptoethanol] 
• 160 

 

μ

 

g/ml BSA
• 10% DMSO
• 1.25 mM of each of 4 dNTPs (dATP, dCTP, dGTP, and dTTP)
•  0.3 

 

μ

 

g/

 

μ

 

l oligonucleotide primer
• 2 units of DNA polymerase
• 50 ng of template DNA

• PCR amplification is performed in a DNA thermal cycler (e.g., Perkin
Elmer 9600) through the following program: 
• Initial denaturation: 95˚C for 7 min

 

TABLE 9.2

 

Sequence and Recommended Annealing Temperature of rep-PCR Primers

 

Designation Sequence Annealing Temperature (˚C)

 

ERIC1R 5’-ATGTAAGCTCCTGGGGATTCAC-3’ 52
ERIC2 5’-AAGTAAGTGACTGGGGTGAGCG-3’ 52
BOXA1R 5’-CTACGGCAAGGCGACGCTGACG-3’ 52
GTG

 

5

 

5’-GTGGTGGTGGTGGTG-3’ 40
REP1R 5’-IIIICGICGICATCIGGC-3’ 40
REP2I 5’-ICGICTTATCIGGCCTAC-3’ 40

 

Note

 

: I = inosine. 

 

Source

 

: Based on Versalovic et al., 1994.
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• 30 cycles of denaturation (94˚C, 1 min), 1 min of annealing at a

sion (65˚C, 8 min)
• Final extension step (65˚C, 16 min)

• The amplified fragments are fractionated on a 1.5% agarose gel
during 16 h at a constant voltage of 55 V in 1 

 

×

 

 TAE at 4˚C
• The rep-PCR genomic fragments are visualized after staining with

ethidium bromide under ultraviolet light, followed by digital cap-
turing of the image using a CCD camera.

• Although simple visual comparison of obtained fingerprints with
those of reference and type strains may be sufficient to determine
the presence of a certain species, it is recommended to further
process and compare the rep-PCR fingerprints with the user-gen-
erated identification database of reference strains using a software
package such as BioNumerics V2.5 (Applied Maths, Kortrijk, Bel-
gium).

An example of a classification based on a rep-PCR fingerprint of strains
belonging to six bifidobacterial species used as probiotics is presented in

 

9.3 Culture-Independent Analysis

 

the identity and number of microbial species recovered from probiotic prod-
ucts do not always correlate with the information stated on the product labels

  

bacteria from the probiotic product, after which a selection of purified isolates
is usually identified using one or more molecular techniques. However,
because these cultivation-dependent approaches have proven limitations in
terms of recovery rate and reproducibility, the set of recovered isolates may
not always truly reflect the actual microbial composition of the product (11,
26, 27). Moreover, although certain products actually claim to contain only
dead bacteria, other techniques are required that are able to detect both viable
and nonviable bacteria. 

Culture-independent methods such as DGGE represent a valuable alter-
native to detect and identify bacteria in probiotic products in a fast and
reliable manner. Essentially, the complete DGGE methodology consists of
three steps: (i) extraction of total bacterial DNA from the probiotic product,
(ii) PCR amplification of specific regions of the 16S rDNA gene, and (iii)
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temperature depending on the primer (see Table 9.2), and exten-
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electrophoresis of the resulting amplicons on a DGGE gel. At present, DGGE
analysis is one of the most suitable and widely used methods to study
complex bacterial communities in various environments (29). Moreover, the
DGGE-based approach presented in the next section can also be used as a
culture-independent identification method, provided that a predetermined
database is available. In less than 30 h, a given probiotic product can be
analyzed to verify the species composition stated on its label (9). 

 

FIGURE 9.1

 

Dendrogram showing clustering analysis of digitized rep-PCR fingerprints generated using the
BOX primer for type and reference strains of probiotic 

 

Bifidobacterium

 

 species. LMG: strain
accession number for the BCCM

 

TM

 

/LMG culture collection. Note: 

 

B. lactis 

 

changed to 

 

B. animalis

 

subsp. 

 

lactis

 

 (Masco et al., 2004) (28).

Bifido bacterium lactis

Pearson correlation (0.0%–80.9%) (81.0%–95.6%)
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Bifido bacterium lactis LMG 18906

Bifido bacterium lactis LMG 18905

LMG 11615Bifido bacterium lactis

LMG 10502TBifido bacterium adolescentis

LMG 10733Bifido bacterium adolescentis

LMG 10734Bifido bacterium adolescentis

LMG 18898Bifido bacterium adolescentis

LMG 18897Bifido bacterium adolescentis

LMG 11579Bifido bacterium adolescentis

LMG 11047Bifido bacterium longum

LMG 11589Bifido bacterium longum

LMG 18899Bifido bacterium longum

LMG 13196Bifido bacterium longum

LMG 13197TBifido bacterium longum

LMG 11041TBifido bacterium bifidum

LMG 13200Bifido bacterium bifidum

LMG 11582Bifido bacterium bifidum

LMG 13195Bifido bacterium bifidum

LMG 11583Bifido bacterium bifidum

LMG 11570Bifido bacterium infantis

LMG 11588Bifido bacterium infantis

LMG 8811TBifido bacterium infantis

LMG 18901Bifido bacterium infantis

LMG 13204Bifido bacterium infantis

LMG 18902Bifido bacterium infantis

LMG 11084Bifido bacterium breve

LMG 13194Bifido bacterium breve

LMG 11040Bifido bacterium breve

LMG 10645Bifido bacterium breve

LMG 13208TBifido bacterium breve

LMG 11613Bifido bacterium breve
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9.3.1 Principle

 

DGGE allows the sequence-dependent separation of a mixture of PCR-ampli-
fied DNA fragments, all identical in size, on an acrylamide gel containing a
well-defined gradient of denaturing components (Figure 9.2). In conven-
tional agarose or acrylamide gel electrophoresis, DNA fragments are sepa-
rated by size, with the electrophoretic mobility of each fragment being
disproportionate to its size. In DGGE, DNA fragments of the same size are
separated by their denaturing profile, i.e., how the double-stranded DNA
(dsDNA) becomes (partially) single stranded (ssDNA) when it is subjected
to an increasingly denaturing environment. This physical denaturation of
the dsDNA fragment proceeds gradually, during which discrete portions of
the fragment will denature through so-called melting domains. As a result
of this conformational change, the mobility of the DNA fragment through
the acrylamide gel is gradually reduced until it comes to a complete halt.
The position in a gel where the dsDNA fragment melts and becomes ssDNA
is dependent on the nucleotide sequence and percentage G+C content of the
fragment. Differences in DNA sequences will yield different origins of melt-
ing domains and will result in different positions in the gel where the DNA
fragment is halted. For each type of application, the optimal denaturing
gradient has to be prepared by means of mixing the desired volumes of a
100% and 0% denaturing acrylamide solution (100% denaturant is 40% for-
mamide and 7 

 

M

 

 urea), resulting for instance in the commonly used 35 to
70% denaturing gel (30). Originally being developed for mutation analysis,

 

FIGURE 9.2

 

Principle of DGGE. PCR amplicons of equal length are electrophoretically separated in a se-
quence-dependent manner. The increasing gradient of denaturing components along the gel
confers the double-stranded amplicons into single-stranded DNA through melting domains. A
GC-clamp attached to the 5’ end of one of both PCR primers prevents the amplicons from
completely denaturing. 

= GC-clamp

R = Reference pattern, A = Organism 1, B = Organism 2, C = Organism 3,

M = Mix of organisms 1, 2 and 3, S = unknown sample

R A B C R M S R

In
cr

ea
si

n
g

 c
o

n
c.

 o
f 

d
en

at
u

ra
n

ts

D
ir

ec
ti

o
n

 o
f 

el
ec

tr
o

p
h

o
re

si
s

 

DK3341_C009.fm  Page 220  Thursday, September 1, 2005  8:43 AM

© 2006 by Taylor & Francis Group, LLC



 

Application of Repetitive Element Sequence-Based

 

221

DGGE has been shown to detect differences in the denaturing behavior of
small DNA fragments (200 to 700 bp) that differ by as little as 1 bp.

 

9.3.2 Method Description

 

9.3.2.1 DNA Extraction

 

Extraction of total bacterial DNA from probiotic products is based on the
method described by Pitcher and coworkers (25) with slight modifications
depending on the type of starting material. 

• Dairy products: 1 ml of product is centrifuged for 10 min at 13,000
rpm followed by removal of the supernatant and resuspension of
the pellet in 1 ml of Tris EDTA (TE) buffer. In case large fruit particles
are present in the product, 50 ml of the product is centrifuged for 2
min at 1500 rpm, after which 1 ml of the top liquid is taken and
centrifuged for another 10 min at 13,000 rpm. After removal of the
supernatant, the remaining pellet is dissolved in 1 ml of TE buffer. 

• Capsules and powders: The content of one capsule, usually approx-
imately 100 mg, or 100 mg of powder is dissolved in 10 ml of sterile
PPS and softly shaken until a homogeneous suspension is obtained.
One milliliter of this suspension is transferred to an Eppendorf tube,
which is then centrifuged for 10 min at 13,000 rpm. The supernatant
obtained is removed, and the remaining pellet is suspended in 1 ml
of TE buffer.

• Tablets: One tablet is crushed in a sterile mortar, and the powder
obtained is dissolved in 10 ml of PPS. After homogenization, 1 ml
of this suspension is centrifuged for 10 min at 13,000 rpm. The
remaining pellet is finally dissolved in 1 ml of TE buffer. 

• The subsequent steps in the DNA extraction procedure are identical

 

9.3.2.2 PCR

 

A number of primer pairs that have been frequently used for DGGE analysis

kept in mind that the length of the amplicons obtained should not exceed
500 bp, which is the upper resolution limit of the technique. Furthermore,
one or both primers should contain a GC-clamp (Table 9.3), which prevents
the amplicons from becoming completely single stranded and running off
the gel. An initial analysis of a probiotic sample is usually performed using
universal primers amplifying the V3 or V6–V8 region of the 16S rDNA. More
specific primers can be used to detect certain bacterial groups of interest,
such as 

 

Lactobacillus

 

 (31) and 

 

Bifidobacterium

 

 (32). In order to further enhance

DK3341_C009.fm  Page 221  Thursday, September 1, 2005  8:43 AM

© 2006 by Taylor & Francis Group, LLC

are listed in Table 9.3. When designing new DGGE primers, it should be

to those described in the rep-PCR protocol (see Section 9.2.5.2).



222 Probiotics in Food Safety and Human Health

the taxonomic resolution of DGGE analysis, a combination of multiple prim-
ers can be applied (33).

• For the universal primers V3 and V6–V8, PCR reaction volumes of
50 μl consist of 6 μl of 10 × PCR buffer containing 15 mM MgCl2, 2.5
μl of BSA, 2.5 μl of dNTPs (2 mM each), 2 μl of each primer (5 µM),
1.25 units of Taq polymerase, 33.75 μl of sterile milli-Q, and 1 μl of
10-fold diluted DNA solution. 

• The following PCR program is used: initial denaturation at 94˚C for
5 min; 30 cycles of denaturation at 94˚C for 20 sec, annealing at 55˚C
for 45 sec, and extension at 72˚C for 1 min; final extension at 72˚C
for 7 min followed by cooling to 4˚C. 

• The PCR product is checked by loading a mix of 8 μl of PCR product
and 2 μl of loading dye on a 2% (w/v) agarose gel, which is elec-
trophoresed for 30 min at 100 V.

9.3.2.3 DGGE Analysis

The following protocol for DGGE analysis is based on Muyzer and cowork-
ers (30), with modifications according to Temmerman and coworkers (9). A

TABLE 9.3

Selection of Frequently Used 16S rDNA PCR Primers for DGGE Analysis of LAB 
Populations

Primer Target Position Sequence Ref.

F357-GC Bacterial 16S 
rDNA V3 
region

(341-357) 5’-GC-clamp-
GCCTACGGAGGCAGCAG-3’

28

518-R Bacterial 16S 
rDNA V3 
region

(518-534) 5’-ATTACCGCGGCTGCTGG-3’ 28

U968F-GC Bacterial 16S 
rDNA V6-V8 
region

(968-985) 5’-GC-clamp-
AACGCGAAGAACCTTAC-3’

32

L1401R Bacterial 16S 
rDNA V6-V8 
region

(1401-
1418)

5’-GCGTGTGTACAAGACCC-3’ 32

Bif164-GC-
f

Bifidobacterial 16S 
rDNA

(146-164) 5’-GC-clamp-
GGGTGGTAATGCCGGATG-3’

30

Bif662-r Bifidobacterial 16S 
rDNA

(662-680) 5’-CCACCGTTACACCGGGAA-3’ 30

Lac1-f Lb., Pd., Lc., Ws. 16S 
rDNA

(333-352) 5’-AGCAGTAGGGAATCTTCCA-3’ 29

Lac2GC-r Lb., Pd., Lc., Ws. 16S 
rDNA

(661-679) 5’-GC-clamp-
ATTICACCGCTACACATG-3’

29

Note: GC-clamp  =  5’-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGG-3’; Lb.,
Lactobacillus; Pd., Pediococcus; Lc., Leuconostoc, Ws., Weisella; I = inosine.
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DGGE gel consists of an 8% acrylamide gel containing a gradient of dena-
turing components (ureum and formamide). By diluting a 100% denaturing
polyacrylamide solution (containing 7 M urea and 40% formamide) with a
0% denaturing polyacrylamide solution (containing no denaturing compo-
nents), the polyacrylamide solutions with the desired denaturing percentage
can be obtained (Table 9.4). For analysis of probiotic bacteria, two types of
denaturing gradients are recommended: (i) a 35 to 70% gradient for the
detection of all probiotic LAB and (ii) a 55 to 75% gradient for the detection
of bifidobacteria. Furthermore, a list of all solutions needed and instructions

• The 24-ml gradient gels (160 × 160 × 1 mm) are cast using a gradient
former and a pump set at a constant speed of 5 ml/min. 

• Denaturing gels are allowed to polymerize for 3 h at 20˚C.
• A 5-ml nondenaturing stacking gel (5 ml of the 0% denaturing acry-

lamide solution) is poured on top of the separation gel. 
• After insertion of the comb, the gel is allowed to polymerize for 1 h. 
• Subsequently, approximately 20 μl of PCR sample is loaded into the

wells, and electrophoresis is performed for 16 h at 70 V in a 1× TAE
buffer at a constant temperature of 60˚C. 

TABLE 9.4

Volumes of the 0 and 100% Denaturing Acrylamide 
Solution to Be Mixed in order to Obtain the Desired 
Denaturing Solutions for Preparation of a 160 x 160 x 1 
mm DGGE Gel 

Desired Gradient 0% Solution (ml) 100% Solution (ml)

0 12.0 0.0
10 10.8 1.2
20 9.6 2.4
30 8.4 3.6
35 7.8 4.2
40 7.2 4.8
45 6.6 5.4
50 6.0 6.0
55 5.4 6.6
60 4.8 7.2
65 4.2 7.8
70 3.6 8.4
80 2.4 9.6
90 1.2 10.8

100 0.0 12.0

Note: The most commonly used gradient for bacterial detection
is 35–70%.
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• Gels are stained with ethidium bromide or SYBR Green for 30 min,
followed by visualization of DGGE band profiles under ultraviolet
light.

• Digital capturing is performed using a CCD camera. 

9.3.2.4 Processing of DGGE Gels

In order for DGGE to be used as a direct identification method, a reference
pattern has to be designed consisting of different type strain amplicons. By
running this reference pattern every six lanes on each DGGE gel, it becomes
possible to digitally normalize the gel patterns by comparison with a stan-
dard pattern using the BioNumerics (BN) software package version 3.50

provided that they consist of the same denaturing gradient and that they
were run under standardized conditions. Before performing DGGE analysis
of unknown probiotic samples, band positions of the type and other reference
strains of the probiotic species of interest have to be determined and stored
in a BN identification database. Subsequently, the amplicons obtained from
probiotic products are run on a DGGE gel, and after normalization based
on the standard reference pattern of the BN database, individual bands in
the product band pattern can be identified by comparison with this database.
Amplicons of previously identified isolates or reference strains, correspond-
ing to the species claimed on the product label, can be run next to the
amplicon of the probiotic product itself as an additional confirmation for

TABLE 9.5

Solutions Needed for DGGE Analysis

• 10% (w/v) APS solution in milliQ: store at -20˚C in aliquots of 1 ml.
• TAE (50×): 242 g tris base, 57 ml of acetic acid, and 100 ml of 0.5M EDTA

(pH 8): add milliQ up to 1000 ml.
• 0.5 M EDTA (pH 8): 186.1 g EDTA and 20 g NaOH in 800 ml milliQ; set the

pH at 8.0 by adding NaOH grains.
• Running Buffer (= Tank Buffer) = 1× TAE: 140 ml 50× TAE in 6860 ml milliQ
• Water-saturated isobutanol: 9.5 ml butanol in 100 ml milliQ
• Staining solution: 500 ml 1x TAE + 50 μl EtBr.
• 100% Denaturing acrylamide solution (200 ml): 54 ml acrylamide solution

(30% w/v acrylamide, 0.8% w/v bis-acrylamide [37,5:1]) + 84 g ureum + 80
ml 100% formamide + 4 ml 50× TAE (becomes 1× TAE) + milliQ up to 200 ml

• 0% acrylamide solution (200 ml): 54 ml 30% acrylamide-solution + 4 ml 50×
TAE + milliQ up to 200 ml
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(AppliedMaths, St.-Martens-Latem, Belgium, http://www.applied-
maths.com). This normalization enables comparison of different DGGE gels
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9.4 Conclusions and Future Perspectives

It is beyond any doubt that an accurate (molecular) identification is highly
important in the development of probiotic foods in terms of product safety
and integrity, and of functional monitoring upon product consumption.
Although the number of papers dealing with microbial analyses of probiotic
products is rather limited, it is a general observation of all these studies that
a significant percentage of the products contain an insufficient number of
living organisms, and/or suffer from mislabeling regarding their species
composition (4, 7, 8). Because the majority of these studies are performed
using culture-dependent approaches, their results may not truly reflect the

FIGURE 9.3
Example of a probiotic product analysis using V3-DGGE. Lanes 1 and 6: reference pattern for
normalization; Lane 2: probiotic product amplicons; Lane 3: Lactobacillus rhamnosus; Lane 4:
Lactobacillus acidophilus; and Lane 5: Bifidobacterium lactis. It can be seen that the product contains
a species (Streptococcus thermophilus after comparison with the database) that is not claimed on
the label (middle band in Lane 2). Furthermore, the claimed species B. lactis is not detected in
the product (the band of Lane 5 should also be present in Lane 2). 
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actual composition of the product due to biases introduced by the use of
culture media and unreliable identification of the recovered isolates (11, 27). 

The development and optimization of culture-independent methods such
as DGGE has significantly increased the speed and sensitivity of microbial
quality control of probiotic products (9), although a reliable quantification
and the distinction between dead or live bacteria remains difficult. The
development of real-time PCR is a major step forward in the direction of a
culture-independent quantification, although this methodology still needs
to be optimized for the analysis of probiotic bacteria (34). Besides the identity
and number of probiotic bacteria, metabolic activity is an important factor
in relation to the functionality of these organisms. The combination of reverse
transcriptase PCR with real-time technology (35) or fluorescent in situ
hybridization (FISH) (36) is expected to simultaneously reveal data on the
number, the activity, and the identity of bacteria in a product. Finally, tech-
nologies such as microarrays (37) or mass spectrometry (38) will contribute
to the complete microbial analysis of various bacterial communities,

is expected that this technological optimization will also find applications
in clinical and functional trials of new probiotics.
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10.1 Introduction

 

Biological agents (biotherapeutic agents, or probiotics, derived from the
Greek “for life”) have been used to treat a variety of infections, especially
those of the mucosal surfaces such as the gut and vagina. After the discovery
and development of antibiotics, the value of these traditional treatments
diminished. We are now being forced to look at alternatives to antibiotics
because of the increasing number of resistant strains (1). The term probiotic
was first used in 1965 to describe a live microbial supplement that benefi-
cially affects the host by improving its microbial balance (2). Since then,
research has looked at possible clinical uses for these agents, and in 1995 —
when a greater understanding of their properties had been developed — the
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term biotherapeutic agents was proposed to describe microorganisms with
specific therapeutic properties that also inhibit the growth of pathogenic
bacteria. The bacteria that are found in probiotic products such as yogurt,
kefir, and fermented vegetables are not normally found in the human intes-
tine, as the gastrointestinal (GI) tract is often a hostile one for them. Thus,
bacteria eaten in probiotic products do not normally colonize the intestine,
but are flushed and eliminated from the body (3). 

Prebiotics are foods or nutrients that are used by specific bacteria that
can be added to the diet to increase the chances that these bacteria grow
and thrive in the intestine (e.g., fructooligosaccharides); they — as well as
members of the genera 

 

Lactococcus

 

 and 

 

Lactobacillus

 

 — are classified by the
U.S. Food and Drug Administration (FDA) as GRAS (generally recognized
as safe) for human use (4). The most frequently used probiotics are lacto-
bacilli and bifidobacteria, owing to their recognition as members of the
indigenous microflora of humans, their history of safe use, and the general
body of evidence that supports their positive roles. The potential mecha-
nisms of their action include competitive bacterial interactions, production
of antimicrobial metabolites and nutraceuticals, immunomodulation,
mucosal conditioning, constipation relief and preventing antibiotic-associ-
ated diarrhea, mercury detoxification, reduction in cardiovascular disease
risk factors, prevention and alleviation of allergic diseases, management
of atopic dermatitis, and reduction in carcinogens and mutagens (5–12).
The emerging use of probiotics in several GI disorders (e.g., inflammatory
bowel disease, or irritable bowel syndrome [IBS]) has led to increased
interest in their use in patients with IBS (13). Universal acceptance of
probiotics is, however, not without critics or risk, with over 11 case reports
of 

 

Salmonella boulardii

 

 septicemia. It has been suggested that probiotic use
may distract from proven interventions such as modification of antibiotic
use (14). 

This chapter will concentrate on Gram-positive, nonspore-forming, econom-
ically important lactic acid bacteria (LAB) that exist naturally in foods and the
intestine since they have a long history of use for food production and pres-
ervation (15). LAB are a genetically diverse group of bacteria with G+C con-
tents varying from 34 to 53%, which encompass rod-shaped bacteria such as
lactobacilli, and cocci such as streptococci, lactococci, entococci, pedicocci, and
leuconostoc (16). Although many representatives of LAB are safe and used for
generation of food, some species such as streptococci are pathogens (17). LAB
are widely used in starter cultures in fermented food processing, and a number
of applications have been proposed to enhance their technological properties,
increase the reliability of food-making processes, and improve product safety
and quality. LAB can be engineered to function as cell factories to massively
produce metabolites of interest such as food additives and aroma compounds.
They have also been used to produce proteins with applications to health or
the development of new vaccines. Knowledge of the interaction between cer-
tain LAB and the human host will allow exploiting their expected natural
potential to improve health (18).
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10.2 Cloning of LAB

 

A variety of genetic systems were developed to analyze and modify LAB,
especially 

 

L. lactis

 

 and others of industrial interest. These systems may be
classified as cloning, chromosome modification and expression systems. This
review will concentrate on those introduced into food, referred to as “food
grade” because of their safety.

 

10.2.1 Cloning Systems

 

The following plasmids using selective markers to allow selection and
maintenance in the host have been developed: (a) the origin of replication
of natural plasmids combined with food-grade selection markers such as
the wide host-range pWV01 or pVS40 plasmids (19,20), the narrow host-
range pCI305 (21) in 

 

Lactococci

 

, or pFR18 in 

 

Leuconostoc mesenteroides

 

 (22);
(b) interactive plasmid strategies such as 

 

L. casei

 

, mv4 of 

 

L. delbrueckii

 

 and
TP901-1 in 

 

L. lactis

 

 (23); and (c) systems based on homologous recombina-
tion by single crossover of nonreplicative plasmids as integrative vector
by removing part of their replication function (24). Two kinds of markers
have been utilized: (a) selectable that confers new phenotypes (e.g., sugar
such as sucrose and xylose genes; bacteriocin resistance such as those
conferring insensitivity to nisin or lactinin; or metal such as cadmium),
and (b) those that restore an impaired function necessary for cell viability
and that can be conditionally inactivated to produce auxotrophic muta-
tions. Disadvantages of these markers are (a) the copy number of plasmids
may vary, (b) plasmids may be lost in the absence of marker selection, (c)
plasmids may be structurally unstable, and (d) vectors require the intro-
duction of DNA in addition to that of the desired gene (18). 

 

10.2.2 Chromosomal Modification Systems

 

Allelic replacement in the chromosome has several advantages over repli-
cative or single crossover integration vectors as it allows stable DNA inser-
tion or genetic modifications without leaving any foreign DNA other than
that desired. Allelic replacement occurs by double crossover between two
regions of homology flanking the modification and the corresponding
regions on the chromosome. This procedure may occur spontaneously
upon transformation using the natural competence machinery, such as
those described in 

 

Streptococcus pneumoniae

 

 (25) and 

 

Bacillus subtilis

 

 (26).
Alternatively, a thermosensitive plasmid-based system has been developed

tion in the gene encoding plasmid replication protein of the plasmid
pWV01 has been selected that allows maintenance of the plasmid at 30

 

°

 

C,
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but not at 37

 

°

 

C (27). This plasmid can direct homologous integration in the

 

L. lactis

 

 chromosome when it carries a chromosomal DNA fragment of
sufficient length ( 500 bp) (28), allowing sequential recombination in the
two fragments flanking the central modification (nucleotide change, DNA
deletion or insertion). The thermosensitive plasmid vector with selective
markers can then be cured by growing the modified strain at 37

 

°

 

C for
several generations to allow plasmid segregation once replication is
blocked. This plasmid may also be used to select food-grade mutants
containing a single insertion (IS) element as a new DNA fragment in the
genome (29).

 

FIGURE 10.1

 

Food-grade allelic exchange and gene integration in the chromosome by a two-step procedure
that employs a thermosensitive plasmid. From Reference 18; with permission.
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10.2.3 Expression Systems

 

In addition to cloning systems, gene expression systems have been devel-
oped in 

 

Lactococcus lactis

 

 that allow the controlled expression of homologous
or heterologous genes such as those based on promoters controlled by sugar
(lactose operon promoter) (30), by salt (

 

gad

 

C promoter) (31), by temperature
upshift (

 

tec

 

 phage promoter) (32), pH decrease (P170) (33), and phage infec-
tion (phi31-promoter) (34). A dose-dependent system of induction was
developed using sublethal concentrations of nisin in 

 

L. lactis

 

 (35), and this
system was extended to other LAB species (36). Sugar-dependent expression
systems have also been developed in other LAB such as lactobacilli (37).
Inducible systems are not always easy to manage under industrial condi-
tions, especially if a constant level of production is required for metabolic
control. In such a case, a well-defined constitutive promoter allowing the
constitutive and defined level of expression of downstream genes has been
created that could be applied to any bacterial species (38).

 

10.3 Construction of Starter LAB Strains

 

10.3.1 Production of Genetic Variants

 

Mutagenesis strategies using compounds such as ethyl methyl sulfonate
(EMS), or 

 

N

 

-methyl-

 

N

 

’-nitro-

 

N

 

-nitrosoguanidine have been employed (35).
Additional mutations may, however, occur, necessitating careful testing for
other important traits. To circumvent these problems, genetic engineering
utilizing recombinant DNA technology was employed. For example, gene
technology allowing the production of similar 

 

ald

 

B mutants by direct allelic
replacement using an appropriate thermosensitive vector has been carried out
(36). This approach was also adopted to obtain food-grade mutants of 

 

L. lactis

 

resistant to phages by the inactivation of the phage infection protein (

 

pip

 

)
involved in phage adsorption and DNA injection (37). Similar approaches
could also be used in other LAB species such as 

 

Streptococcus thermophilus

 

where the inactivation of the phosphoglucomutase gene enhances polysaccha-
ride production (38), and that of the urease gene reduces delay in the acidifi-
cation in milks containing high amounts of urea (18). Specific mutants may
also be isolated using an IS element (29) in which the final strains only contain
ISS1 originating from 

 

L. lactis

 

 at a well-defined place in the chromosome.

 

10.3.2 Engineering Strains with Genes from Other LAB or 
Other Bacteria

 

Strains with increased proteolytic properties were constructed by transfer of
genes coding PepN, PepC, PepX, and PepI peptidases of a highly proteolytic
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L. helveticus

 

 strain (39), or PepI, PepL, PepW, and PepG from 

 

L. delbrueckii

 

(40) into 

 

L. lactis

 

 using a food-grade cloning system. Another example of a
gene transfer between LAB is provided by the construction of bacteriophage-
resistant strains. However, phage resistance systems may interfere with
phage adsorption, phage DNA injection, phage replication, transcription,
RNA translation, protein assembly, and phage packaging. These mechanisms
are often carried out by mobile elements such as plasmids and transposons,
suggesting that lateral transfer of these genes occurs under pressure of phage
infection. To improve phage resistance, mechanisms can be combined as a
function of their target in phage development and of the phages present in
the factories (41). In addition, targeting specific steps in phage development
may introduce a further phage replication origin that competes with that of
the phage (42). Another strategy is to induce the expression of a lethal gene
upon phage infection (43), or to massively produce antisense mRNA against
essential phage genes (44). A drawback of these systems is their narrow
range of action. DNA shuffling, exploiting the properties of type I restriction
enzymes, was also found to generate new restriction-modification mecha-
nisms (45). New functions can also be provided by inter-LAB cloning. For
example, an amylolytic 

 

L. plantarum

 

 silage strain with high starch-degrading
ability was developed by expressing 

 

L. amylovorus

 

 amylase gene. This recom-
binant strain may have potential as a silage inoculant for crops such as alfalfa
in which water-soluble carbohydrate levels are low, but which contain starch
as an alternative carbohydrate source (46). 

Genes can also be introduced from distant bacteria to produce genetically
modified organisms (GMOs). For example, a heterologous catabolic
glutamate dehydrogenase (GDH) gene from 

 

Peptostreptococcus asaccharolyti-
cus

 

 was introduced into 

 

L. lactis

 

 to allow this organism to produce alpha-
ketoglutarate from glutamate, an amino acid present at high levels in cheese
(47). Another example is the metabolism engineering of LAB to produce high
amounts of 

 

L

 

-alanine not contaminated by the 

 

D

 

-stereoisomer in 

 

L. lactis

 

 from

the carbon flux from pyruvate (which usually leads to lactate) to alanine,
the 

 

Bacillus sphaericus

 

 alanine dehydrogenase gene (

 

ala

 

DH) was expressed
in an 

 

L

 

-LDH-deficient lactococcal strain. The constructed strain produced
alanine as the sole end product. Finally, stereospecific production (>99%) of

 

L

 

-alanine could be achieved by inactivating the host-gene encoding alanine
racemase (48). The use of LAB modified with an exogenous gene is currently
limited in the European Union (EU) by a moratorium. Genetically modified
LAB 

 

S. thermophilus

 

 have been used as improved biosensors for the detection
of antibiotic residues in milk by introducing luciferase genes into this strain
and optimizing their expression. This has been the only approved LAB under
EU directive 90/220/EEC since December 1997. The bacterium, however,
will not be found in food products as it is destroyed after the test has been
attempted on a small sample (49).
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10.4 Molecular Phenotyping of LAB

 

Two recent developments in molecular biology have advanced a number of
fronts that have been historically problematic for probiotics. The first is the
availability of molecular tools to properly recognize probiotic species and
individual strains that have eliminated major confusion over strain identity
and ancestry. Classical microbiological approaches (e.g., colony morphology,
fermentation patterns, stereotyping, or a combination of them [50–52]) can-
not classify a culture taxonomically, and phenotype characterization cannot
distinguish closely related species such as those in the 

 

Lactobacillus acidophilus

 

family occupying similar biological niches and are likely to play similar

erful taxonomic classification tool for bacterial cultures to accumulate data
on ribosomal RNA sequences, and it has provided a means for comparative
identification of probiotic cultures. Phylogenetic analysis can be conducted
in varying degrees and combined with other characteristics (e.g., pheno-
types) as needed to make definitive taxonomic classifications. Phylogenetics
has now recognized 54 species of lactobacilli, 18 of which may be considered
as probiotics; and 31 species of 

 

Bifidobacterium

 

, 11 of which have been
detected in human feces (53). 

A number of sequence-based typing systems have been used to analyze
conserved regions of the rRNA operon, or other conserved genes in probiotic
cultures (54): (a) PCR amplification and sequencing of ~1500 bp of the 16S
rRNA gene; (b) PCR amplification and sequencing of ~450 bp of the internal

 

FIGURE 10.2

 

Pyruvate metabolism pathways leading to various amino acid aromatic compounds. From
Reference 18; with permission.
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transcribed spacer region; (c) PCR amplification and sequencing of alterna-
tive genes that are universally present and highly conserved (e.g., 

 

rec

 

A gene
of bifidobacteria [55]); and (d) PCR amplification and sequencing of ~ 50 bp
variable region of 16S rRNA to identify members of 

 

L. acidophilus

 

 complex
(53). Although there are a number of alternative classification methods such
as hybridization with species-specific probes (56), generation of profile PCR
amplicons by species-specific primers (57), and PCR-ELISA (58), the out-
comes are often variable and results are less definitive than direct sequencing
of rRNA. 

The second key developmental step in probiotics has been the availability
of molecular fingerprinting methods (59) for identification and tracking of
individual strains. These methods include ribotyping, amplified fragment
length polymorphism (AFLP), pulsed-field gel electrophoresis (PFGE), and
random amplified polymorphic DNA (RAPD) including multiplex PCR,
arbitrary primed PCR, and triplicate arbitrary primed PCR (TAP-PCR) (53).
Ribotyping (60) and PFGE (61) allow an overall clear identification potential
at the strain level but are not suitable for routine use as they are tedious,
slow, and repeatable. Alternative typing methods are those that employ PCR
including RAPD analysis (62), by a TAP-PCR, or AFLP (63). TAP-PCR uses
a specific primer targeting a highly conserved sequence within the 16S rRNA
gene, and the resulting PCR amplicons can be used for molecular finger-

 

FIGURE 10.3

 

Phylogenetic relationships among members of the 

 

Lactobacillus acidophilus

 

 complex. From Ref-
erence 50; with permission.
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printing of a wide range of LAB (64). In the AFLP method, total genomic
DNA is restriction digested followed by ligation of the synthetically gener-
ated adapters with DNA sequence corresponding to the sticky end of restric-
tion products, then carrying out preselective PCR amplification using two
primers complementary to the adapter-ligated ends with one preselected
base at the 3’ end, and finally selective amplification generating the final
product — by a second series of labeled primers that generally contain three
tandemly oriented preselected bases at the 3’ end—is carried out. These
amplified products are then separated by polyacrylamide gel electrophoresis
(PAGE) on a sequencing gel (65).

The use of PCR primers complementary to the adapter and to the restric-
tion site sequence yields strain-specific amplification patterns. AFLP and
PFGE are reliable methods but are time-consuming and not suited for routine
use. Techniques such as RAPD and TP-PCR show little reproducibility and
require a complicated setup of experimental controls. Recently, enterobacte-
rial repetitive intragenic consensus PCR (ERIC-PCR) and repetitive
extragenic palindromic PCR (REP-PCR) methods that employed species-
specific primers and raid PCR methods have been applied to molecular
phenotyping of lactobacilli (59). REP elements and ERIC sequences are dis-
persed throughout bacterial genomes, and inter-REP and inter-ERIC dis-
tances or profiles are typical for given bacterial species and strains within a

    

from different environments. Multiple DNA fragments ranging from 4.072
kb to <0.298 kb were generated. A common intensive band of ~ 260 bp was
found in 15 of the 16 strains, and only a weak signal was detected for 

 

L.
gasseri

 

 (Lane 12 in Figure 10.4a). The 16 isolates were grouped into six
different groups with distinguished ERIC-PCR patterns (E1 to E6) as seen
in Table 10.1. A computer program employed for DNA pattern analysis
produced dendograms that represented genetic relationships among the
various strains (59). In REP-PCR genotyping, REP primers used for detection
of 

 

L. johnsonii

 

 were made to contain the nucleotide isomer at an ambiguous
position in the PCR consensus squence. These primers generated 2 to 11
fragments ranging in size from ~ 300 to 5000 bp (Figure 10.4b). A dominant
band of ~ 1200 bp was found in all strains, except for 

 

L. johnsonii

 

 ATCC 11506
(Lane 18). REP amplification patterns were less complicated than ERIC pat-
terns. Computer analysis of REP profiles generated only four groups (R1 to
R4 in Table 10.1) (59). Results of other fingerprinting techniques on 

 

L. johnso-
nii

 

 are presented in Table 10.1. Not all typing methods resulted in the same
genotype grouping because they look at different genotypical traits. Thus,
REP- and ERIC-PCR that employ the complete bacterial genome in various
microecological or GI lesions offer an alternate opportunity to characterize

 

Lactobacillus

 

 strains because the interpretation power of rRNA-based data
(i.e., the use of only one single gene or operon) in molecular typing has been
questioned (59).

 

DK3341_C010.fm  Page 237  Wednesday, September 7, 2005  7:11 AM

© 2006 by Taylor & Francis Group, LLC

given species (66). Figure 10.4a shows an ERIC-PCR analysis on 16 L. johnso-
nii strains (Table 10.1) using primers targeting the 16S rRNA genes isolated



 

238

 

Probiotics in Food Safety and Human Health

 

FIGURE 10.4

 

ERIC- and REP-PCR Fingerprints. (a) ERIC-PCR fingerprints of 

 

Lactobacillus 

 

strains: Lane 1, 

 

L.
johnsonii

 

 ATCC 33200; Lane 2, 

 

L. johnsonii

 

 ATCC 332, Lane 3, 

 

L. johnsonii

 

 DSM 20553; Lane 4 

 

L.
johnsonii

 

 NCC 1669; Lane 5, 

 

L. johnsonii

 

 ATCC 11506; Lane 6, 

 

L. johnsonii

 

 NCC 1657; Lane 7, 

 

L.
johnsonii

 

 NCC 1646, Lane 8, 

 

L. johnsonii

 

 NCC 1717; Lane 9, 

 

L. johnsonii

 

 JCM 8793; Lane 10, 

 

L.
johnsonii

 

 NCC 1741; Lane 11; 

 

L. johnsonii

 

 JCM 8791, Lane 12, 

 

L. gasseri

 

 NCC 30604; Lane 13, 

 

L.
johnsonii

 

 NCC 1703, Lane 14, 

 

L. johnsonii

 

 NCC 533; Lane 15, 

 

L. johnsonii

 

 NCC 1b; Lane 16, 

 

L.
johnsonii

 

 NCC 1c; Lane 17, 

 

L. johnsonii

 

 NCC 1627; Lane M, 1-kb molecular size DNA ladder
marker. From Reference 59; with permission. (b). REP-PCR profiles of 

 

Lactobacillus 

 

strains: Lane
1, 

 

L. gasseri

 

 NCC 30604; Lane 2, 

 

L. johnsonii

 

 NCC 1741, Lane 3, 

 

L. johnsonii

 

 NCC 1b; Lane 4 

 

L.
johnsonii

 

 NCC 533; Lane 5, 

 

L. johnsonii

 

 NCC 1c; Lane 6, 

 

L. johnsonii

 

 JCM 8793; Lane 7, 

 

L. johnsonii

 

NCC 1669, Lane 8, 

 

L. gasseri

 

 DSM 20243; Lane 9, 

 

L. johnsonii

 

 NCCM 1646; Lane 10, 

 

L. johnsonii

 

NCC 1717; Lane 11, 

 

L. johnsonii

 

 NCC 1703; Lane 12, 

 

L. gasseri

 

 JCM 8791; Lane 13, 

 

L. johnsonii

 

DSM 20553, Lane 14, 

 

L. johnsonii

 

 ATCC 332; Lane 15, 

 

L. johnsonii

 

 NCC 1657; Lane 16, 

 

L. johnsonii

 

ATCC 33200; Lane 17, 

 

L. johnsonii

 

 NCC 1627; Lane 18, 

 

L johnsonii

 

 ATCC 11506; Lane M, 1-kb
molecular size DNA ladder marker. From Reference 59; with permission. 
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TABLE 10.1

 

Bacterial Identification by PCR Method and Grouping of 

 

L. johnsonii

 

 Strains According to the Overall Combination of All Achievable Typing 

 

Results

 

a

 

Group and Strain
Species-specific 

Primer Identification

 

Genotype by: Origin
ERIC-PCR Type REP-PCR Type AFLP Type TAP-PCR Type PFGE Type

 

Group 1

 

b

 

L. johnsonii

 

 NCC 1669

 

L. johnsonii

 

 E1 R1 A1 C1 P1 Human Feces

 

L. johnsonii

 

 NCC 1657

 

L. johnsonii

 

E1 R1 A1 C1 P1 Human Feces

 

L. johnsonii

 

 NCC 533

 

L. johnsonii

 

E1 R1 A1 C1 P1 Human Feces

 

L. johnsonii NCC 1b L. johnsonii E1 R1 A1 C1 P1 Human Feces
L. johnsonii NCC 1c L. johnsonii E1 R1 A1 C1 P1 Human Feces
L. johnsonii NCC 1717 L. johnsonii E1 R1 A1 C1 P1 Human Feces
L. johnsonii NCC 1646 L. johnsonii E1 R1 A1 C1 P1 Human Feces
L. johnsonii NCC 20553 L. johnsonii E1 R1 A1 C1 P1 Sour Milk
L. johnsonii NCC 332 L. johnsonii E1 R1 A1 C2 P2 Unknown
L. johnsonii NCC 1741 L. johnsonii E1 R1 A1 C2 P3 Human Feces

Group II

L. johnsonii ATCC 11506 L. johnsonii E2 R2 A2 C2 P2 Unknown

Group III

L. johnsonii NCC 11506 L. johnsonii E3 R3 A3 C1 P4 Cheese

Group IV

L. johnsonii JCM 8791 L. johnsonii E4 R1 A4 C2 P5 Mouse Feces

Ungroup Strains

L. johnsonii ATCC 33200T L. johnsonii E6 R4 A5 C1 P6 Human Blood
L. johnsonii JCM 8793 L. johnsonii E1 R1 A6 C1 P7 Pig Feces
L. johnsonii NCC 1627 L. johnsonii E5 R1 A7 C1 P8 Unknown
a Types were determined by ERIC-PCR, REP-PCR, AFLP, PFDE, and TAP-PCR.
b Groups are based on linkage in the same cluster or are designed to the same cluster by at least three genotypical methods.

Source: Reference 59; with permission.
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10.5 Gene Expression and Its Measurement

Genome sequencing and analysis of probiotic cultures identifies two major
categories of genes: (a) those that will be required for survival and activity
in grossly contrasting and changing environments (e.g., food vs. the GI tract),
and (b) responsive gene systems that react to the varied stimuli encountered
within the food-carrier or GI tract (Figure 10.5). Induced expression of critical
genes (e.g., adherence, bacteriocin production, acid tolerance) is believed to
be essential among many key functions that determine the survival, activity,
and colonization potential of probiotic cultures. The roles of probiotics in
these contrasting environments are distinct. Initially, it is survival with min-
imal energy through the food carrier that is apparent. Eventually through
the GI tract, passage and survival among varying stresses (e.g., acid, bile)
and functional activity (competitiveness and performance) at the targeted in
vivo locations become the predominant stimuli (55). 

Analysis of gene expression is important because changes in the physiol-
ogy of an organism or a cell are accompanied by changes in patterns of gene
expression. Techniques of gene expression (65) can be used to detect novel
genes introduced into probiotics. New techniques for analyses of gene
expression have been developed, which include (a) comprehensive open
systems such as serial analysis of gene expression (SAGE), differential dis-
play (DD) analysis, RNA arbitrarily primed (RAP)-PCR, restriction endonu-
cleolytic analysis of differentially expressed sequences (READS), amplified
restriction fragment-length polymorphism (AFLP), total gene expression
analysis (TOGA), and use of internal standard competitive template primers

FIGURE 10.5
Stimuli encountered by probiotics in two key environments. From Reference 53; with permis-
sion.
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(CTs) in a quantitative multiples RT-PCR method [StaRT-(PCR)], and (b)
focused closed systems such as: high density cDNA filter hybridization
(HDFCA) analysis, suppression subtractive hybridization (SHH), differential
screening (DS), several forms of high-density cDNA arrays or oligonucle-
otide chips, and tissue microarrays. Sometimes, a combination of these sys-
tems is used to enhance the sensitivity and specificity of the assays. Although
closed systems are excellent for the initial screening of large number of
sequences, the value of the information generated is generally limited to an
often arbitrarily chosen known sequence. On the other hand, only the open
system platform has the potential to evaluate the expression patterns of tens
of thousands of genes that have not yet been cloned or partially sequenced
in a quantitative manner (65).

The study of gene expression by microarray technology is based on immo-
bilizing cDNA or oligonucleotides on solid support. The introduction of
differently labeled fluorescent probes for control and test samples to hybrid-
ize with DNA on arrays made miniaturization of arrays possible (67).
Microanalysis offers the capability to examine differential gene expression
across the entire genome and has been used for the identification of organ-
isms in environmental, clinical, or food samples based on the presence of
unique sequences, e.g., 16S rRNA, 23S rRNA, and key functional genes for

microarrays on a wide scale in the biosafety arenas is due to the perceived
initial large expense and the lack of standardization of the technology (65).

Employing functional genomic methods in probiotic screening will enhance
existing traits by genetic modification of cultures. Targets for genetic modifi-
cation and improvement include (a) immunomodulation and oral vaccine
development, (b) antimicrobials and bacteriocins, (c) vitamin synthesis and
production, (d) adhesion and colonization determinants, (e) production and
delivery of digestive enzymes, and (f) metabolic engineering to alter products
(e.g., polysaccharides, organic acids) or link cultures with specialty prebiotics
designed to enhance the performance of probiotics in vivo (53).

10.6 Risk Assessment and Regulatory Controversies

Fermentation-based bioprocessors rely extensively on strain improvement
for commercialization, and until recently strain (improvement) was based
mainly on the selection of new natural strains. However, numerous improve-
ments can be achieved by employing techniques of recombinant DNA,
although no genetically modified (GM) LAB have been developed except
for a strain utilized as a biosensor for detecting biocides in food (49).

GMOs are defined as organisms in which the genetic material has been
altered in a way that does not occur naturally by mutation, mating, or natural
recombination. GM foods have not gained worldwide acceptance because
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of unmollified consumer suspicion resulting from earlier food and environ-
mental concerns, transparent regulatory oversight, and mistrust in govern-
ment bureaucracies, all factors which fueled debate about the environmental
and public health safety issues of introduced genes (69); for example, poten-
tial gene flow to other organisms, the destruction of biological diversity,
allergenicity, antibiotic resistance, and GI problems. Other economical and
ethical issues pertaining to intellectual property rights added to these con-
cerns. These uncertainties caused countries, such as those of the European
Union (EU), to either restrict or require mandatory labeling the importing
of bioengineered foods (70). Opposition to GMOs reached a peak during the
mid-1990s in response to public pressure. In 1998, the EU introduced a de
facto moratorium on the importation and production of GM foods, and in
March 2003, the European Commission upheld the moratorium (71). 

In the U.S., less stringent legislation did not stipulate mandatory labeling
of GM foods, but has instead recommended a voluntary labeling of bioengi-
neered foods and requested that companies notify the FDA of their intent
to market GM foods at least 120 d before launch (70). The regulatory climate
in the U.S. has been much less restrictive due to a different perception of the
risk, and more of consumers’ trust in regulatory authorities than in the EU.
Social acceptance of GM foods, however, is not uniform in developed coun-

FIGURE 10.6
Illustration of a DNA microarray experiment in the bacterium Bacillus subtilis. This false-color
image shows the induction of nar genes involved in nitrate reduction and their regulation by
FNR protein under anaerobic conditions. Genes induced under anaerobic conditions are shown
in red. From Reference 67; with permission.
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tries. Consumer concerns are based on ethical considerations (scientists play-
ing God) or safety worries (more testing needs to be done) (69).

Risk assessments look specifically at how the GM product was developed
and examine the risks associated with the gene products in the food (e.g.,
toxic or allergic responses). The determination of the overall risk of GMOs’
strain improvement requires the identification of any characteristics of the
GMOs which might lead to adverse effects, the evaluation of their potential
consequences, and their possible occurrence. From these data, the risk can
be estimated, and the application of strategies to manage these risks may be
developed (18). The concept of “substantial equivalence” has been used for
checking the safety of GM foods for human consumption. If the chemical
composition of a modified food is found to be equivalent to its natural
antecedent, then it is considered safe. However, some scientists in Europe
argue that tests used to define this equivalence do not include all biological,
toxicological, or immunological aspects of GM foods (69).

The definition of the GMO varies among EU countries. For example, in the
diacetyl-overproducing strains, the same mutation inactivating the addB gene
could be obtained in different ways (i.e., spontaneous mutation, induced
mutagenesis, or genetic engineering). In Denmark, a spontaneous mutant
isolated after a transient step in which the strain contained foreign DNA has
been considered as a GMO, although this strain should be similar to that
obtained by chemical mutagenesis (72). Also a mutant obtained by allelic
replacement of aldB by a modified copy of the gene, even if it is a deletion
similar to a natural event, would be considered as a GMO. This is because the
EU regulations are considered to be relevant the way the modification was
carried out, in contrast to the U.S. regulations that only take into account the
final product. However, in terms of safety evaluation, the means by which a
mutant has been constructed is irrelevant unless the technique employed
introduced side effects. Very little is known about the latter, except that
induced random mutagenesis often produces secondary mutations due to the
lack of targeting. On the other hand, theoretically speaking, genetically derived
mutants allow targeted modifications, and thus should avoid further muta-
tions. The formal demonstration of the directness of the latter technique has
not been proven, because until recently, side effects could not easily be deter-
mined due to lack of appropriate technology (18). 

An EU-founded program “Express-Fingerprints” (QLK3-2001-01373) is
currently testing potential side effects of the technology in L. lactis looking
at aldB and pip mutants obtained by chemical mutagenesis and measuring
levels of gene expression by two analytical methods: two-dimensional gel
electrophoresis and DNA microarrays, which will allow the determination
of relevant changes in the level of expression in at least 450 proteins and the
transcription of over 2100 genes, larger than 89 bp. The Express-Fingerprints
program should also give information about deregulation due to the desired
change itself (18).

In addition to variants or mutants of technological relevance for improve-
ment of product quality, strains expressing genes derived from closely or
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distantly related species could be developed. Here, three issues should be
considered: (a) safety of the new gene product, (b) whether or not the new
gene induces undesirable functions in the new host, and (c) whether or not
any danger exists in case of transfer of the new gene. The first and third
issues should be examined on a case-by-case basis, while the second one
could be assessed by the same strategy employed by Express-Fingerprints.
Various strains of L. lactis expressing heterologous proteins will be tested in
order to evaluate the risk linked to the second issue. However, the main
issue for GMOs, especially those of human origin, is the evaluation of human
health risks of uncontrolled product expression following transfer of the
transgene into commensal bacteria (18). 

An additional issue that should be taken into consideration if the modifi-
cation technology does not seem to influence safety is what percentages of
gene could be inserted without having to label the product as containing a
GMO? Thus, if it is assumed that many mutants (e.g., punctual, insertion of
IS, deletions) will be substantially equivalent to naturally occurring strains
if a specific mutation occurs at a very low rate (i.e., 10-9 per generation), more
than 100 such cells will be present in a yogurt containing 109 viable cells per
gram. The current labeling requirement in the EU specifies that the product
must be labeled if it contains >0.9% GMOs. Since gene shuffling occurs on
the chromosome (45), plasmids (73), transposons (74), or on phage-related
elements (75), establishing the limit of the natural gene pool might then not
be easy.

Transfers, including undesirable genes, occur naturally between bacteria
from different species (76), and sequence data show that strains within the
same species differ significantly in their genome (77). Gene transfer has been
shown between pathogenic and commensal bacteria (78), and vehicles for
these transfers include phages common between pathogens and food bacte-
ria (79). Moreover, phages are known to be vehicles for pathogenicity islands
in the former bacteria, all factors alluding to the potential of natural transfer
of genes between pathogenic and natural isolates of food species. Consider-
ing that food bacteria are often derivatives of environmental and commensal
bacteria, including probiotic strains isolated from intestinal flora (80), one
has to wonder if a function isolated from a strain belonging to a bacterial
species that has a long history of safe use will also be safe in another
environment (18).

Assessment by global analyses such as that carried out in the Express-
Fingerprints program on a set of natural strains underlies the variation in
expression of genes and functions already characterized during the annota-
tion of the genome and used to design the DNA microarray. A new DNA
fragment and its expression product might not be detected, although it may
encode new traits. GM microorganisms seem better characterized than new
strains of food species. The new high throughput genomic technologies such
as microarrays and proteomics, after perfection, will allow rapid character-
ization of inserted new elements (or their expression) in new strains, which
could eventually be used to identify newly introduced GMO strains (18).
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Technologies such as genome shuffling that use the natural cellular
machinery, such as competence, are emerging (81). Strains produced by this
technology may not be considered as a GMO, although the derived bacte-
rium is less characterized than a GMO. Genome shuffling was applied to
improve the acid tolerance of a poorly characterized industrial strain of
Lactobacillus (82). New shuffled lactobacilli that grew at lower pH and pro-
duced more lactic acid than does the wild-type strain were identified, sug-
gesting that genome shuffling is broadly useful for the evolution of tolerance
and other complex phenotypes in industrial microorganisms. Genome anal-
ysis on food bacteria shows that the full set of genes necessary for this
purpose is present in the genomes of L. lactis and Streptococcus thermophilus,
a food bacteria closely related to the human commensal S. salivarius (83).
Thus, the study of genome evolution promises to provide us with organisms
where the genetic material has been naturally modified in many ways.
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11.1 Introduction

 

The concept of probiotics has evolved since Lilly and Stillwell (1) used it in
1965 to refer to growth-promoting substances for microorganisms. There are
many definitions for the term probiotic, but one of the most widely accepted
definitions was coined by Fuller (2) in 1989, as “a live microbial supplement
that beneficially affects the host by improving its intestinal microbial bal-
ance.” This definition, however, restricts the benefits of probiotics to the
organism that ingests them. A third definition of probiotics that might be
more flexible is the one coined by Shaafsma (3) in 1996, who stated that “oral
probiotics are living organisms which upon ingestion in certain numbers,
exert health effects beyond inherent basic nutrition.” In this definition, it is
not clear who ingests the probiotics and who gets the health effects. 

In 1998, Zhao et al. (4) used the term “probiotic bacteria” to refer to

 

Escherichia coli 

 

strains that were fed to cattle with the purpose of reducing
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the fecal carriage of serotype O157:H7. While the authors were seeking an
ultimate food safety benefit by feeding these strains, the well-being of the
direct host was not improved, as 

 

E. coli

 

 O157:H7 is not normally a cattle
pathogen. Researchers in the human probiotics field might disagree with the
use of the term probiotic as a preharvest food safety strategy, but for the
purpose of this chapter we suggest that the meaning of the term probiotic
could be an expansion of Fuller’s, as follows: “live microorganisms orally
ingested that beneficially affect the host and/or the consumer of the host by
improving the host’s intestinal microbial balance.”

There are two other terms applied to the use of microbial cultures in livestock
with the purpose of reducing food-borne pathogens or improving their health:
competitive exclusion and direct-fed microbial products. Competitive exclu-
sion (CE) in its broader biological meaning is the “principle that if two species
try to occupy the same ecological niche, a superior species will eventually
emerge to replace the inferior one” (5). For preharvest food safety, CE is defined
as the use of microbial cultures to prevent colonization of or to displace
populations of pathogenic bacteria in the gastrointestinal (GI) tract of animals.
Typical CE cultures are undefined cultures of microorganisms that are
obtained from healthy adult animals and are used to inoculate young animals

this book that covers in more detail the use of CE cultures.
According to the Center of Veterinary Medicine (CVM) of the U.S. Food and

Drug Administration, CE products cannot be considered “generally recog-
nized as safe” (GRAS) substances, and they should be regulated as animal
drugs. The concept of direct-fed microbial products (DFMPs) is a term coined
by the CVM with the purpose of classifying and regulating probiotic bacteria
for use in livestock (7). DFMPs are regulated in the U.S. as food according to
the Compliance Policy Guide 689.100, as long as they are well-defined micro-
organisms belonging to one of the genera approved by the Association of
American Feed Control Officials (AAFCO) (e.g., 

 

Saccharomyces, Bacillus, Lacto-
bacillus, Lactococcus, Bifidobacterium, Bacteroides, Pediococcus

 

) containing known
viable numbers. DFMPs can be marketed as such, as long as no health or
structure or function claim is made about their use.

This chapter will be focused on probiotic preparations consisting of defined
cultures including DFMP and non-DFMP microorganisms. It will include sec-
tions on the use of probiotics for nonfood safety purposes in livestock, and their
most recent applications to reduce the prevalence of food-borne pathogens.

 

11.2 History of Probiotic Use in Animals

 

The benefits of consuming live probiotic microorganisms by humans was
recognized as early as 1907 by Elie Metchnikoff, the Russian father of immu-
nology (8), but it was not until 1924 that the first experiment with livestock
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was reported. Eckles et al. (9) investigated the utilization of baker’s yeast as
a feed supplement of vitamin B. In that pioneering report, it was concluded
that yeast-fed calves did not grow faster than control groups and that their
health status was not improved. The first report that describes the use of
colicinogenic 

 

Escherichia coli

 

 as a probiotic for pigs was published in 1961
(10). In this study Tadd and Hurst could not eliminate hemolytic 

 

E. coli

 

strains from the GI tract and did not reduce the incidence of disease in
weaned pigs. However, they were able to show that the colicinogenic 

 

E. coli

 

could get established in the large intestine.
Despite the fact that lactic acid bacteria (LAB) were recognized as a human

probiotic early in the 1900s, the documented use of 

 

Lactobacillus

 

 strains for
animals was not attempted until 1925, when 

 

L. acidophilus

 

 was fed to chickens
to decrease cecal pH as a potential coccidiosis preventive measure (11). In 1965,
a milk culture of 

 

L. acidophilus

 

 was given to piglets to treat enteritis in a
swineherd (12). After a 2-month feeding of the probiotic culture, the incidence
of diarrhea was markedly reduced, and the strain was recovered more than a
year later. In one of the first reports that studied the effect of probiotics on
animal productivity, an 

 

L. acidophilus

 

 preparation was given to pigs with the
purpose of determining its influence on average daily gain (ADG) and feed
efficiency (12). As a result of giving the 

 

L. acidophilus 

 

preparation for 5 d at the
beginning of the feeding period, the live-weight gain per week increased an
average of 7%, and the amount of feed per increase in live weight was reduced
approximately 4%. These pioneering studies clearly indicated that probiotics
could have an extraordinary potential for utilization in livestock. 

In 1973, Tortuero (13) reported that 

 

L. acidophilus 

 

given to chickens via
drinking water failed to increase the ADG or feed efficiency. After this study,
a significant number of researchers investigated the effects of probiotics on
poultry productivity (14), and in 1977 Fuller laid out some of the principles
of the potential application of defined probiotic cultures to reduce potentially
pathogenic bacteria (15). He reported that lactobacilli were capable of dis-
placing 

 

E. coli

 

 and streptococci from chick crops and suggested that these
microorganisms could also prevent the colonization of 

 

Salmonella

 

. Ellinger
et al. (16) provided some of the earliest evidence that indicated that probiotics
could also be used in ruminants, as they observed that feeding 

 

L. acidophilus

 

could reduce the levels of intestinal coliforms in calves. Since those early
studies, the preferred probiotic has been lactobacilli, but a few reports such
as the one written by Linton et al. (17) also explored the possibility of using

 

E. coli

 

 to displace antibiotic-resistant bacteria.

 

11.3 Use of Probiotics for Animal Production

 

Probably the most important event that fostered the interest in probiotics
for livestock production was Swann’s report on the use of antibiotics in
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animal husbandry and veterinary medicine in 1969 (18). This study recom-
mended the segregation of antibiotics used for therapeutic purposes from
those used as feed supplements. Swann’s report fueled intensive research
on the use of probiotics as an alternative to antibiotics. Probiotics have
been extensively tested and fed to cattle, swine, and poultry for the pur-
poses of promoting growth, increasing feed efficiency, enhancing milk and
egg production, improving meat and milk quality, and preventing infec-
tious diseases (18). For all of these objectives, the ultimate goal is to increase
animal productivity. 

The mechanisms that result in the above-referenced benefits have not
been fully elucidated, but it has been suggested that probiotics prevent or
reduce the colonization of microorganisms that might be detrimental for
animal growth, compete for nutrients, affect the animal immune system,
and damage animal cells and tissues. In this section, a summary of the
most relevant nonfood safety probiotic applications in livestock is
described. For more detailed discussions on these probiotic applications
the reader is encouraged to consult the references by Huber (19), Fuller
(18), and Nousiainen and Setälä (20).

The diversity of probiotic microorganisms for livestock is broader than
those intended for human use. A variety of 

 

Lactobacillus

 

 and 

 

Bifidobacteria

 

species similar to those used as human probiotics have been tested and
are currently marketed, but other bacterial species belonging to the genera

 

Streptococcus

 

, 

 

Enterococcus

 

, 

 

Bacillus, Clostridium,

 

 and

 

 Pediococcus

 

 have also
been fed to a range of farm animals (18). Not only bacterial probiotics are
fed to livestock, but also yeast and fungi. Among these, 

 

Saccharomyces
cerevisiae

 

 and 

 

Aspergillus oryzae

 

 probably account for the largest volume of
probiotics currently marketed for cattle (19). Amaferm® (Biozyme, Inc., St.
Joseph, MO) is an extract of an 

 

A. oryzae 

 

culture that is widely sold as a
cattle supplement but is arguably a probiotic as it does not contain live
organisms.

In calves, a number of reports have shown that different 

 

Lactobacillus

 

,

 

Enterococcus,

 

 and yeast increased feed intake and weight gain, as well as
decreased diarrhea (19). In adult cattle, fungal cultures have been observed
to increase feed efficiency and ADG. In lactating cows, slight stimulation
of milk production has been reported by a number of researchers. The
utilization of probiotic cultures in piglets has targeted the reduction of
pathogenic 

 

E. coli 

 

to prevent infection and to increase animal performance
(19, 20). The genera of bacteria most frequently used in swine are 

 

Lactoba-
cillus

 

, 

 

Enterococcus,

 

 and 

 

Bacillus

 

. In poultry, defined cultures of 

 

Lactobacillus

 

strains have been used to reduce and prevent colonization by 

 

Salmonella

 

(14). A number of studies have shown little or no effect of feeding probiotics
in farm animals, and these contradictory results appear to be due to a
variety of factors such as age of animals, diet, culture viability, dose fre-
quency, degree of stress, and colonization (18).
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11.4 Infectious Disease Prevention

 

The utilization of probiotic cultures for preharvest food safety is relatively
recent and remains a largely undeveloped field. However, some of the under-
lying mechanisms of inhibition of food-borne pathogens could be based on
the same principles of displacement of animal pathogens. A number of
authors have summarized the mechanisms of inhibition by probiotic bacteria
as the following: nutrient competition, production of inhibitory compounds
(e.g., organic acids, bacteriocins), immunostimulation, and competition for
binding sites (21). The demonstration of the specific mechanisms of any given
probiotic strain is still quite difficult, and sometimes 

 

in vitro

 

 inhibition does
not always translates to 

 

in vivo

 

 effects (10). 
The inhibition of potentially pathogenic bacteria in poultry has been

actively studied since the 1970s, targeting largely 

 

E. coli

 

 and 

 

Salmonella

 

 (14).
In 1982, feeding 

 

L

 

. 

 

acidophilus

 

 was found to reduce the mortality of gnoto-
biotic chicks 20-fold after inoculation with pathogenic 

 

E. coli 

 

O2:K1 (22).
Similarly the 

 

Salmonella

 

-caused mortality of newly hatched chicks was also
markedly prevented by feeding mixtures of 

 

L. acidophilus

 

 strains prophylac-
tically (14). A number of reports have indicated that feeding lactobacilli to
chickens can reduce the colonization by 

 

Salmonella

 

 strains (14, 23), but some
researchers have frequently reported a complete lack of effect of these types
of probiotics (24, 25). Recently, lactobacilli have also been investigated for
prevention of coccidiosis, and Dalloul et al. (26) reported that this effect was
mediated by stimulation of the immune system. Because 

 

Salmonella

 

 is both
a human and poultry pathogen, the advances in bird infection prevention
can be directly applicable for food safety.

Probiotic microorganisms have also been utilized in other bird species, but
published reports are relatively rare. In turkey poultries, feeding of viable

 

Enterococcus

 

 

 

faecium

 

 appeared to stimulate the population of LAB, but no
attempts were made to relate probiotic feeding to the bird’s health status
(27). Ehrmann et al. (28) developed the first combination of 

 

Lactobacillus

 

strains isolated from ducks and reported the colonization of inoculated fowl.
In another study, a proprietary probiotic culture was fed to ducklings in
combination with antibodies against 

 

Salmonella enteritidis,

 

 and the number
of infected birds was significantly lower than controls in at least half of the
observations (29). In a unique application, Khajarern et al. (30) recently
reported the use of a probiotic-fermented proprietary product to protect
ducks from the toxicity of mycotoxins. 

Postweaning diarrhea is an important cause of mortality in swine, and
most of the research on the use of probiotics has been directed to control its
etiological agent, enterotoxigenic 

 

E. coli

 

 serotype K88 (25). In 1993, Mulder
et al. (25) used piglets that had been inoculated with 

 

E. coli

 

 K88 to investigate
the effect of a mixture of lactobacilli, and they reported that the severity of
the symptoms and the number of deaths in the control group were markedly
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greater than in those animals that were given the probiotic cultures. Treat-
ments with 

 

Enterococcus faecium

 

 cultures have also shown to significantly
reduce the morbidity and mortality of K88-inoculated gnotobiotic piglets
(31), and this effect appears to be mediated by the ability of this lactic acid
bacterium to inhibit the adhesion of serotype K88 to intestinal lining cells
(32). In another study, combinations of 

 

E. faecium

 

 and 

 

Bacillus toyoi

 

, however,
had little effect to prevent diarrhea, despite the observation that 

 

E. faecium

 

was associated with the intestinal mucosa (25). Despite the variability on the
effects reported in the literature, there are several preparations that are
currently marketed to reduce diarrhea in piglets. 

In cattle, the prevention of infections by using probiotic microorganisms
has been directed to treat scouring in newborn calves as an alternative to
antibiotic administration. Feeding 

 

Lactobacillus

 

 and 

 

Saccharomyces

 

 

 

cerevisiae

 

cultures individually or in combination into milk-replacer formula has been
reported to be effective in reducing the number of diarrheic calves and
scouring symptoms (33–35). A mixture of LAB, however, was not effective
in protecting calves against 

 

Cryptosporidium parvum

 

 infection (36). 

 

Enterococ-
cus faecium

 

 cultures have also been related to scouring control in at least five
separate studies (19), and there are at least four commercial brands of calf
milk replacers supplemented with this bacterium (e.g., Calf Advantage®
Support Formula, Newmilk, Inc., Stockton, CA; Micromanager® Microbials,
PharmTech, Inc., Des Moines, IA.; Provita Protect®, Provita Eurotech, Ltd.,
Tyrone, Northern Ireland). In addition to treatment of scours, the use of 

 

E.
faecium

 

 and 

 

Propionibacterium

 

 has been investigated to reduce rumen acidosis
in adult cattle (37). 

Infectious diseases caused by 

 

Vibrio

 

 and 

 

Aeromonas

 

 species are a major
concern in aquaculture, and the ability of probiotic bacteria to control these
pathogens in fish and shrimp has been extensively studied (38). 

 

Bacillus

 

strains have been used in shrimp with relative success to reduce mortality
caused by pathogenic bacteria (38), but a recent report indicated that this
genus can also have deleterious effects on the quality of shrimp (39).

 

Pseudomonas fluorescens

 

 strains have been given to rainbow trout and other
fish varieties, and this treatment has resulted in as much as 46% reduction
in mortality rates of trout inoculated with 

 

Vibrio angillarum

 

 (38, 40). 

 

Aero-
monas salmonicida

 

 is one of the most deleterious bacterial pathogens for
Atlantic salmon, but the number of deaths was significantly decreased
when salmonids were fed a probiotic 

 

Carnobacterium

 

 K strain (41). Typical
human probiotics such as 

 

Lactobacillus rhamnosus

 

, 

 

L. plantarum

 

, and 

 

L. hel-
veticus

 

 have also been capable of reducing mortalities caused by 

 

Aeromonas

 

and 

 

Vibrio

 

 pathogens (38). Ecuadorian shrimp farms have been able to
control larval diseases by providing a 

 

Vibrio alginolyticus

 

 probiotic (42).
Some of these infectious disease-control technologies could be very prom-
ising to control human pathogens transmitted via shellfish.
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11.5 Food Safety Applications

 

11.5.1 Cattle

 

The treatment of cattle with probiotics to reduce the presence of 

 

E. coli

 

O157:H7 is considered one of the most promising preharvest food safety
interventions that can contribute to the eradication of this food-borne patho-
gen. Serotype O157:H7 is a highly virulent food-borne pathogen, and many
studies have revealed that a large number of cattle asymptomatically harbor
and shed this pathogen in their feces (43–45). Diminishing the ability of 

 

E.
coli

 

 O157:H7 to colonize cattle would reduce outbreaks of enterohemorrhagic
colitis from meats, produce, and water contaminated with cattle manure.
There have been a few reports that have investigated the effectiveness of

reports have focused on the utilization of LAB and other 

 

E. coli 

 

strains. 
Zhao et al. (4) identified several 

 

E. coli

 

 strains with the ability to inhibit 

 

E.
coli

 

 O157:H7 and conducted the first study using probiotic bacteria to inhibit
O157:H7 in cattle. The authors screened 1200 bacterial isolates from cattle
for 

 

in vitro

 

 inhibitory activity against serotype O157:H7. Eighteen isolates,
17 

 

E. coli 

 

and 1 

 

Proteus mirabilis

 

, were found to inhibit five strains of 

 

E. coli

 

O157:H7. Two calves were then orally inoculated with this set of anti-
O157:H7 isolates, and four of these 

 

E. coli

 

 strains were selected for further
utilization on the basis of their recovery from calves 27 d after inoculation. 

These dominant anti-O157:H7 

 

E. coli

 

 were then tested in a calf-feeding study.
Six calves were inoculated with cultures of the four probiotic 

 

E. coli

 

 strains,
and after 2 d, the probiotic-fed calves and nine control calves were adminis-
tered a mixture of 

 

E. coli

 

 O157:H7 strains. The results showed that five of the
six treated calves stopped shedding serotype O157:H7 within 18 d. Thirty days

  

the six probiotic-treated calves, but this pathogen was still present in the feces
of all control animals. Three 

 

E. coli

 

 strains (strains 271, 786, 797) were included
in the first anti-O157:H7 probiotic patent, and they were selected for commer-
cial application (46).

In a study yet to be published, Doyle (47) presented the results of another

 

10

 

 cells of five
O157:H7 strains, and at 48 and 72 h, 10 of them were given oral doses of
10

 

10

 

 cells of a mixture of 

 

E. coli

 

 strains 271, 786, and 797. Fecal shedding of
O157:H7 was determined during 30 d. In probiotic-treated cattle, most of
the animals had undetectable levels of O157:H7 after 12 d, but 9 of 10
untreated steers had counts greater than 2 logs of O157:H7 by day 30. This
probiotic mixture is now under commercialization trials by Alpharma, Inc.
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probiotic bacteria to reduce O157:H7 carriage in cattle (Table 11.1). These



 

258

 

P
robiotics in Food Safety and H

um
an H

ealth

 

TABLE 11.1

 

Summary of Animal Trials Focused to Test the Effect Of Probiotic Bacteria against Enterohemorrhagic 

 

E. coli

 

 (EHEC)

 

Animal Target Serotype(s) Probiotic Bacteria Dose Major Findings Ref.

 

Beef cattle O157:H7

 

Lactobacillus acidophilus
L. crispatus 

 

Daily 10

 

9

 

 CFU/ steer Reduced natural prevalence 50%
(54)

Calves O157:H7

 

L. gallinarum
Streptococcus bovis

 

Daily for 2 weeks, 
20 g dried strains/calf

Fecal shedding (FS) reduction of 
inoculated calves

(52)

Calves O157:H7, O26, O111

 

E. coli

 

 (3 strains) Single dose
10

 

10

 

 CFU/ calf
Reduction of FS of O157:H7 and 
O111 after 8 d

(49)

Calves O157:H7

 

E. coli

 

 (4 strains) Single dose
10

 

10

 

 CFU/ calf
Reduction of FS and colonization 
of O157:H7

(4)

Neonatal 
calves

O157:H7, O26, O111 E. coli (3 strains) Single dose
1010 CFU/ calf

Reduction of FS of O26 and O111 (48)

Lambs O157:H7 L. acidophilus
Ent. faecium
L. casei
L. fermentum
L. plantarum

Daily 6 ×106 CFU/ steer Mix of all strains reduced 4 log 
CFU/g feces after 7 weeks

(70)
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Zhao et al. (48) have reported additional feeding studies assessing the
ability of the same probiotic E. coli strains to prevent colonization and infec-
tion caused by E. coli O157:H7 and other enterohemorrhagic E. coli (EHEC)
strains O26:H11 and O111:NM in neonatal calves. In that report, calves less
than a week old were first inoculated with mixtures of the probiotic E. coli,
and then 48 h later were administered a 5-strain mix of either O26, O111, or
O157. Within 7 d of administering the EHEC strains, probiotic-treated calves
were found to shed significantly less O26:H11 and O111:NM than the control
animals. However, there was no significant reduction of O157:H7 between
the control and probiotic-administered animals as the level of serotype
O157:H7 sharply decreased in both groups. The authors hypothesized that
the GI tract of milk-fed calves does not favor E. coli O157:H7 carriage, as
compared to weaned calves.

In the most recent article using the three probiotic E. coli strains, a similar
experiment was conducted with weaned calves inoculated with three types
of EHEC (49). In that report, the authors confirmed the ability of the probiotic
E. coli to reduce fecal shedding of serotype O157:H7 as there were statistical
differences with the control group in half the measurements. The numbers
of serotype O111:NM were also significantly reduced, but in only 25% of the
sampling days. The fecal shedding of E. coli O26:H11 was, however, com-
pletely unaffected by the probiotic treatment, and this result may indicate
that the probiotic treatment might be only effective in neonatal calves against
this specific serotype.

Our laboratory has identified a collection of 24 colicinogenic E. coli that
were selected on the basis of individual inhibition of over 20 strains of E.
coli O157:H7 (50). This set of E. coli was identified from a collection of 540
recently isolated E. coli strains from humans and nine different animal species

FIGURE 11.1
Effect of administration of probiotic Escherichia coli to adult steers on the fecal shedding of E.
coli O157:H7 strains. A combination of three probiotics was orally given on days 2 and 3. Figure
was drawn based on data from Reference 47.
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(cats, cattle, chickens, deer, dogs, ducks, horses, pigs, sheep). These 24 strains
were selected for their ability to inhibit E. coli O157:H7 in solid and liquid
culture due to the production of colicins, which are antimicrobial proteins
produced by E. coli strains against other E. coli or enterobacteria. These strains
were then cultivated in anaerobic chemostat experiments and challenged
with four strains of O157:H7. Because the colicinogenic E. coli mixture was
able to reduce O157:H7 five times faster than the calculated washout rate,
we concluded that the O157:H7 strains were being killed in the culture vessel.
Rep-PCR was used to identify that the colicinogenic strain F16, a cat isolate,
was the predominant strain in these competition studies.

This collection of strains has been further characterized to assess their
potential for probiotic applications (51). A total of 23 selected strains were
first screened for the presence of known virulence factors, and six strains
were eliminated from additional tests because of the presence of genes
encoding for shiga toxins (stx), intimin (eae), or heat-stable toxin (STa). In
addition, three strains were ruled out on the basis of multiple antibiotic
resistance or single resistance to ampicillin. Colicins B, E1, E2/E7, E7, Ia/Ib,
K, and M were detected in the remaining 14 strains, and four of those strains
can produce three or four different colicins. A cattle trial is currently under-
way to test the effect of feeding a subgroup of colicin-producing strains on
the fecal shedding of E. coli O157:H7 in experimentally inoculated calves.

LAB have also been investigated as potential probiotics to reduce serotype
O157:H7 in cattle. Ohya et al. (52) evaluated the effect of feeding Streptococcus
bovis and Lactobacillus gallinarum to calves on the fecal shedding of O157:H7.
The authors first identified these two bacteria from the feces of adult cattle
for their ability to produce lactic acid. The challenge study consisted of four
calves being orally inoculated with a single strain of O157:H7. The probiotic
was administered to the animals daily in two 1-week periods, days 7 to 13
and days 17 to 23 following the O157:H7 inoculation. E. coli O157 was not
recovered in 3 of the calves by day 14. The fourth calf continued to shed
O157 until day 28 when the pathogen level became undetectable. The results
of this study, however, should be cautiously interpreted, as the investigators
failed to include a control group. 

Brashears et al. (53) have reported on the selection of lactobacilli for inhi-
bition against E. coli O157:H7 as well as characterization of strains for desired
properties. The authors first isolated over 600 LAB from cattle and screened
the isolates for inhibition against 4 strains of O157:H7. Significant inhibitory
activity against O157 was found in 52% of the strains, and 75 isolates with
the best activity against serotype O157 were evaluated for their ability to
tolerate acid and bile to predict if the strains would survive the harsh con-
ditions of the GI tract. Nineteen isolates were then chosen for antibiotic
susceptibility testing for six antibiotics. Only four isolates were susceptible
to all of the antibiotics, whereas 13 were multiple antibiotic resistant. An
isolate designated as strain M35 was selected as the best strain for use as a
probiotic in cattle because it possessed the ability to significantly reduce
O157:H7 in manure and rumen fluid. Using 16S rRNA sequence analysis,
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the authors identified M35 as being most closely related to Lactobacillus
crispatus. 

In another report, Brashears et al. (54) conducted a feeding study to inves-
tigate the effect of feeding LAB on the natural prevalence of E. coli O157:H7
in cattle. A total of 180 beef steers were used in this study, and groups of 60
animals were fed daily with either Lactobacillus acidophilus strain NPC747 or
Lactobacillus crispatus strain NPC750. The researchers monitored the preva-
lence of natural O157:H7-positive animals throughout the course of the study
as well as detecting O157:H7-positive hides at slaughter. The cattle supple-
mented with strain NPC747 were found to have as much as 50% less prev-
alence of fecal shedding of serotype O157:H7. When the animals were
slaughtered, the prevalence of hides from lactobacilli-treated animals was at
least 83% smaller than the prevalence from the control group. Moxley et al.
(55) confirmed that this strain was capable of reducing the E. coli O157:H7
prevalence from 21 to 13%, but this difference was not statistically significant.
This DFMP is currently being marketed as a beef performance additive and
is being fed to approximately 1 million cattle in the U.S. (G. Ternus, personal
communication, 2003). These results support the idea that probiotic bacteria
have great potential as preharvest strategies against enterohemorrhagic E.
coli in cattle populations.

11.5.2 Poultry

The control of pathogenic Salmonella in chickens by using probiotic cultures
has been investigated extensively, and the early research was concentrated
on preventing animal disease and reducing mortality. When poultry meat
and eggs were recognized as vehicles of human salmonellosis, the applica-
tion of probiotics as a tool for preventing food-borne disease was actively
explored. A wide variety of microorganisms have been used as chicken
probiotics, but apart from CE cultures, LAB bacteria have been the most
frequently utilized group of probiotics. However, the effectiveness of LAB
to reduce intestinal colonization of Salmonella reported in the literature varies
significantly. This variability appears to be due to a variety of factors such
as origin of strains, strain characteristics, experimental design, age of ani-
mals, diet, and stress, among others.

Initial work by Stavric et al. (24) and Hinton and Mead (56) indicated that
feeding Lactobacillus, Enterococcus, and Bifidobacterium alone or in combina-
tion could not reduce the colonization of Salmonella in chicks. In another
report, Stavric et al. (57) treated newly hatched chicks with different mixtures
of as many as 50 different strains that belonged to the genera Lactobacillus,
Bacteroides, Escherichia, Strepococcus, and six other genera, and they observed
an increased inhibition of Salmonella colonization as the number of strains
increased. Based on these results, Stavric et al. (24) argued that probiotics
based on a few LAB strains would not likely be successful against Salmonella.
However, Pascual et al. (23) have recently reported that a single strain of
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Lactobacillus salivarius was capable of eliminating Salmonella enteriditis from
the GI tract of 1-day-old chickens. The use of LAB in combination with
Salmonella-specific avian antibodies has also been reported to significantly
reduce Salmonella typhimurium counts, but this treatment was not capable of
complete removal of the pathogen. 

Escherichia coli strains have also been used as probiotics in chickens. Wooley
and coworkers (58) developed a colicinogenic transformant capable of inhib-
iting Salmonella and E. coli O157:H7 in vitro. This probiotic strain (AvGOB18)
was obtained by transferring the plasmid encoding for microcin 24 to a wild-
type poultry E. coli isolate. Microcin 24 was originally identified in a uro-
pathogenic E. coli and cloned into a pBR322 plasmid vector (59). When broiler
chicks were given individual doses of strain AvGOB18, the level of artificially
administered Salmonella was no different from that of controls, but if water
sources contained approximately 106 cells/ml of probiotic strain, the count
of Salmonella typhimurium reached almost undetectable levels after 3 weeks
(Figure 11.2) (58). Strain AvGOB18 has been patented as a method to control
food-borne pathogens in livestock (60).

Probiotics have also been applied as a preharvest food safety intervention
for the inhibition of Campylobacter jejuni in chickens. C. jejuni is considered
to be the major cause of bacterial food-borne illness in the U.S. (61). Studies
have found that a large percentage of poultry is asymptomatically infected
with C. jejuni, and this fact combined with inevitable carcass contamination
during processing results in poultry products cited as a major source of
infections (62). Because poultry is one of the most important natural reser-
voirs of Campylobacter, preharvest is a logical critical control point at which
to focus eradication efforts. Researchers have explored the ability of LAB as

FIGURE 11.2
Effect of providing probiotic Escherichia coli strain AvGOB18 (106 cells/ml) in the drinking water
to 1-day-old broiler chicks on the intestinal count of Salmonella. Figure was drawn with data
taken from Reference 57.
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well as bacteria selected for producing anti-Campylobacter jejuni compounds
to reduce this food-borne pathogen in chickens.

Schoeni and Doyle (63) first reported on the selection of bacteria from
chickens with the ability to produce anti-C. jejuni metabolites. Initially the
authors identified only 8 White Leghorn hens among a total of 2320 birds
to be negative for the presence of C. jejuni. Several bacteria were isolated
from the mucus layer of the hens' cecums and screened for anti-C. jejuni
activity. Nine isolates were capable of inhibiting C. jejuni, and they included
Pasteurella multocida, Micrococcus roseus, Citrobacter diversus, Proteus mirabilis,
E. coli O13:H-, two strains of Klebsiella pneumoniae, and two strains of CDC
Group IIK. In five trials, 1-day-old chicks were administered the nine anti-
C. jejuni isolates, and then 7 d later were inoculated with C. jejuni. The treated
chicks had an average protection rate of 64% to colonization by C. jejuni
when compared to the control groups.

In the same study (63), the researchers evaluated the nine probiotic strains
for their capability of only using mucin to grow. The basis of this approach
was that C. jejuni tends to be located in mucus-filled crypts in the cecum
and mucin, a main component of mucus. After performing the mucin growth
test on the nine isolates, three strains were selected (K. pneumoniae, C. diver-
sus, and E. coli) for further feeding studies. These three strains provided an
average colonization protection rate of 78% against C. jejuni in four feeding
trials. The dominant isolate identified in these trials was the E. coli strain.
However, when this E. coli strain was used as the sole probiotic in three
feeding trials, it only provided a protection rate of 59%.

In an additional report, Schoeni and Wong (64) used the same three anti-
C. jejuni isolates to investigate additional factors relevant to probiotic admin-
istration. The first factor was to compare the effectiveness of the strains when
they were grown under aerobic or anaerobic conditions prior to animal
inoculation. A previous article had reported on the need to grow CE bacteria
under anaerobic conditions to maximize their effectiveness (65). Although
chicks treated with anaerobically grown bacteria had lower colonization
rates than chicks administered aerobically grown cells, no statistical differ-
ence was found between the groups. 

The same report also investigated the dose frequency needed for the pro-
biotic bacteria to prevent colonization of C. jejuni. This point is important to
determine if a single dose of a probiotic is adequate to prevent pathogen
colonization, or if an additional dose or doses are needed to establish the
probiotic in the host. The authors inoculated chicks on day 1 and on day 4,
but the additional dose did not appear to help reduce C. jejuni colonization.
In the same study (64), the effect of supplementing probiotics with lactose,
mannose, and fructooligosaccharides on the extent of inhibition of C. jejuni
was determined. These carbohydrates alone were found to reduce C. jejuni
colonization, as well as enhance the effectiveness of the probiotics. 

Another research group evaluated the effectiveness of using LAB to reduce
C. jejuni colonization in poultry. Morishita et al. (66) administered Lactoba-
cillus acidophilus and Streptococcus faecium via water to chicks for 3 d. The
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chicks were also administered C. jejuni on day 1 after being given the pro-
biotic. The authors monitored fecal shedding of the chicks until 40 d of age.
The probiotic treatment in this study reduced the shedding of C. jejuni by
70% when compared to the control group. 

11.5.3 Sheep

Escherichia coli O157:H7 is typically associated with cattle populations, but
outbreaks of this pathogen have also been related to sheep (67). Mutton and
lamb food products are not a frequent vehicle of contamination, but the fecal
prevalence of this bacterium in sheep populations can be as high as 30%
(68). A number of investigators have used lambs as a ruminant model to
study preharvest interventions (69, 70). Lema et al. (71) investigated the use
of probiotics to reduce fecal shedding of serotype O157:H7 in lambs. In this
study, several LAB were fed to animals inoculated with E. coli O157:H7, and
a decrease of more than 4 log CFU/g of feces was achieved after 7 weeks of
feeding a mixture of Lactobacillus acidophilus, Enterococcus faecium, L. casei, L.
fermentum, and L. plantarum. Feeding E. faecium alone reduced the level of
EHEC by approximately 2 log CFU/g of feces, but treatment with L. acido-
philus alone or mixed with E. faecium had almost no difference to control
animals.

11.6 Selection Criteria for Preharvest Food Safety Probiotics

The selection of the specific probiotic bacteria intended to inhibit food-borne
pathogens in livestock is probably the single most important step in the
development of probiotics (4, 50, 52, 54, 63, 72). The primary criteria in the
selection of probiotic strains are those directly affecting the potential reduc-
tion of the targeted pathogen, but other criteria must also be considered if
the probiotic is to be successfully adopted in practice. Some of the primary
selection factors relate directly to the ability of the probiotic to survive and
get established in the animal’s GI tract, such as acid tolerance or siderophore
production. Other considerations include antibiotic resistance and posses-
sion of virulence factors, which are based largely on public health concerns.
There might be some disagreement on what selection criteria are more
important, but it is critical that a reasonable number should be considered
to help predict the success and practicality of using the selected isolate(s).

The first step in developing a probiotic is the selection of potential strains.
Most of the preharvest food safety published reports have isolated bacteria
from the same type of animal for which the probiotic is intended (4, 52, 54,
72). The chosen isolates would theoretically be better adapted to colonize
that particular GI tract environment. An arbitrary selection criterion that is
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set by the researchers is whether more than one specific group of bacteria
would be considered (e.g., LAB, E. coli). A third criterion that has been
reported by virtually all preharvest food safety reports, and perhaps one of
the most important steps, is to determine that the isolated strains have the
ability to inhibit the target pathogen in vitro. This antagonistic activity is
typically tested against several strains of the pathogen, to detect any resis-
tance variability among pathogen strains. The steps following the identifi-
cation of inhibitory activity vary significantly among the different preharvest
food safety reports.

The ability of bacteria to survive and proliferate in the GI tract is difficult
to predict without an actual in vivo evaluation, but several assays can be
used to assess the potential colonization traits of probiotic isolates. Bile and
acid tolerance assays can be used to determine if strains can withstand harsh
conditions of the GI tract. Brashears et al. (53) screened 75 probiotic LAB for
acid and bile tolerance and found that the strains had a wide range of acid
tolerance, whereas only one strain was sensitive to bile salts. The production
of siderophores is another characteristic that can be tested to assess coloni-
zation potential. Siderophores are proteins synthesized by bacteria to seques-
ter iron, which is a scarce nutrient in the GI tract (73). E. coli possessing
siderophores have been found to have an increased advantage for intestinal
colonization (74, 75). 

The ability to adhere to intestinal epithelial cells can also be used to predict
if the strain would establish in the GI tract (15). Garriga et al. (72) used high-
adherence efficiency to chick epithelial cells as a criterion for selecting prom-
ising probiotic LAB for use in chicks. The most promising probiotic E. coli
strains tested by Zhao et al. (4) had been originally isolated from intestinal
and colonic tissues of cattle. Beneficial bacteria may also be chosen on their
ability to exploit an ecological niche that allows them to proliferate. For
example, Schoeni and Doyle (63) identified anti-Campylobacter jejuni isolates
that could utilize mucin, a major component of the ecological niche that C.
jejuni might occupy in chickens. 

Virulence factors are undesirable attributes that potential probiotics should
be screened for before their final selection. The ability of an intended probi-
otic to express a pathogen gene(s) could be detrimental for the intended
animal. Even if the pathogenic organism does not affect the livestock receiv-
ing the probiotic, the virulence property may proliferate in the environment
and also pose food- and water-borne risks to human populations. DebRoy
and Maddox (76) recommended as many as 16 different virulence factors
that included heat-labile toxin (LT), heat-stable toxins (STa, STb), shiga toxins
(Stx1, Stx2), cytotoxic necrotizing factors (CNF1, CNF2), intimin (eae), and
adhesins (K88, K99, 987P, F17, F18, F41, F42, F165) to be determined during
the evaluation of E. coli isolated from various animal hosts. In our laboratory,
we screened a collection of anti-O157 E. coli for nine different pathogen genes
(STa, STb, LT, Stx1, Stx2, eae, enterohemolysin, K88, K99) with PCR and found
that 6 of 23 possessed at least one virulence gene.
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A major public health issue has been the concern over the emergence of
antibiotic resistant-bacteria (77). In agriculture, the widespread use of anti-
biotics may lead to the selection of resistant strains that could proliferate
and pass resistance factors to human pathogens (78). Consequently, the U.S.
Food and Drug Administration (FDA) has proposed a criterion outline for
assessing products designed for use in livestock (79). Antimicrobial agents
are placed into one of three categories based on the product's significance
to human health care. The utilization of a probiotic with antibiotic resistance
in food-producing animals would be undesirable because the resistance
genes could be transferred to other microbes in the GI tract and the envi-
ronment (77, 80). When Brashears et al. (53) assessed their probiotic LAB for
resistance, they found that 68% of their strains were multiple antibiotic
resistant, and the final selected probiotic strain was sensitive to all antibiotics
tested. Conversely, Garriga et al. (72) selected their probiotic strains for
resistance to chloramphenicol, streptomycin, nalidixic acid, and erythromy-
cin. The rationale for this selection scheme was that chicken feed regularly
contains antibiotics that could inhibit supplemented beneficial bacteria that
would be included in the diet.

As a last screening step, before the potentially probiotic isolates are given
to livestock, a number of reports have introduced a variety of assays. Bras-
hears et al. (53) assessed the inhibitory activity of LAB in manure and rumen
fluid. Zhao et al. (4) initially fed their probiotic E. coli to only a couple of
calves to identify which strains would predominate. Competition studies in
continuous cultivation have been utilized in the development of defined
mixed cultures (81). By using anaerobic continuous-culture chemostats, we
were able to show that colicinogenic E. coli was capable of killing serotype
O157:H7 and to identify which beneficial E. coli strain became predominant
in the cultures (50). 

An important aspect of using probiotic microorganisms is the mechanism
of action that the probiotic utilizes to inhibit or exclude the pathogen. Of the
reported selection and characterizations for food safety probiotics, few stud-
ies have elucidated the actual mode of action. Garriga et al. (72) found that
the inhibitory activity of their LAB was not affected when treated with
catalase; however, the inhibition was lost when the pH was adjusted to 6.5.
The authors concluded that the source of the activity was not hydrogen
peroxide; however, an acid may have caused or contributed to the inhibition.
Brashears et al. (53) did not observe a pH reduction in the rumen and manure
models that they used when assessing the ability of their LAB to inhibit E.
coli O157:H7. The authors hypothesized that organic acids were not the cause
of inhibition, but that the activity may have been the result of products such
as hydrogen peroxide, bacteriocins, CO2, or diacetyl. In our laboratory, the
supernatant activity of our anti-O157:H7 E. coli was lost when treated with
Proteinase K, indicating the inhibition was caused by a proteinaceous sub-
stance (50). The strains were then assessed with a bacteriophage assay, but
the isolates were all negative. Further research using PCR confirmed that
our probiotic E. coli possessed colicins.
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Elucidation of the mode of action for probiotics may be useful to minimize
the possible development of pathogen resistance as well as enhance patho-
gen reduction. It has long been recognized that antibiotic resistance can arise
after exposure to antibiotics, and bacteria can also become resistant to the
antimicrobial mechanisms of probiotic organisms (77). Food-borne patho-
gens such as Listeria monocytogenes and Staphylococcus aureus have been
reported to spontaneously mutate with the ability to resist nisin (82). How-
ever, using a combination of different probiotic organisms with diverse
mechanisms of action may reduce the risk of selecting resistant pathogens.
For example, Hanlin et al. (83) found that the bacteriocin combination of
nisin and pediocin AcH was more effective at reducing pathogen levels than
when the bacteriocins were used singly. To reduce the possibility of pathogen
resistance and improve pathogen reduction, it is advisable that a probiotic
possesses multiple mechanisms of activity. 

11.7 Conclusions

The utilization of probiotic microorganisms to prevent food-borne infections
is one of the most promising preharvest intervention strategies. Several
reports in the literature have provided conclusive evidence that many bac-
terial genera could be used to significantly reduce the colonization of live-
stock by food-borne pathogens. The fecal shedding of Escherichia coli
O157:H7 in cattle could be reduced by feeding Escherichia coli and Lactoba-
cillus strains. The reduction of Salmonella carriage in poultry could be pre-
vented using lactic acid bacteria. Lactobacillus, Klebsiella, Citrobacter, and E.
coli have also been effective against Campylobacter jejunii in poultry. It should
be noted, however, that the long-term success of a probiotic culture is highly
dependent on an initial thorough and systematic selection process to address
environmental concerns and the potential for resistance development. 
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12.1 Introduction

 

Beneficial microorganisms have long been used in postharvest food safety
applications. For instance, the culture of cheeses, sauerkrauts, and other
fermented foods has been used to preserve these foods in the days before
refrigeration. Moreover, the administration of beneficial microorganisms as
probiotics or functional foods to humans or animals to enhance health, gut
function, or a variety of other purported medical purposes is not new and
such use has been reviewed extensively by others (1–4). Traditionally, the
term “probiotic” (meaning “for life”) began being used to describe microbial
supplements for animal feeds, and the following definition was subsequently
formalized: “live microbial feed supplement which beneficially affects the
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host animal by improving intestinal microbial balance” (5). Since then, the
definition has come to include application of such supplements to humans
as well. Schrezenmeir and De Vrese (6) have proposed an expanded defini-
tion, “preparation of or a product containing viable, defined microorganisms
in sufficient numbers, which alter the micro-flora (by implantation or colo-
nization) in a compartment of the host and by that exert beneficial health
effects in this host," so as to include the usage of products containing
microbes (i.e., fermented dairy products, etc.) and not necessarily restrict the
effect to colonization per se. In the present chapter, we review the more
recent application of such microbial preparations, as well as preparations of
mutualistic or commensal bacteria, to live animals for the specific purpose
of enhancing food safety by reducing carriage and (or) shedding of zoonotic
pathogens or as alternatives to growth-promoting antibiotics.

 

12.2 Rationale for Preharvest Intervention

 

Food-borne pathogens such as 

 

Salmonella

 

, enterohemorrhagic 

 

Escherichia coli

 

,
and 

 

Campylobacter 

 

reside in the gastrointestinal tracts of food animals, often
colonizing the animals at a very young age before full acquisition of a mature
gut flora. Shedding of these pathogens in the feces during on-farm produc-
tion contaminates the environment, which thus serves as a source for con-
tinuous reinoculation. Furthermore, shedding of these pathogens during
transport, lairage, and at slaughter is considered a critical risk for contami-
nation of meat and meat products. For instance, as many as 3.9 million
human non-O157 shiga toxin-producing 

 

E. coli

 

, 

 

Salmonella

 

, and 

 

Campylobacter

 

infections are estimated to occur in the U.S. each year (7), at a cost exceeding
$4.5 billion (8). Consequently, strategies are sought to reduce the carriage of
these pathogens on the farm and especially before entry into the abattoir.
Many, if not most, of these human infections may be attributed to consump-
tion of meat and poultry products contaminated during slaughter and pro-
cessing (7, 9). More recently, concern over the emergence of resistant bacterial
populations has put pressure on today’s livestock producers to find alterna-
tives to subtherapeutic administration of antibiotics. Thus, alternative tech-
nologies such as probiotics and competitive exclusion are sought to alleviate
the need for antibiotics, particularly in the very young animal (10). 

In healthy animals, the establishment of a mature gut flora consisting of
numerous diverse genera of strict anaerobes may take up to 2 weeks or
longer to occur, and not until then do populations of 

 

Enterobacteriaceae

 

,
including 

 

Salmonella

 

 and 

 

E. coli

 

, which can be acquired as early as 8 h of age,
cease being predominant members of the gut flora (11–14). Consequently, it
is thought that interventions designed to expedite a mature colonization of
the gastrointestinal tract with beneficial microorganisms would help pre-
clude the establishment of certain zoonotic pathogens. The need for such
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interventions becomes even more apparent considering that consequences
caused by modern agricultural production practices often delay or perturb
the natural establishment of a healthy gut flora. For instance, washing and
hatching of eggs in clean incubators essentially removes the hen’s fecal
material from the egg, thus preventing the chick from contacting its maternal
source of inoculum. Likewise, hygienic sanitation procedures intended to
wash away pathogenic bacteria from farrowing crates, nurseries, or else-
where concurrently washes away inocula containing commensal and mutu-
alist microbes as well. Young swine also experience a major dietary change
upon weaning that can also perturb the maturing gut ecosystem, as evi-
denced by changes in volatile fatty acid accumulation,

 

 

 

and this may also
predispose the pig to certain enteric infections (15). The goal of intentionally
administering beneficial microorganisms to food animals is to harness the
protective effect of a healthy gut microflora. 

 

12.3 Competitive Exclusion Cultures and Probiotics

 

Proof that the intentional administration of beneficial microbes to food ani-
mals could enhance food safety was elegantly presented by Nurmi and
Rantala (16). They reported a dramatic increase in resistance to 

 

Salmonella

 

colonization in chickens that had very early in life been administered a
preparation of gut bacteria originating from healthy adult chickens. This
concept has subsequently been referred to as “competitive exclusion” (4, 17,
18). Competitive exclusion cultures in the most technical sense are restricted
in composition to microorganisms originating from an animal of the
intended host species and are expected to colonize when administered to
the neonate. Therefore, at least in theory, competitive exclusion cultures
attempt to conserve and take advantage of synergies acquired during coevo-
lution of host and microorganism. In contrast, probiotic preparations gener-
ally consist of individual species or mixtures of lactic acid bacteria or yeasts
that are not necessarily of animal origin. The distinction between the two
terminologies becomes confused, however, because the term “competitive
exclusion” is also used to define the act for which the technology has been
named. For instance, as the name implies, competitive exclusion cultures are
thought to enhance the host organism’s ability to resist colonization by
pathogenic bacteria by facilitating the establishment of a mature, healthy
population of gut bacteria capable of outcompeting the pathogens for limited
nutrients, attachment sites, or niches within the ecosystem (2, 4, 17, 18).
Whereas these modes of action have also been proposed for probiotics, long-
term colonization of the target animal by the probiotic bacteria is often not
claimed. Traditionally, competitive exclusion cultures had been developed
to control 

 

Salmonella

 

 colonization in poultry via application to very young
animals possessing undeveloped, immature gut environments. Interest now
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exists, however, in expanding the use of competitive exclusion technology
to other animal species for the preharvest control of a variety of pathogens
and as an environmentally compatible alternative to antibiotic use in agri-
culture.

 

12.3.1 Competitive Exclusion Cultures

 

Since the report by Nurmi and Rantala

 

 

 

(16) on the protective effect of inoc-
ulating young chicks with gut bacteria obtained from healthy 

 

Salmonella

 

-free
adult chickens, numerous other studies have shown that similar treatments
with defined or undefined mixtures of healthy gut bacteria provide a mea-
sure of protection to newly hatched avian species (19–24). Moreover, their
extensive use outside the U.S. to enhance colonization resistance of avian
species to 

 

Salmonella

 

 has been well documented

 

 

 

(2, 4, 17, 18). A beneficial
effect of competitive exclusion treatment against the colonization of swine
by 

 

Salmonella

 

 has also been reported (25–30). Concerns by regulatory agen-
cies regarding the potential of undefined cultures to harbor unknown or
undetected pathogens

 

 

 

or undesired genetic elements such as transferable
antibiotic-resistance genes casts doubts as to the safety of undefined cultures
(31). Subsequently, competitive exclusion cultures are classified as drugs by
the Center for Veterinary Medicine

 

 

 

(32). Only recently has an avian-derived
competitive exclusion product of known microbial composition, trade
named PREEMPT

 

TM

 

, been approved by the U.S. Food and Drug Adminis-
tration (33).

Whereas competitive exclusion cultures have traditionally been developed
as interventions for very young animals with naive gut environments, con-
siderable interest exists in developing similar technologies to control food-
borne pathogens in more mature animals. For instance, although weaning
of suckling pigs has been proposed as a critical control point for 

 

Salmonella

 

control (34), evidence suggests that other critical control points may also
exist during growing and finishing phases of production (35). A limitation
of the traditional technology, however, is that it is less effective when applied
to mature animals with preexisting 

 

Salmonella

 

 infections (36). Consequently,
it is thought that the technology needs to be strengthened in order to be
effective when administered to mature animals. One potential method may
be to link the technology to specific substrates that are selectively or prefer-
entially utilized by the competitive exclusion bacteria. For instance, lactose-
adapted competitive exclusion cultures have been developed previously for
poultry, and these have shown great promise in controlling 

 

Salmonella

 

 infec-
tions (37–39). In those studies, dietary lactose enhanced colonization resis-
tance of molting hens and market age broilers to 

 

Salmonella enteritidis 

 

by
stimulating growth of beneficial anaerobes at the expense of the nonlactose-
fermenting 

 

Salmonella

 

. 

 

Salmonella

 

 infections in U.S. poultry operations are
generally asymptomatic, and thus combining the complementary use of
lactose-adapted competitive exclusion cultures with effective quantities of
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lactose was not considered cost effective due to lack of productivity gains.

 

Salmonella

 

 infections in swine often result in increased morbidity and mor-
tality, particularly infections caused by the host-adapted serotype Cholerae-
suis (40), which means that lactose-adapted competitive exclusion cultures
administered with effective quantities of bypass-lactose are likely be cost
effective in controlling 

 

Salmonella

 

 infections of swine. Numerous other sub-
strates, most notably fructooligosaccharides, are being investigated for their
potential to synergistically enhance the biological activity of competitive
exclusion and probiotic preparations and as such are referred to as synbiotics
(5, 41–43).

The efficacy of competitive exclusion could be further enhanced by enrich-
ing the activity of constituent bacteriocin-producing microbes contained in
the cultures. The concept here is that stronger competitive exclusion cultures
containing only select bacterial species capable of exerting specific control
against a particular pathogen or group of pathogens could ultimately be
developed. Numerous strains of gut lactobacilli as well as other gut anaer-
obes are known to produce bacteriocins (44–51), and Duncan et al. (52)
recently reported bacteriocin production by ruminal 

 

Pseudomonas aeruginosa

 

strains isolated from sheep. Bacteria belonging to several of these genera are
contained within the defined avian competitive exclusion culture PRE-
EMPT

 

TM

 

 (53) and are thus potential producers of bioactive compounds 

 

in
vivo

 

. Recently, a competitive exclusion culture utilizing several nonpatho-
genic, colicin-producing 

 

E. coli

 

 strains to specifically exclude 

 

E. coli

 

 O157:H7
from cattle has been developed (54, 55).

Because of the ability of competitive exclusion cultures to preclude colo-
nization by enteropathogens, particularly in young animals, they are con-
sidered an attractive alternative to the subtherapeutic administration of
antibiotics to food animals (10). A porcine-derived competitive exclusion
culture is currently being tested under field conditions (56–58).

 

12.3.2 Probiotics

 

Whereas probiotics have enjoyed considerable use as feed supplements to
enhance animal health and productivity (1, 2), their application as preharvest
food safety interventions per se has been researched less so. Keen and Elder
(59) reported little if any decrease in fecal shedding of 

 

E. coli

 

 O157:H7 in
cattle when animals were fed either of two unnamed, yet commercially
available, probiotic preparations for 2 d. However, their posttreatment mea-
surements were taken 6 d after administration of the probiotic, and that short
time frame may have limited the authors’ ability to observe potential differ-
ences. In contrast, reports exist of reduced shedding of 

 

E. coli

 

 O157:H7 in
lambs fed preparations of probiotic bacteria for 7 weeks (60) or calves fed
probiotic bacteria at intervals over a 2-week period (61). More recently,
Brashears et al. (62, 63) reported a 50% decrease in incidence of 

 

E. coli

 

O157:H7 in cattle fed 

 

Lactobacillus acidophilus

 

 during a 60-day feedlot trial.
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Like competitive exclusion cultures, the use of probiotics in lieu of subther-
apeutic levels of antibiotics would seem to be a natural and attractive exten-
sion of their purported performance and animal health-enhancing activity
(51); however, their use in this specific application has yet to be thoroughly
researched.

 

12.4 Practical Issues in Culture Development and Application

 

Development of competitive exclusion cultures typically involves obtaining
cecal or fecal material from healthy, pathogen-free animals (4, 17, 18). These
contents are then subjected to various batch or continuous-flow culture
protocols and screened to ensure the absence of pathogens. In the case of
batch culture methodology, steps are often incorporated to dilute to extinc-
tion any potential pathogens that may be present. A disadvantage of numer-
ous repeated transfers can result in the cultures losing efficacy in their ability
to enhance colonization resistance 

 

in vivo

 

 (17, 18). This obviously limits the
commercial lifespan of the respective cultures such that new cultures must
frequently be redeveloped from freshly collected cecal or fecal contents. In
contrast, the adaptation of continuous-flow culture methodology for devel-
opment and maintenance of competitive exclusion cultures was a major
improvement as these cultures retain their efficacy for extended periods of
time (64). 

Probiotic bacteria may or may not have been isolated from an animal and
are often screened for preferred characteristics such as tolerance to acid and
(or) bile, ability to adhere to gut epithelial cells, bacteriocin production, and
for the ability to compete against other intestinal bacteria (65–68). Tests for
biological activity of competitive exclusion cultures or probiotics against
specific pathogens 

 

in vitro

 

 can be accomplished by appropriate selection
methods (69), cell culture challenges (70), or by use of mixed gut populations
grown in continuous-flow or sequencing fed-batch culture (71, 72). Estab-
lishment of competitive exclusion culture bacteria within the animal gut can
be assessed experimentally by measuring increased colonization of the gut
by total culturable anaerobes (73) that, as seen by electron microscopy,
readily colonize the gut epithelium (74). With respect to the defined com-
petitive exclusion culture PREEMPT

 

TM

 

, culture establishment was also found
to be highly correlated with an increased accumulation of propionic acid in
cecal contents of treated birds, and this was further correlated to culture
efficacy (75). However, determination of culture efficacy must ultimately rely
on tests of their ability to enhance colonization resistance of target animals
against challenge by relevant pathogens. With competitive exclusion cul-
tures, 

 

in vivo

 

 challenge models are often performed with young chicks or
pigs that had been either treated or not on their first day of life with the
respective competitive exclusion cultures (17, 25–30, 56, 57, 76). Early treat-
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ment of very young animals with the competitive exclusion cultures is
important as treatments applied to older weaned animals provided little, if
any, protection (36, 77). On the other hand, probiotics are typically admin-
istered over a more extended period of time (51, 59–63, 78, 79). Cultures or
probiotics are considered efficacious if colonization and (or) shedding of a
test pathogen in treated animals is significantly less, whether by a qualitative
(i.e., incidence) and (or) quantitative (i.e., concentration) measurement, in
untreated controls (18, 80). 

Probiotic preparations are often administered to food animals in their feed
or water. Competitive exclusion cultures have typically been administered
to chicks by spraying or in drinking water, whereas administration to piglets
is done via oral gavage. Whereas probiotic preparations are usually, but not
always, relatively aerotolerant, competitive exclusion cultures often contain
a number of strictly anaerobic bacteria that are sensitive to exposure to
oxygen. Thus, it is important to determine experimentally the efficacious
dose regardless of administration procedure. 

 

12.5 Future Outlook for Competitive Exclusion and Probiotics 
in Preharvest Food Safety

 

Development of competitive exclusion cultures and probiotics has yielded
technologies capable of reducing carriage and shedding of food-borne patho-
gens in food-producing animals. With respect to 

 

Salmonella

 

 control, there is
at present little economic incentive for certain food animal industries to
accept and implement these technologies. For instance, with 

 

Salmonella

 

 levels
maintained below allowable levels, the poultry industry’s demand for the
only FDA approved competitive exclusion culture, PREEMPT

 

TM

 

, was not
enough to sustain production (81). On the other hand, the classification of

 

E. coli

 

 O157:H7 as an adulterant by the U.S. Food Safety Inspection Service
continues to drive the beef industry’s preharvest research efforts to control
or eliminate this pathogen from slaughter animals. Moreover, economic and
political pressures to reduce antibiotic usage in animal agriculture (82) may
be the most powerful motivator to continue research and development of
competitive exclusion and probiotic technologies for all industries involved
in food animal production. 
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13.1 Introduction

 

Probiotic bacteria are defined as “live microbial feed supplement” that ben-
eficially affect the host by improving intestinal microbial balance (1). Most
of the probiotic strains are natural inhabitants of the intestines of humans
and animals (2). The potential health benefits of probiotics have produced
considerable interest in the U.S. with respect to the use of probiotics in food,
pharmaceutical, and feed product applications (3–8). Currently, most probi-
otic bacteria are cultivated from the genera 

 

Lactobacillus

 

 and 

 

Bifidobacterium
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(9), but 

 

Enterococcus

 

 spp., 

 

Bacillus

 

 spp., and 

 

Streptococcus

 

 spp. also have great
potential. 

Probiotics have traditionally been consumed as constituents of fermented
dairy products such as yogurt but have also been incorporated into drinks
like yakult. Today there are more than 70 lactic acid bacteria-containing
products worldwide, including sour cream, yogurt, powdered milk, butter-
milk, and frozen deserts (10). Probiotics are increasingly being marketed as
dietary supplements in tablet, capsule, and freeze-dried preparations.

Recent clinical trials have demonstrated the beneficial health effects of pro-
biotic bacteria that have been incorporated in foods and animal feed. These
effects include the prevention of diarrhea, balancing of intestinal microflora,
stimulation of the immune system, modulation of systemic immune homeo-
stasis, antitumor properties, and lactose intolerance (11–20). In addition to
these beneficial health effects, researchers have demonstrated that probiotic
bacteria produce bacteriocins and organic acids that act as antimicrobials to
inhibit the growth of pathogens as well as improve functions of intestinal
epithelial cells (21–29). The focus of this chapter will be on the antimicrobial
use of selected probiotics in controlling and inhibiting food pathogens and
their potential use to extend the shelf life of food products.

 

13.2 Probiotic Bacteria in Food Safety Applications 

 

Today’s consumers expect and demand a safer food supply than ever before.
Yet, despite the improvements in food safety, the number of food-borne
illnesses continues to rise. It is estimated that food-borne related illnesses
cause 4.2 million cases of sickness and over 1200 deaths in the U.S. every
year (30). Ensuring food safety is largely dependent on minimizing initial
microbial contamination and preventing microbial growth during process-
ing, distribution, and storage of foods. Although techniques such as refrig-
eration, pasteurization, canning, packaging, and the use of antimicrobial
chemicals in foods are well-established methods for preserving food quality
and safety, outbreaks of food-borne diseases continue to pose significant
public health concerns. Recent trends in consumer behavior over the safety
of foods and demand for “natural foods” have spurred the search for alter-
native antimicrobials, such as biopreservatives. A variety of biopreservatives
have been investigated, including bacteria with antimicrobial activity, plant
extracts, and bacteriocins produced by lactic acid bacteria. Lactic acid bac-
teria have been used to ferment or culture foods such as meat, fish, milk,
cereals, tubers, and vegetables for at least 4000 years (10). 

Lactic acid bacteria produce biopreservatives such as lactic acid, hydrogen
peroxide, and bacteriocins that are used to retard both spoilage and the
growth of pathogenic bacteria (4). Among these biopreservatives, bacterio-
cins are the most widely used in the food industry. One of the most studied
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bacteriocins is nisin, which is used as a food additive in more than 48
countries to preserve the quality of processed cheese, dairy products, and
canned foods. Another form of food biopreservative that is gaining wide-
spread use involves the incorporation of live cultures, such as bifidobacteria,
lactobacillus, and enterobacter (probiotics) in foods. The remainder of this
chapter will review the antimicrobial properties of major probiotic species
and their potential use as food biopreservatives.

 

13.2.1 Bifidobacteria

 

Bacteria representing the genus 

 

Bifidobacterium

 

 were first discovered by
Henry Tissier (1899, 1900) when studying the organism in the feces of infants.
Tissier initially referred to these organisms as 

 

Bacillus,

 

 and it was not until
1924 that the genus 

 

Bifidobacterium

 

 was proposed to classify these unique
organisms that exhibited a characteristic morphology and cell-wall constit-
uents (31). The morphology of bifidobacteria is rods of various shapes that
are often in a “V” shaped or “bifid” form. They are nonmotile, nonspore-
forming, and are strictly anaerobic (32). Of the more than 500 bacteria that
inhabit the human body, bifidobacteria are the most abundant microorgan-
isms in the human gut. Ten different species of bifidobacteria have been
isolated from the human body. Among these species, 

 

B. longum

 

, 

 

B. bifidum,

 

and 

 

B. infantis

 

 are the most commonly known. 

 

13.2.1.1 Antimicrobial Activity of Bifidobacteria against 
Pathogenic Microorganisms

 

The ability of bifidobacteria to inhibit pathogenic bacteria has been attributed
to the production of lactic and acetic acids and a variety of other antimicro-
bial compounds, such as bacteriocins. Bacteriocins are known to inhibit the
growth of pathogenic bacteria, such as 

 

Escherichia coli

 

 and 

 

Salmonella

 

 (21). A
number of the bifidobacterial strains have been used as antimicrobials
(33–39) due to their ability to inhibit pathogenic organisms, both 

 

in vivo

 

 and

 

in vitro

 

. These include 

 

Salmonella, Shigella, Clostridium

 

, 

 

Bacillus cereus,

 

 

 

Staphy-
lococcus aureus

 

, 

 

Candida albicans

 

, and 

 

Campylobacter jejuni

 

 (33, 40, 41). A

 

 B.
bifidum

 

 culture has also been found to show inhibitory effect against 

 

Shigella
dysenteriae in vitro

 

 (22). 
The potential of bifidobacteria and their by-products to controll pathogens

and spoilage microorganisms in food systems has been evaluated by several
researchers. Gagnon et al. (42) tested the ability of five bifidobacterial strains
to inhibit 

 

E. coli

 

 O157:H7 

 

in vitro

 

. Two of the isolates were found to be
significantly effective in inhibiting 

 

E. coli

 

 O157:H7 on nalidix acid lithium
chloride agar. O’Riordan and Fitzgerald (39) screened 22 

 

Bifidobacterium

 

strains for antimicrobial activity and found that 12 of the strains exhibited
antagonistic activity against Gram-positive and Gram-negative bacteria,
including 

 

Pseuedomonas

 

 spp., 

 

Salmonella

 

 spp, 

 

E. coli

 

, 

 

Lactobacillus

 

 spp., 

 

Strep-
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tococcus

 

 spp., and 

 

Listeria innocua

 

. Lievin et al. (43) found human isolates of

 

Bifidobacterium

 

 spp. CA1 and F9 to have a protective effect against 

 

S. enterica

 

pathovar Typhimurium C5 infection. Similarly, 

 

B. lactis

 

 HN109 has been
shown to provide antiinfectious activity against 

 

E. coli

 

 O157:H7 in a murine
model (44). Gagnon et al. (42) reported that the isolates with the greatest
inhibiting effect on 

 

E.

 

 

 

coli

 

 O157:H7 also had significant potential for reducing
their adhesion to Caco-2 cells. Competitive binding to intestinal cells has
also been reported between 

 

Bifidobacterium

 

 sp. BL2928 and 

 

E. coli

 

 O157:H7
(45). In a study by Gibson and Wang (37), the antimicrobial activity of eight
different strains of bifidobacteria was studied 

 

in vitro 

 

on a range of patho-
genic bacteria, including 

 

Listeria monocytogenes

 

, 

 

Clostridium perfringens

 

, 

 

Sal-
monella

 

 spp., 

 

Vibrio cholerae,

 

 and 

 

E. coli

 

. The most effective inhibition toward

 

E. coli

 

 and 

 

C. perfringens

 

 occurred with 

 

B. infantis

 

 and 

 

B. longum

 

. Further
studies showed that six strains of bifidobacteria could variously excrete
bacteriocins with significant antimicrobial activities against the pathogenic
bacteria tested. 

Studies involving infants fed with a formula including bifidobacteria have
found a lower incidence of hospital-induced diarrhea and lower rates of rotavi-
rus compared to infants fed with a standard formula (16). A similar study
conducted by Rinne et al. (46) showed that infants fed with formula supple-
mented with a mixture of fructo- and galactooligosaccharides or breast-fed
mothers who had been given probiotics had higher bifidobacteria microbiota
composition than those of control groups, indicating the antagonistic activity
of probiotics against competing bacteria, such as pathogenic 

 

E. coli

 

.
Unlike 

 

Lactobacillus

 

 species, very limited information is available on the
production of bacterocins by bifidobacteria. Bifidin, a bacteriocin produced
by 

 

B. bifidum

 

 NCDC 1452, showed inhibitory activity against 

 

E. coli

 

, 

 

Bacillus
cereus

 

, 

 

Staphylococcus aureus

 

, 

 

Micrococcus flavus

 

, and 

 

Pseudomonas fluorescens

 

(33). 

 

B. bifidum

 

’s bacteriocin activity was also demonstrated on 

 

Streptococcus
thermophilus

 

, 

 

Lactobacillus

 

 

 

acidophilus

 

, and 

 

Pediococcus

 

 spp. (23). In another
study, the inhibitory activity of bifidocin B, a bacteriocin produced by 

 

Bifi-
dobacterium bifidum

 

 NCFB 1454, was tested against Gram-positive and Gram-
negative bacteria (21). Bifidocin B showed inhibitory activity against Gram-
positive food pathogens; however, it did not show inhibitory activity against
any of the Gram-positive or Gram-negative bacteria tested. Crude bifidocin
B was highly active against food-borne pathogens and food spoilage bacteria
including most 

 

Listeria

 

 species, 

 

Enterococcus faecum, Enterococcus faecalis

 

,

 

Bacillus cereus

 

, and 

 

Lactobacillus

 

, 

 

Leuconstoc

 

, 

 

Micrococcus

 

, and 

 

Pediococcus

 

 spe-
cies (21). The adsorption of bifidocin B to the Gram-positive bacterial cell
surface was attributed to the presence of nonspecific binding sites on these
bacteria (21). 

 

13.2.1.2 Use of Bifidobacteria in Food Preservation

 

Over the last decade, bifidobacteria have gained considerable attention in
terms of their use as a biopreservative in the food industry. Demonstrated
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benefits of the inclusion of bifidobacteria into foods include increased shelf
life, replacement of artificial preservatives, and enhanced food functionality.
Dairy products containing bifidobacteria are especially gaining popularity
with consumers due to their claimed health benefits. The use of bifidobac-
teria as antimicrobial surface treatments in foods was reported by several
investigators (Table 13.1). Kim et al. (47) used a combination of 

 

B. infantis

 

ATCC 15697, 

 

B. longum

 

 ATCC 15707, 

 

B. adolescentis

 

 9H Martin, and sodium
acetate to increase the shelf life of catfish fillets. The combination of 

 

B. infantis

 

and 0.5% of sodium acetate extended the shelf life of catfish fillets by 3 d.
Fish treated with 

 

B. infantis

 

 and 0.5% of sodium acetate were highly compa-
rable to fresh fillets in terms of odor and appearance for up to 6 d. In another
study, 

 

B. infantis

 

 NCFB 2255 and 

 

B.

 

 

 

breve

 

 NCFB 2258 were incorporated into
cottage cheese to inhibit spoilage microorganisms, e.g., 

 

Pseudomonas

 

 spp.
(39). Both bifidobacterial strains exerted inhibitory activity against 

 

Pseudomo-
nas

 

 and extended the shelf life of cottage cheese by 14 d, which is beyond
the recommended shelf life. Microbiological and sensory qualities of shrimp
treated with 1.5% potassium sorbate and 

 

B. breve

 

 NCFB 2258 were evaluated
by Al-Dagal and Bazaraa (48). Surface treatment of potassium sorbate and

 

B. breve

 

 NCFB 2258 reduced the growth of psychrotropic bacteria and
extended the shelf life of shrimp by 3 d, compared to the control shrimps.
The shelf life of fresh camel meat was also extended by 12 d after treatment
with 10% sodium acetate and 

 

B. breve

 

 NCFB 2258 (49). The combination
treatment suppressed the growth of spoilage bacteria, maintained good sur-
face color, and prevented off-odor in fresh camel meat. The combined effect
of 2 or 4% sodium acetate and 

 

B. bifidum

 

 ATCC 29521 on storage quality of
raw chicken was studied by Goktepe et al. (50). The combination treatment
extended the shelf life of refrigerated raw chicken by 3 d over the standard
shelf life. Chickens treated with bifidobacteria in combination with sodium
acetate had higher texture values (indicating firmness), lighter color (closest
to fresh chicken color), and little or no off-odor for up to 9 d of storage. Such
shelf-life extension was not observed in control (untreated) chicken samples,

 

TABLE 13.1

 

Bifidobacteria with Antimicrobial Activity

 

Species Active Against
Examples of Food 

Application Ref.

 

B. adolescentis L. innocua, Staphylococcus 

 

spp

 

., C. tyrobutyricum

 

Catfish (39, 47)

 

B. bifidum E. coli, B. cereus, S. aureus, M. 
flavus, P. fluorescens

 

Chicken (33, 50)

 

B. breve L. innocua, Staphylococcus 

 

spp

 

., C. tyrobutyricum

 

Cottage cheese, shrimp, 
camel meat

(39,48–49)

 

B. infantis L. innocua, C. tyrobutyricum

 

Catfish, cheddar-like cheese, 
cottage cheese

(39, 47)

 

B. longum L. innocua, Staphylococcus 

 

spp

 

., C. tyrobutyricum

 

Catfish (47)

 

DK3341_C013.fm  Page 289  Thursday, September 1, 2005  8:54 AM

© 2006 by Taylor & Francis Group, LLC



 

290

 

Probiotics in Food Safety and Human Health

 

chicken treated with bifidobacteria alone and packaged in modified atmo-
sphere, or those treated with sodium acetate alone at any of the concentra-
tions used. These studies suggest that antimicrobial activity of bifidobacteria
is enhanced when combined with an organic acid salt, such as sodium
acetate. Such a combination treatment may have a potential to prevent food
spoilage and enhance the quality and safety of treated food products. 

 

13.2.2

 

Lactobacillus

 

The 

 

Lactobacillus

 

 genus contains approximately 60 species, including such
organisms as 

 

L. acidophilus

 

, 

 

L. plantarum

 

, 

 

L. casei,

 

 and 

 

L. rhamnosus

 

. Many

 

Lactobacillus

 

 species used to be classified simply as 

 

L. acidophilus

 

, resulting
in the term “acidophilus” being used almost synonymously with probiotic
organisms. Over the centuries people used Lactobacillus species to produce
cultured foods with improved preservation properties and with character-
istic flavors and textures different from the original food. These additional
characteristic flavors and aromas are the result of metabolic products of
lactobacilli. For example, acetaldehyde provides the characteristic aroma of
yogurt, whereas diacetyl imparts a buttery taste to other fermented milks.
The preservative action of Lactobacillus is explained by the presence of lactic
acid, hydrogen peroxide, and bacteriocins. The use of Lactobacillus and/or
lactobacilli-derived antimicrobials as biopreservatives in foods for the con-
trol of spoilage and pathogenic organisms has been extensively studied. 

13.2.2.1 Antimicrobial Properties of Lactobacillus

Antimicrobial activities of Lactobacillus strains have been studied in vitro and
in vivo. Such activity is attributed to the ability of Lactobacillus species to
produce antimicrobial compounds and their capacity to interfere with the
adhesion of pathogenic bacteria onto intestinal cells (Table 13.2). In vitro

TABLE 13.2

Lactobacillus Species with Antimicrobial Activity against Pathogens

Species Active Against Ref.

L. acidophilus E. coli O157:H7, S. enterica serovar Typhimurium, 
Y. pseudotuberculosis, L. monocytogenes

(17, 25, 52)

L. casei subsp. 
rhamnosus

E. coli O157:H7, K. pneumoniae, H. pylori, S. 
typhimurium, A. hydrophila, S. aureus, L. 
monocytogenes

(25, 27, 51, 
53–54)

L. fermentum S. typhimurium, S. pullorum (52)
L. delbrueckii subsp. 
bulgaricus 

Bacillus cereus (53)

Lactobacillus spp. C. jejuni/coli (26)
L. salivaris H. pylori (55)
L. johnsonii S. enterica serovar Typhimurium, (56)
L. rhamnosus S. enterica serovar Typhimurium, E. coli O157:H7 (57–58)
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studies using cultured human intestinal cells have demonstrated the adhe-
siveness and the bacterial interference effect of Lactobacillus species. Cocon-
nier et al. (17) found that L. acidophilus LB inhibited adhesion of E. coli
O157:H7, Salmonella enterica serovar Typhimurium, Yersinia pseudotuberculo-
sis, and Listeria monocytogenes onto Caco-2 cells. Similarly, Forestier et al. (51)
reported significant inhibitory activity of L. casei subsp. rhamnosus Lcr35
against E. coli O157:H7 and Klebsiella pneumoniae on Caco-2 cells. These
investigators also found that L. casei subsp. rhamnosus Lcr35 inhibited colo-
nization of the Caco-2 cells by E. coli O157:H7 and Klebsiella pneumoniae.
Human Lactobacillus strains including L. acidophilus and L. fermentum have
been shown to produce exclusion of and competition with pathogenic bac-
teria in cultured intestinal cells infected with Salmonella pullorum and S.
typhimurium (52). Six of eight tested strains of L. acidophilus and one strain
of L. casei tested in vitro on Helicobacter pylori NCTC 11637 inhibited the
growth of H. pylori NCTC 11637 (25).

The inhibitory effect of Lactobacillus strains is believed to be due to lactic
acid and bacteriocins production as discussed later. The inhibitory activity
of L. delbruecki ssp. bulgaricus CFR 2028 was tested against a toxigenic strain
of Bacillus cereus F 4810 (53) and found to have a pronounced antimicrobial
activity against B. cereus at 37°C between late logarithmic and early station-
ary phases. The principle of the observed inhibitory activity was due to the
production of antimicrobial compounds and pH-lowering effect of the Lac-
tobacillus strain. In a study by Vescovo et al. (54), the antimicrobial effect of
five strains of L. casei was investigated against Aeromonas hydrophila, L. mono-
cytogenes, S. typhimurium, and S. aureus in vitro. This study showed that L.
casei IMPCLC34 was the most effective strain in reducing the growth of
Aeromonas hydrophila, S. typhimurium, and S. aureus, whereas no inhibitory
effect was observed against L. monocytogenes. The antagonistic effect of Lac-
tobacillus spp. (P93) isolated from chicken was investigated on 10 strains of
Campylobacter jejuni/coli (26). Lactobacillus spp. (P93) showed bactericidal
activity against all tested Campylobacter strains. The bactericidal effect was
characterized by the production of organic acids in combination with the
production of an anti-Campylobacter protein. 

The antagonistic effects of Lactobacillus against other pathogens have also
been demonstrated in vivo using murine models. In an H. pylori-infected
gnotobiotic murine model, L. salivaris completely inhibited the growth of H.
pylori and reduced the H. pylori-induced inflammatory response (55). In
another study using conventional mice, oral treatment with acidophilus
conferred protection against infection by H. felis and H. pylori (17). L. johnsonii
La1 and GG strains developed antibacterial activity when gnotobiotic C3H/
He/Oujco mice were orally infected with S. enterica serovar Typhimurium
C5 (56). Similarly, L. acidophilus and L. rhamnosus HN001 have the ability to
confer protection on BALB/c mice orally infected by S. enterica serovar
Typhimurium (57, 58). Mice challenged with E. coli O157:H7 also exhibited
lower morbidity and higher immune responses when fed with L. rhamnosus
HN001 (58). Administration of L. casei to mice infected by L. monocytogenes
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showed suppression of L. monocytogenes colonization. Similarly, ingestion of
viable L. casei significantly reduced the growth of L. monocytogenes in the
tissues of orally infected Wistar rats. It was concluded that the enhanced
resistance to L. monocytogenes infection induced by L. casei is probably due
to increased cell-mediated immunity (27).

On the basis of evidence from the in vitro and in vivo studies discussed
above, it is apparent that the antimicrobial activity of Lactobacillus is due to
the pH-lowering effect caused by the production of organic acids and boost-
ing of host immunity. Additionally, recent reports have revealed that anti-
microbial effect of Lactobacillus strains might be the production of
bacteriocins as defense and survival against invading microorganisms.

13.2.2.2 Bacteriocins Produced by Lactobacillus

Interest in the bacterocins produced by Lactobacillus species increased in
recent years due to the potential application of Lactobacillus as starter bacteria
for the fermentation of vegetables, meat, and fish products. Since the first
Lactobacillus bacteriocin identification in 1975 (Lactocin 27, [59]), many other
bacteriocins have been characterized and identified. Some of these are cur-
rently being used commercially to inhibit the growth of pathogenic bacteria
in food products, such as fish, dairy, and meat products. 

Up to now, a variety of bacteriocins from Lactobacillus species have been

riocins are L. sakei and L. curvatus. Sakacin A, M, P, 674, K, and T, all produced
by L. sakei, possess potent activity against L. monocytogenes (60–66). Factors
influencing the antimicrobial activity of sakacin A and P in food systems
were investigated by many authors, and the possibilities of direct application
of these bacteriocins in food products were demonstrated (67). Lactobacillus
casei CRL705 secretes a bacteriocin called lactocin 705 (68). Lactocin 705, a
small hydrophobic and positively charged antimicrobial peptide that con-
sists of 33 amino acids, possesses inhibitory effects against L. monocytogenes,
Streptococcus pyogenes, and S. aureus (68, 69). Bacteriocins of L. curvatus are
curvacin A, curvaticin 13, and curvaticin FS47 (62, 70). Curvacin A produced
by L. curvatus LTH 1174 has an identical amino acid sequence as sakacin K
from L. sakei CTC494 and sakacin A from L. sakei Lb 706 (66, 71). 

Other bacteriocins obtained from L. plantarum strains include plantaricin
BN, D, LP84, C19, C, and F and have shown an inhibitory activity toward
some Gram-positive and Gram-negative bacteria (72–74). Zamfir et al. (75)
identified a bacteriocin called acidophilin 801 produced by L. acidophilus IBB
801. Acidophilin 801 displayed a narrow inhibitory activity against Gram-
positive and Gram-negative bacteria. L. plantarum ALC 01 was reported to
secrete the bacteriocin pediocin AcH, also produced by Pediococcus acidilactici,
with strong antilisteral activity (76). 

Recently, several new bacteriocins produced by Lactobacillus were identi-
fied and characterized. Buchnericin LB produced by L. buchneri inhibited the
growth of many Gram-positive bacteria including Listeria, Bacillus, Staphylo-

DK3341_C013.fm  Page 292  Thursday, September 1, 2005  8:54 AM

© 2006 by Taylor & Francis Group, LLC

identified (Table 13.3). The most common strains known to produce bacte-



Probiotics as Biopreservatives for Enhancing Food Safety 293

coccus, Pediococcus, Leuconostoc, Enterococcus, and Lactococcus, but no inhibi-
tory activity of this bacteriocin was observed on Gram-negative bacteria (77).
Another strain of Lactobacillus, L. gasseri LF 221, produced two bacteriocins
named acidocin LF221 A and LF221 B (78). These two bacteriocins were
found to be similar to gassericin A, which is known to have antibacterial
activity against a number of Gram-positive food-borne pathogens (29, 78).
Recently, a bacteriocin named acidocin CH5 produced by L. acidophilus CH5
was characterized and purified by Chumchalova et al. (79), who demon-
strated that acidocin CH5 showed strong inhibitory activity on Gram-posi-
tive bacteria. Lactobin A and amylovorin L471 are the latest additions to the
list of bacteriocins from Lactobacillus. Lactobin A and amylovorin L471 are
produced by L. amylovorus LMG P-13139 and L. amylovorus DCE 471, respec-
tively (80). Both bacteriocins have similarities in terms of amino acid
sequence; however, the inhibitory spectrum of amylovorin 471 is much wider
than that of lactobin A.

The potential application of bacteriocins produced by Lactobacillus strains
to control pathogens in foods has been evaluated extensively in culture
media or food models. Many of these bacteriocins have been or are being
used experimentally as food biopreservatives.

TABLE 13.3

Bacteriocins Produced by Lactobacillus Species and Their Activity against Pathogens

Bacteriocin(s) Source Active Against Ref.

Sakacins A, M, P, 
674, K, and T

L. sakei L. monocytogenes (60–66)

Lactocin 705 L. casei CRL705 S. aureus, L. monocytogenes, S. pyogenes (68–69)
Curvacin A L. curvatus L. monocytogenes (62)
Curvaticin 13 L. curvatus L. monocytogenes (70)
Curvaticin FS47 L. curvatus L. monocytogenes (70)
Plantiricins BN, D, 
LP84, C19, C, and F

L. plantarum Some Gram-positive and Gram-
negative bacteria

(72–74)

Acidophilin 801 L. acidophilus 
IBB 801

Some Gram-positive and Gram-
negative bacteria,

(75)

Pediocin AcH L. plantarum 
ALC 01

L. monocytogenes (76)

Buchnericin LB L. buchneri L. monocytogenes, S. aureus, Bacillus spp, 
Pediococcus spp, Leuconostoc spp, 
Enterococcus spp. and Lactococcus spp. 

(77)

Acidocin LF 221 A 
and B 

L. gasseri LF221 Gram-positive bacteria (78)

Acidocin CH5 L. acidophilus 
CH5

Gram-positive bacteria (79)

Lactobin A L. amylovorus 
LMG P-13139

Some Gram-positive and Gram-
negative bacteria

(80)

Amylovorin L471 L. amylovorus 
DCE 471

Some Gram-positive and Gram-
negative bacteria

(80)

Reuterin L. reuteri L. monocytogenes (85)
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13.2.2.3 Use of Lactobacilli Bacteriocins in Food Preservation

The utilization of bacteriocins from Lactobacillus to control food-borne patho-
gens has been reported by several researchers in recent years (Table 13.4).
However, for widespread commercial use of Lactobacillus bacteriocins to
occur, factors such as spectrum of inhibition, heat stability, solubility, safety,
and probiotic activity of the bacteriocins need to be properly characterized
to demonstrate their safe use in food products. 

One of the most studied types of Lactobacillus bacteriocins used in food
products is pediocin AcH. The activity spectrum of pediocin AcH is relatively
wide, and its action leads to cell lysis (81). Many studies have reported good
antimicrobial activity of pediocin AcH. For instance, the growth of L. mono-
cytogenes in Muenster cheese was suppressed at day 11 of ripening after
application of pediocin AcH on the surface of the cheese (82). A preparation
with pediocin AcH bound to its heat-killed producer cells L. plantarum WHE
92 was used to control the growth of L. monocytogenes and spoilage bacteria
in cooked sausage (81). In this study, pediocin AcH preparation reduced the
number of L. monocytogenes from the initial level of 2.7 log CFU/g sausage
to <2 log CFU/g, whereas no inhibitory effect of the preparation was
observed on spoilage bacteria. In a recent study, antilisteral activity of pedi-
ocin AcH was studied on red smear cheese (81). Near complete inhibition
of L. monocytogenes was observed during the ripening consortium over a 4-
month period when pediocin was used.

The Sakacin group of Lactobacillus bacteriocins is also commonly used to
control food-borne pathogens, mainly in meat and meat products. Sakacin
A, produced by L. sake, was found to be highly effective in inhibiting the
growth of L. monocytogenes in minced meat and raw pork (83). Hugas et al.
(65) investigated the inhibitory effect of sakacin K on Listeria in dry fermented
sausages and found that this bacteriocin possesses a potent activity on List-
eria. The inhibitory activity of sakacin P on L. monocytogenes was investigated
in vacuum-packed cold smoked salmon stored at 4°C for 4 weeks (67).
Addition of sakacin P on the surface of cold smoked salmon had a strong
bacteriostatic effect on L. monocytogenes during the entire storage period. In
another study, Katla et al. (84) evaluated the potential of sakacin P for the

TABLE 13.4

Application of Lactobacillus Bacteriocins as Food Biopreservatives

Bacteriocin Example of Food Application Active Against Ref.

Pediocin AcH Muenster cheese, cooked sausage L. monocytogenes (81, 82)
Sakacin A Meat, pork L. monocytogenes (83)
Sakacin K Dry fermented sausage L. monocytogenes (67)
Sakacin P Cold smoked salmon, chicken cold-cuts L. monocytogenes (84)
Reuterin Beef sausages L. monocytogenes (85)
Curvacin Pork steaks and ground beef L. monocytogenes (86)
Plantaricin D Ready-to-eat salad L. monocytogenes (73)
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inhibition of L. monocytogenes in vacuum-packed chicken cold cuts. The
addition of sakacin P had an inhibitory effect on the growth of L. monocyto-
genes at a concentration of 3.5 μg/g, whereas a lower concentration of 12
ng/g sakacin P slowed the growth rate of L. monocytogenes during 4 weeks
of storage, but it did not show a complete inhibitory effect. Another type of
bacteriocin, reuterin, produced by L. reuteri, demonstrated strong inhibitory
activity on L. monocytogenes, but not on Salmonella spp. in beef sausages (85).
In their study, Mauriello et al. (86) investigated the possibility of the use of
bacteriocin in food packaging to control the growth of L. monocytogenes in
pork steaks and ground beef. The antimicrobial packaging using curvacin
produced by L. curvatus 32Y reduced L. monocytogenes growth for about 1
log cycle after 24 h of storage. It was concluded that antimicrobial packages
containing bacteriocins can be used as biopreservatives to reduce the risk of
pathogen development as well as to extend the shelf life of food products.

In recent years, salad bars containing freshly cut vegetables in restaurants
and supermarkets have become very popular among consumers. During
handling of fresh produce, difficulties of maintaining cold temperature at all
times has been a problem that provides an opportunity for pathogens like
L. monocytogenes to grow. To overcome this problem, researchers evaluated
the possibilities of using bacteriocin and bacteriocin-producing cultures in
fresh vegetables. This possibility was addressed by Franz et al. (73) who
demonstrated that plantaricin D, produced by L. plantarum BFE, inhibited
the growth of L. monocytogenes in ready-to-eat salad. Lactic acid fermentation
of vegetables like cabbage is also a common method of preserving fresh
vegetables in many countries. Therefore, the use of bacteriocin in combina-
tion with lactobacilli starter cultures could be a beneficial method for the
prevention of spoilage and pathogenic bacteria in food products, such as
fresh produce and salad bars. 

13.2.3 Other Bacteriocin Producing Lactic Acid Bacteria

The genera of lactic acid bacteria include Lactococcus, Streptococcus, Lactobacil-
lus, Pediococcus, Leuconostoc, Enterococcus, Carnobacterium, and Propionibacterium.
In the last decade, there has been a significant increase in the use of lactic acid
bacteria in foods due to their antibacterial activity against spoilage and patho-
genic bacteria. Over the years, extensive research into the antagonistic activity
of these bacteria has led to the discovery of bacteriocins, many of which have
been or are currently used in food products. The most-studied and well-
characterized bacteriocin of lactic acid bacteria is nisin produced by Lactococcus
lactis. Nisin was discovered by Rogers and Whittier in 1928 (87). It has a broad
spectrum of inhibition and kills a wide range of Gram-positive pathogenic
bacteria including L. monocytogenes and Clostridium spp. in cheese products
(88). Nisin was approved in 1988 as a food additive in the U.S. (89). The
efficiency of nisin in preventing the growth of spoilage bacteria has been
proven in a number of food systems (90). A recent review on the use of nisin
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in food products was also published by Cleveland et al. (91). This review gives
ample details on the efficacy and mechanism of action of this bacteriocin
against pathogenic and spoilage bacteria.

Pediocin PA-1, produced by by Pediococcus acidilactici, is the most promis-
ing bacteriocin for meat products. Pediocin PA-1 is active against L. mono-
cytogenes and L. curvatus, a spoilage organism (92, 93). Pediocin PA-1
successfully controlled the growth of L. monocytogenes in raw chicken (94),
while the utilization of bacteriocin producing P. acidilactici JD1-23 and P.
acidilactici PAC 1.0 as fermenting agents reduced the number of L. monocy-
togenes by 12 log CFU/g dry sausage (95). 

Numerous strains of enterococci associated with food systems, mainly E.
faecalis and E. faecium, produce bacteriocins called enterocins. Enterocins
possess inhibitory activity against L. monocytogenes, S. aureus, Clostridium
spp., and Vibrio cholerae (82, 96–99). Numerous studies investigated
enterocins and their potential application in dairy and meat products.
Aymerich et al. (66) studied the effect of enterocins A and B against L. innocua
in cooked ham, minced pork meat, deboned chicken breast, pate, and slightly
fermented Italian sausages called espetec. Enterocins A and B at a concen-
tration of 4800 Arbitrary Units (AU)/g reduced the number of L. innocua by
8 log cycles in cooked ham, by 9 log cycles in pate, by 5 log cycles in deboned
chicken breast, by 3 log cycles in minced pork meat, and by 3 log cycles in
espetec. In a recent study, antilisteral activity of enterocin 416K1, produced
by E. casseliflavus 416K1 IM, was investigated in “cacciatore,” Italian sausages
(100) and found it significantly reduced the number of L. monocytogenes in
cacciatore during 20 d of storage. The antilisteral activity of enterocins pro-
duced by E. faecalis and E. faecium in cheese was reported by several inves-
tigators (98, 101–103). The inhibition of L. innocua by enterocin-producing E.
faecium was evaluated in soft Italian cheese, Taleggio (101). This study
showed that enterocin-producing starter culture E. faecium inhibited L.
innocua in the first 55 h of cheese ripening due to the combined synergistic
effects of pH decrease and bacteriocin production. The inhibitory effect of
enterocin 4 against L. monocytogenes strains Ohio and Scott A in Manchego
cheese was investigated by Nunez et al. (98). L. monocytogenes strain Ohio
counts decreased by 3 log cycles after 8 h and by 6 log cycles after 7 d in
cheese treated with enterocin 4, whereas no inhibitory effect of enterocin 4
was observed on L. monocytogenes strain Scott A in Manchego cheese. The
antagonistic effect of enterocin CCM 4231 from E. faecium was studied on L.
innocua Li1 in bryndza, a traditional Slovak cheese where the number of L.
innocua decreased by day 4, indicating a strong antagonistic effect of this
bacteriocin to L. innocua (102). In a recent study, conducted by Foulquie et
al. (103), two strains of bacteriocin-producing E. faecium RZS C5 were effec-
tive in extending the shelf life of cheddar cheese. From the multitude of
studies above, there is strong evidence that enterococci, either in the form
of starter cultures or their bacteriocins, could find potential application as
biopreservatives in the processing of meat and dairy products. 
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An important class of lactic acid bacteria with strong bacteriocin-produc-
ing activity is Carnobacterium spp., which are able to produce bacteriocins
with strong antilisteral activity at low temperatures and high sodium chlo-
ride content (104). In addition, Carnobacterium spp. can grow in foods with
low carbohydrate content such as fish (105). Several bacteriocins produced
by Carnobacterium spp. have been characterized, including carnobacteriocins
BM1 and B2 from C. piscicola LV17B, divergicin A produced by C. divergens
NCIMB 702855, divercin V41 from C. divergens V41, divergicin 750 produced
by C. divergens 750, piscicocin V1a from C. piscicola V1, and carnocin CP5
from C. piscicola CP5 (105–111). In a recent study, bacteriocinogenic activity
of C. piscicola CS526 was studied on L. monocytogenes in cold smoked salmon
(112). C. piscicola CS526 suppressed the growth of L. monocytogenes in cold
smoked salmon within 12 d of storage. Like most Carnobacterium bacterio-
cins, divergicin M35 produced by C. divergens M35 displayed high antilisteral
activity but no inhibitory effect against Lactococcus lactis, P. acidilactici, Strep-
tococcus thermophilus, and E. coli (113). Due to its powerful antilisteral activity,
divergicin M35 may have a potential application as biopreservative for
lightly processed seafood where Listeria spp. can be a serious problem. 

Several investigators have examined the antimicrobial and bacteriocin
production activity of Leuconostoc spp. Leucocin A is a bacteriocin produced
by Leu. gelidum UAL187 and shows a broad inhibitory spectrum against
spoilage lactic acid bacteria, some strains of L. monocytogenes, and Enterococ-
cus faecalis (114). The strain of Leu. mesenteroides UL5 isolated from cheddar
cheese was reported to produce a heat-stable bacteriocin called mesenterocin
5, which is bactericidal to a wide range of Listeria spp. but not to strains of
lactic acid bacteria (115). Leuconocin S produced by an atypical strain of Leu.
paramesenteroides was studied by Lewus et al. (116), who found that this
bacteriocin had bacteriostatic effect on L. sake ATCC 15521 over a wide pH
range. In a recent study, a bacteriocin (mesentericin y105) closely related to
leucocin A and produced by Leu. mesenteroides Y105 displayed antagonistic
activity against Gram-positive bacteria including L. monocytogenes and
Enterococcus faecalis (117). The bacteriocin, leuconocin S produced by Leu.
paramesenteroides, is heat stable and has a broad antibacterial spectrum
against C. botulinum, L. monocytogenes, S. aureus, and Yersinia enterocolitica.
Leucocin F10 is another bacteriocin type produced by Leu. carnosum strain
(118) and possesses strong inhibitory activity on Listeria spp., Leuconostoc
spp., Enterococcus faecalis, and L. sake. Recently, a strain of Leu. carnosum 4010
was reported to produce two bacteriocins named leucocins 4010 (119). Leu-
cocins 4010 are very similar to leucocin A and exhibit strong antilisteral
activity in meat products without causing any undesirable effect on the
product’s flavor. Hornbaek et al. (120) further studied the antilisteral effect
of leucocins 4010 alone or in combination with sodium chloride and sodium
nitrate in a gelatin system. The presence of sodium nitrate and sodium
chloride reduced the antilisteral activity of leucocins 4010 in the gelatin
system compared to the use of leucocins 4010 alone at concentrations of 5.3
and 10.6 AU/mL. This study concluded that the application of leucocins
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4010 might be more efficient in meat products that contain low sodium
chloride and sodium nitrate.

Propionibacterium spp. play an important role in dairy fermentations as
starter cultures responsible for the characteristic flavor and eye production
in Swiss-type cheeses. Numerous bacteriocins produced by Propionibacterium
spp. have been isolated and characterized. Among these, propionicin PLG-
1, isolated from P. thoenii P127, exhibited a broad spectrum of inhibition
against closely related species, some Gram-positive and Gram-negative bac-
teria, as well as some yeasts and molds (121). Strain P. thoenii P126 was
reported to produce a bacteriocin called jenseniin G (122). Jenseniin G is a
heat-stable bacteriocin with strong inhibitory activity on L. bulgaricus NCDO
1489, L. delbrueckii supsp. lactis ATCC 4797, Lac. cremoris NCDO 799, and Lac.
lactis subsp. lactis C2. The bacteriocin propionicin T1 isolated from P. thoenii
419 is the only Propionibacterium bacteriocin that meets the grouping criteria
of Klaenhammer bacteriocin classification (123, 124). Another strain of Pro-
pionibacterium, P. jensenii DF1, showed strong antimicrobial activity against
closely related species and, therefore, was investigated further for bacteriocin
production (125). It was reported that this bacterium produces a specific
bacteriocin known as propionicin SM1. Two bacteriocins produced by cuta-
neous species of Propionibacterium have also been described, namely, acnecin
isolated from P. acnes CN-8 and a bacteriocin-like substance produced by P.
acnes RTT 108 (126-127). In 2004, a new bacteriocin was added to the list of
Propionibacterium bacteriocins. Thoeniicin 447, isolated from P. thoenii 447,
acts as bactericidal against L. delbrueckii subsp. bulgaricus and as a bacterio-
static against P. acnes (128). Although the inhibitory effect of bacteriocins
produced by Propionibacterium against several bacteria has been docu-
mented, there is no evidence of their use in controlling the growth of patho-
gens and spoilage bacteria in food products. 

Several bacteriocins from lactic acid bacteria have already been isolated

considered safe and beneficial since they have been an important part of the
human diet for centuries in the form of microbial activity by-products in
foods such as cheese, meat, fish, and fermented food products. 

13.3 Conclusions

The effectiveness of bifidobacteria, lactobacilli, and other lactic acid bacteria
as biopreservatives is well documented. It is clear that some lactic acid
bacteria possess strong antimicrobial activity against many pathogens, and
thus they have been or have the potential to be used as biopreservatives in
food products. During the last decade, research has focused on the isolation
and characterization of antimicrobial compounds from lactic acid bacteria
due partly to their beneficial health effects as probiotics. To date, nisin is the
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TABLE 13.5

Examples of Bacteriocins Produced by Other Lactic Acid Bacteria and Their Application in Foods

Bacteriocin(s) Source Examples of Food Application Active Against Ref.

Nisin Lc.lactis Dairy products L. monocytogenes, Clostridium spp. (88)

Pediocin PA-1 P. acidilactici Raw chicken L. monocytogenes, Lactobacillus 
curvatus

(92–93)

Enterocins A and B E. faecalis Cooked ham, minced pork, 
deboned chicken breats, pate, 
and “Espetec”

L. innocua (66)

Enterocin 416K1 E. cassekliflavus 416K1 1M “Cacciatore” L. monocytogenes (100)
Enterocin 4 E. faecalis Manchego cheese L. monocytogenes (98)
Enterocin CCM 4231 E. faecium “Bryndza” L. innocua (102)
Divergicin M35 C. divergens M35 Fish L. monocytogenes (113)
Leucocin A Leu. gelidum UAL187 — Spoilage lactic acid bacteria, L. 

monocytogenes, and E. faecalis
(114)

Mesenterocin 5 Leu. mesenteroides Cheddar cheese Listeria spp. (115)
Mesentericin y105 Leu. mesenteroides Y105 — Some Gram-positive bacteria, L. 

monocytogenes, and E. faecalis
(117)

Leuocin F10 Leu. carnosum — Listeria spp., Leuconostoc spp., E. 
faecalis, and L. sake 

(118)

Leucocins 4010 Leu. carnosum 4010 Meat products L. monocytogenes (119–120)
Propionicin PLG-1 P. thoeniii P127 — Some Gram-positive and Gram-

negative bacteria
(121)

Jenseniin G P. thoeniii P126 — L. bulgaricus, L. delbrueckii subsp. 
lactis, Lac. cremoris, and Lac. lactis 
subsp. lactis C2

(122)

Thoeniicin 447 P. thoeniii 447 — L. delbrueckii subsp. bulgaricus and P. 
acnes

(128)
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only purified antimicrobial by-product of Lc. lactis that has received GRAS
status for use in commercial food applications; other bacteriocins, such as
pediocin, lactocin, leucocin, and enterocins might have future applications
in food systems given the large number of scientific studies showing their
efficacy and safety. However, the mechanisms of action of these bacteriocins
need to be thoroughly determined in order to ensure safety.
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14.1 Introduction Development of Efficacious Functional 
Foods for Intestinal Health

 

Health is one of the main reasons behind food choices, but still other factors
are taken into consideration by the consumer. As pleasantness and sensory
quality can be experienced directly, they are known to be the essential factors
in repeated choices. Even with foods aimed for health, the taste has to be
good for securing repeated choices. Probiotics modifying the gut microbiota
have physiological effects that cannot be experienced directly. The credibility
of the health-related messages is, therefore, the critical goal aiming to guar-
antee that the product has a reward value for the consumer. Consumers are
selective in their attention so that messages that are relevant to us and which
are congruent with our earlier beliefs are easily accepted. Therefore, food-
related messages have to correspond with our existing beliefs and motivation
to use a product. Preventing a possible stomach upset has little relevance to
a healthy person, but can make a vast difference for someone suffering from
inflammatory bowel diseases (IBDs) or someone who easily catches traveler's
diarrhea.

There is an ever growing demand for developing foods with specific func-
tionalities that increase health and well-being. This need originates from the
notion that consumers at critical ages, young and old, are prone to food-
related diseases and gastrointestinal (GI) disorders. These can be prevented
by consumption of foods with specific functionality for health. Finally, there
is an increase in the consumer’s awareness of and desire for innovative and
healthy foods that meet the strategy of many of the European industries to
develop functional foods, which represent the fastest growing market that
has already approached a volume of 1.5 billion Euros in Europe alone. 

Keeping this in mind, the microbes with health impact are and will remain
an important functional ingredient for years to come. New strains will be
identified and foods will be developed to fulfill the needs of specific con-
sumer groups. Increased understanding of interactions between gut micro-
biota, diet, and the host will open up possibilities of producing novel
ingredients for nutritionally optimized foods, which promote consumer
health through microbial activities in the gut.
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The European Commission, through its 5

 

th

 

 Framework Programme, is
investing a substantial research effort in the intestinal microbiota, its inter-
action with its host and methods to manipulate its composition, and activity
for the improvement of human health. Eight multicenter interdisciplinary
research projects currently cover a variety of research topics required for the
development of efficacious probiotic foods, ranging from understanding of
probiotic mechanisms at a molecular level to developing technologies to
ensure delivery of stable products and demonstrating safety and efficacy in
specific disorders. This concerted research effort promises to provide an
appreciable understanding of the human intestinal microbiota’s role in
health and disease and new approaches and products to tackle a variety of
intestinal afflictions.

The Food, GI-tract Functionality and Human Health (PROEUHEALTH)
Cluster brings together eight complementary, multicenter interdisciplinary

improving the health and quality of life of European consumers. The collab-
oration involves 64 different research groups from 16 different European
countries and is coordinated by leading scientists. The research results from
the cluster are disseminated through annual workshops and through the
activities of three different platforms: a science, an industry, and a consumer

started in 2001 and will end in 2005 (1–10).  

 

14.2 Description of Projects

 

14.2.1 Developing Research Tools 

 

14.2.1.1 Development and Application of High Throughput Molecular 
Methods for Studying the Human Gut Microbiota in Relation 
to Diet and Health

 

 — 

 

MICROBE DIAGNOSTICS

 

The microbial gut ecosystem has a major impact on the health and well-
being of humans. Since the makeup and the activity of the gut microorgan-
isms, collectively known as the microbiota, are highly influenced by diet,
the project is designed to better understand its impact on human health and
to provide easy-to-use methods for monitoring its composition. Novel meth-
ods are developed to understand and exploit the nutrition-driven impact of
the human gut microbiota on health. Since the currently used methods for
analyzing the intestinal microbiota are time consuming and tedious, high
throughput methods for the automated detection of fluorescently labeled
cells based on microscopic image analysis, flow cytometry, and DNA arrays
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FIGURE 14.1

 

The layout of the PROEUHEALTH cluster projects.

PROEUHEALTH Cluster

Microbe

diagnostic

Protech

Crownalife

Deprohealth

PROGID

Eu-micro

function

Prosafe
Propath

?

??????

Safety of 

probiotic

bacteria

Probiotic prebiotic

technology

Why are probiotics

effective?

Probiotics against

pathogens

A healthier

retirement

Second generation

probiotics

New therapeutics with

potential against IBD
Which bacterium

is which?

 

D
K

3341_C
014.fm

  Page 312  W
ednesday, Septem

ber 7, 2005  6:12 A
M

© 2006 by Taylor & Francis Group, LLC



 

E
U

 P
erspectives on Food

 

313

 

FIGURE 14.2

 

Consumer platform dissemination efforts.
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will be developed. 

 

In situ 

 

detection methods for monitoring bacterial gene
expression at the cellular level will be developed to monitor the impact of
dietary constituents on the transcription of bacterial genes. Samples from
human populations will be analyzed with the developed methods to identify
important factors of microbiota development, composition, and activity.

 

Objectives — 

 

The project is aimed at developing, refining, validating, and
automating the most advanced molecular methods for monitoring the com-
position of the gut microbiota and bacterial gene expression in selected
human populations in response to diet and lifestyle. The specific objectives
of the project are (1) to improve and facilitate gut microbiota monitoring
with molecular methods, (2) to understand antagonistic and synergistic
interactions of the intestinal microbiota in response to nutrition, and (3) to
find links between major dysfunctions and the intestinal microbiota.

 

Results and Future Targets — 

 

The project is expected to provide methods that
allow the rapid detection of intestinal bacteria and their activities. The appli-
cation of the developed methods will provide baseline data on the intestinal
microbiota composition in response to origin and lifestyle. The project will
also provide fundamental information on the biodiversity and phylogeny of
the human gut microbiota. The data obtained will be used to develop a
mechanistic concept for diet-induced microbiota development and to define
the role of the intestinal microbiota in disease development. The project,
thereby, contributes to investigate the role and impact of food on physiolog-
ical function, the development of foods with particular benefits, and links
between diet and chronic diseases.

During the first 2 years of the project, progress has been made in increasing
the knowledge on the bacteria present in the human intestinal tract. This
was performed by using a variety of growth substrates and growth media
and by isolating more than 200 bacterial isolates using different enrichment
approaches. Although the majority of these isolates belonged to known
species, a considerable number of them represented novel species. Two iso-
lates even led to the description of two new genera (

 

Dorea

 

 and 

 

Anaerostipes

 

).
In parallel, additional sequences were retrieved by culture-independent
methodology. All additional sequences have been implemented into private
and public databases. This highly improved database has been used to
develop new oligonucleotide probes for the culture-independent detection
of intestinal bacteria. The panel of probes has been extended to subgroups
of the large bacterial clusters in the gut. Probes have also been designed and
validated to detect the new isolates and to determine their numerical impor-
tance and their distribution in human individuals. 

An important aim in the project is to develop high throughput methods
for the detection of fecal bacteria. MICROBE DIAGNOSTICS automated
image analysis and flow cytometry-based methods are developed for the
rapid detection and enumeration of fluorescent bacteria in fecal samples.
Furthermore, the development of a high throughput approach based on the
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application of DNA arrays for the rapid detection of specific rRNAs of
dominant human fecal bacteria has started. To better understand the pro-
cesses related to the microbiota in the human gut, a first step has been taken
in an attempt to visualize gene expression at the cellular level: intracellular
PCR amplification of a plasmid-borne gene has been demonstrated (11–23).

 

MICROBE DIAGNOSTICS: 

 

highlights of the 2

 

nd

 

 year

• Development of high throughput microarrays with over 100 differ-
ent phylogenetic probes

• Isolation and characterization of several new GI tract isolates, 20
new species, 10 new genera

• Use of cell sorting
• Molecular methods to monitor functional gene expression
• Development of functional probes for determining

 

 in situ

 

 microbial
glycohydrolase activity

 

14.2.2 Understanding Mechanisms

 

14.2.2.1 Probiotic Strains with Designed Health 
Properties

 

 — 

 

DEPROHEALTH

 

Lactic acid bacteria (LAB) are well known for their extensive use in the
preparation of fermented food products. In addition, the potential health
benefits they may exert in humans have been intensively investigated during
the last century. However, the mechanisms underlying the health-promoting
traits attributed to LAB remain vastly unknown, and this has impaired the
rational design of probiotic screening methods with accurate predictive
value. This project aims at establishing a correlation between 

 

in vitro

 

 tests
and mouse models mimicking important human intestinal disorders such
as inflammatory bowel disease (IBD), 

 

Helicobacter pylori

 

, and rotavirus infec-
tions. As these diseases correspond to major public health problems, a second
generation of probiotic strains with enhanced prophylactic or therapeutic
properties will be designed in the project. These designed strains and the
isogenic parental ones will be used to unravel mechanisms involved in the
immunomodulation capacity of specific 

 

Lactobacillus

 

 strains.

 

Objectives — 

 

The general aim of this project is to acquire knowledge about
the molecular factors affecting the immunomodulation and/or immunoge-
nicity of selected probiotic lactobacilli to allow for developing isolates with
enhanced protective or therapeutic effect. The objectives of the proposal are,
on one hand, to unravel mechanisms and identify key components of the
immunomodulation capacity of probiotic lactobacilli, and on the other hand,
to design a second generation of probiotic strains with enhanced properties
against GI disorders.
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Two types of GI diseases are targeted: inflammations such as IBD and
infections such as those caused by 

 

H. pylori

 

 and rotavirus. For each of them,
a therapeutic or prophylactic (i.e., vaccine) recombinant probiotic strain will
be constructed and tested in relevant animal models to evaluate its capacity
to induce or modulate the immune response in the proper way. These data
will be correlated to 

 

in vitro

 

 testing of the immunomodulation capacity with
the attempt to identify and develop screening methods that will allow the
identification of efficient probiotic strains. Recombinant DNA technology
will also be used to assess the importance of specific bacterial cell wall
components and adhesion factors in immunomodulation.

 

Results and Future Targets — 

 

In the project, two types of modified probiotic
strains will be constructed: mutant strains affected in their cell wall compo-
sition and adhesion proteins as well as recombinant strains with enhanced
therapeutic or protective properties, focusing on GI diseases of inflammatory
or infectious origin. The final goal is to prove that designed probiotic strains
can be used as original therapeutic agents. If successful, they would lead to
novel anti-inflammatory treatments or oral vaccines against 

 

H. pylori

 

 and
rotavirus. It is also expected that, by the end of the project, major progress
will have been achieved toward the rational design of simplified probiotic
screening methods with accurate predictive value.

In the project, different 

 

in vitro

 

 tests have been evaluated for their potential
to classify probiotic strains according to their immunomodulation profile.
This 

 

in vitro 

 

evaluation has been extended by studies conducted in mouse
colitis models, which confirmed that given strains exert a beneficial effect
on intestinal inflammation. A good correlation seems to exist between the

 

in vitro

 

 peripheral blood mononuclear cultures (PBMC) stimulation assay
and the 2,4,6-trinitrobenzene sulfonic acid-induced (TNBS) mouse model for
strains that are characterized by a clear-cut anti- or proinflammatory profile.
Mutants of 

 

L. plantarum

 

 NCIMB8826 synthesizing altered lipoteichoic acids
and, as a consequence, a cell wall with different biochemical properties, have
been obtained. One of the mutants seemed to exhibit a significantly enhanced
anti-inflammatory profile compared to its parental strain. Recombinant
strains producing a protective antigen from 

 

H. pylori

 

 or rotavirus have been
obtained, and immunization experiments have been started in mice. Signif-
icant limitation of the 

 

H. pylori 

 

infection was obtained after intragastric
immunization of mice with the best constructions (24–32).

 

DEPROHEALTH: 

 

highlights of the 2

 

nd

 

 year:

• Protective effect of LAB in a colitis model
• Improved delivery of antigens by specific cell envelope mutations

in selected LAB
• Delivery of anti-inflammatory molecule (IL-10) in human (approved

genetically modified organism (GMO) trials ongoing)
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14.2.2.2 Molecular Analysis and Mechanistic Elucidation of the 
Functionality of Probiotics and Prebiotics in the Inhibition of 
Pathogenic Microorganisms to Combat Gastrointestinal 
Disorders and to Improve Human Health

 

 — 

 

PROPATH

 

Recently, a lot of attention has been paid to the health-promoting properties
of lactobacilli and bifidobacteria. However, a major problem is that many of
these health-promoting properties are still questioned. For instance, the fun-
damental basis of the inhibition of Gram-negative pathogenic bacteria like
the enterovirulent diarrheagenic 

 

Salmonellae

 

 and 

 

H. pylori

 

 causing gastritis
and gastric ulcer disease by probiotic LAB has not been elucidated. This
project will focus on the identification of the responsible inhibitory com-
pounds. In addition, the mechanism of the inhibition of Gram-negative
pathogens by probiotic lactobacilli and bifidobacteria will be studied. 

 

Objectives — 

 

The aim is first to obtain a selection of probiotic lactobacilli and
bifidobacteria that display a clear inhibition of diarrheagenic Gram-negative
pathogenic bacteria and 

 

H. pylori. 

 

Thereafter, the project focuses on identi-
fying the metabolite(s) responsible for the inhibition and/or killing of Gram-
negative pathogenic bacteria as well as in elucidating the conditions and
kinetics of the production of antimicrobials active toward Gram-negative
pathogens and to predict their 

 

in vivo

 

 action. One of the aims will be to
establish coculture models (simulated gut fermentations, human cell lines,
animal models) and to study the interaction between inhibitory strains of
LAB and Gram-negative pathogens causing GI disorders. Finally, the
selected probiotic LAB will be tested in clinical studies.

 

Results and Future Targets — 

 

The results of the molecular analysis and mech-
anistic elucidation of the functionality of probiotics and prebiotics in the
inhibition of pathogenic microorganisms will result in a collection of probi-
otic strains of lactobacilli and bifidobacteria. This will allow us to determine
their characteristic and inhibitory spectrum, identify compounds responsible
for the inhibition of Gram-negative pathogenic bacteria, determine condi-
tions of antimicrobial production in the gut environment, and establish coc-
ulture models showing the inhibitory action by the probiotic strains.

From an initial project, culture collection of more than 850 strains, 15 strains
(8 existing and 7 novel strains) inhibiting Gram-negative pathogenic bacteria
have been selected. The existing strains either commercial probiotic strains
or strains for which results indicating an inhibitory effect toward Gram-
negative pathogens (

 

Escherichia coli, Salmonella enterica 

 

serovar Typhimu-
rium, 

 

H. pylori

 

) were available, or strains were used for which validated
literature data were available. The new isolates were derived from fermented
foods and human or animal feces. The inhibitory effect of lactobacilli and
bifidobacteria toward Gram-negative pathogens was dependent on the cul-
ture conditions. Certain conditions allowed discriminating between the pH-

 

DK3341_C014.fm  Page 317  Wednesday, September 7, 2005  6:12 AM

© 2006 by Taylor & Francis Group, LLC



 

318

 

Probiotics in Food Safety and Human Health

 

lactic acid effect and the effect probably by secreted antimicrobial com-
pounds other than lactic acid. 

Bacteriocin preparations from 

 

L. johnsonii 

 

LA1 and 

 

L. amylovorus 

 

DCE 471
displayed a clear killing effect toward 

 

H. pylori. 

 

Both the clinical isolates
tested and the reference strains of 

 

H. pylori 

 

were sensitive for these two
bacteriocins. The bacteriocin preparation of a culture of 

 

B. longum 

 

BB536
gave a narrow inhibition zone against 

 

E. coli 

 

C1845 only. The other bacteri-
ocin-positive 

 

Bifidobacterium 

 

strains inhibited several Gram-positive indica-
tors. Bacteriocins were isolated from 

 

L. acidophilus 

 

IBB 801, 

 

L. casei 

 

YIT 9029,

 

L. gasseri 

 

K7, and 

 

L. johnsonii 

 

LA1. The bacteriocins were heat stable, stable
in a pH range from 2.2 to 8.0, and sensitive to proteolytic enzymes, but not
to other enzymes. They possessed a molecular mass between 3.0 and 6.5 kDa
(33–43).

 

PROPATH

 

: highlights of the 1

 

st

 

 year:

• High throughput screening antimicrobial activity against 

 

H. pylori

 

and 

 

Salmonella

 

• Germ-free mice studies of colonization by LAB
• New antimicrobial compounds discovered 

 

14.2.2.3 Functional Assessment of Interactions between the Human Gut 
Microbiota and the Host

 

 — 

 

EU & MICROFUNCTION

 

The aim of this project is to identify the effects of dietary modulation on the
human GI microbiota. The influence of live microbial food supplements (pro-
biotics), dietary carbohydrates known to have a selective metabolism (prebi-
otics), and a combination of these two approaches (synbiotics) will be
ascertained. The main objectives are to clarify effects on the normal gut micro-
biota, and on host GI function, as well as determine mechanisms involved in
pro-, pre-, and synbiotic functionality. These objectives will be achieved
through exploitation of model systems and state-of-the-art technology. 

 

Objectives — 

 

The principal objectives are to determine the efficacy and safety
of probiotics and prebiotics, determine effective doses and combinations,
identify mechanisms of action, and investigate impacts on host function. An
important aspect will be the development of new synbiotics and their use
in a human trial. The work planned aims to identify the mechanisms of effect
and to produce valuable information on the influence of dietary intervention
on the activities of human gut microbiota. In addition, it provides essential
means of validating probiotics and prebiotics, and will give information on
the optimal combinational approach. 

There is currently an imperative requirement to identify the realistic health
outcomes associated with probiotic and prebiotic intake and, importantly, give
rigorous attention toward determining their mechanisms of effect. This project
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will aim to do so through investigating probiotic and prebiotic influence on
host functionality, including microbiological and physiological aspects. 

 

Results and Future Targets — 

 

The aim is to identify mechanistic interrelation-
ships through fundamental scientific approaches. The following milestones
will be achieved: efficient prebiotics and required dosage, active synbiotics,
effects of functional foods on bacterial translocation, effects on host gene
interactions, safety of functional foods determined, and effects on selected
health indices in humans.

During the first project year, useful prebiotics were identified with batch
culture fermentations. The work has continued using complex models of the
human colon. Novel prebiotics are also being manufactured and compared.
Administration of different probiotics in an acute liver injury and an induced
colitis rat model showed different protective effects upon bacterial translo-
cation and disease status. The antagonistic activity (against 8 common gut
pathogens) of lactobacilli and bifidobacteria has been determined. Fermen-
tation profiles, antioxidant capacity, amine formation, and inhibitory effects
of the probiotics against one another have been determined. In the work on
microbe-host interactions, gut bacteria able to utilize mucin have been iden-
tified. Microbial diversity of mucin degradation has been identified, includ-
ing the isolation of a new genus within mucin-degrading bacteria. In the
work package dealing with safety issues, a collection of 

 

Bifidobacterium

 

 and

 

Lactobacillus

 

 strains has been subjected to several safety criteria. No safety
issues have so far arisen. In the work package on synbiotic administration
in humans, ethical permission for a human trial to test the effects of a
synbiotic on selected health parameters has been given and recruitment is
proceeding (44–47). 

 

EU & MICROFUNCTION:

 

 highlights of the 1

 

st 

 

year

• Cross talk between microbes and host gut tissues
• Optimal combination of prebiotics and probiotics determined
• New mucus-degrading bacterium isolated
• Human trial on synbiotics commenced

 

14.2.3 Investigating Health Effects 

 

14.2.3.1 Probiotics and Gastrointestinal Disorders: Controlled Trials of 
European Union Patients

 

 — 

 

PROGID

 

This project will assess the efficacy of two previously selected probiotic
microorganisms, administered as dried fermented milk products, in allevi-
ating the effects of IBD–Crohn’s disease and ulcerative colitis. Specifically,
two distinct long-term (12 month), large-scale, multicentered, randomized,
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double-blind, placebo-controlled feeding trials will be performed within a
subset of the European Union population suffering from these GI disorders. 

 

Objectives — 

 

In the assessment of probiotic efficacy, most studies per-
formed so far have been small, uncontrolled, and poorly documented with
imprecise definition of the endpoints. In response, the European Commis-
sion has funded the PROGID project, which will evaluate two specific
probiotic microorganisms in patients with ulcerative colitis or Crohn’s
disease from diverse geographical locations. The participating centers in
these studies will assess the efficacy of 

 

Bifidobacterium

 

 

 

infantis

 

 UCC35624
and 

 

Lactobacillus

 

 

 

salivarius

 

 UCC118 in 1-year, randomized, double-blind,
placebo-controlled trials for maintenance of remission. Both of the selected
probiotic strains have a history of safety and efficacy in healthy adults and
relapsed IBD patients. 

 

Results and Future Targets — 

 

The anticipated results from the PROGID
project include: the provision of qualitative and quantitative evidence that
the evaluated probiotics may (or may not) have a role in maintaining remis-
sion of IBD; confirmation, or otherwise, of the involvement of specific mem-
bers of the GI microbial flora populations as causative or contributory agents
of IBD; generation of linear physiological and immunological data relevant
to the disease and remission states of IBD; creation of a greater awareness
among the EU population of functional foods and their potential benefits in
maintaining healthy lifestyles; and the establishment of a repository of bio-
logical samples obtained from across the EU.

During the first 2 years of the PROGID project, partners have collected
extensive clinical databases of IBD patients. Identification of a large database
of patients is essential for a clinical trial to be successful. By identifying this
number of patients as potential study participants, the ambitious target to
enroll 360 patients is achievable. From those recruited, about 200 patients
have been enrolled (as of January 2003) and are currently either feeding,
have completed the study, or have relapsed. 

The ulcerative colitis clinical trial has proceeded well, with 120 patients
enrolled. Two-thirds of the targeted 180 patients have been enrolled in the
ulcerative colitis study, and it is anticipated that this target will be achieved.
The Crohn’s disease study started later than the ulcerative colitis clinical
trial, and patients are currently (as of January 2003) at various stages
throughout the study. 

Biological samples for microbiology and immunology analyses are contin-
uously being obtained from patients participating in both the Crohn’s disease
and ulcerative colitis studies. These samples are being appropriately stored
and are undergoing analysis.

In addition to conventional disease activity indices, PROGID is also explor-
ing the use of fecal DNA, cytokines, and calprotectin as markers of subclin-
ical disease activity. PROGID partners are also looking at molecular
techniques for surveying the gut microbiota in patients with active disease,
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those in remission, and those taking probiotics and placebo. These results
will provide not only data on the efficacy of probiotics, but also data on
compliance and the microbiota of the patients over a prolonged period of
time. 

Due to the nature of the studies (double blinded), no analysis of the results
have been undertaken while the study is ongoing; otherwise the blindness
of the study may be sacrificed. Hence, definitive results will not be available
until the study has been completed and the patients’ codes broken (48–58).

 

PROGID: 

 

the highlights of the 2

 

nd

 

 year:

• Ulcerative colitis and Crohn’s disease patients enrolled for an
approved, EU-wide trial

• Gene-based biomarker for mucosal lesions (

 

β

 

-globin)
• Ulcerative colitis and Crohn’s disease patients show unstable intes-

tinal microbiota

 

14.2.3.2 Functional Food, Gut Microflora, and Healthy 
Aging

 

 — 

 

CROWNALIFE

 

Elderly people represent an increasing fraction of the European population.
Their higher susceptibility to degenerative and infectious diseases has led
to rising public health and social concerns. Appropriate preventive nutrition
strategies can be applied to restore and maintain a balanced intestinal micro-
biota exerting protective functions against the above disorders. The project
is based on the application of selected biomarkers in hypothesis-driven
human studies. We will identify the structural and functional specificity of
the elderly's intestinal microbiota across Europe. Using this baseline infor-
mation, we will investigate functional food-based preventive nutrition strat-
egies aiming to beneficially affect the functional balance of the elderly's
intestinal microbiota. Expected outcomes include nutritional recommenda-
tions as well as new concepts and prototype functional foods, specifically
adapted for health benefits to the elderly population.

 

Objectives — 

 

The overall objective is to improve the quality of life of the
elderly throughout the third age, with emphasis on the preservation of the
period of independence recognized as the crown of life. The focus is on
preventive nutrition and the application of functional food to derive health
benefits for the ever-increasing European elderly population. Based on
hypothesis-driven human studies, the specific objectives of the project are
to assess structural and functional alterations of the intestinal microbiota
with aging and across Europe, and to validate functional food-based pre-
ventive nutrition strategies to restore and maintain a healthy intestinal
microbiota in the elderly. Implementations include nutritional recommenda-
tions as well as new concepts and prototype functional food specifically
adapted for health benefits to the elderly population.
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Results and Future Targets — 

 

The results will establish six steps: (1) the
assessment of the gut microbiota diversity and composition in the European
elderly, and identification of its alterations with aging (baseline human
study); (2) the assessment of modulation of the intestinal microbiota (inter-
vention human study with functional food), and potential health benefits
toward degenerative pathologies and infectious diseases; (3) the improved
health status of the aging population via specific nutritional recommenda-
tions; (4) the nutritional guidelines based on the complete assessment of a
synbiotic product; (5) the design and provision of adapted food supplements
directed toward intestinal microbial function; and (6) the validation of pro-
cesses and rationale for the design of a new generation of functional foods
to satisfy health benefits for the elderly, based on innovative technologies.

Results obtained so far have been focused on the assessment of specificities
of the gut microbiota in the elderly: About 100 bacterial strains have been
isolated from the elderly gut microbiota, among which totally novel (yet
unknown) strains of bifidobacteria and lactobacilli have been identified. 

 

In vitro

 

growth inhibition tests using 

 

Campylobacter jejuni

 

, 

 

Escherichia coli

 

 (both EPEC
and VTEC) and 

 

Clostridium difficile

 

 as target organisms indicated that 15 strains
could be considered as potential probiotic strains. Among these, a set of 5 strains
showed the highest inhibitory activities and have been selected for further
analysis. An extreme microbial species diversity was evidenced within the
elderly gut microbiota in comparison to former data from younger age groups.
Totally new lines of descent (clusters and/or species) were identified within
the elderly gut microbiota, with a high prevalence. 

The synbiotic mixture of 

 

Bifidobacterium animalis

 

 DN-173 010 and prebiotic
(Raftilose Synergy1) to be used in the trial with the elderly has been optimized
and produced. Elderly persons and young adults have completed the Baseline
Human Study of CROWNALIFE, which took place in Germany, Italy, Sweden,
and France. Elderly persons have also completed the Intervention Human
Study of CROWNALIFE which took place in Germany (59–73).

 

CROWNALIFE: 

 

highlights of the 2nd year:

• New microbes isolated and characterized from the elderly
• Novel bacterial diversity in the gut microbiota of elderly individuals

has been detected based on the large 16S rDNA sequence library
• Base-line studies in the elderly have commenced
• Novel probiotic isolates have been isolated (15 candidate probiotics)
• Twenty recommended probes for assessing the composition of the

gut microbiota in the elderly have been generated

 

14.2.3.3 Biosafety Evaluation of Probiotic Lactic Acid Bacteria Used for 
Human Consumption

 

 — 

 

PROSAFE

 

Safety assessment is an essential phase in the development of any new pro-
or prebiotic functional food. The safety record of probiotics is good, and
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lactobacilli and bifidobacteria have a long history of safe use. However, all
probiotic strains must be evaluated for their safety before being used in
human clinical studies and in functional food products. Conventional toxi-
cology and safety evaluation alone is of limited value in the safety evaluation
of probiotic bacteria. Instead, a multidisciplinary approach is necessary
involving contributions from pathologists, geneticists, toxicologists, immu-
nologists, gastroenterologists, and microbiologists.

 

Objectives — 

 

The safe use for human consumption of probiotic strains,
selected LAB including lactococci, lactobacilli, pediococci and bifidobacteria,
and other food-associated microorganisms such as enterococci will be
assured by proposing criteria, standards, guidelines, and regulations. Fur-
thermore, procedures and standardized methodologies of premarketing bio-
safety testing and postmarketing surveillance will be provided. The specific
objectives of the project will include five stages: (1) the taxonomic description
of probiotics, LAB, and other food-related microorganisms; (2) the detection
of resistance and horizontal transfer of antibiotic resistance genes; (3) the
careful analysis and definition of the nonpathogenic status of probiotic LAB;
(4) the immunological adverse effects of the studied bacteria in the experi-
mental allergic encephalomyelitis (EAE) model, and (5) the survival, coloni-
zation, and genetic stability of probiotic strains in the human gut.

 

Results and Future Targets — 

 

Future results will finalize important goals
relating to probiotic strains, selected LAB, and other food-associated micro-
organisms and consists of establishing a culture collection and database;
providing standardized methodologies to detect antibiotic resistance; inves-
tigating the potential virulence properties, and their association with clinical
disease and results obtained in rat endocarditis models; studying potential
immunological adverse effects; analyzing the genetic stability and coloniza-
tion of probiotic strains in the human GI tract; and providing recommenda-
tions for biosafety evaluation of probiotic strains.

During the first project year, a strain collection of more than 750 strains
was set up. The strains belong mainly to the following genera: 

 

Lactobacil-
lus,

 

 

 

Bifidobacterium,

 

 

 

Enterococcus,

 

 

 

Lactococcus

 

, and 

 

Pediococcus,

 

 and they
were obtained from PROSAFE and PROEUHEALTH partners, from indus-
tries, culture collections, and researchers. The strains are of nutritional
(probiotic, food), human (mainly fecal and blood isolates), and animal
origin. 

Characterization of the strains focused on members of the genera 

 

Lac-
tobacillus and Bifidobacterium, which are considered to be taxonomically
most complex and for which identification problems were to be expected.
For the identification and fingerprinting of Lactobacillus and Bifidobacte-
rium, an amplified fragment length polymorphism (AFLP) method and
an interspersed repetitive sequences (rep)-based PCR method, respec-
tively, were developed. Eighty-six percent of the submitted bifidobacteria
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and 99% of the submitted lactobacilli were successfully identified to the
species level.

During the first project year, over 100 strains of enterococci and almost
300 lactobacilli were tested for their antibiotic susceptibility to 16 antibiotics.
Minimal inhibitory concentrations (MICs) were determined for all antibiotic
classes including the penicillins, aminoglycosides, glycopeptides, quinupris-
tin/dalfopristin (Q/D), macrolides, and tetracyclines. 

For the enterococci, these tests were performed according to the National
Committee for Clinical Laboratory Standards (NCCLS) guidelines. For lac-
tobacilli, however, no standardized and validated methods are available,
and, therefore, a new procedure for antibiotic susceptibility testing of these
organisms was developed. In parallel to the MIC determinations of entero-
cocci and lactobacilli, PCR for detection of a wide range of antibiotic resis-
tance genes was established, including the following genes: aadE-aphA, aadE,
aph2’’-aac6’, cat pC194, cat piP501, ermA, ermB, ermC2, satA (= vatD), satG (=
vatE), vanA, tetK2, tetL, tetM.

Among the Enterococcus faecium strains tested, seven were probiotic and
only one possessed resistance (only to erythromycin, but not mediated
by ermA, ermB, or ermC). The staphylococcal transposon Tn554 with ermA
was detected for the first time in an E. faecium strain; ermB-mediated ERY
resistance was frequently found in enterococci. In a few E. faecium isolates,
satA (vatD) could be detected. Other resistance genes that were present
in the examined enterococci were aadE-aphA, aadE, aph2’’-aac6’, cat pC194,
cat piP501, vanA, tetL, tetM. Of these latter-mentioned genes, aadE,
catPC194, ermC, vanA, and tetK2 were not found among the 7 E. faecalis
strains.

Among the lactobacilli examined, resistance frequencies were low except
for the glycopeptides, fusidic acid, and cotrimoxazole. The lactobacilli tested
used as probiotics (n = 81) and in nutrients (n = 7) were separately evaluated,
and these isolates showed similar resistance frequencies as the other lacto-
bacilli of human origin. 

In the project, a multiplex PCR system for the rapid detection of four
known virulence factors of E. faecalis (gelatinase, enterococcal surface pro-
tein, cytolysine, and aggregation substance) was also developed. A PCR has
also been developed to rapidly detect a potentially new virulence gene,
hyaluronidase(hyl) in E. faecium. (74, 75) 

PROSAFE: highlights of the 1st year:

• Six hundred strains obtained from the industry and scientists
• AFLP typing and antibiotic susceptibility testing of most isolates

performed
• Database establishment of probiotic safety commenced
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14.2.4 Probiotic and Prebiotic Technologies

14.2.4.1 Nutritional Enhancement of Probiotics and Prebiotics: 
Technology Aspects on Microbial Viability, Stability, 
Functionality, and on Prebiotic Function — PROTECH

Maintaining the functional properties of probiotics during manufacture, for-
mulation, and storage are essential steps in delivering health benefits to
consumers from these products. The overall objective of this project is to
address and overcome specific scientific and technological hurdles that
impact the performance of functional foods based on probiotic–prebiotic
interactions. Such hurdles include the lack of a strong knowledge on the
primary factors responsible for probiotic viability, stability, and performance.
Limited information is available on the impact of processing, storage, and
of food matrices or food constituents on probiotic viability, stability, and
functionality. Furthermore, sufficient data are missing about the interactions
between probiotics and prebiotics in functional foods prior to consumption.

Objectives — This project has three general objectives: to explore effects of
processing on the stability and functionality of probiotics and on the perfor-
mance of prebiotics, to apply selected processing techniques for prebiotic
modification to identify and optimize probiotic–prebiotic combinations, and
to use the information generated as the basis for new process and product
options.

The specific objectives of the project are to consolidate quantitative data
of processing effects on the physiology and viability of probiotic organisms,
to investigate the influence of media composition and processing conditions
on probiotic stability, to optimize probiotic–prebiotic interaction for maxi-
mum probiotic performance, to develop new prebiotics tailor-made for the
stabilization and optimum performance of probiotics, and to examine the
effect of growth conditions and stress treatments on the functionality of
probiotic bacteria.

Results and Future Targets — Expected achievements include the establish-
ment of unique data sets that include the identification of critical process
parameters for probiotics and prebiotics and results from systematic studies
suggesting means to overcome existing process and product limitations. The
compilation of protocols for probiotic performance, prebiotic function, and
probiotic–prebiotic interactions will also be provided. Furthermore, it is
expected to establish probiotic viability models and functionality biomark-
ers. In addition, it is attempted to achieve optimization of probiotic viability,
stability in culture, and real food systems at pilot-plant scale, generation and
modification of unique prebiotics, of probiotic interactions, and of environ-
mentally and processing-induced functionality of probiotics. Application of
the expected results will lead to new process concepts for probiotics, for
prebiotics, and for probiotic–prebiotic combinations. Special emphasis of the
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development of product concept will be on cereal and dairy-based products
and on the development and incorporation of unique plant-based prebiotics
for optimum interaction between prebiotics’ performance and probiotics’
function.

During the first 2 project years, the following results were obtained: a
better understanding of storage stability and sensitivity of freeze-dried pro-
biotics. This included development of suitable low-cost food-grade growth
media for the strains and data on the effects of cryoprotective agents on
probiotic stability. Studies on the response of probiotic strains to stress treat-
ments were conducted, and potential stress markers for monitoring probiotic
stability were identified. Furthermore, drying and shelf-life stability studies
on stress-treated probiotics were performed, and data on pressure effects on
probiotics were compiled. Studies on prebiotics included prebiotic feeding
trials on rats. To develop novel prebiotics, controlled enzymatically catalyzed
transfer reactions to obtain specific galactooligosaccharides were performed
(76–84).

PROTECH: highlights of the 2nd year: 

• Database of viability, stability, stress factors in progress
• Detection of strain-specific synbiotics
• Improved survival of probiotics through induced tolerance
• Functional genomics analysis of stress response

14.3 Consumers and Perceived Health Benefits of Probiotics

Science-based knowledge on how probiotic bacteria can promote our well-
being is increasing rapidly. The success of probiotic products, however, will
be determined by consumers' willingness to buy and eat them. The perceived
benefits in these new products are key factors for consumer acceptance.
Functional foods, i.e., products promising specified effects on physiological
functions represent a new kind of health message for consumers. In tradi-
tional nutritional messages, the emphasis is on diet and on avoiding or
favoring certain types of foods rather than giving recommendations on any
particular products. Thus, it is not surprising that general health interest,
which measures people's willingness to comply with nutritional recommen-
dations, has not been strongly linked with willingness to use functional
foods. Functionality can give additional value to the product, but still choice
decisions within food categories are also based on taste, convenience, price,
and familiarity.

Developing probiotic foods also introduces a novelty aspect to the product.
In general, consumers tend to be suspicious toward novelty in foods because
it means uncertainty and threat. Therefore, the benefits promised by these
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new food products will be weighed against the perception of possible risks.
Highly developed technologies are often involved in manufacturing new
probiotic foods. In several European countries, healthiness has been associ-
ated with naturalness. The need for highly advanced technology in the
production of probiotic foods may lower the perceived naturalness, which
may create distrust toward functional foods among some consumers. Con-
sumers seem to find functions that enforce the natural properties of a product
more acceptable than those functions that are artificially added or are not in
accordance with the earlier image of the product. Therefore, in addition to
technological considerations, adding probiotics into food products requires
understanding of the existing beliefs consumers have about these products. 

The claims attached to probiotics or any functional products need to be
based on adequate and sound scientific evidence produced by a set of stud-
ies. Results of these studies are often based on probabilities, and translating
the likelihood into consumer language is a complex task, since the scientific
and everyday thinking differ from each other radically. Consumers favor
clear-cut thinking: something either is good or bad for you, but not good in
some quantities and bad if eaten too little or too much, because understand-
ing dose responses is hard. Consumers also tend to make assumptions from
the data that are easily available for them rather than trying to consider all
valid points from different angles as the scientific approach requires. Con-
sumers tend to be wary of linking food with reduction of disease, as this
implies associating food that is commonly considered as a source of pleasure
with something unpleasant, even if the promised effect would be positive.
This conforms with another typical feature in everyday thinking, one which
tends to associate any two things that appear at the same time regardless
whether they are causally connected or not. Food and health, in general, are
both very sensitive topics, and this adds to the challenge of communicating
possible health-related claims to consumers in comprehensible, usable, and
nonalarming manner.

The aim of the consumer platform in the PROEUHEALTH cluster is to
provide consumers with information about the ongoing EU-funded research
on probiotics. The core activity for spreading the information is the website
(proeuhealth.vtt.fi). The platform has converted the objectives of the eight
scientific cluster projects into consumer language, and the one-page leaflet
about the projects can be downloaded from the website. The leaflets have
been translated into major EU languages, and over 10,000 copies have been

copies have been downloaded from the website, and the other half have
been sent out as paper copies. The website can be freely accessed and pro-
vides a channel to send messages to scientists working on the projects. The
biggest interest has been in the possibility to alleviate the symptoms of
intestinal disorders with probiotics. The progress of the projects is being
followed, and the platform generates short pieces of news on each project.
In addition to the website, these leaflets are sent out to scientific news
services, consumer organizations, and health professionals for further dis-
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TABLE 14.1

Probiotics, Prebiotics, and Target Pathogens, Models and Population Groups for Probiotic Function and/or Microbial Analysis in the 
PROEUHEALTH Cluster Projects

Project Probiotic Strains Prebiotics

Target Pathogens, Models and Population 
Groups for Probiotic Function and/or 

Microbial Analysis

MICROBE 
DIAGNOSTICS 

— — Samples from healthy volunteers and from IBD 
(inflammatory bowel disease; ulcerative colitis) 
patients

DEPROHEALTH Recombinant Lactobacillus strains
L. plantarum NCIMB8226
L. crispatus 247 & Mu5
L. casei BL23
L. fermentum PC1

— Mouse models on IBD
Mouse models on H. pylori and rotavirus 
infections

PROGID L. salivarius UCC118
B. longum (infantis) UCC35624

— Clinical trial with IBD (Chrohn's disease and 
ulcerative colitis) patients

CROWNALIFE B. animalis DN-173010
15 novel probiotic strains (both 
Lactobacillus and Bifidobacterium strains)

Fructooligosaccharides/inulins: 
Synergy1

In vitro studies with C. jejuni, E. coli (EPEC, 
VTEC), and C. difficile

Volunteers aged 25–45 and over 65 
Clinical trial with a synbiotic pair in elderly 
volunteers

PROTECH L. rhamnosus E-97800
L. rhamnosus GG
L. salivarius UCC500
B. animalis (lactis) Bb-12

Fructo-oligosaccharides/inulins: 
Raftiline HP & HPX, Raftilose P95, 
Synergy1

Polydextroses
Pectins (RS 1400, LA 2560)
Lactose derivatives: lactitol, 
lactulose

Novel prebiotics generated in the 
project

Prebiotic (+probiotic) feeding trials in rats
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PROPATH 15 existing and novel strains including, 

e.g.,
L. johnsonii La1
L. acidophilus IBB 801
L. amylovorus DCE 471
L. casei Shirota
L. rhamnosus GG
Bifidobacterium sp. F9 and CA1
B. longum BB536

Fructooligosaccharides In vitro studies with Gram-negative pathogens, 
mainly E. coli, S. enterica serovar Typhimurium, 
H. pylori 

Cell line and mouse model studies with S. 
enterica serovar Typhimurium, H. pylori 

Clinical trials with Helicobacter pylori-positive 
dyspepsia patients, irritable bowel syndrome 
(IBS) subjects, and infants with acute diarrhea

EU & 
MICROFUNCTION

L. plantarum 299v
L. fermentum ME-3
L. rhamnosus GG
L. casei 8700:2
L. gasseri LG1
L. acidophilus La5
B. animalis (lactis) Bb-12
B. longum B46
- other Lactobacillus and Bifidobacterium 
strains

Fructooligosaccharides/inulins: 
Raftilose P95, Actilight, Synergy1, 
Raftiline HP & ST, inulin Blue 
Agave 

Galactooligosaccharides
Xylooligosaccharides
Isomaltooligosaccharides
Polydextrose
Maltodextrin
Lactose derivatives: lactitol, 
lactulose

Novel prebiotics generated in the 
project

In vitro studies with gut pathogens such as 
Salmonella spp., Shigella spp., E. coli, H. pylori 
and C. difficile

Rodent models on translocation (rat models for 
acute liver injury and colitis) 

Human translocation studies in colon cancer 
patiens

Clinical trial with a synbiotic pair in volunteers 
aged 20–50

PROSAFE - collection of over 700 strains of LAB 
including, e.g., probiotic strains used in 
other cluster projects and commercial, 
food, human and animal LAB isolates

— —
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FIGURE 14.3
Cluster platforms are designed to meet the needs of different audiences.

Science platform: Industry platform: Consumer platform:

Three platforms will disseminate the aims and findings of the cluster to targeted audiences.

Requirement for platform activities

To find out mechanisms behind

health effects of probiotics on

molecular level

To develop new tools in

research and development

To characterize and explore the

unknown microbiota of the

human gastrointestinal tract

To find the products which have

real clinical/scientific evidence

To find real understanding of

products amongst the jungle

markets

To get answers to what is

needed for healthy and what for

diseases

Dose-response information and

daily dose effects and

requirements

To produce products for large 

population groups for daily use

Probiotics’ health effects are based

on dysfunction and diseases of the

gut

Research on mechanistic effects

are time consuming, risky and

expensive

Scientific goals and breakthroughs

cannot be achieved fast nor with

low-cost

• • •

•

•

•

•

•

•

•

•
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semination. To encourage real interaction, the representatives of consumer
organizations and relevant patient organizations are invited to present their
viewpoints at cluster workshops.

Consumer responses to functional foods and their health-related messages
require more research. Communicating the gut health messages effectively
to consumers with varying ages and cultural backgrounds remains one of
the key issues. Besides this, we need tremendous efforts toward communi-
cation and cooperation among medical doctors, nutritionists, and pharma-
ceutics. As information is a vital factor, trust between all sides is required,
so that messages will be given attention. The differences between functional
properties of various strains are difficult to explain to consumers, and tools
for doing this should be created. For some consumers, food products that
work almost like medicines may be hard to approve. In the consumer plat-
form, we have tried to address the above issues so that research and the
results gained on probiotics become more familiar and comprehensible for
consumers. Probiotic products can improve human health only if they can
be trusted and are consumed frequently (85–91).

14.4 Conclusions

Future scientific development will provide the basis for rational develop-
ment of foods with increased functionality. This notably holds for foods that
modulate the GI tract, the primary site of food conversion and uptake where
food-borne or systemic disorders are abundant and the innate immune sys-
tem is stimulated. The body’s metabolically most active organ is colonized
by a myriad of microbes that contribute to food conversion, communicate
with the host, and induce specific responses that contribute to a wide variety
of important physiological functions. Hence, the gut represents the site
where the host’s well-being is affected by foods either directly or by modu-
lating the interplay between microbes and host. 

The prime scientific development includes the genomics-related and high
throughput technologies that generate new approaches aimed to provide
insight into the molecular mechanisms of food functionality, gut health, and
microbial function. These are expected to be instrumental in developing new
generations of health and other functional foods. In addition, these can be
used in human trials in EU patients with various gut-related disorders so
that the fruits of the last decade of research can be brought to the realm of
evidence-based medicine.

Insight in the basic mechanisms of gut health is also required to further
develop biomarkers for microorganisms with specific functions such as pro-
biotics, defined as living microorganisms that beneficially affect the gut
balance, as well as prebiotics and other adjunct dietary components that
stimulate specific microbial groups in the human gut. Moreover, fundamen-

DK3341_C014.fm  Page 331  Wednesday, September 7, 2005  6:12 AM

© 2006 by Taylor & Francis Group, LLC



332 Probiotics in Food Safety and Human Health

tal knowledge of the consumer’s intestinal microbiota will provide targets
for developing health foods as well as their production or delivery. This is
essential for further innovations in this area where significant scientific
progress on health impact has been made that now needs to be backed up
by mechanistic explanations.

Heavy use of antimicrobials is leading to serious problems with transfer-
able resistance, and this results in the compelling need to investigate alter-
native approaches to prevent and treat infections. Evidence is mounting that
the use of probiotics may provide a viable alternative adjunct to antimicro-
bials in antibiotic-associated disorders such as various forms of diarrhea,
Clostridium difficile infection, or irritable bowel syndrome.

Future research on food and microbes with health impact will continue to
develop, specifically aimed at (1) exploring the mechanisms of action of
microbes and their health effects in the GI tract, especially in healthy indi-
viduals; (2) developing sophisticated diagnostic tools for the gut microbiota
and biomarkers for assessing their functionality; (3) examining the effects of
food-derived bioactive compounds on GI diseases, GI infections, and aller-
gies; (4) developing new therapeutic and prophylactic treatments for differ-
ent patient and population groups; (5) realizing molecular understanding of
immune modulation by bacteria with health effects; (6) elucidating the role
of colon microbiota in the conversion of bioactive compounds; (7) analyzing
the effects of the metabolites to the colon epithelium or the effects after
absorption; (8) ensuring the stability of microbes with health effects and their
bioactive compounds also in new types of food applications by developing
feasible technologies; and finally (9) providing safe functional ingredients.

The acceptance of probiotic, prebiotic, and symbiotic products in the future
will depend on the solid proof of the health benefits they promise at the
moment. Therefore, research that provides scientifically sound evidence to
back up health claims is needed. How to make the knowledge produced by
science comprehensible to the consumer is the major challenge, as the lay-
man’s thinking is based on approximation and black-and-white views,
whereas scientific thinking deals with probabilities and degrees of uncer-
tainty. Consumers' trust of the information depends on the source and con-
tent of the message. The critical point is that producers of probiotic foods
can gradually build and ensure consumer trust.
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15.1 Introduction

 

Probiotics have long been known as beneficial to intestinal function, and
their use, often based on empirical knowledge, has become more frequent
in a variety of digestive diseases. Probiotics are bacteria that after ingestion
transit along the digestive tract and interact directly with the intestinal
content and the intestinal epithelial layer and to a lesser extent with the
mucosal immune system. Elie Metchnikoff was the first to stress the impor-
tance of lactobacilli in microflora in maintaining health and longevity (1).
The term “probiotics," popularized by Fuller (2), has been defined as “a live
microbial supplement which beneficially affects the host by improving its
intestinal microbial balance”. This definition was later extended to include
other beneficial effects such as immunomodulation. For a long time, based
on empirical practice and later on scientific observations, live microbial
supplementation (yogurt, fermented milk, and bacterial lyophilisates) has
been proposed to control various digestive or extradigestive diseases. In
parallel, nutrient factors defined as prebiotics and favoring the development
of a specific flora (such as growth-promoting bifidus factors consisting of
various oligosaccharides) have also been used as an additional strategy. 

An understanding of the effects of probiotics on intestinal physiology
requires a better knowledge of the interactions between probiotic bacteria,
intestinal epithelial cells, and the mucosal immune system. The aim of this
chapter is to review current knowledge of the mechanisms governing the
complex relationship between probiotics and intestinal physiology. As a basis
of this analysis, the main forces implicated in intestinal homeostasis will first
be summarized.

 

15.2 Forces Driving Intestinal Homeostasis as Targets 
of Probiotics 

 

Intestinal homeostasis relies upon the equilibrium between absorption (nutri-
ents, ions) and secretion (ions, IgA, mucus), together with the barrier capacity
(to pathogens and macromolecules) of the digestive epithelium. These func-
tions are controlled through multiple interactions between the endocrine, neu-
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regulate epithelial functions. When this homeostatic control is disturbed,
chronic inflammation, diarrhea, and disease may occur. An understanding of
how probiotics influence digestive diseases needs to take into account the
mechanisms involved in the regulation of intestinal epithelial functions. 

 

+

 

ent absorption or an abnormal stimulation of ionic secretion driving water
losses. Water movements are mainly generated by the Na solutes cotransport
systems (sugars, amino acids) or chloride (Cl–) secretion across the apical
membrane of intestinal epithelial cells, and such transporters or channels
are highly regulated structures. Water movement follows ionic movements
across the intestinal epithelium: Na

 

+

 

 absorption is driven in part by the Na-
glucose cotransport system expressed on villi and leads to a net water
absorption, whereas Cl– secretion mainly drives water secretion from the
crypts to the intestinal lumen. Therefore, any luminal or serosal factor affect-
ing these transport systems will also affect electrolyte and water movements.
Among the luminal factors, pathogenic bacteria can adhere to the apical
membrane of the enterocytes, inducing epithelial dysfunction. Attaching
effacing lesions of the brush-border membrane may ensue, or enterotoxins

 

FIGURE 15.1

 

Intestinal homeostasis as targets of probiotics. Intestinal homeostasis mainly relies upon the
regulation of fluid and water movements, themselves driven by electrolyte (Na, Cl) transport
systems. Probiotics are hypothesized to favor absorption by protecting epithelial integrity and
to inhibit exacerbated secretion (for example, toxin-induced chloride secretion). Lactose diges-
tion and epithelial barrier function are also candidates when it comes to explaining the potential
beneficial effects of probiotics. Gut-associated lymphoid tissue is also a recognized target as
both bacterial determinants or secreted products can influence cytokine secretion directly or
indirectly through the activation of intestinal epithelial cells.

mucosa
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First, intestinal homeostasis relies on hydroelectrolytic balance (Figure
15.1). This balance can be dysregulated via a decrease in Na -coupled nutri-
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can be released, stimulating chloride secretion (and therefore water secretion
inducing diarrhea). Besides the specific mechanisms involved in water and
electrolyte movements in the gut, osmotic diarrhea can also be induced when
a nonabsorbable compound reaches the intestinal lumen and maintains an
osmotic gradient between the intestinal lumen and the blood. A typical case
of osmotic diarrhea is that induced by lactose malabsorption in cases of
lactase deficiency. Serosal factors can also affect the regulation of water
movements. Abnormal stimulations of the underlying immune system (mast
cells, phagocytes, lymphocytes, dendritic cells) leads to the release of inflam-
matory mediators capable of altering epithelial function. The enteric nervous
system can also be involved through the abnormal release of neuromediators
(Met-enkephalin, acetylcholine) known to activate chloride secretion directly.
Finally, cytotoxins are also known to disturb intestinal homeostasis by acting
on tight junctional complexes and by disrupting epithelial integrity. Thus,
any introduced external factor that improves hydroelectrolytic equilibrium
and epithelial barrier function may be considered beneficial to the host.
Probiotic bacteria may be one of these factors.

 

15.3 Effect of Probiotics on the Luminal Environment

 

15.3.1 Probiotic Bacteria: Where Do They Come From?

 

Bacterial strains used as probiotics have to possess various properties. They
must be nonpathogenic, resistant to acid and bile, adhere to intestinal
epithelial cells, persist long enough in the digestive tract, produce antimi-
crobials, modulate the immune response, and be resistant to technological

mostly of strains of 

 

Lactobacillus

 

, 

 

Bifidobacterium

 

, and 

 

Streptococcus

 

, these
being Gram (+) lactic acid bacteria (LAB) which have been used for cen-
turies in the production of fermented dairy products, although some other
species (

 

E. coli

 

) or other microorganisms (yeast) have also been a matter
of interest.

Lactobacilli and bifidobacteria are bacterial strains originating from
human microflora. The intestinal microflora is complex and involves more
than 400 bacterial species, mainly localized in the colon (10

 

14

 

 bacteria). It
can be modified by dietary substances favoring the growth of certain
bacterial species, for example fructo- or galactooligosaccharides (prebiot-
ics), used to promote the growth of bifidobacteria. Lactobacilli are often
part of the intestinal ecosystem, but the numbers present vary widely
between different individuals (ranging from 0 to 10

 

6

 

 CFU/g feces). Bifido-
bacteria are also part of the human microflora, but the species present differ
according to age; for example, newborns are readily colonized by 

 

Bifido-
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bacterium breve

 

 and 

 

Bifidobacterium infantis

 

 (colonization is favored in breast-
fed compared to bottle-fed infants), whereas adults more often host 

 

Bifido-
bacterium adolescentis

 

, 

 

Bifidobacterium bifidum

 

, and 

 

Bifidobacterium longum.

 

However, ingested bifidobacteria, when administered as probiotics, do not
persist permanently in the digestive tract when oral administration has
ceased. This may be due to the fact that, on the one hand, the host genotype
contributes to the dominant microbial diversity, suggesting specific inter-
actions between microbes and man (3), and on the other hand, microflora
establishment and maintenance is highly dependent on food intake and
style of diet. In other words, the composition of the indigenous microflora
is specific to an individual host, and exogenous bacteria are not easily
established.

In addition, studies on probiotics in various animal models suggest an
apparent variability in the probiotic efficacy of a given microorganism in
a given individual. In humans, where intestinal diseases are heterogeneous
and multifactorial, it is likely that the probiotics used will need to be varied
according to the disease and/or to its clinical course.

Probiotics transiting through the digestive tract have to deal first with the
deleterious effects of the gastric (high acidity) and small intestinal (bile salts)
environments. To be a probiotic, a bacterial strain must be resistant to gastric
acidity and bile salts. 

 

FIGURE 15.2

 

Relationship between resident microflora and probiotics. Host genotype and food intake influ-
ence the establishment and maintenance of the resident microflora. By contrast, ingested bac-
teria do not persist permanently in the digestive tract and disappear more or less rapidly after
ingestion, suggesting that exogenous probiotic bacteria cannot easily colonize the gut.
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15.3.2 Survival at Low pH and Resistance to Bile Acids

 

The acidic environment encountered

 

 

 

in the gastrointestinal tract provides
a significant

 

 

 

survival challenge for probiotic bacteria that need to survive
the highly acidic

 

 

 

gastric juice if they are to reach the small intestine in a
viable state. The mechanisms

 

 

 

used by Gram-positive organisms to protect
themselves against low-pH environments have been recently reviewed (4).
A combination of constitutive and inducible

 

 

 

strategies resulting in the
removal of protons (H

 

+

 

), alkalinization

 

 

 

of the external environment,
changes in the composition of the

 

 

 

cell envelope, production of general
shock proteins and chaperones,

 

 

 

expression of transcriptional regulators,
and responses to changes

 

 

 

in cell density can all contribute to survival. These
mechanisms counteract the reduction in cytoplasmic

 

 

 

pH that can include
loss of activity of the relatively acid-sensitive

 

 

 

glycolytic enzymes (which
severely affects the ability to produce

 

 

 

ATP) and structural damage to the
cell membrane and macromolecules

 

 

 

such as DNA and proteins. The three
main systems involved in LAB pH homeostasis,

 

 

 

i.e., the arginine deiminase
(ADI) system, the H

 

+

 

-ATPase proton pump, and the GAD

 

 

 

(glutamate decar-
boxylase) system, have been described (4). It has been proposed that amino
acid decarboxylases function to control the pH of the bacterial environment
by consuming hydrogen ions as part of the decarboxylation reaction. Acid
adaptation of 

 

Lactococcus lactis

 

 requires 

 

de novo

 

 protein synthesis (5), as is
also the case for 

 

Lactobacillus casei

 

 (all oral LAB) (6). In some strains (e.g.,

 

L. lactis 

 

subsp

 

. lactis

 

) acid

 

 

 

adaptation is independent of protein synthesis.
Heat shock proteins are also induced following acid adaptation

 

 

 

of 

 

Lactoba-
cillus delbrueckii

 

 (7). 
Bile acids are synthesized in the liver from cholesterol

 

 

 

and are secreted
from the gallbladder into the duodenum in

 

 

 

the conjugated form. These acids
then

 

 

 

undergo extensive chemical modifications (deconjugation, dehydroxy-
lation,

 

 

 

dehydrogenation, and deglucuronidation) in the colon as a result of
microbial activity. Both

 

 

 

conjugated and deconjugated bile acids exhibit anti-
bacterial

 

 

 

activity, inhibiting the growth of strains of 

 

Escherichia coli

 

,

 

 

 

Klebsiella

 

sp., and 

 

Enterococcus

 

 sp

 

.

 

 

 

in vitro 

 

(8, 9). However,

 

 

 

the deconjugated forms are
more inhibitory, and

 

 

 

Gram-positive bacteria are found to be more sensitive
than Gram-negative

 

 

 

bacteria (10). Recent studies have

 

 

 

determined the level
of bile acid resistance

 

 

 

exhibited by several strains of 

 

Lactobacillus

 

 and 

 

Bifido-
bacterium

 

 

 

(11). These strains

 

 

 

exhibited resistance to human bile used at final
concentrations of between 0.3 and

 

 

 

7.5%, indicating that they could grow in
physiologically

 

 

 

relevant concentrations of human bile.

 

 

 

It was also reported
that 

 

Lactobacillus plantarum

 

 showed high tolerance to consecutive exposure
to hydrochloric acid (pH 1.5 to 2.5) and cholic acid (10 m

 

M

 

) (12).
The fast adaptation of bacteria to the hostile intestinal environment could

be related to their high rate of mutation in the digestive tract. Although
initial mutations are favorable to the survival of ingested bacteria, these
mutations can turn out to be deleterious to secondary colonization (13),
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perhaps explaining why the individual host is important in the outcome of
a probiotic effect.

 

15.3.3 Provision of an External Source of Lactase

 

Lactase insufficiency is characterized by a low concentration of the lactose-
cleaving

 

 

 

enzyme 

 

β

 

-galactosidase (lactase) in the brush-border membrane of
small intestinal enterocytes. This hypolactasia causes insufficient digestion
of the

 

 

 

disaccharide lactose, a phenomenon called lactose malabsorption or
maldigestion. There are several forms of lactose malabsorption. Lactase
activity is high

 

 

 

at birth, decreases in childhood, and remains low in adult-
hood. This primary hypolactasia is the normal situation for mammals includ-
ing humans. With the exception of the population

 

 

 

of Northern and Central
Europe, 70 to 100% of adults worldwide are lactose

 

 

 

malabsorbers.
One of the best-documented beneficial effects of yogurt is described in

cases of lactose intolerance. In 1984, Kolars et al. (14) and Savaiano et al.
(15), showed in lactase-deficient subjects that lactose was absorbed much
better from yogurt than from milk, probably due to the intraluminal
digestion of lactose by the lactase released from microorganims in yogurt.
These results were subsequently confirmed by many other groups
(reviewed in Reference 16). In addition, recent work has shown that 

 

Strep-
tococcus thermophilus

 

 is able to produce a 

 

β

 

-galactosidase active during its
transit in the digestive tract of germ-free mice (17). It is not absolutely
proven, however, that the microbial lactase activity, whose maximal activ-
ity occurs between pH 6 to 8, persists at the duodenal pH of 5.0. In fact,
although 

 

β

 

-galactosidase activity in yogurt drops by 80% in the duode-
num, one-fifth of the yogurt lactase activity is present in the terminal
ileum, suggesting a relative persistence of the protein along the digestive
tract. In addition, fresh yogurt is more efficient in facilitating lactose
digestion than heated yogurt (18, 19). Thus, bacterial 

 

β

 

-galactosidase
present in yogurt partly resists luminal hydrolysis and can hydrolyze
lactose, at least in the middle and distal parts of the small intestine where
the pH is compatible with its enzymatic activity. 

 

15.3.4 Bacterial Interference

 

Bacterial interference refers to the ability of one microorganism to protect
the host against a microbial pathogen by interfering with its adhesion and
toxic effects. It has been postulated that signaling molecules produced by
commensal or probiotic organisms may activate the host (e.g., by stimulating
mucus production) or inhibit the response of the pathogen (e.g., activation
of their virulence genes) (20). Until recently, the mechanisms believed to be
responsible for bacterial interference were competition for nutrients and
epithelial cell-binding sites. However, production of soluble factors that
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inhibit bacterial toxin activity or alter pathogenic bacterial viability were also
recognized as important.

 

15.3.4.1 Antimicrobial Effect

 

Several metabolic compounds commonly produced by LAB, including
organic acids, fatty acids, hydrogen peroxide, and

 

 

 

diacetyl, have antimicro-
bial effects. Bacteriocins or proteinaceous substances are perhaps the most
extensively studied. LAB bacteriocins are biologically active proteins or pro-
tein complexes that kill Gram-positive bacteria, usually closely related to the
producer strain (21). Among bacteriocins, nisin, which is produced by

 

 

 

some

 

Lactobacillus lactis

 

 subsp. 

 

lactis

 

 strains, is at present the only purified bacte-
riocin approved for use in products intended for human consumption. The
lactococcal bacteriocins are hydrophobic cationic peptides, which form pores
in the cytoplasmic membrane of sensitive cells leading to their death. Other
antibacterial nonbacteriocins have been described, as exemplified by 

 

L. aci-
dophilus

 

 strain LA1 that produces a protease-resistant antibacterial substance
different from lactic acid and having bactericidal activity against a wide
range of Gram-negative and Gram-positive pathogens (22). However, it is
debatable whether killing the pathogens is the optimal method of interfer-
ence because in some cases this would exacerbate pathogenicity by trigger-
ing the release of more bacterial toxins (23).

 

15.3.4.2 Antitoxin Effect

 

A specific antivero cytotoxin (VT) effect has been reported in culture super-
natants from 

 

Bifidobacterium longum 

 

(24). In fact VTs are produced by the
food-borne pathogen 

 

E. coli

 

 (VTEC) and are associated with hemorrhagic
colitis. The B-subunit of VT binds to the gut epithelial receptor globotriao-
sylceramide (Gb3), whereas the A subunit, after entering the target cell,
inhibits protein synthesis. Soluble substances in 

 

B. longum

 

 culture superna-
tants had an inhibitory effect on Gb3 receptor expression and VT-Gb3 inter-
actions, suggesting their potential beneficial effect.

The yeast 

 

S. boulardii

 

 was shown to secrete a protease displaying a protec-
tive effect against 

 

C. difficile

 

-induced inflammatory diarrhea in humans, pos-
sibly through the proteolytic digestion of toxin A and B molecules (25). 

 

15.4 Effect of Probiotics on Intestinal Epithelial Cells

 

15.4.1 Adhesion to Intestinal Epithelial Cells

 

The capacity of lactobacilli to adhere to the intestinal epithelium remains
controversial. This property is important, because it prevents their rapid
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elimination by peristalsis and thus represents an ecologically competitive
advantage in the gastrointestinal tract ecosystem. 

 

15.4.1.1 Epithelial Receptors Involved in Bacterial Binding

 

Despite 

 

in vitro 

 

experiments, with cultured human intestinal cell lines as
models of mature enterocytes of the small intestine (26–28), 

 

Lactobacillus

 

 cell
surface-associated factors potentially acting as adhesion factors remain to be
characterized. Some lactobacilli have the ability to bind to mannose (29), to
rat colonic mucin (30, 31), or to glycolipids isolated from rat intestinal
mucosa (32). Mechanisms involving proteins or proteinaceous components
as mediators of adhesion have been described for some 

 

Lactobacillus

 

 strains,
including 

 

Lactobacillus johnsonii

 

 LA1 (27), 

 

L. acidophilus

 

 BG2F04 (33) and LB12
(34), 

 

L. fermentum

 

 104 (35), and 

 

L. crispatus

 

 (36). Finally, some 

 

Lactobacillus

 

species may preferentially bind to the follicle-associated epithelium of
Peyer’s patches as compared with mucus-secreting regions of the small
intestine (37). 

On the other hand, probiotic bacteria are generally Gram-positive bacteria
possessing cell wall constituents (peptidoglycans, lipoteichoic acids) capable
of binding to Toll-like receptors such as TLR-2 (38) and able to mediate
intracellular signaling and proinflammatory cytokine production. Bacterial

 

FIGURE 15.3

 

Possible mechanisms by which probiotics are thought to improve intestinal function: probiotic
bacteria can act by direct contact with epithelial cells or through the release of secreted products.
Most studies emphasize their properties in increasing the epithelial barrier function by strength-
ening tight junctions between epithelial cells, increasing mucus protein expression and favoring
secretory IgA production. On the other hand, probiotics also reduce inflammatory processes by
decreasing pathogenic bacteria translocation and lowering proinflammatory cytokine secretion. 
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DNA and its immunostimulatory sequences, also known as unmethylated
CpG motifs, are also mediators of immune activation involving TLR-9. Intes-
tinal epithelial cells (IECs) have been shown to express receptors for Gram-
negative bacteria, such as the lipopolysaccharide (LPS) receptor TLR-4 (39),
either on their apical surface (40) or in a cytoplasmic paranuclear distribution
(41), although IECs are thought to limit dysregulated LPS signaling by down-
regulating expression of MD-2 and TLR-4 while the remainder of the intra-
cellular LPS signaling pathway is functionally intact. TLR-5, the flagellin
receptor, is also expressed on the basolateral surface of IEC (42), and TLR-9
(43), known as bacterial DNA receptor, has recently been detected in human
colonic epithelial cell lines.

Therefore, not only can probiotic bacteria bind to the intestinal epithelial
cell layer, but they are also likely to transmit signals via specific receptors
on intestinal epithelial cells to the underlying immune system. 

 

15.4.1.2 Receptor-Binding Region of Probiotic Bacteria

 

Compared with the present knowledge of the adhesive mechanisms

 

 

 

of many
pathogenic bacteria, only limited information is available

 

 

 

about the adhesive
surface molecules of probiotics and their

 

 

 

tissue receptors. A recent study
suggested fibronectin as one

 

 

 

of the receptors that mediate the adhesion of
lactobacilli to epithelial cells (44). Lectin-like molecules (45, 46) and lipote-
ichoic

 

 

 

acids (47, 48) have also been shown to function as adhesins in lacto-
bacilli. Although proteins have been reported to mediate the adhesion of
lactobacilli (33, 50), only a few proteinaceous adhesins have been identified,
including a protein component of the bacterial

 

 

 

ATP-binding cassette (51), an
S-layer protein (52–54), and the cell-surface protein Mub (

 

Lactobacillus reuteri

 

)
adhering to mucus components (55).

The adhesion of Lactobacillus spp. to epithelial cells also depends on bac-
terial physiology and physicochemical parameters, which can be modulated
by growth conditions (56, 57). The pH has also been reported as of crucial
importance in adhesion (58, 59). 

15.4.2 Inhibition of Pathogen Binding to Brush-Border Epithelial 
Cell Membranes 

Adhesion to and colonization of mucosal surfaces by probiotic bacteria are
possible protective mechanisms against pathogens through competition for
binding sites and nutrients, steric hindrance, immune modulation (60), or

15.4.2.1 Competitive Exclusion

In vitro studies have documented the antagonistic activity of lactobacilli
against pathogens as a result of the competitive exclusion of adhesion of
pathogenic bacteria to host cells. 
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Inhibition of the adherence of Gram-negative pathogens to urothelium by
bacterial lipoteichoic acid isolated from a Lactobacillus strain has been dem-
onstrated in vitro, steric hindrance being found to be the major factor in
preventing adherence of uropathogens (61). Competitive exclusion was also
shown in vivo in a rat model of urinary infection. Biosurfactants from Lacto-
bacillus isolates were later shown to inhibit the initial adhesion of uropatho-
genic Enterococcus faecalis (62).

Heat-killed Lactobacillus acidophilus strain LB that adheres to the intestinal
epithelial cell line Caco-2 was shown to inhibit diarrheagenic Escherichia coli
adhesion in a concentration-dependent manner, by a mechanism that may
involve steric hindrance (27). Enteropathogenic E. coli K88 colonizes piglet
ileum by adhering to the mucosa via K88 fimbriae. Three Lactobacillus strains
of porcine origin were shown to reduce adhesion of E. coli K88 by approxi-
mately 50%. Inhibition occurred when mucus was pretreated with spent
culture dialysis retentate. The active compound was a fraction of >250,000
molecular weight (63). This factor was further characterized as a 1700-kDa
cell wall fragment destroyed by lysosyme treatment and containing glucose,
N-acetylglucosamine, and galactose (64).

It is important to underline that inhibiting the binding of enteropathogenic
bacteria also probably means inhibiting their deleterious effect on intestinal
function, most importantly diarrhea due to active chloride secretion. Entero-
pathogenic E. coli (EPEC) infection causes an increase in short-circuit current
(Isc), an index of electrogenic ion transport and water movement. Adding
Lactobacillus plantarum strain 299v before EPEC infection of Caco-2 cell mono-
layers reduced the increase in Isc (65). This reduction in the secretory process
in response to EPEC infection was possibly due to inhibition of its binding.
However, the effect was only produced when the probiotic agent was intro-
duced prior to infection, indicating a preventive rather than therapeutic
effect.

15.4.2.2 Mucus Secretion

The epithelial cells lining the intestinal tract provide a physical barrier and
have developed inducible innate protective strategies allowing rapid
responses to pathogenic challenge. These include secretion of ions and water
and elaboration and secretion of antibacterial peptides or more complex
molecules such as mucins. Mucins may protect epithelial cells from microbial
pathogens by limiting their access through simple steric hindrance and by
providing a physicochemical barrier preventing epithelial cell adherence,
colonization, toxin delivery, and invasion by pathogenic microorganisms. 

In vitro studies led to the hypothesis that the ability of probiotic agents to
inhibit adherence of attaching and effacing organisms to intestinal epithelial
cells was mediated through their ability to increase expression of MUC2 and
MUC3 intestinal mucins (66). It was later shown that selected probiotics,
Lactobacillus species that have the ability to adhere to intestinal epithelial
cells, rapidly induce eukaryotic MUC3 mucin expression. The upregulated
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MUC3 mucin gene product was a secreted mucin that had the ability to
inhibit enteric pathogen epithelial cell adherence (67). Lactobacillus casei GG
had also been shown to induce upregulation of MUC-2, probably through
binding to specific receptor sites on the enterocyte (68).

15.4.3 Improvement of Epithelial Barrier Function

15.4.3.1 Transepithelial Electrical Resistance and Intestinal Permeability

The intestinal barrier function comprises various factors capable of decreasing

luminal antigens, the presence of an epithelial barrier coated by a mucus layer
with entrapped secretory IgA, and epithelial cells firmly connected via tight
junctions. The commensal flora is capable of influencing the intestinal barrier
function. In germ-free mice, the absence of intestinal microflora is associated
with an increase in electrical resistance (an index of barrier integrity) and a
decrease in macromolecular transport, suggesting that commensal bacteria
influence epithelial physiology (69).

In rat colon, some bacterial strains (E. coli, K. pneumoniae, S. viridans)
increase small molecule absorption, whereas others, such as L. brevis,
decrease this permeability (70). 

In addition, direct evidence has been obtained in vivo that probiotics rein-
force the intestinal barrier function. Different studies have suggested that
Lactobacillus casei GG was able to stabilize intestinal permeability to macro-
molecules, particularly in cases of acute gastroenteritis in rats (71), and also
to reverse the increase in intestinal permeability induced by cow’s milk in
suckling rats (72). Furthermore, feeding guinea pigs with fermented milk
(Streptococcus thermophilus and Bifidobacterium breve) led to an increase in the
transepithelial electrical resistance (TEER) of jejunal fragments mounted in
Ussing chambers and to a decrease in the intestinal transport of β-lactoglob-
ulin, as compared to guinea pigs fed nonfermented milk (73). These results
indicate a reinforcement of the intestinal barrier in basal conditions. 

In vitro evidence that probiotics protect the intestinal barrier has also been
provided. The combination of the two probiotics Streptococcus thermophilus
(ST) and Lactobacillus acidophilus (LA) caused a significant increase in TEER
of intestinal cell Caco-2 monolayers (74). This effect on TEER was also cor-
roborated by the beneficial effect of ST and LA on the permeability of mono-
layers infected by enteroinvasive E. coli. The effect was demonstrated with
the small molecular tracer FITC, but not with the high molecular 10-kDa
tracer. The probiotic strains also prevented the disruption of cytoskeletal and
tight junctional protein localization and phosphorylation. Spent medium
from ST or LA cultures, ST and LA killed with antibiotics, and heat inacti-
vated probiotics failed to induce the same beneficial effects. The alterations
in the mucosal barrier function induced by probiotics seem to require bio-
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chemical communication between the adherent microorganisms and entero-
cytes. The probiotic organism may induce a signal transduction pathway
that strengthens tight junctions between enterocytes and thereby reduces
paracellular transport of small molecules or larger antigens that cause
inflammation. However, soluble compounds released by probiotics are also
likely to play a role, as shown by the restoration of normal secretory pro-
cesses in epithelial cells infected by enteroinvasive E. coli (74) and by in vitro
studies showing that the epithelial barrier function and resistance to Salmo-
nella invasion (using T84 intestinal cell line) could be enhanced by exposure
to a proteinaceous soluble factor secreted by the probiotic bacteria found in
the VSL#3 probiotic mixture (75). VSL#3 (bifidobacteria, lactobacilli, and
Streptococcus salivarius) was shown to be effective in restoring the barrier
function of IL-10 deficient mice and in reducing secretion of TNFα and IFNγ.
It was also capable of increasing the electrical resistance of T84 epithelial
monolayers by 20% within 6 h (75). In healthy volunteers, indomethacin-
induced gastric damage (but not intestinal damage) was prevented by a 5-
day administration of live (but not killed) Lactobacillus GG (76).

15.4.3.2 Neutrophil Migration and Bacterial Translocation 

Neutrophil transmigration in the intestine is associated with a transient barrier
dysfunction and elicits a biphasic resistance response representing sequential
effects on transcellular and paracellular pathways (77). Neutralization of poly-
morphonuclear neutrophil (PMN) transmigration (78) using an anti-CD18
monoclonal antibody that neutralizes binding of PMNs to epithelial cells dra-
matically decreases both bacterial invasion and inflammatory destruction of
the epithelium. Therefore, conditions that lead to the inhibition of neutrophil
migration induced by pathogenic bacteria can be beneficial to the host. Recent
studies indicate that L. plantarum is beneficial in inhibiting neutrophil migra-
tion induced by EPEC, but only when preincubated with host epithelia. Rather
than an indirect effect through a secreted substance produced by the probiotic
agent, its effect is direct and requires the presence of the bacterium (79). The
probiotic bacterium Lactobacillus GG also inhibits bacterial translocation of E.
coli C25 in a dose-dependent manner in an in vitro cell-culture model (80). This
phenomenon was also observed in vivo, in a neonatal rabbit model where
Lactobacillus GG decreased the frequency of E. coli K1A bacterial translocation
in mesenteric lymph nodes by 46%. However, in a prospective and random-
ized study in elective surgical patients, the administration of Lactobacillus
plantarum 299v was not able to decrease bacterial translocation or septic mor-
bidity (81).

15.4.3.3 Antiapoptotic Effect

The deficiency in epithelial barrier function observed in inflammatory diges-
tive diseases is predominantly dependent upon increased cytokine production
(82) and increased apoptosis of intestinal cells (83). Indeed, a central cytokine
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in the pathogenesis of inflammatory bowel disease (IBD), tumor necrosis factor
alpha (TNFα), regulates both anti- and proapoptotic signaling pathways. The
balance between these two signals determines the fate of the cell (84). Recently
the effects of Lactobacillus casei GG on cytokine-regulated signaling pathways
were investigated, and it was shown that this probiotic bacterium prevented
cytokine-induced apoptosis in mouse or human intestinal epithelial cells. Cul-
ture of Lactobacillus GG with colon cells activated antiapoptotic Akt/protein
kinase B and inhibited activation of proapoptotic p38/mitogen-activated pro-
tein (MAP) kinase by TNF, IL-1α, or IFN-γ (85). Thus, Lactobacillus GG pro-
motes intestinal epithelial cell survival through modulation of both anti- and
proapoptotic signal transduction pathways. Finally, it should be noted that
bacterial DNA containing immunostimulatory sequences (ISS) especially non-
methylated CpG motifs, exhibits antiapoptotic properties in colonic epithelial
cells in a colitis model in mice (86). It is possible that such ISS sequences form
part of the mechanisms by which probiotics ameliorate cell survival and
restore mucosal epithelium in inflammatory conditions.

15.4.3.4 Epithelial Proliferation and Repair

One may suspect that the beneficial effect of probiotics as adjuvants in the
treatment of intestinal inflammation could be due at least in part to their
capacity to favor intestinal repair and to induce cell proliferation. Indeed, 7 d
of administration of 107 CFU of Lactobacillus casei or Clostridium butyricum to
rats fed an elemental diet increased the crypt cell production rate of the
jejunum and ileum by 25 to 40%, of the cecum by 70%, and of the distal colon
by more than 200% compared with control (87). In another study investigating
the influence of L. rhamnosus GG on mucosal cell kinetics and morphology in
different regions of the intestine of young male rats monoassociated with the
bacteria, it was reported that L. rhamnosus GG had a compartmentalized effect
upon rat intestinal mucosa. After 3 d of monoassociation, the mitotic index
for the upper part of the jejunum increased by 14 and 22% as compared to
data obtained in germ-free or conventional rats, respectively. These results
suggest a mitogenic effect of probiotics on intestinal epithelial cells that may,
in pathological situations, favor the reparation of intestinal mucosa. 

15.5 Effect of Probiotics on Local Immune Response

15.5.1 Enhancement of Secretory IgA Protection

15.5.1.1 Secretory IgA Immunity

When exogenous antigens penetrate via the oral route, especially infectious
antigens, a secretory immune response is induced through the release of
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On the other hand, colonization of germfree mice with different mixtures
of commensal bacteria leads to the rapid appearance of IgA+ plasma cells in
the lamina propria (88, 89). It should therefore be expected that giving
probiotics via the oral route may be a powerful way to potentiate IgA-
dependent secretory immunity. In fact, LAB have been shown to improve
the systemic and secretory immune response to luminal antigens. One of the
first beneficial effects described with Lactobacillus rhamnosus GG was the
reinforcement of local immune defense through an enhanced secretion of
rotavirus-specific IgA (90, 91). Whether these IgA antibodies have the capac-
ity to counteract virus entry into epithelial cells remains to be established.
In healthy volunteers the oral administration of the L. johnsonii strain LA1
was shown to increase serum IgA concentrations (92); however, this result
was not confirmed by others (93) who showed that the increase in serum
IgA was small and that no modification of another Ig was detected. Also, in
human volunteers, ingestion of an attenuated Salmonella typhi strain, admin-
istered in order to mimic an enteropathogenic infection, induced a specific
serum IgA response which was fourfold higher in the group supplemented
with fermented milk (Lactobacillus acidophilus LA1 and bifidobacteria) com-
pared to the control group (92). Lactobacillus GG also had an immunostim-
ulating effect on oral rotavirus vaccination in infants. Infants who received
Lactobacillus GG showed an increased response with regard to rotavirus-
specific IgM secreting cells (94). 

The enhancement of IgA secretory response against a soluble food antigen
was also described in mice fed a whey protein diet with or without B. longum.
Both total IgA and specific anti-β-lactoglobulin IgA were at significantly
higher levels in the small intestine of mice fed the B. longum-containing diet

15.5.2 Cross Talk between Intestinal Epithelial Cells and Commensal-
Probiotic Bacteria: Downregulation of Inflammation?

In normal conditions immunologic tolerance is maintained toward commen-
sal enteric bacteria, which prevents intestinal inflammation. This controlled
homeostatic response is lost in susceptible individuals that develop chronic,
aggressive immune responses at the intestinal level. Because intestinal micro-
floras are essential for the development and perpetuation of colitis (96) and
seem to be implicated in the pathogenesis of IBD, the rationale for using
probiotics has recently emerged (97, 98), and probiotics have been proposed
as a therapeutic adjunct in IBD (99–101). Some recent data also support the
view that nonpathogenic bacteria may directly alleviate intestinal inflamma-
tion through mechanisms altering signal transduction pathways of proin-
flammatory cytokines, in particular the NFκB transcription factors (102, 103).
The mechanisms by which probiotics can downregulate inflammation in
digestive diseases may also imply such mechanisms. A recent in vitro study
suggested that soluble factors produced by probiotics may be involved.
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Indeed, conditioned media from S. thermophilus and B. breve were capable
of inhibiting LPS-induced TNFα secretion by human mononuclear cells or
the monocytic THP-1 cell line. The mechanism involved was linked to com-
pound(s) of low molecular weight (<3000 Da) which inhibited LPS binding
to immune cells and the nuclear translocation of NFkB, both involved in
TNFα production (104).

The anti-inflammatory properties of probiotics was further underlined
using Lactobacillus GG-conditioned media which decreased TNFα produc-
tion by macrophages in vitro, via a contact-independent mechanism (105).
In addition, the release of TNFα by inflamed Crohn’s disease mucosa was
significantly reduced by coculture with L. casei or L. bulgaricus (104).

Finally, butyrate, produced by bacterial fermentation of unabsorbed car-
bohydrate in the colon and known to regulate many epithelial cell functions,
has been used in the treatment of ulcerative colitis as well as a variety of
other diseases characterized by colonic inflammation. Its therapeutic efficacy
could be explained by the fact that butyrate is a major source of energy for
colonocytes and hence may increase mucosal proliferation, promote cell
differentiation, and improve barrier function (107). The cellular signaling
events initiated by butyrate enabling it to carry out its protective effect have
recently been evaluated. Butyrate was shown to reduce mucosal inflamma-
tion and improve epithelial cell integrity and barrier function in experimental
colitis in rats. These effects were mediated by inhibition of activation of
inducible heat shock protein HSP70, leading to reduced activation of NFκB
(108).

Overall, although more research is required to confirm the advantage of
using probiotics in IBD, the trend to a beneficial effect of bacterial supple-
mentation as an adjunct to treatment is further supported by these TNFα
downregulatory mechanisms.

15.5.2.1 Cytokine Release by Epithelial Cells

IECs located at the interface between commensal and probiotic bacteria and
resident mucosal immune cells are involved in the transduction of bacteria-
derived signals to the underlying immune system. In vitro studies (109) using
the polarized intestinal cell line Caco-2 preactivated by coculture with
peripheral blood mononuclear cells (PBMC) and challenged apically with L.
sakei showed stimulation of expression of proinflammatory chemokines
(MCP-1, IL-8 mRNA) and cytokines (TNFα and IL-1β mRNA), whereas Caco-
2 cells alone remained unresponsive to bacterial challenge. In this study,
although L. johnsonii showed a reduced ability to induce such proinflamma-
tory cytokines, it increased TGFβ mRNA in PBMC-sensitized Caco-2 cells.
In another study, the HT29-19A cell line did not secrete IL-8 in response to
lactobacilli and bifidobacteria strains from VSL#3 and Lactobacillus GG,
whereas E. coli Nissle 1917 induced IL-8 secretion in a dose-dependent man-
ner (110). Yet another study using the HT29 epithelial cell line showed that
several strains of Lactobacillus rhamnosus, Lactobacillus delbrueckii and Lacto-
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bacillus acidophilus suppressed the production of the chemokine RANTES by
stimulated HT29 cells. There was also a strain-dependent inhibition of IL-8,
TNFα, and TGFβ production (111). Although it is difficult to demonstrate a
clear-cut effect by probiotic bacteria on the regulation of cytokine expression
by IECs, overall, the results suggest that probiotic-stimulated IECs secrete
soluble messengers that may deliver discriminative signals to neighboring
immune cells, influencing the immune response to pathogens or ingested
antigens.
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16.1 Introduction

 

Diet makes an important contribution to cancer, e.g., up to 75% of colorectal
cancer cases are thought to be associated with diet, implying that risks of
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cancer are potentially reducible. Evidence from a wide range of sources sup-
ports the view that the colonic microflora is involved in the etiology of cancer.
This has led to intense interest in factors such as probiotics that can modulate
gut microflora and its metabolism.

Although a myriad of healthful effects have been attributed to the probiotic
bacteria (1), perhaps the most interesting and controversial remains that of
anticancer activity. Although data from human studies (epidemiology and
experimental) for cancer suppression in humans as a result of consumption
of probiotic cultures in fermented or unfermented dairy products are limited,
there is a wealth of indirect evidence, based largely on laboratory studies,
and these will be summarized here. Reports in the literature regarding the
anticancer effects of probiotic bacteria fall into the following categories:
epidemiological studies, experimental studies in human volunteers, and
laboratory animals and 

 

in vitro

 

 studies. Examples of these reports will be
given below. The mechanisms by which probiotic bacteria may inhibit colon
cancer are still poorly understood. However, several potential mechanisms
are being discussed in the literature, and these will also be addressed.

 

16.2 Epidemiological Studies

 

As yet, there are few epidemiological studies addressing the association
between fermented dairy products and cancer. Consumption of large quan-
tities of dairy products such as yogurt and fermented milk containing 

 

Lac-
tobacillus

 

 or 

 

Bifidobacterium

 

 may be related to a lower incidence of colon
cancer (2). An epidemiological study performed in Finland demonstrated
that, despite the high fat intake, colon cancer incidence was lower than in
other countries because of the high consumption of milk, yogurt, and other
dairy products (3, 4).

In two population-based case-control studies of colon cancer, an inverse
association was observed for yogurt (5) and cultured milk consumption (6),
adjusted for potential confounding variables. In another case-control study,
an inverse relationship for yogurt consumption with risk of large colon
adenomas in men and women was reported (7). It can also be mentioned
that an inverse relationship has been demonstrated between the frequency
of consumption of yogurt and other fermented milk products and breast
cancer in women (8, 9).

On the other hand, two companion American prospective studies, the
1980–1988 follow-up of the Nurses’ Health Study and the 1986–1990 Health
Professionals follow-up study, did not provide evidence that intake of dairy
products is associated with a decreased risk of colon cancer (10). In a cohort
study in The Netherlands, it was shown that the intake of fermented dairy
products was not significantly associated with colorectal cancer risk in an
elderly population with a relatively wide variation in dairy product con-
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sumption, although a weak nonsignificant inverse association with colon
cancer was observed (11). In summary, it would appear that the case control
studies indicate protective effects, whereas the prospective studies do not.

 

16.3 Experimental Studies

 

16.3.1 Studies in Human Volunteers

 

Consumption of lactobacilli by healthy volunteers has been shown to reduce
the mutagenicity of urine and feces associated with the ingestion of carcin-
ogens in cooked meat. When 

 

Lactobacillus acidophilus

 

 was given to healthy
volunteers on a fried meat diet known to increase fecal mutagenicity, a lower
fecal mutagenic activity was noted on day 3 with 

 

L. acidophilus

 

 compared to
day 3 without 

 

L. acidophilus

 

 when fried meat and ordinary fermented milk
were given (12). High levels of mutagenicity also appeared in urine on days
2 and 3 of the fried meat and ordinary fermented milk dietary regimen.
During 

 

L. acidophilus

 

 administration, the urinary mutagenic activity on days
2 and 3 was significantly lower compared to the ordinary fermented milk
period. In most cases, an increase in the number of fecal lactobacilli corre-
sponded to a lower mutagen excretion, particularly in urine. Hayatsu and
Hayatsu (13) also demonstrated a marked suppressing effect of orally admin-
istered 

 

L. casei

 

 on the urinary mutagenicity arising from ingestion of fried
ground beef in the human.

It is possible that the 

 

L. acidophilus

 

 supplements are influencing excretion
of mutagens by simply binding them in the intestine. However, lactic acid
bacteria have also been shown to affect the host. Mucosal cell proliferative
activity in upper colonic crypts of patients with colon adenomas significantly
decreased after the administration of 

 

L. acidophilus

 

 and 

 

Bifidobacterium bifidum

 

cultures (14).
A randomized controlled study in patients with superficial bladder cancer

suggested that oral administration of 

 

L. casei

 

 preparation is useful for the
prevention of the cancer (15). The 50% recurrence-free interval after trans-
urethral resection of the bladder tumor was prolonged by the treatment to
1.8 times that in the control group. A double-blind trial (16) also demon-
strated that oral administration of 

 

L. casei

 

 preparation is safe and effective
for preventing recurrence of superficial bladder cancer.

 

16.3.2 Laboratory Animal Studies

 

Oral administration of probiotic bacteria has been shown to effectively
reduce DNA damage, induced by chemical carcinogens, in gastric and
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colonic mucosa in rats. Pool-Zobel et al. (17) reported, using the comet assay,
that

 

 L. acidophilus

 

, 

 

L. gasseri

 

, 

 

L. confusus

 

, 

 

Streptococcus thermophilus

 

, 

 

B. breve

 

,
and 

 

B. longum

 

 were antigenotoxic toward 

 

N

 

-methyl-

 

N

 

’-nitro-

 

N

 

-
nitrosoguanidine (MNNG). These bacteria were also protective toward 1,2-
dimethylhydrazine (DMH)-induced genotoxicity. Metabolically active 

 

L. aci-
dophilus

 

 cells, as well as an acetone extract of the culture, prevented MNNG-
induced DNA damage, whereas heat-treated 

 

L. acidophilus

 

 was not antigeno-
toxic. Among different cell fractions from

 

 L. acidophilus

 

, the peptidoglycan
fraction and whole freeze-dried cells were antigenotoxic. Oral administration
of probiotics showed strong anticlastogenic action in the chromosome aber-
ration test and the micronucleus test (18). Lactobacilli were effective also
after intraperitoneal infection.

Certain strains of lactic acid bacteria have also been found to prevent
putative preneoplastic lesions or tumors induced by carcinogens. Goldin
et al

 

.

 

 (19) showed that a specific strain of 

 

L. casei

 

 subsp. 

 

rhamnosus

 

 desig-
nated GG can interfere with the initiation or early promotional stages of
DMH-induced intestinal tumorigenesis, and that this effect is most pro-
nounced for animals fed a high-fat diet. Overnight cultures of 

 

L. acidophilus

 

also inhibited the formation of aberrant crypt foci (ACF), induced by
azoxymethane (AOM) (20). ACF are putative preneoplastic lesions from
which adenomas and carcinomas may develop. Although 

 

B. adolescentis

 

culture and its supernatant did not show an inhibitory effect in this study,
feeding of bifidobacteria suppressed the ACF formation induced by AOM
(21, 22) or DMH (23, 24). Consumption of 

 

B. longum

 

 or inulin was associated
with a decrease in AOM-induced colonic small ACF in rats and combined
administration significantly decreased the incidence of large ACF (25). In
addition, it has been reported that colonization of bacteria with an ability
to produce genotoxic compounds and high 

 

β

 

-glucuronidase activity
enhanced progression of ACF induced by DMH in rats, and that the addi-
tional colonization of 

 

B. breve

 

 reduced the number of ACF with four or
more crypts or focus and crypt multiplicity, which are reliable predictors
of malignancy (26).

Reddy and Rivenson (27) reported that lyophilized cultures of 

 

B. longum

 

administered in the diet to rats inhibited liver, colon, and mammary tumors
induced by the food mutagen 2-amino-3-methyl-3H-imidazo(4,5-

 

f

 

)quinoline
(IQ). In another study, Kohwi et al

 

.

 

 (28) demonstrated the potential of 

 

B.
infantis

 

 and 

 

B. adolescentis

 

 injected either subcutaneously or intraperitoneally
into BALB/c mice to inhibit 3-methylcholanthrene-induced tumors. Goldin
and Gorbach (29) showed that dietary supplements of 

 

L. acidophilus

 

 not only
suppressed the incidence of DMH-induced colon carcinogenesis, but also
increased the latency period in rats. Feeding of fermented milk increased
the survival rate of rats with chemically induced colon cancer (30). Dietary
administration of a lyophilized culture of 

 

B. longum

 

 resulted in a significant
suppression of colon tumor incidence and tumor multiplicity and also
reduced tumor volume induced by AOM in rats (31).
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There is additional direct evidence for antitumor activities of probiotic
bacteria obtained in studies using preimplanted tumor cells in animal mod-
els. It has been demonstrated that feeding of fermented milk or cultures
containing lactic acid bacteria inhibited the growth of tumor cells injected
into mice (32, 33). Repeated intralesional injection of live or dead 

 

Bifidobac-
terium

 

 cells inhibited the growth of Meth-A tumor cells transplanted subcu-
taneously into syngenic BALB/c mice (28). Sekine et al

 

.

 

 (34), using whole
peptidoglycan isolated from 

 

B. infantis

 

 strain ATCC 15697, reported that a
single subcutaneous injection significantly suppressed tumor growth, and
five intralesional injections resulted in 70% tumor regression in the mice.

More recently, mindful of the fact that the composition and metabolic
activities of the intestinal flora of experimental animals are significantly
different from those of humans (35), human flora-associated (HFA) mice
were exploited to test the effects of a probiotic mixture on a parameter of
relevance for colon carcinogenesis, i.e., DNA adduct formation (36). The
probiotic mixture, which contained 

 

S. faecalis 

 

T-110, 

 

Clostridium butyricum

 

TO-A, and 

 

Bacillus mesentericus 

 

TO-A, had an effect to significantly decrease
the DNA adduct formation in the colonic epithelium induced by the food
mutagen 2-amino-9H-pyrido[2,3-b]indole (2-amino-alpha-carboline), given
by gavage.

Mizutani and Mitsuoka (37, 38) demonstrated that spontaneous liver tum-
origenesis in C3H/He male mice is higher in mice harboring intestinal bac-
teria than in germ-free mice and markedly promoted by association with

 

Escherichia coli

 

, 

 

S. faecalis

 

, and 

 

C. paraputrificum

 

. This promoting effect was
suppressed by addition of certain intestinal bacteria such as 

 

B. longum

 

, 

 

L.
acidophilus

 

, and 

 

Eubacterium rectale

 

.

 

16.3.3

 

In Vitro

 

 Studies

 

L. casei

 

 and its derivative peptidoglycan demonstrated 

 

in vitro

 

 cytotoxic
activities against various murine (Yac-1, P815, Ehrlich ascites tumor, and
mammary carcinoma) and human (K562, KB) tumor cell lines (39). Autoly-
sates of 

 

L. gasseri

 

 improved the repair capacity of cultured human fibroblasts
with damaged DNA (40).

Probiotic bacteria were also shown to be effective in mutagenicity assay
systems using 

 

Salmonella

 

 strains. Hosono et al. (41) demonstrated the anti-
mutagenic properties of milk cultured with 

 

L. bulgaricus

 

 and 

 

S. thermophilus

 

on all mutagens tested in an 

 

in vitro

 

 assay system using streptomycin-depen-
dent 

 

Salmonella

 

 strains. They included 2-(2-furyl)-3-(5-nitro-2-furyl) acryla-
mide, 4-nitroquinoline-

 

N

 

-oxide, and fecal mutagenic extracts from animals
as mutagens. Renner and Münzner (18) showed the antimutagenic activities
of probiotics in the Ames test with 

 

Salmonella typhimurium

 

 strain TA1538
using beef extract and nitrosated beef extract. Cultured milk using 71 strains
of lactic acid bacteria belonging to the genera 

 

Lactobacillus, Streptococcus,
Lactococcus

 

,

 

 

 

and

 

 Bifidobacterium

 

 displayed their characteristic antimutagenic
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effects on the mutagenicity of MNNG in an 

 

in vitro

 

 assay using 

 

Salmonella
typhimurium

 

 strain TA100 as an indicator strain (42). 

 

L. acidophilus

 

 LA106
showed the highest inhibition of 77% among the strains tested.

 

16.4 Mechanisms by Which Probiotic Bacteria Inhibit Cancer

 

The precise mechanisms by which probiotic bacteria may inhibit colon cancer
are currently unknown. However, such mechanisms might include binding
and degrading potential carcinogens; production of antitumorigenic or anti-
mutagenic compounds; alteration of the metabolic activities of intestinal
microflora; quantitative and/or qualitative alterations in the intestinal micro-
flora incriminated in producing putative carcinogen(s) and promoters (e.g.,
bile acid-metabolizing bacteria); alteration of physicochemical conditions in
the colon; enhancing the host's immune response; and effects on the physi-
ology of the host. These potential mechanisms are addressed individually
below.

 

16.4.1 Binding and Degrading Potential Carcinogens

 

Bacterial cells in addition to certain plant cell walls may be an important factor
in determining the ratio of bound to free (bioavailable) toxins in the intestine.
Mutagenic compounds, commonly found in the Western meat-rich diet, can
be bound to the intestinal and lactic acid bacteria 

 

in vitro

 

 and binding correlated
well with the reduction in mutagenicity observed after exposure to the bacte-
rial strains (43, 44). Morotomi and Mutai (45) investigated the ability of 22
strains of intestinal bacteria to bind the mutagenic pyrolyzates and compared
their ability to that of some dietary fibers. 3-amino-1,4-dimethyl-5

 

H

 

-
pyrido[4,3-

 

b

 

]indole (Trp-P-1) and 3-amino-1-methyl-5

 

H

 

-pyrido[4,3-

 

b

 

]indole
(Trp-P-2) were effectively bound to all Gram-positive and some Gram-negative
bacterial cells, corn bran, apple pulp, and soybean fiber. The mutagenicity of
Trp-P-2 for 

 

Salmonella typhimurium

 

 TA98 in the presence of S9 mix was inhib-
ited by the addition of 

 

L. casei

 

 YIT 9018 to the reaction mixture, indicating that
bound Trp-P-2 did not cause mutation under the assay conditions. Orrhage et
al. (46) have reported on the binding capacity of eight human intestinal or
lactic acid bacterial strains for mutagenic heterocyclic amines formed during
cooking of protein-rich food. There were only minor differences in the binding
capacities of the tested strains, but the mutagenic compounds were bound
with markedly different efficiencies. Binding correlated well with the reduc-
tion of mutagenicity observed after exposure of the heterocyclic amines to the
bacterial strains. The binding was shown to be pH dependent, occurred instan-
taneously and was inhibited by the addition of metal salts, indicating a cation-
exchange mechanism (45, 46). It has been suggested that cell wall peptidogly-
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cans and polysaccharides are the two most important elements responsible
for the binding (47).

Live cells showed higher antimutagenic activity and better efficiency in
inhibiting the mutagens than killed bacteria. Live bacterial cells bound or
inhibited the mutagens permanently, whereas killed bacteria released
mutagens after extraction with dimethylsulfoxide (48). Although little is
known about the fate of bound mutagens in the human gastrointestinal
system, Zhang and Ohta (49) showed that freeze-dried cells of lactic acid
bacteria, intestinal bacteria, and yeast significantly reduced the absorption
of Trp-P-1 from the small intestine in rats, and this was accompanied by
decreased levels of this food mutagen in blood. Cells of 

 

L. delbrueckii

 

 subsp.

 

bulgaricus

 

 2038 and 

 

S. thermophilus

 

 1131 bind Trp-P-1 and the absorption of
Trp-P-1 by the small intestine of F344 rats, investigated using an 

 

in situ

 

 loop
technique, were significantly lower in the presence of strain 1131 cells than
in the absence of the cells, but the presence of strain 2038 cells had no effect
on Trp-P-1 absorption (50). The authors suggested that strain 1131 cells bind
to Trp-P-1 at the same pH as that of the small intestine (pH 6 to 7) and thus
decrease its absorption. The dietary supplementation of lactic acid bacteria
reduced uptake of Trp-P-2 and its metabolites in various tissues of mice (51).
In addition, consumption of lactobacilli by human volunteers has been
shown to reduce the mutagenicity of urine and feces associated with the
ingestion of carcinogens in cooked meat (12, 13).

It has been suggested that the cellular uptake of nitrites by lactic acid
bacteria reduce the formation of nitrosamines from nitrates (52). Lactobacilli
have also been shown to degrade nitrosamines (53).

 

16.4.2 Production of Antitumorigenic or Antimutagenic Compounds

 

Acetone or ethylacetate extracts of skim milk fermented by 

 

S. thermophilus

 

and/or 

 

L. bulgaricus

 

 showed significant dose response in suppressing
mutagenicity of both a direct-acting mutagen and a mutagen requiring S9
activation using 

 

Salmonella typhimurium

 

 strains TA98 and TA100 (54). Sam-
ples of reconstituted nonfat dry milk fermented by 

 

L. helveticus

 

 CH65, 

 

L.
acidophilus

 

 BG2FO4, 

 

S. salivarius

 

 subsp. 

 

thermophilus

 

 CH3, 

 

L. delbrueckii

 

 subsp.

 

bulgaricus

 

 191R, and by a mixture of the latter two organisms were freeze-
dried, extracted in acetone, dissolved in dimethylsulfoxide, and assayed for
antimutagenicity in the Ames test (

 

Salmonella typhimurium

 

 TA100) (55). Dose-
dependent activity was significant against mutagens tested in all extracts.
Compounds that were responsible for activity against the mutagens were
less soluble in aqueous solutions than in dimethylsulfoxide.

A soluble compound produced by probiotic bacteria may interact directly
with tumor cells in culture and inhibit their growth (56, 57). Lactic acid
bacteria significantly reduced the growth and viability of the human colon
cancer cell line HT-29 in culture and dipeptidyl peptidase IV, and brush-
border enzymes were significantly increased, suggesting that these cells may
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have entered a differentiation process (58). Milk fermented by 

 

B. infantis

 

, 

 

B.
bifidum

 

, 

 

B. animalis

 

, 

 

L. acidophilus

 

, and 

 

L. paracasei

 

 inhibited the growth of the
MCF7 breast cancer cell line, and the antiproliferative effect was not related
to the presence of bacteria (59). These findings strongly suggest the presence
of an 

 

ex novo

 

 anticarcinogenic compound produced by lactic acid bacteria
during milk fermentation or the microbial transformation of some milk
components in a biologically active form.

16.4.3 Alteration of the Metabolic Activities of Intestinal Microflora

Many foreign compounds are detoxified by glucuronide formation in the
liver before entering the intestine via the bile. The bacterial β-glucuronidase
has the ability to hydrolyze many glucuronides due to its wide substrate
specificity, and thus may liberate carcinogenic aglycones in the intestinal
lumen. Several other bacterial enzymes have also been suggested to be
implicated in the carcinogenic process, releasing carcinogens in the intestinal
tract. Interestingly, it was these earlier observations that feeding probiotic
bacteria supplements in the diets of rodents significantly decreased the activ-
ities of some of the above fecal enzyme activities, which focused attention
on these bacteria as possible anticancer agents (22, 23, 25, 60). Lactic acid
bacteria also reduced the specific activities of fecal enzymes in human vol-
unteer studies (61–64). Goldin and Gorbach (65) studied the effect of feeding
L. acidophilus strains NCFM and N-2 on the activity of three bacterial
enzymes, β-glucuronidase, nitroreductase, and azoreductase, in 21 healthy
volunteers. Both strains had similar effects and caused a significant decline
in the specific activity of the three enzymes in all subjects after 10 d of
feeding. A reversal effect was observed within 10 to 30 d of stopping Lacto-
bacillus feeding, indicating that continuous consumption of these bacteria
was necessary to maintain the effect. The authors suggested that the
observed reduction of these enzymes may explain the earlier reported
reduced colon cancer incidence in rats fed viable L. acidophilus (29). Admin-
istration of the Lactobacillus-GG-fermented whey drink to elderly nursing
home residents also resulted in a significant decrease in glycocholic acid
hydrolase activity and tryptic activity without significant effect on bowel
function (66). It is important to mention here that the reports published to
date do not always find reductions in the same enzymes, although findings
with β-glucuronidase and nitroreductase are most consistently positive.
However, we still do not know how or whether a reduction in these enzyme
activities affects cancer rates in humans. Indeed, the origin of the carcinogens
causing this disease in humans is still to a large extent unknown.

16.4.4 Quantitative and Qualitative Alterations in the Intestinal Microflora

The administration of milk fermented with L. acidophilus caused a remarkable
decrease in fecal mutagenicity compared with before the administration, and
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the suppression of mutagenicity appeared to be due to the proliferation of
lactobacilli and bifidobacteria in fecal microflora caused by the presence of
the administered strain in the human intestine (67). In other studies, con-
sumption of fermented milk containing L. acidophilus has been shown to
reduce significantly the counts of fecal putrefactive bacteria such as coliforms
and increase the levels of lactobacilli in the intestine (2, 61), suggesting that
supplemental L. acidophilus has a beneficial effect on the intestinal microecol-
ogy by suppressing the putrefactive organisms that are possibly involved in
the production of tumor promoters and putative precarcinogens. However,
the mechanisms underlying these effects are still poorly understood.

16.4.5 Alteration of Physicochemical Conditions in the Intestine

Modler et al. (68) have suggested that large bowel cancer could be influenced
directly by reducing intestinal pH, thereby preventing the growth of putre-
factive bacteria. In rats given inulin-containing diets with or without B.
longum, an increase in cecal weight and -glucosidase and a decrease in cecal
pH were observed (25), though some other studies did not detect a significant
change in intestinal pH (23, 69).

Dietary fat has been considered a risk factor for colon cancer, and it has been
suggested that this phenomenon may be mediated by increased levels of bile
acids (mainly secondary bile acids, produced by the action of bacterial α-
dehydroxylase on primary bile acids) in the colon (70). One hypothesis regard-
ing colon carcinogenesis involves a cytotoxic effect on the colonic epithelium
exerted by bile acids in the aqueous phase of feces (soluble bile acids), followed
by an increased proliferation of cells in the intestine (71). It has been demon-
strated that a 6-week administration of L. acidophilus fermented milk supple-
ments to colon cancer patients resulted in lower concentrations of soluble bile
acids in feces (72). Although the decrease in the concentration of bile acids in
this fraction of feces was not significant, it was of interest that decreased levels
of soluble bile acids were observed in the colon cancer patients receiving L.
acidophilus fermented milk supplements. In another study, patients with
colonic adenomas participated in a 3-month study, where L. acidophilus was
administered together with B. bifidum (14). During this period, the fecal pH
was reduced significantly, and patients having a higher proliferative activity
in the upper colonic crypts than that calculated for subjects at low risk for
colon cancer showed a significant decrease after therapy with the lactic acid
bacteria. In view of the results in the above-mentioned study (72), it is inter-
esting to speculate that this latter effect was in part due to decreased levels of
bile acids in the aqueous phase of feces.

16.4.6 Enhancing the Host’s Immune Response

One explanation for tumor suppression by lactic acid bacteria may be medi-
ated through an immune response of the host. Sekine et al. (34) suggested
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that B. infantis stimulates the host-mediated response, leading to tumor
suppression or regression. The authors further examined the role of the
bifidobacterial cell wall preparation (WPG) on the adjuvant activity for in
vivo immune responses in mice and the induction of antitumor cytokines of
mouse peritoneal exudate cells (73, 74). They demonstrated that bifidobac-
terial WPG may play a role as an immunomodulator.

In addition, there are studies to suggest that probiotic bacteria play an
important role and function in the host’s immunoprotective system by
increasing specific and nonspecific mechanisms to have an antitumor effect
(75-77). L. casei strain Shirota (LcS) has been shown to have potent antitumor
and antimetastatic effects on transplantable tumor cells and to suppress
chemically induced carcinogenesis in rodents. Also, intrapleural administra-
tion of LcS into tumor-bearing mice has been shown to induce the production
of several cytokines, such as interferon-γ, interleukin-1β, and tumor-necrosis
factor-α, in the thoracic cavity of mice, resulting in the inhibition of tumor
growth and increased survival (78). These findings suggest that treatment
with LcS has the potential to ameliorate or prevent tumorigenesis through
modulation of the host’s immune system, specifically cellular immune
responses. An additional study has indicated that oral administration of L.
casei YIT9018 potentiated systemic immune responses that modified T-cell
functions in tumor-bearing mice (79–81) and induced several cytokines
which participated in the subsequent immnoresponses (82). L. casei YIT9018,
viable and/or heat-killed bacteria, inhibited tumor growth and pulmonary
metastasis, prolonged the survival period and were effective for regression
of established tumors after tumor transplantation (83–85).

It has been also demonstrated that B. longum and B. animalis promote the
induction of inflammatory cytokines (interleukin-6, tumor-necrosis factor-α)
in mouse peritoneal cells (86).

16.4.7 Effects on Physiology of the Host

The ileal mucosa as well as the colonic mucosa have the capacity to absorb
mutagenic compounds from the intestinal lumen whereafter the compounds
are passed into the bloodstream, either unchanged or as metabolites. Lacto-
bacilli are one of the dominant species in the small intestine, and these
microorganisms presumably affect metabolic reactions occurring in this part
of the gastrointestinal tract. Lactic acid bacteria have also been shown to
increase colonic NADPH-cytochrome P-450 reductase activity (17) and glu-
tathione S-transferase levels (21) and to reduce hepatic uridine diphospho-
glucuronyl transferase activity (23), enzymes which are involved in the
metabolism of carcinogens in rats.

Butyrate, a metabolite of some probiotic strains, promotes differentiation
and apoptosis in a variety of colon tumor cell lines. Apoptosis is a central
feature in the regulation of cell number and the elimination of nonfunctional,
harmful, or abnormal cells in the colon. Therefore, apoptosis induced by
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butyrate could affect the removal of DNA adducts from the colonic epithe-
lium. Arimochi et al. (20) investigated the effect of several strains of intestinal
bacteria on the formation of AOM-induced ACF and DNA adducts in the
rat colon. They showed that culture supernatants, not bacterial cells, of L.
acidophilus inhibited the ACF formation and that the inhibitory effect was
due to the enhanced removal of O6-methylguanine from the colon mucosal
DNA. They suggested that a metabolite of L. acidophilus in the culture super-
natants might induce the O6-methylguanine-repair enzyme, methylguanine-
methyltransferase. Therefore, metabolites of probiotic bacteria might be
inducing DNA-adduct-repair enzymes after exposure to mutagens found in
the diet.

In addition, it has been demonstrated that dietary administration of lyo-
philized cultures of B. longum strongly suppressed AOM-induced colonic
tumor development and that this effect was associated with a decrease in
colonic mucosal cell proliferation and colonic mucosal and tumor ornithine
decarboxylase, and ras-p21 activities (87).

16.5 Conclusions

The strongest evidence for anticancer effects of probiotics comes from animal
studies, and evidence from human studies (epidemiology and experimental)
is still limited. An important goal for the future should be carefully designed
human clinical trials to corroborate the wealth of experimental studies. Also,
as discussed above, there are several possible mechanisms that might explain
how probiotic bacteria might protect against tumor development in the
colon. However, questions such as what is the major contributing mechanism
for a particular bacterial strain or how are the different mechanisms linked
are questions to which we currently do not have the answers. It is possible
that different strains target different mechanisms. All of the mechanisms
have various degrees of support, mainly originating from in vitro and animal
experiments, and some of them even have some support from human clinical
studies.

However, it should be emphasized that great care must be exercised in
extrapolating the results of the above in vitro and animal studies to the
human system. Many of the animal studies exploit specifically bred strains
of mice, and whether one can extrapolate antitumor activity in these animals
to humans is somewhat unclear. It also must be kept in mind that the
composition and metabolic activities of intestinal flora of experimental ani-
mals are significantly different from those of humans. Indeed, it has been
demonstrated that human intestinal microflora had different effects than
mouse microflora concerning DNA adduct formation after exposure to
mutagens (88). Exploitation of human flora-associated animals, germ-free
animals inoculated with whole human intestinal flora, can be one of the
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solutions to this problem (89). Results of administering probiotic cultures
intravenously, intraperitoneally, and intralesionally (often used in animal
studies) may not be compatible with oral consumption in humans. Many of
the antitumor activities attributed to lactic cultures have been suggested to
involve an enhanced function of the immune response. This effect may not
be specific to lactic acid bacteria, and perhaps many microbes administered
similarly would produce the same results.

Thus, more work needs to be done to identify the specific strains and strain
characteristics responsible for specific antitumor effects and the mechanisms
by which these effects are mediated. However, even with the above reser-
vations in mind and mindful of the limited number of human studies avail-
able, the use of probiotics for human cancer suppression is interesting, holds
promise, and certainly deserves more scrutiny.
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17.1 Introduction

 

Probiotic foods and supplements continue to gain popularity, with a world-
wide market estimated to be about $6 billion a year (1). With the expanding
functional food market, there is an increase in interest among consumers
and researchers in probiotics and their health benefits. Probiotics are defined
as “live microorganisms which, when consumed in adequate amounts in
food or dietary supplement, confer a health benefit on the host by improving
its intestinal microbial balance” (2–3). Potential health benefits of probiotics
include increased resistance to infectious diseases (e.g., diarrhea), lowering
of blood pressure and serum cholesterol concentration, reduction of allergy,
and modulation of cytokine gene expression. In fact, probiotics have been
used for treatment of gastrointestinal (GI)-diseases, hypercholesterolemia,
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lactose intolerance, suppression of procarcinogenic enzymes, and immuno-
modulation (4–5). In addition many probiotics have significance in food
safety because they produce antibacterial compounds such as bacteriocins
and organic acids. To achieve these potential health and safety benefits,
desirable probiotic strains must have properties such as the ability to survive
transit through digestive tract, adherence to epithelial cells and intestinal
mucosa, colonization potential in the human intestinal tract, production of
antimicrobial substances against pathogens, safety to humans, and stability
during normal storage (1). A number of probiotics such as lactobacilli and
bifidobacteria have been shown to strongly adhere to human intestinal cell
lines. These probiotics confer health benefits to the host including prevention
of food-borne diseases through interference with adherence by pathogenic
bacteria, competition for nutrients, release of antibacterial substances, and
stimulation of mucosal and systemic host immunity (6).

Despite these potential health benefits, clinical demonstration of the effi-
cacy of probiotics using established medical protocols for drug efficacy
remains a challenging task. Unlike drugs, the effect of probiotics tends to be
relatively weak, diffuse and often difficult to isolate from other confounding
factors related to the diet and lifestyle. Furthermore, health benefits typically
associated with probiotics are directly or indirectly affected by a multitude
of other factors that are difficult to isolate or control. For instance, traveler’s
diarrhea is caused by a diverse and changing range of microbial pathogens
such as 

 

E. coli, Salmonella, Campylobacter, and Shigella

 

 strains as well as viruses
(7). Similar constraints are encountered when testing the cholesterol-lower-
ing and immune-boosting effects of probiotics. Because the effect of the size
of treatments with probiotics tends to be modest and subject to multiple
potential confounders leading to substantial statistical variance, hypothesis-
testing experiments must be well controlled as to minimize unsystematic
variability and maximize systematic variance. This goal is typically achieved
through appropriate design and controls such as randomization, double-
blind, and placebo-controlled studies. This chapter is designed to provide a
general overview of some statistical considerations relevant to testing the
efficacy of probiotics. The chapter will discuss issues pertaining to experi-
mental design and data analysis of studies intended to demonstrate the
efficacy of probiotics. These topics include general considerations on how
the types of experimental design, the nature of outcome (dependent) and
treatment (independent) variables determine the appropriate statistical anal-
ysis and affect the validity and generalizability of inferences. Specific con-
siderations unique to priobiotics that may impact study reliability are also
included. The chapter also discusses common designs that may be used for
testing the efficacy of probiotics 

 

in vitro

 

 and 

 

in vivo

 

, issues of validity, power,
and sample size, and provides a summary of major designs involving human
subjects, with emphasis on randomized, controlled clinical trials. 
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17.2 Approach to Testing the Efficacy of Probiotics

 

As in any scientific study, testing of the efficacy of probiotics requires well-
defined and specific objectives along with underlying research hypotheses. The
methods of measurement of probiotic efficacy should also possess the desirable
features of accuracy and precision. Furthermore, researchers must reflect on
specific issues with relevance to probitics such as selection of the following:

• Specific, desired “beneficial effects” that one wants to produce by
using the selected strains of probiotics

• Known factors that may influence the beneficial effect(s) being inves-
tigated (negatively or positively)

• Appropriate “probiotic” strains that can survive passage through
the digestive tract and colonize the digestive tract

• Effective dose and colonization of the GI tract by probiotic species,
especially because this depends on (i) resistance to gastric acid and
bile acids, (ii) growth characteristics of GI-resistant species, and (iii)
expression of immune markers by human peripheral blood cells (8)

• Optimal dose range, frequency of administration, and appropriate
vehicle for delivery of probiotic strain(s)

• Known and quantifiable biological markers and/or physiological
changes that indicate the beneficial effects of probiotics being tested

• Possible mechanisms of anticipated probiotic effect as an explanation
of the expected or observed beneficial health effects

• Effective design that isolates probiotic effects from other potential
confounding variables.

• Scope of research and adequacy of resources available for the inves-
tigation

In addition to the above considerations, the choice of the right outcome
or dependent variables, identification of key predictor (independent) vari-
ables and selection of appropriate design are critical to ensuring accuracy
and precision, two critical features of rigorous scientific methods. Thus,
one needs to identify all dependent (outcome) variables of interest and
their methods (scales) of measurement. For all the dependent variables, an
exhaustive list of independent (predictor) variables and known systematic
sources of controllable sources of variance should be made. Known sources
of variation that are not under study should be controlled for through
appropriate use of blocking designs such as randomized block designs
and/or covariate analysis. However, because independent and blocking
factors impose stratification that may lead to practical difficulties pertain-
ing to sample size, study participants should be stratified on the fewest
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possible and most critical independent variables without sacrificing control
for extraneous factors or sample size. 

The next step is to evaluate available resources for the study and decide
on what objectives and hypotheses are achievable and what experimental
design would lead to the most efficient use of such resources. The best design
is one that has well-defined objectives, estimates error, eliminates extraneous
sources of variation, and isolates the effect of experimental treatment(s) with
sufficient precision. The appropriate design and statistical analysis are typ-
ically chosen based on the type of research questions and hypotheses to be
investigated, the nature of dependent and independent variables, and the
resources available for the study. 

tematic error variance, accounting for the effect of known extraneous factors,
and unmasking the treatment effect, if any exists. The appropriate experi-
mental design also enhances power (the probability of detecting difference
if any exists) and enables efficient management of available resources. In

of dependent variables influences the choice of statistical analysis. Overall,
both the nature of dependent and independent variables and the type of
design have to be considered together to determine what statistical analysis
is most appropriate to use and whether valid statistical inferences can be
made regarding the cause-and-effect relationships between independent and

and inferences as affected by study design and the types of dependent and
independent variables. The Table also comments on inferences and their
generalizability for each type of analysis. There are numerous published
textbooks on experimental design and statistical analysis that can provide
interested readers with more details (9–13).

 

 

 

17.3 Common Designs for Testing the Efficacy of Probiotics

 

Health effects of probiotics have been investigated through 

 

in vitro

 

 and 

 

in
vivo

 

 (animal and human) studies. In such studies, experimental design plays
a major role in study validity and generalizability, typically through ran-

advantages and limitations of randomized and nonrandomized designs suit-
able to investigate the benefits of probiotics 

 

in vitro

 

 and 

 

in vivo

 

. 

 

17.3.1

 

In Vitro

 

 and 

 

In Vivo

 

 Animal Studies

 

Considering the fact that probiotic activity is likely to be multifunctional and
strain specific and that the health conditions typically treated with probiotics
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are of multifactorial and complex etiology, there is a need for studies that
build on data from 

 

in vitro

 

 and animal experiments with specific probiotic
strains showing particular modes of actions against defined pathological
targets. Properties of probiotics that can be easily studied 

 

in vitro

 

 include
resistance to simulate gastric juice and bile acid, growth characteristics of
resuscitated cultures, and expression of immune markers by human periph-
eral blood cells (8). Measurement of 

 

in vivo

 

 activity using animal models is
critical in the development of efficacious probiotic strains against particular
diseases (7). 

 

In vitro

 

 and animal studies are typically suitable for randomized
and controlled experimental designs. 

 

In vitro

 

 and animal studies are excellent
and cost-effective ways to screen probiotics with the most potential to benefit
the human host and understand their growth and survival patterns as well
as their mode of action. In contrast to studies involving human subjects,
these studies give researchers the flexibility to use a variety of efficient
experimental designs and lead to generalizable inferences about research
hypotheses pertaining to potential health effects of probiotics and their
mechanisms of action. Given the high cost of clinical trials that typically
require consideration of “one strain vs one placebo” experiments to prove
efficacy, 

 

in vitro

 

 and 

 

in vivo

 

 studies using animals account for the bulk of the
scientific literature on the health benefits of probiotics (14–25). However,
despite the many positive findings pertaining to probiotics benefits from 

 

in

 

FIGURE 17.1

 

Importance of appropriate design in unmasking weak effect of probiotics.
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•  Appropriate blocking

•  Use of covariables and/or baseline

•  Randomization

•  Sufficient number of replications

•  Good control

•  Uncontrolled extraneous factors

•  Non-homogeneous experimental units

•  Lack of randomization

•  Limited number of replications

•  Lack of control
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TABLE 17.1

 

Data Analysis Based on the Nature of Dependent and Independent Variables

 

Nature of 
Dependent 
Variable

Number of Groups (Factors/
Independent Variables) Nature of Variation

Type of Appropriate 
Statistical Analysis Comments  

Quantitative 
(interval or ratio)

One Within Single-group 

 

t

 

-test Analysis Assumes: Random assignment, 
independence, normality, and equal 
variance. 

If the factors or independent variables are 
quantitative, then the appropriate 
analysis is simple linear regression (for 
one independent variable) or multiple 
regression (for two or more quantitative 
independent variables (see Table 17.2)

Two
(one factor with two levels)

Between

 

t

 

-test for independent 
groups

Within Paired 

 

t

 

-test for correlated 
groups

More than two (one factor with 
more than two levels)

Between Analysis of variance
Within Repeated measure analysis 

of variance
More than two (two or more 
factors with two or more levels 
each)

Between Multiple factor Analysis of 
Variance

Within Factorial repeated measure 
analysis of variance

Ordinal (rank data) One Between One-sample test Assume random assignment or selection.
If factors or independent variables are 
quantitative, then appropriate data 
analysis would be logistic regression and 
weighted least square (see Table 17.2). 

Two Between (independent) Mann-Whitney U test
Within (matched) Wilcoxon Rank test

Three or more Between Kruskal-Wallis ANOVA
Nominal 
(qualitative)

One N/A Goodness of fit
Two or more N/A Chi-square
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TABLE 17.2

 

Statistical Analysis and Inferences as Affected by Study Design and Nature of Dependent and Independent Variables

aAssumptions: observations are random, independent, normally distributed, and with equal variance
bIn cases where dommy variable coding of categorical and interval data are mixed, multiple regression analysis is appropriate
cMethod validity (i.e., assumptions) needs to be checked. If assumptions are violated, corrective measures should be taken. Otherwise, non-parametric methods are more
appropriate.

Design Type Nature of Independent
Variables

Nature of Dependent
Variables

Appropriate Statistical
Analysis

Parameters Outcomes

Interval (Quantitative)
Example: dose of
probiotics administered,
level of gut colonization,
and frequency or duration
of probiotic treatment.

Interval (Quantitative)
Examples: concentration
of serum cholesterol,
counts of pathogenic
bacteria shed by patients,
levels of monocytes, IgA,
inflammatory markers,
cytokine, or bacteriocins.

aSimple Regression
Or multiple regression if
more than two independent
variables.

Estimates of regression
coefficients for population
Coefficient of correlation.

Test statistic for significance of
parameter estimates under null
hypothesis; powerful and
generalizable inferences, predictive
models.

Categorical (Qualitative)
Examples: probiotic
strains, treatment levels
(e.g. treatment and
placebo).

Interval (Quantitative)
Examples: see variables
listed in cell immediately
above.

aANOVA (multiple ANOVA
if more than one dependent
variables), repeated measure
ANOVA or t-test if only two
treatments or groups are
compared.

Estimates of population
means and variance.

Test statistic for equality of means
under null hypothesis, powerful
and generalizable inferences;
magnitude and direction of
difference between treatment means.

bInterval (Quantitative)
Examples: same as
examples listed in first cell
of this column.

bCategorical (Qualitative)
Examples: status of

(presence or absence),
relapse rate; descriptors of
illness severity,
improvement status.

Logistic Regression,
Weighted least square

Estimates of regression
coefficients for population

Test statistic for significance of
parameter estimates under null
hypothesis; powerful and
generalizable inferences, predictive
models

Experimental/
Randomized Designs
(e.g., Completely
randomized design,
Factorial and fractional
factorial designs,
Randomized block and
Latin Square designs,
and Cross-Over designs)

These include
Randomized Clinical
Trials with and without
controls

Categorical (Qualitative)
See examples listed in
second cell of this column

Categorical (qualitative)
See Examples listed in cell
immediately above

Categorical Data Analysis
(Chi-square & Log linear
models)

Estimates of population
parameters and odds ratios

Population parameters under null
hypothesis; odds ratios and
relative risk; generalizable
inferences

Quasi-experimental Designs
(One-group posttest, One-
group Pretest-Posttests,
Removed and Repeated-
treatment designs)

All types listed above All types listed above cAll methods listed above,
Time series

Cannot estimate population
parameters (unless
assumptions are met) but
give group characteristics and
indication of possible causal
relationships

Yield useful data if appropriate
controls are used, useful for
generation of hypotheses about
cause-effect but give weak
indication of cause and effect,
sample means and frequencies

Non-Experimental Designs
(e.g. correlational and
causal comparative
designs)

All types listed above All types listed above Limited to analyses such as
correlation for quantitative
variables and log linear
model for qualitative
variables; limited statistical
tests available

No population parameters
only measure of covariation
(e.g., coefficient of
correlation); Sample
parameters for causal
comparative

Measure of strength and direction
of covariation or association
between variables; limited
inferential statistics these designs;
inferences are weakened by
inability to account for potential
confounds
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TABLE 17.3

 

Comparison of Experimental Designs Applicable for Testing the Health Benefits of Probiotics

 

Design Type
Overall Advantages

& Limitations

 

Advantages/Limitations by Study Type

 

In vitro In vivo

 

 (Animals)

 

In vivo

 

 (Humans)

 

Experimental randomized 
designs 

Examples: 

Completely randomized design 
including factorial and 
fractional factorial designs; 
Randomized block and Latin 
square design; and Cross-over 
design.

(This group of design also 
include 

 

Randomized Clinical 
Trials,

 

 the standard for efficacy 
testing of drugs and probiotics)

Yield powerful and generalizable 
inferences

Filter out effect of extraneous 
factors/reduce unsystematic 
variability 

Likely to show significant effect if 
any exists 

Provide strong cause and effect 
indication 

May become cumbersome with 
multi-factors or over-stratification 

May impose stratification 
constraints that affect 
recruitment/sample size 

Less costly than 

 

in vivo

 

 
study designs

Enable exploration of 
hypotheses and 
understanding of 
possible action 
mechanisms

Can be tightly controlled

Relatively straightforward

Limited in scope

Least applicable to 
probiotic effect in 
humans

Typically less costly than 
human trials

Enable testing of 
hypotheses 

Explore key physiological 
and biochemical 
processes induced by 
probiotics 

Gives indication of 
potential efficacy of 
probiotics in humans 

Data generated are closely 
related but not directly 
applicable to effects in 
humans 

May be very costly 

Provide ultimate 
demonstration of 
probiotic efficacy 

Require proof of safety 
prior to testing 

Scope of testing is 
limited due to ethical 
issues 

Strict regulatory 
requirements 

Suffers from effect of 
confounding factors 
that cannot be 
eliminated due to 
practical or ethical 
reasons

Quasi-experimental designs 
and causal/correlational 
designs

Examples: Causal comparative 
& correlational designs

Commonly used with human subjects; typically inexpensive; provide valuable descriptive data and information for 
generation of hypotheses; useful when randomization is not feasible for practical or ethical reasons and/or when 
independent variable cannot be manipulated. Limited statistical analysis; inferences are not generalizable; Yield weak 
indication of cause and effect. Quasi-experimental yield better controls and have more options for statistical analysis/
inferences than causal and correlational designs.
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vitro

 

 and animal studies, such data cannot be used to directly predict the
efficacy of probiotics in humans. Efficacy in the latter is typically demon-
strated through randomized controlled clinical trials (RCTs), which remain
the gold standard for proof of efficacy in humans. Thus, the efficacy of
probiotics needs to be demonstrated through randomized clinical trials for
probiotics to enjoy widespread use as therapeutic agents against specific
health conditions and be readily prescribed and recommended by health
professionals.

 

17.3.2 Efficacy Studies Involving Human Subjects

 

17.3.2.1 Issues of Validity and Power

 

Unlike 

 

in vitro

 

 and 

 

in vivo

 

 studies using animals, trials involving humans
may be difficult to randomize and control for practical, economical, and/or
ethical reasons. Thus, experiments involving human subjects require well-
thought experimental designs tailored to maximize precision (minimized
unsystematic variation), taking into account financial, practical, and ethical
constraints. Randomized designs are the most unbiased designs and lead to
powerful and generalizable inferences. In cases where randomization is
unethical or impractical, quasi-experimental designs are used as the next
best designs. Both randomized and quasi-experimental designs manipulate
treatment to force it to occur before the effect of treatment in an attempt to
show causality. Both types of design can be enhanced by the use of appro-
priate controls. In situations where no treatment is manipulated, causal
comparative or correlational studies offer limited information on possible

gives a brief comparison of these three groups of experimental designs.
Among these three major groups of designs, only randomized designs pro-
vide a valid basis for generalizable inferences about cause and effect rela-
tionships between treatment (independent variables) and dependent
variables. However, regardless of the type of randomized design used, the
issues of internal and external validity and statistical power are important
to consider.

 

Internal and External Validity

 

Most experimental studies are designed or intended to use a finite sample
(limited number of data points) to make inferences pertaining to what would
happen in the larger population. The validity and generalizability of these
inferences depend on the degree of internal and external validities. Internal
validity refers to the validity of inferences about whether observed covari-
ation between a treatment and outcome variables reflects a causal relation-
ship between the two variables as the treatment variable is manipulated. On
the other hand, external validity is the validity of inferences about whether
the cause-effect relationship holds over variation in person, settings, treat-
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TABLE 17.4

 

Summary of Advantages and Limitations of Major Design Types

 

Design Type Examples Situation Advantages Limitations

 

Randomized 
experimental 
designs

Completely 
randomized design 
(CRD)

Homogeneous subjects 
with no known source of 
extraneous variation

Easy to use, contains least 
stratification of subjects, which 
helps in sample size/recruitment

Does not allow for control of extraneous 
factors, but precision could be enhanced 
with the use of a control group

Factorial designs Same as CRD but with two 
or more treatment 
combinations 

Allows evaluation of multiple 
treatments and treatment levels 
and their interaction, can be used 
within designs that control for 
extraneous factors/variation 

Can be cumbersome and expensive due 
to large sample size, does not allow for 
control of extraneous factors unless used 
within block designs or use covariates

Block design 
(complete block and 
Latin Square 
designs)

Heterogeneous subjects 
with one and two known 
extraneous source of 
variation, respectively

Eliminates effect of extraneous 
factor, enhances power

Sources of extraneous variability need to 
be qualitative, imposes stratification that 
may affect sample size, requires that 
extraneous factors be qualitative

Covariate Known sources of 
extraneous variation that 
are quantitative

Reduces error and enhances power Sources of extraneous variability need to 
be quantitative, complex analysis

Crossover designs Limited number of subjects 
due to few subjects 
available for study or high 
cost per subject

Minimizes within-subject 
variability, easy to reach desired 
sample size, cost effective

Carryover effect, requires correction for 
repeated measure correlation

Quasi-
experimental 
designs

 

a

 

 
(nonrandomized)

One-group posttest 
design

Randomization is not 
feasible, no pretest or 
control used

Simple and practical in cases 
where there is good knowledge of 
how dependent variable behaves

Weak design, absence of control group 
and pretest makes it difficult to know 
what would have happened without 
treatment

One-group pretest-
posttests

Randomization is not 
feasible, control group 
available for use

Simple, improved over one-group 
posttest, can be improved using 
other design elements such as 
double pretest and nonequivalent 
dependent variable

Weak design, absence of control makes it 
difficult to exclude effect of other factors 
unrelated to treatment 
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TABLE 17.4

 

Summary of Advantages and Limitations of Major Design Types (continued)

 

Design Type Examples Situation Advantages Limitations

 

Removed treatment 
design

Randomization is not 
feasible, treatment can be 
applied and removed 
without lingering effect

Simple, gives better (but still weak) 
indication of possible cause and 
effect relationship between 
treatment and dependent 
variable than the above two 
examples of quasi-experimental 
designs

Affected by outliers, thus requiring large 
sample, not appropriate if removal of 
treatment is unethical, could lead to 
unintended effect on dependent 
variable, suffers from uncertainty about 
cause-effect 

Repeated treatment Randomization is not 
feasible, treatment can be 
applied cyclically without 
carryover or subject 
sensitization

Strong internal validity, better 
indication of cause and effect 

Affected by cyclical events, weak external 
validity, vulnerable to threats to validity 
such as subject adaptation to cyclic 
treatment regimen

Case control design When it is not feasible or 
ethical to experiment, 
typically used for rare 
outcomes

Easy and inexpensive, very useful 
for generating hypotheses about 
causal relationships between 
dependent and independent 
variables

Difficult to choose control cases

Untreated control 
with dependent 
pretest posttest 
samples

Randomization is not 
feasible, control group 
available, post- and 
pretests can be used on 
control treatment groups

Best controlled among all quasi-
experimental designs; most 
widely used; comparison group 
and pre- and posttests facilitate 
causal plausible inferences; can 
be further improved by use of 
double pretest or reversed 
treatment control groups

Uncertainty about cause and effect 
remains due to lack of randomization, 
design is subject to threats to validity 
such as maturation, history, and 
selection
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Nonexperimental Causal comparative 
and correlational

Where independent 
variable or factor cannot 
be manipulated and 
randomization is not used

Least costly, relatively easy to 
conduct, yields useful 
information for generation of 
hypotheses about possible cause 
and effect

Does not lead to generalizable inferences, 
yields weak (if any) indication of cause 
and effect relationships between 
dependent and independent variables

 

a

 

 [Reference 26 includes more details about several other types of quasi-experimental designs. Many quasi-experimental designs combine pretest, posttest,
and control for better ability to infer about causal relationships between independent and dependent variables.
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ment variables, and measurement variables (26). Randomization enhances
internal validity but may not help in external validity. Internal and external
validity and threats that affect them are discussed in detail in many research
methods books (26–28). However, even for designs selected to meet the
requirements of internal and external validity, statistical tests used as the
basis for inferences need to have sufficient power to ensure reliability.

 

Power and sample size

 

Power is the sensitivity of the statistical procedure used to the differences
being sought (probability of detecting difference if any exists) or ability to
reduce Type II error, failing to reject the null hypothesis when a difference
exists. Power depends on the precision of the research design (control of
extraneous sources of variation) and method of measurement. Ways to
increase statistical power include (9, 28) the following actions:

1. Use matching, stratification, and blocking.
2. Measure and correct for covariates to reduce extraneous variation

in dependent variable.
3. Use homogeneous experimental units or subjects that are responsive

to the treatment.
4. Use a within-participant design.
5. Use large sample size. 
6. Relax (increase) Type I error.
7. Use other methods such as improving measurement, increasing

strength of treatment, and increasing variability between treatment
levels.

Among these seven methods to increase power, Methods 1 through 4 can
be achieved by a variety of experimental designs. Section 17.3.2.2 provides
a summary overview of major randomized designs that can be used to
enhance power and could be useful to consider in experiments intended to
demonstrate the efficacy of probiotics. Power enhancement Method 5 (use
large sample size) is affected by the inherent variability of the process being
investigated and the resources available for the study. Method or measure-
ment variability can be used to estimate a sample size that yields a desired
power level. It is noteworthy that the computation of power for designs
involving three or more groups and multivariate analysis are complex. The
required sample size is influenced by variance (

 

σ

 

2

 

) of the data, the size of
the difference between two means (

 

λ

 

), significance level or Type I error (

 

α

 

),
the desired power of test (1–

 

β

 

) or the probability of detecting a difference
(

 

λ

 

) between two means at a given probability of Type II error (

 

β

 

) (9). Using
these factors, the required number of replications (sample size) to yield a
given power level can be estimated using the formula below.
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Minimum sample size = 2 *(z

 

/2

 

 + z)

 

2

 

 * (

 

σ

 

/

 

λ

 

)

 

2

 

where z

 

/2

 

 and z are the standard normal variate values exceeded with prob-
ability 

 

α

 

/2 and 

 

β

 

, respectively. Both values can be obtained from standard
normal distribution tables available in most statistical books. In preliminary
tests for sample size estimation, the coefficient of variation (%CV) is substi-
tuted for 

 

σ

 

 and (%Diff) is substituted for 

 

λ

 

, where %CV = 100 * (standard
deviation/mean) and %Diff = 100 * (difference between means/mean). For
simplicity, %CV and the estimated or expected difference between two
means (%Diff), obtained either from preliminary tests or the literature, are

      

vides examples of a sample size calculation at various significance and power
levels for a given mean difference (%Diff) and data variability (%CV). As
shown in Table 17.5, the required number of replications (sample size)
increases when:

1. The coefficient of variation (%CV) or 

 

σ

 

 increases
2. The size of the difference between means (%Diff) decreases
3. The significance level (

 

α

 

) is decreased
4. The set value of power of test (1–

 

β

 

) increases

Several statistical packages such as nQueryAdvisor, S-Plus (Power
aSypower), SAS (Power SAS), SPSS (SamplePower), NCSS (Pass), and
Biostat (Power and Precision) have algorithms that generate statistical
power curves based on which experimenters can decide on the appro-
priate sample size depending on their study requirements or constraints.
Free power analysis programs such as G*Power and UnifyPow are also
available online. In addition, numerous experimental design textbooks
(9) also provide statistical power curves for specific tests such as the F-
test.

 

17.3.2.2 Randomized Experimental Studies

 

Random assignment reduces the plausibility of an alternative explanation
of an observed effect. Random assignment consists of using a procedure
(e.g., random numbers, coin or die toss) that assigns individual experimental
units to any given treatment or treatment levels by chance alone. They
facilitate causal inferences by making alternative explanations implausible,
allowing a valid estimate of the error terms (26).  

Randomized controlled human trials (RTCs) to test the efficacy of active
ingredients in drugs are the ultimate measures of a drug’s potential useful-
ness. However, most of these designs are expensive, time demanding, and
are subject to many constraints to randomization compared to 

 

in vitro

 

 and

 

in vivo

 

 animal studies. RCTs require randomization in which usually two
treatments (e.g., drugs, probiotics) are given to the participants — one is the
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TABLE 17.5

 

Examples of Samples Sizes as Affected by Type I Error, Power Level, and Data Characteristics

 

Values Set by Experimenter
Parameters Obtained from Preliminary Tests or 

 

Literature

 

a

 

Values Estimated by 
Calculation

 

Type I error Desired Power (1-

 

β

 

) Difference between Means 
(

 

λ

 

 or %Diff)
Data Variability
(

 

σ

 

 or %CV)
Minimum Required 
Sample Size

 

5%
[=0.05; two-tailed; z=1.96]

95
(

 

β

 

=0.05; z=1.645)
6 5 18

10 72
12 5 5

10 18
85

(

 

β

 

=0.15; z=1.036)
6 5 12

10 50
12 5 3

10 12
10%

[=0.05; two-tailed; z=1.645]
95

(

 

β

 

=0.05; z=1.645)
6 5 15

10 60
12 5 4

10 15
85

(

 

β

 

=0.15; z=1.036)
6 5 10

10 40
12 5 2

10 10

 

a

 

 A probiotic research example would be evaluation of the effect of the consumption of a probiotic strain or probiotic mixture on a health
condition (e.g., serum cholesterol, immune boosting as measured by IgA, cytokine, concentration of diarrheal viruses or pathogens
shed, etc.) of subjects participating in a randomized controlled clinical trial where subjects are randomly assigned to the probiotic
treatment or a placebo control. Here, for illustration purposes, we assume that preliminary data or the literature suggests that the
difference between mean value for treatment and control groups is 6 (small difference) or 12 (larger difference) with a coefficient of
variation of 5 (small variability) or 10 (larger variability). Note that the actual unit (scale of measurement) of the dependent and outcome
variable would not matter since both mean difference (%Diff) and coefficient of variation (%CV) are expressed in a percentage.
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active drug or probiotic preparation that is believed to hold some promise
as an effective treatment of a given health condition and the other is a
“placebo”. The latter is a drug or probiotic preparation which has no
expected treatment value and is indistinguishable from the active drug or
probiotic preparation. RCTs are conducted in single- or more often double-
blind design which ensures that neither the patient nor the researchers are
aware of the nature of the treatment they receive or give. This is necessary
to minimize experimental bias. Experimenter effects arise from the experi-
menter knowing (i) the hypothesis being tested, (ii) the nature of experimen-
tal and control conditions, and (iii) the condition to which participant is
assigned. Subject bias is also another concern if treatment assigned is known
to the subject. 

In the single-blind design, the individual who administers the treatment
does not know the condition to which a participant is assigned. In the more
powerful double-blind protocol, the researcher administering treatment is
blind to the assignment of each participant, and the participants are blind
to their assignment. The blind assignment is enhanced with the use of a
control group that receives a placebo (28). The randomized, double-blind,

provides a description of RCTs. Numerous clinical trials have been used
to test the efficacy of probiotics using randomized; randomized, double-
blind, placebo-controlled; randomized controlled; randomized placebo-
controlled; and randomized blind placebo-controlled trials (29–45). In cases
where standard RCTs are not suitable (e.g., impractical or costly), compar-
ison of responses to a range of doses of the test drug generates valuable
dose-response data in addition to supporting drug efficacy. Balanced and
randomized crossover designs represent another attractive alternative
because they factor out the largest source of experimental variance, inter-
individual variability. A crossover design might be appropriate for probi-
otic efficacy research, especially if the study is dealing with chronic stable
conditions, where within-subject variability is much less than between-
subject variability.

 

17.3.2.3 Quasi-experimental Studies

 

Quasi-experiments are similar to randomized experiments in terms of pur-
pose and structural attributes, but lack random assignment of subjects for
the condition or treatment being investigated. 

Causal inferences from any quasi-experiment must meet the basic require-
ments for all causal relationships that precede the effect, that cause or vary
with the effect, and for which alternative explanations for the causal rela-
tionship are implausible. Because quasi-experiments do not use random
assignment, they rely on other principles to show alternative explanations
that are implausible. These include identification and evaluation of threat to
internal validity, primacy of control by design (e.g., use of control pretest or
posttest to evaluate plausibility of threats to validity), and coherent pattern
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TABLE 17.6

 

Examples of Randomized Clinical Trials (RCTs)

 

Randomized Clinical Trial Description Comments

 

Randomized Subjects are randomly assigned to treatment(s) (e.g., 
probiotic regimen).

Randomization ensures generalizability of inferences, 
but design precision is further enhanced by the use of 
appropriate control; experimenter bias is of concern; 
less elaborate than blind designs.

Randomized controlled Subjects are assigned randomly either to treatment (s) 
(e.g., probiotics in a food carrier) or to control group 
(food carrier with no probiotics).

Randomized single-blind Subjects are assigned randomly to treatment(s), but 
individual who administers the treatment does not 
know the condition to which a participant is assigned

Powerful and generalizable results/inferences; 
precision is enhanced with the use of control and 
blinding of individual administering treatment to 
reduce experimenter bias. However, double blinding 
is best in removing experimental bias.

Randomized single-blind controlled 
or placebo controlled

Subjects are assigned randomly to either treatment(s) or 
control (placebo) groups, but individual who 
administers the treatment does not know the group to 
which a participant is assigned.

Randomized double blind The researcher administering treatment(s) is blind to the 
assignment of each participant, and the participants are 
blind to their assignment.

Most powerful RCTs, especially the randomized 
double-blind placebo-controlled design; powerful and 
generalizable inferences; more elaborate experimental 
protocol; may be costly but would be top choice if 
available resources permit.

Randomized double-blind (placebo) 
controlled

Subjects are randomly assigned to either the treatment(s) 
or placebo, but the researcher administering 
treatment(s) is blind to the assignment of each 
participant and the participants are blind to their 
assignment.
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matching (26). Quasi-experimental designs identify and reduce the plausi-
bility of alternatives to causal explanations of the observed effect but cannot
provide the degree of certainty associated with random designs. Quasi-
experimental designs are, however, very useful in situations where random-
ization is impractical or unethical. In these instances, these designs provide
the best indication of causal relationships without the degree of certainty
that randomized designs provide. Quasi-experimental designs also yield
valuable insights regarding possible cause and effect relationships and
enable researchers to formulate research hypotheses. The majority of quasi-
experimental designs are used in social science research and are discussed
in details in numerous research method books (26–28, 46).

 

17.3.2.4 Causal Comparative and Correlational Studies

 

In contrast with experimental and quasi-experimental studies, causal com-
parative and correlational studies do not involve manipulation of indepen-
dent variables or factors, or experimental design or controls. They are used
in situations where manipulation of independent variables is impractical,
impossible, or inappropriate. 

Causal comparative designs compare groups of subjects drawn from the
same population that are different in a critical variable (e.g., probiotic
strains in the gut), but otherwise identical. Causal comparative design is
used to explore the causal relationship between two variables in instances
where it is not possible to manipulate an independent variable or is pro-
hibitive to assess changes due to ethical or practical reasons (27). These
designs are useful only in suggesting a possible cause and effect relation-
ship between variables. However, such an indication of cause and effect is
weak because it is difficult to assert that a particular variable is a cause or
the result of a condition being investigated. Furthermore, many potential
confounders could account for some or all of the observed effects. Data
from causal comparative designs can be statistically analyzed using para-

vides a systematic way to determine the appropriate statistical analysis
based on the type of independent and dependent variables and the type
subject variations.

Correlational studies are similar to causal comparative designs, but their
main purpose is to explore relationships between or among variables. Cor-
relational studies can yield a measure of the direction and strength of the
variation or covariation between or among independent and dependent
variables and provide a predictive relationship between these variables.
However, they cannot be used to make inferences about the cause and effect
relationships between dependent and independent variables because the
absence of randomization and controls makes it difficult to exclude potential
confounding variables that may explain the observed correlation. Correla-
tional studies are, however, useful as exploratory and hypothesis-generating
studies. Correlational data are analyzed by a variety of methods depending

 

DK3341_C017.fm  Page 400  Thursday, September 1, 2005  9:52 AM

© 2006 by Taylor & Francis Group, LLC

metric (e.g., t-test and ANOVA) and nonparametric tests. Table 17.1 pro-



 

Statistical Considerations for Testing the Efficacy of Probiotics

 

401

on the nature and number of variables being correlated. If two variables
measured on an interval or ratio scale are being studied, a Pearson product
moment correlation is used for data analysis, whereas a Spearman rank-
order correlation is used if the two variables are ordinal. For multivariate
relationships, multiple correlation and canonical correlation are appropriate
for data analysis. Most statistical packages (e.g., SAS, SPSS) have algorithms
that generate correlation coefficients and test their significance.

 

17.4 Concluding Remarks

 

As in any rigorous scientific method, the use of randomization, appropriate
experimental design to eliminate the effect of extraneous factors, appropriate
controls, and sufficient sample size is key to obtaining powerful and gener-
alizable statistical inferences regarding the health effects of probiotics. To
this end, randomized placebo-controlled clinical trials are the best, if cost
effective. A variety of other designs such as a crossover design can also yield
reliable inferences with less cost (e.g., fewer subjects). In addition to exper-
imental design issues, pinpointing cause and effect relationships between
probiotics and any desirable health effect will also require addressing issues
specific to probiotic research within the framework of large clinical trials in
a manner that clearly demonstrates health effects of probiotics and removes
source of confounds. These issues, reported by many researchers (1, 2, 6, 7,
24, 46, 47, 48), include (A) rigorous strain-to-strain comparisons of probiotic
performances against specific clinical disorders in specific population groups
given the fact that single probiotic strains are often proposed to contribute
to a multitude of benefits across many individuals in a test population, (B)
determination of dose, duration, and frequency of probiotic treatment for
different strains with special emphasis on the minimum therapeutic dose of
the probiotic microorganism, (C) evaluation of individual variations in com-
position and metabolism of consumed probiotic and host flora, (D) identifi-
cation of microbial determinants of a specific probiotic effect as influenced
by the environment such as food matrices because a strain present at high
numbers in two food matrices can be probiotically active in one food but
not in the other, and (E) evaluation of probiotics’ ability to permanently
colonize the intestinal tract. Finally, new molecular techniques should enable
an accurate assessment of the flora composition and give improved strategies
for identifying specific biochemical mechanisms of probiotic effects. Such
biotechnological advances should give researchers new tools to address the
above issues.
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18.1 Introduction

 

Fermented foods have been consumed for thousands of years (1). Tradition-
ally one of the main reasons to consume fermented foods has been their
extended shelf life, and thus improved safety, compared to the unfermented
starting material. Lactic acid bacteria (LAB) are the organisms found most
commonly in fermented foods (2), in particular members of the genera

 

Lactobacillus

 

 and

 

 Lactococcus

 

. In fact, in Europe the annual consumption of
pure LAB biomass, from fermented dairy products alone is estimated to be
3400 t (3). Furthermore, LAB are common inhabitants of the gastrointestinal
(GI) tract of many animal species, including humans, where they are thought
to fulfill a beneficial role. It is because of this long history of safe and
widespread use and their general presence in the GI tract that LAB are
considered safe for human consumption.

Starter cultures often have a long history of safe use. However, probiotics
often do not. Some strains of 

 

Lactobacillus acidophilus

 

 and 

 

Lactobacillus casei

 

Shirota have a relatively long history of use (4), but most probiotics have
been on the market for only one or two decades. Another difference between
starters and probiotics is their origin. Starters are isolated from milk, fer-
mented dairy, and vegetable or meat products, whereas probiotics usually
are of intestinal origin. Starter strains will often not survive passage through
the GI tract; probiotics, on the other hand, are selected to survive this passage
and persist in the GI tract. Thus the apparent safety of lactic starters cannot
directly be applied to probiotics.

Although probiotics have a very good safety record, it is nevertheless
important to ascertain the safety of new and existing probiotic strains before
conducting clinical trials and certainly before marketing. After all, the pro-
ducer will remain responsible for the safety of the probiotic product.

The current chapter will outline some of the safety considerations to be
taken into account before use and marketing of probiotic strains.

 

18.2 Infections Where Lactic Acid Bacteria Were Involved

 

18.2.1 Relevance for Probiotics

 

LAB, and in particular lactobacilli and bifidobacteria, are widely used in the
food industry, and this use has, in general, not been associated with disease.
Starters and other cultures used in food fermentation have contributed to
an increased food safety and health of the consumer. Nevertheless, some
rare cases of 

 

Lactobacillus

 

 and even 

 

Bifidobacterium

 

 infections have been
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reported over the years, and the intestine is thought to be the source of most
of these infections (5). Such strains should be stored for future reference of
postmarketing surveillance, which is the ultimate safety assessment for pro-
biotics and starters.

 

18.2.2 Underlying Conditions

 

Certain underlying conditions have been suggested to enhance the risk of
infections with lactobacilli and bifidobacteria. These conditions are mainly
related to reduced immune function, although dental manipulation has also
been associated with increased risk of infection with these organisms. It is,
however, important to put these potential, albeit small, risks in relation to
the potential benefit.

 

18.3 Safety Assessment of Probiotic Microbes

 

18.3.1 Acute Toxicity

 

The toxicity of LAB strains to the GI tract mucosa is considered an important
aspect of safety, as most probiotics are intended for oral consumption; it is
through colonization of the GI tract that probiotics are thought to exert their
health-enhancing effects (6). Although acute toxicity tests were originally
designed for chemicals, they also give an indication of harmful effects asso-
ciated with bacteria (7).

Balb-c, Swiss mice or Lewis rats are commonly used to assess acute toxicity.
Bacteria (10

 

7

 

–10

 

10

 

 CFU/ml) can be added to the drinking water for 8 to 10
d, 50 

 

μ

 

l of bacterial suspension can be orally fed for 28 d, or 1 ml bacterial
suspension can be given by gavage for 7 d. During the experiments possible
changes in activity, behavior, and general health are observed daily. Water
intake, feed intake, and body weight are measured weekly. The animals are
euthanized after the experiments, and the organs are examined for gross
pathological changes (8–12). The contents of the distal part of the ileum,
cecum, and colon can be dissolved and homogenized, after which mucin
degradation can be determined colorimetrically (10). Bacterial translocation
can be measured by plating blood samples taken by cardiac puncture and
by plating homogenized tissue samples of the mesenteric lymph nodes,
spleen, and liver. The plates are incubated at 37˚C for 72 h. The organisms
are identified by randomly amplified polymorphic DNA (RAPD) poly-
merase chain reaction (PCR) (11, 12). For histological examination, part of
the stomach, distal part of the ileum, cecum, and colon are removed, fixed,
and embedded in paraffin wax. Sections (5 to 6 µm) are stained with hema-
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toxylin and eosin or Alcian blue to reveal villus architecture, epithelial cell
height, and mucosal thickness (10–12). Examples of acute toxicity of LAB
are given in Table 18.1.

 

18.3.2 Endocarditis Model

 

L. casei

 

 and 

 

L. rhamnosus

 

 are the organisms most commonly associated with
infective endocarditis (IE), although the incidence of 

 

Lactobacillus

 

 endocardi-
tis is very low (13). Nevertheless, a European Union-sponsored workshop
organized by the Lactic Acid Bacteria Industrial Platform proposed that the
safety of each strain should be assessed (14). Several models of IE have been
developed, such as a rabbit model using specific-pathogen-free male Japa-
nese white rabbits (15). In this model, a polyethylene catheter is passed down
the artery and positioned in the left ventricle. During 7 to 10 d, small vege-
tations of platelets and fibrin can form on the tricuspid valve or the endocar-
dium at points of contact with the catheter. After this period, 1 ml of bacterial
suspension, grown under appropriate conditions, washed three times with
phosphate-buffered saline (PBS), and resuspended to an optical density of
0.9 ± 0.1 at 600 nm (ca. 10

 

9

 

 CFU/ml), is injected into the marginal ear vein.
Blood samples are taken at intervals from the opposite marginal ear vein.
The animals are killed, and small pieces of liver, spleen, and vegetations at
the heart valve are removed, weighed, and homogenized in 1 ml of saline.
The blood samples and organ samples at 0.1 ml are plated, and colony counts
are performed.

 

TABLE 18.1

 

Acute Toxicity of Probiotic Lactic Acid Bacteria in Mice

 

Species Strain LD

 

50

 

 (g/kg body weight)

 

Bifidobacterium lactis 

 

HN019 >50

 

Bifidobacterium longum

 

a

 

25

 

Bifidobacterium longum 

 

BB-536 >50 (0.52 via intraperitoneal route)

 

Enterococcus faecium 

 

AD1050

 

 b

 

>6.60

 

Lactobacillus acidophilus 

 

HN017 >50

 

Lactobacillus casei 

 

Shirota >2.00

 

Lactobacillus delbrueckii subsp. 
bulgaricus

 

a

 

>6.00

 

Lactobacillus fermentum 

 

AD0002

 

b

 

>6.62

 

Lactobacillus helveticus

 

a

 

>6.00

 

Lactobacillus rhamnosus 

 

GG (ATCC 53103) >6.00

 

Lactobacillus rhamnosus 

 

HN001 >50

 

Lactobacillus salivarius 

 

AD0001

 

 b

 

>6.47

 

Streptococcus equinus

 

a,b

 

 >6.39

 

a

 

 

 

Strain not known.

 

b

 

 Nonviable, heat-inactivated, preparations.

 

Source

 

: Modified after Reference 104.
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18.3.3 Effect on the Immune System

 

Several models have been developed to study the effect of LAB on the
immune system. In mice, strain-dependent cytokine profiles are induced
after oral administration of 

 

Lactobacillus

 

 (16). It is likely that local cytokine
profiles may favor either T helper cell type 1 (Th1) immunogenic responses,
which may be the predominant response in autoimmune diseases, or T
helper cell type 2 (Th2) tolerogenic responses, which may contribute to
diseases such as atopic allergy (17–20). The proinflammatory cytokines
secreted by the epithelium, such as TNF-

 

α

 

, IL-1, IL-6, IL-8, and IL-12, are
the hallmarks of the inflammatory responses of the intestine (21). Insight
into the proinflammatory cytokine profile of human intestinal cells after their
exposure to LAB will help in understanding the interaction between human
enterocytes and LAB used as probiotics (21, 22).

In SJL/J mice, lactobacilli are able to enhance or inhibit the development
of disease after induction of experimental autoimmune encephalomyelitis
(EAE) (16). Bacteria are grown under appropriate conditions. Female SJL/J
mice 6 to 12 weeks old, which have a low microbiological burden and low
IgE levels, or BALB/c mice, which are Th2 biased, are used. The mice receive
a 10

 

10

 

-CFU/ml bacterial suspension intragastrically on 5 alternating days to
create a continuous high level of lactobacilli. On day 0, the mice are subcu-
taneously immunized with 50 to 300 

 

μ

 

g proteolipid protein (PLP 139-151)
in Freund’s complete adjuvant to induce acute EAE. On days 0 to 1 and days
2 to 3 the mice are intravenously injected with 10

 

10

 

 CFU/ml of 

 

Bordetella
pertussis

 

 to affect the integrity of the blood-brain barrier. The severity of the
EAE can be scored using the disability scale: 0 = no clinical signs, 1 = tail
weakness, 2 = mild paralysis and ataxia of the hind legs, 3 = severe paralysis
or ataxia of the hind legs, 4 = moribund, and 5 = death due to EAE. EAE
develops at days 12 to 16 after immunization with a highest score of 3. Blood
samples are taken by tail vein puncture on different days. Enzyme-linked
immunosorbent assay (ELISA) is used to detect anti-PLP antibodies. Immu-
nohistochemical analysis is performed on cryosections (8 µm) from snap-
frozen material. For the detection of IL-1

 

α

 

, IL-1

 

β

 

, IL-2, IL-4, IL-10, IFN-

 

γ

 

, and
TNF-

 

α

 

, monoclonal antibodies with an anti-mouse/rat Ig-biotin (Dako) and
an HRP-labeled avidin-biotin complex (Dako) are used (16, 23–27).

 

18.3.4 Metabolism

 

Lactobacilli are capable of transforming conjugated primary bile salts into free
deconjugated and secondary dehydroxylated bile salts in the small bowel (28).
The free bile salts may induce diarrhea and intestinal lesions (29), whereas
secondary bile salts may exhibit carcinogenicity (30). Excessive deconjugation
or dehydroxylation of bile salts by probiotics, through production of the
enzyme bile salt hydrolase, could therefore be a potential risk (28).

To study transformation of bile salts, pure cultures of bacteria grown under
appropriate conditions are incubated in fresh broth with conjugated primary
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bile salts (taurocholic acid, glycocholic acid, taurochenodeoxycholic acid,
glycochenodeoxycholic acid). Relative amounts of deconjugation activity can
be determined by appropriate dilutions of the broth cultures (31), or the
amounts of bile salts deconjugated can be determined using high-perfor-
mance liquid chromatography (HPLC). Samples can be taken before intro-
duction of bile salt into the bacterial suspension, then every 60 min for 6 h
and after 24 h. Methanol-acetate buffer is used as the mobile phase and is
passed through a 0.45-µm nylon filter to remove undissolved material. For
quantification of conjugated bile salts, 200 

 

μ

 

l of sample is mixed with 50 

 

μ

 

l
of internal standard (dexamethasone); 20 

 

μ

 

l of the mixture is then passed
through a 0.45-µm nylon filter and injected into the HPLC. For quantification
of free bile salts, 500 

 

μ

 

l is taken for cholic acid derivatization. Of the final
free bile salt derivative, 200 

 

μ

 

l is filtered through a 0.45-µm polysulfone filter
and mixed with 50 

 

μ

 

l internal standard (testosterone). Of this mixture, 20 

 

μ

 

l
is then injected into the HPLC. For quantification of deconjugated bile salts,
2 ml of sample is resuspended in 8 ml 0.9% NaCl in 0.1 

 

M

 

 NaOH and 6 ml
of mobile phase. The bile salts are recovered by passage through a Sep-Pac
cartridge. Dexamethasone is added to the mobile phase as an internal stan-
dard. The amount of each bile salt deconjugated is based on the disappear-
ance of each conjugated bile salt (28, 31–33).

 

18.3.5 Hemolysis

 

Hemolysis is a common virulence factor among pathogens that serves
mainly to make iron available to the microbe and causes anemia and edema
in the host.

Hemolysis can be determined as described by Baumgartner and coworkers
(34). Strains to be tested are grown on suitable solid media containing 5%
human blood and incubated under appropriate conditions. 

 

Staphylococcus
aureus

 

 and 

 

Bacillus cereus

 

 should be included as positive controls for 

 

α

 

- and

 

β

 

-hemolysis, respectively.

 

18.3.6 Resistance to Human Serum-Mediated Killing

 

The complement system in blood can opsonize bacteria and facilitate their
phagocytosis by leukocytes. The activated complement system can also form
a complex that kills bacteria (35). Evasion of this will therefore enhance the
survival of the bacteria after translocation.

Serum resistance can be assessed as described by Burns and Hull (36).
Blood is collected from at least 10 healthy adult donors and allowed to clot,
and the serum is pooled in equal amounts. Part of the serum has to be heated
to 56˚C for 20 min to inactivate the complement system. Aliquots are frozen
at –70˚C until use. Bacteria are grown under appropriate conditions, washed
twice with PBS (pH 7.2, 10 m

 

M

 

 phosphate), and the absorbance (600 nm) is
adjusted to 0.5 ± 0.01 in order to standardize the number of bacteria (10

 

7

 

 to
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10

 

8

 

 CFU/ml). The bacteria were mixed with serum, heat-inactivated serum
or PBS, to a final serum concentration of 80% and incubated aerobically 90
min at 37˚C. The reaction is stopped by incubating the sample 10 min on ice
and making serial dilutions in PBS. Dilutions are plated on appropriate
media and incubated. Alternatively, viability can be assessed using flow
cytometry and LIVE/DEAD BacLight viability kit (Molecular Probes,
Eugene, OR) (37).

 

18.3.7 Induction of Respiratory Burst

 

Upon phagocytosis, peripheral blood mononucleocytes (PMNs) produce a
burst of reactive oxygen species; this will kill and digest the phagocytosed
particles (38). The ability to avoid the induction of such a respiratory burst
may enhance the survival of a translocated microbe and hence the risk for
infection.

Bacteria are grown under appropriate conditions, washed twice with
HEPES-buffered Hank’s balanced salt solution (HH; 10 m

 

M

 

 HEPES; pH 7.4),
and the absorbance (600 nm) is adjusted to 0.5 ± 0.01. PMNs were collected
by lysing erythrocytes in freshly collected human blood with 0.8% NH

 

4

 

Cl.
PMNs are washed and resuspended in Hank’s balanced salt solution. The
concentration of PMNs is determined by flow cytometry or Bürker counting
chamber. The measurement of the respiratory burst is then performed as
described by Lilius and Marnila (38). To gelatin-coated microtiter plate wells
(Cliniplate; Labsystems, Helsinki, Finland), 25 ml Hank’s balanced salt solu-
tion containing 0.1% gelatin, 20 ml 5-amino-2,3-dihydro-1,4-phthalazine-
dione (luminol; 10 m

 

M

 

), 40 ml bacterial suspension were added and incu-
bated 30 min at 37˚C. Subsequently, 40 ml PMN suspension is added. For
background measurements, PMNs are incubated without bacteria. The plates
are incubated at 37˚C, and luminescence is measured for at least 2 h with 3-
min intervals, e.g., with a Victor2 multilable reader (PerkinElmer, Turku,
Finland). Results are presented as the maximum signal (mV/100,000 PMNs)
after subtraction of the background and as the average of at least three
independent observations with PMNs from different donors.

 

18.3.8 Platelet Aggregation

 

The spontaneous aggregation of platelets leads to the formation of thrombi
and edema and has been implicated in infective endocarditis (39).

Platelet-rich plasma (PRP) is obtained by centrifuging fresh citrated blood
10 min at 100 

 

×

 

 

 

g

 

. Platelet-poor plasma (PPP) is obtained by further centri-
fuging 10 min at 2350 

 

×

 

 

 

g

 

. The PRP is adjusted with PPP to an absorbance
(660 nm) of 0.5 ± 0.01 to give a platelet concentration of approximately 2.27

 

×

 

 108/ml. Platelet aggregation is carried out in an aggregometer, where light
transmission through PPP represents 100% aggregation and that through
PRP 0% aggregation. The ability to induce platelet aggregation by the test
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strains was determined by adding 25 µ1 bacteria (2 

 

×

 

 10

 

9

 

 CFU/µl) to 250 µ
PRP or PPP, preincubated at 37ºC for 5 min. A lag phase of more than 25
min can be assumed to be a negative aggregation (40).

 

18.3.9 Adhesion to Extracellular Matrix Proteins and Intestinal Mucus

 

Collagens are the major proteins of the extracellular matrix and may be
exposed in injured tissue. Pathogens often have affinity for these proteins as
this affinity will give them access to host tissues (41). Fibrinogen is present
in high concentrations in plasma and forms the structure of the blood clot.
It also coats the outer surface of implanted biomaterials (42). Its presence in
wounds and on foreign bodies makes fibrinogen an important substratum
for microbial adhesion.

Adhesion to mucus and human intestinal epithelium has been proposed
as one of the main criteria for selecting potentially promising probiotics for
use in humans (43). It is, however, also the first step in pathogenesis (44)
and deserves close attention.

Human collagen type IV and fibrinogen can be purchased from, e.g., Sigma
(St. Louis, MO); intestinal mucus can be isolated from feces of healthy adult
volunteers by aqueous extraction and dual ethanol precipitation (45). The
substrata are passively immobilized (0.5 mg/ml) on microtiter plate wells
by overnight incubation at 4˚°C. Excess material is washed away twice with
HH. Bacteria are grown under appropriate conditions, to the culture media
10 µl/ml of tritiated thymidine (methyl-1,2-[

 

3

 

H]thymidine, 120 Ci/mmol) is
added to metabolically radiolabel the bacteria. After growth, the bacteria are
washed twice with PBS, and the absorbance (600 nm) is adjusted to 0.25 ±
0.01. The bacteria are added to the wells and incubated for 1 h at 37ºC.
Nonbound bacteria are removed by washing twice with HH. Bound bacteria
are released and lysed with 1% sodium dodecyl sulfate (SDS) in 0.1 

 

M

 

 NaOH
for 1 h at 60ºC. Radioactivity is determined by liquid scintillation and the
adhesion expressed as the percentage of radioactivity recovered after adhe-
sion, relative to the radioactivity in the bacterial suspensions added to the
immobilized collagen, fibrinogen, or mucus (45).

 

18.3.10 Adhesion to Tissue Culture Cells

 

18.3.10.1 Culturing of Intestinal Cells

 

It is cumbersome to use an 

 

in vivo

 

 assay to screen a large number of potential
probiotic candidate strains for their adhesion (46). Therefore, 

 

in vitro

 

 models
involving human intestinal epithelial cell lines (derived from colonic adeno-
carcinomas) have been used extensively to assess the adhesive properties of
probiotics: HT-29 (ATCC 38-HTB) and Caco-2 (ATCC 2102-CRL) cells (47).
In culture, these cell lines spontaneously develop the characteristics of
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mature enterocytes, including polarization, a functional brush border and
apical intestinal hydrolases (48, 49). The HT-29 cells can differentiate into
columnar absorptive and mucus-secreting cells by growth adaptation to
methotrexate: HT-29MTX cells. The cells are cultured in Dulbecco’s modified
Eagle’s minimal essential medium (DMEM) supplemented with 10 to 20%
heat-inactivated (56°C for 30 min) fetal calf or bovine serum (Life Technol-
ogies GIBCO, BRL, Rockville, MD) in 10% CO

 

2

 

/90% O

 

2

 

 air at 37°C (22, 46,
50–62). The use of 100 

 

μ

 

g/ml streptomycin and 100 U/ml penicillin is rec-
ommended. The medium can also be supplemented with 1% nonessential
amino acids. For the HT-29MTX cell line, DMEM with glutamax is recom-
mended. For maintenance purposes, the cells are passaged weekly using
trypsin/EDTA and seeded in 6-well plates. The medium is changed every
2 to 3 d and replaced by DMEM without any supplements at least 1 h prior
to use for adhesion experiments. The cells are used at 2 weeks post conflu-
ence for the adhesion assays to allow full morphological and functional
differentiation (22, 46, 50–62).

 

18.3.10.2 Adhesion to Intestinal Cells

 

Bacteria are grown under appropriate conditions. Prior to the adhesion assay
all bacterial strains are washed twice with PBS and resuspended in DMEM
to a final concentration of 10

 

8

 

 CFU/ml. Before the adhesion experiment the
cells are washed three times with PBS. Different methods can be used to test
the adhesion of bacteria to intestinal cells. 

For light microscopy, two-chamber slides or 6-well tissue culture plates
containing glass coverslips are used on which the cells are seeded. Bacterial
suspensions of 0.5 to 3 ml are added to each of the wells and incubated for
1 to 3 h at 37°C in 10% CO

 

2

 

/90% air. The cells are then washed three to five
times with PBS to remove unbound bacteria, fixed with acetone, and stained
with Giemsa or fixed with methanol and stained with Gram. The number
of adherent bacteria are counted in 20 random microscopic areas using oil
immersion. The assay is performed in duplicate or triplicate over several
successive passages. Adhesion can be expressed as the number of bacteria
adhering to 100 cells (46, 50–56, 63].

For scanning electron microscopy, the adhesion experiment is performed
as for light microscopy, but the cells are fixed with 2.5% glutaraldehyde in
0.1 

 

M

 

 phosphate buffer for 1 h at room temperature. After two washes with
phosphate buffer, cells are postfixed for 30 min at room temperature with
2% osmium tetraoxide in phosphate buffer and washed three times with the
same buffer. The cells are dehydrated in graded series of ethanol and amyl
acetate. Finally, the cells are dried in a critical point dryer and coated with
gold (46, 50, 51, 57, 63).

For radiolabeling, the bacteria can be labeled by addition of 

 

14

 

C-uracil and

 

14

 

C-adenine or 

 

14

 

C-acetic acid or methyl-1,2-[

 

3

 

H] thymidine (Amersham
International, UK). To remove excess radioactivity, the bacteria are washed
with PBS + 0.1% sodium azide. The cells are prepared on glass coverslips in
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6-well tissue culture plates. To each well, 50 

 

μ

 

l to 2 ml of radiolabeled bacteria
are added and incubated for 1.5 h at 37°C in 10% CO

 

2

 

/90% air. The mono-
layers are washed three times with PBS to remove unattached bacteria. The
cell-associated bacteria and intestinal cells are dissolved in 0.1% SDS/0.1 to
0.9 

 

M

 

 NaOH. Each assay has to be conducted in triplicate over several
successive passages. Radioactivity is determined by liquid scintillation and
the adhesion expressed as the percentage of radioactivity recovered after
adhesion, relative to the radioactivity in the bacterial suspensions added to
the cells (46, 57–61, 63).

The number of attached bacteria can also be enumerated by plate counting.
After 1-h incubation, the monolayers are washed three times with PBS to
remove nonadherent bacteria, and the monolayers are lysed with sterilized
distilled water. Serial dilutions are then plated to count the number of viable
bacteria. The assay is performed in triplicate over several successive pas-
sages. The adhesion ratio can be calculated by dividing the number of adher-
ent bacteria by the number of added bacteria (22, 54, 62, 64).

For the interpretation of the results, the adhesion index is strongly depen-
dent on the 

 

in vitro

 

 conditions used. The percentage of adhesion does not
constitute an absolute value and has to be seen in relation to the nonadhesive
control strain (65).

 

18.3.11 Phosphatidylinositol-Specific Phospholipase C (PI-PLC) Activity

 

PI-PLC activity will damage the host cell membrane and is thought to be
important for translocation by some microbes (66).

Strains to be tested are spot inoculated on appropriate solid media and
incubated until colonies are visible. Thereafter, PI-PLC activity can be deter-
mined by applying an overlay with 20 mg/l 

 

L

 

-a-phosphatidylinositol in 1.4%
(w/v) agarose. PI-PLC activity is visible as a turbid halo of insoluble dia-
cylglycerol around the colony. 

 

B. cereus

 

 is included as a positive control (67).

 

18.3.12 Mucinolytic Activity

 

An ability to degrade mucus or its glycoproteins is considered one of the
valuable indicators of potential pathogenicity and local toxicity of lumen
bacteria (7, 68). Both 

 

in vitro

 

 and 

 

in vivo

 

 assays can be used to evaluate toxicity. 
Bacteria are grown under appropriate conditions. For the 

 

in vitro

 

 assay,
mucin degradation can be evaluated in liquid medium or in a petri dish. For
the first method, 200 

 

μ

 

l of bacterial suspension (10

 

7

 

 CFU/ml) is incubated
at 37°C for 2 to 5 d with 10 to 25 ml of PBS, basal medium (10) with or
without 1 to 3% glucose, basal medium containing 0.3% hog gastric mucin
(HGM) with or without 1 to 3% glucose, or basal medium containing 0.3%
human intestinal glycoproteins (HIG). After incubation the supernatants are
collected and heat treated to inactivate mucinolytic enzymes. The mucin
pellets are precipitated by the addition of chilled ethanol. The supernatants
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are aspirated and stored while the pellets are washed and resuspended in
0.5 ml 10 m

 

M

 

 Tris-HCl buffer. The decrease of total carbohydrates and
protein content in the mucin residues is measured by SDS-PAGE (polyacryl-
amide gel electrophoresis) as this is defined as mucin degradation. The assay
is performed in triplicate. Autoclaved samples are used as negative controls,
and the degradation ratio can be calculated as [1-concentration in test sam-
ples/concentration in control sample] 

 

×

 

 100% (6, 10). 
For the second method, 10 

 

μl of bacterial suspension is inoculated onto
0.5% HGM and 1.5% agarose incorporated into basal medium. The plates
are incubated at 37°C for 72 h and subsequently stained with 0.1% Amido
Black in 3.5 M acetic acid for 30 min. They are then washed with 1.2 M acetic
acid until a discolored halo around the colony appears. The mucin degra-
dation activity can be defined as the size of the mucin lysis zone.

18.4 Antibiotic Resistance

Resistance to antibiotics can be intrinsic or acquired via specific genetic
elements. In the former, the target of the antibiotic does not exist or is very
different, and hence the antibiotic is ineffective. In the latter form, a geneti-
cally encoded mechanism exists that interferes with the antibiotic’s action,
such as, e.g., β-lactamases, active efflux of the antibiotic, or modification of
the target. This type of antibiotic resistance becomes particularly important
when it is transferable.

Antibiotic resistance can be assessed using standard disk diffusion tests
on appropriate solid media or antibiotic dilution in broth culture. Intrinsic
resistance is usually species dependent (69) and will be present in the major-
ity of strains from a given species. Acquired resistance, on the other hand,
will usually be strain dependent. Because transferable antibiotic resistance
is a serious safety concern, it needs to be distinguished from intrinsic resis-
tance, as outlined by the Scientific Commission on Animal Nutrition (70),

18.5 The Importance of Taxonomy

The accuracy and reliability of the species identification of probiotic strains
and the label correctness of the probiotic products have long been ignored
as true safety aspects. Triggered by the exponential growth of the functional
food market in general, it is only since the mid-1990s that commercial pro-
biotic strains have been included in taxonomic studies to obtain an identifi-
cation up to the species level. Regardless of the country in which studies
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were performed, it is a common observation that bacterial strains with
claimed probiotic properties are often misidentified, and current reports
indicate that this situation has not significantly improved in recent years.

Only a few taxonomic studies have attempted to directly contact the prod-
uct manufacturer or strain distributor to obtain pure cultures of strains
marketed as probiotic organisms. In fact, the majority of studies that have
assessed the identity of probiotic strains were performed on isolates recov-
ered from commercial probiotic products. Recovery and purification of pro-
biotic organisms can be complicated by several factors including the
product's shelf life or expiry date, the use of suboptimal cultivation condi-
tions (incubation temperature and atmosphere, culture medium, etc.), and
nonrepresentational colony selection (71). As discussed below, these poten-
tial shortcomings can be overcome by using a culture-independent identifi-
cation as an alternative to or in combination with conventional cultivation
methods. Most taxonomic studies have so far concentrated on the investi-
gation of yogurts and other fermented milk products, dried food supple-
ments, and fruit drinks containing LAB (bifidobacteria, enterococci,
lactobacilli, lactococci, pediococci, and streptococci), although the composi-
tion of probiotic products containing Bacillus or Saccharomyces has also been
studied.

The speciation of a pure culture can be considered as a very straightfor-
ward process. A wide range of different techniques has been used to obtain

edge that phenotypic methods display limited taxonomic resolution for the
speciation of probiotic lactobacilli and bifidobacteria, and consequently, it is
not surprising that many cases of probiotic product mislabeling can be attrib-
uted to the use of only phenotypic methods for taxonomic characterization.
Still, carbohydrate fermentation patterning and miniaturized biochemical
identification systems remain very popular methods because they require
little expertise and because a wide range of phenotypic test systems are
commercially available such as API and BIOLOG. Molecular phenotypic
(chemotaxonomic) methods such as SDS-PAGE of whole-cell proteins have

TABLE 18.2

Suggested Experiments to Distinguish between Intrinsic and Acquired 
Antibiotic Resistance, As Suggested by the Scientific Commission on 
Animal Nutrition (70)

Test Intrinsic Acquired

Resistance present in most strains of a given species + -
In vitro transfer of resistance - +
Known resistance genes - -/+
Isolation and sequencing of the resistance gene + +
Localization of chromosome -/+ -/+
House keeping genes flanking the resistance gene + -/+
Insertion sequences flanking the resistance gene - +
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TABLE 18.3

Overview of Studies Reporting on Species Identification of Probiotic Strains or Label Correctness of Probiotic Products

Probiotic Strains or Products Tested Identification Technique(S) Used
Reported Discrepancies with Original 
Strain or Product Label Information a Ref.

Commercial probiotic strains 16S rDNA sequencing, fatty acid 
analysis, carbohydrate fermentation

14/29 strains displayed nonmatching 
species designations

76

Probiotic (fermented milk) products 16S rDNA sequencing, fatty acid 
analysis, carbohydrate fermentation

6 products contained other species than 
those stated

76

Food supplements and fermented 
products

API 13/29 food supplements lacked one or more 
stated species; 2/5 fermented products 
contained one additional species 

93

Dried Bacillus spore probiotics 16S rDNA sequencing, API 50 CH 4/5 products were mislabeled 81
Mild and probiotic yogurts DNA-DNA hybridization, 

carbohydrate fermentation
9/15 yogurts contained other species than 
those stated

77

Bifidobacterium dairy products DNA-DNA hybridization, 
carbohydrate fermentation

3/6 products contained other species than 
those stated

78

Novel-type yogurts DNA-DNA hybridization 4/16 yogurts contained other species than 
those stated

79

Dairy products and food supplements Whole-cell protein profiling 14/30 food supplements were mislabeled; 
10/25 dairy products were mislabeled

71

Dairy products and food supplements 16S rDNA-DGGE 2/4 dairy products were mislabeled; 3/5 
food supplements were mislabeled

84

Yogurts and lyophilized products 16S rDNA-DGGE, species-specific 
PCR

1/5 yogurts contained other species than 
those stated; 6/7 lyophilized products 
lacked one or more species stated

85

a Discrepancies were only mentioned for those products that contained sufficient information on their bacterial species composition.
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proven to be much more powerful to distinguish among probiotic Lactoba-
cillus and Bifidobacterium species (71, 72), although a limited resolution has
been reported, e.g., for the differentiation of species in the L. acidophilus group
(73, 74), the L. plantarum group (75), and among bifidobacteria. Other chemo-
taxonomic techniques such as gas–liquid chromatographic analysis of fatty
acid methyl esters (GLC-FAME) have not been found useful for speciation
of probiotic LAB due to the limited number of entries in the identification
library and the inconsistent extraction of FAME (76). A few studies have
performed (microscale) DNA-DNA hybridizations to assess the taxonomic
identity of probiotics (77–79). Although this approach is still considered the
“gold standard” to define and identify bacterial species, it is generally not
recommended for routine identification of probiotic strains because data
from this technique are not cumulative and thus do not allow construction
of identification libraries (80). Sequencing analysis of the 16S rDNA gene is
now widely used as the first choice technique for the phylogenetic position-
ing of unknown bacterial strains, and as such it has also been used for the
identification of commercial probiotic strains or isolates recovered from pro-
biotic products (76, 81). Yeung et al. and co-workers (76) concluded that most
probiotic Lactobacillus species can be reliably identified using the first 500 bp
of the 16S rDNA gene except for L. gallinarum and L. amylovorus that display
high homology in this region of the gene. On the other hand, the authors
indicated that partial 16S rDNA sequencing is not adequate for speciation
of probiotic bifidobacteria. At present, genomic fingerprinting techniques
such as amplified fragment length polymorphism analysis (74, 75) and rep-
PCR of repetitive genomic elements such as (GTG)5 (82) and BOX (83) may
be the most promising tools currently available to speciate probiotics. Pro-
vided that a taxonomic framework of well-documented reference strains is
available, these fingerprinting techniques have the potential to provide the
species identity and to reveal subspecific relationships of probiotic strains.
Finally, there is a current trend to determine the taxonomic identity of com-
mercial probiotic strains directly in the product matrix using culture-inde-
pendent denaturing gradient gel electrophoresis (DGGE) analysis of 16S
rDNA gene regions (84, 85). This approach circumvents the frequently
encountered problem of poor strain recovery under laboratory conditions
and avoids time-consuming analysis of multiple isolates obtained from a
given product.

The importance of taxonomy in relation to the safety of probiotics has been
particularly well documented for some groups of the LAB. The identity of
probiotic enterococci, in most cases E. faecium or E. faecalis, can be relatively
easily verified by phenotypic or genotypic analyses (86, 87). In contrast,
straightforward identification of probiotic lactobacilli and bifidobacteria is
more complicated due to their complex taxonomic structure. Among the
lactobacilli, the majority of probiotic species either belong to the Lactobacillus
acidophilus group, the L. casei group, or the L. reuteri group (73). In the first
group, the taxonomic recognition of probiotic strains belonging to L. acido-
philus sensu stricto is sometimes hampered by its phenotypic resemblance to
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other species of this group, i.e., L. amylovorus, L. gallinarum, L. johnsonii, L.
gasseri, and L. crispatus, of which the latter three taxa are also used as pro-
biotics. Therefore, the use of DNA-based techniques is recommended to
discriminate between representatives of the L. acidophilus group (74). Like-
wise, there are several reported cases of confusion in the L. casei group as a
result of the unclear taxonomic status of the species L. casei and L. paracasei,
and their affiliation to the other members of L. rhamnosus and L. zeae. Depend-
ing on the taxonomic proposals to reject (88) or to retain (89) the name L.
paracasei, it is very possible that the same probiotic strain is cited as L. casei
or as L. paracasei. Furthermore, probiotic strains belonging to L. rhamnosus
are often referred to as L. casei although the nomenclatural proposal to change
L. casei subsp. rhamnosus to L. rhamnosus already dates from 1989 (90). Strains
of the species L. reuteri are also often used as probiotics and are phylogenet-
ically situated in the L. reuteri group. Because of their close phenotypic
relationship to L. fermentum, the identity of probiotic representatives of the
latter two species is sometimes confounded, but molecular techniques offer
a clear differentiation between the two taxa.

In bifidobacteria, the majority of probiotic strains belong to B. animalis or
B. lactis, and B. longum, and to a lesser extent to B. infantis, B. breve, and B.
bifidum. Whereas the separation of the latter three taxa is usually possible
using phenotypic characteristics, unambiguous differentiation between pro-

or genotypic techniques. However, the most important problem in this genus
relates to the labeling of many probiotic B. animalis strains as B. lactis,
although DNA-DNA hybridization and genotypic data seem to indicate that
the latter species should be rejected on the basis of junior synonymy with
B. animalis (91, 92).

In order to allow comparison of a product's species content claimed on its
label with the identification result obtained by the researcher, it is important
to emphasize that the label of the product under investigation should contain
sufficiently detailed information on its taxonomic composition. As summa-

scenarios: (i) the product contains the correct number of species claimed on
the label but the identity of the detected species does not match those
claimed, (ii) the product contains fewer species than indicated on the label
and the identity of the detected species does not necessarily match the
claimed species designations, and (iii) the product contains more species
than indicated on the label and the identity of the detected species does not
necessarily match the claimed species designations. Many of these discrep-
ancies can be linked to the confusing taxonomic position of some probiotic
taxa or to the use of instantly recognizable species designations on product
labels with no taxonomic standing, or simply result from the fact that clas-
sification methods with limited species resolution were used. In addition, it
has been speculated that contamination during the production process may
also account for some of the reported discrepancies, such as the unlabeled
presence of E. faecium in probiotic food supplements (71, 93).
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18.6 Postmarketing Surveillance

The manufacturer of a probiotic product has the final responsibility for its
safety. Once a probiotic product has been introduced into the market, sur-
veillance for any cases of disease related to the probiotics is important to be
able to continue to ascertain the safety of the product. Any Lactobacillus,
Bifidobacterium or other LAB isolate associated with disease should be
reported, stored, and eventually compared to probiotic strains of the same
species (94). This also illustrates that accurate taxonomic identification of
both probiotic and clinical isolates is essential; unfortunately, this is not
always the case. Genotyping should reveal clonal relatedness of the clinical
isolate and probiotic of LAB.

For future reference and research, it is important that the clinical LAB
isolates are minimally subcultured to avoid adaptation to laboratory culture
conditions and are stored properly. This makes it possible to investigate the
characteristics of these isolates and obtain information on potential risk
factors (94).

18.7 Next-Generation Probiotics

New probiotic microorganisms and new applications are likely to be intro-
duced into the market. These should require different safety assessment
procedures from the “traditional” probiotic applications.

Most probiotics currently on the market belong to the genera Lactobacillus
and Bifidobacterium, although species from other genera are also used as

as, e.g., Oxalobacter formigenes to reduce the risk for kidney stones (95), will
require new standards for safety assessment.

Although genetically modified organisms (GMOs) are not particularly
appreciated by the European consumer, this may be different in the case of
clear medical applications. GMO probiotics expressing antigens from patho-
gens would be safe vaccines and would be preferable over attenuated patho-
gens (96). Probiotics producing anti-inflammatory cytokines (interleukin-10)
in situ in the intestine may provide novel strategies for the treatment of
inflammatory bowel disease (97). Legislation for the assessment of the safety
of GMOs is very strict and falls outside the scope of this review.

Probiotics are commonly defined as live microorganisms. However, there
is some indication that under certain circumstances nonviable probiotics may
also have beneficial health effects (98). Nonviable probiotics would have
clear practical and economical benefits: longer shelf life, no need for cooled
transportation and storage, etc. There may also be a safety advantage.
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Although the risk for infection due to the probiotics lactobacilli and bifido-
bacteria is extremely small, nonviable probiotics would not pose this risk at
all. However, a recent study on nonviable probiotics in infants was associated
with adverse gastrointestinal symptoms and diarrhea (99), although this is
more likely related to the higher level of Bacteroides and Clostridium in the
group receiving the nonviable probiotics than to the preparation as such. 

Most current applications of probiotics are aimed at oral use. Although
the probiotics principle can be expected to work in any part of the body
where there is a normal microbiota, nonintestinal applications are limited to
urogenital tract infections (100). Recent publications indicate that intranasal
application of probiotics (α-hemolytic streptococci) may be a feasible option
to prevent recurrent otitis media (101). It is obvious that such applications,
which are very different from traditional probiotic use, require different
safety assessment procedures.

18.8 Legislation Evaluation of Lactic Acid Bacteria

LAB are difficult to classify and regulate. Food supplements containing LAB
could be classified as foods or food additives. They could also be classified
as drugs, particularly if one makes health claims or medicinal claims con-
cerning their use. 

Regular foods or food supplements containing LAB could fall under Euro-
pean novel food regulation, in case the bacterium in question has not been
used before in the food in question. Novel foods by legal definition are foods
and food ingredients that have not been used for human consumption to a
significant degree within the Community before 15 May 1997. Regulation
EC 258/97 (102) of 27 January 1997 of the European Parliament and the

TABLE 18.4

Microbial Genera Commonly Used as Probiotics

Genus (species) Remark

Bifidobacterium B. dentium has been found to be associated with dental 
caries.

Bacillus Some strains with a history of safe use are known.
Carnobacterium Some strains are pathogenic for fish.
Enterococcus Some strains with a history of safe use are known.
Escherichia coli Some strains with a history of safe use are known.
Lactobacillus
Lactococcus Some strains are pathogenic for fish.
Propionibacterium Only species of the classical or dairy propionibacteria, 

cutaneous propionibacteria have been associated with 
disease. 

Saccharomyces cerevisiae S. boulardii is likely to be a variant of S. cerevisiae.
Streptococcus Only S. thermophilus has a history of safe use.
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Council lays out detailed rules for the authorization of novel foods and novel
food ingredients. 

Companies that want to place a novel food on the EU market need to
submit their application in accordance with Commission Recommendation
97/618/EC (103) that concerns the scientific information and the safety
assessment report required. Novel foods or novel food ingredients may
follow a simplified procedure, only requiring notifications from the com-
pany, when they are considered by a national food assessment body as
“substantially equivalent” to existing foods or food ingredients. 

18.9 Conclusions

Probiotics and especially LAB starters have a long history of safe use. It is,
nevertheless, important that existing and particularly new strains for food
or feed use are assessed for their absence of potential risk factors. However,
absolute safety cannot be guaranteed, and their safety should be viewed in
relation to their benefits, which for probiotics and starters is very favorable.
Methods to assess the safety of probiotics and starters have been discussed
in this chapter and are summarized in Table 18.5. They will provide a sci-
entific rationale for the safe use of probiotic LAB in humans.

TABLE 18.5

Suggested Steps for the Assessment of the Safety of Probiotics and Starter Cultures 

1. Strains with a long history of safe use by humans can be used safely as probiotics.
2. Strains that belong to species for which no pathogenic strains are known but which do 

not have a history of safe use are likely to be safe as probiotics but are nevertheless 
novel foods.

3. Strains that belong to species for which pathogenic strains are known should be treated 
as novel foods.

4. Strains that are genetically modified are novel foods and should be treated as such.
5. Characterization of the intrinsic properties of new strains. Strains carrying transferable 

antibiotic resistance genes should not be marketed.
6. Strains that are not properly taxonomically described (DNA-DNA hybridization, rRNA 

sequence determination) should not be marketed.
7. Strains for which the origin is not known should not be marketed.
8. Assessment of the acute and subacute toxicity of ingestion of extremely large amounts 

of the probiotics should be carried out.
9. Estimation of the infective properties in vitro, using human cell lines and intestinal 

mucus, and in vivo using sublethally irradiated or immune-compromised animals 
should be carried out.

10
.

Assessment of the effects of the strains on the composition and activity of the human 
intestinal microbiota should be made.

11
.

Epidemiology and postmarketing surveillance should be carried out.

Source: Modified after References 105 and 106.
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19.1 Introduction

 

Food and dietary habits are influenced by the culture and history. Japanese
society has been influenced by Chinese culture for thousands of years. For
instance, Japanese are accustomed to the  Chinese concept of  “Food and
Medicine are isogenic (I-syoku-dou-gen),” and have used naturally accepted
foods with certain health benefits throughout history. The concept of “Func-
tional Foods” started in Japan where the world’s first health-claim approval
system, Foods for Specific Health Uses (FOSHU), and the market for func-
tional foods were developed in the last decade. “Probiotics” are defined as
live microorganisms which when administered in adequate amounts confer
a health benefit on the host (1, 2). The term probiotics has recently recently
become a common word, even in the general public in Japan after fermented
milk products named “probiotics” were introduced by the industry. The food
industry actively informed consumers on the physiological functions and
health benefits associated with “probiotics.” Hence, Japanese are likely to
perceive probiotics as a high-grade yogurt or lactic acid bacteria (LAB) drink
with specific health benefits such as immune reinforcement, anti-

 

Helicobacter
pylori

 

 effect, prevention of allergy, cancer, and food poisoning. Japanese
traditionally consume fermented foods with viable microorganisms such as
“natto” (steamed soybean fermented with bacilli), “miso” (soy paste fer-
mented with yeast and fungi), and sour vegetables fermented by lactobacilli.
Although these products are legally considered regular foods and are subject
to special regulations, they contribute to the “good and healthy” perception
of fermented foods and probiotics. 

In terms of dairy probiotics, “Fermented Milks” and “Lactic Acid Bacteria
(LAB) Drinks” but not “Yogurt” are the official terms used in the Japanese
regulations. The total production of fermented milks and LAB drinks in
Japan reached 916,000 and 550,000 KL per family in 2003, respectively. A
typical Japanese family spends approximately $100 per year on average for
both product categories. In terms of monetary value, Japan has the largest
fermented milk market in the world. The Japanese industry initially intro-
duced LAB drinks and developed the market for this food category. Fer-
mented milks, the equivalent of European yogurt, were introduced later.
Following the introduction of fermented milks and LAB drinks the regula-
tion of probiotics in Japan was passed to ensure standards and protect
consumers against false claims. In this chapter, we describe the current status
of probiotics regulations in Japan with focus on the LAB in fermented milks
and LAB drinks and related health claims including the FOSHU system,
while covering the history as well as future expectations of the probiotic
market. 
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19.2 History and Regulatory Framework of Probiotics in Japan

 

19.2.1 History of Fermented Milk in Japan

 

Fermented milk has been consumed by humans for at least 4000 years and
throughout civilizations such as the Egyptians, Mesopotamians, Aryans in
central Asia, Greeks, and Romans. In Japan, the culture of dairy product
intake started about 1350 years ago. Medical literature from the year 984
indicates that milk products were used to cure total debilitation and consti-
pation and improve skin. Long before Metchnikoff discovered in 1902 that
putrefaction in the intestines causes early aging and death in humans and
that this could be prevented by consumption of sour milk (3), ancient Japa-
nese had already discovered the medicinal benefits  of fermented milk and
used it as medicine as well as  food. The dairy culture disappeared for a
time in Japan under physical or political limitation of contact with Western
culture, and fermented milk was reintroduced as a medicine for improving
gut health and helping with diabetes after the Meiji Restoration in 1868.
Japanese pioneers developed unique LAB drinks, one of which is a concen-
trated type of sterilized fermented milk drink called “CALPIS,” that was
introduced in 1919. Another is the LAB drink or “YAKULT” which was
introduced in 1935. After a sweetened fermented milk hardened by agar and
named yogurt was industrialized in 1950, a “yogurt” product corresponding
to the European definition was at last introduced in 1971 to Japanese con-
sumers. In the medical field, tablet and powdered forms of viable LAB were
also introduced in 1971 as a drug for curing intestinal illnesses. The regula-
tory system for probiotics in Japan was influenced by the history of the
introduction of these products.

 

19.2.2 Legal Definition and Regulation of Fermented Milk in Japan

 

Food products manufactured, imported, or sold in Japan are legally regu-
lated by specific laws and standards issued by government ministries accord-
ing to their respective policies and guidelines. The Ministry of Health, Labor
and Welfare (MHLW) passes and enforces the Food Sanitation Laws and the
Health Promotion Laws. The latter were established in May 2003 based on
the Nutrition Improvement Law and the Pharmaceutical Affairs Law per-
taining to proof of efficacy, safety, and hygiene. For dairy products, the
Ministerial Ordinance on the Compositional Standards for Milk and Milk
Products provides a definition for this category as well as the quality stan-
dards for milk products in terms of raw materials, manufacturing proce-
dures, product specifications, methods of inspection, packaging materials,
labeling, and methods for storage under the MHLW. The food safety basic
law was revised in 2003 and a food safety commission was established to
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oversee the safety of foods. The Ministry of Agriculture, Forestry and Fish-
eries (MAFF) has jurisdiction over laws concerning Standardization and
Proper Labeling of Agricultural and Forestry Products,

 

 

 

while

 

 

 

Japan Agricul-
tural Standards (JAS) Law deals with quality assurance and consumers’
choice of foods. The JAS Law, revised in 1999, requires that all food products
have a quality label according to the specific Quality Labeling Standard of
JAS. The standards regulate the necessary labeling items and how to display
them on product package. The standards also regulate items prohibited from
inclusion on the package label, including words, phrases, or drawings that
may mislead consumers. To ensure fair trade and protect consumers, the
Fair Trade Commission has specific rules against Unjustifiable Premiums
and Misleading Representations.  The Ministry of Economy, Trade and
Industry has jurisdiction over laws pertaining to Measurement and Product
Reliability. Local governments also have district regulations that impact food
claims and label requirement. 

The Ministerial Ordinance for Milk Products defines fermented milk as “a
product obtained by fermenting milk, or milk containing an equal or greater
amount of nonfat milk solids, with lactic acid bacteria or yeasts, and forming
a paste or liquid, or the frozen product of the same (4).” In the category of
fermented milks, there are five subgroups including “plain yogurt” without
sweetener or flavor; “hard yogurt” with sweetener or flavor and jellied by
adding agar or gratins; “drink yogurt” homogenized with added sweetener
and fruit juice; “soft yogurt” with fruit preparation; and “frozen yogurt”
deaerated and frozen. The Ministerial Ordinance for Milk Products also
defines three other categories of foods with LAB, namely Milk Product-LAB
Drinks, Milk Product-LAB Drinks (sterile), and LAB Drinks. YAKULT and
CALPIS described above are also categorized in the Milk Product-LAB
drinks and Milk Product-LAB Drinks (sterile), respectively.

The type of LAB used for fermentation is not restricted by Japanese reg-
ulations Major products and microorganisms used in the production of

 

bacillus acidophilus

 

, 

 

L. delbrueckii 

 

subsp.

 

 bulgaricus

 

, 

 

L. gasseri, L. johnsonii, L.
casei, L. rhamnosus, L. helveticus,

 

 

 

S. thermophilus

 

, bifidobacteria, and yeast are
used in Japanese fermented milk products. The Fair Competition Rules on
the Label of Fermented Milks and LAB Drinks states that bifidobacteria can
be categorized as LAB because it produces lactic acid as well as acetic acid
(5).  In this chapter, we will refer to LAB as the above bacteria along with
lactobacilli and bifidobacteria.

The Codex Alimentarius Commission (CAC) issued a Draft Revised Stan-
dards for Fermented Milks (6), and the draft standards became effective as
of July 2003. Fermented milks are now defined as “a milk product obtained
by fermentation of milk in which milk may have been manufactured from
products obtained from milk with or without compositional modification,
by the action of suitable microorganisms and resulting in reduction of pH
with sufficient microbial abundance in the product up to the date of mini-
mum durability.” Yogurt previously defined in Codex STAN A11(a)-1975 as
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TABLE 19.1

 

Fermented Milks and Lactic Acid Bacteria (LAB) Drinks in Japan
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“a coagulated milk product obtained by lactic acid fermentation through the
action of 

 

Lactobacillus bulgaricus 

 

and 

 

Streptococcus thermophilus

 

 from milk and
milk products and with or without optional additives; and the microorgan-
isms in the final product must be viable and abundant” is now classified in

ments for fermented milks and yogurt as defined by the previous and current
Codex standards and Japanese regulations. In Japan, there is still no legal
term for “Yogurt,” which is defined as “Fermented Milks” in the Ministerial
Ordinance for Milk Products in Japan (4). In the revised Codex standards, a
new product category termed “Alternate Culture Yogurt” using LAB, except
for 

 

L. delbrueckii 

 

subsp.

 

 bulgaricus

 

 and 

 

S. thermophilus,

 

 was created, allowing
classification of fermented milk with probiotic strains. The standards became
closer to the Japanese standards in which LAB strains and counts in the
products are listed in the label as a requirement for fermented milks. There
are still gaps between Japanese and Codex standards in some instances;
however, the new Codex standards state that other fermented milks and
concentrated fermented milks may be designated with various other names
as specified in the national legislation of the country in which the products
are sold, or names associated with common usage, provided that such names
do not create an erroneous impression in the county of retail sale regarding
the character identity of the food. 

 

19.2.3 Food Labeling

 

The Fair Competition Rules for Fermented Milks and LAB Drinks

 

 

 

(5) is a
regulation independently provided by an industry association, namely the
Association for Fair Trade of Fermented Milks and LAB Drinks. The rules
approved by the Fair Trade Commission lay down compulsory requirements
on product commercialization and labeling. The Fair Competition Rules
updated in 1978 states that the label of fermented milks and LAB drinks
should include items such as category name, milk fat and solid nonfat (SNF)
contents, ingredient list, shelf life, product volume, name and place of man-
ufacture, and storage procedure on product package. The rules are based on
related laws defining concrete and compulsory rules that all manufacturers
should follow. It is allowed to place the more familiar word “yogurt” on the
package of fermented milks. There are no rules requiring inclusion of the
name of bacteria on the package, even in instances where strains other than

 

L

 

.

 

 delbrueckii 

 

subsp.

 

 bulgaricus

 

 and 

 

S. thermophilus

 

 are used for fermentation.
Indication of the number of bacteria on the package is not regulated except
for FOSHU products but the shelf life of fermented milk and LAB drinks
should be indicated. The Fair Competition Rules specify the shelf life as 2
weeks in a refrigerated storage at or below 10

 

°

 

C which is shorter than the
European norm of 4 weeks. Probiotics, live microorganisms that when orally
ingested, exert health benefit by positively influencing intestinal flora and
physiological functions of the host. Because of the importance of the health-
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TABLE 19.2 

 

Codex and Japanese Standards of Lactic Acid Bacteria and Ingredients for Fermented Milks
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TABLE 19.2 

 

Codex and Japanese Standards of Lactic Acid Bacteria and Ingredients for Fermented Milks (continued)

 

*1 E = essential,  A = allowed,  N = not allowed.

*2 Sweeteners can be added onto all the fermented milk categories and the label may be described as "sweetened" +  designation
of Fermented Milks (e.g. sweetened yogurt).  

Concentrated Fermented Milk is described as a Fermented Milk the protein of which has been increased prior to or after
fermentation to min 5.6%.  

Whey removal after fermentation is not permitted in the manufacture of fermented milks, except for Concentrated Fermented
milk.

*3 Alternate culture yogurt shall be named through the use of an appropriate qualifier in conjunction with the work "yogurt".
(e.g. "mild" and "tangy") and the term "alternate culture yogurt" shall not apply as a designation.

*4 "Flavored Fermented Milks" are composite milk products defined at CODEX STAN 206-1999.

*5 Codex defines non-dairy ingredients as nutritive and non nutritive carbohydrates, fruits and vegetables as well as juices,
purees, pulps, preparations and preserves derived therefrom, cereals, honey, chocolate, nuts, coffee, spices and other harmless
natu

*6 Codex defines food additives as colors, sweeteners, emulsifiers, flavor enhancers, acids, acidity regulators, stabilizers, thick-
eners, preservatives, and packaging gases.  Stabilizers and thickeners can be used in Fermented Milks (Plain) when national leg

*7 "Fermented Milks Heat Treated After Fermentation" described at Codex is not applied to the requirement for viable microor-
ganisms count.
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claim expression on the food product label to both industry and consumers,
a regulatory system of health claims on food products called Foods for
Specified Health Uses (FOSHU) was established in Japan in 1991. The
FOSHU system will be described in a subsequent section. 

 

19.2.4 Quality Examination

 

The Ministerial Ordinance for Milk Products specifies the official method used
to count the number of LAB in the product as the Bromo Cresol Purple (BCP)
plate count agar (4). The number of 

 

L

 

.

 

 delbrueckii 

 

subsp.

 

 bulgaricus

 

 and 

 

S.
thermophilus

 

, 

 

L. acidophilus

 

, and 

 

Lactococcus

 

 are easily determined by this
method. However, LAB with specific nutritional requirements or anaerobes
such as 

 

Bifidobacterium

 

 cannot be counted correctly using BCP. On the contrary,
some bacteria often found as contaminants in food products, e.g., 

 

Bacillus
coagulans,

 

 can grow on this medium since it is not selective. While there are
many fermented milk products with bifidobacteria in Japan, there is still no
official method for counting Bifidobacteria in such products. The Japanese
Association of Fermented Milks and Fermented Milk Drinks is in the process
of defining the method for detecting bifidobacteria in order to establish an
official method for adoption by the regulatory agencies in the near future.

 

19.3 Foods for Specific Health Uses (FOSHU)

 

19.3.1 Health Status of Japanese

 

In the 20th century, especially after World War II, medical and nutritional
sciences made remarkable progress. In Japan the economy has been expanding
and nutrition improved in terms of satisfaction of nutrient intake. Infectious
diseases drastically decreased because of improvement of hygiene and medical
treatment, including the use of antibiotics. Life expectancy of Japanese has
increased from 49.63 and 46.92 years in 1935 to 85.23 and 78.32 years in 2002
for females and males, respectively. As a result, the number of elderly increased
remarkably with one-fifth of the population now over 65 years of age, and
half the population over 50 years of age. Consequently the health insurance
system is threatened with bankruptcy because of the sharp increase in medical
expenditure. Lifestyle-related diseases including hypertension, obesity, hyper-
lipidemia, cardiovascular diseases, diabetes, and cancer are increasing at least
partially due to the Westernization of food habits. The National Nutrition
Survey of 2001 (7) showed that more than 50% of Japanese adults are at risk
for lifestyle-related diseases including mild hypertension, high blood choles-
terol, or high blood sugar, but few are aware of their risk status. However,
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people are becoming more conscious about health and foods are recognized
as a means to maintain and promote optimal health.

Foods are not only essential to maintaining the activity of normal life, but
also preventing or reducing the risk of certain diseases. While food compo-
nents can be effective in exerting certain physiological functions, the Phar-
maceutical Affairs Law prohibits statements that express or imply that food
products exert efficacy like that of drugs registered for the purpose of influ-
encing the structure or function of the body. There is a wide interest in food
as a means for health maintenance, especially in developed countries where
population aging and medical expenditure are important societal issues.
These societies and their governments are starting to examine how and at
what level foods should be allowed to carry health benefit claims without
confusing consumers. Japan is an ongoing case study with its attempts to
allow health claims on food products.

 

19.3.2 History of Functional Foods and FOSHU

 

Japanese consumers consider the role of food according to the old concept
of isogenicity of food and medicine. A specific study on the “Development
and systematic analysis of functional foods” was initiated in Japan in 1984
with support from the Ministry of Education, Science and Culture (MESC).
The study report states that food has three functions, (i) the nutrient function
to maintain life or growth of the body, (ii) the taste function by some com-
ponents interacting with the sensory system, and (iii) the body-enhancing
function related to body defense or modification of body conditions contrib-
uting to health maintenance and prevention of diseases. The study proposed
the new concept “functional foods” which focuses on the third function of
food and the term functional foods immediately took root internationally
(8). According to the proposal, the third function—the body-conditioning
function—includes body defense (antiallergy and immune reinforcement),
prevention and restoration of health (hypertension, diabetes, and metabo-
lism deficiency in nerve, gut, and internal secretion), and protection from
aging (control fat peroxidization). The academic institutions that participated
in the project largely contributed to define the functional food concept, and
the project generated basic understanding of food functionality and gave
rise to the evaluation system for health-claim labeling on functional foods.
The Ministry of Health and Welfare, formerly Ministry of Health, Labor, and
Welfare (MHLW), subsequently issued an Investigative Commission Report
on Functional Foods in 1990. 

In 1991, the FOSHU (Foods for Specific Health Uses) system was intro-
duced in Japan as the world’s first approval system of health-claim labeling
for food products. The first FOSHU product was approved in 1993. Since
the Pharmaceutical Affairs Law stipulates that a product aiming at influenc-
ing function or body structure should be categorized as a drug, the legal
name of functional foods changed to FOSHU, and the concept “foods with
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functionality” was subsequently modified to “foods with approved label.”
The term “functional” was reduced to “expectation for the purpose of a
Specific Health Use.” 

The FOSHU system was revised in 1997 to eliminate the 2- to 4-year
expiration, strengthen the regulation of quality control, and simplify the
documentation for FOSHU application. The type of products was expanded
to include tablets and capsule types as FOSHU products, and guidelines (9)
for product evaluation and FOSHU application, with concrete examples of
expression on Specified Health Uses, were introduced in a 2001 MHLW
notice (10). In the same year, the “Food with Health Claims” system was
introduced under the Food Sanitation Law (11) and FOSHU was reclassified
in the category of Food with Health Claims with “Food with Nutrient Func-
tion Claims” specification besides FOSHU (11). In 2004, the MHLW started
a discussion to revise the FOSHU system including the development of new
rules for disease risk reduction claims and addition of new limited FOSHU
category with lighter application documentation.

 

19.3.3 Current Status of FOSHU

 

FOSHU is a food containing food-originated component(s) with specific
health function(s), contributing to the maintenance or promotion of human
health and consumed for the purpose of Specific Health Uses. It is only after
the examinations and approval of each product application by the MHLW,
based on scientific evidence including the results of human studies, that a
food product can indicate the Specific Health Uses such as to help maintain
physiological or organic function of the body for health maintenance and
promotion. A FOSHU application to the MHLW is made on a voluntary
basis. Although a FOSHU application is not required for all functional foods,
many food manufacturers made efforts to obtain the approvals for existing
products including well-known international brands such as MILO

 

®

 

 (Nestlé)
(12) and newly developed products such as AMEAL S (CALPIS).

labeling and intended use. As shown in this figure, Foods with Health
Claims category are classified between drugs and Foods. Within the category
of Foods with health claims FOSHU which requires prior approval for foods
and related functional components and Food with Nutrient Function Claims
based on a standard type of regulatory approval of some specific nutrients
(10). Foods with Nutrient Function Claims are foods containing one or more
nutrients at a designated level of 12 vitamins (vitamin A, D, B1, B2, B6, B12,
C, E, niacin, folic acid, biotin, and pantothenic acid) and two minerals
(calcium and iron), the nutritional and physiological functions of which have
already been scientifically proven. Because of this, the manufacturers can
indicate functionality of these nutrients on the product package when the
specific nutrients are incorporated at a given level without needing to submit
documents proving the claims to the MHLW. In contrast, to obtain approval
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of For FOSHU health claims, the manufacturers should submit documenta-
tion to the MHLW containing the scientific evidence of the efficacy and
safety of the food itself and the related functional components. Once the
FOSHU application is approved, the MHLW allows inclusion of the FOSHU
logo on the product package. Table 19.3 shows the labeling standards of
Foods with Health Claims for both FOSHU and Food with Nutrient Function
Claims. While, the physiological effects of probiotics have been well-docu-
mented, probiotics are not nutrients in the classical sense. Thus, when man-

 

FIGURE 19.1

 

Food with health claims including FOSHU as of 2004.

 

TABLE 19.3

 

The Labeling Standards for Foods with Health Claims

 

1. In agreement with the nutritional targets and health policy of the nation.
2. Expressed to supply nutritional components or to contribute to specific health use 

(including being helpful to promote or maintain health by influencing the structure 
or function of the body). 

3. Scientific evidence is adequate and factually described.
4. Clearly expressed using understandable and correct sentences or terms to convey  

information to consumers.
5. Obliged to indicate attention, including appropriate intake manner for prevention of 

health risk from excess intake or contraindication.
6. Comply withapplicable Laws including the Food Sanitary Law, the Nutrition 

Improvement Law, the former Health Promotion Law, and the Pharmaceutical Affairs 
Law.

7. Clearly indicateFoods with Health Function (FOSHU or Food with Nutrient Function 
Claims) as to distinguish products from drugs, and from  indicating on the label any 
referenceto diagnosis, cure, or prevention of diseases.
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ufacturers intend to indicate the health benefit on the package, FOSHU
approval should be sought from the MHLW.

As of September 27, 2004, 454 food products have been approved as

approximately $4 billion (US), and more than half of this figure comes from
the probiotic categories. FOSHU products have several health-claim catego-
ries including “improve gastrointestinal (GI) conditions,” “for those with
high blood pressure,” “for those with high serum cholesterol,” “for those
with high serum triacylglycerol,” “difficult to bind body fat,” “for those
concerned with blood sugar level,” “promote mineral absorption,” “for
those concerned with bone health,” and “noncarcinogenic/reinforce dem-
ineralization.” Of all the health claim categories, the claim “Improve GI
conditions” is the most common health-claim category. Among FOSHU
products carrying this claim, 58 products (17% of total FOSHU product
items) are probiotics. Many existing “yogurt” brands in Japan obtained
FOSHU approval with similar health claims. Probiotics contributed consid-
erably to the development of the Japanese FOSHU market, not only in the
emergence of the market itself but also the establishment of health claims
and the required scientific evidence for their evaluation (Table 19.4).

 

19.4 Probiotics and FOSHU

 

19.4.1 Appearance of Probiotics with FOSHU Health Claims

 

Probiotics represent one of the most common food categories with health
benefits. FOSHU is a voluntary system, and thus it is not necessary to obtain
FOSHU approval for every probiotic with health benefits. However, it could
be helpful to understand the current regulation of probiotics concerning
indications of health claims.

The FOSHU health claim currently allowed for probiotic products is lim-
ited to improvement of GI conditions The claim reads “this product is pro-
duced by fermenting yogurt with xxx LAB strain, which reaches one's
intestines in an active state (or viable) as to help increase intestinal bifido-
bacteria and lactobacilli (or good bacillus) and reduce bad microflora, and
this promotes the maintenance of a good intestinal environment and regu-
lates gastrointestinal conditions.” Instead of the claim “promote the main-
tenance of a good intestinal environment” or “regulates the gastrointestinal
conditions," some claims contain statements like “keep the intestines
healthy," or “regulate the balance of intestinal microflora," “useful to improve
defecation," or “suitable for those concerned about gut health”. 

with FOSHU approval. According to  MHLW rules (10), nutritional compo-
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FOSHU in Japan (Table 19.4). The total annual sale of FOSHU products is
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TABLE 19.4

 

List of FOSHU Products

 

Health Claim and Functional 
Component

Number 
of Product Product Form

 

Improve Gastrointestinal Conditions

 

Lactic acid bacteria 58 Fermented milk, lactic acid bacterium drink
Lactosucrose 25 Soft drink, jelly, cookie, table sugar
Fructo-oligosaccharides 11 Table sugar, soft drink, candy, pudding
Galacto-oligosaccharides (GOS) 8 Table sugar, vinegar
GOS + polydextrose 1 Soft drink
Soybean oligosaccharides 7 Soft drink, table sugar
Xylo-oligosaccharides 5 Soft drink, vinegar, chocolate, candy
Isomalt-oligosaccharides 3 Table sugar
Raffinose 1 Powdered soup
Lactulose 1 Soft drink
Indigestible dextrin 28 Soft drink, dessert, fish meat paste,
Psyllium husks 20 Noodle, soft drink, cereal, soft drink
Na-Arg + corn fiber 1 Soup
Hydrolyzed guar gum 4 Porridge
Wheat bran 4 Cereal food
Agar 3 Jelly
Beer yeast 1 Fermented milk
Polydextrose 2 Soft drink
Whey fermented products 1 Tablet

 

For those with high blood pressure

 

Sardine peptides 11 Soft drink
Dried bonito oligopeptides 6 Soup, tea, tablet
Lactotripeptides 3 Lactic acid bacteria drink, tablet
Casein dodecapeptides 3 Soft drink
Eucommia leaf glycoside 2 Soft drink

 

For those with high serum cholesterol (CHO)

 

Soy protein 18 Soft drink, hamburger, sausage, soya milk, 
dessert, soup  

Low molecular weight sodium 
alginate*

9 Soft drink, soup

Chitosan 4 Biscuit
Plant phytosterol 3 Margarine, cooking oil
Soy peptide 2 Soft drink
Psyllium husks* 2 Noodle, soft drink
EPA, DHA 1 Soft drink

 

Difficult to cling body fat/ For those conscious of body fat / For those high serum tryacylglycerol (TG)

 

Diacylglycerol (DG) 5 Cooking oil
DG + phytosterol ** 4 Cooking oil
Tea cathekine 2 Tea drink
Globin protein digest 3 Soft drink
MCT 1 Cooking oil
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health claim, daily standard dosage, manner of intake, and caution of intake

Fermented Milks and LAB Drinks products must also mandatory to be
indicated as an en bloc label (Square A in Figure 19.2). 

 

19.4.2 Conditions for FOSHU Approval

 

An evaluation committee from the MHLW composed of specialists from
medical, nutritional, food hygiene, and pharmaceutical fields examines the

 

TABLE 19.4

 

List of FOSHU Products (continued)

 

Health Claim and Functional 
Component

Number 
of Product Product Form

 

For those concerned about blood sugar level

 

Indigestible dextrin 30 Soft drink, tofu, soup, steamed rice, 
Wheat albumin 3 Soup
Guava polyphenols 1 Soft drink
Touchi extract 1 Soft drink
L-alabinose 1 Table sugar

 

For those concerned about bone health / Promote mineral absorption

 

Fractooligosaccharides 5 Soft drink, table sugar
Isoflavone 4 Tea drink
Vitamin K2 3 Natto (fermented soybean)
Milk basic protein 1 Soft drink
Casein phosophopeptide 3 Soft drink, chewing gum, tofu
Calcium citrate malate 2 Soft drink
Heme iron 3 Soft drink, jelly

 

Non-cariogenic / reinforce demineralization

 

CPP-ACP 7 Chewing gum, tablet
Xylitol,  Calcium phosphate, 
fnoran

6 Chewing gum, candy

Sugar alcohols + tea 
polyphenols etc

3 Chocolate, chewing gum

Maltitol 2 Candy
POs-Ca 1 Chewing gum

Total 339

 

As of March 31st, 2003.

* Some products with the health claim "for those who high in blood cholesterol" are also
approved the health claim "improvement of GI conditions" in the same product.

** The approved health claim is "for those high in TG and CHO, and mild obesity."
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sition with the effective level of the related functional component, approved

19.2). General product information regulated by the Fair Trade Rules for
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FOSHU application. Conditions for FOSHU approval stipulate that the peti-
tioner show that (i) the food and the incorporated functional component(s)
are expected to improve nutrition and contribute to maintaining or promot-
ing health, (ii) indicate the medical and nutritional facts for the health use,
and (iii) if possible establish the appropriate daily dose. The final product
and the “related functional components” in the food should be confirmed
as safe upon normal dietary consumption (e.g., not consumed rarely but
rather on a daily basis). To differentiate FOSHU products from drugs, the
food and the component claims should not correspond to those for “medical
use” listed in the 

 

Pharmacopoeia

 

. The active component should be described
in terms of the physical, chemical, and biological characteristics, as well as
the methods of qualitative and quantitative tests for evaluation of the efficacy
and quality assurance. The manufacturing process related to quality assur-
ance should also be disclosed to the MHLW.

Generally speaking, a human study conducted according to good clinical
practice (GCP), in collaboration with a third party, should be carried out to
evaluate health benefits of final products. The results of the study should be
published in a peer-reviewed scientific journal to ensure the validity of the
results from an objective and scientific points of view. The subjects of the
human study should be Japanese. However, human study results in non-
Japanese subjects can be utilized for a FOSHU application when the results
are applicable to Japanese based on similarities to dietary lifestyle of Japanese
(e.g., oral care).

 

FIGURE 19.2

 

Package example for FOSHU product.

FOSHU trade mark 

MHLW approved 

food with health 

claim (FOSHU) 

Shortened

health claim

(catch copy)

B. Label related to FOSHU 

A. En bloc label provided the 

fair trade standard 

Product category name 

SNF%, milk fat% 

List of ingredients 

Contents (gram or ml) 

Quality preservative period 

Method for storage 

Name of manufacturer 

and address 

Approved health claim

Daily dosage

Analytical value for nutrients

(incl. energy, protein, fat,

carbohydrates, sodium)

Analytical value for

functional component

Attention to intake
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19.4.3 Scientific Evidence of Probiotics in FOSHU Health Claims

 

Research on intestinal microflora undertaken in the 1980s in Japan generated
important findings suggesting that the intestinal microflora is strongly
related to the health of the host and that bifidobacteria play a key role as
beneficial bacteria. Earlier, Mitsuoka (13) established methods to culture
anaerobic intestinal bacteria including bifidobacteria and investigated the
ecology of the intestinal microflora. The hypothesis on the relationship
between intestinal microflora and health of the host (13) (Figure 19.3) was
introduced in 1969 and since then, the influence of microflora on human
health has been investigated according to this hypothesis. The composition
of intestinal microflora has been shown to change according to age (14) as

efficacy of probiotics were conducted (15–23) significantly contributing to
better understanding of the functionality of probiotic foods and providing
the scientific basis for evaluation of the function and health benefits of
FOSHU products. Before the introduction of term “probiotics,” the concept
of health benefit of oral intake of LAB had already been widely known to
Japanese researchers and the food industry. Today, the health claim
“improve GI conditions” is the most popular claim in the FOSHU product
category. This claim is not only used for probiotics but also for prebiotics
which are defined as “nondigestible food ingredients that beneficially affect

 

FIGURE 19.3

 

Interrelationship between intestinal flora and the human body (Reference 13).
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the host by selectively stimulating the growth and/or activity of one or a
limited number of bacterial species already resident in the colon and thus

and dietary fibers are examples of prebiotics. Numerous kinds of the com-
mercial OS were developed by Japanese industries (e.g., fructooligosaccha-
rides,  galactooligosaccharides,  xylooligosaccharides,  soybean
oligosaccharides, lactosucrose, isomaltooligosaccharides, and raffinose) and

Research work on these products also contributed knowledge based on the
health benefits associated with these FOSHU products (25–30). 

 

19.4.4 Guidelines for FOSHU Application and Evaluation

 

The MHLW issued guidelines for FOSHU applications and evaluation of
some functional components including OSs in 1998 (10). While there are no
written guidelines for probiotics in the FOSHU application, the guidelines
for an OS provide a good guide on how to establish evidence on “improving
GI conditions.” The health benefit of OSs is basically exerted by the follow-
ing mechanism: an orally fed OS that reaches the colon, where beneficial
microorganisms in the colon such as bifidobacteria multiply by utilizing the
OS, harmful bacteria are suppressed, the balance of intestinal flora is
improved and the fecal condition and defecation are then improved. Overall,
these effects can be expressed as GI condition improvement. The contents

applicants should show that the orally fed OS is stable under digestive
conditions in an animal model and selectively utilized by bifidobacteria or
LAB 

 

in vitro

 

. Based on this data ,  human intervention studies using the final
product should be conducted to evaluate the efficacy showing improvement

 

FIGURE 19.4

 

Changes in the fecal flora with increased age (Schematic model from Reference 14.)
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attempt to improve host health (24).” Indigestible oligosaccharides (OSs)

introduced as ingredients for FOSHU products shown in Table 19.4.

of the guidelines for an OS are summarized in Table 19.5. Briefly, FOSHU
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in intestinal flora, intestinal environment, fecal conditions, and defecation
frequency and proof of safety.

Scientific evidence for the health claim “improve GI conditions” by pro-
biotic foods should be demonstrated through data indicating improvement
of intestinal flora balance, increase in fecal bifidobacteria and, ideally,
decrease in 

 

Clostridium perfringens

 

, lower bacterial metabolite production,
and increased defecation frequency in humans. According to a recent dis-
cussion of the FOSHU evaluation committee at the MHLW, the capability of
probiotic bacterial strains to reach the human intestines as viable bacteria is
an important evidence to be proven. Basic knowledge of efficacy in improv-
ing GI conditions is obtained from living probiotic bacteria. The probiotic
strain is then considered functional component in FOSHU product and as

 

TABLE 19.5

 

Guideline for Evaluation of FOSHU Application for Products with 

 

Oligosaccharides (OS)

 

Test Items Requirements

 

Efficacy Confirmation

 

In Vitro

 

 and Animal Study on the OS

 

1)

 

In vitro

 

 digestive study Indigestiblity in the intestinal conditions with 
digestive juice

2)

 

In vitro

 

 utilization test by 
intestinal bacteria

Selective utilization by bifidobacteria or LAB

3) Animal study Capability to reach into the colon without 
digestion

 

Human Study Using Final Product

 

1) Intestinal flora analysis Improvement of intestinal flora to show with 
increase in beneficial bacterial (%) like 
bifidobacteria and decrease in harmful bacteria 
(%) like 

 

Clostridium perfringens

 

2) Defecation frequency Increase in subject with mild constipation
3) Fecal conditions or intestinal 

environment 
Improvement of the quantity, hardness, color or 
shape of fecal sample, or decrease in pH or 
putrefactive compounds like ammonia

 

Safety Confirmation

 

1) Acute, sub-acute, sub-chronic 
toxicity tests*

No side effect in rodent

2)

 

In vitro

 

 mutagenesis test* Negative
3) Maximum ineffective dose 

test in human
No temporary diarrhea

4) Excess dose study on final 
product in human 

No side effect on general health status

 

* Toxicity test can be excluded when the related functional component has adequate dietary
history in humans.
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such should be qualified by viable count. If all the strains die in the stomach,
the functional component is reduced to dead bacteria or bacterial residue
without the capacity to “improve GI conditions” as stated in the FOSHU
claims. Thus, such claims should be backed by proof of probiotic viability
in the GI tract. Evaluation of FOSHU applications by the MHLW is conducted
on a product-by-product basis, and there has been inconsistency of approval
criteria in the past. As a result, there are some FOSHU products that were
previously approved with bacterial strains incapable to reach the intestines
as living bacteria (e.g., 

 

L. delbrueckii 

 

subsp. 

 

bulgaricu

 

s in Meiji Bulgaria Yogurt
approved in 1998). To address this issue, it is now recommended that a
human trial be conducted in the form of a randomized, double-blind pla-
cebo-controlled study, normally performed as a crossover design with 3- by
3-week intake periods. However, some FOSHU products were previously
approved based on open studies of efficacy in humans (19) with or without
placebo (15, 16, 20–22). The FOSHU regulation itself has been revised several
times according to experiences with the FOSHU system and is being updated
incrementally. The evaluation criteria are expected to be more standardized
in the future to ensure fair and consistent product evaluation. 

 

19.4.5 Dietary Exposure and Safety

 

The safety of foods is very important, especially for FOSHU products since
the MHLW carefully evaluates them for safety. Drugs are normally taken by
patients under the control of physicians who know the precise dosage and
their side effects based on which the patient takes the drug. Foods are
typically consumed by people 

 

ad libitum

 

 without any control. Therefore, the
MHLW requires that applicants show safety data including normal food
intakes of the FOSHU food or its components at the standard daily dosage
level based on sound scientific evidence. Safety of FOSHU food or the food
components is indicated by evidence such a long history of safe dietary
intake, data showing similarity of dynamics in the body of previously
approved food components, or 

 

in vivo

 

 and 

 

in vitro

 

 study results on acute,
subacute, and subchronic toxicity and mutagenicity. The dietary history may
be typically that 10,000 people have consumed the food for 30 to 100 years.
When the food does not have enough history of intake in the diet, the food
safety should be documented with the same safety data as those of food
additives which are separately regulated by the Food Sanitation Law.
According to the MHLW guidelines for FOSHU evaluation on OSs, the
excessive-intake test at 3- to 5-times the daily standard dosage should be
applied for safety confirmation of the final product. Most LAB species used
as probiotics are safe, classified as GRAS (generally recognized as safe) with
a long history of consumption (31, 32). The FOSHU applicants for probiotic
products generally submit safety evidence including a human study with
threefold excessive intake for 2 weeks using the final product and an acute
toxicity study in rodents. From 2004, the Food Safety Commmission was
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given and access to regulate the safety of the FOSHN products indepen-
dently from the MHLW evaluation committee, when the FOSHU product
contains new functional component. Safety issue of food becomes more and
more inportant.

 

19.4.6 Approval Process

 

of articles on the scientific research results demonstrating efficacy and safety
published in scientific journals should be attached to the application. A copy
of the unfolded printed package should also be attached to the documents
for evaluation. The applicants must submit the documents to the MHLW
and the local health center. After a hearing involving the applicants and the
MHLW staff, two evaluation committees composed of specialists hold closed
meetings without attendance of the applicants. Before completing the
approval process, the National Institute of Health and Nutrition confirms
the amount of functional components in the final product using the evalu-
ation method specified by the applicant in the FOSHU application docu-
ments. In the case of probiotics, the related functional components are the
bacterial strains, whose specific methods of quantification should be devel-
oped before the FOSHU application. The methods for probiotic strain eval-
uation include the identification procedure using a specific selective media
or a polymerase chain reaction (PCR) method using specific DNA probes. It
takes at least 6 months for the MHLW to approve a product as FOSHU
through this evaluation process. In addition, assesment process by the newly
estabished Food Safety Commission makes the approval process longer.

 

19.5 Efficacy of Probiotics and Future Health Claims

 

19.5.1 Efficacy of Probiotics

 

Probiotics not only have the health benefit of “improvement of GI condi-

Probiotic strains used in fermented milks and LAB drinks in Japan and their

positive effects of probiotics on the immune systems were highlighted by
some research groups for various probiotic strains. The GI tract which has
a large surface area  (approximately 400 m

 

2

 

 in humans) is composed of thin
and soft layers that not only absorb nutrients efficiently but also create humid
and warm environment that promote bacterial growth. Pathogens attack the
mucus membranes of the GI tract, where about 80% of infections occur. As
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tions” but also have other health benefits such as those shown in Figure 19.5.

FOSHU application documents include the items shown in Table 19.6. Copies

documented efficacy in healthy humans are listed in Table 19.7. Recently, the
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a result, the GI tract is one of the largest body organs with immune functions.
An enormous amount of food and bacterial antigens are present at the
epithelium daily and immunological stimulation of the GI tract plays a large
role in maintaining the immune functions of the host. Probiotics are bacteria
which can naturally work as stimulators of the immune system of the host
while having symbiotic characteristics to the host. Some lactobacilli and
bifidobacteria were shown to activate natural immunity including phagocy-
totic cells (35) and natural killer (NK) cells (41) and acquired immunity to

 

TABLE 19.6

 

Items for FOSHU Application Documents

 

1 Name of the applicant (representative) and the address
2 Name and address of head office and factory
3 Product name
4 Shelf life
5 Content amount
6 Reason for seeking approval and how the intake contributes to the improvement of 

one's diet and the maintenance/enhancement of health of the entire population
7 Health claims labeling seeking approval
8 List of ingredients and composition
9 Manufacturing process
10 Profile for nutrients and energy
11 Daily amount of intake
12 Considerations and precautions at intake
13 Instructions for preparation, storage, or intake of the product
14 Others
15 Attachments

a The articles on an association with corporate seal
b Package sample
c Explanation how the product how the intake contributes to the improvement 

of one's diet and the maintenance/enhancement of health of the entire 
population, daily amount of intake, and considerations and precautions at 
intake

d Summary of scientific literatures filed for each item including Specific Health 
Uses

e List of scientific literatures

f Certificate of nutrient analysis and energy

g Record of qualification and quantification for the related functional component 
in the food, and the method for the measurement

h Documents for quality control

i Reason why some documents are not attached (if necessary)

j Scientific literatures for each item including specific health use and safety
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TABLE 19.7

 

Documented Efficacies in Healthy Humans on Probiotic Strains in Food Sold in Japan

 

Probiotic Strains
Product Name in 

Japan

Improve GI 
conditions 
Microflora 

and 
Defecation

Immune 
Reinforcement

Regulate 

 

Helicobac
ter pylori

 

 
and 

Gastrititis
Diarrhea 

Prevention

Improve /
Prevent 
Atopic 

Dermatitis Ref.
Lactobacillus delbrueckii ssp. 
bulgaricus 2038 (LB81 
strain)

Meiji Blugaria 
Yogurt Lb81 *

➼ 15

Bifidobacterium longum 
BB536

Bifidus Plain 
Yogurt *

➼ 16

Lactobacillus gasseri 
OLL2716 (LG21 LAB)

Meiji Probio 
Yogurt Lg21

➼ 33

Lactobacillus johnsonii La1    
(LC1 LAB)

Nestlé LC1 
Yogurt

➼† ➼† ➼† 17,34-37

Bifidobacterium animalis DN-
173 010

Danoe Bio ➼‡ 18

Lactobacillus gasseri 
SBT2055, Bifidobacterium 
longum SBT2928

Nature Pro GB * ➼ 19

Lactobacillus rhamnosus Yogurt E-GG! * ➼ ➼† ➼† 20,38-40
Lactobacillus casei Shirota 
YIT9029

Yakult * ➼ ➼ 21,41

Bifidobacterium breve 
YIT4006 (?)

Milmil * ➼ 22

Bifidobacterium lactis Bb12 Nan F ** ➼ ➼ ➼† ➼† 23,40,42,43

The results in healthy human subjects have been published in scientific journal(s).

† Efficacy confirmation study was performed with a randomized double blind placebo controlled design.

‡  A double blind study was conducted on colonic transient time, which is not corresponded to the Japanese standard to evaluate GI conditions.

* FOSHU approved with health claim of improvement of gastrointestinal conditions.

** The same type of follow-up formula are currently sold outside Japan.
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enhance systemic (34) and intestinal IgA (42) in healthy humans. An increase

is also evidence that probiotic strains do not induce inflammatory reactions,
even when the strain reinforced the host immunity (31, 46). 

Some probiotic strains may decrease the incidence of infectious diseases,
at least partially through modulating or reinforcing immune functions of the
host. For instance, prevention against rotavirus diarrhea was observed in
infants who were fed a formula with bifidobacteria (43) and therapeutic
intake of Lactobacillus was found to improve diarrheal conditions in infants
(38). Influenza virus was reduced by lactobacillus feeding in infected mice
(47). Improvement of gastric inflammation with decreases in the number of
Helicobacter pylori by probiotics was also observed in humans (33, 36, 37).
The capability to adhere to the epithelium or intestinal mucus was found in
some probiotic strains in vitro. These characteristics may contribute to pre-
vent infectious bacterial invasion through competitive exclusion at the epi-
thelium and/or stimulation of the immune functions of the host (48, 49).

The possibility of using probiotics against disease risk or conditions has
been reported not only for infectious diseases but also for other diseases.
For instance, atopic dermatitis in infants was improved by preventive or
therapeutic intake of probiotics (39, 40). In an animal model, serum IgE level
decreased following probiotic intake (50). Probiotics could cause reduction
in carcinogen levels in the intestines (51), and a decrease in recurrence of
superficial bladder cancer in humans (52). There is also preliminary evidence
that probiotics may reduce the level of blood sugar and cholesterol, and
hypertension (53–55). 

FIGURE 19.5
Beneficial effect of probiotics.
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The FAO/WHO Expert Consultation group reported that there is emerging
evidence indicating that probiotics can be taken by healthy people as a means
to prevent certain diseases and modulate host immunity. The report recom-
mended that probiotic products shown to confer defined health benefits on
the host should be permitted to describe these specific health benefits (56). 

19.5.2 Future Health Claims

Japan has already established a FOSHU regulatory framework to address
health claims of foods and their related functional components. However,
the approved health claims are currently limited to “improvement of GI
conditions” in the case of probiotics. The establishment of this health claim
has led to many developments: (i) A large body of scientific research on
intestinal microflora and its role in health promotion is now available and
widely accepted in the academic field, (ii) The criteria of the health claims
were established based on well-accepted scientific evidence, (iii) Many pro-
biotic and prebiotic products were introduced by the industry, thereby
enhancing the understanding and usage of these products by consumers,
(iv) Probiotic benefits to the GI condition is very understandable and obvious
to consumers, (v) The health claim is acceptable to government regulators
since the probiotic efficacy is not directly exerted  on the body structure or
function, as is the case in the category of drugs, but on intestinal flora, an
external system of the body. It is evident that probiotics have functions
beyond the improvement of GI conditions as suggested by new scientific
evidence in humans where emerging evidence include protection from
pathogens, promotion of natural defense function, such as boosting of the
host immune system. Advanced health claims of probiotics are expected to
be approved in the future once the efficacy is properly documented based
on the scientific evidence. Regulations could then be revised to include new
probiotic health claims beyond the general claim of “improvement of GI
condition.” 

19.5.3 International Harmonization

The international harmonization program led by a Joint FAO/WHO Codex
Alimentarius Commission is ongoing, not only to define the categories of
fermented milks, but also to create the Guidelines for Use of Nutrition and
Health Claims (57). Legislation of health claims and nutrient function claims
in Japan leads this worldwide activity. According to the recent draft guide-
line, three types of claims are listed, including “Nutrient Function Claims,”
“(Other) Function Claims,” and “Reduction of Disease Risk  Claims” Of
these, the first two types of claims correspond to FOSHU and “Foods with
Nutrient Function” claims already approved in Japan. An expert committee
on drugs and foods convened by the MHLW recently reported that the
“Reduction of Disease Risk Claims” can be allowed in some specific areas,
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such as osteoporosis. New rules on this claim expansion under FOSHU
system are in preparation. This would make the third type of international
health claims allowable in Japan. 

19.5.4 Regulation on Drugs and Foods

Distinction between food and drugs is always a major issue in food regula-
tions and health claims. The Food Sanitation Law defines foods as all sub-
stances to be eaten or drunk excluding drugs and quasidrugsas described
in the Pharmaceutical Affairs Law. The latter defines a drug as (i) a substance
listed in the Japanese Pharmacopoeia, (ii) a substance meant for use in diagno-
sis, cure, or prevention of diseases in humans or animals, excluding implants
and instruments, and (iii) a subtance aimed at influencing the structure or
function of the body in humans or animals, excluding implants and instru-
ments. The interpretation of whether the substance corresponds to a drug is
totally dependent on the active component, shape (shape of drug, container,
package, and design), and the indication including the objectives of usage,
efficacy, manner of intake, and sale procedure. A substance with expression
of efficacy can only be sold in the market as a drug with prior official
approval.

Aging and medical expenditure increases are common social issues facing
industrialized societies, which are starting to look to food as means to over-
coming/reducing the impact of these issues. Japan has established FOSHU
as an advanced system allowing health claims on food products. While
FOSHU is gradually becoming popular with Japanese consumers, the aware-
ness of the FOSHU labeling system is still below 50%. Even though functional
food is a more understandable and popular term among consumers than
FOSHU, the MHLW decided not to use the term “functional” but “Specific
Health Uses” as the official term in the FOSHU system. The rationale for
such a decision is that the term “functional” may imply a medical effect
which is not acceptable to the MHLW that also regulates pharmaceutical
products. MHLW is more prone to use “efficacy” or “effect” than “function,”
which is generally reserved to drugs. It is unfortunate that legal consistency
of terms could sometimes cause disservice to consumers, in this case disap-
pearance of the familiar category name “functional food” as an official name. 

The health-claim system is continuously being improved in Japan. In
2001, MHLW has slightly relaxed the regulation on product shape as to
allow tablet or capsule types of FOSHU products. Although FOSHU refers
to food, and thus is not allowed to express “diagnosis,” “prevention,” and
“cure” on the product package, some new expressions/terms are being
considered under a FOSHU regulation recently communicated by MHLW
(10). These terms are about measurable biomarkers, maintenance of physi-
ological function, or short-term changes in physical conditions such as

which the project “Healthy Japan 21,” aimed at promoting a healthy life of
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TABLE 19.8

Possible Expression on FOSHU Product

<Possible Expression> <Impossible Expression>
A. Biomarkers on body conditions, which are 
easily measurable, to be maintained or 
improved. (Biomarkers measurable by self-check 
or annual medical examination)

This product contains  component (or as main 
component), thereby

This product improves high blood pressure 
(hypertension).

This product helps to maintain blood pressure (or 
blood sugar level, neutral fat, cholesterol) 
normal.

 The marker should not be directly related to 
improvement of symptoms or diseases.

B. Physiological functions and organic functions 
of the body to be satisfactory maintained or 
improved.

This product satisfactorily maintains (or helps to 
improve) defecation.

This product is effective on detoxication or 
promotion of fat metabolism.

This product heightens (or promotes) absorption 
(or deposit) of calcium

 Apparently related to improvement of diseases.

C. Changes in physical conditions whose body 
status is subjective and momentary but not 
continues nor chronic be improved.

This product is suitable (helpful) for people those 
who feel physical fatigue.

This product is helpful for prevention of aging.

 Scientific evidence is inarticulate.

* MHLW notice in 2001.
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Japanese. FOSHU is now regulated under the Food Sanitary Law instead
of the Nutrition Improvement Law providing a basis for the new Health
Promotion Law. It is anticipated that the MHLW will utilize the FOSHU
system to contribute to “Healthy Japan 21” project and address legal hurdles
pertaining to the differentiation between drugs and foods. 

The regulations for drugs and the other products were originally estab-
lished to avoid misleading consumers and ensure accurate product labeling.
Unfortunately, there are many food products using labels with unapproved
expressions/claims regarding efficacy and without adequate scientific evi-
dence. On the other hand, foods like probiotics “Functional yogurts” were
introduced by the food industry as health promoting products. Functional
yogurts marketed to control gastric Helicobacter pylori, prevent food poison-
ing, control atopic diseases, provide immune reinforcement, or help in pre-
vention of cancer, became very popular in Japan since 2002. Many of these
products are sold without FOSHU approval of their health claim because of
limitations of the content of the official claim permission. However, TV
programs and news media provide prominent coverage of the efficacy of
probiotic strains and their potential in health promotion. Thus, consumers
who have great interest are likely to know the health benefit of probiotics
through media outlets and opt to consume them even without approved
health claims. We expect that the regulations will evolve in the future to
catch up with consumer trends and take the opportunity to promote con-
sumer health through consumption of popular but beneficial foods such as
probiotics. 

19.6 Conclusion

Although the Japanese have a shorter history of consumption of dairy prod-
ucts such as yogurt than Western countries, Japan classified LAB and fer-
mented milk as beneficial foods relatively quickly leading to the
development of a large probiotics market. The legal definition and standards
of products with LAB were established over time in Japan.  The legal cate-
gory, especially for LAB drinks, will change according to ongoing interna-
tional harmonization process of the Codex. The latter will likely be
influenced by the Japanese FOSHU concept given the fact that Japanese LAB
drink products and similar types of drinks developed outside Japan are now
available in the European and Asian markets. 

Many pioneering scientific studies on intestinal microflora have been con-
ducted in Japan. As a result, many beneficial LAB and indigestible oligosac-
charides were introduced by the Japanese food industry to improve intestinal
flora before the scientific term “probiotics” or “prebiotics” were introduced
to consumers. The concept of “functional food” started in Japan as a result
of a governmental project and with participation of specialists from academic
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fields. The concept of functional food sub sequentially gained international
acceptance, especially among Japanese consumers who are strong believers
in the concept that “food and medicine are isogenic.” FOSHU, the world’s
first health-claim approval system for food products was adopted in Japan
and many probiotic products have been approved for  “improved GI con-
ditions.” Probiotics use has been growing in Japan due to the unique history
of Japanese with these products and a sustained research and development
effort by both the government and the food industry in Japan.  An advanced
regulation system like FOSHU was only made possible by the collaboration
between industry, government, and academia. 

Probiotics, defined as bacteria that when orally ingested exert health ben-
efits to the host, are expected to contribute greatly to health promotion in
humans. Recently, scientific evidence on probiotics, including reinforcement
of immunity and prevention of atopic diseases or infectious diseases has
emerged.  Advancement of food regulations by progress in research, inter-
national harmonization, and education on the function of probiotics would
increase the understanding of the health benefits of probiotics to consumers.
This would enhance the contribution of probiotic foods as a means for
enhancing human health.
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