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Series Preface

Mycology, the study of fungi, originated as a subdiscipline of botany and was a descrip-
tive discipline, largely neglected as an experimental science until the early years of this
century. A seminal paper by Blakeslee in 1904 provided evidence for selfincompatibil-
ity, termed “heterothallism”, and stimulated interest in studies related to the control
of sexual reproduction in fungi by mating-type specificities. Soon to follow was the
demonstration that sexually reproducing fungi exhibit Mendelian inheritance and that
it was possible to conduct formal genetic analysis with fungi. The names Burgeff, Kniep
and Lindegren are all associated with this early period of fungal genetics research.

These studies and the discovery of penicillin by Fleming, who shared a Nobel Prize
in 1945, provided further impetus for experimental research with fungi. Thus began a
period of interest in mutation induction and analysis of mutants for biochemical traits.
Such fundamental research, conducted largely with Neurospora crassa, led to the one
gene: one enzyme hypothesis and to a second Nobel Prize for fungal research awarded to
Beadle and Tatum in 1958. Fundamental research in biochemical genetics was extended
to other fungi, especially to Saccharomyces cerevisiae, and by the mid-1960s fungal
systems were much favored for studies in eukaryotic molecular biology and were soon
able to compete with bacterial systems in the molecular arena.

The experimental achievements in research on the genetics and molecular biology of
fungi have benefited more generally studies in the related fields of fungal biochemistry,
plant pathology, medical mycology, and systematics. Today, there is much interest in the
genetic manipulation of fungi for applied research. This current interest in biotechnical
genetics has been augmented by the development of DNA-mediated transformation
systems in fungi and by an understanding of gene expression and regulation at the
molecular level. Applied research initiatives involving fungi extend broadly to areas of
interest not only to industry but to agricultural and environmental sciences as well.

It is this burgeoning interest in fungi as experimental systems for applied as well as
basic research that has prompted publication of this series of books under the title The
Mycota. This title knowingly relegates fungi into a separate realm, distinct from that of
either plants, animals, or protozoa. For consistency throughout this Series of Volumes
the names adopted for major groups of fungi (representative genera in parentheses) are
as follows:

Pseudomycota

Division: Oomycota (Achlya, Phytophthora, Pythium)
Division: Hyphochytriomycota

Eumycota

Division: Chytridiomycota (Allomyces)
Division: Zygomycota (Mucor, Phycomyces, Blakeslea)
Division: Dikaryomycota

Subdivision: Ascomycotina
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Class: Saccharomycetes (Saccharomyces, Schizosaccharomyces)
Class: Ascomycetes (Neurospora, Podospora, Aspergillus)

Subdivision: Basidiomycotina
Class: Heterobasidiomycetes (Ustilago, Tremella)
Class: Homobasidiomycetes (Schizophyllum, Coprinus)

We have made the decision to exclude from The Mycota the slime molds which, although
they have traditional and strong ties to mycology, truly represent nonfungal forms
insofar as they ingest nutrients by phagocytosis, lack a cell wall during the assimilative
phase, and clearly show affinities with certain protozoan taxa.

The Series throughout will address three basic questions: what are the fungi, what do
they do, and what is their relevance to human affairs? Such a focused and comprehensive
treatment of the fungi is long overdue in the opinion of the editors.

A volume devoted to systematics would ordinarily have been the first to appear
in this Series. However, the scope of such a volume, coupled with the need to give
serious and sustained consideration to any reclassification of major fungal groups, has
delayed early publication. We wish, however, to provide a preamble on the nature of
fungi, to acquaint readers who are unfamiliar with fungi with certain characteristics
that are representative of these organisms and which make them attractive subjects for
experimentation.

The fungi represent a heterogeneous assemblage of eukaryotic microorganisms.
Fungal metabolism is characteristically heterotrophic or assimilative for organic carbon
and some nonelemental source of nitrogen. Fungal cells characteristically imbibe or ab-
sorb, rather than ingest, nutrients and they have rigid cell walls. The vast majority of fungi
are haploid organisms reproducing either sexually or asexually through spores. The
spore forms and details on their method of production have been used to delineate most
fungal taxa. Although there is a multitude of spore forms, fungal spores are basically only
of two types: (i) asexual spores are formed following mitosis (mitospores) and culminate
vegetative growth, and (ii) sexual spores are formed following meiosis (meiospores) and
are borne in or upon specialized generative structures, the latter frequently clustered in
a fruit body. The vegetative forms of fungi are either unicellular, yeasts are an example,
or hyphal; the latter may be branched to form an extensive mycelium.

Regardless of these details, it is the accessibility of spores, especially the direct
recovery of meiospores coupled with extended vegetative haploidy, that have made
fungi especially attractive as objects for experimental research.

The ability of fungi, especially the saprobic fungi, to absorb and grow on rather
simple and defined substrates and to convert these substances, not only into essential
metabolites but into important secondary metabolites, is also noteworthy. The metabolic
capacities of fungi have attracted much interest in natural products chemistry and in
the production of antibiotics and other bioactive compounds. Fungi, especially yeasts,
are important in fermentation processes. Other fungi are important in the production of
enzymes, citric acid and other organic compounds as well as in the fermentation of foods.

Fungi have invaded every conceivable ecological niche. Saprobic forms abound,
especially in the decay of organic debris. Pathogenic forms exist with both plant and
animal hosts. Fungi even grow on other fungi. They are found in aquatic as well as
soil environments, and their spores may pollute the air. Some are edible; others are
poisonous. Many are variously associated with plants as copartners in the formation of
lichens and mycorrhizae, as symbiotic endophytes or as overt pathogens. Association
with animal systems varies; examples include the predaceous fungi that trap nematodes,
the microfungi that grow in the anaerobic environment of the rumen, the many insec-
tassociated fungi and the medically important pathogens afflicting humans. Yes, fungi
are ubiquitous and important.
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There are many fungi, conservative estimates are in the order of 100,000 species,
and there are many ways to study them, from descriptive accounts of organisms found
in nature to laboratory experimentation at the cellular and molecular level. All such
studies expand our knowledge of fungi and of fungal processes and improve our ability
to utilize and to control fungi for the benefit of humankind.

We have invited leading research specialists in the field of mycology to contribute
to this Series. We are especially indebted and grateful for the initiative and leadership
shown by the Volume Editors in selecting topics and assembling the experts. We have all
been a bit ambitious in producing these Volumes on a timely basis and therein lies the
possibility of mistakes and oversights in this first edition. We encourage the readership
to draw our attention to any error, omission or inconsistency in this Series in order that
improvements can be made in any subsequent edition.

Finally, we wish to acknowledge the willingness of Springer-Verlag to host this
project, which is envisioned to require more than 5 years of effort and the publication
of at least nine Volumes.

Bochum, Germany
Auburn, AL, USA
April 1994

Karl Esser

Paul A. Lemke

Series Editors



Addendum to the Series Preface

In early 1989, encouraged by Dieter Czeschlik, Springer-Verlag, Paul A. Lemke and
I began to plan The Mycota. The first volume was released in 1994, 12 volumes followed
in the subsequent years. Unfortunately, after a long and serious illness, Paul A. Lemke
died in November 1995. Thus, it was my responsibility to proceed with the continuation
of this series, which was supported by Joan W. Bennett for Volumes X–XII.

The series was evidently accepted by the scientific community, because several
volumes are out of print. Therefore, Springer-Verlag has decided to publish completely
revised and updated new editions of Volumes I, II, III, IV, V, VI, and VIII. I am glad that
most of the volume editors and authors have agreed to join our project again. I would like
to take this opportunity to thank Dieter Czeschlik, his colleague, Andrea Schlitzberger,
and Springer-Verlag for their help in realizing this enterprise and for their excellent
cooperation for many years.

Bochum, Germany
February 2007

Karl Esser



Volume Preface to the Second Edition

In the concept of The Mycota series, Karl Esser (Series Editor) felt a need for a volume
which summarized existing knowledge on fungal communities, their interactions with
each other and with biotic and abiotic factors of the environment, and which empha-
sized the role of fungi in ecosystem processes such as symbiotic relations and nutrient
cycling. This was consequently published as Volume IV, Environmental and Microbial
Relationships, in 1997. Now – 10 years later and after a revolution in molecular tech-
niques and tools in this domain – there appeared an urgency for updating the volume,
and we were invited to organize a second edition. Consequently, some reconstruction
of content became necessary, particularly because some new chapters were deemed ap-
propriate to document the progress in recently emerged areas of research. The original
concept that authors should concentrate largely on overviews of main phenomena and
most recent achievements was maintained.

The volume is partitioned into fours sections: ‘Life History and Genetic Strategies’;
‘Determinants of Fungal Communities’; ‘Fungal Interactions and Biological Control
Strategies’; and ‘Decomposition, Biomass and Industrial Applications’.

In the first, J.H. Andrews and R.F. Harris attempt to relate the evolution of fungi
to their ecological and physiological properties, approaching this question by adding
the dimension of trophic property to the conventional phylogenetic tree, and exploring
biochemical aspects further by using bioenergetic electron flow diagrams. The chapter
by K. Brunner, S. Zeilinger and R.L. Mach reviews various modern molecular biological
methods applied for the correct identification of environmental isolates and communi-
ties, which have been essential in the progress in unravelling fungal ecology this past
decade.

The second section deals with the role of main environmental factors and ecosystem
disturbances in determining the species and population structure of fungal communi-
ties. S.J. Morris, C.F. Friese and M.F. Allen evaluate the diversity and biomass of microbial
communities as direct indicators of the extent of the functional role played by these or-
ganisms in the dynamics of different ecosystems. They conclude that, if anthropogenic
changes alter the structure and biodiversity of microbial communities, then critical
functional roles in ecosystem- and global-level nutrient cycling are also likely impacted.
R.M. Miller and D.J. Lodge elaborate on the impacts of various management practices
associated with agriculture and forestry in influencing fungal structure and function,
and discuss the hierarchical nature of soils and how this affects system response to
disturbance by fungi. G.M. Gadd emphasizes how newly developed approaches using
molecular biology and biomarkers are enabling a better understanding of community
structure and responses to environmental factors, and pollutants. He concludes that –
because of the complexity of the fungal growth form, multiplicity of biological responses
and interactions with pollutants, coupled with the complexity of terrestrial (and other)
environments – “a wealth of knowledge still awaits discovery”. In reviewing examples of
fungi living in extreme environments, N. Magan stresses a critical need for experiments
which better simulate fluctuating abiotic parameters and their impacts on the ecophys-
iology of these fungi. E.M.J. Arnolds illustrates how a knowledge of global, regional
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and endemic patterns of fungal distribution can serve to enhance understanding of
evolutionary processes and biodiversity patterns.

The use of fungi for the biological control of various agricultural pests has been
a leading theme in applied mycology during the past 10 years. This is dealt with in the
third section, on fungal interactions and biological control strategies. Mycoparasitism is
considered to have an important influence on competitive interactions involving fungi in
nature, and in the biological control of phytoparasitic fungi. A. Viterbo, J. Inbar, Y. Hadar
and I. Chet use Trichoderma as a model system of a typical mycoparasite, and critically
review how research on this phenomenon can be used to improve plant resistance to
fungal pathogens. In the following chapter, S. Casas-Flores and A. Herrera-Estrella
emphasize the application of fungi in the biocontrol of nematodes, highlighting the
biochemical and molecular information available to date on this process. A.K. Charnley
and S.A. Collins outline the current state of knowledge of insect fungal pathogens as it
relates to their present use and future potential as mycoinsecticides. W.G.D. Fernando,
R. Ramarathnam and T. de Kievit illustrate the use of bacteria in the biocontrol of
Sclerotinia stem rot and blackleg diseases in canola. T.P. McGonigle shows how grazing
can affect fungal communities through effects on species richness, community diversity,
and replacement of some species by others. P. Bayman illustrates the recent progress
made in the detection and understanding of endophytic fungi. M. Girlanda, S. Perotto
and P. Bonfante emphasize the position of mycorrhizal fungi as a“tie that binds the
host plant to the biotic and abiotic environment”. J.B. Gloer offers numerous examples
showing how observations in fungal ecology have generated hypotheses about fungal
antagonism and defence which, in turn, have led to the discovery of novel bioactive
fungal metabolites.

The fourth section highlights fungus-mediated decomposition and the nutrient-
mobilizing potentials of fungi in both aquatic (marine and freshwater) and terrestrial
ecosystems. J. Dighton illustrates how traditional concepts of nutrient cycling, which
still today rely mainly on an understanding of leaf litter and wood decomposition,
must be expanded when the role of fungal communities in driving nutrient cycling
in other, more transiently changing ecosystems is investigated. M.O. Gessner, V. Gulis,
K.A. Kuehn, E. Chauvet and K. Suberkropp examine the role of fungi in plant litter
decomposition in two aquatic ecosystems in which fungal decomposers and plant litter
decomposition have been studied to the greatest extent: standing-dead shoots of emer-
gent vascular plants in salt and freshwater marshes. Finally, in order to stimulate the
application of fungal degradation of key plant cell wall macromolecules, which accu-
mulate in enormous amounts annually, C. Gamauf, B. Metz and B. Seiboth illustrate the
biochemical and molecular genetic properties of different genera of fungi involved in
the turnover of these compounds.

We hope that this volume will prove useful both for scientists who wish to update
themselves in any of these research areas as well as to graduate students interested in
obtaining a first, multifaceted overview. We are grateful to all individual contributors
who took the time and invested effort in collaborating with us on the updating of this
volume, and especially that they all helped us to get this task finished within the expected
time schedule.

Wien, Austria
March 2007

Christian P. Kubicek

Irina S. Druzhinina

Volume Editors



Volume Preface to the First Edition

In their concept of The Mycota, Karl Esser and Paul Lemke (Series Editors) determined
that a volume was needed to examine research on fungal populations and communities.
We were invited to organize Volume IV, Environmental and Microbial Relationships,
and were instructed to concentrate on fungal responses to the physical environment,
interactions with other fungi, microorganisms and invertebrates, and the role of fungi
in ecosystem processes such as ecomposition and nutrient cycling. Individual chapter
authors were asked to concentrate on ecological themes that could be supported by
selected studies in depth and to judge fungal systems for their promise as research tools.
We were advised not to solicit exhaustive reviews to cover all ecological groups of fungi.

Several authors were asked to emphasize the technology transfer of ecological in-
formation, showing how specific knowledge of the ecology and biology of fungi has
application in biological control, in enzymatic conversions of plant biomass, biodegra-
dation of toxic organic pollutants, and the discovery of natural products. Here, we asked
chapter authors to take into account the basic ecological underpinnings of such technolo-
gies. Initially, we intended to place chapters emphasizing biological control strategies
or industrial mycology in a section entitled “Technology transfer of ecological informa-
tion.” However, it was found more desirable to integrate these specific chapters within the
ecological framework of the volume. We hope that this approach will better unite aspects
of ecological research classified as fundamental vs. applied mycology. The immediate
challenge for mycological ecology is to identify those examples where ecological studies
of fungi in nature provide basic information leading to the development of a particular
technology. The book begins with a section entitled “Fungal life history and genetic
strategies.” Here, J.H. Andrews and R.F. Harris examine the interconversion of different
growth forms in a fungal life cycle, noting that the precise nature of the environmental
signals which trigger these phases and how they are transduced by the organism are
unknown. Fungal ecological genetics has become the most dynamic area of mycological
research in the 1990s, largely due to the efforts of A.D.M. Rayner and colleagues at the
University of Bath. In the present volume, M. Ramsdale and A.D.M. Rayner outline some
of the highlights of progress made in recent years and also present their vision for the
future of fungal ecological genetics.

The second section is concerned with the role of selected environmental factors
and ecosystem disturbance in determining the species structure of fungal communities.
J.C. Zak and S.C. Rabatin begin by examining various experimental designs, approaches
and methodologies for analyzing and describing fungal communities. They emphasize
the importance of scale in community ecology and argue that disturbance may be
the single most important process regulating the structure and functioning of fungal
communities in nature. C.F. Friese, S.J. Morris and M.F. Alien evaluate disturbance
dynamics over a wide array of scales and interacting factors, highlighted by a case linking
site disturbance by harvester ants and the renewal of plant communities every 100 to
1000 years. R.M. Miller and D.J. Lodge identify research needed to understand how fungi
respond to disturbance created by management practices in agriculture and forestry.
Disruption of mycorrhizal hyphal networks and the response of saprophytic hyphae
have impacts on soil structure and nutrient pools associated with the fungal hyphae.
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M. Wainwright and G.M. Gadd show how a more accurate assessment of the effects of
pollutants on the growth and activity of fungi in the environment has been made possible
by new methods for determining active fungal biomass and enlightened approaches to in
vitro experimentation. In reviewing examples of fungi living in extreme environments,
N. Magan argues a critical need for experiments which better simulate fluctuating abiotic
parameters and their impact on the ecophysiology of these fungi. A knowledge of global,
regional and endemic patterns of fungal distribution is important for the understanding
of evolutionary processes and biodiversity patterns and E.J.M. Arnolds observes that
such information may be applied to the control and spread of crop pests as well as in
fungal conservation.

The interactions of fungi with one another, with other microbes, nematodes and
arthropods have produced a wealth of ecological information with the potential for
development of biological control strategies. This is considered in the third section,
“Fungal interactions and biological control strategies.” In reviewing fungal competi-
tion, P. Widden relates this knowledge to what is known about plant competition and
the predictive value of competition theory. Because many decomposer fungi have to
replace an existing microflora in order to colonize a substrate, interference competition
can have an important impact on decomposition. P. Jeffries recognizes mycoparasitism
as a widespread phenomenon and presents numerous examples of mycoparasitic in-
teractions. Mycoparasitism is believed to have an important influence on competitive
interactions involving fungi in nature, and in the biological control of phytoparasitic
fungi. Trichoderma harzianum is presented as a model system of a typical mycopara-
site. I. Chet, J. Inbar and Y. Hadar also examine research to improve plant resistance
to fungal pathogens by integrating cloned fungal chitinase with antifungal polypep-
tides. Again, Trichoderma is shown to be a useful model system. While recognizing
that mycoinsecticides have had little impact on insect pest control to date, A.K. Charn-
ley suggests a promising future for these entomopathogenic fungi. This optimism is
based on the current rate of progress in research on epizootology, mass production,
formulation, application and mechanisms of pathogenesis. Fungal agents for control-
ling plant pathogenic nematodes often perform poorly or inconsistently because they
have been released prematurely, without sufficient basic knowledge of their biology and
ecology. B. Kerry and B. Jaffee explain the importance relating basic information on the
mode of action and epidemiology of selected fungal biocontrol agents to methods of
mass production, formulation and application. In his examination of the potential of
mycoherbicides, D.A. Shisler emphasizes the importance of understanding phylloplane
microbial dynamics in order to obtain consistent field efficacy of a mycoherbicide, in-
cluding strategies for bolstering the pathogen at this same weak point. T. McGonigle
shows how the selective grazing of soil and litter fungi by arthropods can have an impact
on community structure. Fungi have responded in different ways to reduce the negative
effects of predation. J.B. Gloer offers numerous examples showing how observations in
fungal ecology have generated hypotheses about fungal antagonism and defense which,
in turn, have led to the discovery of novel bioactive fungal metabolites.

The final section recognizes fungus-mediated decomposition and the nutrient mo-
bilizing potentials of fungi in both aquatic (marine and freshwater) and terrestrial
ecosystems. J. Dighton considers aspects of metal ion accumulation and enzymatic
competence of saprotrophic fungi. Such basic information can be applied to the degra-
dation of toxic organic compounds and the uptake and accumulation of metal ions in
contaminated soils. J.R. Leake and D.J. Read review evidence that mycorrhizae in decom-
posing litter have a direct role in recycling of organic nutrients. There is surprisingly
little information on the extent to which processes of nutrient mobilization occur in
nature. M.O. Gessner, K. Suberkropp and E. Chauvet examine the role of fungi in plant
litter decomposition in aquatic environments (e.g. salt marshes, mangrove swamps and
streams), and they observe that mechanisms controlling the allocation of resources
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between mycelium and reproductive structures are not yet understood. In an effort to
encourage lateral thinking, M.J.R. Nout and co-authors examine different approaches
for estimating fungal biomass in food fermentations and consider the appropriateness
of various approaches for fungal ecologists investigating litter decomposition. Likewise,
the bioconversion of plant fibres to fuel, feed or precursors for chemical syntheses is
examined by R. Sinsabaugh and M.A. Liptak, scientists whose principal research interest
is in the biochemistry of plant litter decomposition and the ecology of the decomposers
in nature.

We hope that not only professional biologists who wish to learn research directions
and opportunities in mycological ecology will find this volume interesting, but also
that graduate students in mycology and microbial ecology will find it useful. Thanks
are especially due to those individual contributors who produced outstanding original
figures and to all for promptly responding to our various editorial requests.

Peoria, Illinois, USA
Lund, Sweden
January 1997

Donald Wicklow

Bengt Soderström

Volume Editors
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I. Introduction

Other than the origin of life, arguably the other
major evolutionary benchmarks are the symbi-
otic origin and phylogenetic radiation of eukary-
otes, and the inception of aerobiosis. Intertwined
with these developments, and of particular interest
to mycologists, is a third event, the origin of the
fungi.

Here, we review current thinking on the origin
of eukaryotes, and the position of the fungi within
the so-called tree of life. To provide a context
for this discussion, we begin with a consensus
geological timescale for dating the key geological
and evolutionary events. This leads to an overview
of the types and strength of evidence used to con-
struct phylogenies, followed by the phylogenies
themselves summarized as a phylogenetic tree
starting with the origin of life, and focusing on
eukaryotes, fungi, and alphaproteobacteria (the
presumed ancient mitochondrial endosymbiont).
The tree is expanded to include energy-generating
and other ecophysiological trophic traits of the
major taxa, which allows identification of the taxa

1 Plant Pathology Department, 1630 Linden Drive, University of
Wisconsin, Madison, WI 53706, USA
2 Soil Science Department, 1525 Observatory Drive, University of
Wisconsin, Madison, WI 53706, USA

that are closest trophically to the mitochondrial
and eukaryotic root. We conclude by depicting the
energy-generating trophic relationships between
fungi and alphaproteobacteria as a function
of a simple, quantitative, bioenergetic electron
flow framework (linked electron donors and
acceptors) based on integrated thermodynamic
and biochemical principles. The framework allows
visual comparison of dissimilatory reactions and
pathways that can, and cannot, proceed under
ambient and standard environmental conditions.
Further, it identifies energy connections between
the mitochondrial endosymbiont and aerobic
and anaerobic fungi, and allows quantitative
assessment of hypotheses for the symbiotic origin
and evolutionary ecology of eukaryotes.

II. Biogeochemical Setting
and Geological Timescale

Diverse evidence suggests that Earth originated
about 4.5 Gyr (Gyr = Giga or billion years ago) from
a collision between planetismals, followed by coa-
lescence of the debris (Nisbet and Sleep 2001). After
a period of cataclysmic chaos as Earth consolidated
and cooled, a lithospheric crust was formed, and
temperatures became conducive to the prolonged
existence of liquid water as part of a functional hy-
drosphere. This set the primordial stage for chem-
ical evolution toward systems supporting the or-
ganic precursors of life, followed by evolution of
self-replicating, progenotic assemblages bridging
into prokaryotic and eukaryotic organisms. The
four geological timescales (eons) are the:

(a) Hadean (from origin of planet, ∼4.5 Gyr, to the
origin of life, ∼4.0 Gyr);

(b) Archaean (4.0–2.5 Gyr);
(c) Proterozoic (2.5–0.56 Gyr); and
(d) Phanerozoic (0.56 Gyr–present).

Environmental and Microbial Relationships, 2nd Edition
The Mycota IV
C. P. Kubicek and I. S. Druzhinina (Eds.)
© Springer-Verlag Berlin Heidelberg 2007
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Our focus is on the late Archaean and Proterozoic
(Nisbet and Sleep 2001).

Life probably originated by the early Archaean
(∼3.8 Gyr). Fossil evidence is strong (see section
below on Phylogenetic Evidence) by the mid-
Archaean (3.6–3.3 Gyr) for widespread bacterial
biofilms and stromatolites (“organosedimentary
structures produced by microbial trapping,
binding, and precipitation, generally but not
always photosynthetic”; Nisbet and Sleep 2001).
Geochemical markers, including those typical of
cyanobacteria, imply that oxygenic photosynthesis
was occurring by 3.5 Gyr, and by 2.8–2.2 Gyr
atmospheric oxygen levels were significant, as
interpreted from oxidized rock (Nisbet and Sleep
2001; Bekker et al. 2004). This was sufficient to
support aerobic respiration, a key event associated
with the evolution of mitochondria, though high
rates of oxygen utilization kept the levels at 1–2%
of present-day concentrations until about 1.9 Gyr,
when levels rose to at least 15% of present-day
values (Knoll 1992; Bekker et al. 2004). Of course,
anaerobic environments persist to this day in habi-
tats such as the gut tract and anoxic sediments.

Unicellular eukaryotes (protists), arising
more or less concurrently with mitochondria,
were present by 1.5 Gyr, and possibly much
earlier (Knoll 1992; Nisbet and Sleep 2001; Dyall
et al. 2004). Fossils interpreted as presumptive
eukaryotes are dated at 1.45 Gyr (Javaux et al.
2001), and a well-established fossil benchmark for
a multicellular red alga protist (Bangiophyceae),
i.e., implying the presence of both mitochondria
and plastids, was recovered from 1.25–0.75 Gyr
carbonate (sedimentary) rocks in arctic Canada
(Butterfield et al. 1990). A “probable fungus”
(Tappania sp.) dated at 1.43 Gyr (Butterfield 2005)
has been recovered from Australian rock.

III. Phylogenetic Evidence
and its Interpretation

Primarily two forms of evidence have been used
to reconstruct the history of life: paleontological
(fossil or morphological), and molecular sequence
(nucleotide or protein) information. The former
is dated by biophysical or geochemical methods
(Schopf et al. 1983; Knoll 1992); the latter, by molec-
ular clock assumptions (Wilson et al. 1987). (This
categorization excludes evidence of life inferred
from geochemical profiles or signals; Knoll 1992;

Nisbet and Sleep 2001.) While morphological and
molecular lines of data are complementary and
have generally been in broad agreement (Baker and
Gatesy 2002; Smith and Peterson 2002; Donoghue
and Smith 2004), there are notable exceptions that
have not been reconciled. Both approaches involve
numerous inferences and assumptions, and have
significant constraints, alluded to briefly as follows.

Fossils

Robust fossil evidence depends on a readily in-
terpretable, accurately dated specimen. The fossil
provides a minimum possible age for that taxon
(and for sister taxa and preceding lineages; Berbee
and Taylor 1999, 2001; Smith and Peterson 2002).
Departure from the ideal specimen occurs because
of both geological and biological limitations. Even
among paleontologists, there is considerable con-
troversy and subjectivity in interpreting retrieved
specimens (Brasier et al. 2002). No rocks are yet
known from the estimated origin of the planet (the
oldest rocks reported to date are about 4 Gyr; Stern
et al. 1998). For body fossilization to occur, gener-
ally the organism needs to be coated very quickly
by sediment. Sedimentation associated with the
early planet has been altered frequently, obscuring
fossils, and under the best of conditions (shallow
water) sediments are only sporadically distributed
(Schopf et al. 1983). Thus, the early fossil records
are more or less obliterated, with the first evidence
for microbes appearing as stromatolites (3.5 Gyr,
see above; Nisbet and Sleep 2001), and most of
the macrofossils appearing over the past 0.6 Gyr
(Schopf et al. 1983; Knoll 1992). Fossilization is
facilitated by mineralized, or otherwise resistant
materials not possessed by many organisms; those
readily fossilized may not occur in geographic re-
gions geologically suitable for preservation (Schopf
et al. 1983). Because of their size and composition,
fungi are not as well suited as dinosaurs for fos-
silization! Furthermore, much of microbial evolu-
tion is internal, reflecting changes in genetics, bio-
chemistry, or ultrastructure, rather than in external
body form (see Sect. IV., Eukaryote Evolution and
Fungal Phylogeny). This results in what has imag-
inatively been called “the Volkswagen syndrome”
(Schopf et al. 1983), alluding to the many gener-
ations of visually identical VW ‘beetles’. Finally,
homoplasy (similarity in features among taxa for
reasons such as convergence, i.e., other than com-
mon ancestry) may be a confounding factor, par-
ticularly in interpreting morphological evidence
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(Givnish and Sytsma 1997; but see Baker and Gatesy
2002).

Molecules

While it is often asserted confidently that “se-
quences don’t lie”, the data and analyses leading
to inference of a particular sequence or phylogeny
are not as objective as implied by this remark
(Hillis et al. 1996; for fungi, see Berbee and Taylor
1999). The molecular approach dates essentially
from the work by Zuckerkandl and Pauling, among
others (reviewed by Wilson et al. 1987; Donoghue
and Smith 2004), showing that the rates of amino
acid replacement due to mutational change were
about constant among lineages for the proteins
cytochrome c and hemoglobin. This suggested
that the times of divergence for pairs of species
can be calculated. If fossil evidence is available
for certain specimens to calibrate the clock, then
it can be used in principle to estimate divergence
times for species for which no fossil evidence exists
(Wilson et al. 1987), including fungi (Berbee and
Taylor 2001). Despite much research showing that
the clock ticks irregularly (Wilkins 2002; Thomas
et al. 2006), it is still used widely as a phylogenetic
instrument. Among the early, retrospectively
erroneous placements on the universal ‘tree of
life’ were the amitochondriate eukaryotes, the
hyperthermophilic bacteria, and probably, the
root of the tree (Gribaldo and Philippe 2004).

Perhaps the largest assumption from molecular
approaches, which is only rarely even mentioned,
is that the gene- or protein-based trees portrayed
in countless diagrams actually equate with organ-
ism trees, notwithstanding the fact that they are
labeled as such. Beyond this, there are two basic
sorts of deficiencies (Gribaldo and Philippe 2004)
arising from either reconstruction models or ba-
sic biological processes. A single phylogenetic tree
is usually specified by a model, yet trees are con-
structed by different rules (e.g., based on evolu-
tionary distance, or maximum parsimony, or max-
imum likelihood) with different topologies and es-
timations of ancestral relationships (Lutzoni et al.
2001; Pace 2004). Early generation mathematical
depictions made misleadingly simplistic assump-
tions that potentially caused the wrong tree to be
specified with strong support (Embley and Martin
2006). Probably the most notorious artifact, termed
long-branch attraction, refers to clustering of the
longest branches due to variable evolution rates
(i.e., the most rapidly evolving taxa, not necessarily

the most closely related, are grouped; Gribaldo and
Philippe 2004). Other errors arise from loss of mu-
tational signal in excessive noise (mutational sat-
uration); clustering of taxa due to DNA base com-
position (e.g., biased by similar G+C content); and
variable substitution rates within a protein across
lineages (heterotachy; Gribaldo and Philippe 2004).
When phylogenies from different proteins or genes
conflict for the same group of species, this may be
due to artifacts, or to lateral gene transfer (Grib-
aldo and Philippe 2004). At least partial solutions to
most of these problems are now available, including
more sophisticated grouping functions in newer
mathematical models (Gribaldo and Philippe 2004;
Embley and Martin 2006).

Further discussion of this important issue is
beyond the scope of this chapter, but recognition
that significant pitfalls exist for both morphological
and molecular methods is important, so that they
are used and interpreted cautiously, preferably in
unison (Givnish and Sytsma 1997; Baker and Gatesy
2002).

IV. Eukaryote Evolution
and Fungal Phylogeny

Eukaryotic Emergence

Figure 1.1 presents a stylized phylogenetic tree
starting with the origin of life, and focusing on
eukaryotes, fungi, and alphaproteobacteria (the
hypothetical ancient mitochondrial endosym-
biont). We have expanded the tree to include
energy-generating and other ecophysiological
trophic properties of the major taxa relative to
those of alphaproteobacteria. The closest func-
tional matches potentially identify the taxa closest
to the mitochondrial eukaryotic root (either com-
plementing or conflicting with the phylogenetic
position) and/or the taxa exposed to environmen-
tal evolutionary pressures similar to those of the
original alphaproteobacterial endosymbiont.

While it was once tacitly assumed that eukary-
otes simply emerged from prokaryotes, the cur-
rent interpretation is contentious and much more
complex (Roger 1999; Martin and Russell 2003;
Horner and Hirt 2004; Martin et al. 2003; Em-
bley and Martin 2006; de Duve 2007). (For con-
venience and consistency with convention in vir-
tually all the literature [e.g., Adl et al. 2005], we
refer collectively to the bacteria and archaea as
prokaryotes; we note that Pace [2006] has argued
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Fig. 1.1. A view of eukaryote evolution from the origin
of life, recognizing trophic properties of the major lineages
and focusing on the fungi. This view integrates recent infor-
mation and concepts (Roger 1999; Richards and Cavalier-
Smith 2005; Embley and Martin 2006; Pace 2006; James
et al. 2006; Kurland et al. 2006; Steenkamp et al. 2006; de
Duve 2007), with the trophic ancestral origin of life (Kur-
land et al. 2006) amplified and expanded to include the

ancestral origin of eukaryotes and fungi, and the trophic
properties of the major lineages. Broken lines identify con-
troversy (e.g., existence or not of amitochondriate Eukarya,
and sisterhood or descendant relationship of Eukarya to
Archaea). All trophic categories assigned to the different
taxa are based on extant properties. Unless specified other-
wise (footnotes1–6), the unikont taxa are trophically simple
mitochondrial organisms
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against continued use of this term.) In terms of en-
ergy generation trophic properties, the alphapro-
teobacterial mitochondrial ancestor of eukaryotes
is generally considered to have been chemotrophic
(chemical energy), rather than phototrophic (pri-
mary energy light), organotrophic (organic elec-
tron donor) or litho-organotrophic (organic and
supplementary inorganic sulfur e− donor), rather
than lithotrophic (inorganic electron donor), and
aerobic (O2 electron acceptor for energy genera-
tion) or facultatively anaerobic (O2 and alternative
electron acceptor for energy generation) (Cavalier-
Smith 2004; Richards and Cavalier-Smith 2005; Em-
bley and Martin 2006), although as recognized in
Fig. 1.1, extant alphaproteobacteria are more di-
verse than this. The fact that eukaryotes split into
either chemotrophs or oxygenic phototrophs ar-
gues against an anoxygenic phototrophic alphapro-
teobacterium as the ancestral mitochondrial en-
dosymbiont.

The two most common scenarios for the emer-
gence of eukaryotes are either (1) a nucleus-bear-
ing, amitochondriate, proto-eukaryote cell acquir-
ing an alphaproteobacterial endosymbiont, and
giving rise to a mitochondrion-bearing eukaryote,
or (2) a prokaryote (specifically archaeal) host
acquiring an alphaproteobacterial endosymbiont
that became a mitochondrion, with the recipient
becoming progressively more eukaryote-like
(acquiring or evolving a nucleus, cytoskeleton,
etc.; Dyall et al. 2004; Embley and Martin 2006;
Margulis et al. 2006). Neither hypothesis is entirely
compelling, the former being deficient because
no extant, primitively amitochondriate eukaryotic
organisms have yet been found (Embley and
Martin 2006), the latter because extant prokaryotes
are not phagocytic, and with one exception, are not

1,3 Chytridomycota (para- or polyphyletic) include hydrogenoso-
mal anaerobes such as Neocallimastix and Piromyces (Yarlett and
Hackstein 2005). The initial lineage is represented by Rozella.
2 Microsporidia are composed of mitosomal obligate anaerobes
such as Tracipleistophora and Encephalitozoon (Van der Giezen
et al. 2005).
4 Glomeromycota (formerly Glomales of Zygomycota) are obligate
endoparasites of photoautotrophs (Schüßler et al. 2001).
5 Ascomycota include mitochondrial, facultatively anaerobic fer-
menters such as Saccharomyces (Tielens et al. 2002); denitrifiers and
ammonia fermenters such as Aspergillus and Fusarium (Takasaki
et al. 2004); methylotrophic yeasts such as Pichia and Candida
(Nakagawa et al. 2005) and mycelial fungi such as Trichoderma,
Gliocladium, and Paecilomyces (Tye and Willetts 1977).
6 Amoebozoa include mitochondrial aerobes such as Pha-
lansterium, the potential ancestral heterotrophic aerobic unicili-
ate eukaryote (Cavalier-Smith 2004), and mitosomal anaerobic Ar-
chamoeba/Endamoeba such as Entamoeba (Van der Giezen et al.
2005).

known to harbor symbionts (Cavalier-Smith 2002,
2004; Embley and Martin 2006). While there is con-
siderable evidence that eukaryotic informational
genes have archaeal homologs, and that eukary-
otic operational genes have bacterial homologs
(Embley and Martin 2006; Kurland et al. 2006),
the Eukarya have unique “signature proteins”, as
do the other two domains (Hartman and Fedorov
2002). Such commonalities may suggest early,
failed experiments in symbiosis, or gene transfer
events among the three major domains Bacteria,
Archaea, and Eukarya (see below, and Pace 2004).
Pace states that “molecular trees based on rRNA
and other reliable genes show unequivocally that
the eukaryotic nuclear line of descent is as old as
the archaeal line” (2005, p. 57). He further believes
that “the modern kind of eukaryotic cell [sic],
with organelles, probably also arose early, more
than 3.5 Byr ago” ([sic; Byr = Gyr] Pace 2004, p.
84). Consequently, we show in Fig. 1.1 the origin of
life and the universal ancestor as unspecified, with
various evolutionary interconnections possible
(dotted lines) among the three domains.

Fungal Emergence

Proceeding up the tree, the most fundamental
division among the eukaryotes is the split between
the ancestrally uniciliate (unikont) and biciliate
(bikont) lineages (Fig. 1.1; Cavalier-Smith 2002;
Stechmann and Cavalier-Smith 2003; Richards and
Cavalier-Smith 2005; Embley and Martin 2006).
Generally speaking, the unikonts include the
animals, fungi, and amoebozoa, while the bikonts
comprise the plants, algae, and protozoans (Emb-
ley and Martin 2006). Among organisms examined
to date, the genes for dihydrofolate reductase
(DHFR) and thymidylate synthetase (TS) are fused
in bikonts, but separate in unikonts; additionally,
protein trees and other gene fusion/duplication
data support this major eukaryotic division (Stech-
mann and Cavalier-Smith 2003; Cavalier-Smith
2004). From such evidence is drawn the presump-
tive conclusion that the root of the eukaryote tree
is between the bikonts and unikonts (Stechmann
and Cavalier-Smith 2003; Cavalier-Smith 2004;
Embley and Martin 2006).

Fungi, animals, and various unicellular eukary-
otes (the Choanozoa) together form the mono-
phyletic Opisthokonta (Fig. 1.1), phenotypically di-
verse but linked mainly by a common molecular
phylogeny (Steenkamp et al. 2006). This is an an-
cient lineage, perhaps at least 1 Gyr old (Knoll 1992;
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Butterfield 2005). Depending on the classification
system, the microsporidia (obligate intracellular
parasites mainly of animals) either are (Bullerwell
and Lang 2005; Adl et al. 2005; James et al. 2006)
or are not (Steenkamp and Baldauf 2004; Embley
and Martin 2006; Steenkamp et al. 2006) considered
with the fungi, with which they are regarded to be at
least very closely aligned (Hirt et al. 1999). A recent
reconstruction of fungal evolution based on a six-
gene phylogeny (James et al. 2006) shows the earli-
est divergence within the kingdom Fungi contains
the microsporidia and the endoparasitic chytrid
Rozella allomycis. The closest known relative to an
ancestral fungus is an amoeboid, phagotrophic Nu-
clearia (Fig. 1.1, and James et al. 2006).

The ancestral fungus in Fig. 1.1 was likely
a chemoheterotroph, and obtained its food as
a parasite (or possibly as a commensal or mutu-
alist), osmo/phagotrophically, with mitochondria
producing energy by organotrophic or litho-
organotrophic, aerobic, and anaerobic metabolism
(e.g., integration of Fig. 1.2a and b). Depending
on habitat selection pressures, the primordial
osmo/phagotrophic fungus could early have
evolved into Rozella-type aerobic chytrids, and
into anaerobic microsporidia, by mitochondrial
degeneration into anaerobic mitosomes, and loss
of phagotrophism. The chytrid line later evolved
into Neocallimastix-type anaerobic chytrids, by
degeneration of mitochondria into hydrogeno-
somes and loss of phagotrophism, and then into
aerobic chytrids. Still later, the more advanced
extant fungi evolved in part by physiological
losses, and lateral gene transfer (LGT) gains with
respect to the ancestral fungus (Fig. 1.1).

The general consensus from evidence based
on SSUrDNA sequences, protein trees, and limited
information from cellular structure and physiol-
ogy, is that the animal and fungal kingdoms are
each monophyletic and the most closely related to
one another (Steenkamp and Baldauf 2004; how-
ever, see comments below on geological age). The
Choanozoa, consisting of four classes, constitute
a paraphyletic group, and the order of branch-
ing of lineages within the opisthokonts is unclear
(Steenkamp and Baldauf 2004). The choanoflag-
ellates (aquatic uniflagellates) have both animal
(sponges) and fungal similarities, suggesting that
the Chytridiomycota, the oldest true fungal phy-
lum, may have arisen from a chitinous thecate
member (Steenkamp and Baldauf 2004; Steenkamp
et al. 2006). Chytrids, which are aquatic (occasion-
ally marine) and to some extent soil-borne, have

Fig. 1.2.a Bioenergetic electron flow diagram of mito-
chondrial and cytosolic dissimilatory reactions of extant
aerobic and facultatively anaerobic fungi, and overlapping
dissimilatory reactions of extant facultative alphapro-
teobacteria, under microaerophilic conditions. The e−

transfer half-reaction couples are located in non-scalar
line with decreasingly less negative e− transfer potential
(Eh7); standard activity neutral pH potentials (Eh07) are in
parentheses. The potentials are expressed to 4 decimals to
allow ΔG derivation identical to that using the ΔGf

0 of the
components in a completely mass-balanced equation. The
total available e− are in parentheses behind the compound
name. Dotted lines identify e− flow from e− donor to e−

acceptor couples. In general, the number of e− transferred
from/to a couple is standardized on a single or multiple 2e−

basis. Appropriate prorating of the half-reaction couples
is needed to achieve transfer of the same number of e−, n,
from the donor to the acceptor for a complete reaction. The
energetics of a complete reaction is a function of n, the Fara-
day constant (F), and the difference in e− transfer potential
between the e− acceptor and e− donor couples, as shown in
the equation, with e− flowing downhill for an exergonic (en-
ergy generating) reaction. The non-redox reactions show
the ambient (ΔG7) and standard (ΔG07, in parentheses) en-
ergetics of the reactions. Compounds enclosed by boxes are
terminal metabolites. The enzymes or processes for a linked
e− donor and e− acceptor, or non-redox reaction, are
numerically coded as follows. 1 NAD-linked glycolysis to
phosphoenol pyruvate (PEP), 2 pyruvate kinase, 3F oxygen-
linked alcohol oxidase (fungi), 3a methanol dehydrogenase
(α-proteobacteria), 4 NAD-linked formaldehyde dehydro-
genase and formate dehydrogenase, 5 NAD-linked acetate
reduction to ethanol via acetyl CoA (reverse of reaction 6),
6 NAD-linked alcohol dehydrogenase, CoA-acylating alde-
hyde dehydrogenase, acetyl CoA synthetase, 7 NAD-linked
nitrate reductase, 8 NAD-linked nitrite reductase, 9 NAD-
linked nitrate and nitrite reductase, 10 pyruvate transport
into mitochondria (fungi), 11 NAD-linked pyruvate
dehydrogenase, 12 ATP production via acetate:succinate
CoA-transferase, 13 NAD-linked acetate oxidation via TCA
cycle conversion of oxaloacetate to succinate, 14 UQ-linked
succinate dehydrogenase, 15 fumarase, 16 NAD-linked
malate dehydrogenase, 17 recycling of oxaloacetate back
into the TCA cycle, 18–24 respiratory e− carrier system,
25 nitrate reductase, 26 nitrite/nitric oxide reductase,
27 nitric oxide/nitrous oxide reductase, 28 denitrification
to nitrous oxide, 29 UQ-linked sulfide oxidase

generally relatively sparse, coenocytic thalli, and
are unique among the fungi in possessing uniflag-
ellated (rarely polyflagellated) zoospores and ga-
metes. Most extant species are saprobes, though
several are parasites of plants, animals, or fungi.

The unifying characteristics of the mono-
phyletic group Fungi (Eumycota) include a nu-
tritive mode based on absorptive heterotrophy
(osmotrophy, rather than phagotrophy), and
possession of typically tube-like walls composed
of β-glucan and chitin enclosing multi-nucleate
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protoplasm, with mitochondria or derivatives such
as hydrogenosomes or mitosomes present (Martin
et al. 2003; Steenkamp and Baldauf 2004; Adl et al.
2005). The so-called higher fungi, comprising the

Ascomycota and Basidiomycota, each of which is
monophyletic, form a sister clade with the mono-
phyletic Glomeromycota (as endomycorrhizae,
obligate symbionts of photoautotrophs; Schüßler
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Fig. 1.2.b Bioenergetic electron flow diagram of hydro-
genosomal dissimilatory reactions of extant anaerobic
fungi, and overlapping dissimilatory reactions of ex-
tant facultatively anaerobic alphaproteobacteria (see
Fig. 1.2a caption for explanation of figure structure).
The codes for the enzymes or processes are as follows.
1 NAD-linked glycolysis to phosphoenol pyruvate (PEP),
2 pyruvate kinase, 3 phosphoenolpyruvate carboxykinase,
4 pyruvate:formate-lyase, 5 NAD-linked alcohol dehydro-

genase, 6 NAD-linked lactate dehydrogenase, 7 NAD-linked
malate dehydrogenase, 8 fumarase, 9 NAD-linked fumarate
reductase, 10 and 11 pyruvate and malate import into
hydrogenosome (fungi), respectively, 12 NAD-linked malic
enzyme, 13 pyruvate:formate-lyase, 14 ATP production via
acetate:succinate CoA transferase, 15 NAD-linked hydroge-
nase, 16a formic hydrogen lyase (alphaproteobacteria). An
asterisk means that the reaction is unique to fungi within
the anaerobic eukaryotes

et al. 2001; Steenkamp and Baldauf 2004; James
et al. 2006; Steenkamp et al. 2006). The basal
branches are occupied by the Zygomycota and
Chytridiomycota, both of which are paraphyletic
or polyphyletic, and for which the relationships
and evolutionary pathways are unclear and con-
troversial (Steenkamp and Baldauf 2004; James

et al. 2006; Steenkamp et al. 2006). A general infer-
ence is that the primordial fungi were primarily
aquatic, and lacked aerial dispersal (James et al.
2006). Numerous adaptations are apparent in
the life cycle as fungi colonized land (see below)
along with animals and plants. Among these are
an increase in filamentous habit optimized for
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absorptive nutrition based on saprotrophy or
parasitism; loss of flagellated spores (on at least
four separate occasions; James et al. 2006); and
multiple innovations for spore production, aerial
dispersal, and survival.

For reasons discussed above (see Phylogenetic
Evidence and its Interpretation), estimation of the
geological history of the fungi based on fossil ev-
idence is often not in accord with inference from
molecular clock assumptions. Based on their own
calibrated molecular clock calculations and review
of the literature, Berbee and Taylor (2001) esti-
mated that the fungi diverged from the animal
lineage at about 1.0–0.9 Gyr, prior to terrestrial
flora, though Butterfield’s (2005) claim of a “prob-
able fungus” with characteristics similar to the zy-
gomycetes dated at 1.43 Gyr from Australian rock,
if correct, moves this back substantially. A major
multi-gene analysis of the plant–animal–fungi di-
vergence times estimated these to be approximately
concurrent and relatively ancient at 1.58±0.09 Gyr
(Wang et al. 1997). Subsequent radiation of the ter-
restrial fungi, roughly at 0.6 Gyr, likely followed
closely the origin of land plants (Berbee and Taylor
2001; see also Selosse and Le Tacon 1998), but also
involved affiliations with algae before the evolution
of vascular plants (Heckman et al. 2001; Lutzoni
et al. 2001; Yuan et al. 2005). The final major di-
vergence, occurring perhaps at about 0.4–0.5 Gyr,
was the splitting of the Ascomycota from the Ba-
sidiomycota (Berbee and Taylor 2001; Taylor et al.
2004).

Since much of microbial evolution is inter-
nal, rather than external, as alluded to at the
outset in this chapter, internal changes beyond
ultrastructure and physiology involve informa-
tional (replication, transcription, and translation)
and operational (assimilatory biosynthesis, and
energy-generating dissimilatory metabolism)
genes (Embley and Martin 2006). Energy genera-
tion is the province of mitochondria, and remnant
mitochondria such as hydrogenosomes and mito-
somes. LGT from the mitochondrion to the nucleus
has occurred extensively over time, depending on
ecological role and environmental conditions (see
below; Kurland and Andersson 2000; Bullerwell
and Lang 2005). In addition, LGT from external
sources to the nucleus also has occurred frequently
(see below; Kurland and Andersson 2000; Gribaldo
and Philippe 2004; Bullerwell and Lang 2005).
Accordingly, any mitochondrial endosymbiont
ancestry of the dissimilatory processes carried out
under nuclear control in the cytosol is shrouded

in history. However, LGT from the nucleus or
external sources to the mitochondrion is much less
likely (Kurland and Andersson 2000; Bullerwell
and Lang 2005). Thus, genes retained in extant
or remnant mitochondria may well be ancestral
to the original mitochondrial endosymbiont.
The general consensus is that extant eukaryotic
aerobes and facultative anaerobes have evolu-
tionarily retained the inherited mitochondrial
endosymbiont dissimilatory respiratory chain
properties within their mitochondria, but have
undergone extensive loss or intracellular transfers
of other mitochondrial genes to the nucleus, and
also may have gained nuclear genes via external
lateral gene transfer. Similarly, many extant
eukaryotic anaerobes have apparently lost much
of their superfluous respiratory chain machinery,
so that their mitochondria have evolved into
ATP-generating, H2-producing hydrogenosomes
or mitosomes (Embley and Martin 2006; Yarlett
and Hackstein 2005). The only common denom-
inator of mitochondria, hydrogenosomes, and
mitosomes is iron-sulfur cluster assembly (Van
der Giezen et al. 2005; Embley and Martin 2006).

From Fig. 1.1 it can be seen that, as a group, ex-
tant alphaproteobacteria have much more diverse
metabolic properties than any of the eukaryotes.
Standard logic in phylogenetics is that properties
of ancestors can be inferred from commonalities of
the descendants (Pace 1991). This leads to the fur-
ther inference that more can be understood from
modern organisms that are more closely related
to the earliest organisms than from those that are
evolutionarily more distant (Pace 1991). Applying
that rationale to physiology, the extant eukaryotic
lineage with the most metabolic overlap with ex-
tant alphaproteobacteria is evolutionarily closest
to the endosymbiotic mitochondrial ancestor (Tie-
lens et al. 2002) – fungi are that group (Fig. 1.1).

V. Bioenergetic Analyses Applied
to Evolutionary
and Phylogenetic Relationships

Figure 1.2a and b provide a mechanistic expansion
of the energy-generating trophic relationships
between fungi and alphaproteobacteria identified
in Fig. 1.1, as a function of an operationally simple,
quantitative, bioenergetic electron flow (linked
electron donors and acceptors) framework based
on integrated thermodynamic and biochemical
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principles. This framework allows direct com-
parative visualization of dissimilatory reactions
and pathways that can and cannot proceed under
ambient and standard environmental conditions,
and identifies evolutionary energy connections
between the mitochondrial endosymbiont and
aerobic and anaerobic fungi. It also allows quanti-
tative assessment of hypotheses for the symbiotic
origin of eukaryotes.

Construction and interpretation of the elec-
tron flow diagrams are identified in the figure cap-
tions and footnotes, and described in more detail
elsewhere (Harris and Arnold 1995; Andrews and
Harris 2000; Zwolinski et al. 2000). The focus of
Fig. 1.2a and b is on comparison of the dissimi-
latory reactions in fungal mitochondria and hy-
drogenosomes, respectively, as distinct from the
cytosol, which overlap with the dissimilatory re-
actions of extant alphaproteobacteria. In brief, the
electron transfer half-reactions shown in the fig-
ures are dissimilatory electron donors and elec-
tron acceptors linked in diverse combinations; spe-
cific reactions and pathways of interest are coded
for the extant catalytic enzymes involved. The e−

transfer half-reactions are ranked according to de-
creasingly less negative e− transfer potential (de-
creasing e− donor/increasing e− acceptor potential)
under ambient conditions. Qualitative energetics
are readily apparent by visual examination (down-
hill flow of e− identifying an exergonic reaction).
If desired, quantitative energetics are readily de-
rived as ΔG = −nFΔE (Fig. 1.2a and b), where −ΔG
refers to the Gibbs free energy change of the reac-
tion (with a negative sign denoting an exergonic
reaction), n is the number of electrons transferred,
F is the Faraday constant, and ΔE is the difference
between the electron transfer potential of the elec-
tron acceptor and electron donor. This procedure
is straightforward compared to the labor-intensive
classical construction of completely stoichiomet-
rically balanced equations, and calculation of ΔG
as a function of energy of formation and ambi-
ent activities of all reaction components (Amend
and Shock 2001, cited by Martin and Russell 2003).
The proton ionizable forms of the metabolites used
in the figures are those dominant at the ambient
pH (7) as defined by the pKa; the Eh07 data were
derived from ΔGf

0 properties (Amend and Shock
2001; Thauer et al. 1977), or for the respiratory
chain e− carriers, obtained directly from the lit-
erature (Tielens et al. 2002; Voet and Voet 2005).
Ambient activities used for the figures were gen-
erally in the upper Km range, with the following

exceptions: (1) O2 activity was set at an order of
magnitude lower than the Km to provide highly
microaerophilic conditions under which O2 activ-
ity would be marginal for enzyme accessibility; (2)
oxaloacetate and H2 activity, NAD(P)H/NAD(P)+

ratios, were adjusted to levels needed for exergonic
pathways. Operationally simple Eh adjustments for
tenfold changes in ambient activities are given in
the figures.

Overlapping with alphaproteobacteria (Gorrell
and Uffen 1977; Garrity et al. 2005), the follow-
ing noteworthy trophic properties of fungi can be
summarized from Fig. 1.2a for aerobes and facul-
tative anaerobes (properties 1 and 2a–d), and from
Fig. 1.2b for obligate anaerobes (property 3):

(1) All aerobic fungi, together with other aerobic
eukaryotes, have a classical mitochondrial res-
piratory chain (Fig. 1.2a, reactions 18–24) for
energy-conserving e− flow to O2 (Tielens et al.
2002).

(2) Certain ascomycete fungi:

(a) in common with amoeba and ciliated pro-
tozoans, can use hydrogen sulfide as a mito-
chondrial e− donor (Fig. 1.2a, reaction 29)
for detoxification, if not energy generation
(Theissen et al. 2003);

(b) in common with facultative protists, can
use intracellular organics as cytosolic e−

acceptors for NAD+ regeneration (e.g., ac-
etate reduction to ethanol, Fig. 1.2a, reac-
tion 5) under O2-limiting conditions;

(c) are the only eukaryotes capable of cytoso-
lic, methylotrophic use of 1 C compounds
as aerobic e− donors (Fig. 1.2a, reactions
3F and 4; Tye and Willetts 1977; Nakagawa
et al. 2005);

(d) are the only eukaryotes capable of anaer-
obic mitochondrial respiration using ni-
trate denitrification to nitrous oxide as an
alternate e− acceptor (Fig. 1.2a, reactions
25–28), and cytosolic nitrate reduction to
ammonium (Fig. 1.2a, reactions 6–9) as
a mechanism for substrate-level ATP pro-
duction and NAD+ regeneration (Tielens
et al. 2002; Takasaki et al. 2004).

(3) Anaerobic chytrids are unique within the
eukaryotes in having hydrogenosomes that
generate energy by substrate-level ATP pro-
duction from malate oxidation to pyruvate,
followed by pyruvate degradation to acetate
and formate (pyruvate formate lyase pathway,
PFL; Fig. 1.2b, reactions 12–14), accompanied
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by NAD(P)H-linked hydrogenase reduction
of protons to H2 (Fig. 1.2b, reaction 15;
Yarlett and Hackstein 2005). The PFL pathway
compares to the pyruvate-ferridoxin oxidase
(PFO) pathway for pyruvate oxidation and H2
production by non-fungal hydrogenosomal
eukaryotes (Yarlett and Hackstein 2005; Emb-
ley and Martin 2006), a pathway that is minor
and likely obtained by lateral gene transfer
over evolutionary time by alphaproteobacteria
such as Rhodospirillum (Gorrell and Uffen
1977).

For anaerobic fungi, trophic categorization
(property 3) of the Chytridiomycota as closest to
alphaproteobacteria supports their phylogenetic
placement as the oldest fungal phylum (Fig. 1.1).
In contrast, within aerobic and facultative eu-
karyotes, fungal ascomycetes are the closest to
alphaproteobacteria based on energy-generation
trophic properties, and from this standpoint are
the closest to the mitochondrial root. This affinity
is decreased if the cytosolic properties (2b, 2c and
part of 2d) are discounted, but not enough to affect
the outcome. However, this trophic identification
of ascomycetes as the oldest conflicts with the
phylogenetic-based location of ascomycetes as the
youngest member of the fungal group (Fig. 1.1).
A possible explanation is that the closest match
hypothesis is compromised by LGT and/or the
possibility that the ascomyetes involved were
exposed over time to environmental evolutionary
pressures similar to those of the original alphapro-
teobacteria endosymbiont, thereby retaining the
related, ecologically advantageous properties from
the original alphaproteobacterium.

Included in Fig. 1.2b (bottom right) is recog-
nition that hydrogenosomal anaerobic eukaryotes
often form symbiotic relationships with chemoau-
tolithotrophic partners that make a living from the
H2, acetate, and bicarbonate waste products of the
eukaryote. This maintains a low pool size of these
metabolites, and results in beneficial dissimilatory
e− transfer potentials favorable for exergonic re-
actions by the eukaryotic partner. The quantita-
tively based electron flow framework facilitates in-
terpretation and prediction of whether such sym-
biotic relationships are thermodynamically feasi-
ble, or not, as a function of operational e− trans-
fer potentials dictated by standard potentials and
metabolite pool sizes. Accordingly, in the exam-
ple shown in Fig. 1.2b, the symbiotic relationship
will fail for an H2 pool size above about 105 mol/l

(for this pool size, the Eh7 for 2H+/H2 would be-
come ∼ −0. 51 + 5 ∗ 0. 03 = − 0.36 V, which is too
negative (uphill e− flow) for proton reduction by
NADH/NAD+ of Eh7 = − 0.32 V).

The symbiotic relationship in Fig. 1.2b is the
basis of the hydrogen hypothesis for the force
driving the ancient endosymbiotic formation
of protomitochondria from an H2-producing
alphaproteobacterium endosymbiont and an H2-
consuming archaeal methanogenic host (Embley
and Martin 2006). The viability of other current
and new hypotheses for primordial symbiotic
associations may be supported, or discounted by
use of the bioenergetic electron flow framework.

VI. Conclusions

Efforts to understand the two fundamental bench-
marks in the history of life on earth – the origin
of living systems, and the origin of eukaryotes –
have provoked arguably more thought and debate
than any other scientific question. With increas-
ingly comprehensive paleontological information,
and substantial advances in molecular systematics
in the past two decades, more coherent scenarios
are emerging and being subjected to critical test.
However, like an exponential decline curve that in-
finitely approaches, but never reaches the axis, sci-
entists can approach, but will never achieve full
comprehension of the primordial world, which is
literally lost in time.

The root of the universal tree and the nature of
the universal ancestor are unclear, and likely to re-
main so, with relatively strong opinions supported
by relatively weak data (Cavalier-Smith 2002, 2004;
Embley and Martin 2006; Kurland et al. 2006). Re-
gardless of their ultimate position in the tree of
life (perhaps now more shrub-like in form!), fungi
and allies display incipient forms of key biologi-
cal trends, and hence are a particularly informa-
tive lineage. Fungi inhabit, as parasites, mutualists,
commensals, or saprobes, most if not all terrestrial
and aquatic habitats. They show, perhaps more so
than any other lineage, extreme phenotypic and
genotypic plasticity (Andrews 1991, 1992). This in-
cludes a system of balanced, coexisting genomes
within one cell and one individual (the dikaryon),
and life cycles that are variously either exclusively
asexual, that bypass the sexual by unusual means
(parasexuality), that alternate between sexual and
asexual, or that can apparently run indefinitely as
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one or the other. They show interesting and occa-
sionally complex life cycles, especially among the
parasites, most notably the rust fungi. The phyloge-
netic transition from a relatively undifferentiated,
motile, aquatic lifestyle (chytrids) to a differenti-
ated, sessile, terrestrial lifestyle sets in motion com-
peting forms of natural selection, one operating at
the cell lineage, the other at the level of the indi-
vidual (Buss 1987). This in turn invokes isolating
mechanisms during ontogeny, and of self/non-self
recognition systems characteristic of the eukary-
otes (Buss 1987). These attributes are clearly quite
different from those of the bacteria or archaea.

There is strong evidence that eukaryote cells
arose by symbiosis, and that the symbiont (pro-
tomitochondrion) was an alphaproteobacterium,
though the nature of the recipient (archae-
bacterium or proto-eukaryote) is unclear. The
consensus now is that all eukaryotes contain mito-
chondria of one sort or another (Martin et al. 2003;
Embley and Martin 2006), and that certain early
eukaryotes subsequently acquired other kinds of
symbionts (cyanobacterial origin of plastids in the
Plantae; Cavalier-Smith 2002; Dyall et al. 2004). De-
spite some genetic homology and other common
attributes, the domains Archaea, Bacteria, and
Eukarya are quite different in ultrastructure, and
in many cellular properties, including the cell wall
(Cavalier-Smith 2002; de Duve 2007), not to men-
tion sizes and geometries. So, whatever the nature
of the initial symbiosis, the eukaryotic descendants
have radiated into remarkably diverse extant forms
unlike their ancestor. While numerical superiority
and genotypic diversity on Earth may be reflected
in the prokaryotes, the phenotypic diversity is
represented overwhelmingly by the eukaryotes.
This is testimony to the nature of the eukaryotic
cell, environmental heterogeneity that set the
stage for such radiation to occur, and energetic
forces discussed further below. With the evolution
of progressively more sophisticated systems to
harvest energy, especially light energy, together
with the use of oxygen as an electron acceptor,
energy availability increased exponentially, and
with it, biodiversity.

An important issue not addressed mech-
anistically by phylogenetics is what drove the
evolutionary origins of the fungi and other early
eukaryotes. We have approached this functional
question by adding the dimension of trophic
property to the conventional phylogenetic tree
(Fig. 1.1), and exploring the biochemical aspects
further by using bioenergetic electron flow dia-

grams (Fig. 1.2a, b). This shows that the Fungi are
clearly closely related metabolically to the ancestral
mitochondrial eukaryote and to the alphapro-
teobacterial endosymbiont. The Fungi are notable
in being osmotrophs, chemotrophs, heterotrophs,
organotrophs (some litho-organotrophs) with
aerobic, facultatively anaerobic, or anaerobic
capabilities. Based on their osmotrophy and
biochemical versatility, in particular with respect
to diverse energetic pathways, “a eukaryotic tree
with fungi first would make sense”, according to
Martin et al. (2003) who have updated a hypothesis
of Cavalier-Smith from the early 1980s. Though
the trophic relationships are not always in close
accord with phylogenetic placement, they add
an important biological dimension in efforts to
understand evolutionary patterns. Inconsistencies
may be explicable by relatively straightforward
phenomena such as LGT, or reflect the retention
of primordial properties by some advanced lines,
or be indicative that the gene-based trees are
incorrect at least in some places. The bioenergetic
electron flow diagrams complement gross-level
trophic classifications by providing a visual,
conceptually powerful tool for understanding
and predicting the biogeochemical forces driving
organism growth and ecology, and are applicable
not only to the origin of fungi and eukaryotes, but
to all eras – from germination through continuing
evolution of the tree of life.
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I. Introduction

The accurate identification of fungi from different
ecosystems is essential in the fields of medical sci-
ence, plant pathology, environmental studies and
biological control. In phytopathology as well as an-
imal and human pathology, the early identification
of the disease-causing agent is crucial for the timely
initiation of countermeasures.

Fungal community structure is rather difficult
to be completely profiled in many environments,
as individual ecosystems are generally complex,
with fungi forming only one component of huge
community assemblages. Most fungal biology has
concentrated on that part of the Fungal Kingdom
which is culturable, visible to the naked eye, or dis-
cernible morphologically under the microscope.
The very nature of physiological and biochemi-
cal studies requires organisms which can be cul-

1 FB Gentechnik und Angewandte Biochemie, Institut für Verfah-
renstechnik, Umwelttechnik und Technische Biowissenschaften,
TU Wien, Getreidemarkt 9/166/5/2, 1060 Vienna, Austria
2 FB Molekulare Biochemie der Pilze, Institut für Verfahrenstech-
nik, Umwelttechnik und Technische Biowissenschaften, TU Wien,
Getreidemarkt 9/166/5/2, 1060 Vienna, Austria

tured, and species identification relies on isolation,
cultivation, biochemical tests and morphology. Al-
though culture-based approaches are still a corner-
stone in fungal diagnostics, and have told us most
of what we presently know about fungal ecology,
the methods used to isolate fungi tend to select
for species able to grow only on particular me-
dia, and are therefore quite limited. Many fungal
species are not culturable on given media, or fast-
growing species often obscure the slower grow-
ing ones and, thus, the analysis might not reflect
the true fungal community in a sample (MacNeil
et al. 1995). Furthermore, conventional identifica-
tion methods are very time consuming, have to be
performed by skilled personnel, and can lead to
problems in identification – incorrect interpreta-
tion, diagnosis and disease treatment can be the
consequence. Furthermore, conventional methods
used for fungal detection are predominantly non-
quantitative.

To overcome the drawbacks of culture-based
identification of organisms, throughout the last
decade rapid screening technologies have been
developed and are nowadays established for almost
all aspects of fungal identification. In contrast
to conventional detection methods, samples can
be tested directly without any elaborate isolation
and cultivation steps needed before proper clas-
sification. These novel detection methods include
immunological tests, PCR-based technologies like
restriction length polymorphism (PCR-RFLP),
random amplified polymorphic DNA (RAPD),
amplified fragment length polymorphism (AFLP)
and denaturing gel electrophoresis (DGGE), and
an ever increasing number of diagnostic microar-
rays. These novel techniques are insensitive to
microbial backgrounds and non-target organisms.
The most recent technique enabling identification
of whole microbial communities, without the
need to cultivate any organisms, is metagenomics.
Metagenomics is the whole-genome shotgun
sequencing of pooled environmental DNA sam-
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ples. Although this method has been applied to
environmental samples of diverse origin, and has
successfully revealed the composition of numerous
procaryontic communities, the application of this
novel approach has not yet been established for
fungal DNA.

Immunological diagnostics rely on recogni-
tion by antibodies, with specific antigens either
presented on the surface or secreted by the fungus
as targets. As most of this methods are ELISA
(enzyme-linked immunosorbent assays) based,
they are simple to use and can be applied by
unskilled personnel. Additionally, ELISA assays
allow quantification of the detected object and
laboratory-independent on-site testing. However,
it can be difficult and expensive to raise antibodies
with the required specificity, and the application
of this technique remained limited to a few
organisms. Although numerous detection assays
have been developed and commercially exploited
during the 1990s, the increasing progress of a novel
technique led to a replacement of ELISA tests.
Polymerase chain reaction (PCR) became the most
reliable method for diagnostics and, since the
end of the last century, almost no new immuno-
logical tests for fungal identification have been
presented.

The main advantage of PCR is that it is highly
specific and sensitive enough to detect even minute
amounts of fungal DNA in environmental samples
(Lee and Ward 1990). This method allows to dis-
tinguish between different species of a genus and
even within different populations (Lee and Ward
1990; Ward 1995, 1998). Besides the high specificity
and sensitivity, quantitative application (real-time
PCR) has contributed to the breakthrough of PCR
for diagnostic applications. Related techniques like
PCR-RFLP, RAPD, AFLP and DGGE, all based on
PCR amplification of DNA, provide enough reso-
lution to separate and identify strains from whole
fungal communities. To further enhance the detec-
tion and discrimination capability of PCR, two-step
approaches have been developed for the identifica-
tion of large numbers of fungal strains in a single
test cycle: for a start, DNA is amplified with uni-
versal primers and, thereafter, hybridization with
highly specific probes distinguishes amplicons of
different nucleic acid composition (Vanittanakom
et al. 1998; Ingianni et al. 2001; Wu et al. 2002).
Throughout the last decade, probe hybridization
technologies have developed into the modern mi-
croarray applications which have taken place also
in fungal diagnostics. Generally, target DNA con-

taining organism-specific sequences is amplified
by PCR with universal primers, labelled and hy-
bridized to the array. Microarrays allow the iden-
tification of numerous organisms in a single run.
Since the late 1990s, the use of fluorescent probes
has allowed the direct analysis of organisms in situ.
This fluorescent in situ hybridization (FISH) has
been adapted for fungal identification, and inves-
tigations even on unculturable organisms can be
performed.

Even though the abovementioned up-to-date
techniques are commonly accepted as cultivation
independent, initial isolation and cultivation steps
cannot be omitted completely. For ELISA tests, the
target antigen has to be isolated in advance to al-
low the production of suitable antibodies. To design
specific primer pairs for non-quantitative diagnos-
tic PCR and real-time PCR or probes for various
hybridization techniques, diagnostic target DNA
fragments from pure cultures must be sequenced.
The essential knowledge about nucleic acid com-
position results in the inability to use these tech-
niques for analyses of complex fungal communities
comprising representatives of unknown genera or
species. To overcome this bottleneck, methods like
RFLP, RAPD, AFLP, or the separation of mixtures of
PCR amplicons on a DGGE gel, have been adapted.
These allow gaining an overview of the composi-
tion of fungal populations in an ecosystem.

II. Immunological Detection of Fungi

Most immunological tests are based on enzyme-
linked immunosorbent assay (ELISA), which was
developed during the 1970s (Clark and Adams
1977). This technique is simple to use, specific,
allows high throughput testing, and can be used
quantitatively. One key factor is to develop an-
tibodies with the required degree of specificity.
The development of antibodies against viruses
has generally been successful but this approach
has worked less well for complex organisms such
as fungi (McCartney et al. 2003). Another key
factor for a successful detection is the ability
to recover sufficient amounts of antigens from
the environmental sample, and the knowledge
about degradation or retention time of the target
antigen in the sample. The dynamics of the antigen
in the sample has to be well known to avoid
misinterpretation due to its rapid breakdown or
long retention time (Dewey et al. 1996).
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The use of monoclonal antibodies to detect
fungi and to study fungal interactions with hosts
has been applied mainly in two different fields,
namely plant pathology and biological control. Iyer
and Cousin (2003) developed an indirect ELISA to
detect Fusarium contamination in foods. Antibod-
ies against F. graminearum and F. moniliforme pro-
teins succeeded in identifying 15 different Fusar-
ium isolates – 13 species different from F. gramin-
earum and F. moniliforme. The assay was tested for
specificity with 70 different moulds belonging to
23 genera, and only two other strains gave a false
positive signal.

Otten et al. (1997) describe methods to
improve the use of immunoassays for the detec-
tion and quantification of the fungal soil-borne
plant pathogen, Rhizoctonia solani. The authors
used a monoclonal antibody which recognises
a catechol oxidase secreted by the hyphae of
Rhizoctonia. The influence of different soil types
on the retention of the antigen was tested, and
a thousand-fold reduction in sensitivity of the
assay was determined for clay soil, compared
to sand and loam. This detection method has
thereafter been used to monitor the influence
of the soil-borne biocontrol agent Trichoderma
on population dynamics of Rhizoctonia dur-
ing saprophytic growth in compost-based soils
(Thornton and Gilligan 1999). For the quan-
tification of Trichoderma during antagonistic
interaction, a monoclonal antibody-based ELISA
has been developed. The antibody MF2 detects
antigens of numerous species of the genera
Hypocrea/Trichoderma and Gliocladium but does
not cross-react with common soil organisms
(Thornton et al. 2002). This antibody binds to the
hyphae and septa of its target organisms, and was
used to stain Trichoderma sp. while coiling around
Rhizoctonia during the mycoparasitic interac-
tion. To specifically detect only actively growing
mycelia, two different antibodies were produced
which selectively recognise glycoproteins secreted
from the growing tips of either Trichoderma or
Rhizoctonia (Thornton 2004). The authors demon-
strated that Trichoderma successfully competes
with the pathogen for nutrients and prevents
the saprophytic growth of Rhizoctonia, and no
cross-reactivity was found with fungi naturally
occurring in the soil. Other ELISA tests based on
monclonal antibodies are commercially available
for the detection of Pythium, Phytophtora and
Sclerotinia (Ali-Shtayeh et al. 1991; Timmer et al.
1993; Miller 1996; Miller et al. 1997).

III. PCR-Based Methods

PCR is the exponential amplification of DNA with
two short oligonucleotide primers which are com-
plementary to the 5′ and 3′ ends of the target se-
quence fragment. PCR is highly sensitive, and a few
template strands can be amplified up to some mi-
crograms of product DNA. This sensitivity, in com-
bination with the specificity obtained by the two
primers, makes PCR the most important technique
in molecular diagnostics nowadays. To further in-
crease sensitivity and specificity, PCR-associated
techniques like nested PCR have been developed.
After performing the first conventional amplifica-
tion step, a second PCR is added with two new
primers lying within the previously synthesized
DNA. Nested PCR allows the detection of minute
amounts of DNA, several folds lower than normal
PCR.

The successful application of PCR-based diag-
nostic tools generally requires three crucial steps:
(1) the selection of a suitable DNA marker sequence
to accurately identify an organism, (2) extraction
of total DNA from the sample and (3) a method to
identify the presence of the target sequence in the
amplified DNA.

Selection of a Specific Target DNA Sequence
A proper selection of the target fragment to be
amplified allows the detection of whole genera,
in the case of primers designed across conserved
DNA regions, or the identification of a single
species even in a background of taxonomically
related organisms. One of the main targets for
the development of diagnostic PCR assays are the
genes coding for the ribosomal RNA, which are
present in all organisms at high copy numbers. The
abundance of this type of DNA facilitates detection
and, thereby, improves the sensitivity of the assay
(White et al. 1990). The fungal nuclear ribosomal
DNA consists of three genes encoding the 28S, 18S
and 5.8S subunits. These genes are separated by
internal transcribed spacer regions (ITS), and this
unit is repeated many times. The ITS region is of
particular importance for fungal diagnostics as
it consists of conserved areas and highly variable
sequences as well. Fungal ITS regions can be
isolated by universal primers (White et al. 1990)
and, after sequencing, strain- or genus-specific
primers can be used for the identification of
fungi from various samples. Although Atkins
et al. (2004) discriminated between two varieties
of the same fungus based on ITS sequences, in
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general, the variability of this area might not be
sufficient to distinguish between closely related
strains (Atkins and Clark 2004). Besides the rRNA
and the ITS region, the β-tubulin-encoding gene
is among the most prominent diagnostic genes
(Fraaije et al. 1999, 2001; Hirsch et al. 2000; Atkins
and Clark 2004). The database of β-tubulin gene
sequences is not as large as that for ribosomal
DNA but, for particular applications, diagnostics
based on this gene can be useful. The detection
and real-time PCR quantification of Fusarium
species rely mainly on amplification of β-tubulin
gene fragments (Ali-Shtayeh et al. 1991; Mach
et al. 2004; Reischer et al. 2004). If the sequence of
the ITS regions or β-tubulin genes is not suitable,
random parts of the genome can be searched for
areas unique to taxa or species to be identified
(Schesser et al. 1991; Mutasa et al. 1995). Primers
designed within these arbitrary regions are often
less discriminating because, for comparison, only
little information is available in databases. These
tailor-made applications can often lead to false
positive results due to recognition of non-target
organisms.

A very recent approach for species identifica-
tion is DNA barcoding. Barcoding rests on the idea
of a ’universal product code’ – a few nucleotides
only which can unambiguously be attributed
to a particular species. However, prior to using
these species-barcodes, comprehensive publicly
available libraries of diagnostic sequences have to
be assembled. Although this system may facilitate
species identifications in the near future, until now
only a few specialised web databases can be con-
sulted. A Fusarium barcode database is available
at http://fusarium.cbio.psu.edu, but the sequence
information provided is still limited. Most ad-
vances in barcoding fungal genera have recently
been made for Hypocrea/Trichoderma. Druzhinina
et al. (2005) provide the TrichOKey barcode
identification system with a web interface located
at www.isth.info. This system is based on a com-
bination of several diagnostic oligonucleotides
allocated within ITS1 and ITS2, and was developed
on the basis of 979 sequences of 88 species.

DNA Extraction Various protocols are available
for extracting DNA from environmental samples
such as soil or infected plant material. Variations
in yield and purity of DNA can have severe influ-
ence on subsequent analytical techniques such as
PCR. Usually, samples are suspended in buffer and
most protocols rely on in situ lysis of the fungal

cellwalls by mechanical forces like bead-beating or
grinding under liquid nitrogen, followed by pu-
rification steps like phenol/chloroform extraction
or spin column centrifugation, and a final pre-
cipitation with ethanol or isopropanol. However,
these general protocols need often to be adapted
to the particular problems arising from the sam-
ple material. DNA isolation from particular plants
can lead to the co-extraction of inhibitory sub-
stances (Malvick and Grunden 2005), and com-
mon soil compounds including humic acids are
known as strong inhibitors of PCR-polymerases
(Watson and Blackwell 2000). To remove poten-
tially unfavourable substances prior to subsequent
analyses, many commercial kits – tailored for par-
ticular applications – are available nowadays from
Qiagen, Mo-Bio Laboratories (both UK), Epicentre
(WI) and Zymo Research (CA).

A. Qualitative Diagnostic PCR

Conventional PCR is not quantitative but qualita-
tive, with very high specificity, and can be used to
detect, identify and monitor fungi from a broad
spectrum of environmental samples. Most fungal
diagnostic PCR applications have been developed
to detect phytopathogens, mainly directly from
infected plant material, food and feed samples,
or from infested soil. Numerous species-specific
primer pairs have been designed within recent
years, for almost all economically relevant plant
pathogens (Fraaije et al. 1999, 2001; Wang and
Chang 2003; Weerasena et al. 2004; Jurado et al.
2005; Rubio et al. 2005; Sanchez-Rangel et al. 2005;
Vettraino et al. 2005; Chadha and Gopalakrishna
2006). Moreover, PCR has successfully been
applied to identify airborne fungi for various air
sampling methods (Mukoda et al. 1994; Williams
et al. 2001). To further improve PCR specificity and
sensitivity, nested PCR approaches with two sub-
sequent amplification steps have been developed
for fungal diagnostics from different samples, and
DNA target amounts of a few attograms can be
detected reliably (Zhang et al. 2005; Klemsdal and
Elen 2006; Lockhart et al. 2006). As the sample
throughput of conventional PCR tests is not
sufficient for particular applications, multiplex
assays can be used as an alternative. Two or more
primer pairs with the same optimal annealing
temperature are used, and several amplicons
are generated from a single run (Casimiro et al.
2004; Zhang et al. 2005; Klemsdal and Elen 2006;
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Bezuidenhout et al. 2006; Lockhart et al. 2006).
Although multiplex PCR allows the cost-efficient
creation of several amplicons in a single reaction,
this technique is difficult to optimize for custom
applications as the determination of the optimal
concentration for each primer is difficult and time
consuming. The reaction conditions have to be
optimized accurately to allow efficient generation
of all amplicons. Another multiplex approach was
tested by Brandfass and Karlovsky (2006). A pair of
primers was designed to amplify a fragment from
F. graminearum and F. culmorum simultaneously,
and the mixture of amplicons was further resolved
by melting curve analysis.

In addition to the simple species detection,
PCR has been used to target biosynthetic pathway-
specific genes. Sanchez-Rangel et al. (2005) demon-
strated that the presence of the F. verticillioides
fum1 gene correlates with fumonisin production
in most isolates. The presence of the tri5 gene
indicates trichothecene production capability of
Fusarium spp., and the tri7 gene can be used to dis-
criminate different chemotypes, namely nivalenol
and deoxynivalenol producers. The molecular
detection of Fusarium mycotoxin biosynthesis-
related genes has only recently been reviewed
(Mule et al. 2005). To target ochratoxin-producing
Penicillium spp. in food- and feed-related sources,
specific primers have been designed to detect
a non-ribosomal peptide synthetase gene which is
essential for the respective pathway (Geisen 2004).

B. Quantitative PCR

As the lack of quantification of PCR products
was the main bottleneck of this new technology,
competitive PCR (cPCR) was introduced to allow
quantitative evaluation of the target signals. This
method involves the addition of another target
sequence to the assay. The sequence must be
recognised by the same primers but the products
must be of different length. Serial dilutions across
a wide range are added to individual PCR reac-
tions, and visually quantified on an agarose gel.
If the bands derived from both target sequences
are of the same intensity, then the unknown
amplified template must match the quantity of
the added target sequence. Competitive PCR has
been applied successfully for the quantification
of the nematophagous fungus Verticillium clamy-
dosporium from soil samples. Increases in fungal
growth were observed in the rhizosphere of potato

cyst nematode-infested plants after 14 weeks using
cPCR (Mauchline et al. 2002). Providenti et al.
(2004) tracked the environmental fate of T. reesei
over a 6-month period in soil in a growth chamber.
Survival was tested in three different soils, and the
effect of plant rhizosphere was investigated using
the cPCR technique (Nicholson et al. 1996, 1998).

Although the accuracy of competitive PCR can
be very high (Chunming and Cantor 2004), nowa-
days quantitative real-time PCR has been widely
accepted as the gold standard for accurate DNA
quantification. During a real-time PCR run, the
accumulation of the product is measured by an in-
tegrated fluorimeter. The threshold cycles (ct) de-
termined for each sample correlate with the initial
amount of DNA. Target DNA is quantified by the
construction of a calibration curve which relates
the amounts of calibration-DNA to a certain thresh-
old cycle. Using SYBR Green as intercalation dye is
the most economic way for real-time analysis. Al-
though this dye allows quantification with high ac-
curacy, the degree of specificity can sometimes not
be sufficient to detect specific DNA in a background
of similar targets. To further increase specificity
of assays, fluorescent probe-based techniques have
been established. Molecular beacons (Tyagi and
Kramer 1996; Tyagi et al. 1998), scorpions (Thelwell
et al. 2000) and TaqManTM probes (Roche Molec-
ular Systems, Pleasanton, CA) are nowadays state
of the art, and even sequences distinguished by
single nucleotide polymorphisms can be discrimi-
nated (Tyagi and Kramer 1996). For more detailed
reviews concerning DNA quantification with real-
time PCR, the reader is referred to Bustin (2002),
Ginzinger (2002), Klein (2002), Ong and Irvine
(2002), Filion et al. (2003), Mackay (2004), Valasek
and Repa (2005), Wong and Medrano (2005) and
Bustin et al. (2005). The main advantage of real-
time PCR over competitive PCR is the detection
range of six magnitudes, compared to only two for
cPCR (McCartney et al. 2003). Most applications
of quantitative real-time PCR have been imple-
mented in the field of phytopathogen diagnostics,
Fusarium being the most prominent representa-
tive. Most assays have focused on the detection of
mycotoxin-producing isolates from soil samples or
directly from infected plant tissues (Schnerr et al.
2001; Filion et al. 2003; Bluhm et al. 2004; Reischer
et al. 2004; Dyer et al. 2006). Reischer et al. (2004)
succeeded in the detection and quantification of
only five copies of the tub1 gene of F. graminearum
from wheat ears. To monitor the early infection pro-
cess of Botrytis and Alternaria before any macro-
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scopic symptoms become visible, a reliable assay
was established by Gachon and Saindrenan (2004).
Biscogniauxia mediterranea is a fungal pathogen
which causes severe damages to oaks after a long,
symptomless endophytic period. A real-time as-
say based on a TaqMan probe was used to iden-
tify this pathogen before disease outbreak (Luchi
et al. 2005). Boyle et al. (2005) investigated com-
patible, incompatible and non-host interactions of
different species of the obligate biotroph Melam-
spora with plants. Until recently, light microscopy
was the method of choice to detect interaction be-
tween arbuscular mycorrhizal fungi, or between
mycorrhiza and potential host plants. To describe
the symbiotic contribution of different mycorrhizal
strains, a real-time PCR assay was developed. This
detection method allows discrimination and quan-
tification of different species of Glomus in various
rhizospheres (Alkan et al. 2006). Like conventional
PCR, real-time PCR can be carried out in a multi-
plex assay to allow quantification of more than one
gene in a single run (Wittwer et al. 2001; Bluhm
et al. 2004).

C. Molecular Fingerprinting Technologies

In contrast to conventional PCR detection, which
is a highly adapted and sensitive identification
method for a single strain or for a few organisms,
molecular fingerprinting techniques allow the
fungal ecologist to rapidly profile whole popu-
lations in an ecosystem. As many of the genes
used for diagnostic purposes have conserved and
less-conserved regions, primers can be designed
to amplify many or most species of the Kingdom
Fungi. A further resolution of the amplified
mixture of products can be performed in a subse-
quent step based on nucleic acid composition or
variation of the amplicon length.

1. Denaturing Gradient Gel Electrophoresis
(DGGE)

Denaturing gradient gel electrophoresis is a fre-
quently used and established approach for the re-
striction enzyme-independent detection of DNA
sequence variations, such as single-base substitu-
tions (Eng and Vijg 1997). DGGE exploits the prin-
ciple that sequence alterations cause changes in
the melting temperature of double-stranded DNA,
which can be analysed by a linearly increasing gra-
dient of DNA denaturants established in polyacry-

lamide gels. Initially, the fragments move accord-
ing to their molecular weight but, as they progress
into higher denaturing conditions, each (depend-
ing on its sequence composition) reaches a point
where the DNA begins to melt. In practice, nearly all
single-base substitutions in amplicons up to 500 bp
joined to a GC-clamp can be detected by PCR-
DGGE-based analysis (Sheffield et al. 1989). DGGE
provides the means to investigate fungal communi-
ties, in particular shifts and changes in community
composition. This technique benefits from the abil-
ity to analyse a high number of samples on a single
gel, and provides sufficient resolution to compare
whole fungal communities, rather than single iso-
lates, without the need of precultivation.

To develop tools for early and specific detection
of Fusarium langsethiae, and for distinguishing it
from related species of section Sporotrichiella and
Discolor (F. poae, F. sporotrichioides, F. kyushuense,
F. robustum, F. sambucinum and F. tumidum),
sequence variations in their β-tubulin-encoding
(tub1) gene were employed to design a PCR-based
denaturing gradient gel electrophoresis assay.
DGGE reliably separated all these strains, even
from mixtures and in the presence of DNA from
their natural hosts Zea mais, Triticum aestivum
and Avena sativa (Mach et al. 2004). Van Elsas
et al. (2000) developed a DGGE application based
on nested PCR to assess the persistence of selected
fungi in soil and to analyse the response of the
natural fungal community to a spill of petrol.
The primers for the first PCR were designed to
amplify the rRNA genes of numerous members
of Ascomycetes, Basidiomycetes, Zygomycetes
and Chytridiomycetes whereas the primers used
for the second nested PCR produced amplicons
separable on denaturing gradient gels. DGGE
allowed the resolution of mixtures of PCR prod-
ucts of different fungi into distinct band patterns.
The fungi colonizing the rhizosphere of pines
were monitored during regeneration of woods
by a DGGE-based assay. Fungal diversity was
investigated by a denaturing gradient gel following
the PCR amplification of ITS sequences. This
method successfully detected mycorrhizal and
non-mycorrhizal fungi (Anderson et al. 2003). The
fungal population dynamics in soil and in the rhi-
zospheres of two maize cultivars grown in tropical
soils were studied by a cultivation-independent
analysis of directly extracted DNA. A fragment of
the 18S rRNA amplified from the total community
DNA was analysed by DGGE, and 39 different
isolates could be identified (Gomes et al. 2003).
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2. PCR-Restriction Fragment Length Polymor-
phism (PCR-RFLP), Amplified Fragment
Polymorphism (AFLP) and Random Amplified
Polymorphic DNA (RAPD)

PCR-RFLP

Typically, PCR-RFLP markers are used to detect
variation of DNA-restriction fragment patterns in
PCR products. Based on diversity in the restriction
pattern of a 1.3-kb tub1 fragment, a method to dis-
criminate species belonging to the plant parasite
Ceratocystis has been developed. In all, 200 iso-
lates comprising seven different species have been
successfully identified (Loppnau and Breuil 2003).
Another application for RFLP was the monitoring
of populations of two Tricholoma populinum and
T. scalpturatum, both associated to black poplar.
The analyses were based on the restriction frag-
ment pattern of the ITS region (Gryta et al. 2006),
and the authors revealed differences in the popula-
tion dynamics of the two species. On one hand,
RFLP provides a rapid technique to screen mi-
crobial populations but, on the other hand, this
method has to be optimized carefully to provide
reliable results. The greatest variation among pro-
files generated from the same DNA sample was re-
ported to be produced by using different Taq DNA
polymerases (Osborn et al. 2000). Incomplete di-
gestion by the restriction enzyme may, as a result
of the generation of partially digested fragments,
lead to an overestimation of the overall diversity
within a community.

RAPD

The most common version of PCR-based finger-
printing techniques is RAPD analysis, in which the
random amplification products are separated on
agarose gels in the presence of ethidiumbromide,
and visualized under ultraviolet light (Williams
et al. 1990). The enormous attractions of these
arbitrary priming techniques are that there is no
requirement for DNA probes or sequence informa-
tion for the design of specific primers, since the pro-
cedure involves no blotting or hybridizing steps. It
is quick, simple, can be automated, and very small
amounts of initial DNA (10 ng per reaction) are suf-
ficient for amplification (Williams et al. 1990). In
many cases, RAPD techniques are applied to fun-
gal communities to identify an amplified fragment
highly specific for a single representative member
or a subgroup. Based on the sequence of these char-
acteristic fragments, sequence-characterised am-

plified region (SCAR) primers are designed for
conventional PCR. These SCAR primers allow the
detection of underrepresented species in a back-
ground of highly similar organisms. This technique
has commonly been applied to monitor biocon-
trol fungi like Pochonia, Paecilomyces and Tricho-
derma (Hermosa et al. 2001; Rubio et al. 2005;
Zhu et al. 2006), the plant pathogenic species of
Fusarium (Moeller et al. 1999), and ochratoxin-
producing species of Aspergillus (Taniwaki et al.
2003; Pelegrinelli-Fungaro et al. 2004).

Although RAPD has been used to identify and
distinguish species in several studies, it is now ever
more widely recognised and critically discussed
that, to obtain reproducible band profiles on the
gels, it is absolutely essential to maintain consis-
tent reaction conditions. Numerous studies have
reported the negative effects of altering different
parameters like the ratio of template DNA, primers,
concentration of Taq polymerase and Mg concen-
tration.

AFLP

More recently, a new PCR-based technique has
been developed, amplified fragment length
polymorphism (AFLP; Vos et al. 1995), which is es-
sentially an intermediate between RFLP and PCR.
The initial step involves restriction digestion of the
genomic DNA, which is then followed by selective
rounds of PCR amplification of the restricted frag-
ments. The amplified products are radioactively or
fluorescently labelled, and separated on sequenc-
ing gels. Two studies used this novel technique to
identify ochratoxin-producing Aspergillus strains
from various environmental samples (Vos et al.
1995; Castella et al. 2002) but their results did not
always show a correlation between AFLP genotype
determination and ochratoxin production. How-
ever, based on the sequence of marker fragments
identified consistently in several studies, three
highly specific primer pairs have been developed
for A. ochraceus detection (Vos et al. 1995; Castella
et al. 2002; Schmidt et al. 2003, 2004). Gadkar and
Rillig (2005) developed an AFLP assay with prece-
dent Phi29-polymerase chain reaction to monitor
arbuscular mycorrhizal fungi, and succeeded
to resolve genomic DNA obtained from single
spores of several fungal species. Only recently,
AFLP was used to identify characteristic amplified
fragments of three industrially relevant fungi,
A. niger, A. oryzae and Chaetomium globosum. The
sequence of the strain-specific marker fragments
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was used to design primers suitable to determine
the fate and persistence of these fungi in natural
soil microcosms (Gadkar and Rillig 2005).

IV. Probe Hybridization Technologies

This technology uses radioactively or fluorescently
labelled probes with sequence homology to the
target DNA. Short oligonucleotides, or large
fragments of several hundred base pairs, can
be used as DNA probes. Once bound to a DNA
sample, which is immobilized an a membrane,
the probe is detected by exposure to X-ray films.
This technique, originally developed by Southern
(1975), has been further improved and, today,
oligonucleotide fingerprinting of rRNA genes
(OFRG) is well established as a means of identify-
ing and discriminating genera or species obtained
from complex samples. Amplified rDNA fragments
are arrayed on a membrane and are hybridized
with numerous probes according to a particular
algorithm, which allows sorting of the spotted
samples into taxonomic clusters (Borneman et al.
2001). This method was previously developed to
examine bacterial community composition but
has now been adapted for fungal samples. Valinsky
et al. (2002) analysed 1,536 fungal rDNA clones
derived from soil samples. A large fraction of
the clones could be identified as members of the
genera Fusarium and Raciborskimycetes; the other
clones showed sequence similarity to probes char-
acteristic for Alternaria, Ascobolus, Chaetomium,
Cryptococcus and Rhizoctonia. Similar assays were
developed to examine the occurrence of common
airborne fungi, based on the sequence variation
of the 18S rRNA gene (Wu et al. 2003) or the
mitochondrial rDNA (Zeng et al. 2003).

The next step in hybridization technology is
to reverse the process: the use of immobilized
oligonucleotide probes allow testing a sample
simultaneously with a high number of probes.
Generally, target DNA is PCR amplified, labelled
and subsequently hybridized to the array. This
method can be used for the detection of very high
amounts of organisms in a single assay, provided
that sufficient polymorphisms exist within the
amplified fragment. For diagnostic DNA arrays,
the rRNA genes and the ITS region are commonly
selected as targets. The discriminatory potential of
the probe-oligonucleotides is crucial for successful
application, since many species may vary only in

a few nucleotides or even in a single nucleotide
polymorphism (SNP). As a consequence, the
accurate detection of SNPs is the aim of modern
DNA-chip technology. Lievens et al. (2006) demon-
strated the utility of array technology to detect
single mismatches at different positions of the
oligonucleotide, focusing on the accurate discrimi-
nation of ITS fragments of various plant pathogenic
fungi. The hybridization is carried out with a high
excess of amplified DNA, and the results can be
imaged and analysed qualitatively and quantita-
tively. The first environmental application of this
new method was the detection of bacteria but the
method was soon adapted to identify a range of
Pythium and Phytophthora species (Levesque et al.
1998). Within the scope of fungal detection, DNA
arrays have mainly been developed to identify ei-
ther plant pathogens from various environmental
samples or mycotoxin-producing strains in food
samples (Levesque 2001; Lievens et al. 2003, 2004,
2005; Pelegrinelli-Fungaro et al. 2004; Nicolaisen
et al. 2005; Kostrzynska and Bachand 2006; Zezza
et al. 2006). Nowadays, numerous arrays for the
detection of fungi have been developed by private
or public laboratories, and systems like OLISATM

(OLIgo Sorbent Assay, Apibio Biochips, Grenoble,
France) are commercially available.

A very recent technology, also based on probe
hybridization, is fluorescent probe hybridization.
FISH is a cytogenetic technique which can be used
to detect and localize DNA sequences on chromo-
somes, as it hybridizes with the sample DNA at
the target site. The probe signal can then be seen
through a fluorescent microscope, and the sam-
ple DNA scored for the presence or absence of se-
quences homologous to the fluorescent probe. Al-
though this probing technique has often been used
for detections of organisms in medical samples,
environmental applications have been rare. Baker
et al. (2004) used a FISH-based test to identify and
monitor the fungal community of biofilms on acidic
mine drainage water. Since the members of As-
comycetes were morphologically indistinguishable,
rRNA-specific fluorescent probes were designed to
target Dothideomycetes and Eurotiomycetes.

V. Conclusions

Within the last decade, many methods for the
molecular detection of fungi in diverse ecosystems
have evolved. In the mid-1990s, identification
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based on immunological tests was state of the art
but this expensive technique was soon replaced
by PCR-based detection systems. Nowadays, there
are many applications of PCR in diagnostics, most
of these focusing on rapid detection directly from
the source material, without any time-consuming
cultivation steps. This technique has changed the
view of molecular analysis, as now even minute
amounts of organisms, some attograms of DNA,
are detectable. PCR technology has opened up new
ways of investigations, in particular the analysis of
whole fungal communities from complex sources.
In contrast to conventional culture-based meth-
ods, even unculturable strains can be detected.
The combination with other techniques, like
DGGE, RFLP, AFLP, or the use of random primers
(RAPD) allow the identification of yet unknown
isolates, although the information about their
DNA sequence is limited or inexistent.

Recent reverse probing technologies (microar-
rays) emerged from the hybridization technique
developed by Southern in 1975. These DNA chips
can be scaled up, so that hundreds of different or-
ganisms are detected simultaneously in the sample.
Microarray technology has maybe advanced more
than other molecular analysis methods within the
last few years. In contrast to PCR-based technolo-
gies, arrays represent a closed system technology,
and the oligonucleotide probes on the chip limit the
detection capability. A rapid adaptation to screen
for new organisms is hardly realizable. However,
due to the high throughput of DNA arrays and at
least raw-quantitative results, they might be the
most promising tool for commercially detection
kits in future.
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I. Introduction

The unique structure and physiology of fungi make
them both sensitive and resilient in the face of nat-
ural disturbances. The type and scale of distur-
bance determine the degree to which fungi will
survive a given disturbance. Disturbance, as de-
fined by Pickett and White (1985), includes ele-
ments of both scale and process. Specifically, “a dis-
turbance is any relatively discrete event in time
that disrupts ecosystem, community or population
structure and changes resources, substrate avail-
ability, or the physical environment.” The structure
and functioning of fungal communities are influ-
enced by disturbances through changes in vege-
tation, substrate, environment, and a number of
other components characteristic of the ecosystem
1 Biology Department, Bradley University, 1501 W. Bradley Avenue,
Peoria, IL 61625, USA
2 Department of Biology, University of Dayton, 300 College Park,
Dayton, OH 45469, USA
3 Center for Conservation Biology, University of California, River-
side, CA 92521, USA

in which the fungal community is located. Many
of the descriptive studies of fungal communities
come from the development of associations with
particular vegetation types, which is dependent
upon the successional sere, or with specific decom-
posing substrates. These, in turn, comprise con-
tinuously and gradually changing substrates that
have demonstrable trajectories. This led to rela-
tively deterministic descriptions of fungal com-
munities and their changing compositions (sensu
Clements 1916, 1936; Christensen 1981, 1989).

Fungi play a number of important roles in
ecosystem dynamics. Fungi, as saprophytes, are
among the primary decomposers of substrates,
and are essential for recycling nutrients to plants.
Fungi are also essential as mutualists. Mycorrhizal
fungi are involved in nutrient capture, and in
expanding the resources available to plants. Some
fungi achieve this goal through increasing surface
area explored in the soil, while others increase
activities such as active decomposition (Cairney
and Burke 1998; Dighton et al. 2001) or parasitism
(Johnson et al. 1997; Klironomos and Hart 2001).
Pathogenic fungi are also essential components of
ecosystems, and play key roles such as maintaining
biodiversity and mediating competition (Price
et al. 1986; Winder and Shamoun 2006). As
disturbance at any scale will alter the biomass and
diversity of fungi in ecosystems, fungi involved in
these activities will be altered to differing degrees,
based on the physical location of organisms in the
ecosystem, and the type of disturbance (Snyder
et al. 2002). With the differences in characteristics
of these groups in mind, we will attempt to discuss
fungi in general with examples from each of these
groups. Unfortunately, there is greater information
available for some of these groups with regard to
disturbances than for others. This has potential
to limit our discussion, and more importantly,
our general understanding of the impacts of
disturbance on fungi. It certainly brings to the
forefront the necessity to understand the response
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of these groups of organisms to disturbance, and
to understand their impacts on ecosystems.

Fungi have a unique physiology, morphology,
and reproductive biology. This makes attempts to
describe their dynamics difficult in the rather con-
ventional terms used for higher plants and animals.
Fungi, because of the size of individual hyphae or
yeast cells, and because they are predominantly
studied in the laboratory under a microscope,
are viewed as microorganisms that primarily
respond to minute quantities of substrates in their
environment. In mass and spatial extent, however,
many fungi are macroorganisms, often extending
across large patches. These patches may be rather
static in space, and exist over long time periods,
such as the mat-forming ectomycorrhizal fungi, or
the Armillaria mycelial networks (E.B. Allen et al.
1995). Nevertheless, because these large organisms
are still made up of microscopic hyphae with the
potential to function independently, detailing their
life-history characteristics means understanding
both the macroscopic and microscopic aspects of
their existence. As a result of this dichotomy in the
structure of fungal “individuals”, any disturbance –
from an individual gopher mound to a volcano –
has important ramifications to the types of organ-
isms and roles they play in ecosystem dynamics.
For example, a large disturbance such as a volcanic
eruption can destroy an entire fungal community,
requiring subsequent reinvasion and establishment
subject to classical models of succession (Allen
et al. 1992, 2005b). In contrast, a gopher mound
can disrupt mycelial networks within multispecies
patches and within “individual” fungal types.
This scenario allows for some recolonization from
existing species, should the mycelial network re-
build from the remnant hyphal fragments. Each of
these disturbance extremes directly and indirectly
regulates the composition of the plant community
and, in turn, the animal community. It is this range
in the activity that we will describe. We will then
attempt to develop a set of conceptual models that
will allow us to begin to link our understanding of
fungal biodiversity and ecosystem functioning.

II. Ecosystem Disturbance:
A Conceptual Framework

A. Conceptual Model Overview

Understanding the factors influencing the diver-
sity, distribution, and abundance of organisms in

a community has long been a goal of ecologists and
mycologists. Disturbance has been proposed to in-
fluence community diversity and structure through
a variety of mechanisms. A single disturbance type,
e.g., gopher mounds, can enhance (Allen et al.
1984, 1992), or retard (Koide and Mooney 1987)
the rate of succession by altering soil resources,
or species diversity. Disturbances may also affect
communities by creating new sites for coloniza-
tion (Platt 1975; Collins 1987), or creating new
substrates (Cooke and Rayner 1984; Gams 1992).
Ultimately, the ability of a disturbance to modify
the substrate on which a fungal community exists
will determine the extent to which the community
will change. This modification can be to the sub-
strate chemistry (e.g., differing litter types), or it
can be the result of disturbances that affect the en-
vironmental factors under which those substrates
can exist, such as changes in soil moisture content
with removal of the litter layer. If disturbances dif-
ferentially affect substrate and environment, then
disturbances caused by a variety of agents will al-
ter fungal species diversity within a community
in different ways. We have developed a conceptual
model of natural disturbance based on processes
that scale from patch to ecosystem levels (Fig. 3.1).
Our overview includes elements of these distur-
bance scales, and the factors that affect the vari-
ous states of the disturbance cycle. The conceptual
model integrates processes operating at the level of
patch disturbance, such as soil enrichment, with
those at the ecosystem level, such as spatial varia-
tions in natural disturbance density (e.g., fire, ani-
mal digging), soils, microbial and plant community
structure (Fig. 3.1). We believe that emphasis on the
feedback between patch dynamics and local ecosys-
tem processes is an important key to increasing our
understanding of the role of natural disturbance in
fungal community structure and ecosystem func-
tion.

B. Disturbance and Species Diversity

Disturbances influence the composition and
species richness of communities through a variety
of mechanisms. Some disturbances result in
decreases in fungal biodiversity, while others are
hypothesized to release ecosystems from unpro-
ductive states of “retrogression” (Wardle 2006).
Within a short time scale, some disturbances
affect the entire community simultaneously, such
as volcanic eruptions (Andersen and MacMahon
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1985; Allen et al. 1984, 2005b; Allen 1988) and
catastrophic winds (e.g., Dunn et al. 1983), while
other disturbances such as animal diggings (Koide
and Mooney 1987; Allen et al. 1992; Friese and
Allen 1993) or invasive species (Roberts and
Anderson 2001; Eviner and Chapin 2003; Bohlen
2006) influence only a relatively small proportion
of the community at a time. Others initially start
small, and expand over longer time scales, such
as for invasive species (van Mantgem et al. 2004),
N deposition (Egerton-Warburton and Allen
2000), and glacial expansions and retreats (Helm
et al. 1999; Jumpponen et al. 2002). The scale and
intensity of disturbances can, in turn, significantly
affect the response of organisms and resulting
successional patterns (e.g., Bazzaz 1983; Sousa
1984; Pickett and White 1985; Pickett et al. 1989;
McClendon and Redente 1990; Egerton-Warburton
and Allen 2000).

Fig. 3.1. Conceptual framework il-
lustrating how ecological concepts of
hierarchy and scale can be used to
integrate and model the relationships
of small-scale phenomena, such as the
impact of disturbance on microbial
functional groups, to larger-scale spatial
patterns and processes (e.g., ecosystem
dynamics) (based on Friese et al. 1997)

Large-scale disturbances affect fungal commu-
nities in different ways. Volcanoes, representing
the most extreme large-scale disturbance, can
completely destroy fungal communities, leaving
topsoil buried under sterile tephra (Allen et al.
1984; Hendrix and Smith 1986) or lava (Gemma
and Koske 1990), or even creating new lands
(Henriksson and Henriksson 1974). Fungal com-
munities in the most severely damaged areas
can be destroyed completely. The recovery of
these areas is driven by wind or small animal
vectors capable of bringing new propagules from
surviving areas, patches, or from source areas
at differing distances. Materials deposited as
a consequence of the eruption, such as tephra
or lava, can have different characteristics, such
as altered bulk density, chemistry or pH, which
leads to the creation of new communities. On the
most devastated area of Mt. St. Helens following
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Fig. 3.2. Theoretical conceptual model
depicting how patch-level distur-
bance processes can affect microbial
functional dynamics, which, in turn,
can shape larger-scale patterns and
processes in community- and ecosys-
tem-level dynamics (based on Friese
et al. 1997)

the blast of 1980, Ascomycota were found to
colonize the tephra within the first year, fol-
lowed by Basidiomycota (Carpenter et al. 1987).
After 10 years, AM and ectomycorrhizal fungi
reestablished at the site, mediated by gophers
and wind dispersal (Allen et al. 1992), although
the ectomycorrhizal fungi were initially poorly
developed.

The rate at which reinvasion progresses at the
most severely disturbed sites depends on the avail-
ability of sources of fungal inoculum. With the ex-
istence of nearby or internal source patches of in-
oculum, fungal communities can begin reinvading
and establishing. The rates of reinvasion of my-
corrhizal fungi onto the pumice plain of Mt. St. He-
lens, to Krakatau following the 1883 eruption (Allen
1991), and from Hawaii (Gemma and Koske 1990)
demonstrate that reinvasion of these fungi is de-
pendent on the location and type of inocula, and
upon the reinvasion of vegetation. Mt. St. Helens,
by having mycorrhizae in the most damaged areas
as soon as 1 year after the eruption, recovered more
quickly than Krakatau, where facultatively mycor-
rhizal plant species were reported 3 years after the
eruption. This is because the most severely dam-
aged areas of Mt. St. Helens were surrounded by

remnant vegetation patches, rather than water, as
on the island of Krakatau. On the Hawaiian Islands,
there was a rapid invasion of mycorrhizal species
from adjacent kipukas, or isolated patches of veg-
etation that remained untouched by disturbance
(Gemma and Koske 1990). Volcanic eruptions such
as the ones above occur relatively frequently, and
are considered predictable and therefore subject to
selective evolutionary pressure. Presumably, dis-
persal strategies and life histories of the plants on
these islands are adapted to these disturbances, and
it is probable that the same is true for the fungi.

Fire presents another example of large-scale
disturbance that has the ability to affect fungal
communities in different ways. Following a severe
fire, there is an initial decrease in the number of
propagules (Wright and Bollen 1961), and shift in
the diversity of fungi present in an area (Wick-
low 1973; E.B. Allen et al. 2003; Allen et al. 2005a;
Bastias et al. 2006). Changes in soil pH and miner-
alization rates caused by fire regulate the fungi that
can initially establish the area (Gochenaur 1981).
Following the initial decrease in fungal propagules,
a rapid increase in fungal biomass occurs, often to
more than ten times the pre-fire value (Ahlgren
and Ahlgren 1965; Wicklow 1973). These species,
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Fig. 3.3. Detailed model of the biotic and abiotic character-
istics of individual disturbance types. This model is a subset
of the complete conceptual model depicted in Fig. 3.2. The
disturbance agent determines aspects such as the size, du-
ration, and timing of an individual disturbance event. All
of these variables create a wide diversity of disturbance

patches, with unique biotic and abiotic characteristics. If
each disturbance type creates a unique set of biotic and
abiotic characteristics, then it is hypothesized that the fun-
gal community will also be differentially affected within
each of these disturbance types (based on Friese et al.
1997)

commonly referred to as pyrophilous fungi, are
capable of taking advantage of the new resources
made available by the fire.

Mycorrhizal species may decrease in number or
diversity following fire (Vilarino and Arines 1991;
E.B. Allen et al. 2003; Tuininga and Dighton 2004;
Allen et al. 2005a), or remain unaffected within the
plant root (Molina et al. 1992). However, some of
these effects are relatively shallow, and do not af-
fect diversity or density lower in the soil profile
(Pattinson et al. 1999; Bastias et al. 2006). Fire can
have a number of effects on mycorrhizal spores,
depending on the maximum ground temperature
reached while burning. Vilarino and Arines (1991)
found that, following fire, the number and viability
of AM spores decreased. They also determined that
for at least one site, the dominant species of my-
corrhizal fungus changed from Acaulospora laevis
to Acaulospora scrobiculata. Percent root coloniza-
tion by arbuscular mycorrhizae increased over the
year following the burn, but did not reach the levels
found before the fire. The depression in levels of soil
colonization following fire at this site was detected
for longer than in other similar research, such as
that of Dhillion et al. (1988) on prairie soils. The au-
thors suggested that the temperatures reached on
these soils with a shrub and tree vegetation were
greater than those reached with a herbaceous vege-
tation, the former producing longer-lasting effects.
Treseder et al. (2004) found that fire in Alaskan
boreal forests had little impact on AM fungi, but

recolonization by ECM appeared to be delayed up
to 15 years following the disturbance. Alternatively,
in secondary forests in the Yucatan Peninsula with
a very shallow, highly organic soil, a “hot” fire virtu-
ally eliminated all inoculum (E.B. Allen et al. 2003),
whereas following a “cooler” fire, where some or-
ganic matter persisted, the richness of fungi was
much higher. The two types of fires can cause sig-
nificantly different patterns of vegetation recovery
(E.B. Allen et al. 2003; Allen et al. 2005a). Therefore,
the frequency and intensity of a fire, which is de-
termined largely by the structure of the plant com-
munity (e.g., forest vs. grassland), can determine
both the spatial and temporal patterns of fungal
community development.

Small-scale disturbance can also affect fungal
communities in a variety of ways. These distur-
bances are often poorly characterized, because
they create a mosaic of heterogeneous patches
within the landscape that are often functionally
and structurally different from those of the land-
scape that surrounds them. Patches are defined
ecologically as discrete spatial patterns with easily
identifiable boundaries (Pickett and White 1985).
Disturbances such as mound building by animals
create, or alter the patchiness of a landscape (Allen
1988; Friese and Allen 1993; Snyder et al. 2002).
These patch disturbances disrupt existing external
soil mycelial networks, such as those described by
Finlay and Read (1986) for ectomycorrhizal fungi,
and by Friese and Allen (1991) for arbuscular my-
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corrhizal fungi (e.g., absorptive hyphal networks,
and hyphal bridges). Disruptions in the soil hyphal
network will create openings for the colonization
and spread of new fungi, thereby increasing fungal
biodiversity, just as occurs for colonial animals
(Connell 1961) and higher plants (Allen and
Forman 1976). Gophers and ants are examples of
animals that are capable of overturning soil, and
moving mycorrhizal propagules within that soil
to new patches in the soil matrix. Additionally,
gophers trap spores within their fur, and can
transport these fungi to new areas.

Ingestion and excretion of viable propagules
at new locations by large mammals are also con-
sidered small-scale disturbances that have the ca-
pacity to change the community composition of
a patch. The deposition of dung by elk, contain-
ing viable mycorrhizal spores from areas adjacent
to the blast zone on the tephra at Mt. St. Helens,
and this days following the blast, allowed the re-
turn of fungal propagules to a biotically sterile area
(Allen 1987). Chronic small-scale disturbances can
also be caused by large ungulates. Serengeti ecosys-
tems are heavily grazed, resulting in elevated ni-
trogen and dung applications to the soil (Seagle
et al. 1992). This increases nitrogen levels, and
mineralizable carbon sources for microorganisms.
Studies of mycorrhizal distribution in this ecosys-
tem demonstrated an inverse relationship between
soil fertility and the presence of mycorrhizal fungi
(McNaughton and Oesterheld 1990). This relation-
ship is also associated with a smaller gradient of nu-
tritional status in the vegetation. The mycorrhizae
allow the plants to maintain a high nutritional sta-
tus across a broad range of soil nutritional ranges,
which ultimately results in better forage for the an-
imals, and a return of nutrients to the soil in the
form of urine and dung.

III. Fungal Community Dynamics:
A Natural Disturbance Model

A natural disturbance model that evaluates fungi
must examine fungal individuals and communi-
ties within the context of concomitant impacts of
these organisms on ecosystem dynamics. Regard-
less of disturbance size, fungal biomass and di-
versity will be altered. The degree to which this
alters specific ecosystem characteristics is depen-
dent on the disturbance event itself, the substrates
that exist following the disturbance, the subsequent

microclimate and its effects on the substrates, and
the surrounding organisms. A disturbance event
directly alters the fungal community by destroy-
ing hyphae and propagules of exposed species, al-
though impacts of any disturbance will be modified
by the intensity of the disturbance, and the season-
ality of the event (Gochenaur 1981). A “hot” fire
during a drought will devastate many litter fungi,
whereas a “cool” one initiated during a wet season
may affect only smoke-sensitive species, or those
that exist exclusively on highly flammable mate-
rials. As the soil environment changes, e.g., de-
creased soil moisture in response to a lack of cover
from direct radiation, the survival and growth of
many hyphae are compromised (Boddy 1984). Loss
of plant hosts, and changes in substrate quality
and quantity will further alter the fungal commu-
nity. Changes in diversity do not have to be large
to impact a system. Change in the growth pat-
terns of a single important fungal or non-fungal
species as a consequence of disturbance can ramify
through an entire community. These changes can
alter, among other things, the competitive balance
among species within a community, or ecosystem
dynamics through changes to the types and activi-
ties of enzymes available.

An additional dilemma in determining the ef-
fects of disturbance at the patch or ecosystem scale
is determining the extent of a fungal community
(Cooke and Rayner 1984). These effects can be
studied if the interpretation that communities are
made of individuals with definable sets of species
interactions (MacMahon et al. 1978) is used to de-
fine our concept of community. Large-scale distur-
bances can alter an entire landscape (Turner and
Dale 1998), while small-scale disturbances may af-
fect only a patch within the community. For this
reason, the model developed here (Fig. 3.1) pre-
dicts the effects of disturbance within the patch, yet
in some circumstances the patch may encompass
an entire community. Following disturbance, the
changes within the patch may affect the community
of which it was a part, or may become a community
of its own.

A. Disturbance Types and Characteristics

There are many types of disturbance that will affect
a fungal community. In the fungal literature, distur-
bances are often subdivided into two main groups –
enrichment, and destructive disturbances (Cooke
and Rayner 1984). For understanding fungal com-
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munity dynamics, these classifications are often too
broad, because disturbances at the scale that relates
to the fungal community can never be entirely en-
riching, or entirely destructive. For example, the
effect of a forest fire on a fungal community is de-
pendent on the type and size of fungal community
being described, and the state that community is in
when the fire occurs. The fire is destructive to the
phylloplane fungal community, whereas soil fungi
5 to 10 cm deep may react to the fire as an en-
richment disturbance. In areas prone to hurricane
damage, high winds increase the amount of leaf and
branch litter on the soil surface. However, the litter
can decompose very rapidly, and overall, this de-
creases litter content, compared with the situation
before a hurricane (Vargas and Allen, unpublished
data). Further, the downed branch litter provides
a large amount of fuel, often resulting in devastat-
ing wildfires that reduce, or even totally consume
organic matter (see Gomez-Pompa et al. 2003).

Disturbances that alter plant and animal com-
munity dynamics will resonate through the fungal
communities. Wind storms strip leaves and blow
down canopy trees in a forest. These impacts are
usually greater near the edge, which decreases habi-
tat quality especially for small stands. These wind
events provide substrate for saprophytic fungi, but
they decrease host density for mycorrhizal fungi. In
complicated food webs, such as those that involve
truffle-eating flying squirrels, windthrow events
can decrease food resources and canopy connectiv-
ity, which can diminish squirrel populations (Carey
2000; Ransome et al. 2004), and ultimately im-
pair squirrel dispersal of mycorrhizal fungal spores
contained in the truffles. As fungi participate in
many different relationships in ecosystems, even
a single disturbance, regardless of size or enrich-
ment/destructive capacity, has the potential to im-
pact fungi directly or indirectly through the organ-
isms upon which fungi depend. Ultimately, this will
feed back to alter fungal community dynamics.

B. Biotic and Abiotic Characteristics
of the Disturbance Model

The greatest effect of disturbance on the fungal
community will be through influences on key fac-
tors that impact the growth of fungal structures,
and the germination of spores. These factors,
denoted as biotic and abiotic characteristics in
Figs. 3.2 and 3.3, include physical characteris-
tics, resources, soil flora and fauna, and fungal

propagules or hyphal fragments (Boddy 1984;
Gams 1992). The physical components of the
fungal community affected by disturbance include
light, temperature, moisture, and pH (Gentry and
Stiritz 1972; Rogers and Lavigne 1974; Mandel
and Sorensen 1982). The resources include water,
oxygen, organic matter, and a variety of mineral
nutrients for growth and sporulation, of which
some may be required in higher quantities than
for vegetative growth (Moore-Landecker 1990).
Another key resource included here is the physical
environment within which organisms grow. For
fungi in most terrestrial ecosystems, the complex
system of decomposing wood and litter on the
forest floor, or simply litter in grassland systems,
is an essential part of their ecosystem. The litter
layer can provide a fungal substrate, or it can
modify the soil quality below it. As such, litter layer
composition and characteristics, and the impact
of disturbances on the litter layer can have severe
consequences for fungi in terrestrial systems.

Plants and animals also regulate the compo-
sition of fungi in soils, but often in a nonlinear
manner. Plants can provide both energy and car-
bon for fungal growth, but they can also provide
many inhibitory substances. Animals can remove
(graze), disperse, provide housing, or provide sub-
strate (defecate or die) for different members of the
fungal community, depending on fungal require-
ments. Additionally, changes in more than one of
these parameters can act synergistically, or antag-
onistically, to further change the emergent fungal
community (Snyder et al. 2002). In one case, the ad-
dition of CO2 increased plant production, and C in-
puts to soil fungi. However, that input was matched
by increased grazing by soil animals (Allen et al.
2005c). So, although the standing crop of fungal
biomass remained the same under elevated CO2,
the total throughput actually increased. Fire can
also alter fungal–animal relationships. For exam-
ple, the loss of the litter layer, a physical factor
and/or substrate, by environmental factors such as
fire, results not only in substrate loss, but also in in-
creases in soil temperatures and decreases in water-
holding capacity. As this happens, soil organisms
such as mites and collembolans will migrate more
deeply into the soil to escape drought, reducing
grazing on fungi, but also reducing fungal dispersal
near the surface (Klironomos and Kendrick 1995).
Thus, changes in each of the above characteris-
tics will be dependent on the type and intensity
of the disturbance, and the interaction among the
response variables.
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The spatial structure of systems, as a conse-
quence of environmental patterning or small-scale
disturbance, has the potential to impact our abil-
ity to determine the effects of disturbance on or-
ganisms. For example, the existence of a pre-burn
ant mound has the potential to alter the impact of
a disturbance such as fire on an ecosystem. Alter-
ations may be a consequence of different physical
structures – for example, the movement of wind
across the raised surface, or decreased burn heat as
a consequence of increased mound moisture. The
difficulty lies in separating the impacts of fire on the
system from the impacts of pre-fire small-scale dis-
turbance. Failure to detect changes in fire damage
may be the result of sampling a mound without in-
corporating the specific characteristics of a mound.
Boerner et al. (2000) found that enzyme dynamics
related to bacterial and fungal activity in single-tree
influence circles (see Zinke 1962) were altered by
fire. Detecting changes in fungal dynamics follow-
ing disturbance requires understanding of predis-
turbance spatial dynamics, and scale-appropriate
postdisturbance sampling efforts. Failure to under-
stand the impacts of patch-level disturbances, and
of other agents capable of creating spatial structure
in fungal communities will decrease the likelihood
of detecting postdisturbance impacts.

IV. Scaling from Patch
to Catastrophic Disturbance

Disturbances impact fungi at a number of levels.
As discussed above, the smallest level reasonably
available for description of disturbance impacts is
the patch, and the largest is the ecosystem. While in
theory large-scale disturbances can influence entire
landscapes, and the last ice age certainly disturbed
entire biomes, our discussion focuses on individ-
uals, communities, and impacts at the ecosystem
level, as these are the most common levels currently
studied. Landscapes can be discussed as large mo-
saics of divergent ecosystems across a particular,
extensive integrated distance, or they can be dis-
cussed as groupings of similar ecosystems at dif-
ferent successional stages recovering from similar
disturbance regimes. This point is important, as
adjacent ecosystems house communities that pro-
vide propagules for the reestablishment of sim-
ilar communities. While not addressing this di-
rectly here, the availability of propagules similar to
those of predisturbance communities is an essen-

tial component of reestablishment that, over evolu-
tionary time, may have produced the mechanisms
and community dynamics discussed below.

A. Individuals

Our understanding of impacts of disturbance on
fungal individuals or species has been limited by
a lack of appropriate techniques for identifying ei-
ther. While culture techniques allowed us to ex-
amine some species, the availability of molecular
techniques has greatly increased our knowledge
and understanding of fungi as they exist in their
natural environment. Studies prior to the common
use of these techniques provide a great deal of the
information on which our understanding of patch
dynamics and the individual is based. So, while
it is anticipated that many of the questions gen-
erated regarding individuals and the impacts of
disturbance are only beginning to be addressed in
greater detail, our discussion of individuals of ne-
cessity depends on data derived from a number of
different approaches.

Patch-level disturbances often have greatest
impact at the individual level. They alter fungal
mycelial networks, and disturb the hyphal net-
works of individual fungi as they grow in soil. As
such, individuals will change a great deal as a con-
sequence of patch-level disturbances. Yet, this may,
or may not impact fungal communities. The loss of
a species from the ecosystem will occur only if the
individual impacted is rare, has poor sporulation
capacity or mechanisms, poor dispersal ability, is
unable to germinate under new conditions, or is not
represented in another, reasonably close resource
patch. Differences in these characteristics among
fungi, and consequences for recolonization follow-
ing disturbance have been explored in the past. Re-
cently, Drew et al. (2006) detected differences in the
degree to which AM fungi can grow and colonize
new hosts. In their study, Glomus mosseae demon-
strated greater capacity for exploring a habitat to
find new hosts than did G. intraradices, suggesting
some fungi will be more successful in navigating
patch disturbances than others. Each fungus exists
in a system constrained by abiotic and biotic
characteristics. Disturbances that alter these char-
acteristics may result in the elimination of species
from certain areas. This can occur across the
disturbance intensity continuum; however, at the
patch level, the fungus may be eliminated from the
immediate vicinity of the disturbance, but not from
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the fungal community at large. In one example,
alternate year cropping and fallowing of a wheat-
field in western Nebraska eliminated the dominant
fungus of the native prairie, a small-spored Glomus
fasciculatum. However, a larger-spored Glomus
mosseae was able to persist through the fallow
periods, and increased relative to G. fasciculatum.
One outcome was a fungus that was less valuable,
even detrimental, to wheat drought tolerance and
production (Allen and Boosalis 1983).

Further research on the impacts of disturbance,
such as tillage, on agricultural soils suggests that
soil disturbance decreases fungal biomass, and al-
ters soil structure (McGonigle and Miller 1996;
Denef et al. 2001; Rillig and Mummey 2006). While
these impacts often occur at the patch level in nat-
ural systems, the degree to which they impact in-
dividuals and species has been little studied. It is
likely that the level of patch disturbance by digging
animals and insects alters species composition at
the patch level, while maintaining fungal commu-
nity composition at the ecosystem level. Studies
that have examined soil disturbances such as ant
mounds have detected some of these patterns in
arid systems. Friese and Allen (1993) found biotic
enrichment of microorganisms in ant nests at study
sites in Colorado and Wyoming. In this case, dis-
turbance by harvester ant digging increased the
total number of AM fungal propagules in the ant
nests, compared to adjacent soil from blue grama
grass (Bouteloua gracilis) at the site in Colorado,
and under shrubs (Artemisia tridentata) at the
site in Wyoming. The assemblages and dominant
species of fungi also differed between mound and
non-mound sites, with more fungi (characteristic
of mesic sites) occurring in ant nests (C.F. Friese
et al., unpublished data). Fungal species richness
was higher in mound-associated material than in
soil adjacent to mounds, or soil collected under
shrubs at the Wyoming site, but not from soil adja-
cent to mounds at the Central Plains Experimental
Range location (C.F. Friese et al., unpublished data).
It appeared that for both locations, microenviron-
ments selected a distinct assemblage of dominant
fungi, with Fusarium spp. dominating the root ma-
terial, and Aspergillus and Penicilllum species pre-
dominating in seed cache soil (C.F. Friese et al.,
unpublished data). However, Aspergillus fumiga-
tus had high densities in offmound soil from the
Colorado site. Mucoraceous taxa, (i.e., Cunning-
hamella, Rhizopus, and Syncephalastrum) were iso-
lated primarily from mound material, suggesting
that the ant mounds may represent refugia for these

more mesic-adapted fungi (C.F. Friese et al., un-
published data). These results suggest the greatest
impacts of these types of patch disturbances were
on individual species through changes in biomass
and organic matter, whereas overall fungal com-
munity diversity across the site was impacted to
a much lesser degree.

B. Community-Level Effects

Change in species composition within the patch
may cause changes within the larger fungal com-
munity. The establishment of fungi within the patch
can affect the diversity and distribution of fungi
within the community, or it can cause the establish-
ment of a new community that exists only within
the patch. The exact outcome will be determined by
the characteristics of the disturbance, especially the
size of the disturbance, but also by the heterogene-
ity of the landscape prior to disturbance. A land-
scape matrix is established by a series of distur-
bances of increasing scale. The patches are nested
within a habitat that can be relatively homogenous
or heterogeneous, depending on the scale and in-
tensity of other disturbances occurring across the
landscape. From an area of no disturbance, smaller-
scale disturbances are overlaid by the increasing
intensity of larger-scale disturbance. The impact
of smaller-scale disturbances may alleviate the ef-
fects of larger-scale disturbances, by acting as is-
lands of inoculum, or dispersal agents. This was
the case for the arbuscular mycorrhizal (AM) fungi
at Mt. St. Helens. Disturbances by gopher digging
and elk droppings resulted in AM fungal inoculum
returning to a site completely decimated by the vol-
cano blast (Allen et al. 1984, 1992, 2005b). Initially,
EM fungi were predominantly dispersed back onto
the site by wind (Allen 1987). Thus, across the py-
roclastic flow zone, small AM fungal patches re-
formed along animal pathways, whereas the EM
plants initially established at random locations. It
was the reestablishment of these individuals, or of
the small eclectic group of fungi that existed in the
deposited inoculum, which led to recolonization
following the most severe disturbance type. Simi-
larly, Jumpponen (2003) found the fungal commu-
nity in the youngest soils adjacent to a receding
glacier to have dormant mycorrhizal fungi even
before the arrival of the plant community. As these
fungi are biotrophs dependent on plant hosts, air-
borne spore deposition preceded plant arrival pro-
viding symbionts for arriving seeds.
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The composition of the postdisturbance com-
munity is also dependent on the competitive inter-
actions among residuals and immigrants. A good
deal of work has been undertaken on interactions
of competitive (C), stress-tolerant (S), or ruderal
(R) strategies in saprophytes following disturbance
(Cooke and Rayner 1984). Immediately after a dis-
turbance, the R-strategy is likely to predominate
although, depending on the disturbance, many
S-strategists may remain as residuals. Presumably,
the C-, and more S-strategies will predominate
later. Fungi such as Mucor and Rhizopus are
presumed to be ruderals because they exploit
simple carbohydrates rapidly (R-strategy). Al-
ternatively, Phanerochaete grows slowly, but can
degrade almost any type of substrate (S-strategy).
Cephalosporium is an outstanding competitor
because it expends a large amount of resources to
produce antibiotics that restrict access to its own re-
source base. However, these subdivisions are highly
artificial, and organisms exist rather along gradi-
ents between these extremes. For example, a com-
mon fungus of burned pine forests is Morchella.
Is that because it tolerates the fires, and the harsh
conditions following fires (S), competes well with
other residuals and immigrants by growing hyphae
rapidly and utilizing resources in the early spring,
before other saprophytes become active (C), pro-
duces a massive sporulating fungus that disperses
spores by wind and animals when released from
competition (R), or (most probably) has some
effective combination of all these strategies?

Taylor and Bruns (1999) examined the ECM
community structure in a mature pine forest. They
detected minimal overlap between the active my-
corrhizal community and the community present
as resistant propagules. This suggested that differ-
ences in colonization strategies, such as the C, S,
and R described above, and resource preferences
combined with resistant fungal structures allow di-
versity to be maintained in forest communities, so
that organisms can respond to environmental cues
and disturbances that have been historically part of
the ecosystems. Other studies on mycorrhizal com-
munities further suggest that community develop-
ment is dependent on the type (enrichment vs. de-
structive), intensity, and frequency of disturbance.
Lilleskov and Bruns (2003) found that differences
in the timing of root colonization by two ECM fungi
was altered by soil nutrient status. Rhizopogon oc-
cidentalis, an early successional species, colonized
roots early, and then was replaced as a dominant
species by Tomentella sublilacina as the forest ma-

tured. Under high nutrient conditions, however,
this replacement was delayed, suggesting interspe-
cific interactions between the two species were me-
diated by soil nutrient content. As disturbances
also act as a stress upon a system, the return time
of the stress can alter interspecific relationships.
Puppi and Tartaglini (1991), evaluating the effects
of fire on Mediterranean communities, found that
although the communities were under similar en-
vironmental constraints, the vegetative and mycor-
rhizal community structure differed. These differ-
ences were attributed to the recurrence time of fire.
In the more disturbed community, AM fungi were
more common, whereas in the less disturbed com-
munity, EM were prevalent. EM were hypothesized
to be more stress-tolerant than AM. Alternatively,
in many grasslands, the plants forming AM were
tolerant of fire, whereas those forming EM tended
not to be. The fungi may simply be locked to the
host strategy.

Fungal pathogens have unique roles in dis-
turbances. Pathogen density and diversity can be
impacted by disturbances. The role of pathogens
in natural ecosystems, especially in relation to
historical disturbance regimes, has not been
addressed well in the literature. Increases in the
loss of plants, especially forest trees, through
pathogen attack has stimulated focus on fungi as
pathogens. This may be a consequence of recent
attention in the face of economic loss, or may
be as a consequence of increased importance of
pathogens as regulators of community dynamics.
Allen et al. (2005a) suggested that altered weather
patterns in the tropical dry forest they examined
may have resulted in increased incidence of
an indigenous fungal pathogen. Hence, altered
historical disturbance regimes may change relative
abundance and impact of pathogens on hosts.
Parker et al. (2006) found that fire suppression
resulted in increased levels of fungal pathogen
activity in North American forests. This activity
is now being altered by large-scale wildfires, and
the reintroduction of more historically repre-
sentative fire regimes using prescribed burns.
However, these new disturbances are also causing
increases in pathogen activities. Reintroduction of
natural disturbance regimes are needed to reduce
pathogen activities, yet the way to achieve these
reductions may require greater understanding
of the impacts of fire on the physiology and
structure of these pathogens in their natural
habitat. Changes in historical disturbance patterns
and physical characteristics of the environment,
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such as altered temperature and moisture, may be
resulting in increases in pathogen activity.

Fungal pathogens also make interesting con-
tributions as disturbances to plant communities.
Fungi such as root rot fungi increase the likelihood
of canopy gaps in forests (Bendel et al. 2006)
directly through impacts on trees. These fungi
increase substrate for saprophytes, and decrease
habitat for mycorrhizal species. Other fungal
pathogens have been found to aggravate the sever-
ity of natural disturbances. Papaik et al. (2005)
found that beech bark disease does more damage
to trees by decreasing the resistance of beech to
disturbance events such as windthrow than it does
by directly impacting the plant it infects.

C. Ecosystem Characteristics
and Feedback Loops

Changes in fungal community structure will have
the greatest impact on the ecosystem if function-
ing changes with composition, or if the fungi affect
plant diversity (e.g., Renker et al. 2004). Changes in
primary production, quality of material produced,
decomposition rates, or nutrient pool conversion
can affect the stability, productivity, and ultimately
the functioning of ecosystems (Chapin et al. 2002).
Consequently, disturbances that modify soil pro-
cesses or the vegetation will alter the correspond-
ing ecosystem dynamics. Ecosystem-level feedback
loops (Figs. 3.1 and 3.2) can influence patch struc-
ture through effects on disturbance types, char-
acteristics, and the biotic and abiotic characteris-
tics of the patch. Ecosystem dynamics will affect
small-scale disturbance by influencing such things
as animal types and densities, and large-scale dis-
turbances by fuel loads and litter layer thickness.
All scales of ecosystem disturbance, ranging from
landslides to animal burrowing and to hyphal graz-
ing by microarthropods, can disrupt critical points
in the hyphal network that exist in the soil. Alter-
ing these hyphal network points changes nutrient
availability and transfer to plant hosts, which, in
turn, alters ecosystem productivity.

The most significant impacts of disturbance
to fungal communities will be through changes
in structure. It is predicted that a disturbed site
tends to return to a community structure that
does not entirely resemble the predisturbance
state (Gochenaur 1981). The existence of a new
assemblage of species, even of the same species
of different age or density, may restrict the ability

of the community to return to a predisturbance
state. This was observed in the simple experiment
on cultured Penicillium and Aspergillus by Arm-
strong (1976), which demonstrated that although
Aspergillus would exclude Penicillium in plated
cultures of the same age, if Aspergillus spores were
plated with Penicillium spores of a younger culture,
then both would be maintained. While terrestrial
ecosystems have a great deal more complexity than
this two-species model, it is likely that changes
induced by disturbance have differential effects on
the species present, which will ultimately affect the
composition of the postdisturbance community.

Mycorrhizal fungi may provide the links
necessary to evaluate the impact of community
structure, and of changes in community structure
on ecosystem function (Read and Perez-Moreno
2003). The effects of individual fungal species
on plant communities are expressed through
their impacts on aboveground productivity and
diversity. Fungal species can increase productivity
through increased resource acquisition. They
can alter plant diversity directly by presence or
absence, through mechanisms of specificity and by
altering the outcome of aboveground competition.
They can cause changes to litter and tissue quality
through differences in nutrient acquisition. The
associations that link belowground community
structure to aboveground dynamics are estab-
lished, maintained, and disrupted by disturbances
that alter fungal community dynamics.

Understanding the impacts of changes in com-
munities of saprophytic fungi on ecosystem func-
tion is also essential for understanding the over-
all impacts of a given disturbance type. Model-
ing has been used recently to examine linkages
between communities and ecosystem dynamics.
While these models have been important for un-
derstanding global change scenarios, they have also
allowed independent evaluation of key components
of belowground communities in ecosystem dynam-
ics. Hunt and Wall (2002) modeled effects of species
loss on biodiversity. They found that deletion of
saprophytic fungi and bacteria caused changes to
net primary productivity. As they were modeling
a large number of belowground groups, and de-
tected little change with deletions of other groups,
these results emphasize the importance of sapro-
phytes as determinants of ecosystem characteris-
tics. It also emphasizes that changes in this group
as a result of disturbance has the potential to alter
larger-scale functioning. There is currently a great
deal of interest in tying community structure to
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function at the ecosystem level. The response of
fungal communities to disturbance events might
provide good systems to evaluate these linkages.

V. Conclusions

A. The Impact of Disturbance
on the Functional Role of Fungi

This chapter was designed to demonstrate that dis-
turbance may be the single, most important process
regulating the structure and functioning of fun-
gal communities. This is due to the unique phys-
iology, morphology, and reproductive biology of
fungi. While microbial ecologists are beginning to
describe the importance of individual disturbance
events, we know far less about the interactions
of small- and large-scale perturbations set within
a larger landscape of single or multiple plant com-
munities. This distinction becomes of even greater
importance in the light of the global dimensions of
anthropogenic influences on ecosystems, such as
N fertilization, exotic species migrations, habitat
fragmentation, and global climate change. We sug-
gest that understanding the roles of disturbance
in fungal communities, and the feedbacks from
the fungal communities to ecosystem functioning,
are crucial to understanding the results from these
larger global concerns. Developing models for link-
ing the range of scales that comprise disturbance
dynamics depends on linking two distinct types of
studies. First, we must begin to build an array of
case studies from particular ecosystems in which
we know the natural history of the fungi, and how
these natural histories contribute to existing com-
munity composition and functioning. Second, we
must develop a conceptual framework that inte-
grates all of these various case studies into a com-
prehensive view of how communities work, and
what factors regulate them. Finally, we must con-
tinuously reevaluate those conceptual models to
develop a quantitative model of the complex roles
of fungi within landscapes that are undergoing an-
thropogenic and natural change.

While it would be easiest to evaluate distur-
bance as a static entity, it is unfortunately a moving
target. As anthropogenic impacts alter natural
ecosystems, we are also altering disturbance
regimes, and impacts of disturbance events.
Ecosystems are comprised of organisms that
have interacted with their biotic and abiotic
environments over exceedingly long time scales.

The systems examined today are a consequence of
organisms responding to the stresses experienced
on predictable time scales. As anthropogenic
disturbances have escalated only over the last
200 years, we cannot adequately predict the conse-
quences of a given disturbance based on historical
data, because we do not know if the system we are
examining is similar to that which existed in the
past. Ecologists use the terms “resistance” and “re-
silience” to evaluate the degree to which a system
resists change in the face of disturbance, or the de-
gree to which it returns to the predisturbance state.
In theory, a system facing a predictable disturbance
would respond in a resistant, or resilient fashion.
However, with added unpredictable stresses such as
chronic N deposition, herbicide use, global warm-
ing, and atmospheric pollution, systems may be
less resistant or resilient to disturbances that they
may have easily recovered from in the past. Loss of
evolutionary history within ecosystems not only
decreases our ability to understand the complex
affects of disturbance on fungal communities, but
it also has great potential to damage the ecosystems
that currently exist within our biosphere.

B. Future Research Directions

As a result of the widespread interest in anthro-
pogenic changes to the earth’s atmosphere, and the
effects that these changes may have on the bio-
sphere, it is important to study and “tease out”
a better understanding of how small-scale micro-
bial processes (such as nutrient mobilization and
immobilization) fit into the larger, global picture.
The diversity and biomass of microbial communi-
ties is a direct indicator of the extent of the func-
tional role that these organisms play in the dynam-
ics of different ecosystems. If anthropogenic change
alters the structure and biodiversity of microbial
communities, then it is also likely that their critical
functional roles in ecosystem and global-level nu-
trient cycling are also impacted. As is the case with
other groups of organisms, it is as important to un-
derstand how the functional role of fungi is affected
by various forms of human impact on the environ-
ment (e.g., Meyer 1993; Read 1993; M.F. Allen et al.
1995). One approach to evaluate this impact would
be to examine the fungal communities present at
ecological restoration sites that are at least 10–
20 years old, and compare the microbial charac-
teristics of these “established” restoration sites to
those of their references sites. Differences at these
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sites would allow one to evaluate the impacts that
human alteration of system characteristics has on
fungal community dynamics. Future research on
fungal community dynamics should also focus on
linking the issues of fungal biodiversity and func-
tionality with both natural disturbance and anthro-
pogenic change. This research direction is critical
for us to completely understand and explain the im-
portance of fungi in ecosystem dynamics. Attempts
to explore and integrate all of the above factors are
crucial if we are ever to gain a comprehensive un-
derstanding of the functional role of fungi in di-
verse ecosystems, and the biosphere as a whole.
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I. Introduction

Soils are the most diverse and complex habitat on
this planet, which have been formed by biologi-
cal, chemical and physical processes, all persisting
in parallel (Young and Crawford 2004). It has only

1 This paper was written and prepared in part by a U.S. Government
employee on official time, and is therefore in the public domain and
not subject to copyright.
2 Biosciences Division, Argonne National Laboratory, 9700 S. Cass
Avenue, Argonne, IL 60439, USA
3 International Institute of Tropical Forestry, USDA - Forest Service,
P.O. Box 1377, Luquillo, PR 00773, USA

been in the last decade that an appreciation of the
complexity of soils is being realized in the study
of soil fungal communities and the processes they
influence. Much of the past research on fungal re-
sponses to land management practices has been
descriptive, being concerned with the composition
and richness of fungal species. Such an approach
may inform us on how a particular management
practice or disturbance may affect fungal commu-
nity structure; they contribute little to our under-
standing of the role of fungi in nutrient cycling and
accumulation of organic matter. With the dawn of
metagenomics, the opportunities for truly integrat-
ing fungal diversity with function should be soon
realized.

Studies using trophic structure and food-web
approaches to understanding the effects of distur-
bances of tillage, crop rotation, and silvicultural
practices on the soil biota are identifying precisely
how important fungi are for maintenance of a sus-
tainable soil system (e.g., Wardle 1995; Wall and
Moore 1999; Hedlund et al. 2004; Wardle et al.
2004; Moore et al. 2005); e.g., by integrating fungal
responses with tillage practices, particularly infor-
mative linkages of fungi to processes associated
with the dynamics of soil organic matter (SOM)
have been identified (e.g., Hendrix et al. 1986; Hed-
lund et al. 2004; Moore et al. 2005). Also, investi-
gations have corroborated the importance of fungi
in the hierarchical model of soil structure (Tisdall
and Oades 1982; Oades 1984) by demonstrating the
structural role of hyphae, and the annealing prop-
erties of the polysaccharides and glycoproteins that
they exude to form and maintain a stable aggre-
gate structure (e.g., Miller and Jastrow 1990; Tisdall
1991; Degens 1997; Rillig and Mummey 2006).

Although there are many studies concerned
with management practices in agriculture and
forestry, a neglected area of research is the
integration of fungal responses with these prac-
tices, especially as the responses relate to soil
structure, nutrient cycling and organic matter
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accumulation in soils (Miller and Jastrow 2000;
Ritz and Young 2004; Six et al. 2004, 2006). One
reason for this neglect is that plant and fungal
responses and disturbance responses associated
with land management practices are often studied
at different spatial and temporal scales. Even so,
from a conceptual viewpoint this research has
demonstrated that fungi are a major contributor
to system processes and functions that occur at
various hierarchical organizational levels, indi-
cating linkages and feedbacks between fungi and
system responses (O’Neill et al. 1991; Miller and
Jastrow 1994; Langley and Hungate 2003; Johnson
et al. 2006; Six et al. 2006). The difficulty lies in
our ability to focus questions and to measure
responses or processes that function as control
points.

Fungi are increasingly recognized as playing
a critical role in mediating ecosystem responses
to anthropogenic disturbances (Gadd 1993; Cair-
ney and Meharg 1999; Staddon et al. 2002; Ril-
lig 2004; Six et al. 2006). Anthropogenic distur-
bances include unintentional stresses, as well as
stresses resulting from management practices as-
sociated with agriculture and silviculture. In ad-
dition, the responses of fungal-dominated ecosys-
tems to chronic inputs of atmospheric nitrogen,
and shifts in fungal-to-bacterial ratios and con-
comitant shifts in rates of nutrient cycling in re-
sponse to introduced invasive earthworm species
are major areas of concern (Lawrence et al. 2002;
Lilleskov et al. 2002; Frey et al. 2004). Responses
of soil microbial communities to alien earthworms
in North American forests resemble responses to
tillage in agriculture where invasive earthworms
appear to be responsible for decreases in fungal-
to-bacterial biomass ratios. While these are only
a few examples from among many disturbances of
anthropogenic origin, they help illustrate the hy-
pothesized mechanisms of response and point to
areas where more research is needed.

In this chapter, we will elaborate on the im-
pacts of the various management practices associ-
ated with agriculture and forestry as they influence
fungal structure and function. In addition, we will
address examples of the impact of chronic stress
in forest ecosystems from increasing nitrogen in-
puts and introduced soil fauna. Contributions of
fungi to nutrient cycling, organic matter accumu-
lation, and the formation of soil structure will be
discussed. Furthermore, we will discuss the hier-
archical nature of soils, and how this nature influ-
ences a systems response to disturbance. We will

use examples from agroecosystems, soil restora-
tions, and forest systems.

II. Disturbance
as a General Phenomenon

Disturbance is a common feature of most systems,
occurring at all levels of ecological organization
and at numerous temporal and spatial scales
(DeAngelis et al. 1985; Zak 1992). For our discus-
sion, we define “disturbance” as the physical or
chemical phenomena that disrupt communities
and ecosystems. Disturbances may be either
anthropogenic or natural, but it is the biota and
the variation in terms of disturbance severity,
frequency, and scale that result in different path-
ways of ecosystem response (rather than being the
source of the disturbance; Waide and Lugo 1992).
Some disturbances disrupt the physical structure
of communities, such as soil tillage, bioturbation
from introduced earthworms, clearcut harvesting
of trees, and storm damage; other disturbances
involve chemical additions, such as acid rain, fer-
tilization, salinization, heavy metals, or biocides.
Fungal communities may be directly affected by
these physical or chemical disturbances. Fungi also
respond to the indirect effects of disturbance, such
as the mortality of litter decomposers that results
from the increased drying frequency of the forest
floor following disturbance to forest canopies, and
repression of certain fungal enzyme systems by
excess nitrogen (e.g., Sinsabaugh et al. 2002, 2005).

Substrata for decomposition can be viewed as
discrete or continuous. Fungi of continuous sub-
strata inhabit a niche that continually receives new
resources, whereas fungi of discrete substrata in-
habit a given substrate. In his classical study on
ecological groupings of soil fungi, Garrett (1951)
states that the succession of fungi on a substrate
causes a progressive deterioration in the capacity
of the substrate to support further growth. He fur-
ther states that the substrate comes directly to the
soil microorganism, i.e., roots grow through soil
and die in it; dead leaves fall upon the soil. The for-
mer example views a substrate as discrete, whereas
the latter views a substrate as being continuous.
Accordingly, disturbance can be a perturbation to
both substrate and fungus.

For a substrate, disturbance disrupts its deliv-
ery rate, its quality and its accessibility, whereas for
the fungus disturbance represents the physical or
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chemical disruption of the mycelial network. For
example, tilling of soil breaks and damages the fil-
amentous network of fungal hyphae inhabiting the
soil. In turn, the loss of the hyphal network removes
or damages the physical mechanism responsible for
stabilizing soil macroaggregate structures. These
macroaggregate structures physically protect par-
ticulate organic matter within them. The hyphal
network disruption increases the potential for dis-
ruption of the macroaggregate structure, expos-
ing the once-entrapped particulate organic matter
to rendering by the microbial community (Angers
et al. 1992; Jastrow and Miller 1998; Six et al. 2004).

III. Fungi as Control Points
in Management Practices

Along with Archaea and bacteria, fungi are the
most numerically abundant organisms in the ter-
restrial ecosystem, and are the primary decom-
posers of organic residues in soil. Although fungi
may be numerically less abundant than bacteria,
fungi can account for as much as 78–90% by weight
of the soil microbial biomass (Kjoller and Struwe
1982; Lynch 1983). These fungi may be free-living
saprotrophs, pathogens, or in mutualistic associ-
ations with plant roots. Studies of grassland and
agricultural soils indicate that fungal biomass typ-
ically outweighs bacterial biomass in undisturbed
grassland communities and reduced tillage agroe-
cosystems (Beare et al. 1992; Bardgett et al. 1996;
Frey et al. 1999; Bailey et al. 2002), especially when
low-quality residues are a primary input source
(e.g., Bossuyt et al. 2001). It has been suggested
that the size and composition of microbial com-
munities in soils are primarily controlled by the
quality, quantity, and distribution of substrata, all
of which are influenced by land management prac-
tices (Anderson and Domsch 1980; Schnürer et al.
1985; Giller et al. 1997; Six et al. 2006). Differences
in fungal-to-bacterial ratios likely reflect changes
in microbial composition in response to manage-
ment effects on the retention of litter and its qual-
ity, e.g., fungi typically dominate under reduced or
no-till conditions (e.g., Hendrix et al. 1986; Beare
et al. 1992; Six et al. 2006). Furthermore, many of
the discrepancies reported in the literature may be
explained by where bacteria and fungi tend to live
in soil; e.g., a primary reason for fungal biomass
being larger than bacterial biomass in surface litter
is related to the ability of fungal hyphae to traverse

the gap between surface litter and soil more read-
ily than do bacteria (Holland and Coleman 1987;
Beare et al. 1992; Frey et al. 2000).

A. The Habitats of the Fungus

In an attempt to better conceptualize soil systems
into biologically relevant regions on the basis of
their spatial and temporal heterogeneity, the con-
cept of “sphere of influence” has been proposed
(Coleman et al. 1994; Beare et al. 1995). The five
areas of concentrated activity in soils include:
(1) The detritusphere, composed of the litter, fer-

mentation, and humification layers above the
soil surface that have considerable root, mycor-
rhizal and saprotrophic fungal biomass, and
grazing of that biomass by the soil fauna;

(2) The drilosphere, which is that portion of the
soil that is influenced by the activities of earth-
worms and their casts;

(3) The porosphere, which is a region of water
films occupied by bacteria, protozoa, and ne-
matodes, and of channels between aggregates
occupied by microarthropods and the aerial
hyphae of fungi;

(4) The aggregatusphere, the region where the ac-
tivity of microbes and fauna is concentrated
in the voids between microaggregate and even
macroaggregates; and

(5) The rhizosphere, or the zone of soil influenced
by roots, associated mycorrhizal hyphae, and
their products.

The spheres are formed and maintained by biolog-
ical influences that operate at different spatial and
temporal scales. Moreover, each sphere has distinct
properties that regulate interactions among organ-
isms and the biogeochemical properties that they
mediate (Coleman et al. 1994; Beare et al. 1995).

B. Effects of Disturbance on Fungi

Soils are spatially heterogeneous because of their
biologically mediated properties (Beare et al. 1995;
Young and Crawford 2004). A driving force for cre-
ating a spatially heterogeneous environment is the
process of bioturbation (Hole 1982). These biolog-
ically mediated disturbances result in creation of
a spatially heterogeneous environment, a very dif-
ferent outcome to system processes than is the case
for disturbances associated with land management
practices, such as tillage or clearcut harvesting that
usually result in a loss of spatial heterogeneity.
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For example, in the drilosphere, i.e., the region
of soil influenced by the activities of earthworms
and their casts, the grazing activities of mi-
croarthropods and millipedes change the size and
distribution of litter on the soil surface, thereby
increasing the surface area for fungal colonization
and mixing the fragments with other debris (Beare
et al. 1995). Macrofauna redistribute the litter in
and upon the soil, creating a patchwork of both
substrata and refugia for soil fungi, bacteria, and
fauna (Lee and Pankhurst 1992). In the porosphere,
the physical rearrangement of soil particles by
growing roots and earthworm burrowing creates
macropores that influence the preferential flow
of water and nutrients. In the aggregatusphere
and detritusphere, the relationship between soil
organisms and bioturbation is considerable. Large
amount of faunal feeding occurs on surface litter
and associated fungal hyphae, resulting in the
accumulation of particulate and fecal aggregates
in surface soils. Earthworm casts also accumulate
in the surface soils; however, the primary agent of
aggregate stabilization is through the deposition
of bacterial and fungal residues, and by hyphal
entanglement of particles (Chenu 1989; Tisdall
1991; Degens 1997; Guggenberger et al. 1999). The
continued inputs of microbial gums and glues, as
well as the production of filamentous hyphae, are
necessary for the long-term maintenance of the
soil macroaggregate structure.

Conventional land management practices usu-
ally result in a loss of the spatial heterogeneity of
soil. With more sustainable practices, the goal of
management is to create a more spatially hetero-
geneous habitat; e.g., tillage results in the physical
disruption of the more transient fungal hyphal net-
work. Furthermore, tillage mixes surface residues
vertically within the soil profile while usually do-
ing little direct damage to the aggregate structure
(Angers et al. 1992); however, without the physical
continuity of the hyphal network, the rewetting of
dried aggregates will cause their disruption or slak-
ing. Another phenomenon associated with plowing
is a temporary flush in C and N mineralization,
which appears to be directly related to the expo-
sure of organic residues to soil biota as a result
of slaking (e.g., Elliott and Coleman 1988; Gupta
and Germida 1988; Van Veen and Kuikman 1990;
Kristensen et al. 2000). Some of the nutrient flush
associated with tillage is attributed to disruption of
the hyphal network. The amount of nutrient flush
depends on (1) the overall amount of organic mat-
ter in the soil, (2) the quality of organic residues

sequestered within the aggregated portion of the
soil, and (3) the amount of microbial biomass and
its activity (Six et al. 2004).

C. Contributions of Fungi to Nutrient Cycling

In agricultural and forest ecosystems, the primary
role of saprotrophic fungi is as decomposers
where their activities contribute to C and nu-
trient cycling (Kjoller and Struwe 1982). SOM
dynamics is influenced by saprotrophic fungi
through their regulation of the decomposition
of plant and microbial residue, the production
of polysaccharides, and the stabilization of soil
aggregates (Six et al. 2004, 2006). Fungi are
especially good decomposers of nutrient-poor
plant polymers. Furthermore, saprotrophic fungi
possess several growth habits that enable them to
grow in nitrogen-deficient environments (Paustian
and Schnürer 1987). These habits include:
(1) Lysis and reassimilation of nitrogen from de-

generated hyphae (Levi et al. 1968),
(2) Directed growth to locally enriched nutrient

sites (Levi and Cowling 1969; St. John et al.
1983; Boddy 1993), and

(3) The translocation of cytoplasm to hyphal
apices from mycelium in nitrogen-depleted
regions (Cooke and Rayner 1984).

Fungal hyphae may also translocate mineral nitro-
gen to nitrogen-poor substrata where the absolute
amount of nitrogen in a decomposing substrate
increases during the early stages of decomposition
(Aber and Melillo 1982; Holland and Coleman
1987; Frey et al. 2000). Also, the lateral and
upward movement of 15N-label inorganic nitrogen
from mineral soil to decomposing litter has been
demonstrated (Frey et al. 2000). Furthermore, the
net immobilization of nitrogen in surface litter can
be relieved by the application of fungicide (e.g.,
Beare et al. 1992; Frey et al. 2000). In addition to
mineral N transfer to litter by saprotrophic fungi,
a fungal-mediated litter-to-soil C transfer has been
demonstrated where litter C enters the soil via
fungal mycelia and becomes stabilized within the
macroaggregate soil structure (Frey et al. 2003).
Similar bidirectional translocation of nutrients by
rhizomorphs of wood-decay fungi have also been
observed (Lindahl et al. 2001).

Fungal biomass represents a significant pool
of available nutrients in soils, and its turnover
has important consequences for carbon and
nutrient cycling (Langley and Hungate 2003; Zhu
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and Miller 2003; Six et al. 2006). Soil microbial
biomass, e.g., of a temperate grassland, contains
1–2 and 2–5 t ha−1 for bacteria and fungi, respec-
tively (Killham 1994). The availability of hyphal
components and cell products in the form of cell
walls, cytoplasm, and extracellular polysaccha-
rides represents a relatively labile organic pool
in soils. It has been estimated from a survey of
arable soils that the biomass of the microflora in
agricultural soils has about 108 and 83 kg ha−1

of N and P, respectively (Anderson and Domsch
1980). In a forest stand composed of spruce and
pine, the amount of ectomycorrhizal biomass
found associated with mantles and mycelium is
estimated to be 700–900 kg ha−1 (Wallander et al.
2001). The amount of N in ectomycorrhizal fungal
biomass is 187 kg N ha−1 (Wallander et al. 2004).
Hence, fungal mycelia represent a major soil sink
for nutrients.

As reported above, the mycorrhizal fungus
can represent a considerable portion of the fungal
biomass, with reports of 20–30% of the microbial
biomass carbon being composed of mycorrhizal
fungal biomass in grassland and agroecosystems
(Miller et al. 1995; Olsson et al. 1999; Leake et al.
2004). The importance of mycorrhizal fungi in
nutrient cycling is that, as symbionts, they provide
a direct physical link between primary producers
and decomposers. Plant processes influenced by
mycorrhizal fungi include host functions such as
photosynthesis, nutrient uptake, and water usage.
Mycorrhizal fungal influences on host functions
can affect nutrient accumulation and alter nutrient
ratios in plant tissues. In addition, mycorrhizae
can affect plant nutrient uptake by affecting
a host’s growth rate and by influencing mineral
ion uptake (Smith and Read 1997).

The contributions of externally produced ar-
buscular mycorrhizal (AM) fungal hyphae to nu-
trient cycling are considerable (Zhu and Miller
2003; Rillig 2004; Leake et al. 2004; Staddon 2005).
Although studies of carbon allocation to below-
ground structures are few, they indicate that exter-
nal AM hyphae represent approximately 20% of the
labeled extraradical organic carbon pool (Jakob-
sen and Rosendahl 1990). Annual production of
external hyphae in prairie soils is estimated to be
28 m cm−3 of soil, with a calculated annual hyphal
turnover of 26% (Miller et al. 1995). Recently, accel-
erator mass spectrometry microanalysis of 14C was
used to quantify the turnover rate of extraradical
hyphae in plants grown in a controlled environ-
ment (Staddon et al. 2003). A surprising outcome

of this study is that the turnover rate of hyphae at-
tached to plant roots averaged only 5–6 days, sug-
gesting that carbon flow from host plants to hy-
phae in soil might quickly be respired back to the
atmosphere. More importantly, the findings sug-
gest a rapid pathway for atmospheric carbon to
enter the soil carbon cycle (however, see Olsson
and Johnson 2005). Since AM hyphal cell walls are
composed primarily of chitin, a carbohydrate that
is rather recalcitrant to decomposition, the rapid
turnover of live hyphae would still allow for the
accumulation of hyphal residues that could remain
within the soil matrix for a considerable period of
time (Zhu and Miller 2003).

Turnover rates appear to be faster for extrarad-
ical hyphae of mycorrhizal fungi than for intrarad-
ical hyphae of roots (Staddon et al. 2003). This
may be true for the relatively thin-walled, small-
diameter hyphae, but a substantial portion of the
AM hyphal network is composed of thick-walled
runner or arterial hyphae (Friese and Allen 1991;
Read 1992). These runner hyphae are likely to be
longer lived and more recalcitrant than the thinner-
walled hyphae that are probably directly involved
in nutrient acquisition. Moreover, a considerable
proportion of the hyphae extracted from soil is ei-
ther nonviable or highly vacuolated (Schubert et al.
1987; Sylvia 1988; Hamel et al. 1990), suggesting
substantial persistence of these hyphae. Because
fungal cell walls also contain chitin, they may be
a relatively passive source of nitrogen, too (Lang-
ley and Hungate 2003).

D. Contributions of Fungi
to the Hierarchical View
of Soil Aggregation

An important component of a successful soil man-
agement strategy is the creation and maintenance
of the soil aggregate structure (Jastrow and Miller
1998; Miller and Jastrow 2000; Six et al. 2004). The
degree to which a soil has been degraded will deter-
mine the extent of formation versus maintenance
of soil aggregates. The importance of aggregated
soils in soil management comes not only from the
role of aggregates in controlling soil erosion, but
also because aggregates facilitate the maintenance
of nutrient cycles. In arable systems, the nutrient
reserve of a soil is typically maintained by inputs
from crop residues and from fertilizers. In grass-
land and forest systems, the nutrient reserve is typi-
cally maintained by inputs from litter. In temperate
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forest systems, litter accumulates mainly from leaf
fall, while root inputs are more important in grass-
lands and the few tropical forests that have been
studied. Unless organic inputs are protected within
the soil macroaggregates, the accumulation of or-
ganic matter and the concomitant buildup of soil
nutrients is usually minimal (Elliott and Coleman
1988; Six et al. 2004). Without the physical pro-
tection afforded within macroaggregates, organic
matter and associated nutrients may be rapidly lost
via both mineralization and erosion (Elliott 1986;
Jastrow and Miller 1998; Six et al. 2004).

The hierarchical view of soil aggregation is
based on the spatial and temporal actions of vari-
ous organic and mineral binding agents (e.g. Tis-
dall and Oades 1982; Oades 1984; Jastrow and Miller
1998; Six et al. 2004). These binding agents can be
grouped into three classes based on age and the de-
gree of rendering of organic inputs. The first class is
composed of microbial and plant-derived polysac-
charides that can decompose quite rapidly and are
referred to as transient binding agents. The second
class, referred to as temporary agents, is composed
mainly of living or dead fibrous roots and hyphae,
and can normally persist through a growing sea-
son or even longer in perennial systems. The third
class, referred to as persistent binding agents, is
composed of decayed or more rendered materi-
als having humic acid moieties in association with
clays and/or amorphous mineral complexes. In the
hierarchical model of soil aggregation, fungal hy-
phae play an essential role as temporary stabilizing
agents of soil macroaggregates.

The characteristics that allow fungal hyphae
to contribute to the formation and stabilization of
soil macroaggregates are related to a wide range
of factors including soil characteristics, vegetation
type, management practices, and characteristics of
the fungus itself (Degens 1997; Miller and Jastrow
2000; Six et al. 2004). For example, because of their
physical dimensions, fungal hyphae can grow and
ramify through and within pores the size of those
found between soil macroaggregates. In addition,
hyphae are believed to persist for longer periods
of time in soil because of their filamentous nature,
coarse branching habit, and rather large diameters.
Tisdall and Oades (1979) reported that AM hyphae
could stabilize aggregates up to 22 weeks after their
host plants had died. By comparison, saprotrophic
hyphae, with their more regular branching habit
and typically thin walls, appear to have a more tran-
sient effect on aggregation, often lasting no more
than a few weeks. Another factor enabling AM fun-

gal hyphae to contribute to soil aggregate stabiliza-
tion is their obligate association with plant roots.
Because AM hyphae have direct access to photo-
synthetic carbon, they represent a conduit for host
carbon into the soil, bypassing the decomposition
process. Additionally, AM hyphae have been found
to produce a very stable glycoprotein, called gloma-
lin, which may act as a longer-term binding agent
(Wright and Upadhyaya 1996; Rillig and Mummy
2006).

Many of the early investigations of AM hyphae
and aggregation were conducted in sandy soils or
sand dune systems (Nicolson 1959; Miller and Jas-
trow 2000). These studies indicate hyphae are the
primary mechanism for binding sand particles into
aggregated units (Degens et al. 1996). However, for
soils where organomineral binding agents are im-
portant to stabilizing soil aggregates, the contribu-
tions of AM hyphae go beyond the entanglement
mechanism described for sandy soils. Rather, in
loamy textured soils of alfisols, mollisols, and ver-
tisols, AM hyphae have been found to contribute
to the maintenance of a hierarchically arranged ag-
gregated soil structure composed of both macroag-
gregate and microaggregate structures (Miller and
Jastrow 2000). In oxisols, where oxides are the dom-
inant binding agent of soil particles, aggregates
do not appear to be hierarchically organized. This
attribute does not preclude the entanglement or
enmeshment of primary and secondary particles
by saprotrophic and AM hyphae, but the role of
the fungus may be secondary to the oxide-binding
mechanism. For soils with relatively high clay con-
tent, the shrink–swell capacity of the soil may over-
ride or minimize the contributions of hyphae to
soil aggregation. Hence, when viewed over a wide
range of soil types, the contributions of fungi to
soil stabilization depend largely on broad textural
characteristics, and whether the structure of a soil
is hierarchical in construction, among other factors
(Table 4.1).

To date, little information exists for ectomyc-
orrhizal fungi contributing to soil aggregate sta-
bilization, although saprotrophic basidiomycetes
have been demonstrated to contribute to aggregate
stabilization (Caesar-TonThat and Cochran 2000).
It has been suggested that ectomycorrhizal hyphae
may create a very stable soil structure by produc-
ing stronger bonds with clays than do other hy-
phal types (Emerson et al. 1986). What is known
is that ectomycorrhizal hyphae have the ability to
extend considerable distances into the soil; exude
polysaccharides and organic acids; and enmesh soil
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Table. 4.1. Fungal hyphal and abiotic influences on soil structure for contrasting soil textures (modified from Miller and
Jastrow 2000)

Abiotic and biotic properties Influence in soil type
Sand Loam Clay

Shrink–swell capacity Minimal Important Maximum
Abiotic aggregation Minimal Important Maximum
Fungal hyphal effects Important Important Minimal

particles between them (Skinner and Bowen 1974;
Foster 1981). Furthermore, the release of organic
acids by ectomycorrhizal hyphae may be a factor in
the dissolution of clays (Leyval and Berthelin 1991).

IV. Fungi and Agriculture

Because of the various management practices used
in agroecosystems, fungi experience vastly differ-
ent disturbance regimes. The impacts of these dis-
turbances are expressed directly, and by their ef-
fects on food-web structure and function (Hendrix
et al. 1986; Paustian et al. 1990; Hedlund et al. 2004;
Moore et al. 2005). Under conventional manage-
ment practices, the activities of the soil biota, in-
cluding saprotrophic and mycorrhizal fungi, have
been largely marginalized by the use of agrochem-
icals such as fungicides, herbicides, pesticides, and
fertilizers, which suppress pests or bypass nutrient
cycles. With stronger societal pressures to reduce
the use of agrochemicals and fertilizers, however,
an ever increasing reliance on processes influenced
by soil biota, and especially fungi, will emerge.

Several areas of research with fungi offer
promise for reducing the use of agrochemicals
and intensive tillage regimes. These areas include
the contributions of mycorrhizal fungi in plant
production and soil aggregation, the use of fungi
as biological agents for control of plant pathogens
as well as insect and nematode pests (not discussed
in this chapter), and the management of nutrient
cycling through better use of saprotrophic and
symbiotic processes (Elliott and Coleman 1988;
Bethlenfalvay and Linderman 1992; de Leij et al.
1995; Cavagnaro et al. 2006; Six et al. 2006).

A. Tillage and Crop Rotation Effects on Fungi

Agricultural practices such as tillage, crop rotation,
crop residue retention, and fertilizer use all affect
the ecological niches available for occupancy by

the soil biota. Simply put, an agricultural field is
basically an experiment in natural selection where
those organisms best adapted to those habitats
and niches gradually replace those individuals not
so well adapted (Rovira 1994). Hence, soils man-
aged by conventional, reduced or no-till practices
have distinctly different soil biotic communities. Of
these practices, tillage most disrupts the soil fun-
gal community (Table 4.2), resulting in a reduction
of the soil’s macroaggregate structure (e.g., Gupta
and Germida 1988; Beare et al. 1997; Kabir et al.
1997; Wright et al. 1999) and a reduction in fun-
gal biomass (Gupta and Germida 1988; Frey et al.
1999). The loss or reduction of this basic struc-
tural component of soil results in the destruction of
many of the ecological niches suitable for soil fungi
and bacteria (Young and Ritz 2000). The practice
of tillage serves many purposes, including prepa-
ration of seed bed, mechanical weed control, ac-
celerated mineralization of nutrients from organic
matter, and improved water capture and storage in
the soil profile (Cook 1992). Unfortunately, tillage
also sets the stage for soil erosion and loss of or-
ganic matter.

A major control point in conservation tillage is
the management of crop residues. In conventional
tillage practices, plowing results in the mixing
of soil profiles and the burial of crop residues;
whereas in no-tillage systems the soil is not plowed
and residues are placed on the soil surface as
mulch. These differences in soil disturbance and
residue placement can influence the composition
and activity of the fungal community (Hendrix
et al. 1986; Beare et al. 1993; Six et al. 2006).
Using a detritus food-web approach, it has been
demonstrated that no-tillage systems favored the
fungal component of the soil microflora, resulting
in the buildup of fungivorous microarthropods,
nematodes, and earthworms (e.g., Hendrix et al.
1986; Beare et al. 1992; Wardle et al. 2004). Al-
ternatively, conventional tillage practices favored
the bacterial component, resulting in the buildup
of a completely different group of organisms by
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Table. 4.2. Fungal and microbial properties of soil aggregate
size classes from a native grassland soil and adjacent soil

subjected to cultivation for 69 years (data from Gupta and
Germida 1988)

Aggregate size class Fungal biomass Microbial biomass
Length Biovolume C N

(mm) (mg−1) (mm3 g−1) (μg g−1) (μg g−1)

Native soil
>1.00 874 3.74 1538 139
0.50–1.00 1276 12.89 1862 155
0.25–0.50 2163 10.85 1463 133
0.10–0.25 508 2.06 1161 124
<0.10 511 3.59 1106 124
Cultivated soil
>1.00 180 0.98 886 86
0.50–1.00 166 1.12 946 92
0.25–0.50 543 3.63 859 90
0.10–0.25 144 1.70 655 82
<0.10 66 0.75 645 80

promoting protozoa, bacterivorous nematodes,
and enchytraeids. The direct effects of the various
tillage practices on fungi are related to physical
disruption of the hyphal network, and to the mix-
ing of surface residues within the soil profile. Crop
residues placed upon the soil surface are colonized
predominately by saprotrophic and facultatively
pathogenic fungi, whereas residues mixed within
the soil also have a significant bacterial component
(Six et al. 2006).

Tillage and crop rotation practices affect the
growth of facultatively pathogenic fungi; e.g., the
adoption of conservation tillage practice can in-
crease the incidence of several foliar and root dis-
eases (Bockus and Shroyer 1998). This increase in
disease incidence associated with reduced tillage
would be expected because the survival of foliar
pathogens is often dependent on their association
with host residues, and the rate of residue decom-
position is slower if the material is retained on the
soil surface (Rothrock 1992). Conservation tillage
and cropping practices also influence disease inci-
dence by indirect means; e.g., many grass species
can be the primary host of the take-all fungus
Gaeumannomyces graminis, a major pathogen of
many cereal crops. Hence, when soils are placed
into a pasture rotation to improve soil organic mat-
ter content and soil structure, a potential unantic-
ipated effect caused by the density of the pasture’s
grass content occurs with resumption of cropping,
where a relationship exists between prior grass
content and the amount of the take-all pathogen
G. graminis in the subsequent cereal crop (Fig. 4.1).
A reduction in tillage intensity also increases the
colonization of roots by non-mycorrhizal fungi,

many of them possessing non-filamentous growth
habits (Mozafar et al. 2000).

An association has also been demonstrated be-
tween the fungal pathogen Rhizoctonia solani and
conservation tillage. In this case, tillage practices
that conserve crop residues on or near the soil’s
surface create conditions ideal for the growth of
R. solani. The relationship is caused by the strong
competitive growth capability of Rhizoctonia on
particulate organic matter (Rovira 1986, 1990). The
practice of direct drilling allows for optimal condi-
tions for the proliferation of the fungus. A primary
mechanism for control of Rhizoctonia in conven-
tionally tilled soils is that the plowing breaks up

Fig. 4.1. A significant positive association exists between
grass content of pastures and the density of the take-all
fungus Gaeumannomyces graminis var. tritici (r2 = 0. 71,
p < 0. 001; figure redrawn from MacNish and Nicholas 1987)
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the hyphal network in the soil, and either kills por-
tions of the hyphae or breaks the hyphae into less-
infective units (Neate 1994). More recent studies
indicate a soil’s structure mediates the growth of
Rhizoctonia, where hyphal growth is preferential
in gaps found between soil aggregates (Otten et al.
2004). It appears that invasion of the fungus into
host populations operates at two scales – at the mi-
croscopic scale, the fungus preferentially explores
certain pathways, i.e., gaps in the soil that influence
the mode of growth, and at a larger scale a critical
density of host is necessary, allowing the fungus to
switch from noninvasive to invasive growth (Otten
and Gilligan 2006).

Tillage and crop rotation practices can also in-
fluence the AM fungus (Abbott and Robson 1994;
Kabir 2005). Many studies have demonstrated that
cropping and tillage practices influence the my-
corrhizal fungi (e.g., Dodd et al. 1990; Johnson
et al. 1991; Kabir et al. 1998; Jansa et al. 2003).
Tillage results in maximum disturbance to the fun-
gal propagula and the extraradical hyphal network,
reducing crop nutrient uptake (O’Halloran et al.
1986; Kabir et al. 1998; Jansa et al. 2003). The use of
fallow rotations can also result in the expression of
phosphorus deficiency, even though there may be
no decrease in available phosphorus (Thompson
1987). The mechanism for the deficiency response
appears to be a reduction in AM fungal propagula
associated with the fallow practice.

Although most crops are dependent upon my-
corrhizal fungi, roots of crops belonging to the
chenopod and crucifer families usually do not pos-
sess mycorrhizal fungi. These two families include
crops such as spinach, sugar beet, canola, rapeseed,
and mustards. When such crops are used in rota-
tions, they tend to lead to a reduction in mycorrhi-
zal propagula (Gavito and Miller 1998; Thompson
1991). Hence, the yield of mycorrhiza-dependent
crops after a nondependent crop may decline, if the
needs of that crop for symbiont-supplied nutrients
cannot be fulfilled.

Cropping and tillage practices have been
demonstrated to result in a loss of specific groups
of AM fungal species (Sieverding 1991; Douds
et al. 1995; Boddington and Dodd 2000; Jansa
et al. 2003). Cropping and tillage can also select
for less-effective mycorrhizal fungi. Rotations
with sod crops are necessary to eliminate decline
symptoms associated with the proliferation of
a certain mycorrhizal fungi when grown with
tobacco as the host crop (Hendrix et al. 1995).
Furthermore, those AM fungi that proliferate

under tillage conditions may be less beneficial,
or even detrimental to those crops in which they
proliferate (Johnson et al. 1992).

B. Role of Fungi in Soil Restorations

Depending on the degree of degradation of a soil, an
important component of a successful restoration is
the reestablishment of a nutrient reserve (Bradshaw
et al. 1982). This reserve is initiated by the combi-
nation of atmospheric deposition, weathering, and
detrital inputs from vegetation, or by additions of
organic amendments and fertilizers. Unless these
organic inputs are stabilized, accrual of organic
matter and microbial biomass, and the concomi-
tant buildup of nutrient reserves in soils are usu-
ally minimal. As described above, organic residues
are generally protected or stabilized within soils
through the formation of soil aggregates. Hence,
a major goal of any soil restoration should be to
establish conditions that favor formation of stable
soil macroaggregates, thereby facilitating an im-
portant step in the creation of a nutrient reserve
(Miller and Jastrow 1992a, b; Six et al. 2004).

Mycorrhizal fungal dynamics appears to be
a good indicator for determining the consequences
of different crop rotations on soil stability. Studies
in Australia indicated that 50 years of crop rotation
decreased the amount of stable macroaggregates,
and simultaneously decreased the lengths of roots
and AM fungal hyphae in the soil, compared
with soils from long-term pasture and natural
sites (Tisdall and Oades 1980). The study found
that the positive association between the amount
of macroaggregates and the length of external
mycorrhizal hyphae was related to the type of
crop rotation and the frequency of fallow rotations
(Fig. 4.2). A similar relationship was also found
between macroaggregates and root length. This
study indicated that frequent use of fallow in crop
rotations can significantly decrease the amount
of soil held as macroaggregates. Conversely, the
longer a soil has a cover crop, the greater the
amount of soil held as macroaggregates. The
study also suggested that the loss of stable soil
macroaggregates associated with fallow rotations
may be caused, at least in part, by a reduction in
the mycorrhizal fungus population that is brought
on by both tillage and fallow disturbances.

Using a series of prairie reconstructions in the
central United States as a means of investigating the
aggradative phase of a soil indicates that a stable
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Fig. 4.2. The relationship between extraradical hy-
phae and percentage of water-stable aggregates for
a soil under different crop rotations (PP=old pasture,
PPW=pasture-pasture-wheat, WW=wheat every year,
WPF=wheat-pasture-fallow, PFW=pasture-fallow-wheat,
WF=wheat-fallow, FW=fallow-wheat, PPPWWP and
WPPPPW=2 years wheat and 4 years pasture, respectively;
redrawn from Tisdall and Oades 1980)

soil aggregate structure can develop rapidly un-
der prairie and pasture vegetation (Jastrow 1987;
Miller and Jastrow 1990; Jastrow et al. 1998). The
soils of the study area had been under cultivation
for over 150 years; however, within 8 years after
being planted to prairie species, the proportions
of stable macroaggregates had approached that of
a nearby prairie remnant (Jastrow 1987). The rapid
recovery of soil aggregates was most likely due to
a well-developed microaggregate structure that re-
mained relatively intact during cropping, in combi-
nation with a rapid reestablishment of a relatively
dense root and hyphal network after the cessation
of tillage (Miller and Jastrow 1992b; Jastrow and
Miller 1998). Both total root length and the length
of roots colonized by AM fungi increased with time
from disturbance (Cook et al. 1988). Furthermore,
root and soil hyphal lengths were associated with
increases in the proportion of soil held as water-
stable macroaggregates (Miller and Jastrow 1990;
Jastrow et al. 1998).

The conversion of these soils from tillage-based
agriculture to prairie also enhanced microbial
biomass, with fungal biomass increasing at
a proportionally great rate than bacterial biomass
(Allison et al. 2005). Moreover, extramatrical AM
fungal biomass responded more strongly to the
prairie conversion than did saprotrophic fungal

biomass. Finally, in addition to modifications in
hyphal length and biomass, the composition of the
AM fungal community changed with the cessation
of tillage and reconstruction of the prairie (Miller
and Jastrow 1992b). Using spore biovolume as
a measure of AM species contributions revealed
that soils under conventional tillage practices were
dominated by Glomus constrictum and G. etuni-
catum. However, with the cessation of cultivation,
Gigaspora gigantea replaced Glomus as the domi-
nant fungal group by the fifth growing season. The
spore biovolume of Glomus species was negatively
associated with recovery time since disturbance,
external hyphal length, and percent of soil held
as macroaggregates; in contrast, Gigaspora was
positively associated with extraradical hyphal
length and macroaggregation. Other investigators
have also found Gigaspora to be more effective
than Glomus in producing aggregates (Schreiner
and Bethlenfalvay 1995). These trends suggest
that AM fungi may differ in their sensitivities
to disturbance and in their abilities to produce
extraradical hyphae, both of which can influence
the development of soil aggregates.

V. Fungi and Forestry

Forests that are managed for recreation, timber,
pulpwood, or other forest products differ widely in
tree diversity, their dominant mycorrhizal fungal
associates, the seral stage that is being managed,
climate, seasonality, and decomposability of litter
fall. For example, tree plantations and many native
temperate and boreal forests are dominated by one
or a few tree species, whereas many tropical forests
are speciose; a single hectare of lowland Amazo-
nian forest in Ecuador was reported to have over
470 tree species greater than 10 cm in diameter at
breast height (Valencia et al. 1994). Such underlying
differences among forest ecosystems will greatly in-
fluence how fungi respond to disturbances related
to forestry practices.

A. Nutrient Additions in Forest Systems

Fertilization and atmospheric inputs of nitrogen
can influence the rate at which fungal decomposers
recycle nutrients from organic matter, but such
effects may differ among forest types. Rates of
leaf decomposition differ among tree species and
forest ecosystems, primarily because of limitations
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on the growth and activity of fungal decomposers
imposed by differences in concentrations of
mineral nutrients in the fallen leaves, climate, and
abundance of lignin and other recalcitrant or toxic
secondary plant compounds (e.g., Meentemeyer
1978; Swift et al. 1979; Aber and Melillo 1982; Vogt
et al. 1986). Low nitrogen concentrations in fallen
litter are often more limiting to nutrient cycling in
temperate forests, whereas the availability of phos-
phorus is often more important in lowland tropical
forests (Vitousek and Sanford 1986), although
phosphorus concentrations can also be important
in temperate coniferous systems (Dyer et al. 1990).
Many successional forest trees produce highly
decomposable leaf litterfall containing higher
concentrations of nutrients and labile carbon and
lower concentrations of secondary chemicals than
do species from later successional stages (Marks
1974; Bazzaz 1979; Grime 1979). Therefore, the
effects of episodic fertilization or chronic additions
of nitrogen via air pollutants on litter decomposer
fungi and the rate of decomposition may depend
on the forest species composition, and may be
correlated with climate.

In a late successional subtropical wet forest in
Puerto Rico, complete fertilization accelerated de-
composition of fine roots that had very low nu-
trient concentrations, thereby lowering the dead
root standing stocks after 9 months (Parrotta and
Lodge 1991). Fertilization apparently also acceler-
ated decomposition of leaf litter in the same ex-
periment, as indicated by a higher turnover rate.
Production of leaf litter was significantly increased
by fertilization, while standing stocks of litter did
not differ among treatments at low elevation; lit-
terfall was greater, and litter standing stocks lower
in fertilized than in control plots at high elevation
(Zimmerman et al. 1995).

Despite higher rates of leaf decomposition,
certain decomposer fungi were apparently nega-
tively affected by fertilization in the above study.
Superficial and interstitial mycelia of decomposer
basidiomycetes completely disappeared from the
litter layer in fertilized plots, and the diversity
and abundance of their fruitifications were also
reduced, compared with control plots (D.J. Lodge,
S. Cantrell, and O. Oscar, unpublished data),
suggesting that the fungal decomposer community
may have changed in response to repeated fertil-
ization. Similarly, Heinrich and Wojewoda (1976)
found that fertilization of forest plots in Poland sig-
nificantly decreased the number of fruiting bodies
of basidiomycetes that decompose SOM and wood.

Shifts in the composition of the fungal decomposer
community in response to fertilization may reflect
differential sensitivity among species to salt
stress (Castillo Cabello et al. 1994), or reduced
competitive advantage of fungi that use hyphal
cords and rhizomorphs to translocate nutrients
into nutrient-depauperate food bases (Boddy 1993;
Lodge 1993). The disappearance of cord-forming
basidiomycetes may have a negative impact on the
ecosystem in terms of loss of SOM and nutrients.
Absence of cords formed by basidiomycetes in the
litter layer had previously been found to signifi-
cantly increase the rate of litter export from steep
slopes during storms, and subsequent soil erosion
from the exposed surfaces (Lodge and Asbury
1988). Thus, there may be contrasting responses to
fertilization in different ecosystem-level processes
that are mediated or influenced by fungi. In
standard forestry practices, fertilization generally
occurs only at planting or post-thinning at 10 to
15 years (Barrett 1962; Oliver 1986), so negative
long-term impacts on litter fungi are probably less
than in the experiments cited above.

Addition of mineral nutrients that are limiting
to the growth of fungal decomposers might reason-
ably be expected to consistently increase the rate of
decomposition, but divergent responses occur in
different forest ecosystems (Sinsabaugh et al. 2005).
Although higher nitrogen and phosphorus concen-
trations were correlated with higher initial rates
of decomposition of coniferous litter in Sweden,
later decomposition and N-mineralization were in-
hibited (Berg et al. 1982, 1987). As noted in a re-
view by Berg (1986), later decomposition may be
slowed by ammonium and amino acid repression
of fungal ligninolytic enzymes, and by the com-
plexing of nitrogen with phenolic compounds to
form particularly recalcitrant products (Stevenson
1982; Nommik and Vahtras 1982). In nitrogen ad-
dition experiments used to simulate atmospheric
inputs of N from air pollutants in northern USA
hardwood forests, activity of enzymes that are im-
portant in delignification (phenol oxidase and per-
oxidase) decreased along with decomposition rates
in low-quality (high lignin) litter, while oxidative
enzyme activity (e.g., cellobiohydrolase) and rates
of decomposition increased in high-quality (low
lignin) litter (Carriero et al. 2000; DeForest et al.
2004; Waldrop et al. 2004; Sinsabaugh et al. 2005).
Suppression of white-rot basidiomycete fungi or
their enzyme activity has been implicated in al-
tering forest floor biogeochemical processes that
influence ecosystem level responses to increases in
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nitrogen (Fog 1988; Berg and Matzer 1997; Carriero
et al. 2000).

Sinsabaugh et al. (2005) have suggested that not
all ecosystem-specific responses in forests to nitro-
gen additions can be attributed to suppression of
white-rot basidiomycete fungi and their enzymes.
Although white-rot basidiomycetes may be the or-
ganisms primarily responsible for delignification
of leaf litter in some ecosystems, some soft-rot
fungi, such as Aspergillus wentii, degrade lignin
faster when nitrogen is more abundant (Fog 1988).
Furthermore, Sinsabaugh et al. (2005) noted that
not all white-rot fungi exhibit N-dependent expres-
sion, and that changes in specific enzyme activities
occur in systems that vary widely in microbial
community composition and fungal abundance
(DeForest et al. 2004; Gallo et al. 2004; Waldrop et al.
2004). Nitrogen effects on litter decomposition may
result from an uncoupling of polysaccharide and
polyphenol degradation (Sinsabaugh et al. 2002),
and hydrolytic enzymes such as cellulases and
phosphatases may also play a role (Sinsabaugh et al.
2005). Berg and Ekbohm (1991) hypothesized that
nitrogen and phosphorus initially stimulate micro-
bial decomposition and nitrogen mineralization,
thereby increasing the rate of release of nitrogen
compounds that react with aromatic compounds
to form resistant residues. Söderström et al. (1983)
found that annual fertilization of Scots pine plan-
tations caused slowing of the long-term decompo-
sition rate, and a 50% reduction in microbial res-
piration and abundance in humus. The addition of
nitrogen through fertilization or air pollutants may
therefore be expected to increase the rate of total
decomposition in forests where litter contains low
concentrations of both nitrogen and polyphenolic
compounds, but may slow complete decomposition
in forests where litter contains high concentrations
of polyphenolics and low concentrations of nitro-
gen (Berg and Ekbohm 1991). Palm and Sanchez
(1990) found that leguminous leaves that naturally
contained high concentrations of both nitrogen
and polyphenolic compounds decayed more slowly
in tropical agroecosystems than predicted from
their nitrogen concentrations alone, indicating
that the negative interaction between nitrogen and
polyphenolics is a widespread phenomenon.

Some studies using experimentally elevated
levels of nitrogen input have found decreased
fungal-to-bacterial ratios (Waldrop et al. 2004),
while others have not (DeForest et al. 2004). The
key processes that initiate the chain of events that
determine carbon flow and fate in forest ecosys-

tems occur in the litter layer (Zak et al. 2006).
Methods such as PLFA that have been used to date
to determine changes in overall microbial commu-
nity structure in forest litter (e.g., ratios of bacteria,
fungi and protozoans; DeForest et al. 2004) are not
able to detect changes in basidiomycete versus soft-
rot fungi, or changes in fungal species dominance
that may be more relevant to ecosystem-level
responses to elevated nitrogen inputs. Other
methods, such as real-time PCR, will be needed
to determine how fungal community composition
shifts contribute to the radical changes in carbon
cycling observed in some forest ecosystems.

B. Effects of Air Pollution
and Fertilization on Fungi

Atmospheric nitrate deposition, primarily from au-
tomobile exhaust and power plants, has increased
5- to 20-fold in northeastern USA and parts of Eu-
rope (Galloway 1995). In addition to the ecosystem
process-level effects on fungal activity of increased
nitrogen inputs noted above in Section V.A, there
have been significant changes in ectomycorrhizal
fungal communities in European forests. The de-
cline in fruiting bodies of ectomycorrhizal fungi in
Europe (Derbsch and Schmitt 1987; Termorshuizen
and Schaffers 1987; Jakucs 1988; Arnolds 1989; Fell-
ner 1989, 1993; Nauta and Vellinga 1993) has been
attributed to direct and indirect effects of air pollu-
tion (Arnolds 1991). While ectomycorrhizal fungi
have decreased, fruiting by wood-decay fungi has
increased in central Europe (Fellner 1993). Appli-
cation of nitrogen fertilizer was found to cause
similar declines in the diversity or abundance (or
both) of ectomycorrhizal fungal species (Fiedler
and Hunger 1963; Heinrich and Wojewoda 1976;
Schlechte 1991). Ectomycorrhizal and ericoid my-
corrhizal fungi are thought to confer special advan-
tages to plants in the uptake of nitrogen from or-
ganic residues in environments in which the avail-
ability or uptake of nitrogen is limited (Read 1991),
which may help explain why chronic additions of
nitrogen from air pollutants are associated with
declines in ectomycorrhizal fungi and their associ-
ated host trees.

Some fungal responses to air pollution may be
related to soil pH. B̊åath et al. (1979) found that
active hyphae of soil fungi were decreased by ap-
plication of artificial acidified rain. Not all ectomy-
corrhizal fungi have been negatively affected by air
pollution. For instance, Fellner (1993) found that
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certain Cortinarius species in the subgenus Dermo-
cybe that are favored by acidic conditions were in-
creasing in highly acidified forests. Schlechte (1991)
reported that moderate amelioration of soil pH
through application of dolomitic limestone had
a stabilizing effect on ectomycorrhizal fungal com-
munities in chronically acidified acid forests. How-
ever, addition of some forms of lime has been found
to adversely affect the abundance or diversity of ec-
tomycorrhizal fungal fruiting bodies (Hora 1959;
Fiedler and Hunger 1963; Heinrich and Wojewoda
1976).

C. Effects of Invasive Exotic Earthworms
on Northern Forests and Forest Fungi

The effects of invasions of exotic earthworms into
previously undisturbed North American forests is
of considerable concern for the maintenance of
forest fungi and the nutrient cycling process they
mediate (Bohlen et al. 2004a). Invasions by non-
native earthworms, such as Lumbricus terrestris
and Dendrobaena octaedra, have resulted in rad-
ical losses of forest floor (Hazelhoff et al. 1981;
Alban and Berry 1994; Bohlen et al. 2004b), re-
sulting in altered nutrient availability to trees (Paré
and Bernier 1989; Lawrence et al. 2002) through
changes in nutrient cycling (Walbridge et al. 1991;
Alban and Berry 1994; Scheu and Parkinson 1994a,
b; Bohlen et al. 2004a, b). In addition, earthworm
invasions in North America have increased suscep-
tibility of forests to erosion through the loss of soil
cover (Hazelhoff et al. 1981; Alban and Berry 1994;
Bohlen et al. 2004a). Forest floor is a key compo-
nent that is critical for maintaining the stability
of many forest ecosystems, for example, through
protection against soil erosion, and for facilitat-
ing forest regeneration after disturbance (Bormann
and Likens 1979). The presence and extent of neg-
ative effects of exotic earthworm invasions vary
with the characteristics of forest stands, includ-
ing forest type, soil characteristics, and history of
previous disturbance (Bohlen et al. 2004a). Suarez
et al. (2004) found that broadleaf forest plots in-
vaded by L. terrestris had more total P at 0–12 cm
depth than did reference plots, but more of the P
was fixed by Al and Fe hydroxides, and was thus
unavailable. Walbridge et al. (1991) also noted the
potential for negative effects of mineral soil from
worm casts on phosphorus availability in the or-
ganic horizon. In forests with typically higher de-
velopment on strongly weathered soils that have

elevated phosphorus-fixing capacity, most of the
available phosphorus, and thus most of the P up-
take by trees via mycorrhizal fungi, occurs in the
organic forest floor, rather than the mineral soil
(Wood et al. 1984; Yanai 1992). Lawrence et al.
(2002) found that mycorrhizal fungal colonization
rates and percentage of colonized root length de-
clined significantly in organic forest soil horizons
invaded by earthworms, indicating they can affect
the primary means of nutrient uptake by trees.
Paré and Bernier (1989) found that stands of sugar
maple in southern Canada had impaired phospho-
rus nutrition where earthworms were abundant.
The activities of exotic earthworms that remove
forest floor litter and process it below ground will
undoubtedly be detrimental to litter decomposer
fungi, especially basidiomycete fungi that form lit-
ter mats and are thus critical for preventing erosion
losses on steep forest slopes, but this aspect has not
been studied.

D. Forestry Practices for Pulpwood
and Lumber Production

In sustainable pulpwood forestry, monospecific
stands are often planted and harvested on short ro-
tations, using tree species from an early seral stage
such as pines or other conifers, certain eucalyptus,
white birch, aspen, and poplars. Such even-aged
management practices have been predominant
in the United States for pulpwood and lumber
since 1950 (Oliver 1986). In such cases, clearcut
harvesting sometimes followed by burning of slash
is often used to regenerate the species. Though
such forestry practices are often viewed as severe
by environmentalists, these management practices
often mimic natural disturbances to which those
early seral stage tree species and their associated
fungi are adapted (Oliver 1986). For example,
some forest types, especially certain pines, are
dependent on fire for their establishment and
maintenance of their integrity (Oliver 1986).

E. Effect of Site Preparation on Fungi

The effects of different intensities of site prepa-
ration and silvicultural practices on microbial
biomass and microbial nutrient stores before
replanting of pine were studied in the southeastern
United States by Vitousek and Matson (1984).
They compared (1) whole-tree versus stem-only
harvest; (2) chopping the harvest debris versus
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shearing and piling of all debris and forest floor
into wind rows, followed by disking of the mineral
soil; and (3) application of herbicide. Vitousek and
Matson (1984, 1985) found that microbial nutrient
immobilization was effective in preventing leach-
ing losses of nitrogen when the forest floor was
left intact (chopping) but not when the forest floor
was removed (shearing/piling/disking). Losses
of nitrate to stream water and groundwater via
leaching (Borman and Likens 1979; Vitousek and
Melillo 1979; Robertson and Tiedje 1984), and
atmospheric losses through denitrification occur
in forests that have been cleared, but microorgan-
isms in the forest floor and soil immobilize and
conserve most of the nitrogen that is mineralized
in response to the disturbance (Marks and Borman
1972; Vitousek and Matson 1984, 1985). Large
woody debris (slash) and whole-tree harvesting
had little effect on microbial immobilization
of nitrogen, at least during short-term study
(2 years), but herbicides may have been toxic
to microorganisms, thereby increasing leaching
losses of nitrogen (Vitousek and Matson 1985).

Although burning of coarse woody debris
(slash) is considered an appropriate management
practice for regeneration of Douglas fir in the
Pacific Northwest (Oliver 1986), broadcast burning
following clearcuts (Harvey et al. 1980) and partial
cuts (Harvey et al. 1997) has been found to greatly
decrease the abundance of active ectomycorrhizae
in the forest floor, and levels of ectomycorrhizal
fungal inoculum became insufficient for regener-
ation if replanting was delayed until the next dry
season. Broadcast burning has been misapplied to
old-growth true fir forests, resulting in mortality
of young trees, predisposition of the firs to fungi
that decay stems (Oliver 1986), and destruction
of the litter fungal community. Highly decayed
coarse woody debris is important for maintenance
of ectomycorrhizal fungi in the northern Rocky
Mountains during the hot dry summers (Harvey
et al. 1980, 1997). In addition to affording a moist
refugium to mycorrhizae during drought, ecto-
mycorrhizal fungi apparently obtain part of their
nitrogen from organic sources including rotting
wood (Read et al. 1989). Thus, removal of coarse
woody debris from forests by whole-tree harvest-
ing or burning of woody debris following harvest
may have negative effects on ectomycorrhizal
fungi and tree nutrition, especially in areas with
seasonal drought (Harvey et al. 1980, 1997).

Others have also reported that the severity
of a particular management activity can affect

the persistence of ectomycorrhizal fungi in the
northwestern United States (e.g., Schoenberger
and Perry 1982; Perry et al. 1982; Amaranthus
and Perry 1987). Moreover, studies of younger
clearcut stands indicate that prompt regeneration
may be important to secure adequate formation of
indigenous fungi, suggesting mycorrhizal nursery
stock may be more useful on older and more
severely burned sites (Pilz and Perry 1984).

Studies of site preparation effects on my-
corrhizal fungi from tropical forest systems are
practically nonexistent. The few studies that have
been conducted demonstrate disturbances due to
site preparation reduce AM fungal propagule levels
and species composition, compared to undisturbed
forest levels (Alexander et al. 1992; Mason et al.
1992; Wilson et al. 1992). In a Cameroon study,
mycorrhizal spore loss appeared to be related to
the severity of disturbance, with decreases being
greatest in stands with vegetation completely
removed. Reduced spore numbers in manually
cleared stands were not as severe as in those
cleared by mechanical methods, and planting
of the stands with Terminalia seedlings allowed
for their recovery, although mycorrhizal species
composition remained altered (Mason et al. 1992).
Similar findings were found in a Terminalia
plantation in the Côte d’Ivoire, where even though
site preparation effects on spore numbers were less
easily differentiated, manual clearing of vegetation
resulted in weaker spore reduction than did
mechanical means (Wilson et al. 1992). Also, spore
numbers recovered more rapidly in the manually
cleared stand; AM fungal richness increased
greatly under both methods of clearcutting, al-
though species balance under manual clearcutting
was closer to that of the undisturbed forest. These
studies suggest selective harvest practices do
minimal damage to the mycorrhizal community,
in that they support extensive mycelial networks,
which for natural systems are the primary source
of infection for tree seedlings (Alexander et al.
1992). The reduced levels for mycorrhizal roots,
hyphae, and spores in heavily logged systems are
due to the mortality of root fragments containing
mycorrhizal hyphae. Hence, clearing practices that
allow for the continued existence of a mycelial
network may be preferable ecologically and
silviculturally (Table 4.3).

Stumps of felled trees, roots in the soil, and
other woody residues left from forestry operations
often provide essential resources for pathogenic
fungi and those that cause root or stem decay
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Table. 4.3. The most probable number (MPN propagula per
100 g fresh soil±SE) of AM fungi in the top 15 cm of soil
for Malaysian forest sites under different logging intensities
(n = 5; data from Alexander et al. 1992)

Logging intensity MPNa

Undisturbed 307.5±13.8a
Selectively logged 291.2±7.8a
Heavily logged 75.3±2.6b
Heavily logged (eroded) 6.0±1.5c

a Values followed by the same letter are not significantly
different (p < 0. 05, Duncan’s Multiple Range Test)

(Boyce 1961); e.g., stumps and woody debris
have been found to increase mortality from root
rots by certain Armillaria species in tropical and
temperate plantations (Rishbeth 1985; Wargo and
Harrington 1991), although raised water tables
and shock following thinning and partial cuts may
be predisposing factors (Wargo and Harrington
1991). Increased availability of nutrients, espe-
cially nitrogen, after logging and fire is known to
improve the growth and survival of many root
pathogens and to increase the disease incidence
(Matson and Boone 1984). In contrast, increased
nitrogen mineralization following logging appar-
ently increases the resistance of Tsuga mertensiana
to laminated root rot caused by Phellinus weirii
(Matson and Boone 1984). Feeder-root rots caused
by Fusarium and Phytophthora species are favored
by soil conditions following fire, as well as by
increased soil moisture following harvesting.

F. Effects of Woody Debris
on Ecosystem Processes

The removal of woody storm debris dramatically
affected forest recovery and productivity in Puerto
Rico following damage from hurricane Hugo, by
altering fungal competition for nutrients (Zim-
merman et al. 1995). The results of this study are
relevant to management of woody debris (slash)
following a partial or selective harvest. Plots from
which woody debris was removed and those that
received complete fertilization recovered their
canopies and productivity more rapidly than
the control plots (Zimmerman et al. 1995). The
massive deposition of organic matter carbon on
the forest floor apparently stimulated microbial
production and nutrient immobilization, reducing
the availability of nutrients to trees in the control
plots, whereas fertilization released the trees from

nutrient competition with decomposers, predomi-
nantly fungi (Lodge et al. 1994; Zimmerman et al.
1995). However, bole increment growth was greater
only in the fertilization treatment, and removal of
woody debris is expected to have a longer-term
negative impact on forest productivity through its
effects on reduced SOM inputs from decomposing
wood and consequent lower phosphorus availabil-
ity (Sanford et al. 1991). The removal of woody
debris following a forest disturbance may therefore
have opposing short- and long-term consequences
for forest recovery and productivity, so it is the
balance of the short- and long-term goals that will
determine the appropriate management strategy.

G. Effect of Opening the Canopy
and Moisture Fluctuations on Fungi

Opening of a forest canopy by storms or from log-
ging causes dramatic environmental changes on the
forest floor. Canopy removal reduces transpiration
and is often accompanied by higher soil moisture or
raised water tables; however, the litter and humus
layers may experience more rapid drying as a result
of greater exposure to solar irradiation and wind.
Moisture is often cited as a primary factor control-
ling fungal biomass (Parkinson et al. 1968; Söder-
ström 1979; Lodge 1993; Lodge et al. 1994), but tem-
perature can also be important (Flanagan and Van
Cleve 1977). Fluctuations in fungal and microbial
biomass in response to normal wetting and drying
cycles are thought to be important in determining
the fate of limiting nutrients and maintaining forest
productivity (Lodge et al. 1994). Following a major
disturbance, stress tolerance in some fungal species
allows them to replace other species that are less
tolerant, such as the replacement of Collybia john-
stonii by marasmioid species of basidiomycete litter
decomposers following hurricane Hugo in Puerto
Rico (Lodge and Cantrell 1995). Thus, the overall
response of fungal biomass to factors such as mois-
ture fluctuations may be more obscure than the
responses of individual species, and may depend
on the severity and scale of the disturbance.

VI. Conclusions: Future Role of Fungi
in Sustainable Practices

Unfortunately, few examples exist for fungi and
their response to management practices used in
agriculture and forestry. Nevertheless, this chap-
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ter represents the gleaning from a wide variety of
sources ranging from decomposition studies, to de-
trital food-web investigations, and to research on
soil aggregation, all of which suggest an important
role for fungi in managed systems. Moreover, ob-
stacles to identifying the contribution of fungi in
managed systems have been just as much method-
ological as conceptual.

Although our ability to quantify the various
fungal components (especially their activities) is
still limited, major conceptual breakthroughs have
occurred on how we view soils. Two important
conceptual advances are the hierarchical theory of
soil structure (Tisdall and Oades 1982), and the
“spheres of influence” view of soil systems (Cole-
man et al. 1994; Beare et al. 1995). In both of these
conceptual views of soils, the contributions of fungi
are considerable. Furthermore, the perturbations
imposed by management practices have played an
important role in the development of these views.
Fungal responses to disturbance offer an opportu-
nity to test these two compelling theories of soil
structure and function.

A necessary step in developing sustainable
management practices in agriculture and forestry
will require identifying practices that allow for
controlled manipulations of the fungal community.
Although our ability to manipulate fungi is rather
limited, such manipulations are not impossible.
Research is needed to better understand the
response of both the saprotrophic hyphae and
the mycorrhizal hyphal network to disturbances
associated with different management practices.
Of crucial importance is the development of man-
agement practices that maximize nutrient uptake
but are not detrimental to the litter layer and the
soil aggregation process. Specifically, research
is needed on how disruption of the mycorrhizal
hyphal network via tillage and rotation (e.g.,
fallow or non-mycorrhizal host crops) affects in
agriculture, and harvesting and site preparation
(e.g., clearcut or slash removal) affect in forestry in
terms of the soil aggregate structure. Research also
needs to be directed at developing management
practices that take advantage of the nutrient pools
associated with the fungal hyphae. These kinds
of studies would represent important steps in
controlling the soil’s labile nutrient pools.
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I. Introduction

Fungi may be exposed to a wide variety of organic
and inorganic pollutants in the environment. Since
fungi play a major role in carbon, nitrogen, phos-
phorus and other biogeochemical cycles (Wain-
wright 1988a, b; Gadd 2006), the impairment of fun-
gal activity could have important consequences for
ecosystem function. It is obviously desirable that
more is known about the impact of pollutants on
these organisms. Unfortunately, while it is easy to
speculate on the likely effects of pollutants on fungi,
it is often far more difficult to demonstrate such ef-
fects. Studies on pollutant effects on fungal popula-
tions are difficult, largely because of the inadequacy

1 Division of Molecular and Environmental Microbiology, College
of Life Sciences, University of Dundee, Dundee, DD1 5EH, Scotland,
UK

of many of the techniques which are available to
study fungi, and the complexity of microbial com-
munities. However, an appreciation of the effects
which pollutants can have on fungi can be obtained
by a combination of the following measurements:
(1) pollutant concentration, composition and dis-
tribution (2) pollutant bioavailability (3) pollutant
concentrations which cause a toxic or physiologi-
cal response in vitro, (4) effects of the pollutant on
fungal population/community size and composi-
tion and (5) secondary changes resulting from pol-
lution effects on fungal populations, e.g. impact on
leaf litter decomposition. While pollutant concen-
tration and composition may be determined using
standard analytical techniques, with varying de-
grees of difficulty depending on the pollutant and
the environmental matrix, analyses of pollutant
bioavailability and speciation remain challenging
problems.

The effect of pollutants on fungal pop-
ulation/community size and composition is
particularly difficult to assess. Many earlier studies
used the dilution plate count method to assess
changes in fungal community composition. The
shortcomings of this technique have been criticised
at length and are now well known. To overcome
problems relating to the use of plate counts,
biomarkers such as phospholipid fatty acid (PLFA)
composition, and extraction and analysis of DNA
are now routinely used, though no method(s) are
exempt from problems. Another problem is that it
is unlikely that a meaningful picture of how fungi
respond to pollutants in the environment can be
gained from determining responses to pollutants
added to solid or liquid growth media in laboratory
experiments. The effects of toxic metals on soil
fungi growing in vitro, for example, is markedly
influenced by the composition of the medium used:
metals are likely to be more toxic to fungi in low-
carbon media than in carbon-rich media where
the production of large amounts of extracellular
polysaccharides and chemical interactions with
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the medium will tend to reduce metal availability.
Medium components may also complex metals
out of solution, making them unavailable (Gadd
and Griffiths 1978). Finally, interactions between
different pollutants and their breakdown products
may have a major influence on the toxicity of
a pollutant in the natural environment.

This chapter will outline some of the main ef-
fects of organic and inorganic pollutants on fungi,
and will include discussion of effects at the cellular
and community levels as well as their applied and
environmental significance.

II. Predicted Effects of Pollutants
on Fungal Populations

Environmental pollution might be expected to lead
to both toxic (destructive) and enrichment distur-
bance on fungal populations (Wainwright 1988b).
Although toxic disturbance is likely to predomi-
nate, instances will occur where both types of dis-
turbance are found together. Toxic disturbance of
fungal populations is likely to be particularly dam-
aging to ecosystem function, while the rarer enrich-
ment disturbance may occasionally produce bene-
ficial effects on soil processes.

Toxic disturbance is likely to lead to a reduction
in fungal numbers and species diversity, as well as
biomass and activity changes which may detrimen-
tally influence fundamentally important processes
such as litter decomposition. The resultant degree
of toxic disturbance will depend upon both toxi-
cant concentration and its availability to the fungal
population, as well as to the susceptibility of the in-
dividuals involved. Toxicants may be selective and
affect only a few species, or they may have a more
generalised effect. Selective inhibition may have
less of an impact on overall soil fungal activity than
might be imagined, since susceptible species can
be replaced by more resistant fungi, some of which
may be more active in a given physiological process
than the original population. While concentration
effects are generally emphasised, it is surprising
how often the question of toxicant bioavailability
is avoided in studies on the effects of pollutants
on microorganisms. In soils, for example, bioavail-
ability of a pollutant will generally depend upon
factors such as (1) adsorption to organic and inor-
ganic matter, (2) chemical speciation, (3) microbial
transformation and/or degradation and (4) leach-
ing. Another factor of importance in relation to the

effects of toxicants on soil fungi concerns nutri-
ent availability. Fungi are generally thought to be
already stressed by the low levels of available car-
bon present in most soils and other environments
(Wainwright 1992). They will grow slowly, if at all,
under these conditions, and may be more suscep-
tible to pollutants than when growing under high
nutrient conditions.

Fungal populations are unlikely to remain
static when confronted with a toxic agent, and
resistant populations are likely to develop which
will be a major factor in determining population
responses to the pollutant. On the other hand,
a number of studies have shown that fungi isolated
from metal-contaminated soils show less adapta-
tion to toxic metals, such as copper, than might
be expected (Yamamoto et al. 1985; Arnebrant
et al. 1987). Mowll and Gadd (1985) also found
no differences in the sensitivity of Aureobasidium
pullulans to lead when isolates from contaminated
and uncontaminated phylloplanes were compared.

Enrichment disturbances may also be either
selective or non-selective. Non-selective enrich-
ment disturbance might theoretically result from
the input into the ecosystem of a pollutant which
is widely used as a nutrient source. Since such
enrichment is rare, most examples of this form
of disturbance will be selective. Reduced forms
of sulphur are, for example, likely to enrich the
soil for S-oxidizing fungi, while phenolics and
hydrocarbons may favour species capable of
utilizing these compounds.

III. Fungi and Xenobiotics

Some fungi have remarkable degradative proper-
ties, and lignin-degrading white-rot fungi, such as
Phanerochaete chrysosporium, can degrade several
xenobiotics including aromatic hydrocarbons,
chlorinated organics, polychlorinated biphenyls,
nitrogen-containing aromatics and many other
pesticides, dyes and xenobiotics. Such activities are
of bioremedial potential where ligninolytic fungi
have been used to treat soil contaminated with
pentachlorophenol (PCP) and polycyclic aromatic
hydrocarbons (PAHs) (Singleton 2001). In general,
treatment involves inoculation of the contaminated
soil followed by nutrient addition, irrigation, and
aeration and maintenance by general land farming
procedures. Correct preparation of the fungal
inoculum can be crucial: fungi may be grown on
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lignocelluosic substrates prior to introduction
into the soil (Singleton 2001). Treatment can
take weeks to months or longer, depending on
the level of contamination and environmental
factors. In many cases, xenobiotic-transforming
fungi need additional utilizable carbon sources
because, although capable of degradation, they
cannot utilize these substrates as an energy source
for growth. Therefore, inexpensive utilizable
lignicellulosic wastes such as corn cobs, straw and
sawdust can be used as nutrients for enhanced
pollutant degradation (Reddy and Mathew 2001).
Wood-rotting and other fungi are also receiving
attention for the decolourization of dyes and
industrial effluents, various agricultural wastes
such as forestry, pulp and paper by-products,
sugar cane bagasse, coffee pulp, sugar beet pulp,
apple and tomato pulp, and cyanide (Barclay and
Knowles 2001; Cohen and Hadar 2001; Knapp et al.
2001).

Polycyclic aromatic hydrocarbons (PAHs)
enter the environment via many routes, including
fossil-fuel combustion, vehicle exhaust emissions,
gas and coal tar manufacture, wood-preservation
processes, and waste incineration (Harvey 1997;
Pozzoli et al. 2004). Many PAHs are toxic towards
microorganisms, plants and animals; PAHs of low
molecular weight and high water solubility are the
most toxic (Cerniglia and Sutherland 2006). PAHs
disappear relatively slowly in the environment
through physical, chemical and biological pro-
cesses, some of which are mediated by bacteria and
fungi. PAH recalcitrance of soils and sediments
increases with molecular weight, but several
other physico-chemical and biological factors can
contribute to this, e.g. lack of PAH-degrading
microorganisms, nutrient deficiency, low bioavail-
ability, preferential utilization of more easily
degradable substrates, and the presence of other
toxic pollutants or breakdown products (Cerniglia
and Sutherland 2006). Other related factors which
affect PAH biodegradation in soil include soil
type, pH, temperature, oxygen concentration,
irradiation, as well as the solubility, volatility and
sorption properties of the PAHs (Huesemann et al.
2003; Lehto et al. 2003; Rasmussen and Olsen
2004). Bioremediation by mixed communities may
be enhanced by bacteria which produce degrada-
tive enzymes as well as biosurfactants (Straube
et al. 1999; Cameotra and Bollag 2003). Aerobic
biodegradation of PAHs by soil microorganisms
uses monooxygenase, peroxidase and dioxygenase
pathways; the first and third of these pathways are

utilized by bacteria while the first and second are
found in fungi.

Many fungi can metabolize PAHs (Cerniglia
and Sutherland 2001, 2006; Sutherland 2004; Verdin
et al. 2004). Since fungi cannot generally use PAHs
as the sole carbon and energy source (Cerniglia
and Sutherland 2001), they must be supplied
with nutrients to allow co-metabolism. A small
number of yeasts and filamentous fungi have been
reported to use some PAHs, including anthracene,
phenanthrene, pyrene and benzo[a]pyrene, as
carbon and energy sources (Romero et al. 2002;
Lahav et al. 2002; Saraswathy and Hallberg 2002;
Veignie et al. 2004). Some fungi co-metabolize
PAHs to trans-dihydrodiols, phenols, quinones,
dihydrodiol epoxides, and tetraols but seldom
degrade them completely to CO2 (Casillas et al.
1996; Cajthaml et al. 2002; da Silva et al. 2003).

The transformation of PAHs by ligninolytic,
wood-decaying fungi involves several different
enzymes. The enzymes produced by white-rot
fungi which are involved in PAH degradation
include lignin peroxidase, manganese peroxidase,
laccase, cytochrome P450, and epoxide hydro-
lase (Haemmerli et al. 1986; Bezalel et al. 1996;
Cerniglia and Sutherland 2006). Ligninolytic
fungi metabolize PAHs via reactions involving
reactive oxygen species to phenols and quinones
(Pickard et al. 1999; Steffen et al. 2003), and these
may be further degraded by ring-fission enzymes
(Cerniglia and Sutherland 2006).

Several wood-decaying fungi, e.g. Bjerkandera,
Coriolopsis, Irpex, Phanerochaete, Pleurotus and
Trametes spp., have been investigated for bioreme-
diation of PAH-contaminated soils (Baldrian et al.
2000; Novotný et al. 2000; Cerniglia and Suther-
land 2006). Laboratory trials have demonstrated
their ability to degrade complex mixtures of PAHs,
such as those in creosote and coal tar, but ac-
tual bioremediation of contaminated soils using
these fungi has met with varying success (Pointing
2001; Cerniglia and Sutherland 2001; Canet et al.
2001; Hestbjerg et al. 2003). Non-ligninolytic fungi,
including Cunninghamella, Mucor, Fusarium and
Penicillium spp., have also been considered for PAH
bioremediation (Colombo et al. 1996; Pinto and
Moore 2000; Ravelet et al. 2001; Saraswathy and
Hallberg 2002).

Biodegradation may require the presence
of mixed bacterial and fungal communities,
although less is known about the pathways of
PAH degradation by co-cultures (Juhasz and
Naidu 2000). The evolution of 14CO2 from
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14C-phenanthrene in soil was enhanced almost
two-fold (from 19.5 to 37.7%) when P. chrysospo-
rium was added to the indigenous soil microflora
(Brodkorb and Legge 1992). Boonchan et al. (2000)
combined Penicillium janthinellum with either
Stenotrophomonas maltophilia or an uniden-
tified bacterial consortium. The fungus could
partially degrade pyrene and benzo[a]pyrene
but could not use either as a carbon source;
S. maltophilia could use pyrene as a carbon
source and co-metabolize benzo[a]pyrene. The
fungal–bacterial combinations grew on pyrene,
chrysene, benz[a]anthracene, benzo[a]pyrene
and dibenz[ah]anthracene, converting 25% of
the benzo[a]pyrene to CO2 in 49 days. The
white-rot fungus P. ostreatus and the brown-rot
fungus Antrodia vaillantii enhanced the degra-
dation of fluorene, phenanthrene, pyrene and
benz[a]anthracene in artificially contaminated
soils (Andersson et al. 2003). Unlike P. ostreatus,
which inhibited the growth of indigenous soil
microorganisms, A. vaillantii stimulated soil
microbial activity.

Ligninolytic fungi partially oxidize PAHs
by reactions involving extracellular free radicals
(Majcherczyk and Johannes 2000), making the
PAHs more water-soluble so that they are able to
serve as substrates for bacterial degradation (Meu-
lenberg et al. 1997). Partial oxidation increases
PAH bioavailability at most contaminated sites
(Mueller et al. 1996; Meulenberg et al. 1997), and
PAH-contaminated soils may contain large pop-
ulations of PAH-transforming bacteria (Johnsen
et al. 2002) and fungi (April et al. 2000; Saraswathy
and Hallberg 2002). Combinations of several
microorganisms are usually better able to degrade
benzo[a]pyrene and other high-molecular-weight
PAHs than pure cultures (Kanaly et al. 2000).

IV. Effects of Acid Rain and Airborne
Pollutants on Fungal Populations

Although acid rain is generally regarded as a long-
range pollution phenomenon, high concentrations
of mineral acids will pollute ecosystems close to
point source emissions (Tabatabai 1985; Francis
1986; Helander et al. 1993). Acid rain effects will
also impinge on the availability and effects of other
pollutants such as toxic metals, which may ac-
company atmospheric dispersal and/or be released
from soil components as a result of increased acid-

ity (Wainwright et al. 1982). Baath et al. (1984)
showed that soil biological activity, as determined
by respiration rate, was significantly reduced fol-
lowing treatment with simulated acid rain. Mycelial
lengths (FDA active) were also reduced by the treat-
ment, while plate counts showed no response. Fritze
(1987), on the other hand, showed that urban air
pollution had no effect on the total length of fungal
hyphae in the surface horizons of soils supporting
Norway spruce (Picea abies). Bewley and Parkinson
(1985) showed that the contribution which fungi
make to the total respiration of a soil was reduced
by acid rain. In contrast, Roberts et al. (1980) con-
cluded that the addition of acid rain to forest soils
did not affect the normal 9:1 balance of fungal to
bacterial respirations. These studies clearly illus-
trate how difficult it is to generalise about the effects
of atmospheric pollutants on soil microorganisms.
Among higher fungi, simulated acid rain has been
shown to increase the dominance of some ecto-
mycorrhizal fungi, while decreasing species diver-
sity among saprophytic species (Sastad and Jenssen
1993). Shaw et al. (1992) also showed that fumiga-
tion with sulphur dioxide or ozone had no effect
on mycorrhizal populations. Acid treatments have
been shown to impair the decomposition of both
deciduous leaves and conifer needles (Baath et al.
1984; Prescott and Parkinson 1985). Small-scale in-
hibitory effects were common, although stimula-
tory effects were also observed. Pollution in the
form of alkaline dust from iron and steel works was
shown to lead to a doubling of the total length of
fungal hyphae (Fritze 1991; Fritz and Baath 1993).
The addition of lime has been shown to variously
decrease soil fungal populations (Nodar et al. 1992)
or to have no measurable effect (Persson et al. 1989).

The measurement of leaf litter and cellulose
decomposition provides a means of assessing the
impact of atmospheric pollutants on soils. How-
ever, in the absence of a means of partitioning the
relative impact of the toxicants on fungi, bacteria
and soil animals, such methods provide a meas-
ure of the effects of the pollutants only on the total
soil community. Atmospheric pollutants from cok-
ing works can, for example, reduce populations of
soil microarthropods, a response which retards the
rate of litter decomposition in deciduous woodland
soils (Killham and Wainwright 1981).

Few examples of the effects of enrichment dis-
turbance by air pollutants on fungal populations
can be found in the literature. However, some fungi
have been reported to utilize atmospheric pollution
deposits from coking works as a nutrient source,
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as well as being able to oxidize the reduced sul-
phur which these particles contain (Killham and
Wainwright 1982, 1984).

V. Effects of Toxic Metals on Fungi

The ability of fungi to survive in the presence of
potentially toxic metals depends on a number of
biochemical and structural properties, including
physiological and/or genetical adaptation, mor-
phological changes and, finally, environmental
modification of the metal in relation to speciation,
availability and toxicity (Fig. 5.1; Gadd and
Griffiths 1978; Gadd et al. 1984; Gadd 1992, 2007).

Terms such as “resistance” and “tolerance” are
often used interchangeably in the literature, and
may be arbitrarily based on the ability to grow on
a certain metal concentration in laboratory me-

Fig. 5.1. Diagrammatic representation of the interactions
of toxic metals and radionuclides with fungi in the terres-
trial environment. The dotted line shows direct effects of
metal species on fungi; this may sometimes occur and is
more likely for metal species, such as Cs+, which are highly
mobile. Release of metal/radionuclide species from dead
and decomposing animal, plant and microbial biomass is

not shown but will be an important part of metal cycling.
Fungal roles in metal solubilization from naturally occur-
ring substrates and/or industrial materials are indicated
(see Burgstaller and Schinner 1993). For more detailed
information regarding physiological and cellular interac-
tions, see Mehra and Winge (1991) and Gadd (1993a); for
organometal(loid) transformations, see Gadd (1993b)

dia (Baath 1991; Gadd 1992). “Resistance” is prob-
ably more appropriately defined as the ability of
an organism to survive metal toxicity by means of
a mechanism produced in direct response to the
metal species concerned; the synthesis of metal-
lothionein and γ-glutamyl peptides in response to
Cu and Cd respectively providing perhaps the best
examples (Mehra and Winge 1991). Metal tolerance
may be defined as the ability of an organism to sur-
vive metal toxicity by means of intrinsic proper-
ties and/or environmental modification of toxicity
(Gadd 1992). Intrinsic properties which can deter-
mine survival include possession of impermeable
pigmented cell walls and extracellular polysaccha-
ride, and metabolite excretion, especially where
this leads to detoxification of the metal species by
binding or precipitation (Gadd 1993a). However,
such distinctions are often difficult to recognise
because of the involvement, in fungal survival in
response to metal toxicity, of several direct and in-
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direct physicochemical and biological mechanisms
(Gadd and White 1985).

Biological mechanisms implicated in fungal
survival (as distinct from environmental modifica-
tion of toxicity) include extracellular precipitation;
complexation and crystallization; the transforma-
tion of metal species by, e.g. oxidation, reduction,
methylation and dealkylation; biosorption to cell
walls, pigments and extracellular polysaccharide;
decreased transport or impermeability, efflux; in-
tracellular compartmentation; and finally, precip-
itation and/or sequestration (Gadd and Griffiths
1978; Gadd et al. 1984; Gadd 1990, 1992; Mehra
and Winge 1991).

A. Effects of Metals on Fungal Populations

A range of fungi from all the major groups may
be found in metal-polluted habitats (Gadd 1993a).
In general terms, toxic metals may affect fungal
populations by reducing abundance and species
diversity, and selecting for a resistant/tolerant pop-
ulation (Jordan and Lechevalier 1975; Babich and
Stotzky 1985; Arnebrant et al. 1987). However, the
effect of toxic metals on microbial abundance in
natural habitats varies with the metal species and
the organism present, and also depends on a variety
of environmental factors, making generalisations
difficult (Gadd and Griffiths 1978).

General reductions in fungal “numbers” (as as-
sessed by the dilution plate count in many earlier
studies) have often been noted in soils polluted
with Cu, Cd, Pb, As and Zn (Bewley and Stotzky
1983; Babich and Stotzky 1985). However, numer-
ical estimates alone may provide little meaning-
ful information unless possible changes in fungal
groups and species are considered, and the prob-
lems associated with plate counting are in any case
well known. Frostegard et al. (1993) analysed the
phospholipid fatty acid (PLFA) composition of soil
in order to detect changes in the overall composi-
tion of the microbial community and provide more
reliable information on fungal populations than
can be produced using plate counts. Two soils were
amended with Cd, Cu, Ni, Pb and Zn and ana-
lysed after 6 months. PLFA 18:2ω6 is regarded as
an indicator of fungal biomass, and this increased
with increasing metal contamination for all metals
except Cu, possibly reflecting the well-known my-
cotoxicity of Cu. However, in forest soils, such an
increase in PLFA 18:2ω6 was not observed because
of masking by identical PLFAs derived from plant
material (Frostegard et al. 1993).

Several studies have shown that microbial pop-
ulation responses to toxic metals are characterised
by a shift from bacteria, including streptomycetes,
to fungi (Mineev et al. 1999; Kostov and Van Cleem-
put 2001; Olayinka and Babalola 2001; Chander
et al. 2001a, b; Khan and Scullion 2002). However,
other studies have shown a higher metal sensitivity
of the fungal component of the microbial biomass
(Pennanen et al. 1996). What seems clear is that all
nutritional groups of fungi (saprotrophs, biotrophs
and necrotrophs) can be affected by toxic metals.
Ruhling et al. (1984) found that the soil respiration
rate, fluorescein diacetate active mycelium (FDA)
and mycelial standing crop were all reduced with
increasing copper concentration in soils proximal
to a brass mill. Nordgren et al. (1983, 1985) also
showed that fungal biomass and soil respiration
decreased by ∼75% along an increasing concen-
tration gradient of metal pollution. A relative
decrease in an indicator fatty acid for arbuscular
mycorrhizal fungi and an increase for other fungi
have been reported for zinc-polluted soil (Kelly
et al. 1999). Toxic metals (Cd, Cr, Cu, Ni, Pb and
Zn) led to a decrease in the number of arbuscular
mycorrhizal fungi and low colonization of plant
roots and, as a result, changes in mycorrhizal
species diversity (Del Val et al. 1999; Moynahan
et al. 2002; Mozafar et al. 2002). Toxic metals also
reduce plant root colonization by ectomycorrhizal
fungi and ectomycorrhizal species composition
(Hartley et al. 1999; Markkola et al. 2002). The most
frequent soil saprotrophic microfungi isolated
from heavily metal-polluted habitats in Argentina,
Czech Republic and Ukraine were reported to be
species of Penicillium, Aspergillus, Trichoderma,
Fusarium, Rhizopus, Mucor as well as Paecilomyces
lilacinus, Nectria invertum, Cladosporium cla-
dosporioides, Alternaria alternata and Phoma
fimeti (Kubatova et al. 2002; Massaccesi et al. 2002;
Fomina, Manichev, Kadoshnikov and Nakonech-
naya, unpublished data). Melanized fungi, such as
Cladosporium sp., Alternaria alternata and Aure-
obasidium pullulans, were often isolated from soil
containing high concentrations of copper and mer-
cury (Zhdanova et al. 1986), and can be dominant
members of the mycoflora of metal-contaminated
phylloplanes (Mowll and Gadd 1985). Dark septate
endophytes were found to be dominant fungi
among isolates from roots of Erica herbacea L. in
Pb-, Cd- and Zn-polluted soil (Cevnik et al. 2000).

Metal pollution of plant surfaces is widespread
but many filamentous and polymorphic fungi ap-
pear to be little affected (Bewley 1979, 1980; Be-
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wley and Campbell 1980; Mowll and Gadd 1985).
On polluted oak leaves, Aureobasidium pullulans
and Cladosporium species were the most numer-
ous organisms (Bewley 1980). In fact, numbers of
A. pullulans showed a good positive correlation
with lead, whether derived from industrial or ve-
hicular sources, and this fungus was frequently
the dominant microorganism present (Bewley and
Campbell 1980; Mowll and Gadd 1985).

In conclusion, elevated concentrations of
toxic metals can affect both the qualitative and
quantitative composition of fungal populations,
although it is often extremely difficult to separate
their effects from those of other environmental
pollutants. It is apparent that certain fungi can
exhibit considerable tolerance towards toxic
metals and can become dominant microorgan-
isms in some polluted habitats. However, while
species diversity may be reduced in certain cases,
resistance/tolerance can be exhibited by fungi
from both polluted and non-polluted habitats.
Physico-chemical properties of the environment,
including changes associated with the metal
pollution, may also influence metal toxicity and
thereby affect species composition (Gadd 1984,
1992, 1993a; Baath 1989).

B. Mycorrhizal Responses Towards Toxic Metals

Plant symbiotic mycorrhizal fungi can accumulate
metals from soil components, and this may have
consequences for metal nutrition of the symbiosis
as well as increased or decreased toxicity. Since
plants growing on metalliferous soils are generally
mycorrhizal, an important ecological role for the
fungus has frequently been postulated, although
such a role, e.g. phytoprotection, is often difficult
to confirm (Meharg and Cairney 2000).

Ericaceous plants appear to be entirely depen-
dent on the presence of ericoid mycorrhizas for
protection against copper, the fungus preventing
metal translocation to plant shoots (Bradley et al.
1981, 1982). Arbuscular mycorrhizas (AM) from
metal-contaminated sites are often more metal tol-
erant to, e.g. Cd and Zn, than other isolates, sug-
gesting a benefit to the plant via increased metal re-
sistance, nutrient uptake, etc.; in some cases, how-
ever, AM plants do not necessarily require fungal
colonization for survival (Griffioen 1994). It is of-
ten postulated that mycorrhizas provide a barrier
to the uptake of potentially toxic metals (Wilkins
1991; Hetrick et al. 1994; Wilkinson and Dickin-

son 1995; Leyval et al. 1997; Meharg and Cairney
2000), though this has not been confirmed in every
case. Further, in some instances, AM may mediate
enhanced accumulation of essential metals which,
unless regulated, may lead to phytotoxicity (Kill-
ham and Firestone 1983). It is generally concluded
that local conditions at metal-contaminated sites
may determine the nature of the relationship be-
tween the plant and the AM fungus, since detri-
mental, neutral or beneficial interactions have all
been documented (Meharg and Cairney 2000).

For ericaceous mycorrhizas, clear host protec-
tion is observed for host plants, e.g. Calluna sp.,
Erica sp. and Vaccinium sp. growing on polluted
and/or naturally metalliferous soils (Bradley et al.
1981, 1982). Further, ericaceous plants are gener-
ally found on nutrient-deficient soils, and it is likely
the mycorrhiza additionally benefit the plants by
enhanced nutrient uptake (Smith and Read 1997).
A protective metal-binding effect of ectomycor-
rhizal fungi (EcM) has been postulated frequently
(e.g. Leyval et al. 1997), though other workers point
out the lack of clear evidence (Denny and Wilkins
1987; Colpaert and Van Assche 1987, 1993; Dixon
and Buschena 1988).

C. Metal and Metalloid Transformations
by Fungi

Fungi can transform metals, metalloids (elements
with properties intermediate between those of met-
als and non-metals: the group includes arsenic, se-
lenium and tellurium) and organometallic com-
pounds by reduction, methylation and dealkyla-
tion. These are all processes of environmental im-
portance, since transformation of a metal or met-
alloid may modify its mobility and toxicity. For ex-
ample, methylated selenium derivatives are volatile
and less toxic than inorganic forms while reduction
of metalloid oxyanions, such as selenite or tellurite
to amorphous elemental selenium or tellurium re-
spectively, results in immobilization and detoxifi-
cation (Thompson-Eagle and Frankenberger 1992;
Morley et al. 1996). The mechanisms by which
fungi (and other microorganisms) effect changes
in metal speciation and mobility are important sur-
vival determinants as well as components of bio-
geochemical cycles for metals and many other el-
ements, including carbon, nitrogen, sulphur and
phosphorus (Fig. 5.1; Gadd 1999, 2007).

Metals and their compounds interact with
fungi in various ways depending on the metal
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species, organism and environment, while fungal
metabolism also influences metal speciation and
mobility. Many metals are essential, e.g. Na, K,
Cu, Zn, Co, Ca, Mg, Mn and Fe, but all can exert
toxicity when present above certain threshold
concentrations (Gadd 1993b). Other metals, e.g.
Cs, Al, Cd, Hg and Pb, have no known biological
function but all can be accumulated by fungi
(Gadd 1993b, 2001a, b). Metal toxicity is greatly
affected by environmental conditions and the
chemical behaviour of the particular metal species
in question. Despite apparent toxicity, many
fungi survive, grow and flourish in apparently
metal-polluted locations and a variety of mech-
anisms, both active and incidental, contribute
to tolerance. Fungi have many properties which
influence metal toxicity, including the production
of metal-binding peptides, organic and inorganic
precipitation, active transport and intracellular
compartmentalization, while fungal cell walls
have significant metal-binding abilities (Gadd and
Griffiths 1978; Gadd 1993b; Fomina and Gadd
2002).

1. Metal Mobilization

Metal mobilization from solids, e.g. rocks, min-
erals, soil, ash, mine spoil and other substrates,
can be achieved by chelation by excreted metabo-
lites and siderophores, and methylation which can
result in volatilization. Fungi can solubilize min-
erals by means of proton efflux, the production of
Fe(III)-binding siderophores, and as a result of res-
piratory carbon dioxide accumulation. In addition,
other excreted metabolites with metal-complexing
properties, e.g. amino acids, phenolic compounds
and organic acids, may also be involved (Fig. 5.1).
Fungal-derived carboxylic acids provide a source
of protons for solubilization and metal-complexing
anions (Gadd 1999, 2001a; Burgstaller and Schinner
1993; Gadd and Sayer 2000). Many metal citrates are
highly mobile and not readily degraded. Oxalic acid
can act as a leaching agent for those metals which
form soluble oxalate complexes, including Al and
Fe (Strasser et al. 1994). Solubilization phenomena
can have consequences for mobilization of met-
als from toxic metal-containing minerals, e.g. py-
romorphite (Pb5(PO4)3Cl), contaminated soil and
other solid wastes (Sayer et al. 1999). Fungi can
also mobilize metals and attack mineral surfaces
by redox processes. Fe(III) and Mn(IV) solubility
is increased by reduction to Fe(II) and Mn(II) re-
spectively. Reduction of Hg(II) to volatile elemental

Hg(0) can also be mediated by fungi (Gadd 1993a,
b).

The removal of metals from industrial wastes
and by-products, contaminated soil, low-grade
ores and metal-bearing minerals by fungal “het-
erotrophic leaching” is relevant to metal recovery
and recycling and/or bioremediation of contam-
inated solid wastes, and perhaps the removal of
unwanted phosphates. The ability of fungi, along
with bacteria, to transform metalloids has also
been utilized successfully in the bioremediation
of contaminated land and water. Selenium methy-
lation results in volatilization, a process which
has been used to remove selenium from the San
Joaquin Valley and Kesterson Reservoir, Califor-
nia, involving evaporation pond management and
primary pond operation (Thompson-Eagle et al.
1989; Thompson-Eagle and Frankenberger 1992).

2. Metal Immobilization

Fungal biomass provides a metal sink, either by
sorption to biomass (cell walls, pigments and ex-
tracellular polysaccharides), intracellular accumu-
lation and sequestration, or precipitation of metal
compounds onto and/or around hyphae (Fig. 5.1).
Fungi are effective biosorbents for a variety of met-
als including Ni, Zn, Ag, Cu, Cd and Pb (Gadd
1990, 1993b), and this can be an important pas-
sive process in both living and dead biomass (Gadd
1990, 1993b; White et al. 1995; Sterflinger 2000). The
presence of chitin, and pigments such as melanin,
strongly influences the ability of fungi to act as
biosorbents (Mowll and Gadd 1985; Manoli et al.
1997; Fomina and Gadd 2002). In a biotechnologi-
cal context, fungi and their by-products have re-
ceived considerable attention as biosorbents for
metals and radionuclides (Gadd and White 1992;
Gadd 2002). However, attempts to commercialize
biosorption have been limited, primarily due to
competition with commercially produced ion ex-
change media of high specificity.

Fungi can precipitate a number of inorganic
and organic compounds, e.g. oxalates, oxides
and carbonates (Grote and Krumbein 1992;
Arnott 1995; Gadd 1999; Gharieb and Gadd 1999;
Verrecchia 2000), and this can lead to formation
of biogenic minerals (mycogenic precipitates).
Precipitation, including crystallization, will immo-
bilize metals but also leads to release of nutrients
like sulphate and phosphate (Gadd 1999). Fungi
can produce a variety of metal oxalates with
a variety of different metals and metal-bearing
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minerals, e.g. Cd, Co, Cu, Mn, Sr, Zn and Ni
(Gadd 1999), which may provide a mechanism
whereby fungi can tolerate toxic metal-containing
environments. A similar mechanism occurs in
lichens growing on copper sulphide-bearing rocks,
where precipitation of copper oxalate occurs
within the thallus (Purvis 1996).

Many fungi precipitate reduced forms of met-
als and metalloids in and around fungal hyphae,
e.g. Ag(I) can be reduced to elemental silver Ag(0);
selenate [Se(VI)] and selenite [Se(IV)] to elemental
selenium; tellurite [Te(IV)] to elemental tellurium
[Te(0)] (Gharieb et al. 1995, 1999).

3. Organometal(loid)s

Organometals (compounds with at least one
metal–carbon bond) can be attacked by fungi, with
the organic moieties being degraded and the metal
compound undergoing changes in speciation.
Degradation of organometallic compounds can be
carried out by fungi either by direct biotic action
(enzymes) or by facilitating abiotic degradation –
for instance, by alteration of pH and excretion of
metabolites. Organotins, such as tributyltin oxide
and tributyltin naphthenate, may be degraded
to mono- and dibutyltins by fungal action, inor-
ganic Sn(II) being the final degradation product.
Organomercury compounds may be detoxified by
conversion to Hg(II) by fungal organomercury
lyase, the Hg(II) being subsequently reduced to
Hg(0) by mercuric reductase, a system analogous
to that found in mercury-resistant bacteria (Gadd
1993a).

D. Accumulation of Metals and Radionuclides
by Macrofungi

Elevated concentrations of toxic metals and
radionuclides can occur in the fruiting bodies of
higher fungi sampled from polluted environments
(cf. Fig. 5.1). This phenomenon is of significance in
relation to the use of macrofungi as bioindicators
of metal pollution, and because of human toxicity
resulting from the consumption of wild fungi.
In general, levels of Pb, Cd, Zn and Hg found
in macrofungi from urban or industrial areas
are higher than from corresponding rural areas,
although there are wide differences in uptake
abilities between different species and different
metals (Tyler 1980; Bressa et al. 1988; Lepsova
and Mejstrik 1989). Cadmium is accumulated

to quite high levels in macrofungi, averaging
around 5 mg kg dry wt−1, although levels of up to
40 mg kg dry wt−1 have also been recorded (Byrne
et al. 1976). Laccaria amethystina caps exhibited
total As concentrations of 100–200 mg kg dry wt−1

(Stijve and Porette 1990; Byrne et al. 1991).
Accumulation of 110Ag and 203Hg was studied in
Agaricus bisporus and concentration factors (metal
concentration in mushroom:metal concentration
in substrate) were found to be up to 40 and 3.7
respectively, with the highest Ag and Hg contents
recorded being 167 and 75 mg kg dry wt−1 respec-
tively (Byrne and Tusek-Znidaric 1990). As well as
fruiting bodies, rhizomorphs (e.g. of Armillaria
species) can concentrate metals up to 100 times the
level found in soil. Concentrations of Al, Zn, Cu
and Pb in rhizomorphs were 3,440, 1,930, 15 and
680 mg kg dry wt−1 respectively, with the metals
primarily located in extracellular portions (Rizzo
et al. 1992).

E. Accumulation of Radiocaesium
by Macrofungi

Following the Chernobyl accident in 1986, there
were several studies on radiocaesium (mainly
137Cs) accumulation by fungi. Free-living and
mycorrhizal basidiomycetes can accumulate
radiocaesium (Haselwandter 1978; Elstner et al.
1987; Byrne 1988; Dighton and Horrill 1988;
Haselwandter et al. 1988; Clint et al. 1991; Dighton
et al. 1991; Heinrich 1992); these organisms appear
to have a slow turnover rate for Cs, and comprise
a major pool of radiocaesium in soil (Clint
et al. 1991). Mean activities of 25 Ukrainian, six
Swedish and ten North American collections were
4660, 9750 and 205 Bq kg dry wt−1 respectively
(Smith et al. 1993). Deviations in the 137Cs:134Cs
ratios attributable to Chernobyl have revealed
considerable accumulation of pre-Chernobyl Cs
in macrofungi, probably as the result of weapons
testing (Byrne 1988; Dighton and Horrill 1988). It
appeared that about 20% of the 137Cs in Eastern
Europe (Moscow area, Belarus, Ukraine) was
of non-Chernobyl origin (Smith et al. 1993).
Radiocaesium accumulation in basidiomycetes
appears to be species-dependent, with influences
exerted by soil properties. Significantly higher
activities may be found in mycorrhizal species
compared to saprotrophic and parasitic fungi
(Smith et al. 1993). Smith et al. (1993) found
that many prized edible mycorrhizal fungi may



78 G.M. Gadd

contain unacceptably high levels of 137Cs, i.e. levels
exceeding 1000 Bq kg dry wt−1. It has also been
demonstrated that the fungal component of soil
can immobilize the total Chernobyl radiocaesium
fallout received in upland grasslands (Dighton
et al. 1991), although grazing of fruiting bodies by
animals may lead to radiocaesium transfer along
the food chain (Bakken and Olsen 1990).

F. Fungi as Bioindicators of Metal
and Radionuclide Contamination

As mentioned above, higher fungi growing at con-
taminated sites can show significantly elevated con-
centrations of metals in their fruiting bodies, and
some experiments have demonstrated a correlation
between the quantities of metals in a growth sub-
strate and the amounts subsequently found in the
fruiting bodies (Wondratschek and Roder 1993).
The concept of bioindicators has been usually dis-
cussed in terms of reaction indicators and accu-
mulation indicators. Reaction indicators may com-
prise individual organisms and/or communities
which may decline or disappear (sensitive species)
or show increases (tolerant species). For accumula-
tion indicators, the indicator organism is analysed
for the pollutant. Some organisms, in theory, can
therefore serve as both reaction and accumulation
indicators.

As described above, alteration of macrofun-
gal communities by metal pollution has frequently
been recorded. Ruhling et al. (1984) noted a de-
cline from about 40 species per 100 m2 to about
15 species near the source of metal contamina-
tion (smelter emissions), with only Laccaria lac-
cata increasing in frequency at more polluted lo-
cations. Other higher fungi which are apparently
tolerant of high metal pollution include Amanita
muscaria and several species of Boletus; some Rus-
sula species, on the other hand, appear metal sen-
sitive (Wondratschek and Roder 1993).

Fungi possess several advantages over plants as
metal accumulation indicators. The fruiting bodies
may accumulate greater amounts of metals than is
the case for plants, while the large area of mycelium
ensures contact with and translocation from a large
area of soil. Furthermore, fruiting bodies may
project above the ground for only a short period,
thereby minimising contamination from aerial or
wet deposition of metal pollutants. Sporophores
are also easily harvested, and amenable to rapid
chemical analysis (Mejstrik and Lepsova 1993).

However, it is debatable whether a sufficiently
clear relationship exists between indicator species
and the metal pollution under consideration.
For mercury, wide variations in metal content of
fruiting bodies occur in different species sampled
at the same site, ranging over as much as three
orders of magnitude, with some species showing
extremely high Hg accumulation values. Mercury
concentrations in fungi generally occur in the
range 0.03–21.6 mg kg dry wt−1, although concen-
trations greater than 100 mg kg dry wt−1 have been
recorded from polluted sites. Despite this, several
macrofungi have been suggested as being suitable
bioindicators of mercury pollution (see Mejstrik
and Lepsova 1993; Wondratschek and Roder 1993;
Table 5.1).

A wide variation in Cd content has also
been recorded in macrofungi, with ranges of
reported values from <0.1–229 mg kg dry wt−1

(Tyler 1980). However, there is frequently a lack
of correlation between the fungal Cd content
and the Cd content of the soil (Wondratschek
and Roder 1993). Compared to other common
metal pollutants, lower concentrations of Pb tend
to be found in macrofungi, with much of the
Pb content being derived from aerial sources.
Levels of Pb around 0.4–36 mg kg dry wt−1 have
been reported in sporophores, with higher levels
occurring in urban areas (Tyler 1980). Zinc, an
essential metal for fungal growth and metabolism,
occurs at high concentrations within fungi, 50–
300 mg kg dry wt−1 (Tyler 1980), with a few genera
apparently showing high affinities for the metal
(Table 5.1). Copper may also be found at high
levels (20–450 mg kg dry wt−1)) in higher fungi

Table. 5.1. Higher fungi proposed as bioindicators for metal
pollution, based on metal analyses of fruiting bodies (see
Mejstrik and Lepsova 1993; Wondratschek and Roder 1993)

Species Metal(s)

Agaricus arvensis Hg, Cd
Agaricus campestris Hg, Cd
Agaricus edulis Hg, Cd
Agaricus haemorrhoidarius Hg
Agaricus xanthodermus Hg
Agaricus sp. Pb, Zn, Cu
Amanita rubescens Hg
Amanita strobiliformis Hg
Coprinus comatus Hg
Lycoperdon perlatum Hg
Lycoperdon sp. Pb, Zn, Cu
Marasmius oreadus Hg
Mycena pura Hg, Cd
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(Tyler 1980). However, with both Cu and Zn, there
is a tendency for metal concentrations in fruiting
bodies to be independent of soil concentrations,
which reduces their value as bioindicators (Gast
et al. 1988).

It is clear that many factors contribute to
the wide variations in recorded metal contents
of macrofungal fruiting bodies, even in the
same species sampled at the same site. Despite
numerous studies, most investigations tend to be
contradictory and provide little useful information
(Wondratschek and Roder 1993). Apart from
organism-related factors, environmental factors
are of paramount importance in relation to
metal accumulation by higher fungi, and include
physico-chemical soil properties such as moisture
and temperature, all of which influence metal
availability as well as the physiological activity
of the fungus. It can be concluded, therefore,
that a perfect fungal bioindicator does not exist,
although macrofungi may be useful in determining
the extent of a polluted or unpolluted area.

VI. Conclusions

It is clear from the above that fungi are of impor-
tance in the transformation of both organic and
inorganic pollutants in the natural environment.
While pollutants may exhibit toxicity, and cause
changes in fungal community composition, fungi
possess a range of mechanisms which confer re-
sistance or tolerance, many of these resulting in
pollutant transformation to less-toxic forms. Such
activities are part of natural biogeochemical cy-
cles for major elements such as C, N, O, P and
S but also metals, metalloids and radionuclides,
as well as having applications in the bioremedia-
tion and natural attenuation of polluted habitats.
However, pollutant interactions are complex and
greatly influenced by environmental factors. While
the theoretical response of fungi to pollutants can
readily be speculated upon, some effects are diffi-
cult to demonstrate and quantify because of the
inadequacy of several common techniques used
to study fungal populations and their activities.
Despite this, newly developed approaches using
molecular biology and biomarkers are allowing
a better understanding of community structure
and responses to environmental factors, includ-
ing pollutants. Growth media containing low and,
therefore, more realistic concentrations of avail-

able carbon should also be used if in vitro tech-
niques are employed to help determine the effects
of pollutants on fungal growth. However, it is clear
that because of the complexity of the fungal growth
form, their multiplicity of biological responses and
interactions with pollutants, coupled with the com-
plexity of the terrestrial (and other) environments,
a wealth of knowledge still awaits discovery.
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Dosoretz C, Šašek V (2000) Irpex lacteus, a white rot
fungus applicable to water and soil bioremediation.
Appl Microbiol Biotechnol 54:850–853

Olayinka A, Babalola GO (2001) Effects of copper sulphate
application on microbial numbers and respiration, ni-
trifier and urease activities, and nitrogen and phos-
phorus mineralization in an alfisol. Biol Agric Hort
19:1–8

Pennanen T, Frostegard A, Fritze H, Baath E (1996) Phos-
pholipid fatty acid composition and heavy metal tol-
erance of soil microbial communities along two heavy
metal-polluted gradients in coniferous forests. Appl
Environ Microbiol 62:420–428

Persson T, Lundkvist H, Wiren A, Hyvonen R, Wessen B
(1989) Effect of acidification and liming on carbon and
nitrogen mineralization and soil organisms in moor
humus. Water Air Soil Pollut 45:77–70

Pickard MA, Roman R, Tinoco R, Vázquez-Duhalt R (1999)
Polycyclic aromatic hydrocarbon metabolism by white
rot fungi and oxidation by Coriolopsis gallica UAMH
8260 laccase. Appl Environ Microbiol 65:3805–3809

Pinto LJ, Moore MM (2000) Release of polycyclic aromatic
hydrocarbons from contaminated soils by surfactant
and remediation of this effluent by Penicillium spp.
Environ Toxicol Chem 19:1741–1748

Pointing SB (2001) Feasibility of bioremediation by white-
rot fungi. Appl Microbiol Biotechnol 57:20–33

Pozzoli L, Gilardoni S, Perrone MG, de Gennaro G, de
Rienzo M, Vione D (2004) Polycyclic aromatic hy-
drocarbons in the atmosphere: monitoring, sources,
sinks and fate. I. Monitoring and sources. Annali Chim
94:17–32

Prescott CE, Parkinson D (1985) Effects of sulphur pollution
on rates of litter decomposition in a pine forest. Can
J Bot 63:1436–1443

Purvis OW (1996) Interactions of lichens with metals. Sci
Progr 79:283–309

Rasmussen G, Olsen RA (2004) Sorption and biological re-
moval of creosote-contaminants from groundwater in
soil/sand vegetated with orchard grass (Dactylis glom-
erata). Adv Environ Res 8:313–327

Ravelet C, Grosset C, Krivobok S, Montuelle B, Alary J (2001)
Pyrene degradation by two fungi in a freshwater sed-
iment and evaluation of fungal biomass by ergosterol
content. Appl Microbiol Biotechnol 56:803–808

Reddy CA, Mathew Z (2001) Bioremediation potential of
white rot fungi. In: Gadd GM (ed) Fungi in bioreme-
diation. Cambridge University Press, Cambridge, pp
52–78

Rizzo DM, Blanchette RA, Palmer MA (1992) Biosorption
of metal ions by Armillaria rhizomorphs. Can J Bot
70:1515–1520

Roberts TM, Clarke TA, Ineson P, Gray TRG (1980) Effects
of sulphur deposition on litter decomposition and nu-

trient leaching in coniferous forest soils. In: Hutchin-
son TC, Hava M (eds) Effects of acid precipitation on
terrestrial ecosystems. Dekker, New York, pp 381–393

Romero MC, Salvioli ML, Cazau MC, Arambarri AM (2002)
Pyrene degradation by yeasts and filamentous fungi.
Environ Pollut 117:159–163

Ruhling A, Baath E, Nordgren A, Soderstrom B (1984) Fungi
in metal contaminated soil near the Gusum brass mill,
Sweden. Ambio 13:34–36

Saraswathy A, Hallberg R (2002) Degradation of pyrene by
indigenous fungi from a former gasworks site. FEMS
Microbiol Lett 210:227–232

Sastad SM, Jensenn HB (1993) Interpretation of regional dif-
ferences. I. The fungal biota as effects of atmospheric
pollution. Mycol Res 12:1451–1458

Sayer JA, Cotter-Howells JD, Watson C, Hillier S, Gadd GM
(1999) Lead mineral transformation by fungi. Curr Biol
9:691–694

Shaw PJA, Dighton J, Poskitt J, McCleod AR (1992) The ef-
fects of sulphur dioxide and ozone on the mycorrhizas
of Scots pine and Norway spruce in a field fumigation
system. Mycol Res 96:785–791

Singleton I (2001) Fungal remediation of soils contaminated
with persistent organic pollutants. In: Gadd GM (ed)
Fungi in bioremediation. Cambridge University Press,
Cambridge, pp 79–96

Smith WH (1977) Influence of heavy metal leaf contami-
nants on the in vitro growth of urban-tree phylloplane
fungi. Microbial Ecol 3:231–239

Smith SE, Read DJ (1997) Mycorrhizal symbiosis, 2nd edn.
Academic Press, San Diego, CA

Smith ML, Taylor HW, Sharma HD (1993) Comparison
of the post-Chernobyl 137Cs contamination of mush-
rooms from Eastern Europe, Sweden, and North Amer-
ica. Appl Environ Microbiol 59:134–139

Steffen KT, Hatakka A, Hofrichter M (2003) Degradation
of benzo[a]pyrene by the litter-decomposing basid-
iomycete Stropharia coronilla: role of manganese per-
oxidase. Appl Environ Microbiol 69:3957–3964

Sterflinger K (2000) Fungi as geologic agents. Geomicro-
biol J 17:97–124

Stijve T, Porette M (1990) Radiocaesium levels in wild-
growing mushrooms from various locations. Mush-
room J (Summer 1990):5–9

Strasser H, Burgstaller W, Schinner F (1994) High yield
production of oxalic acid for metal leaching purposes
by Aspergillus niger. FEMS Microbiol Lett 119:365–
370

Straube WL, Jones-Meehan J, Pritchard PH, Jones WR
(1999) Bench-scale optimization of bioaugmentation
strategies for treatment of soils contaminated with
high molecular weight polyaromatic hydrocarbons.
Resources Conserv Recycling 27:27–37

Sutherland JB (2004) Degradation of hydrocarbons by
yeasts and filamentous fungi. In: Arora DK (ed)
Fungal biotechnology in agricultural, food, and
environmental applications. Marcel Dekker, New
York, pp 443–455

Tabatabai M (1985) Effect of acid rain on soils. CRC Crit Rev
Environ Control 15:65–109

Thompson-Eagle ET, Frankenberger WT (1992) Bioreme-
diation of soils contaminated with selenium. In: Lal R,
Stewart BA (eds) Advances in soil science. Springer,
Berlin Heidelberg New York, pp 261–309



84 G.M. Gadd

Thompson-Eagle ET, Frankenberger WT, Karlson U (1989)
Volatilization of selenium by Alternaria alternata. Appl
Environ Microbiol 55:1406–1413

Tyler G (1980) Metals in sporophores of basidiomycetes.
Trans Br Mycol Soc 74:41–49

Veignie E, Rafin C, Woisel P, Cazier F (2004) Preliminary
evidence of the role of hydrogen peroxide in the degra-
dation of benzo[a]pyrene by a non-white rot fungus
Fusarium solani. Environ Poll 129:1–4

Verdin A, Lounès-Hadj Sahraoui A, Durand R (2004) Degra-
dation of benzo[a]pyrene by mitosporic fungi and ex-
tracellular oxidative enzymes. Int Biodeter Biodegrad
53:65–70

Verrecchia EP (2000) Fungi and sediments. In: Riding RE,
Awramik SM (eds) Microbial sediments. Springer,
Berlin Heidelberg New York, pp 69–75

Wainwright M (1988a) Metabolic diversity of fungi in rela-
tion to growth and mineral cycling in soil – a review.
Trans Br Mycol Soc 23:85–90

Wainwright M (1988b) Effect of point source atmospheric
pollution on fungal communities. Proc R Soc Edinb
94B:97–104

Wainwright M (1992) Oligotrophic growth of fungi-
stress or natural state? In: Jennings DH (ed) Stress

tolerance of fungi. Marcel Dekker, New York, pp
127–144

Wainwright M, Supharungsun S, Killham K (1982) Effects
of acid rain on the solubility of heavy metal oxides and
fluorspar added to soil. Sci Total Environ 23:85–90

White C, Wilkinson SC, Gadd GM (1995) The role of mi-
croorganisms in biosorption of toxic metals and ra-
dionuclides. Int Biodeter Biodeg 35:17–40

Wilkins DA (1991) The influence of sheathing (ecto-) myc-
orrhizas of trees on the uptake and toxicity of metals.
Agric Ecosyst Environ 35:245–260

Wilkinson DM, Dickinson NM (1995) Metal resistance in
trees – the role of mycorrhizae. Oikos 72:298–300

Wondratschek I, Roder U (1993) Monitoring of heavy metals
in soils by higher fungi. In: Markert B (ed) Plants as
biomonitors. VCH Verlagsgesellschaft, Weinheim, pp
345–363

Yamamoto H, Tatsuyama K, Uchiwa T (1985) Fungal flora
of soil polluted with copper. Soil Biol Biochem 17:785–
790

Zhdanova NN, Redchitz TI, Vasilevskaya AI (1986)
Species composition and sorption properties of
Deuteromycetes in soils polluted by industrial
wastewater (in Russian). Mikrobiol Zhu 48:44–50



6 Fungi in Extreme Environments

N. Magan
1

CONTENTS
I. General Introduction . . . . . . . . . . . . . . . . . 85

II. Thermotolerance . . . . . . . . . . . . . . . . . . . . 85
A. Mechanisms of Thermotolerance . . . . . 87

III. Psychrophiles . . . . . . . . . . . . . . . . . . . . . . . 88
A. Survival at Low Temperatures . . . . . . . . 89

IV. Water Relations of Fungi . . . . . . . . . . . . . . . 91
A. Concept of Water Availability . . . . . . . . 91
B. Fungal Growth and Water Potential . . . . 93
C. Adaptation to Water Potential . . . . . . . . 94
D. Yeast Physiology and Osmotic Stress . . . 94
E. Xerophilic Filamentous Fungi . . . . . . . . 95

V. Anaerobic Fungi . . . . . . . . . . . . . . . . . . . . . 95
VI. Acidophiles and Alkalophiles . . . . . . . . . . . 97

A. Acidophiles . . . . . . . . . . . . . . . . . . . . . . 97
B. Alkalophiles . . . . . . . . . . . . . . . . . . . . . . 98
C. Mechanisms of Survival

in Extreme pH Environments . . . . . . . . 98
VII. Irradiation and Fungi . . . . . . . . . . . . . . . . . 98

VIII. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . 100
References . . . . . . . . . . . . . . . . . . . . . . . . . . 100

I. General Introduction

In nature, fungi are ubiquitous, having evolved over
time to occupy a wide range of ecological niches.
To occupy these niches, they must be involved in
primary resource capture which is determined by
the ability to germinate and become established
rapidly and to produce the necessary extracellular
enzymes in the immediate environment. Their ac-
tivity will be further impacted upon by prevailing
abiotic factors such as temperature, water availabil-
ity, gas balance and pH. It has been suggested that
both primary and secondary resource capture are
in a state of flux and determined predominantly by
prevailing biotic and abiotic interactions (Magan
and Aldred 2006). Thus, niche occupation is de-
termined by a complex of interacting factors. Cer-
tain species may occupy similar general niches be-
cause of their ecologically similar behaviour within

1 Applied Mycology Group, Cranfield Health, Cranfield University,
Barton Road, Silsoe, Bedford MK45 4DT, UK

a community. The abiotic stress factors may be
a long-lived or a permanent feature of a habitat
whereas other disturbance factors may be tran-
sient, having a short-lived impact.

Based on work in plant communities, it has
been suggested that fungi employ different pri-
mary strategies to survive and prosper in different
environments. These are so-called combative
(C-selected) strategies, which maximise occupa-
tion and exploitation of resources in relatively
non-stressed and undisturbed conditions; stress
(S-selected) strategies, which have involved the
development of adaptations allowing survival and
endurance under continuous environmental stress;
and ruderal (R-selected) strategies, characterised
by a short life span and high reproductive potential
which often enable success under severely dis-
turbed but nutrient-rich conditions. These three
strategies can merge to give secondary strate-
gies (C-R, S-R, C-S, C-S-R) which form part of
a continuum with transition zones between them
(Cooke and Whipps 1993). The main attributes
of these three primary groups are summarized in
Fig. 6.1.

In this chapter, we are specifically concerned
with fungi which may use S-selected strategies for
growth and survival in a range of so-called extreme
environments. It should, however, be remembered
that under natural conditions fungal activity in ter-
restrial ecosystems will be influenced by interac-
tions between abiotic and biotic factors both spa-
tially and temporally. Community structure and
dominance can thus vary during succession in spe-
cific habitats.

II. Thermotolerance

Fungi have the ability to grow over a wide
range of temperature conditions. Fungi, and
microorganisms generally, have been classified

Environmental and Microbial Relationships, 2nd Edition
The Mycota IV
C. P. Kubicek and I. S. Druzhinina (Eds.)
© Springer-Verlag Berlin Heidelberg 2007
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Fig. 6.1. Summary of attributes of fungi
in relation to the three major ecologi-
cal strategies (from Cooke and Rayner
1984)

Fig. 6.2. Optimum, minimum and max-
imum temperatures and range of condi-
tions for growth of some thermotolerant
and thermophilic fungi

as psychrophiles, mesophiles, thermotolerant
and true thermophiles. A thermophilic fungus
is defined as one which has minimum growth at
20 ◦C or above and a maximum growth at 50 ◦C or
above. Optima for thermophilic fungi thus occur in
the range 40–50 ◦C. Figure 6.2 shows the optimal,
maximum and minimum temperature range for
some thermotolerant and thermophilic fungi.
While there are well-known examples of bacteria
which are able to grow in a variety of natural
environments including hot springs and geysers

where temperatures can reach 100 ◦C, eukaryotes
are much more sensitive because, at temper-
atures above 65 ◦C, their membranes become
irreparably damaged. However, many mesophilic
thermotolerant fungi do exist; for example, some
deuteromycetes isolated from thermal springs
have maximum growth temperature of 61.5 ◦C
(Tansey and Brock 1973). One must, however,
distinguish between the ability to actively grow
as a thermophile at such high temperatures and
survival. Often, thermotolerant species are found
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Fig. 6.3. Heat resistance of ascospores
and conidia of different filamentous
fungi and yeast cells (from Baggerman
and Samson 1988). The D- and z-values
were determined in phosphate buffer
(0.2 ml/l, pH 5.5) containing sucrose
(400 g/l)

as components of communities of fungi colonizing
a range of damp organic substrates, particularly
hay, straw-based composts and moist-temperature
and tropical cereals, bird nests and tropical soils.
They thus form important components of the
succession of fungi colonizing a wide variety of
substrata.

Most vegetative yeast cells, fungal mycelium
and asexual conidia are killed by exposure to 80 ◦C
for only 1 min. By contrast, sexually produced as-
cospores of some food-spoilage fungi are able to
survive readily even for 1 h exposure at this tem-
perature. Such fungi include Talaromyces flavus
and Neosartorya fischeri var. glaber (Beuchat 1988;
Baggerman and Samson 1988). Heat resistance has
usually been described by the determination of two
types of values, D and z. The D-value is defined as
the decimal reduction time, and indicates the pe-
riod of time required to reduce a certain number of
living organisms by a factor of 10 under standard
temperature and other environmental conditions.
If the D-values at different temperature are plotted
on a logarithmic scale, then a straight-line graph
should be obtained, the slope of which is known
as the z-value. This defines the increase in tem-
perature (◦C) necessary to decrease or increase the
D-value by a factor of 10. Figure 6.3 shows the heat
resistance of ascopsores, conidia and some yeast
cells at different temperatures. These data clearly
demonstrate the gradation of sensitivity of yeasts
and spores of filamentous fungi to increasing tem-
perature. It should, however, be borne in mind that
the D- and z-values will also be influenced by pH,
water availability and the actual nature of the sub-
stratum.

A. Mechanisms of Thermotolerance

There have been a number of hypothesis proposed
for explaining the basis of thermophily. Crisan
(1973) suggested four main possibilities: (1) lipid
solubilization; (2) rapid resynthesis of essential
metabolites; (3) molecular thermostability and
(4) ultrastructural thermostability. The latter may
be of particular importance because there is the
possibility that solubilization of cellular lipids can
occur at high temperature to the extent that cells
lose their integrity. An increase in temperature may
result in cellular lipids containing more saturated
fatty acids which have a higher melting point than
those present in mesophiles. They would thus
be able to maintain cellular integrity at higher
temperatures than is the case for mesophiles,
which contain markedly less saturated lipids. It has
also been suggested that the increased fluidity of
saturated lipids at high temperatures may enable
metabolic activity and cell functioning to enable
active growth at >40 ◦C.

Recently, attention has been focused on the
ability of organisms generally to produce a spe-
cific range of proteins, so-called heat shock pro-
teins, when exposed to extremes of environmental
factors, particularly temperature. However, very
little work has been carried out on heat shock
proteins in fungi. These have to a large extent
been carried out on Saccharomyces cerevisiae, Neu-
rospora crassa, Aspergillus nidulas, Achlya ambi-
sexualis and Schizophillum commune. In almost all
cases, studies have involved exposure of strains of
these fungi to elevated temperatures of, for exam-
ple, 45–55 ◦C for a period of 1–3 h. Such condi-
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tions have been found to reduce growth but not
aerial hyphal development, and often resulted in
the appearance of a number of proteins resolvable
by SDS-PAGE which were newly synthesised or of
which the synthesis increased. In the basidiomycete
S. commune, it was also found that proteolytic pro-
cesses were significantly affected by such exposure
(Higgins and Lilly 1993).

In the last 5 years, intensive investigations into
the activities of heat shock proteins have produced
significant advances in understanding their cellular
role. It has been discovered that many of these (heat
shock) proteins are in fact essential proteins which
are synthesised normally by cells at temperatures
optimal for growth. Sometimes, this has been ac-
companied by concomitant production of the low-
molecular sugar alcohol, glycerol, which will be
considered in more detail in Section IV. Detailed in-
formation of the type of heat shock proteins and the
cellular effects of heat shock have been extensively
reviewed by Plesofsky-Vig and Brambl (1993). The
physiology and secretion of thermophilic enzymes
by different thermophilic fungi have been reviewed
more recently (Maheshwari et al. 2000). The advent
of whole-genome sequences for some fungi, e.g. As-
pergillus fumigatus, means that by using microar-
rays it is possible to examine the physiological path-
ways involved and also the number of genes which
are up- and down-regulated during heat shock pro-
tein production. This will provide a more thorough
understanding of the gene clusters involved in this
process.

III. Psychrophiles

There is a wide range of natural habitats where
low temperatures occur continuously or intermit-
tently due to seasonal effects. These regions include
oceans, the tundra and sub-Arctic regions. For ex-
ample, although the oceans have a stable tempera-
ture of <5 ◦C (Morita 1974), there are distinct diffi-
culties in actually studying such ecological systems
because of the effects of pressure. Also, often clear
distinctions have not been made between true psy-
chrophiles and cold-tolerant species of fungi. This
group has attracted significant attention because of
the interest in cold-active enzymes and also in the
biogeography and ecological significance of cold-
tolerant fungi. Generally, members of all classes
of fungi exist in regions such as the Arctic tun-
dra. However, most information has been gathered

on the survival and growth of fungi in sub-Arctic
and dry cold desert regions of the world (Robin-
son 2001). These fungi may be present either be-
cause they are true psychrophiles or because they
are psychrotolerant with the ability to survive but
not actively grow at temperatures <5 ◦C. Schmidt-
Nielsen (1902) proposed the term “psychrophilic”,
defined as an organism which has optimum growth
at not greater than 16 ◦C, and a maximum at about
20 ◦C (Morris and Clarke 1987). For example, de-
tailed studies of the yeast community of cold dry
deserts showed that species such as Cryptococcus
visnniacii were common (Vishniac and Hempfling
1979). They also interestingly showed that many of
these psychrophilic yeasts in fact had temperature
ranges up to 20 ◦C or more. However, in vitro stud-
ies do not often give an accurate indication of the
conditions over which active growth might occur
in a natural habitat. This does, however, differ con-
siderably from work in marine environments with
bacteria where the temperature ranges were signif-
icantly narrower (Fuhrman and Anzam 1980).

However, species of Aureobasidium (dimorphic
yeasts) have been isolated from rocks in Antarc-
tica which can grow and reproduce at 0–5 ◦C and
are able to tolerate temperatures as low as −80 ◦C.
Other stable man-made environments, such as do-
mestic fridges, provide temperature in the range
4–10 ◦C and allow spoilage fungi, particularly Peni-
cillium spp., to grow on foodstuffs. There is also ev-
idence that spores of common deuteromycetes such
as Cladosporium spp. and Sporotrichum sp. are able
to germinate and grow on meat in cold storage at
temperatures below 0 ◦C (Cochrane 1958). Some
fungi, the aptly named snow moulds such as Fusar-
ium spp., Sclerotinia borealis, Phacidium infestans
and Typhula spp., are common in northern British
Columbia and Sweden and able to actively colonize
foliage, particularly of grasses to cause significant
disease. For example, S. borealis in culture has op-
timum temperature for growth of 0 ◦C and a min-
imum of <−7 ◦C, and does not grow at >15 ◦C. It
is thus a true psychrophile. However, Typhula ida-
hoensis and T. trifolii grow at −5 ◦C and have an
optimum of 5 ◦C. They do grow at near 20 ◦C but
no growth occurs at 25 ◦C. Some of these fungi
are considered to be psychrophilic whereas others,
which actively grow and infect at approx. 3 ◦C (e.g.
Monographella nivalis), are considered to be cold-
tolerant mesophiles because they are able to grow
at 20 ◦C. There may be some niche overlap between
such fungi, with the latter being a very effective or-
ganism at 3 ◦C by being at a competitive advantage
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Table. 6.1. Examples of growth, enzyme activity and viability of fungi at low temperatures (modified from Robinson 2001)

Taxon/species Test temperatures/type of experiment Site Reference

54 mitosporic fungi Growth at 0–25 ◦C, mainly psychrophiles/
in vitro, artificial media

Arctic Bergero
et al. (1999)

Phoma herbarum Faster growth at 2.5 than 20 ◦C/
sand+glucose-mineral agar

Devon Island, Canada Widden and
Parkinson
(1978)

31 mitosporic fungi All grew at 4 ◦C, most optima
at 15–20 ◦C/synthetic defined media

Antarctic, Macquarie Island Kerry (1990)

Humicola marvinii Growth at –2.5 ◦C, optimum at 15;
no growth at 20–22 ◦C

Signey Island, Antarctic Weinstein
et al. (1997)

Enzyme production
Phialophora hoffmanni Occurs at 1 ◦C, optima between 18–20 ◦C/

in vitro pectinase activity
Arctic sites Flanagan and

Scarborough
(1974)

Geomyces pannorum Occurs at −4 ◦C, optimum at 5 ◦C/
in vitro cellulase activity

Arctic sites

Verticillium lecanii Active at 5, 15 and 25 ◦C/
in vitro chitinase activity

Antarctic moss sample Fenice
et al. (1998)

in such a very specialized ecological environment.
Table 6.1 summarizes some of the fungi which have
been isolated from such environments and the type
of experiments carried out with these.

As mentioned above, there are many climatic
regions where very cold winter temperatures
are followed by quite warm temperatures in the
summer months, e.g. sub-Arctic zones. Here, over-
wintering and survival are of critical importance
for effective competition in the following season.
A large number of phyllosphere, endophytic and
soil fungi are able to survive very severe winter
temperatures of <−50 ◦C. They remain viable by
surviving as resting structures, often thick-walled
chlamydospores and sclerotia, or thin-walled
conidia. Even thin-walled asexually produced
conidia are resistant to freezing temperatures
(Mazur 1966). For example, conidia of Aspergillus
flavus were found to be resistant to freezing in
water at −73 ◦C. This survival may partially be due
to a very low water content, so that little or no ice
formation occurs which could affect the integrity
of the spore.

A. Survival at Low Temperatures

There are a number of key ecophysiological char-
acteristics which are required by fungi to survive
at low temperatures. These include the capacity to
dehydrate, produce antifreeze compounds, high
supercooling activity and chill tolerance, freezing
tolerance and survival under anoxia. Cellular

processes obviously slow down significantly as
temperature is reduced. This is manifested by
cessation of growth, and the slowing down of
enzyme activity, denaturing of proteins and their
synthesis, and perhaps transport or membrane
integrity. When freezing occurs, the effect depends
on whether it takes place rapidly or slowly. Rapid
freezing results in the cell contents becoming more
concentrated and to come into equilibrium with
the extracellular solution, resulting in shrinkage
in the cell. Where slow cooling occurs, extensive
supercooling may take place. If this happens at
−39 ◦C or below, nucleation of ice will be homoge-
nous. Particles can act as a nucleus, resulting in
heterogeneous nucleation before this temperature
is reached. Cooling and freezing will thus affect
the structure and metabolism of cells significantly.
Mazur (1966) proposed a two-factor hypothesis: at
relatively fast cooling rates, intracellular ice forma-
tion will cause injury whereas, at slow cooling rates,
injury is caused by prolonged exposure to solution
effects due to a concentration of extracellular so-
lution or cell dehydration. By contrast, Steponkus
(1984) suggests that there is no evidence that
intracellular ice causes injury. Other hypotheses
have been reviewed at length by Smith (1993).

It is possible to summarize the type of injury
which can occur based on work on plant proto-
plasts (Steponkus 1984). These include expansion-
induced lysis during warming, which occurs as di-
lution of the suspending medium allows expansion
of the protoplasts; loss of osmotic responsiveness
during slow cooling and warming due to changes
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in electrolyte concentration, and effects on the
lipid-protein membrane, thereby affecting osmotic
responsiveness; leakage of intracellular solutes
through the plasma membrane; and intracellular
ice formation during fast cooling (>−3 ◦C/min).
Thus, cryo-injury is dependent on the rate of
cooling, cell type, and the internal and external
composition of the cells and their substrate.

Compounds are, however, often produced
within the cell to enable survival and growth at
low temperature and, indeed, other stresses. Of
particular importance for the survival of fungi is
the production of osmoregulators or compatible
solutes which are often synthesized when the
fungus is placed under general environmental
stress, but particularly involving water availability
or low-temperature stress. These will be referred
to in more detail in a section below and include
arabitol, erythritol, glycerol, proline and trehalose.
Trehalose has, for example, been demonstrated
to effectively improve cryo-tolerance of Saccha-
romyces cerevisiae, baker’s yeast, to withstand
temperatures of −20 to −70 ◦C. They are able to
reduce the amount of ice formation at low tem-
perature, thereby reducing water loss from cells.
However, during freezing significant shrinkage of
the cell membrane can occur, which can influence
subsequent survival. For example, it has been
shown that the diameter of hyphae of Phytophthora
nicotianae was reduced by up to 60%, compared to
untreated controls. This can cause direct physical
injury by dissolution of the cell membrane as ice
formation results in an increase in volume of about
10%. Cryo-protectants have the effect of preventing
such significant shrinkages, and reduce ice crystal
formation. This can be achieved by exogenous
addition of cryo-protectants to fungi prior to
freezing for culture collection purposes (Smith
1993). The effects of cooling rates and storage
temperatures on the recovery of strains have been
studied in detail to determine the best methods of
preservation (see Smith 1993). Studies of possible
antifreeze proteins (AFPs) are scarce, except for
a group of snow moulds (Typhula species; Snider
et al. 2000). Isolates of T. incarnata, T. ishikariensis
and T. phacorrhiza showed antifreeze activity in
all fractions at 4 and 10 ◦C. However, no antifreeze
activity was found in isolates with an optimum
growth at 14 ◦C (e.g. Microdochium nivale). The
antifreeze found in T. phacorrhiza was shown to
originate from protein molecules. Interestingly,
the ice crystal structures associated with snow
mould species showed growth patterns different

from those previously observed, which suggested
that these AFPs may bind to different planes of
the ice crystal lattice than is the case for the AFPs
isolated from fish, insects and plants.

In the 1980s, the use of cryogenic light mi-
croscopy to examine the effect of freezing and thaw-
ing on the fungal mycelium and propagules proved
particularly useful. Studies of Penicillium expan-
sum showed that shrinkage of hyphae occurred at
slow cooling rates, and intracellular ice formation
at faster rates of cooling. Interestingly, hyphal septa
were found to form no barriers to such ice nucle-
ation. Comparison of P. expansum with P. nico-
tianae showed that the former was extremely re-
sistant to such freezing and thawing whereas the
latter was sensitive and failed to recover from such
treatment (Smith et al. 1986). Extensive and rapid
shrinkage of mycelium occurred at all cooling rates
up to −120 ◦C/min. Culture age, growth phase, and
nutrient status of the medium have all been found
to influence these effects on fungi. There do appear
to be two distinct groups of fungi: those which
show shrinkage at slow rates of cooling but less at
high rates, accompanied by intracellular ice forma-
tion; and those which shrink at all cooling rates,
with no intracellular ice formation. These two sub-
divisions cut across taxonomic groupings. For ex-
ample, P. nicotianae (oomycete), Aschersomia al-
leyrodis (hyphomycete) and Lentinus edodes and
Volvariella volvacea (basidiomycetes) all respond
without any ice nucleation occurring.

Some contrasting effects have been observed
with these groups of fungi. For example, fungi such
as P. nictianae and P. expansum react by shrinkage
of the mycelium and loss of plasma and nuclear
membranes and cytoplasm between the cell wall
and membrane. On subsequent thawing, the hy-
phae often re-expand to their original shape and
size and are able to grow again. For other fungi, e.g.
L. edodes, the hyphae do not return to their origi-
nal size or shape. However, such species still retain
viability. Smith (1993) has suggested that the mem-
brane is a critical structure in tolerance to freezing
and in thawing cycles. Because it is not very elastic
and therefore does not fold easily, material must
be lost from the structure during shrinkage due to
freezing. Thus, rapid shrinkage can cause damage
to the hyphal cells, although quite a number of fungi
can survive during rapid cooling, even if intracel-
lular ice formation occurs (Morris et al. 1988).

Generally, information is to a large extent avail-
able on the impact of freezing and thawing in rela-
tion to cryo-preservation. However, more data are
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required on the ecology of psychrophilic fungi in
natural habitats, what type of niche overlap may
exist between different species, and their compe-
tence to survive such conditions and to actively
grow where the cycle may involve both slow and
fast cooling or thawing.

Comparisons of Hebeloma spp. from Arctic
and temperate regions have indicated that sub-
stantial accumulation of trehalose occurred in the
Arctic species when grown at low temperature
(Tibbet et al. 1998a). Similarly, Humicola marvini
and Mortierella elongate, psychrophiles isolated
from Signy Island, Antarctica and grown at 5 and
15 ◦C, accumulated trehalose intracellularly to
a significantly greater extent (75% more for the
latter species) at 5 than 15 ◦C (Weinstein et al.
2000).

Studies by Weinstein et al. (1997) also sug-
gested that sugar alcohols such as mannitol as well
as trehalose were increased in isolates of H. mar-
vini, compared with the non-psychrophilic species
H. fuscoatra. They quantified glycerol, erythritol,
mannitol and arabitol as well as trehalose, glucose
and fructose. Table 6.2 shows a comparison be-
tween the results from this study. The significant
synthesis of mannitol in the psychrophilic species
and the relative increase in trehalose clearly reflect
its ecological niche. In H. fuscoatra, by contrast,
sugars are largely accumulated which have no role
in cryo-protection.

Recent studies have also focused on the ca-
pacity of these fungi to produce various enzymes
involved in decomposition and mycorrhizal associ-
ations with plants. Work by Weinstein et al. (1997)
showed that H. marvinii was capable of solubilizing
inorganic phosphate and produce proteases. Stud-
ies by Tibbett et al. (1998a, b, 1999) have carried
out a detailed examination of 12 ectomycorrhizal
strains of Hebeloma species from the Arctic tundra

Table. 6.2. Comparison of polyol and sugar accumulation
(mg/100 mg dry wt) after 8 weeks at 15 ◦C in Humicola mar-
vinii from Antarctic soils and H. fuscoatra from a temperate
climatic region (Weinstein et al. 1997)

Polyol/sugar H. marvinii H. fuscoatra

Glycerol 0.35 0.80
Erythritol 0.27 0.11
Arabitol 0.21 Not detected
Mannitol 41.01 0.51
Trehalose 7.76 4.51
Glucose 0.18 8.07
Fructose Not detected 5.03

(Svalbard) and from Alaska, and compared these
with some from France and Scotland. At <12 ◦C,
the Arctic strains produced more extracellular and
wall-bound acid phosphatase, although they grew
more slowly than the temperate strains. Similar
results were obtained for wall-bound and extra-
cellular acid phosphomonoesterase and proteases
in Arctic strains in which elevated concentrations
were recorded in isolates. It has been suggested
that such enzymes may be an adaptation to cold
conditions. Synthesis of cryo-protectants may be
a priority for survival, resulting in a few specific
enzymes to only be produced by such fungi. Sur-
vival under cold conditions from year to year is of
interest as well as the role of spores, sterile mycelia
and septate hyphae, all very well discussed in the
recent review by Robinson (2001).

IV. Water Relations of Fungi

All microorganisms require a source of water to en-
able cellular functioning to occur effectively. They
all have a semi-permeable cell membrane, which
allows water molecules to enter the cell through
osmosis to come to equilibrium with its environ-
ment. However, often conditions prevail where wa-
ter may be scarce, due to the presence of a high
concentration of salts, e.g. in a marine environment
or a dry, arid desert region, or in intermediate-
moisture agricultural products. Because all cellu-
lar processes occur in water solutions, cells must
physiologically be able to adjust to such osmotic
alterations to be able to grow and reproduce in
these environments. Certain groups of yeasts and
filamentous fungi have over time evolved the capa-
bility of adaptation to such environments, and of
exploiting niches occupied by few other microor-
ganisms or dominating these by pre-emptive ex-
clusion of others.

A. Concept of Water Availability

Scott (1957) was the first to identify the importance
of water availability and try to relate this to the to-
tal water content of substrata. For example, in solid
substrates such as agricultural commodities, water
content consists of bound water (water of consti-
tution), which is held in chemical union with the
absorbing substrate by very strong forces, and free
water which is weakly bound. Free water is more
readily available for microbial growth and metab-
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Table. 6.3. Water activity, equilibrium relative humidity
(ERH) and water potentials at 25 ◦C

Water activity ERH (%) Water potential
(−MPa)

1 100 0
0.99 99 1.38
0.98 98 2.78
0.97 97 4.19
0.96 96 5.62
0.95 95 7.06
0.9 90 14.5
0.85 85 22.4
0.8 80 30.7
0.75 75 39.6
0.7 70 40.1
0.65 65 59.3
0.6 60 70.3

olism than is bound water, but the ease with which
it can be removed depends on the water content
of the substrate. The degree of binding also varies
with the type of substrate, and thus total water con-
tent is not a good indicator of water availability for
microbial growth.

Scott (1957) suggested that water activity (aw)
would best describe the water availability for mi-
crobial activity, aw being the ratio between the
vapour pressure of water in a substrate (P) and
that of pure water (Po) at the same temperature
and pressure; thus, aw = P/Po. The aw of pure wa-
ter is 1.00. A substrate containing no free water has
a smaller vapour pressure than does pure water and
its aw is consequently less. An alternative measure
of aw is that of water potential (Ψ), which is often
used in soil microbiology and is measured in pas-
cals (Pa). This is the sum of the osmotic, matrix

Fig. 6.4. Idealised relationship between growth and water
potential: curve a solute potential, curve b matric potential,
and showing Ψopt., Ψmax., Ψmin. (from Griffin 1981)

and turgor potentials and is related directly to aw
by the following formula:

Water potential(Ψ) = RT|V lognaw(+P)

where R is the ideal gas constant, T the absolute
temperature, P the atmospheric pressure and V the
volume of 1 mole of water. The advantage of Ψ is
that it is possible to partition osmotic and ma-
tric components and their influence on growth and
physiological functioning of microbes. The rela-
tionship between aw and Ψ is shown in Table 6.3.
In cells, the Ψ of the environment normally almost
always equals that of the cell: Ψenv. = Ψcell. In most
cases, the Ψ is a function of the osmotic compo-
nent. In addition, because fungi have a very rigid
cell wall, this prevents swelling of the cytoplasm,
and the total Ψ is the combination of the osmotic
and turgor pressure of the cell wall.

Microorganisms which are able to tolerate and
actively grow under conditions of water stress
have been described by various terms. The most
common have included halophilic, osmophilic,
osmotolerant, xerotolerant or xerophilic. The two
most appropriate terms for fungi are probably
“osmophilic”, which describes specialized groups
of yeasts which are able to grow in high-salt
environments, and “xerophilic” (from the Greek,
dry-loving). Pitt (1975) defined a xerophile as
a fungus which is able to grow in some phase of its
life cycle at − 22.4 MPa (0.85 aw), and this has now
become generally accepted.

Fig. 6.5. Diagrammatic representation of the effect of water
activity (Y axis) and temperature (X axis) on growth of Peni-
cillium versucosum. The values on the isopleths represent
growth rates in mm/day. Dotted line is absolute minimum
for germination
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B. Fungal Growth and Water Potential

The effect of Ψ experimentally has been usually
determined by measurement of growth responses
to different steady-state osmotic and matric po-
tentials in vitro by modifications of media using
ionic or non-ionic solutes (e.g. NaCl, KCl, glycerol,
and polyethylene glycol, 200–6000 mol wt). This
has enabled data to be obtained on optimum, max-
imum and minimum conditions of Ψ for growth
and survival. Figure 6.4 shows a general example
of the pattern of relative growth rate in relation to
Ψ of a growth medium. Osmotolerant yeasts such
as Zygosaccharomyces rugosus, Z. rouxii, Torulopsis
halonitatophila and Saccharomyces mellis or S. cere-
visiae all grew in this manner with media modified
with PEG 200 (Anand and Brown 1968). For these
yeasts, the Ψopt. is quite close to the Ψmax. Stud-
ies of a range of soil Chytridiomycotina species has
recently shown that species and strains of these
fungi can tolerate about 5% salt ( − 4.2 MPa) in
certain complex media (Gleason et al. 2006). Gen-
erally, growth decreased and eventually ceased as
Ψ was increased (drier conditions). Although these
fungi are quite sensitive, compared to the xerotol-
erant/xerophilic species described below, this does
suggest that these lower fungi will survive wetting
and drying fluxes in soil.

For some xerophilic fungi, the Ψopt. may be
very different from the Ψmax. For example, Eu-
rotium spp., Xeromyces bisporous and Chrysospo-
rium fastidium have Ψopt. values at 25 ◦C of −7. 0,
−5. 6 and − 2.8 MPa respectively (Pitt and Hocking
1977; Magan and Lacey 1984a). However, it should
be noted that optimum Ψ for growth will also be
influenced by interaction with other environmen-
tal factors, particularly temperature, pH and gas
composition (Magan and Lacey 1984a, b; Magan
et al. 2004). Interactions between temperature and
Ψ have been studied in detail, and Figure 6.5 shows
examples of the effect of Ψ×temperature interac-
tions on the growth rates of a xerotolerant species.
The isopleths represent points of similar rates of
minimum, maximum and optimum growth tem-
perature and Ψ for growth (mm/day). This shows
a two-dimensional relationship between two very
important environmental factors which can influ-
ence the ecological competence and competitive
ability of different fungi (Magan and Lacey 1984c).
It has been found that usually germination occurs
at a slightly lower Ψmin. than that for growth (Ma-
gan and Lacey 1984a). Indeed, Ayerst (1969) and
Smith and Hill (1982) found the reciprocal of ger-

mination time to be significantly correlated with
linear growth rates. However, others have surpris-
ingly found that for some Fusarium spp. growth
occurred over a wider Ψ range than for germina-
tion.

It is particularly important to consider not only
single- but also two- and three-way interactions
between environmental factors which might affect
community structure within an ecosystem. This
has seldom been examined in detail. However, us-
ing the stored grain ecosystem as a model, attempts
have been made to predict the dominance of indi-
vidual fungi, niche overlap, and temporal changes
in community structure (Magan and Lacey 1984c,
1985; Magan et al. 2004; Marin et al. 2004). These
studies showed that aw, temperature, and substrate
nutrient status all have a profound influence on an-
tagonism, competitiveness and dominance of indi-
vidual fungi. The production of secondary metabo-
lites, mycotoxins, is also similarly affected and can
contribute to the success of individual fungi by
pre-emptive exclusion from a common resource.
However, for many mycotoxigenic species, the two-
dimensional profiles for germination and growth
have been found to be wider than for mycotoxin
production (Sanchis and Magan 2004).

Scott (1957) suggested that the optimum Ψ for
growth of osmotolerant fungi was dependent on
the predominant solute used in the medium. How-
ever, a range of filamentous spoilage fungi have
been found by Pitt and Hocking (1977) and An-
drews and Pitt (1987) to grow similarly with dif-
ferent solutes. For some soil fungi, distinct dif-
ferences in germination and growth optima have
been found for germination and growth in rela-
tion to ionic/non-ionic osmotic solutes and ma-
tric potential (PEG 6000) alterations (Magan 1988).
Nevertheless, Scott’s (1957) suggestion that abso-
lute growth rate was related to solute type has been
borne out in a number of studies. The radial growth
rates of fungi over a range of Ψ have been found to
vary considerably for species of decomposer fungi,
with lower Ψmin. for growth with glycerol as solute
than with KCl to modify the medium, perhaps be-
cause of the role of glycerol as a compatible solute
at lowered Ψ (Luard 1983; Magan and Lynch 1986;
Marin et al. 1999). Recent studies by Hallsworth
et al. (2003) have suggested that chaotropic solutes
(e.g. phenyls, urea, ethanol and benzyl alcohols)
can impose water stress, and have shown that this
may be another form of water stress, in addition
to osmotropic responses of microorganisms. How-
ever, very few studies have compared these types of
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stress, and assessed whether physiological mecha-
nisms overcoming these are different.

C. Adaptation to Water Potential

Growth under water stress, due to osmotic or
matrix-potential effects, requires the maintenance
of cell turgor for cell functioning, and growth and
reproduction to occur. A shift to a high osmotic/
water potential affects nutrient uptake, protein
biosynthesis and a number of enzyme activities.
To enable internal cell functioning, particu-
larly of essential enzymes, fungi produce so-called
compatible solutes, often polyhydric alcohols or or-
ganic acids. The polyols include glycerol, arabitol,
erythritol and mannitol. The low-molecular weight
polyol, glycerol, is particularly important as it is
able to protect hydrated biopolymers and allows
structural integrity under low-water potential con-
ditions. Glycerol is more important than the other
polyols because it produces a lower aw at a given
molar concentration, followed by arabitol, erythri-
tol and then the higher-molecular weight polyol,
mannitol. The physiology of osmophilic yeasts and
of filamentous xerophilic fungi will be considered
below in more detail, as the mechanisms for
adaptation to water stress can be different.

D. Yeast Physiology and Osmotic Stress

In yeasts, polyols are the main compatible solutes,
glycerol being the predominant polyol and arabitol
the minor one (Edgeley and Brown 1978). How-
ever, there are differences in the way yeast species
use glycerol as a compatible solute. Sensitive iso-
lates of S. cerevisiae have been found to both syn-
thesize and secrete glycerol, thereby maintaining
approx. the same ratio between intra- and extracel-
lular glycerol concentrations (Edgeley and Brown
1978). Experiments in media containing 10% salt
(approx. − 7.0 MPa water potential) showed al-
most a 40-fold increase in the enzyme glycerol-
3-phosphate dehydrogenase. By contrast, the os-
motolerant yeast Zygosaccharomyces rouxii retains
a higher proportion of the same synthesized glyc-
erol within the cell, indicative of a lower perme-
ability of the plasma membrane. Van Zyl and Prior
(1990) demonstrated that, in Z. rouxii, glycerol
was actively transported into the cell via a carrier-
mediated system with a high specificity for glyc-
erol. An active glycerol transport system has also
been demonstrated for another osmotolerant yeast,
Debaryomyces hansenii, which shows an increase

in the production and accumulation of glycerol in
cells at lowered water potentials (Andre et al. 1988;
Larsen et al. 1990), although the importance of the
carrier system has not yet been determined. Recent
studies on yeasts which are being used as biocon-
trol agents suggest that different polyols are ac-
cumulated by taxonomically different species. For
example, Candida sake was shown to accumulate
significant amounts of erythritol under water stress
conditions (Teixido et al. 1998). By contrast, stud-
ies with a xerophilic yeast Pichia anomala showed
that arabitol and the cryo-protectant trehalose were
synthesized to much higher levels than under non-
water stress conditions when a range of solutes were
used (e.g. glucose, glycerol, NaCl, proline; Mokiou
and Magan 2002).

Studies with S. cerevisae and Z. rouxii have
shown that the trigger for glycerol synthesis may
be K+ depletion, because of the transient rapid de-
crease when these yeasts are transferred from high-
to low-osmotic potential media. By contrast, in the
osmotolerant yeast D. hansenii, Na+ is excluded
and K+ accumulated, so that the internal K+:Na+

ratio is much higher than that of the medium.
However, glycerol accumulation is still probably
more important in overcoming such stress. Work
has been concentrated on the way in which yeast
cells may sense and respond to osmotic stress.
Mager and Varela (1993) have proposed the hypoth-
esis that change in external osmolarity is probably
sensed at the plasma membrane as a result of dis-
turbance of ion gradients (e.g. Na+, K+, H+). This

Fig. 6.6. Impact of increased water stress imposed by NaCl
on the relative accumulation of sugars and sugar alcohols by
a xerophilic Aspergillus flavus strain (adapted from Neschi
et al. 2004)
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results in a loss in turgor pressure and a complex
series of molecular events including the protein ki-
nase cascade, leading to modification of enzyme
activities and changes in gene expression. Part of
this process may include synthesis of trehalose and
certain heat shock proteins to help in recovery pro-
cesses of the cell. At the same time, polyols such as
glycerol are produced to restore the turgor pressure
in the yeast cell.

E. Xerophilic Filamentous Fungi

It is interesting to note that, compared with the
wealth of information on physiological adaptation
of yeasts to water stress, much less work has been
carried out on filamentous fungi. Lower filamen-
tous fungi have been found to lack polyols under
water stress but rather to accumulate organic
compounds such as proline in response to lowered
water potentials. Luard (1982b) demonstrated that
Mucor hiemalis, Phytophthora cinnamomi and
Pythium debaryanum all synthesized proline when
grown on media containing either ionic or non-
ionic solutes to modify water potential. Although
these fungi are not xerophilic and are quite sensi-
tive to water stress, proline may act in a similar way
to glycerol in yeasts, enabling enzymes to function
efficiently. However, while osmotic tolerance of
chytrids has been demonstrated, no information
is available on the mechanisms of tolerance and
whether high- or low-molecular weight polyols
are synthesized by these species. For other fila-
mentous fungi, work by Luard (1982a, b) has been
particularly useful in understanding the relative
importance of different polyols in enabling growth
at low water potentials. This showed that the type of
solute present in a medium may influence the ma-
jor polyol accumulated in the mycelium of fungi.
For example, the marine fungus Dendryphiella
salina accumulates glycerol, mannitol and inositol
when grown on media containing NaCl, MgCl and
inositol to modify water potential. Luard showed
that, for xerophilic fungi such as Chrysosporium
fastidium and xerotolerant Penicillium chryso-
genum, glycerol was the major polyol accumulated
in the mycelium, with lower concentrations of
arabitol and erythritol. As water potential was
reduced, mannitol levels decreased, suggesting
that it may function as a carbohydrate source or
energy reserve for glycerol production. Studies by
Hocking (1986) have also shown that xerophilic
fungi accumulate glycerol during active growth

phases but that, when sporulation occurs, glycerol
depletion can occur rapidly, suggesting that it could
be acting as an energy reserve for the production
of conidia. More recent work on non-xerophilic
entomopathogenic fungi has demonstrated that,
depending on the C:N ratio and solute used for
modifying water potential, significant accumu-
lations of glycerol, mannitol and erythritol can
occur in conidia of B. bassiana, M. anisopliae and
P. farinosus (Hallsworth and Magan 1994a, b), and
can provide an ecological advantage in colonizing
insects in the environment, particularly at lowered
aw (Hallsworth and Magan 1995, 1996).

Recent studies have examined whether matric
stress actually does represent a bigger hurdle to
overcome than does solute stress, by quantifica-
tion of polyol accumulation in xerophilic mycotox-
igenic fungi such as the Aspergillus ochraceus and
A. flavi group as well as pathogens such as Fusar-
ium graminearum (Ramos et al. 1999; Neschi et al.
2004; Ramirez et al. 2004). Whereas growth was
more sensitive to matric water stress, with slower
growth rates and narrower ranges of matric po-
tential for growth, the synthesis of polyols was not
significantly different. These studies suggest that
glycerol and sometimes erythritol are accumulated
in significant amounts in the mycelial biomass and
also in the spores under both solute and matric wa-
ter stress. Figure 6.6 shows the effect of increasing
water stress on relative accumulation of sugars and
sugar alcohols in biomass of an Aspergillus flavus
isolate. These results suggest that Griffin’s (1981)
original view that these types of stress have very
different impacts on the physiology of such species
may not hold for some xerophilic species. With the
availability of genomic arrays, it may now be possi-
ble to confirm the similarity or differences between
the impacts of solute and matric stress on the phys-
iology of these fungi, by comparing up- and down-
regulated genes under both conditions. This would
also provide a better understanding of the function
of these biosynthetic pathways in relation to active
growth and survival in different ecosystems and in
relation to secondary metabolite production. These
may further enable species to maintain a competi-
tive edge in naturally fluctuating environments.

V. Anaerobic Fungi

In natural substrata, fungi are often exposed to
atmospheric conditions which are aerobically not
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ideal. Thus, many fungi are microaerophilic and
able to actively colonize substrates under low-
oxygen conditions. Such environments include
aquatic habitats, wood, and man-made grain
ecosystems where elevated CO2 is sometimes used
as part of controlled-atmosphere storage systems.
Dematiaceus hyphomycetes, and some Aspergillus
and Penicillium spp., are good examples of such
fungi. Many other fungi are considered to be facul-
tative anaerobes. Such fungi include Saccharomyces
cerevisiae, and members of the Chytridiomycetes
and Oomycetes, e.g. Blastocladiella ramosa and
Aqualinderella fermentans (Held 1970; Gleason
and Gordon 1989). Gleason and Gordon (1988)
showed that, of four zygomycetes studied (Mu-
corge nevensis, Benjaminiella poitrasii, Mycotypha
microspora and Dispira cornuta), the former two
were strict anaerobes growing under nitrogen.
The others grew under microaerobic conditions
under nitrogen. For such fungi to actively grow,
anaerobic-specific exogenous supplies of nutrients
such as fatty acids, sterols and vitamins are
necessary (Bull and Bushell 1976; Gibb and Walsh
1980; Gleason and Gordon 1988).

In 1975, true anaerobic fungi, morphologically
similar to Chytridiomycete fungi, were found in the
rumen of sheep (Orpin 1975). Since then, several
genera of anaerobic fungi have been isolated and
identified from the rumen of herbivores. These
fungi appear to generally have a vegetative stage
and sporulate by the production of zoospores
which can be mono- or polyflagellate. Because of
their unusual morphological characters, including
the presence of hydrogenosomes and fine struc-
ture, they have been placed in a separate family
aptly called the Anaeromycetales. They are not
parasites but symbiotic, as they utilize nutrients
and also provide nutrients to the herbivore by the
production of volatile fatty acids in the animal
(Trinci et al. 1994).

Fungi such as Neocallimastix frontallis,
Piromonas communis and Spaeromonas communis
are confined to the herbivore rumen and thus
need to compete effectively with a range of other
microflora and fauna, including anaerobic and
facultative anaerobic bacteria, anaerobic protozoa,
and each other. The rumen is a very complex
ecosystem and it is worthwhile comparing the
populations of different organisms in the rumen
to obtain a perspective on the possible interactions
and competitive nature of the different compo-
nents in this type of environment. The rumen
contents commonly contain 106 protozoa, 1010

bacteria and 106 anaerobic fungi per gram. Thus,
in this ecosystem, active competition occurs for
the readily utilizable sugars which may be present
in the structural components of plant material
(Orpin and Ho 1992; Trinci et al. 1994). Effective
competition by anaerobic fungi is also partially
influenced by the pH of the rumen and its contents.
The pH is usually in the range 5.7–7.0 and optimum
growth of anaerobic fungi occurs at pH 6.0–7.0
(Orpin 1975) whereas the temperature range is
relatively narrow and fluctuates only between
37–41 ◦C, depending on the herbivore species.

One of the factors which has made these fungi
such effective inhabitants of this special habitat
is their ability to rapidly catabolize plant mate-
rial, predominantly cellulose and hemicellulose,
to actively grow and multiply in the rumen. It
has been suggested that approx. 8% of the rumen
and hindgut microbial biomass is of fungal ori-
gin and contributes about 30% to cellulose degra-
dation. The life cycle thus consists of two main
stages: a vegetative stage when attached to frag-
ments of digested plant material, and a sporulation
stage when motile zoospores are released. These
zoospores are very important in enabling anaer-
obic fungi to have a competitive advantage over
other organisms. The zoospores, via a chemotac-
tic response, are able to rapidly utilize the nutri-
ents, particularly glucose, sucrose and fructose, in
freshly ingested plant material. They are able to at-
tach themselves to the material, enabling them to
encyst rapidly. The hemicellulose and cellulose are
utilized efficiently whereas the more recalcitrant
lignified tissue is often less effectively metabolized.

Metabolism in anaerobic fungi has been stud-
ied predominantly in Neocallimastix patriciarum,
and operates predominantly via a mixed-acid fer-
mentation resulting in the production of volatile
fatty acids and lactate. Other compounds produced
include ethanol and succinate and, of course, CO2
and hydrogen. There appears to be a close inter-
relationship between some bacteria, particularly
methanogens, which can result in cross-feeding of
fermentation products and more effective break-
down of the plant material.

Biotechnological exploitation of anaerobic
fungi has now become important because of
their ability to perform mixed-acid fermentation,
which is normally carried out by bacteria. Thus,
genes from anaerobic species such as Piromyces
sp. E2 have been inserted into yeasts such as
Saccharomyces cerevisiae for ethanol production.
Recently, a beta-glucosidase gene was cloned from
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the anaerobic species Orpinomyces PC-2; it has
a significantly improved conversion of cellulose
to fermentable sugars (Li et al. 2004). Because
anaerobic fungi are capable of producing a range
of enzymes including cellulases, cellodextrinase,
xylanases, glycosidases and aryl esterases, which
all enable efficient utilization of plant material
in the herbivore rumen in a competitive habitat,
this fungal ecological niche is being exploited for
biotechnological applications. Orpin (1993) and
Trinci et al. (1994) have detailed the importance
of the production of these enzymes by anaerobic
fungi, and which places them at a competitive
advantage in this very specialized ecological niche.

VI. Acidophiles and Alkalophiles

There are distinct ranges of hydrogen ion con-
centration over which biochemical and chemical
processes in cells will effectively and efficiently be
completed. Because the hydrogen ion concentra-
tion affects the ionic state and therefore the possible
availability of inorganic ions and metabolites to the
organism, it is critical in determining the metabolic
activity of cells. Very high concentrations (acidic)
or very low concentrations (alkaline) of hydrogen
ions will have a profound effect on the activity and
thus ability of organisms to effectively live in an en-
vironment. They function best at pH values close
to neutrality. For example, extreme pH can result
in the primary and secondary structure of proteins
being irreversibly damaged. Thus, even if the exter-
nal pH were to be extreme, the internal cellular pH
must be maintained at close to neutrality for effi-
cient cellular functioning. However, the possession
of an osmotic barrier to the external environment
can maintain the cytoplasmic components at a pH
different to that of the surrounding substrate. It is
this ability which has enabled fungi to become es-
tablished in both extremely low- (close to 1) and
high-pH (11) environments (Longworthy 1978).

A. Acidophiles

Acidophiles have been defined as organisms which
are able to grow down to pH 1.0 and are able
to actively grow at pH < 4.0. Although acidophilic
microorganisms are predominantly bacteria, par-
ticularly thiobacilli (Ingledew 1990), a range of
yeasts and filamentous fungi have been found to
grow in very low-pH substrates. Good examples of

low-pH environments include geothermal regions
with high hydrogen sulphide emissions, coal refuse
tips, and acidic copper mine wastes. Most yeasts
grow optimally at pH 5.5–6; some, including Can-
dida krusei, Rhodotorula mucilaginosa and Sac-
charomyces exigua, can grow at pH 1.5–2.0 (Recca
and Mrak 1952; Battley and Bartlett 1966). Species
of Saccharomyces, S. ellipsoideus, S. guttulata and
S. cerevisiae were demonstrated to actively grow at
pH 2.5, 2.0 and 1.9 respectively (Pfaff et al. 1978).

The most acidophilic filamentous fungi
reported to date are Acontium velutium and
a Cephalosporium sp. which were isolated from
laboratory media containing 2.5 N H2SO4 (Starkey
and Waksman 1943). Many other filamentous fungi
have been shown to be able to grow at very low pH
values. Many Aspergillus, Eurotium, Fusarium and
Penicillium spp. can grow down to pH values of
2.0 but also have pH optima of up to 10. Acontium
pullulans was isolated at pH 2.5 from acidic
coal waste and acid streams by Belly and Brock
(1974). Recent studies have attempted to examine
metabolically active eukaryotic communities in
acidic mine drainage systems by using molecular
probes such as fluorescent in situ hybridization
(FISH), and 18S rRNA and beta-tubulin gene
phylogenies and probes for different genera (Baker
et al. 2004; Lopez-Archilla et al. 2004). These
studies have demonstrated that species such as
Dothideomycetes and Eurotiomycetes and a number
of other ascomycete fungi are present in acid mine
drainage. Such culture-independent techniques
are essential to obtain a better perspective on
the fungal community structure in such extreme
environments.

Detailed studies on intracellular pH homeosta-
sis in xerophilic fungi (e.g. Aspergillus niger) are
providing a better understanding of the capacity
for such fungi to tolerate and remain active under
extreme acidic conditions. By using real-time NMR
and 31P, it was possible to examine immobilized
biomass in alginate pellets when exposed to dif-
ferent acidic conditions (Hesse et al. 2002). Vacuo-
lar H+ influx was observed in response to extreme
cytoplasmic acidification, suggesting that home-
ostasis was operating in this organelle in A. niger.
Interestingly, NMR spectra of citric acid-producing
biomass showed that, even in the presence of a very
low pH of 1.8 and a high acid-secreting capacity, the
pH levels in the cytosol and vacuoles were main-
tained at pH 7.5 and 6.4 respectively. This provides
evidence for the adaptation capacity of such fungi
under extreme acidic stress.
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B. Alkalophiles

Akaline environments include soda lakes,
desert soils and alkaline springs where the pH
can often be consistently at about pH 10. In many
cases, the presence of ammonium carbonate,
potassium carbonate, sodium borate or sodium
orthophosphate is responsible for the alkaline
nature of these environments. Alkalotolerant
organisms have been defined as those which grow
optimally at approx. pH 7 but are able to actively
grow at pH values of up to 9–9.5. Alkalophilic
organisms are defined as those which do not grow
at pH < 8.5 or have optimum growth at two pH
units above neutrality (Kroll 1990).

Many fungi are able to grow over a very wide
range of pH values, and often between pH 2 and
11. However, many of these fungi, from 15 dif-
ferent genera including species of Botrytis, Col-
letotrichum, Cladosporium, Fusarium, Penicillium
and Paecillomyces, are most probably alkalotol-
erant. For example, Paecillomyces lilacimus was
described as being alkaliphilic and able to grow
very well between pH 7.5–9.0. True alkaliphilic
Chrysosporium spp. were isolated and described
from bird nests, having a pH maximum for growth
of pH 11. These fungi are specialized keratinolytic
organisms living in a very specialized environment.
Among the yeasts, Exophila alcaliphila, Candida
pseudotropicalis and Saccharomyces fragilis have
been described as being alkalotolerant. However,
few examples of truly alkaliphilic yeasts exist.

C. Mechanisms of Survival in Extreme pH En-
vironments

The hydrogen ion (H+) is a very special cation
because it is a proton with no electrons. In solution,
it becomes hydrated to form the hydronium ion
(H30+). At acid pH, this predominates whereas, at
alkaline pH, the hydroxyl ion (OH−) is dominant.
The protons and the membrane transport and
bioenergetic processes are critical to the ability
of acidophiles and alkalophiles to colonize such
specialized environments. The ability to occupy
these niches is determined largely by the ability
of microorganisms, including fungi, to have
pH controlling systems. This involves efficient
trans-membrane transport systems, so that solutes
needed to achieve intracellular modifications can
be effectively utilized to maintain the membrane
potential with respect to the outside environment.

This entails the efficient control of proton move-
ment into and out of the cells, and the meeting of
necessary energy requirements. It is also linked
with the control of osmotic pressure, because of
the involvement of cations and anions. However,
practically no work has been carried out on the
mechanisms involved in yeasts or filamentous
fungi, having been carried out predominantly with
acidophilic and alkalophilic bacteria. This aspect
has been extensively reviewed by Longworthy
(1978), Ingledew (1990) and Kroll (1990).

Mechanisms of internal pH control have been
reported for bacteria such as Streptococcus faecalis
where the control has been found to be completely
due to the action of ATPase in increasing proton
pump efficiency. For example, in extreme acidic
conditions, the internal pH falls quickly, and ATP
is used to rapidly pump protons out of the bac-
terial cells via ATPase to increase the internal pH
of the cell. In alkalophilic bacteria such as Bacil-
lus alcalophilus, sodium (Na+) is utilized to reverse
the pH gradient under extreme alkaline conditions.
Adaptations of bacteria to enable growth in these
environments include the possession of flagella,
modifications of cell walls and membranes, and in
biochemical activity including respiration and ox-
idative phosphorylation. The extensive studies on
bacteria need to be extended to yeasts and filamen-
tous fungi to enable a more clear understanding of
their occupation of such ecological niches. How-
ever, the possible impact of pH must not be seen in
isolation – organism activity will also be influenced
by interactions between pH, water availability and
osmotic potential, and temperature.

VII. Irradiation and Fungi

The two types of radiation which fungi are ex-
posed to are firstly, non-ionizing radiation due to
solar radiation and ultraviolet (UV) light and sec-
ondly, ionizing radiation from natural and man-
made sources. The most important component of
non-ionizing radiation in the environment is UV-B
light. Because of depletion of the ozone layer, expo-
sure to UV-B light (290–320 nm) has increased and
its impacts on plants and microorganisms is receiv-
ing more attention. Man-made irradiation sources
include gamma-irradiation, which has been used
for a long time as a method of preserving food,
particularly that intended for human consumption
(IAEA-FAO 1978). Microwave radiation has also
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been used increasingly to enable more rapid drying
of substrates and the destruction of pests and mi-
croorganisms, including fungi. However, specific
groups of fungi which, for example, occupy envi-
ronments where they are exposed particularly to
natural radiation from UV light, such as plant sur-
faces (phyllosphere), often have dark pigmentation
of both the mycelium and spores to increase sur-
vival potential.

Work on the effects of UV-B radiation on
saprophytes and pathogens of plants has more
recently received particular attention. For exam-
ple, Ayres et al. (1996) showed that yeasts such
as Sporobolomyces roseus and Crytococcus spp.
had different sensitivities to UV-B light. S. roseus
was less sensitive than Cryptococcus sp. Spore
germination of cereal plant pathogens such as
Septoria nodorum, but not S. tritici, was inhibited
by low doses of UV-B light. Interestingly, isolates
from warmer climatic regions in North Africa
were found to be less sensitive to UV-B fluxes than
were UK isolates (Ayres et al. 1996). Thus, different
strains of the same fungus may have evolved in
very different ways in temperate and subtropical
environments, where exposure to UV-B occurs for
longer periods of time. While radiation damages
DNA of microorganisms to some extent, some are
able to repair radiation-induced damage relatively
quickly to maintain essential metabolic functions.
Thus, some fungi may protect themselves from
natural radiation by, e.g. pigmentation; others may
have developed rapid mechanisms for repair of
damaged DNA.

Man-made radiation from sources such as
gamma rays or microwaves splits water into free
radicals which damage DNA and are highly toxic
to a wide range of fungi. Therefore, the higher the
water content, the more free radicals produced
and the higher the level of DNA damage (Kiss and
Farkas 1977). As mentioned above, a relatively
large amount of information exists on the effect
on fungi alone or those present on agricultural
substrates exposed to various irradiation doses.
Saleh et al. (1988) demonstrated that ten species of
fungi from the genera Alternaria, Aspergillus, Cla-
dosporium, Curvularia, Fusarium and Penicillium
were inactivated by doses of gamma-irradiation
between 0.6 and 1.7 kGy. However, dematiaceous
fungi with a high level of pigmentation were more
resistant than moniliaceous species when tested in
aqueous suspensions or on enriched agar media
(Saleh et al. 1988). Other workers have found that
the concentration required for the destruction of

fungi present on substrates, e.g. temperate and
tropical grains, varied with both grain type and
water content (Cuero et al. 1986; Ramakrishna
1991). On maize, barley and wheat, Penicillium
and Aspergillus spp. were killed by doses of 0.3
and 1.2 kGy respectively, whereas 12 kGy was
necessary to eliminate all filamentous fungi and
yeasts (Cuero et al. 1986; Ramakrishna 1990;
Hamer 1993). However, there are concerns about
the efficacy of irradiation on mycotoxins. There
are conflicting data with some studies reporting
that an increase in mycotoxin formation occurs
after irradiation. It has been suggested that fungal
species in food matrices surviving irradiation may
grow more rapidly in the absence of competitors.
Other views are that irradiation can make more
nutrients available and this could have an influence
on the ability of surviving species to colonize such
matrices rapidly (Farkas 1989; Monk et al. 1995;
Shea 2000).

Microwave energy has also been used partic-
ularly in the agricultural and food industries for
disinfection processes. Exposure of fungi directly
or of fungi contaminating different agricultural
substrata has been carried out (More et al. 1992;
Cavalcante and Muchovej 1993). The microwave
energy used is dependent on the frequency (often
1250 MHz) and the time period of exposure. For in-
stance, a 30-s exposure at different power levels can
represent energy inputs of between 2.25 and 18 kJ.
As for gamma irradiation, moisture content of the
medium can significantly influence resistance or
sensitivity to the chosen energy level. In naturally
contaminated sorghum grain, between 9–18 kJ
of energy completely destroyed Eurotium spp.,
Aspergillus candidus, A. niger, Penicillium spp.
and species of Cladosporium and Alternaria (More
et al. 1992). Interestingly, germination of spores
of Aspergillus flavus, A. niger, Colletotrichum spp.,
Fusarium oxysporum and Bipolaris sorokiniana
on slides directly at 6, 9 and 18 kJ for periods of
0–7 min significantly reduced viability. Single-
celled spores were more sensitive to microwave
exposure than multi-celled spores, and dark-
pigmented spores (A. niger, B. sorkiniana) were
less affected by exposure to such concentrations of
microwaves than were hyaline spores (Cavalcante
and Muchovej 1993).

It may be that dark pigmentation forms
sites which absorbed ionising or non-ionising
radiation, thereby preventing more direct damage
to DNA. However, bacterial mutants devoid of
pigments were not found to be more sensitive
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than wild types protected by pigments (Nasim
and James 1978). It is now believed that DNA
repair mechanisms are predominantly responsible
for radiation resistance. The mechanisms of
DNA repair involve both photo and dark repair,
depending on whether visible light is involved.
The reader is referred to the review by Strike and
Osman (1993) for more detailed information on
DNA repair mechanisms.

VIII. Conclusions

This review has covered a wide range of highly com-
plex stressed ecosystems which contain specialized
communities of fungi. For some extreme environ-
ments, e.g. water, temperature stress, a wealth of in-
formation is available. The rapid development and
availability of molecular-based techniques have al-
lowed significant advance to be made in more de-
tailed analyses of fungal communities based on
direct measurements, as opposed to culture tech-
niques only. The unravelling and public availability
of whole genomes of yeasts and filamentous fungi,
such as Aspergillus fumigatus, A. flavus, A. nidulans
and now some Fusarium species, will enable much
more detailed knowledge to be obtained on the
function of gene clusters under different ecophys-
iological conditions which simulate or mimic nat-
ural fluxes in extreme environments, and will en-
able the switches and triggers involved in germina-
tion, growth, survival, secondary metabolite pro-
duction and competitiveness in such highly com-
plex ecosystems to be understood. An understand-
ing of the functioning of fungi in these extreme en-
vironments could also provide a wealth of new en-
zymes, pigments and pharmaceutical leads which
could be exploited biotechnologically.
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I. Introduction

Biogeography is the study of distribution patterns
of organisms in space and time, including the study
of factors determining these patterns. These fac-
tors comprise actual conditions such as climate,
soil, the availability of hosts and substrates, and
dispersal capacity of species as well as historical
conditions, including geological and evolutionary
processes. Biogeographical studies on fungi are rel-
atively scarce, due mainly to methodological prob-
lems. A bibliography on distribution maps of fungi
has been published by Kreisel in Feddes Reperto-
rium from 1970 onwards. Information on distribu-
tion patterns is important for our understanding
of evolutionary processes and patterns of biodiver-
sity but also in such practical disciplines as control

1 Holthe 21, 9411 Beilen, The Netherlands

of crop pests, plantation forestry and nature con-
servation. In view of the increasing disturbance of
ecosystems by human activities and the growing
public focus on applied research, conservation of
fungi has become a topic of rising interest.

II. Mapping of Fungi

A. Methods

Mapping of fungi is basically a simple procedure:
the collecting of records of a certain taxon in a cer-
tain area from different sources and plotting these
on a topographical map. However, in practice, this
work is hampered by a number of complications
proper to fungi (Kreisel 1985; Redhead 1989;
Pringle and Vellinga 2006):

1. Problems in detection of mycelia Ideally, map-
ping of fungi should be based on observations
of mycelia, since mycelia are functionally the
most important part of a fungus. However,
mycelia are usually living within the substrate
and can only rarely be identified in the field
using morphological characters, e.g. some
genera forming mycelial strands, such as the
honey fungus. In addition, ectomycorrhizal
fungi may be identified by characteristic struc-
tures on root tips of host plants (Horton and
Bruns 2001). Recently, molecular techniques
have been developed to identify mycelia in
soil samples (Landeweert et al. 2003). Most
saprotrophic microfungi can be isolated and
identified only by special techniques (Gams
1992).
The above methods of detection depend on the
analysis of small soil samples in the order of
100 cm3. Therefore, these methods are effective
only in small-scale plots, e.g. a forest stand. Be-
cause of the extremely small size of the samples
relative to the volume of the substrate, it is very
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unlikely that less-common species be detected
by these techniques.

2. Problems in detection of sporocarps Sporocarps
can be observed and identified much more
easily than mycelia, in particular of macro-
fungi. Therefore, most mapping programmes
are based on inventories of these propagation
structures. Complications are the ephemeral
character of most sporocarps and the strong
annual fluctuations in sporocarp production.
In addition, some groups of ascomycetes
and basidiomycetes produce hypogeous
sporocarps which are difficult to detect for
that reason (Lawrynowicz 1990). A more
fundamental objection against this approach
is that the distribution of sporocarps may not
necessarily reflect the distribution of mycelia.
Some species may be common in a vegetative
state but rarely produce sporocarps, and vice
versa. For instance, at the community level
it has been demonstrated that 70% of the
ectomycorrhizal root tips in a Sitka spruce
plantation were occupied by the corticioid fun-
gus Tylospora fibrillosa (Burt) Donk whereas
the bulk of ectomycorrhizal sporocarps were
produced by agarics (Taylor and Alexander
1991).

3. Defective taxonomic knowledge Many groups
of fungi are in need of critical revision, and nu-
merous taxa still have to be described. For in-
stance, in well-investigated Europe the number
of known species of the agaric genus Entoloma
increased between 1992 and 2004 by 39%, from
246 to 342 (Noordeloos 2004). In addition, tax-
onomic concepts are still changing, also be-
cause of new molecular techniques. Among
the 50 species mapped in Europe by Lange
(1974), selected because they were “well de-
fined and easy to identify”, at least four species
are now regarded as species complexes, e.g.
Armillaria mellea (Vahl.: Fr.) Kumm. This fun-
gus proved to comprise five biological species
with different distribution patterns in Europe
(Kile et al. 1991). Problems on conspecificity
become more complex when distant areas are
compared, such as North America, Europe and
East Asia (Redhead 1989).

4. Availability of data Distributional data come
from herbarium collections, records in the lit-
erature, databases and unpublished observa-
tions in notebooks, etc. Reliable data are scanty
in most parts of the world. Even in relatively
well-investigated Europe, the data are often

inappropriate to provide realistic distribution
patterns (Lange 1974).

5. Accessibility of data Even if data are available,
it may be problematic to trace all relevant in-
formation. This problem can be solved by es-
tablishment of central databases for records of
fungi, at present realized mainly at a national
level, e.g. in Germany, Great Britain, Sweden,
The Netherlands, Belgium and Australia.

Indeed, the gaps in our knowledge are still enor-
mous but the situation at present is not so hopeless
that “writing an essay on the geographical distri-
bution of fungi is to attempt to accomplish an im-
possible task” (Pirozynski 1968).

In practice, two different, although not clearly
separated, approaches exist to mapping of fungi.
In the monographic approach, specialized tax-
onomists collect records on a particular group of
fungi, usually only herbarium collections and in
combination with a taxonomic revision (Kreisel
1967; Demoulin 1971; Lawrynowicz 1990). The
distribution patterns are therefore reliable in a tax-
onomic context but, at the same time, relatively
inaccurate because of the limited data. The second
approach concerns mapping programmes, which
are usually carried out on a national or regional
scale. Such programmes attempt to collect as many
records as possible on the occurrence of selected
(but not necessarily taxonomically related) species
(Lange 1974) or all species in a certain area
(Krieglsteiner 1991; Nauta and Vellinga 1993).
The data come from different sources, including
literature records and unpublished observations,
and are collected by many mycologists, both
professional and amateur. As a result, the maps
are less reliable from a taxonomic point of view
but more accurate because of the larger number of
observations.

B. Maps and Scales

Distributional studies are carried out and pre-
sented at different geographical scales: (1) global
patterns may reveal relations to macroclimate,
host distribution and historical factors (Fig. 7.1);
(2) continental patterns may, in addition, be
related to mesoclimate (e.g. mountain ranges)
and large-scale edaphic patterns, e.g. zonal soils
(Figs. 7.2, 7.3 and 7.4); (3) regional patterns,
often studied within the political borders of
a country, may express more subtle differences of
the landscape – for instance, patterns of alluvial
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Fig. 7.1. World distribution of Phaeosphaeria nodorum (E. Müller) Hedjar (CAB International Mycological Institute 1992)

deposits in river valleys or human influence by
agriculture or forestry (Figs. 7.5, 7.6); (4) local
patterns are studies within a single landscape or
stand, and may be related to microclimate, and
distribution patterns of plant communities and
individual plants (Fig. 7.7).

Results of biogeographical studies can be pre-
sented on different kinds of maps (Kreisel 1985):

1. Outline maps, where borders of the known
distribution areas are indicated with a line
(Fig. 7.1). One disadvantage here is that the
original records are not indicated. Conse-
quently, it is impossible to detect possible
differences in density inside a given area and
to provide an alternative interpretation of the
distribution.

2. Dot maps, where each record or locality is indi-
cated by a separate sign (Fig. 7.2). This method
is more accurate and objective than an outline
map, the accuracy being slightly influenced by
the size of the dot (Lange 1974). However, when
research efforts are not evenly spread over the
mapped area – which is often the case – con-
centrations of dots may be artefacts, marking
rather the activities of mycologists than the
abundance of the fungus (Kreisel 1985). Dot
maps can be combined with outline maps.

3. Grid maps, where the records are plotted in
a topographical grid with units of a given con-
stant size (Figs. 7.3, 7.5 and 7.6). The accuracy

of grid maps is intermediate between that of
dot maps and outline maps, and depends on
the mesh size of the grid. It varies with the size
of the investigated area: usual grid units are,
for instance, 50×50 km for Europe (Fig. 7.4),
12×13 km for Germany (Fig. 7.5) and 4×4 km
for Belgium (Fig. 7.6). The applied grid may
be a national grid indicated on topographical
maps of a country (Fig. 7.5) or an international
grid – for instance, in Europe the UTM grid
(Figs. 7.4, 7.6), also used for the mapping of
vascular plants and invertebrates. The lines of
the grids can be deleted thereafter (Fig. 7.4).
The different grids used in different European
countries hamper an easy integration of data
on a continental scale.

III. Distribution Patterns

A. Global Distribution

Maps on the world distribution of plant pathogenic
fungi are published by CMI and revised at irregular
intervals – for example, the map of Phaeosphaeria
nodorum (E. Müller) Hedjar, an ascomycete
occurring on various grasses, including cereals
(Fig. 7.1). Nowadays, it has a subcosmopolitan
distribution, following cultivated host plants
almost everywhere. The original range is difficult
to trace, however, as in many other pathogens on
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Fig. 7.2. Examples of distribution patterns of agar-
ics in North America. a Marasmius epiphyllus (Pers.:
Fr.) Fr. with boreotemperate distribution. b Maras-
miellus candidus (Bolt.: Fr.) Sing. with bicoastal dis-

tribution. c Marasmius plicatulus Pech with western
temperate distribution. d Marasmius pyrrhocephalus
Berk. with eastern temperate distribution (Redhead
1989)
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Fig. 7.3. World distribution of Lycoperdon echinatum Pers.:
Pers. (in Europe) and its vicariant L. americanum Demoulin

(in America). Each rectangle represents one degree lati-
tude × one degree longitude (Demoulin 1987)

cultivated crops. Data on the global distribution
of non-pathogenic fungi depend largely on the
availability of world monographs. General ideas
on distribution patterns of fungi have evolved
in the course of time (Demoulin 1971). In the
19th century, it was thought that most fungal
species inhabit small areas, comparable to those
of phanerogams. In contrast, in the first decades
of this century, it was generally assumed that most
fungi are (sub)cosmopolitan. Since 1930, these op-
posite viewpoints have merged into the notion that
few species are truly cosmopolitan but that, never-
theless, distribution areas of fungi are larger than
the ranges of most vascular plants (Diehl 1937).
In addition, distribution areas of soil-inhabiting
and marine microfungi seem to be generally
larger than those of larger fungi (Pirozynski 1968;
Volkmann-Kohlmeyer and Kohlmeyer 1993).

Data on global patterns in some monographed
groups of macrofungi are summarized in Ta-
ble 7.1. The subdivision into distribution types is
necessarily strongly simplified. Ryvarden (1991)
stressed the large distribution areas of genera of
polypores, being mostly either (sub)cosmopolitan
(23%), circumpolar (26%) or pantropical (17%).
Relatively few genera are endemic to one continent
where they are usually widely distributed, in

contrast to many genera of phanerogams with
very restricted distribution areas. Redhead (1989)
stated that transatlantic disjunction patterns are,
in general, exhibited by vascular plants at the
generic or family level but by agarics at the species
level, just as they are for lichenized ascomycetes
and bryophytes. Hallenberg (1991) drew similar
conclusions on the basis of distribution patterns of
Corticiaceae. In Lentinus Fr., most species (78%)
are tropical but only very few species (3%) are
pantropical or (sub)cosmopolitan (5%; Pegler
1983a). Pantropical species seem to be lacking in
Thelephora Ehrh.: Fr. whereas 39% of the species
are endemic to Southeast Asia (Corner 1968).
The proportions of supracontinental distribution
areas are also low for Bovista Pers.: Pers. and
Scleroderma Pers.: Pers., although these puffballs
produce enormous amounts of airborne spores
(Kreisel 1967; Guzman 1970). The number of
(sub)cosmopolitan species among Ascobolus Pers.
and Saccobolus Boud. is very high (Van Brummelen
1967). This may be due to their specialized ecology:
most species grow on dung, and ascospores must
pass through the intestines of grazing animals.
On the other hand, dispersal of the heavy spores
over large distances seems unlikely. Many species
may, in fact, have spread by introduction of cattle



110 E.J.M. Arnolds

Fig. 7.4. Distribution of Lycoperdon echinatum Pers.: Pers.
in Europe accordimg to UTM grid. Each dot represents

a square of 50 × 50 km. The dashed line indicates the dis-
tribution area of Quercus robur L. (Demoulin 1987)

to other continents. In contrast, the proportion of
European species is also very high; this may be due
to undercollecting in other parts of the world.

Distribution patterns of fungi are, in general,
so similar to the ranges of phanerogams, albeit at
different taxonomic levels, that they are likely to be
determined by the same environmental and histor-
ical factors. Some data supporting the importance
of geological phenomena are:

1. Some species and genera are common to
southern South America and Australia or
New Zealand, e.g. mycorrhizal symbionts of
Nothofagus. They may be considered as rem-
nants of populations fragmented by the break
up of Gondwanaland approximately 100 mil-
lion years ago (Horak 1983; Ryvarden 1991).

2. A number of species show a disjunct distribu-
tion in Europe and (eastern) North America,
or two closely related vicariant species exist in

these areas. These patterns may be explained
by the opening of the Atlantic in the Eocene
(Demoulin 1973).

The species diversity of most taxonomic groups is
considerably larger in North America than in Eu-
rope, which may be caused by different possibilities
for reaching refugia during Pleistocene glacial pe-
riods (Redhead 1989).

The ideas on historical events are not in con-
flict with palaeontological evidence. Fossil basid-
iomycetes are known from the Middle Pennsylva-
nian, approximately 300 million years b.p. (Dennis
1970).

An alternative hypothesis for the explanation
of supracontinental ranges of fungi is the existence
of efficient long-distance spore dispersal (Redhead
1989; Hallenberg 1991; Ryvarden 1991). Arguments
against this hypothesis are (1) the large majority
of spores are deposited in close proximity to the
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Fig. 7.5. Distribution of Lycoperdon echina-
tum Pers.: Pers. in Germany. Each square rep-
resents 12 × 13 km (Krieglsteiner 1991)

source; (2) most spores are not viable after a stay in
higher atmospheric strata; (3) the chance of reach-
ing an appropriate substrate and microhabitat is
small in many cases; (4) many basidiomycetes must
establish a dikaryon; the chance that two compat-
ible colonies are formed close to each other is ex-
tremely small; (5) wind dispersal by spores does
not necessarily imply genetic exchange between al-
lopatric populations.

Consequently, also for most fungi, dispersal
is likely to be restricted by geographic barriers,
such as oceans and mountain ranges. Circumstan-
tial evidence is given by some pathogenic fungi
which were introduced to other continents and
caused catastrophic epidemics in newly available
host plants. Apparently, they were unable to spread
so far without human assistance. In the cosmopoli-
tan, wood-inhabiting fungus Schizophyllum com-
mune, very limited intercontinental gene flow was
found, although populations from various conti-
nents are still able to interbreed (James et al. 1999).

B. Local Endemics

Many species and even genera of vascular plants
are restricted to small areas in the order of 1 to
1000 km2. Concentrations of such local endemics
are found in isolated areas surrounded by effective
barriers against dispersal – for instance, remote
islands and isolated mountains. The percentage of
local endemic plant species may exceed 50%. There
is no evidence that this is also true for fungi.

The mycoflora of some islands has been
adequately described, e.g. of the Lesser Antilles
by Pegler (1983b), but comparable information on
surrounding areas is not available. It is generally
thought that local endemics are non-existent or
scarce among fungi, except for species restricted
to endemic host plants. However, the situation is
rather paradoxical, since many species of fungi
are known only from their type locality and,
consequently, are potential local endemics. In the
monographs listed in Table 7.1, the percentage
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Fig. 7.6. Distribution of Lycoperdon
echinatum Pers.: Pers. in Belgium ac-
cordimg to UTM grid. Each square
represents 5×5 km (except in the cor-
rection area). The dotted line repre-
sents the altitude of 400 m (Demoulin
1987)

of species known from one locality ranges only
from 10% in Scleroderma to 28% in Ascobolus and
Bovista. Even the monograph of the striking genus
Hygrophorus sensu lato (Agaricales) in relatively
well-investigated North America includes 96 taxa
out of 244 (39%) which are known only from
the type locality. Among these, 21 species were
collected exclusively before 1920 (Hesler and Smith
1963).

The following questions arise: are these species
truly endemic, do they fruit sporadically, and have
some simply escaped the attention of mycologists?
Only more intensive field research can provide the
answer. It is striking that some fungi are subse-
quently recorded quite far away from the origi-
nal location. For instance, Bovista verrucosa (G.H.
Cunn.) G.H. Cunn. was described by Kreisel (1967)
on the basis of two collections, one from Piedmont,
Italy (1857), and one from South Australia (1922).
Squamanita odorata (Cool) Bas is a very remark-
able agaric, discovered in The Netherlands in 1915
and observed there since then at approximately 30
localities. It was long thought to be endemic to
The Netherlands but it seems to be spreading now
in West Europe. It was reported from Denmark
in 1948, Germany (1963), Norway (1968), Switzer-
land (1989) but, remarkably, also from the north-
western United States in 1951. Such patterns may
be caused by introductions but evidence is lack-
ing. Other examples of odd disjunct distribution
patterns were given by Pirozynsky (1968).

C. Continental Patterns

Continental patterns of fungi have been studied
mainly in Europe, North America and, more re-
cently, in Australia (Grey and Grey 2005). The sec-
ond Congress of European Mycologists initiated
a mapping programme for 100 selected species of
macrofungi. Maps of 50 species were published by
Lange (1974). Lange distinguished seven climato-
logically determined distribution patterns. In ad-
dition, the occurrence of some species appeared
to be determined by edaphic factors. Only one
species showed a more or less disjunct distribu-
tion, viz. Phallus hadriani Vent.: Pers., with centres
in the coastal dunes of West Europe and continental
steppe areas in Central Europe. Some species were
restricted to sub-Arctic and alpine regions in North
Europe, others to the Central European mountains,
although there are many similarities in climate and
soil. These differences may be caused by isola-
tion of these areas since the Pleistocene glaciations
but also actual environmental factors (e.g. differ-
ences in soil temperatures in summer) may play
a role.

Redhead (1989), in his overview of the dis-
tribution of Canadian fungi, provided dot maps
of 78 species in North America. He distinguished
13 main types of distribution patterns, largely
coinciding with those of phanerogams. Four types
are shown in Fig. 7.2. Many fungi appear to be
restricted to parts of the continent east and west
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Fig. 7.7. Spatial distribution of five Russula species in 32
subquadrats (5 × 5 m) in a forest of Castanopsis cuspidata
and Pasania edulis near Fukuoka, Japan. The numbers of the
left indicate the abundance of basidiocarps, over a period
of 2 years (Murakami 1987)

of the Rocky Mountains. This mountain range
and the prairie area of the Midwest may be an
effective barrier for numerous species. Some
species occupying the entire boreal zone show
subtle differences in morphology and/or ecology.
Redhead (1989) suggested that these differences
may be the results of survival of eastern and
western populations in different refugia during
Pleistocene glaciations. In Europe, Murat et al.
(2004) reconstructed the postglacial colonization
routes of Tuber melanospermum in France, using
polymorphism in ribosomal DNA.

In Australia, dot maps of 100 target species were
recently published by Fungimap, a national orga-
nization coordinating the activities of volunteers
(Grey and Grey 2005). The maps show distinctive
patterns of species restricted to native eucalypt
forests (e.g. Boletellus obscurecoccineus (Höhn.)
Sing.), coastal rainforests (e.g. Cymatoderma
elegans Jungh.), southern temperate Nothofagus
forests (e.g. Cortinarius metallicus (Bougher et al.)
Peintner et al.), and arid areas in the centre of the
continent (e.g. Podaxis pistillaris (L.: Pers.) Fr.).
Patterns of some introduced species (e.g. Amanita
muscaria (L.: Fr.) Lam.) are presented, too.

D. National and Regional Patterns

In principle, studies on regional distribution pat-
terns are less complicated than those on large-scale
distribution: data are easier to collect and subject
to less taxonomic and nomenclatural problems. Re-
gional studies have been carried out mainly in Eu-
rope and published in a wide variety of journals
and books. In some countries, systematic mapping
programmes have been initiated, e.g. in Germany,
Great Britain, The Netherlands and also in Aus-
tralia. The first distribution atlas on macrofungi has
been published in Germany (Krieglsteiner 1991,
1993; Fig. 7.5). It contains grid maps (without ac-
companying text) of 5,500 taxa, based on about
3,000,000 records. An annotated atlas of 370 se-
lected macrofungi was published in The Nether-
lands (Nauta and Vellinga 1995).

As an example, distribution maps of differ-
ent scales are presented of the saprotrophic, well-
characterized puffball Lycoperdon echinatum sensu
lato (Figs. 7.3, 7.4, 7.5 and 7.6). They may illus-
trate some problems encountered with mapping
and the interpretation of the results. The world
distribution of L. echinatum sensu lato covers tem-
perate areas in Europe and eastern North America
(Fig. 7.3). However, Demoulin (1971) discovered
that the North American populations are morpho-
logically different from the European ones, and de-
scribed the new species, Lycoperdon americanum.
Consequently, what seemed to be a species with
a disjunct area proved to be two vicariant species.

The distribution of L. echinatum in Europe is
almost restricted to the nemoral zone, dominated
by deciduous, broad-leaved trees, such as Quercus
robur L., of which the area is indicated on the map
(Fig. 7.4). It is tempting to interpret this pattern
in terms of ecological dependence on deciduous
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Table. 7.1. Percentages of species or genera of some groups of macrofungi in different parts of the world

Reference Ryvarden Pegler Corner Kreisel Guzman Van Brummelen
(1991) (1983a) (1968) (1967) (1970) (1967)

Taxonomic Polypores Lentinus Thelephora Bovista Scleroderma Ascobolus
group

Basidiom. Basidiom. Basidiom. Basidiom. Basidiom. Ascom.
Principal Wood Wood Soil Soil Soil Dung
substrate
Principal Saprotroph Saprotroph Mycorrhizal Saprotroph Mycorrhizal Saprotroph
way of life

Necrotroph Saprotroph
Taxonomic Genera Species Species Species Species Species
units
Number 132 63 49 46 20 61
of taxa
Known from 9 12 13 13 10 17
one locality
1. (Sub)cosmopolitan 23 5 4 2 5 28
2. Temperate/
mediterranean
a. Bipolar – – – 4 15 –
b. Boreocircumpolar 26 5 6 2 5 –
c. Southern 1 2 – 11 – –
temperate
d. Eurasia 1 – 2 11 – –
e. Europe 2 3 10 2 – 23
f. Asia 2 3 6 13 – 1
g. Europe – – 4 4 20 20
and N. America
h. E. Asia 3 – 4 – – –
and N. America
i. N. America 3 4 10 22 25 10
3. Tropical
a. Pantropical 17 3 – 4 – 5
b. Paleotropical 4 11 – – – –
c. Africa 5 14 2 7 15 –
d. S.E. Asia 4 13 39 2 – 1
e. Tropical America 7 24 8 9 15 7
f. Australia/ 1 13 2 7 – 5
Pacific

forests but, within the nemoral zone, the species
can be found also in conifer plantations. Conse-
quently, it is more likely to be limited by climatolog-
ical factors, in particular temperature. The species
seems to be much more common in north-western
Europe than in the southwest, southeast and east
but this might very well be an artefact due to un-
dercollecting in these regions (Demoulin 1987).

The distribution in Belgium, on the basis of
a 4×4 km grid (Fig. 7.6), provides again more de-
tailed information. The species is lacking in the
north and west of the country as well as in the Ar-
dennes mountains above 400 m. Demoulin (1987)
suggested that climatological factors caused its ab-
sence in the Ardennes. However, L. echinatum is
found in adjacent western Germany in many areas
above 500 m (Fig. 7.5). It seems that its regional

distribution is primarily determined by soil condi-
tions, since L. echinatum is absent or scarce in all
areas with acid, sandy or peaty soils with humus
of the mor type: western Belgium, north-western
Germany and also The Netherlands. Rather, it is
widespread in areas with forests on calcareous,
loamy soils producing mull humus. On the other
hand, the occurrence of L. echinatum in mountains
above 1000 m on the Mediterranean island of Cor-
sica, also noted by Demoulin (1987), seems to be de-
termined by the climate and not by soil conditions.

E. Local Patterns

Distribution patterns of fungal species in a stand
are usually not regarded as the subject of biogeo-
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graphic research but, rather, as part of mycocoeno-
logical studies. For instance, Jansen (1984) stud-
ied the distribution of macrofungi in oak forests
in The Netherlands using a grid of 40 subplots
of 5×5 m within 1000 m2 plots. She was able to
demonstrate correlations between the occurrence
of certain plants and fungi. Murakami (1987) did
the same for Russula species in 32 subplots of 25 m2

in a Japanese Castanopsis-Pasania forest (Fig. 7.7).
He demonstrated that the three dominant species
(R. densifolia Gill., R. laurocerasi Melz., R. lep-
ida Fr.) showed little spatial overlap whereas two
other species (R. castanopsidis Hongo and R. lilacea
Quel.) were found fruiting in much lower numbers
scattered over the plot. The analysis of the distri-
bution of individual mycelia or genets in stands is
considered to belong to the domain of population
biology.

F. Recent Changes in Distribution Patterns

Studies on changes in distribution patterns
depend on the availability of accurate data on
geographical ranges from different periods. Such
data are known on a global scale only for some
pathogenic fungi on plants. Changes in regional
distribution patterns or frequencies of macrofungi
have been investigated by (1) repeated mapping,
(2) comparison of representative samples of the
local mycoflora over the years, (3) comparison of
sporocarp counts in selected stands or plots in
different periods and (4) in some cases, data on the
supply of edible fungi to local markets (Arnolds
1988a, b; Arnolds and Jansen 1992). Direct com-
parison between numbers of records or occupied
grid units of a certain species during different
periods (methods 1 and 2) is usually inadequate
to draw conclusions on increase or decrease. The
use of correction factors was described by Arnolds
and Jansen (1992) and Nauta and Vellinga (1993).

IV. Expansion of Distribution Areas

Expansion of the range of fungi may be caused by
natural colonization of new areas by propagules,
introduction of host plants outside their natural
range, and introduction of fungi outside their nat-
ural range. Introductions may be intentional or ac-
cidental. In practice, it is often difficult to trace the
origin of species because of lack of reliable histori-
cal data (Pringle and Vellinga 2006).

Few well-documented examples exist of
spontaneously expanding fungi. A striking
phenomenon is the recent increase of some
wood-inhabiting Aphyllophorales in the North-
west European lowland, for instance, Fomes
fomentarius (L.: Fr.) Fr., Pycnoporus cinnabarinus
(Jacq.: Fr.) Donk (Kreisel 1985; Thoen et al. 1998),
Plicaturopsis crispa (Pers.: Fr.) D. Reid (Arnolds
and Van den Berg 2001) and Schizopora flavipora
(Cooke) Ryvarden (Keizer 1990). The causes of
these extensions of range are unknown. There
have been suggestions attributing them to clima-
tological change, changes in forestry practices,
and decline of tree vitality.

Another group of increasing macrofungi in
Europe comprises agarics such as Stropharia
rugosoannulata Farlow, S. aurantiaca (Cooke) P.D.
Orton and Psilocybe cyanescens Wakef (Kreisel
1985; Arnolds and Van den Berg 2005). These
species are characteristic of mixtures of fertile soil
and wood chips. Such habitats were rare in the past
but are increasing, in particular in urban areas. The
most spectacular example of this group is Agrocybe
rivulosa Nauta, a species first found in The Nether-
lands in 1999 and formally described only in 2004.
Nowadays, it is one of the most common species
in this habitat, rapidly spreading in West Europe.
The invasive character of this species suggests that
it may be originally introduced, which may be true
for other species of this ecological group as well.

In Europe, also some ectomycorrhizal fungi
are recently spreading northwards, e.g. the sub-
Mediterranean Amanita caesarea (Scop.: Fr.) Pers.
in Belgium, probably as result of global warming
(Fraiture and Walleyn 2005).

A. Introductions of Plants

The artificial extension of ranges of plants by in-
troduction creates a new potential environment for
associated parasites, symbionts and saprotrophs.
Fungi may colonize the new area spontaneously
by propagules or may be introduced together with
plant material. On the other hand, the lack of com-
patible mycorrhizal symbionts can limit the spread-
ing of alien plants (Richardson et al. 2000).

All over the world, many trees are planted
on a large scale outside their original range. In
northwest Europe, for instance, Picea abies (L.)
Karsten and Larix decidua Miller are widely used
in forestry. These trees are native to North Europe
and the Central European mountains. Only part
of the host-specific ectomycorrhizal symbionts
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follow their tree outside its natural range, the
number of species decreasing with increasing
distance from the original habitat. For instance, in
Picea plantations in The Netherlands, only 12 host-
specific symbionts are found, most of them being
rare, whereas over 50 species are native to Central
Europe. Only six Larix symbionts occur in eastern
Germany and The Netherlands (Kreisel 1985). In
these cases, dispersal is probably not inhibited by
geographical barriers but rather by environmental
conditions. Local strains of fungi with a broad
host range are apparently better adapted to these
conditions, and occupy their niches.

Also North American trees were introduced
into Europe on a large scale, e.g. Pseudotsuga men-
ziesii (Mirbel) Franco, Picea sitchensis (Bong.) Car-
riere and Quercus rubra L. Only very few specific
symbionts of these trees have found their way into
Europe, which may at first sight indicate the effec-
tiveness of the Atlantic as a barrier for spore dis-
persal. However, all introduced Pseudotsuga sym-
bionts remain local and rare. Also in this case, local
strains take the niches of the original symbionts.

Some ectomycorrhizal trees have been in-
troduced in areas where suited native symbiotic
fungi are lacking. Successful forestry depends in
these cases either on accidental import of ectomy-
corrhizal fungi with nursery trees or on artificial
inoculation of nursery plants with selected strains
(Grove and Le Tacon 1993; Richardson et al. 2000).
Diez (2005) demonstrated that successful foresta-
tion with Eucalyptus in Spain depends on the
accidental introduction of some ectomycorrhizal
symbionts from Australia. Native fungi were never
found in association with Eucalyptus. Introduced
Pinus spp. in New Zealand, South Africa and
many tropical countries are associated with
ectomycorrhizal species from the original areas in
Europe and North America (Dunstan et al. 1998).
The spreading of some ectomycorrhizal fungi
outside their original area is well documented –
for instance, of Amanita muscaria in Australia
and New Zealand (Sawyer et al. 2001; Bagley and
Orlovich 2004) and of Amanita phalloides outside
Europe (Pringle and Vellinga 2006).

B. Introductions of Fungi

Many pathogenic fungi have been introduced ac-
cidentally into new areas, sometimes with detri-
mental effects on valuable crops. A well-known
example is the introduction of Phytophthora in-

festans (Mont.) de Bary, the cause of late blight
in potato, in Europe around 1845, resulting in the
notorious famine in Ireland where 1,000,000 people
died. The coffee rust, Hemileia vastatrix Berk. & Br.,
arrived in Ceylon in 1869 and destroyed 200,000 ha
of coffee plantation in 20 years; it converted the
British from coffee drinkers into tea drinkers. It is
sometimes suggested that such epidemics are typ-
ical of monocultures. However, the introduction
of Cryptonectria parasitica (Murr.) Barr from East
Asia into North America around 1900 almost exter-
minated the American chestnut, Castanea dentata
Borkh., an important component of native forests.
Almost equally detrimental was the introduction
from China into The Netherlands around 1915 of
Ceratocystis ulmi (Buisman) C. Moreau, causing
wilting of elm trees (Dutch elm disease; Campbell
and Madden 1990).

These catastrophic introductions have led on
the one hand to quarantine procedures to prevent
unwanted introductions, on the other to the use
of some fungi for biological control of introduced
weeds. Successful examples are the suppression of
the weed Chondrilla juncea L. by the rust fungus
Puccinia chondrillina Bubak & Syd. in Australia and
the USA, and of Ageratina riparia on Hawaii by an
unidentified Cercosporella-like fungus (Evans and
Ellison 1990).

Less is known about accidental introductions
of saprotrophic and mycorrhizal fungi (see also
Sect. IV.A.). Most known cases of successful
introductions concern Phallales, which combine
a striking appearance with limited spore-dispersal
capacity (spread by insects) and a preference
for disturbed habitats – for instance, in Europe
Mutinus ravenelii (Berk. & Curt.) E. Fischer and
M. elegans (Mot.) E. Fischer from North America
and Anthurus archeri (Berk.) E. Fischer from the
southern hemisphere (Kreisel 1985). The extension
of the latter species was described in detail by
Parent et al. (2000). Some edible mushrooms were
recently purposefully introduced into plantations
outside their original range, in particular truffles
(Yun and Hall 2004).

C. Decline and Extinction of Fungi

The dramatic loss of natural and semi-natural
habitats on earth, caused by human activities,
is reflected in the rarification or extinction of
many vascular plants and animals. It is inevitable
that fungi are subject to the same environmental
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Fig. 7.8. Distribution of Sarcodon imbricatus in the
Netherlands in the periods 1890–1949 (left), 1950–1972

(centre) and 1973–1985 (right). Dotted Acid, Pleistocene
sands; hatched calcareous, Holocene sands (Arnolds 1989)

changes. Nevertheless, to my knowledge, not
a single species has been reported to be definitely
extinct on a global scale. This is certainly in part
an artefact caused by limited research efforts in
this field, and the methodological complications
outlined above. How do we know that a rare
species has really disappeared when its ephemeral
sporocarps have been collected at intervals of many
years at scattered localities (see also Sect. III.B.)?
Nevertheless, it is probably true that fungi are
less vulnerable to extinction than vascular plants
because (1) there are few species endemic to small
areas; (2) their dispersal capacity is, in general,
larger, at least on a continental scale; (3) it is hardly
possible to purposefully exterminate fungi, e.g. by
harvesting of sporocarps, as has been the case for
some plants and larger animals.

However, decline and extinction of regional
populations of macrofungi were observed in sev-
eral parts of Europe. Evidence of a considerable de-
cline in some ecological and taxonomic groups of
fungi has stimulated efforts for fungal conservation
(see section below). Here, only one example of a re-
gionally nearly extinct fungus is described in some
detail in order to illustrate some of the methodolog-
ical problems encountered. It concerns the decline
in The Netherlands of Sarcodon imbricatus (L.: Fr.)
P. Karst., an obligate ectomycorrhizal species of
coniferous trees, producing large epigeous sporo-
carps. The species was reported as common in the

eastern Netherlands up to the 1950s, became rare
in the next decade and was recorded from only four
localities in the period 1973–1985 (Arnolds 1989;
Fig. 7.8). Nowadays (2006), it is found at only one
locality. The maps are only a weak reflection of its
true decline, because of the enormous increase in
mycofloristic research in The Netherlands: from the
decade 1980–1989, over 200,000 records on macro-
fungi are available and, from all the years before
1950, only 11,000. The decrease of this species is
better expressed as a proportion of the total num-
ber of fungal records, decreasing from 0.21% before
1949 to less than 0.005% since 1980.

V. Conservation of Fungi

Conservation of fungi has only recently become
an issue of major concern (Winterhoff and
Krieglsteiner 1984; Arnolds 1991a). Research in
this field is restricted mainly to macrofungi, and
geographically to Europe and North America.
Motives for the increasing attention to fungal
conservation on both continents are the rapid de-
cline of some habitats rich in rare and specialized
species, and concern on the sustainability of mass
collecting of edible wild mushrooms. In Europe,
extensive evidence exists for severe decrease of
some species in certain areas (Arnolds 1988a,
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b, 1991b). In addition, international concern on
decrease of biodiversity in general, culminating
in 1992 in the United Nations Conference on the
Environment and Development in Rio de Janeiro
and the Convention on Biological Diversity (’Rio
convention’), has promoted interest in the fate of
fungi and other micro-organisms.

It is generally accepted that the most important
strategy for conservation of fungi is in situ conser-
vation of their natural environment (Staley 1997;
Moore et al. 2001). For species threatened with ex-
tinction, ex situ cultivation may offer a (temporary)
conservation strategy, e.g. for Pleurotus nebroden-
sis (Inzenga) Quël., an endemic species in Sicily
(Venturella and La Rocca 2001).

The most important nongovernmental organi-
zation for global nature conservation is the Interna-
tional Union for Conservation of Nature (IUCN).
It is, for instance, responsible for the edition of
global Red Data Lists of endangered organisms
and the formulation of criteria for such lists (IUCN
2005). The IUCN founded a specialist group for
fungi in 1990 with representatives of most conti-
nents. Unfortunately, this group has not been very
active since. In Europe, conservation issues are
initiated mainly by professional and amateur my-
cologists, often united into mycological societies
(Moore et al. 2001). Intensive cooperation takes
place in a permanent European Council for Con-
servation of Fungi (ECCF), erected during the ninth
Congress of European Mycologists in 1985. The
council organizes specialist meetings devoted to
conservation, at regular intervals (Senn-Irlet 2005).

A. Red Listing

One of the main tools for the conservation of fungi
is the publication of Red Data Lists, originally an
acronym for ‘Rarity, Endangerment and Distribu-
tion Data lists’. They consist of enumerations of
species which are considered to be threatened in
their long-term survival in a given area. The aims
of Red Lists are (1) to inform mycologists in order
to stimulate research on threatened species and in
areas where many such species are present; (2) to
facilitate the use of mycological data by nature
conservationists and environmental planners for
protection and management of nature areas; (3) to
inform decision-makers and politicians, in order
to develop measures and laws in favour of fungal
conservation; (4) to provide data for the selection
of species for monitoring programmes; (5) to

provide data for the selection of species to be
protected by law.

Several categories of threatened species qualify
for a Red List: (1) Extinct species which have not
been observed during a considerable period in spite
of extensive field surveys; (2) Critically Endangered
species, facing an extremely high risk of extinction;
(3) Endangered species, facing a very high risk of
extinction; (4) Vulnerable species, facing a high
risk of extinction. Besides these, some other
categories are distinguished: Near-Threatened,
when the species is likely to meet one of the threat
categories in the near future; Least Concern, when
a species does not qualify for one of the above cat-
egories; Data Deficient, when there is inadequate
information to make a direct or indirect assessment
of its risk of extinction. Three main parameters
are used to determine the threat status of a species:
(1) decline of the population; (2) geographical
range size and (3) population size. These have re-
cently been elaborated for each Red List category in
often complicated, quantitative parameters (IUCN
2005). There are special directives for application
of these criteria at regional levels (IUCN 2005).

The IUCN approach to the Red Listing proce-
dure is designed mainly for animals with discrete
individuals and well-defined populations. Applica-
tion to fungi is possible only after adaptation of
the criteria. A global list of threatened fungi does
not exist and is unlikely to appear in near future.
Virtually all species would qualify as Data Deficient
on a worldwide scale. National Red Lists of fungi
have been published to date in 25 European coun-
tries, in some countries already in several editions.
A recent survey was published by Arnolds (2001).
Most lists are restricted to macrofungi, since micro-
fungi qualify almost automatically as data deficient.
However, some microfungi are considered in some
countries, mostly species associated with threat-
ened host plants (Denchev 2005). In such cases, the
qualification of the fungus as threatened is usually
based on indirect evidence.

Most of the Red Lists are still based on expert
judgement, rather than on numerical data and
quantitative criteria, but some more recent lists use
emended IUCN criteria. The number of species in-
corporated ranges between 17 in the former USSR
to 1,655 in The Netherlands. It is evident that these
values are by no means representative of the real
threats to the Mycota in various countries. Indica-
tive is the difference in the number of listed species
in comparable countries such as Latvia (38 species)
and Lithuania (740 species). It is clear that the crite-
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ria and aims of the various lists are widely different.
A total number of 4,400 species of macrofungi is
included in one or more of the national lists, about
30% of the estimated total number of European
species. These species belong to saprotrophic fungi
on soils (35%), ectomycorrhizal species (31%),
saprotrophs on wood (28%), parasitic fungi on
trees (2%) and even some fungi on dung (1%). It is
evident that the number of threatened species on
a continental scale is much lower. A first attempt to
a Red List for Europe was made by Ing (1993), enu-
merating 278 species. His selection was based on
the number of national lists in which a species is in-
cluded. However, this is not a satisfactory criterion
because the threat to species with a restricted dis-
tribution area is thereby underestimated. A revised
European Red List, using quantitative IUCN crite-
ria, is in preparation by ECCF (Senn-Irlet 2005).

Outside Europe, Red Lists of fungi have been
published in the USA for the states Oregon and
Idaho (Molina et al. 2001).

B. Threatened Fungi and Their Habitats

From a comparison of Red Lists, it appears
that some ecological and taxonomic groups of
fungi deserve special attention regarding their
conservation.

1. Species largely restricted to pristine and
old-growth forests, mainly lignicolous fungi
on large logs and other woody debris, in-
cluding many polypores. This is certainly the
most widespread and important threatened
ecological group throughout the world, as the
result of increasing logging. Also sustainable
timber harvests with selective cutting of large
trees only may do much harm to the vast
group of fungal species dependent on large
logs and other coarse woody debris. In Europe,
most of these species are at present restricted
to forest reserves in remote parts of Scandi-
navia and the Central European mountains
(Kotiranta and Niemela 1993; Parmasto 2001).
In the north-western USA, conservation of
old-growth forests and their characteristic
organisms is a major political issue which
has lead to extensive mycological research
efforts (Molina et al. 2001). A monitoring
programme has been initiated to survey
221 indicator species, subdivided into four
categories in terms of frequency (uncommon
or rare) and the possibilities of predisturbance

surveys (Castellano et al. 2003). The flagship of
threatened fungi is here Oxyporus nobilissimus
W.B. Cooke, a very rare polypore with gigantic
basidiomes on huge stumps of Abies and
Tsuga, and endemic to this region. Federal
laws stipulate that 240 ha of habitat will be
preserved at each known fruiting location of
this species (Pilz and Molina 1996). In the
tropics, almost no information is available on
threatened fungi but the rapid loss of tropical
forests must necessarily go hand in hand with
unnoticed loss of mycological biodiversity.
Numerous species may even become extinct
before they are ever discovered and described.

2. Fungi characteristic of peat bogs, fens and
other wetlands, often associated with Sphag-
num spp. or other bryophytes, e.g. Armillaria
ectypa (Fr.) Herink, listed on Red Lists in
10 European countries. These habitats are
widespread in the northern hemisphere
but, in most areas, they are subject to peat
excavation, drainage activities, reclamation
and/or afforestation. In Europe, extensive
undamaged bogs are at present found mainly
in Scandinavia, the Baltic states and Russia.

3. Saprotrophic fungi characteristic of coastal
and inland sand dunes, sometimes also steppe,
including many gasteromycetes, for instance,
of the genera Geastrum Pers.: Pers., Tulostoma
Pers.: Pers. and Disciseda Czern. These are
threatened throughout Europe by sand exca-
vation, recreational activities, afforestation,
and natural succession on remaining relics
(Winterhoff and Krieglsteiner 1984).

4. Saprotrophic fungi of old, nutrient-poor,
unfertilized meadows and hayfields, including
many species of Hygrocybe (Fr.) Kumm,
Entoloma (Fr.) Kumm., Dermoloma (J. Lange)
Herink, Clavariaceae and Geoglossaceae, are
strongly threatened in most parts of Europe.
The distribution of grassland relics rich in
Hygrocybe species is well documented in
The Netherlands (Arnolds 1988a, b), Great
Britain (Newton et al. 2003) and Denmark
(Raid 1985). The decline of grassland fungi
in Sweden was described by Nitare (1988),
who used Geoglossaceae as indicator species.
Grassland fungi are threatened on the one
hand by intensification of grassland use (e.g.
use of dung and fertilizers), on the other
by abandonment and afforestation, both
processes being promoted by EEC agricultural
policy.
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5. Many ectomycorrhizal fungi, associated with
both frondose and coniferous trees, have
strongly declined since 1960 in some densely
populated and industrialized parts of Europe.
Reports on decline come mainly from the
Czech Republic (Fellner 1993), parts of Ger-
many (Derbsch and Schmitt 1987) and The
Netherlands (Arnolds 1988a, 1991b; Nauta and
Vellinga 1993). The decrease in ectomycor-
rhizal sporocarps is most prominent in forests
on acidic soils poor in nutrients and humus,
including well-known edible species such
as Cantharellus cibarius Fr.: Fr. and Boletus
edulis Bull.: Fr. (Derbsch and Schmitt 1987;
Jansen and Van Dobben 1987). The decrease in
sporocarps may or may not coincide with a re-
duction of mycorrhizal rootlets (Dighton and
Jansen 1991). The decline of ectomycorrhizal
fungi is generally attributed to the effects of
air pollutants on trees (reduced photosyn-
thesis) and soil (acidification and nitrogen
accumulation; Jansen and Van Dobben 1987;
Arnolds 1991b; Dighton and Jansen 1991).
Recently, a strong reduction in the emission of
acidifying agents in some regions has lead to
partial recovery of the ectomycorrhizal flora
(Arnolds and Van den Berg 2001; Fellner and
Landa 2003).

C. Mycological Reserves
and Nature Management

The erection of nature reserves by conservation
authorities is very rarely primarily based on the
significance of its mycoflora. Because it is generally
accepted that fungi are optimally conserved when
their habitats are preserved (Staley 1997), this sit-
uation is not necessarily dramatic. However, some
habitats appear to be mycologically very important
whereas their flora and fauna are not of particular
interest. It is an important task for mycologists to
identify these cases and to draw special attention to
their fate. In Great Britain, The Netherlands and the
USA, various methods have been developed to de-
fine and recognize important fungal areas (Jalink
and Nauta 2001; Molina et al. 2001; Newton et al.
2003). In addition, the European organization for
conservation of wild plants, Planta Europa, cur-
rently includes data on fungi in its programme for
the selection of important plant areas.

An important and often neglected aspect of
fungal conservation is appropriate management of

habitats in and outside nature reserves. In com-
pletely natural habitats, such as primeval forests
and bogs, every form of human interference is
usually disadvantageous for maintenance of bio-
diversity, including fungi. However, in exploited
forests, semi-natural habitats and cultural land-
scapes, some kind of management may be useful
or even necessary. In production forests, a certain
proportion of living trees and coarse dead wood
might be left behind after cutting in order to favour
the survival of mycorrhizal and wood-inhabiting
fungi. Management of poor grasslands by cutting
or grazing is essential to prevent natural succession
to forests (Nitare 1988; Keizer 2003). In polluted ar-
eas, removal of contaminated litter may help to re-
store the ectomycorrhizal flora in forests. Adequate
management of roadsides may create refugia for
endangered grassland fungi and ectomycorrhizal
species (when planted with trees) in cultural land-
scapes. Surveys of the relations between manage-
ment and fungi are given by Keizer (1993, 2003).

D. Harvests of Wild Edible Mushrooms
and Legal Protection

Picking of mushrooms for private consumption is
a tradition since centuries in many parts of the
world. Only in the last decade of the 20th cen-
tury have commercial harvesting and trade of wild
mushrooms become a booming business, and a ma-
jor source of income for some rural communities in
eastern and southern Europe, western North Amer-
ica, Africa and China (Arora 2001; Chiu and Moore
2001; Boa 2004). At the same time, it has become
a major source of concern for mycologists and na-
ture conservationists who query whether this har-
vest is sustainable in the long run. This question is
not yet definitely answered.

Some authors stress that normal harvests
have been intensive in many regions but without
demonstrable decrease of mushroom production
(Arora 2001). They believe that the generally
long-living mycelia, enormous production of
spores, and great dispersal capacity of fungi guar-
antee the long-term survival of these organisms,
provided that appropriate habitats are maintained
and harvesting methods are not destructive.
This opinion is supported by research in two
forest plots in Switzerland, where all epigeous
sporocarps were removed with weekly intervals
during 29 years. No significant effects were found
on species diversity and sporocarp production of
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any species (Egli et al. 2006). A similar experiment
on picking of Cantharellus formosus (Corner)
during 13 years in Oregon (USA) also showed
an absence of significant effects (Norvell 1995).
However, trampling of the soil, a normal side-effect
during collecting, reduced sporocarp production
temporarily by about 30%, apparently by damage
to primordia (Egli et al. 2006). Productivity
recovered after termination of trampling of the
soil. Destructive harvesting occurs only when
the top soil is thoroughly disturbed by raking or
digging in search of, e.g. truffles and very young
(and very precious!) sporocarps of Tricholoma
matsutake (S. Ito & Imai) Sing. and allies, with
detrimental damage to mycelia.

Other authors use additional arguments
against unlimited gathering of (edible) fungi.
Some stress the possible importance of sufficient
spore production for the colonization of new areas.
Sporocarps are food not only for humans but also
for some wild animals, and they may occupy an
important link in food webs in the forest. An in-
teresting example is the importance of hypogeous
sporocarps for the survival of squirrels in the
north-western USA, in their turn the staple food
for the endemic and endangered Great spotted
owl (Strix occidentalis; Molina et al. 2001). Many
other possible interactions, e.g. with numerous
specialized insects feeding on sporocarps, are still
to be discovered. In addition, not only scientific but
also ethical and esthetical arguments play a role in
the debate, such as the possibility for perception
of undisturbed nature by naturalists and walkers.

In many European countries, harvesting of
mushrooms is regulated in some way or another.
However, the restrictions differ from one country
to another. In general, no extraction of any natural
material is allowed in national parks and other
strict nature reserves. This is also true for the USA.
In some countries, e.g. the Czech Republic and
Hungary, some species, including edible ones, are
protected by law, so that collecting is prohibited
everywhere and at any time. In The Netherlands,
no national regulations exist; in some municipal-
ities, however, any collecting of any mushroom
is prohibited whereas, in others, no legislation
exists. In Switzerland, regional regulations exist
that restrict collecting to certain quantities and
certain periods. Data on the effectiveness of these
and other regulations are not available.

In Europe, international legislation is becom-
ing increasingly important for nature conservation,
also on a national scale, e.g. by the Bern conven-

tion, including lists of protected species and pro-
tection of their habitats, the Habitat directive and
the Natura 2000 programme, offering protection to
many valuable sites. Most groups of plants and an-
imals, including some bryophytes and lichens, are
covered by this legislation but fungi not, and this
despite attempts by ECCF to add some macrofungi
to the species lists protected under the Bern con-
vention. There is still a long way to go before conser-
vation of fungi is as well regulated as that of more
popular and well-known groups of organisms.

VI. Conclusions

Biogeographical information on fungi is becoming
increasingly important for the understanding of
evolutionary processes and biodiversity patterns
as well as for control of spread of crop pests and for
nature conservation. However, this kind of infor-
mation is still scanty, scattered over the literature
and, therefore, often difficult to obtain. Gathering
knowledge on distribution patterns of fungi is
often hampered by the biological properties of
these organisms and by methodological problems.
Relatively little is known on global distribution
patterns as well as the frequency and significance
of local endemism. Programmes for mapping
of (macro)fungi exist in only some European
countries.

Expansion of ranges of fungi has been docu-
mented mainly for plant pathogens, usually due
to accidental introductions and sometimes with
profound effects on ecosystem functioning or crop
production. Relatively few examples exist of sapro-
trophic or mycorrhizal fungi invading other con-
tinents. On the other hand, in some areas, in par-
ticular densely populated parts of Europe, a dra-
matic decline of many species has been recorded.
These changes in the mycoflora are caused mainly
by the destruction of (semi)natural habitats and
environmental pollution. In particular, ectomyc-
orrhizal species appear to be sensitive to acidifi-
cation and eutrophication of forest ecosystems. It
is to be expected that similar losses of biodiver-
sity are currently taking place in other parts of the
world, in particular the tropics, but escaping our
attention. The exploration and documentation of
biodiversity of fungi in these areas are therefore
urgently needed. Effective conservation of fungi
can be achieved only within the context of integral
ecosystem protection and management.
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I. Introduction

Due to the adverse environmental effects of
pesticides that create health hazards for human
and other nontarget organisms, including the
pests’ natural enemies, these chemicals have
been the object of substantial criticism in recent
years. The development of safer, environmentally
feasible control alternatives has therefore become
a top priority. In this context, biological control
is becoming an urgently needed component of
agriculture.

1 Department of Plant Sciences, Weizmann Institute of Science,
Rehovot 76100, Israel
2 Department of Plant Pathology and Microbiology, The Hebrew
University of Jerusalem, Faculty of Agriculture, Rehovot 76100,
Israel

Biological control of plant pathogens is defined
as the use of biological processes to lower inoculum
density of the pathogen, with the aim of reducing
its disease-producing activities (Baker and Cook
1974).

Biological control may be achieved by both di-
rect and indirect strategies. Indirect strategies in-
clude the use of organic soil amendments that en-
hance the activity of indigenous microbial antag-
onists against a specific pathogen. Another indi-
rect approach, cross-protection, involves the stim-
ulation of plant self-defense mechanisms against
a particular pathogen by prior inoculation of the
plant rhizosphere with a nonvirulent strain or other
nonpathogenic rhyzo-competent bacteria or fungi.
Successful protection resulting in induced resis-
tance has been documented for viruses, bacterial
pathogens, and fungi (van Loon et al. 1998; Harman
et al. 2004; Haas and Defago 2005).

The direct approach involves the introduction
of specific microbial antagonists into soil or plant
material (Cook and Baker 1983). These antagonists
have to proliferate and establish themselves in
the appropriate ecological niche in order to be
active against the pathogen. Antagonists are mi-
croorganisms with the potential to interfere with
the growth and/or survival of plant pathogens,
and thereby contribute to biological control. An-
tagonistic interactions among microorganisms in
nature include parasitism or lysis, antibiosis, and
competition. These microbial interactions serve
as the basic mechanisms via which biocontrol
agents operate. An elucidation of the mechanisms
involved in biocontrol activity is considered to
be one of the key factors in developing useful
biocontrol agents. Of the numerous biocontrol
agents examined, only a few have been subjected
to a thorough analysis of the mechanisms involved
in the suppression of the pathogen. In this chapter,
we shall use examples to briefly demonstrate the
different mechanisms, and will concentrate on
mycoparasitism.

Environmental and Microbial Relationships, 2nd Edition
The Mycota IV
C. P. Kubicek and I. S. Druzhinina (Eds.)
© Springer-Verlag Berlin Heidelberg 2007
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A. Antibiosis

Handelsman and Parke (1989) restricted the defini-
tion of antibiosis to those interactions that involve
a low-molecular-weight diffusible compound, or an
antibiotic produced by a microorganism that in-
hibits the growth of another microorganism. This
definition excluded proteins or enzymes that kill
the target organism. Baker and Griffin (1995) ex-
tended the scope of the definition to “inhibition or
destruction of an organism by the metabolic pro-
duction of another.” This definition includes small
toxic molecules, volatiles, and lytic enzymes.

The production of inhibitory metabolites by
fungal biocontrol agents has been reported in the
literature over the last five decades (Bryan and
McGowan 1945; Dennis and Webster 1971a, b;
Ghisalberti and Sivasithamparam 1991). Gliocla-
dium virens is a common example of the role of
antibiotics in biological control by fungal antag-
onists. Gliovirin is a diketopiperazine antibiotic
that appears to kill the fungus Pythium ultimum
by causing coagulation of its protoplasm.

Howell and Stipanovic (1983) obtained
gliovirin-deficient mutants of G. virens via ultravi-
olet mutagenesis. These mutants failed to protect
cotton seedlings from P. ultimum damping-off
when applied to the seeds, whereas the normal
parent strain protected the seedlings. Moreover,
a gliovirin-overproducing mutant provided con-
trol similar to that of the wild type, although
it exhibited a much lower growth rate. A com-
bination of G. virens treatment of cotton seed
with reduced levels of the fungicide metalaxyl
provided diseased suppression equal to that of
a full fungicide treatment (Howell 1991). An
extensive review on antibiosis and production of
Trichoderma secondary metabolites is provided in
Howell (1998). Baker and Griffin (1995) concluded
that the impact of antibiosis in biological control is
uncertain. Even in cases where antifungal metabo-
lite production by an agent reduces disease, other
mechanisms may also be operating. Synergism
among various lytic enzymes, and between en-
zymes and antibiotics has been shown to be very
critical for the activity of many biocontrol agents
(reviewed by Woo et al. 2002).

B. Competition

Many plant pathogens require exogenous nutri-
ents to successfully germinate, penetrate, and infect

host tissue (Baker and Griffin 1995). Garrett (1965)
concluded that the most common cause of death in
a microorganism is starvation. Therefore, competi-
tion for limiting nutritional factors, mainly carbon,
nitrogen, and iron, may result in biological control
of plant pathogens.

Research over the years has concentrated on
competition by bacterial biocontrol agents, mainly
for iron (Fe). However, fungal antagonists have re-
ceived very little attention. Sivan and Chet (1989)
found that a strain of T. harzianum (T-35) that con-
trols Fusarium spp. on various crops may operate
via competition for nutrients and rhizosphere col-
onization.

The potential of microorganisms, which are
applied as a seed treatment, to proliferate and es-
tablish along the developing root system has been
named rhizosphere competence (Ahmad and Baker
1987). When T-35 conidia were applied to soil en-
riched with chlamydospores of F. oxysporum f. sp.
melonis and f. sp. vasinfectum, and amended with
low levels of glucose and asparagine, the ability
of the chlamydospores to germinate was reduced.
This inhibitory effect could be reversed by adding
an excess of glucose and asparagine or of seedling
exudates to the soil. After its application as a seed
treatment, this strain effectively colonized the rhi-
zosphere of melon and cotton, and prevented col-
onization of these roots by F. oxysporum. Thus,
competition for carbon and nitrogen in the rhi-
zosphere, as well as rhizosphere competence itself
may be involved in the biocontrol of F. oxysporum
by T. harzianum strain T-35 (Sivan and Chet 1989).

C. Mycoparasitism

Mycoparasitism is defined as a direct attack on
a fungal thallus, followed by utilization of its nu-
trients by the parasite. The term hyperparasitism
is sometimes used to describe a fungus that is
parasitic on another parasitic pathogenic fungus.
Barnett and Binder (1973) divided mycoparasitism
into: (1) necrotrophic (destructive) parasitism, in
which the relationships result in death and destruc-
tion of one or more components of the host thallus,
and (2) biotrophic (balanced) parasitism, in which
the development of the parasite is favored by a liv-
ing, rather than a dead host structure.

Necrotrophic mycoparasites tend to be more
aggressive, have a broad host range extending to
wide taxonomic groups, and are relatively unspe-
cialized in their mode of parasitism. The antag-
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onistic activity of necrotrophic mycoparasites is
attributed to the production of antibiotics, toxins,
or hydrolytic enzymes in proportions that cause
the death and destruction of their host. Biotrophic
mycoparasites, on the other hand, tend to have
a more restricted host range and produce special-
ized structures to adsorb nutrients from their host
(Manocha 1990).

The parasitic relationships between fungi and
their significance in biological control are the sub-
jects of this chapter. Both types of mycoparasitism
are described and discussed in the scope of their
contribution to biological control. We will con-
centrate on the morphological, biochemical and
molecular aspects of mycoparasitism in relation to
biological control. The ecological aspects of this
phenomenon are discussed in Jeffries (1997).

II. Mycoparasites as Biocontrol Agents

Many comprehensive reviews on mycoparasitism
in biological control in general have been pub-
lished over recent years (Chet 1990; Deacon 1991;
Elad and Chet 1995; Benitez et al. 2004). Due to
their nature, only a few examples of biotrophic my-
coparasites as biocontrol agents exist (Ayers and
Adams 1981; Sztejnberg et al. 1989; Adams 1990).
Necrotrophic mycoparasites, being more common,
saprophytic in nature, and less specialized in their
mode of action, are easier to study. As a result, the
majority of the mycoparasites used as biocontrol
agents in greenhouse or field trials to date have
been necrotrophs. In this chapter, we will empha-
size those examples in which the research that has
been carried out is both applied and basic in nature.

A. Biotrophic Mycoparasites

1. Sporidesmium sclerotivorum

Sporidesmium sclerotivorum is a dermatiacesus
hyphomycete that was isolated from field soil by
Uecker et al. (1980). In nature, the fungus has been
found to be an obligate parasite on sclerotia of
Sclerotinia sclerotiorum, S. minor, S. trifoliorum,
Sclerotium cepivorum, and Botrytis cinerea (Ayers
and Adams 1981). In response to chemicals
released by the host’s sclerotia, macroconidia of
S. sclerotivorum in the soil germinate and the
germ tubes infect the sclerotia. When volatile
compounds secreted by sclerotia of Sclerotinia
minor, Sclerotinia sclerotiorum, and Sclerotium

rolfsii were tested to determine if they could stim-
ulate germination of conidia of S. sclerotivorum,
none of the chemicals alone or a combination of
all chemicals induced germination (Fravel et al.
2002). The hyphae penetrate the intercellular
matrix of the conidia, which is composed mainly of
β-glucans (Ayers et al. 1981). The production and
activity of haustoria by the mycoparasite stimulate
the host sclerotia to increase their glucanase, and
probably other enzyme activities, resulting in the
degradation of glucan into available glucose (Bul-
lock et al. 1986). The mycoparasite establishes itself
in the sclerotia, where its mycelium grows out into
the surrounding soil to infect additional sclerotia
and to produce new macroconidia (Adams et al.
1984). The interaction between S. sclerotivorum
and Sclerotinia minor depends on both the host
and parasite density (Adams 1986). The infection
process is favored by soil pH, water potential and
temperature (20–22 ◦C) (Adams and Ayers 1980).

Under field conditions, a single application of
an S. sclerotivorum preparation at a concentra-
tion of 102 or 103 macroconidia g–1 soil caused
a 75–95% reduction in the number of sclerotia of
S. minor per plot. Control of lettuce drop caused
by S. minor in these plots varied from 40–83% in
four consecutive lettuce crops (Adams and Ayers
1982). These results were significant but not eco-
nomically important (Adams 1990). Adams (1990)
concluded that “one of the biggest obstacles to prac-
tical biological control is the large quantity of the
agent necessary to achieve biological control when
applied directly to soil in the field.” He therefore
suggested two alternatives: (1) to add sclerotia of
S. minor or a nonpathogenic Sclerotinia that is also
a host of S. sclerotivorum that are already infected
by the mycoparasite; (2) to apply a low dosage of the
mycoparasite preparation to a diseased crop, and
then immediately incorporate the treated crop into
the soil. This latter procedure ensures that a high
percentage of the mycoparasites will be present in
the soil in close contact with the sclerotia of the
pathogen. Although the author assumes that these
alternatives are easier and more practical, neither
has been explored to any significant extent (Adams
1990). Field studies were later conducted (Del Rio
et al. 2002) to evaluate the effectiveness of S. sclero-
tivorum to control Sclerotinia stem rot of soybean.
Experimental plots were infested with S. sclerotivo-
rum macroconidia at a rate of 0, 2, or 20 spores per
cm2. Two years later, the disease was completely
suppressed in all plots. S. sclerotivorum was re-
trieved from all infested plots at all locations 2 years
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after infestation with sclerotia of S. sclerotiorum as
bait. This paper constitutes the first report describ-
ing the biocontrol of a disease on field crops that
may be employed economically.

2. Ampelomyces quisqualis

Ampelomyces quisqualis, a hyperparasite on
Erysiphales, has been reported as a biocontrol
agent of powdery mildews (Sztejnberg et al. 1989).
An isolate of A. quisqualis obtained from an Oid-
ium sp. infecting Catha edulis in Israel proved to be
infective to several powdery mildew fungi belong-
ing to the genera Oidium, Erysiphe, Sphaerotheca,
Podosphaera, Uncinula, and Leveillula. In field
trials, A. quisqualis parasitized the powdery
mildews of cucumber, carrot, and mango, and
reduced the disease. A. quisqualis was tolerant to
many fungicides used to control powdery mildews
and/or other plant diseases. Treating powdery
mildew of cucumber (cv. Hazera 205) with spores of
A. quisqualis alone significantly decreased disease
severity and increased cucumber yield by approxi-
mately 50%. Combining the fungicide pyrazophos
with the mycoparasite resulted in a larger increase
in cucumber yield (Sztejnberg et al. 1989).

Treating powdery mildew-infected zucchini
leaves with A. quisqualis increased the rates of
photosynthesis from 3.8 μmol CO2 m−2 s−1 in
untreated plants to 10.2, compared to 12.8 in un-
infected healthy plants (Sztejnberg and Abo-Foul
1990). Electron micrographs of leaf sections of dis-
eased cucumber plants revealed marked deteriora-
tion on the morphological organization of chloro-
plast membranes. Chloroplasts of A. quisqualis-
treated plants seemed undamaged, like those of un-
treated plants (Abo-Foul et al. 1996). Fluorescence
measurements (e.g., low-temperature fluorescence
emission spectra, and room-temperature fluores-
cence transients) indicated a disease-correlated
increase in levels of uncoupled chlorophyll (Abo-
Foul et al. 1996). A simple, inexpensive medium
based on potato dextrose broth (PDB) was devel-
oped for mass production of infective spores of
A. quisqualis in fermentation for biological control
(Sztejnberg et al. 1990), which was later developed
in the commercial biofungicide AQ10.

The interaction between the hyperparasite
A. quisqualis and its host fungi was studied by
Hashioka and Nakai (1980) and Sundheim and
Krekling (1982). The infection process of the
cucumber powdery mildew Sphaerotheca fuliginea

by A. quisqualis was studied by scanning electron
microscopy. Within 24 h after inoculation, the
hyperparasite had germinated, and the germ tubes
had developed appressorium-like structures at
the point of contact with the powdery mildew
host. Both conidia and hyphae were parasitized
by penetration. Within 5 days of inoculation,
the hyperparasite had developed pycnidia with
conidia on the powdery mildew hyphae and
conidiophores (Sunhdeim and Krekling 1982).
Hashioka and Nakai (1980) used both transmission
and scanning electron microscopy to study the
hyphal extension and pycnidial development of the
mycoparasite A. quisqualis Ces. inside the hyphae,
and conidiophores of several species of powdery
mildew fungi belonging to Microsphaera, Erysiphe,
and Sphaerotheca. The mycoparasite cells grew
normally inside the host cells, despite gradual
degeneration of these latter cells. The invading
hyphal cells of the mycoparasite migrated into the
neighboring host cells by constricting themselves
through the host cell’s septal pore. The mycopar-
asite extended hyphae inside the conidiophores
of the hosts, and formed pycnidia consisting of
a unicellular outer layer and interior cells that
later differentiated into conidiogenous structures
(Hashioka and Nakai 1980). Recent studies based
both on morphological and life cycle parameters
and ribosomal DNA internal transcribed spacer
region 1 sequence analysis have shown that isolates
previously attributed to the genus Ampelomyces
were actually isolates of Phoma spp. Phoma
glomerata can colonize and suppress development
of powdery mildew on oak, and may have utility as
a mycoparasitic agent (Sullivan and White 2000).

B. Necrotrophic Mycoparasites

1. Pythium nunn

Pythium nunn is a mycoparasite isolated from soil
suppressive to a plant parasitic Pythium sp. When
this mycoparasite was introduced into soil con-
ducive to Pythium sp., the competitive saprophytic
ability of this isolate was suppressed. An inverse re-
lationship was found between propagule densities
of the plant pathogen and of the antagonist P. nunn
(Lifshitz et al. 1984b).

The modes of hyphal interaction between the
mycoparasite P. nunn and several soil fungi were
studied by both phase-contrast and scanning elec-
tron microscopy (Lifshitz et al. 1984a). In the zone
of interaction, P. nunn massively coiled around
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and subsequently lysed hyphae of P. ultimum
and P. vexans without penetration. In contrast,
P. nunn penetrated and eventually parasitized
hyphae of R. solani, P. aphanidermatum, Phy-
tophthora parasitica, and P. cinnamomi, forming
appressorium-like structures. However, P. nunn
was not mycoparasitic against F. oxysporum f.
sp. cucumerinum or Trichoderma koningnii, and
was destroyed by T. harzianum and T. viride. The
authors concluded that P. nunn is a necrotrophic
mycoparasite with a limited host range and
differential modes of action among susceptible
organisms (Lifshitz et al. 1984a).

Lysis and penetration of the host cell wall at
the site of interaction with the mycoparasite were
demonstrated by Elad et al. (1985). Calcofluor
White M2R binds to the edges of polysaccharide
oligomers (Kritzman et al. 1978). Using this
reagent, the appearance of fluorescence indicated
localized lysis of the host cell wall by P. nunn.

The cell walls of Oomycota are composed of
β-glucan, cellulose, and less than 1.5% chitin.
Basidiomycota and Ascomycota contain mainly
β-glucan and chitin but no cellulose. P. nunn
produced large amounts of β-1-3-glucanase and
chitinase in liquid cultures containing cell walls of
pathogenic fungi belonging to the class Basidiomy-
cota. This mycoparasite produced cellulase but no
chitinase when grown on culture containing cell
walls of two pathogens belonging to the Oomycota
(Elad et al. 1985). These extracellular hydrolytic
enzymes were detected in P. nunn when grown
in dual culture with six host fungi but not with
ten nonhost fungi, indicating specificity in the
antagonistic activity of P. nunn (Baker 1987).

2. Talaromyces flavus

Talaromyces flavus (the perfect stage of Penicillium
dangeardii; synonym: P. vermiculatum) is a my-
coparasite of several soil-borne plant pathogenic
fungi including R. solani (Boosalis 1956), S. scle-
rotiorum (McLaren et al. 1986) and Verticillium
spp. (Fahima and Henis 1990). Laboratory investi-
gations using light and electron microscopy indi-
cate that T. flavus is a destructive hyperparasite of
S. sclerotiorum. In dual culture, hyphae of T. flavus
grew toward, and coiled around the host hyphal
cells. The coiling effect intensified as the hyphae
of T. flavus branched repeatedly on the host sur-
face. Tips of the hyphal branches often invaded the
host by direct penetration of the cell wall without
formation of appressoria. Infection of host cells by

T. flavus resulted in granulation of the cytoplasm
and collapse of the cell walls (McLaren et al. 1986).

Direct invasion of R. solani hyphae via the pro-
duction of penetration pegs by T. f lavus was ob-
served by Boosalis (1956). These pegs developed
from either a mycelium coiling around the host hy-
phae or from a hypha in direct contact with the
host. Fahima and Henis (1990) applied T. flavus
as an ascospore suspension to soil naturally in-
fested with Verticillium dahliae, the causal agent
of Verticillium wilt in eggplant. Twelve weeks after
transplanting, 77% disease reduction was achieved,
compared with the untreated control.

Scanning electron micrographs showed heavy
fungal colonization and typical T. flavus conidia
on the surface of the microsclerotia buried in the
treated soil, but not in control soils. Transmission
electron micrographs of microsclerotia incubated
with T. flavus on agar revealed parasitism involving
invasion of some host cells by means of small pen-
etration pegs; the host cell walls were lysed mainly
at their site of contact with the parasite hyphal tips.
Further colonization of the microsclerotial cells oc-
curred simultaneously with the degradation of the
invaded host cell contents, rather than the cell walls
(Fahima et al. 1992). It was suggested that myco-
parasitism of V. dahliae microsclerotia by T. flavus
hyphae may be involved in the biological control of
Verticillium wilt disease. Fravel and Keinath (1991),
however, claimed that T. flavus is known to produce
compounds that mediate antibiosis, which is there-
fore suspected of being involved in the control of
Verticillium wilt of eggplant and potato. Similarly,
McLaren et al. (1986) observed that hyphal cells of
S. sclerotiorum eventually collapse as a result of in-
fection by T. flavus, but host cell walls remain intact.
They suggested that cell wall-degrading enzymes
may not play a major role in the control of S. sclero-
tiorum by T. flavus, and that antibiotics produced
by the parasite may be involved in the deteriora-
tion of the host’s hyphae (McLaren et al. 1986). In
a recent work (Duo-Chuan et al. 2005), two chiti-
nases (CHIT41 and CHIT32) were isolated from
T. flavus and were shown to be able to decompose
chitin in the cell walls of V. dahliae, S. sclerotiorum
and R. solani, thus indicating that these enzymes
may play an important role in the mycoparasitic
behavior of T. flavus.

3. Corniothyrium minitans

Corniothyrium minitans has been found to be
a natural mycoparasite of sclerotia of the plant
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pathogenic fungus S. sclerotiorum. In Canada,
Huang (1977) found that sclerotia of S. sclerotio-
rum in roots and stems of sunflower, at the end
of the season, became infected with the parasite
C. minitans. This infection actually provided natu-
ral biological control of this pathogen in the field.
Applying C. minitans to the seed furrow in field
trials, in soil naturally or artificially infested with
S. sclerotiorum, produced 42–78% disease control
of sunflower wilts over 2 successive years (Huang
1980). C. minitans is a destructive parasite that kills
both hyphae and sclerotia of S. sclerotiorum. By
using scanning electron microscopy, it was shown
that hyphae of C. minitans grow intracellularly in
the infected sclerotia (Phillips and Price 1983; Tu
1984). Phillips and Price (1983), based on trans-
mission electron microscopic studies, concluded
that penetration of the rind cells of S. sclerotiorum
sclerotia by C. minitans is due to physical pressure,
rather than enzymatic lysis of the cell wall. In
a later study, Huang and Kokko (1987) found, by
transmission electron microscopy, that there was
destruction and disintegration of the sclerotial
tissues, caused by penetration of the parasitic
hyphae. Evidence from cell-wall etching at the
penetration site suggests that chemical activity
is indeed required for hyphae of C. minitans to
penetrate the thick, melanized rind walls. The
medullary tissue infected by C. minitans showed
signs of plasmolysis, aggregation and vacuoliza-
tion of the cytoplasm, and dissolution of the cell
walls. The authors concluded that cell wall-lysing
enzymes, responsible for the degradation of
S. sclerotiorum hyphae, may also play a significant
role in the dissolution and degradation of the
sclerotial rind wall at the penetration site and
other affected areas (Huang and Kokko 1987). Glu-
canase, chitinase, cellulase, and xylanase enzyme
activities were recently reported in sclerotia-
containing cultures of C. minitans (Kaur et al.
2005).

Infection of S. sclerotiorum hyphae by the hy-
perparasite C. minitans has been reported by sev-
eral workers (Huang and Hoes 1976; Tu 1984). How-
ever, researchers are not in complete agreement
on the mode of hyperparasitism. Using light mi-
croscopy, Huang and Hoes (1976) observed that
hyphal tips of C. minitans invade hyphae of S. scle-
rotiorum by direct penetration, without forming
any special structure. Host cytoplasm disintegrates
and cell walls collapse as a result of infection. Mi-
croconidia and intrahyphal hyphae were produced
by S. sclerotiorum in infected colonies.

Production of appressoria by C. minitans when
it comes into contact with the undamaged hyphae
of S. sclerotiorum in dual culture on potato dextrose
agar (PDA) was observed by Tu (1984). He stated
that hyphal penetration by the hyperparasite some-
times occurs without the formation of appressoria,
but only on damaged host cells.

Huang and Kokko (1988), using scanning
electron microscopy, confirmed previous reports
from light microscopic studies that hyphal tips
of C. minitans invade the host hyphae by direct
penetration, without developing appressoria, and
that indentation of the host cell wall at the point
of penetration is often evident. No functional
distinction between main branch and side branch
hyphae of the hyperparasite was found, and tips of
either type of hypha are capable of invading host
hyphae by direct penetration.

4. Gliocladium and Trichoderma spp.

The morphological borders between Trichoderma
and Gliocladium are blurred. Therefore, in recent
years molecular methods have been applied as an
aid to resolving the taxonomy and systematic of
Trichoderma and Gliocladium. Gliocladium virens
is now generally recognized as belonging to the
genus Trichoderma (Gams and Bisset 1998).

Particular attention has been paid to species
identification of the genus Hypocrea/Trichoderma
that has proved problematic when traditional
methods are used. An update on the taxonomy
and phylogeny of the 88 taxa (which occur as 14
holomorphs, 49 teleomorphs and 25 anamorphs
in nature) of Hypocrea/Trichoderma, confirmed by
a combination of morphological, physiological and
genetic approaches, is presented in Druzhinina
and Kubicek (2005).

Several species of Gliocladium have been
reported to be hyperparasites of many fungi. The
biology, ecology, and potential of this genus for
biological control of plant pathogens have been
extensively reviewed in a comprehensive treatise
by Papavizas (1985). Huang (1978) reported that
G. catenulatum parasitizes S. sclerotiorum and
Fusarium spp. It kills the host by direct hyphal
contact, causing the affected cells to collapse or
disintegrate. Pseudoappressoria are formed by the
hyperparasite, but hyphae derived from these do
not penetrate the host cell walls. Vegetative hyphae
of all species tested, and macroconidia of Fusarium
spp. are susceptible to this hyperparasite, but
chlamydospores of Fusarium equiseti are resistant.
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Phillips (1986) studied aspects of the biology
of G. virens and its parasitism of sclerotia of
S. sclerotiorum in soil. G. virens parasitized
and decayed sclerotia of S. sclerotiorum, S. mi-
nor, Botrytis cinerea, Sclerotium rolfsii, and
Macrophomina phaseolina on laboratory media,
and caused a reduction in the survival of sclerotia
of S. sclerotiorum in soil. However, parasitism of
the mycelium was not detected.

A strain of G. virens isolated from the para-
sitized hyphae of R. solani by Howell (1982) signif-
icantly suppressed damping-off in cotton seedlings
by this pathogen and by Pythium ultimum. Treat-
ment with G. virens more than doubled the num-
ber of surviving cotton seedlings grown in soil in-
fested with either pathogen. G. virens parasitized
R. solani by coiling around, and penetrating the hy-
phae. P. ultimum was not parasitized by G. virens,
but was strongly inhibited by antibiosis. Treatment
of soil infested with propagules of R. solani or P. ul-
timum with G. virens resulted in a 63% reduction
in the number of viable R. solani sclerotia after
3 weeks of incubation, whereas oospores of P. ul-
timum were unaffected. Strains of G. virens were
separated into two distinct groups, P and Q, on the
basis of secondary metabolite production in vitro
(Howell et al. 1993).

Gliovirin was very inhibitory to P. ultimum,
but exhibited no activity against R. solani, and
strains that produced it (P group) were more ef-
fective seed-treatment biocontrol agents of disease
incited by P. ultimum. Conversely, gliotoxin was
more active against R. solani than against P. ulti-
mum, and strains that produced it (Q group) were
more effective seed treatments for controlling dis-
ease incited by R. solani. Based on these results,
the authors suggested that it may be necessary to
treat seeds with a combination of strains in order
to broaden the disease control spectrum.

Howell (1987) isolated mutants of G. virens,
obtained by irradiation with ultraviolet light, that
showed no mycoparasitic activity. The selected mu-
tants retained the same antibiotic complement as
the parent strains. Peat moss-Czapek’s broth cul-
tures of parent and mutant strains were similarly
effective as biocontrol agents of cotton seedling dis-
ease induced by R. solani, and as antagonists of
R. solani sclerotia in soil. In the light of these results,
Howell (1987) concluded that mycoparasitism is
not a major mechanism in the biological control of
R. solani-incited seedling disease by G. virens.

In addition, Pachenari and Dix (1980) con-
cluded that G. virens need not make intimate

contact with Botrytis allili to cause severe internal
disorganization of host cells, coagulation of
cytoplasm, vacuolation, and loss of contents from
organelles. Cultures of B. allili parasitized by G. ro-
seum contained considerable β-(1-3)-glucanase
and chitinase, and the cytoplasm coagulated
without physical contact. G. virens isolate G1-21
was grown on various solid and liquid media:
wheat bran and peanut hull meal (PHM), as well
as spent glucose tartrate broth (GTB), Czapek-Dox
broth (CDB), and potato dextrose broth (PDB)
(Lewis et al. 1991). Aqueous extracts of these media
caused leakage of carbohydrates and electrolytes
from hyphae of the soil-borne plant pathogen
R. solani, and its mycelial weight was reduced. Size
fractionation experiments indicated that it was
a combination of factors associated with G. virens,
rather than a single one, which induced this
phenomenon. Gliotoxin was detected in culture
filtrates from G. virens grown on bran and PHM
media. Gliotoxin preparations induced leakage
of carbohydrates and electrolytes from R. solani,
and caused a concomitant reduction in mycelial
weight, which suggests the action of a leakage
factor (Lewis et al. 1991). The authors speculated
that hydrolytic enzymes such as β-1-3-glucanase,
β-1-4-glucanase, chitinase, and protease, shown
to be produced by isolates of G. virens (Roberts
and Lumsden 1990), have the potential to act on
R. solani cell walls and membranes. The role of
extracellular chitinase in the biocontrol activity
of Trichoderma virens was later examined using
genetically manipulated strains of this fungus. The
T. virens strains in which the chitinase gene (cht42)
was disrupted (KO) or constitutively overexpressed
(COE) were constructed through genetic trans-
formation. Biocontrol activity of the KO and COE
strains were significantly decreased and enhanced,
respectively against cotton seedling disease incited
by Rhizoctonia solani when compared with the
wild-type strain (Baek et al. 1999).

More than 60 years ago, Weindling (1932) was
the first to demonstrate the mycoparasitic nature
of fungi from the genus Trichoderma. He suggested
their potential use as biocontrol agents of plant
pathogenic fungi. However, the first report on a bio-
logical control experiment using Trichoderma spp.
under natural field conditions came 40 years later,
by Wells et al. (1972) who used T. harzianum grown
on an autoclaved mixture of ryegrass seeds and soil
to control Sclerotium rolfsii Sace. Since then, more
Trichoderma isolates have been obtained from nat-
ural habitats, and used in biocontrol trials against
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several soil-borne plant pathogenic fungi under
both greenhouse and field conditions (Chet 1990;
Harman and Lumsden 1990; Harman 2006).

A seed treatment was developed by Harman
et al. (1980) to reduce the amount of Trichoderma
added to the soil to control soil-borne plant
pathogenic fungi. T. hamatum conidia applied
in the laboratory, to seeds of pea and radish as
a Methocel slurry, provided protection to seeds
and seedlings from Pythium spp. and R. solani,
respectively, almost as effectively as fungicide
seed treatment. Establishment of the mycoparasite
and long-term action were demonstrated, as the
propagules of T. hamatum increased approxi-
mately 100-fold in soils planted with treated seeds.
Population densities of R. solani and Pythium spp.
were lower in soils containing T. hamatum than in
soils lacking this antagonist. Replanting these soils
once, or even twice with untreated seeds yielded
lower disease incidence than in soils originally
planted with untreated seeds. Addition of chitin
or R. solani cell walls to the coating of seeds
previously treated with a conidial suspension
increased both the ability of T. hamatum to protect
the seeds against Pythium spp. or R. solani, and
the population density of Trichoderma in the soil.
T. hamatum with chitin, but without R. solani
cell walls, effectively reduced damping-off caused
by Pythium spp., compared to seed treatment
containing only T. hamatum (Harman et al.
1980). Sivan et al. (1984) applied a peat-bran
mixture (1:1 v/v) preparation of T. harzianum
(isolate 315) to either soil or rooting mixture,
and efficiently controlled damping-off induced
by Pythium aphanidermatum in pea, cucumber,
tomato, pepper, and gypsophila. Several isolates
of T. harzianum and T. hamatum were found to
antagonize and control Macrophomina phaseolina
in beans and melon (Elad et al. 1986). Isolates of
T. harzianum and T. hamatum antagonized and
controlled Rosellinia necatrix in almond seedlings
(Freeman et al. 1986). Sztejnberg et al. (1987) com-
bined sublethal soil heating with an application of
T. harzianum to yield better control of R. necatrix
than that achieved by either treatment alone.

Sivan and Chet (1986) isolated a new Tricho-
derma harzianum isolate (T-35) from the rhizo-
sphere of cotton plants grown in fields infested
with Fusarium. In a further study, the isolate was
tested in biological control trials over two succes-
sive growing seasons against Fusarium crown rot
of tomato in fields naturally infested with F. oxys-
porum f. sp. radici lycopersici (Sivan et al. 1987).

T. harzianum was applied as a seed coating or
as a wheat branpeat (1:1, v/v) preparation intro-
duced into the tomato rooting mixture. Tricho-
derma-treated transplants were better protected
against Fusarium crown rot than untreated con-
trols when planted in MB-fumigated or nonfumi-
gated infested fields. The total yield of tomatoes in
the T. harzianum-treated plots increased as much
as 26.2% over the controls. Integrated control of
Verticillium dahliae in potato by T. harzianum and
the fungicide Captan was reported by Ordentlich
et al. (1990).

C. Induced Systemic Resistance
by Trichoderma spp.

Some Trichoderma rhizosphere-competent strains
colonize entire root surfaces with morphological
features reminiscent of those seen during myco-
parasitism (Yedidia et al. 1999). Penetration of the
root tissue is usually limited to the first or second
layers of cells, and occurs only in the intercellu-
lar spaces. Trichoderma strains capable of estab-
lishing such interaction induce metabolic changes
in plants that increase resistance to a wide range
of plant-pathogenic microorganisms and viruses
(Harman et al. 2004; Fig. 8.1). This response seems
to be broadly effective for many plants, which in-
dicates that there is little or no plant specificity.

At least three classes of substances that elicit
plant defense responses have been identified.
These elicitors include proteins, peptides, and
low-molecular-weight compounds (Harman
et al. 2004; Viterbo et al. 2004). The systemic
response in plants occurs through the jasmonic

Fig. 8.1. Induced resistance toward the leaf pathogen
Cochliobolus heterostrophus in maize. Seedling roots were
infected with germinated Trichoderma spores (105 ml−1)
48 h prior to pathogen leaf infection (800 spores). The
symptoms were recorded 72 h after infection
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acid/ethylene signaling pathway in a way similar
to the rhizobacteria-induced systemic resistance
(van Loon et al. 1998; Shoresh et al. 2005). Several
studies have shown that root colonization by
Trichoderma strains results in massive changes in
plant gene expression patterns and metabolome.
Changes in plant metabolism lead to the accumu-
lation of antimicrobial compounds. In cucumber,
root colonization by T. asperellum strain T-203
causes an increase in phenolic glucoside levels in
leaves, which are strongly inhibitory to a range
of bacteria and fungi (Yedidia et al. 2003). The
protection afforded by the biocontrol agent is
associated with the accumulation of mRNA of
two defense genes: the phenylpropanoid pathway
gene phenylalanine ammonia lyase (PAL) and
the lipoxygenase pathway gene hydroxyperoxide
lyase (HPL) (Yedidia et al. 2003). Increased levels
of other defense-related plant enzymes, such as
peroxidases, chitinases, and β-1,3-glucanases, have
been recorded in Trichoderma-treated cucumber
seedlings upon pathogen challenge (Shoresh et al.
2005). This potentiation in the gene expression
enables Trichoderma-treated plants to be more
resistant to subsequent pathogen infection. The
MAPK signal transduction pathways, both of the
plant and of Trichoderma, are important for the
induction of systemic resistance (Viterbo et al.
2005; Shoresh et al. 2006).

D. Mycoparasitism
in Suppressive Environments
(Soils and Composts)

Suppression of soil-borne plant pathogens occurs
in environments such as field soils, and soils
amended with organic matter or compost as the
organic component in media for container-grown
plants. A review on this topic for field soils was
recently published by Stone et al. (2004).

Pathogen suppressiveness has been defined
by Cook and Baker (1983) as “soils in which the
pathogen does not establish or persist, establishes
but causes little or no damage, or establishes and
causes disease for a while but thereafter the disease
is less important, although the pathogen may
persist in the soil.”

Baker and Cook (1974) divided suppression
mechanisms into two broad categories defined as
general and specific. General suppression is a re-
sult of total microbial activity. In contrast, specific
suppression applies when bacteria or fungi, indi-

vidually or as a group, are responsible for the sup-
pression effect. Mycoparasitism, the focus of this
chapter, is a major mechanism of specific suppres-
sion. For example, Chet and Baker (1981) reported
on a soil which was suppressive to R. solani of car-
nation near Bogota, Colombia. This soil contained
high levels of organic matter (35%), was highly
acidic (pH 5.1), and its main microbiological com-
ponent was the antagonistic fungus T. hamatum at
a population density of 8 ×105 propagules g−1. The
level of this mycoparasite in mineral-conducive soil
was four orders of magnitude lower.

In another, related study, Henis et al. (1978)
showed the effect of successive plantings on
the development of suppression. A soil sown
with radish every week became suppressive to
R. solani by the fourth sowing, and was even more
suppressive by the fifth and subsequent sowings.
The population of T. harzianum, antagonistic to
R. solani, increased with successive sowings of
radish (Liu and Baker 1980), possibly in response
to increases in the amount of R. solani in the
soil resulting from its parasitism of the radish
seedlings. The addition of T. harzianum spores to
a conducive soil at the same density as that found
in the suppressive soil caused the conducive soil to
become suppressive. Trichoderma spp. were also
reported to be responsible for the suppression of
the take-all disease caused by Gaeumannomyces
graminis. Low pH conditions were found to
be favorable to Trichoderma, and to enhance
suppression (Simon and Sivasithamparam 1990).

A practical approach to utilizing suppression
in agriculture is the use of suppressive composts,
mainly in container media. Composting is the
breakdown of organic waste material by a suc-
cession of mixed populations of microorganisms
in a thermophilic aerobic environment. The final
product is compost or humus, which is the stabi-
lized organic matter populated by microorganisms
capable of suppressing soil-borne plant pathogens.
Disease-suppressive effects of composts have
been investigated intensively over the past two
decades, and were recently reviewed by Noble
and Coventry (2005) and Zinati (2005). Compost
of a wide variety of waste materials (hardwood
or pine bark, municipal sludge, grape marc, or
cattle manure) is an economically and ecologically
sound alternative to pesticides.

The mechanisms of suppression in composts
do not differ substantially from those described
for soils, and can be either general or specific.
Physiological profiling, and the use of DNA-based
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techniques such as denaturing gradient gel elec-
trophoresis (DGGE) may lead to an improved
understanding of the changes in microbial com-
munities associated with disease control resulting
from compost amendment of soil, sand, or peat.
Nelson et al. (1983) identified specific strains of
four Trichoderma spp. and isolates of Gliocladium
virens as the most effective fungal hyperparasites
of R. solani present in bark compost. A few of the
230 other fungal species also showed activity, but
most were ineffective. Kwok et al. (1987) described
synergistic interactions between T. hamatum and
Flavobacterium balustinum. Several other bacte-
rial strains, including Enterobacter, Pseudomonas,
and Xanthomonas spp., also interacted with the
Trichoderma isolate in suppression of Rhizoctonia
damping-off (Kwok et al. 1987). Composted grape
marc was effective in suppressing disease caused
by S. rolfsii in beans and chickpeas (Gorodecki and
Hadar 1990). Hadar and Gorodecki (1991) placed
sclerotia of S. rolfsii on composted grape mare to
isolate hyperparasites of this pathogen. Viability
of sclerotia decreased from 100% to less than 10%
within 40 h. It remained close to 100% for sclerotia
placed on a conducive peat mix. Penicillium spp.
and Fusarium spp. were observed by scanning
electron microscopy to colonize the sclerotia. Tri-
choderma populations in the grape mare compost
were at very low levels (102 cfu g–1 dry weight).
The hyperparasites present in this compost are
therefore quite different from those isolated
from tree bark compost, where Trichoderma and
Gliocladium isolates predominate.

In conclusion, suppression of soil-borne plant
pathogens in field soil or container media is
brought about by antagonistic microorganisms.
Such systems could be a source for mycoparasities
to be used in biocontrol, or to be incorporated
into integrated disease control programs. The
inoculation of composts with biological control
agents may improve the efficacy and reliability of
disease control obtained.

III. Hyphal Interactions
in Mycoparasitism

A. Biotrophs

Piptocephalis virginiana is a haustorial biotrophic
mycoparasite that parasitizes fungi belonging
to the order Mucorales exclusively (Manocha

1981). Attachment of a biotrophic mycoparasite
to its host surface is considered to be an essential
prerequisite step for further penetration of the
host by the parasite (Manocha and Chen 1990).
P. virginiana attaches to the surface of both
the compatible Choanephora cucurbitarum and
Mortierella pusilla, and the incompatible Phas-
colomyces articulosus hosts, but not to the surface
of the nonhost Mortierella candelabrum (Manocha
1985; Manocha et al. 1986). Comparative research
was performed by Manocha and his coworkers in
an attempt to unravel the molecular basis for speci-
ficity and recognition in this system. Cytological
and biochemical investigations were carried out
to study the structure and chemical composition
of cell walls of host and nonhost species (Manocha
1981, 1987). The germ tubes of the biotrophic
mycoparasite P. virginiana were found to attach
to the cell-wall surface of the host, but not to that
of the nonhost (Manocha 1985; Manocha et al.
1986). This attachment could be specifically in-
hibited by chitobiose and chitotriose. The authors
therefore suggested a possible involvement of
carbohydrate-binding proteins in the specificity
of this interaction. A comparison of protein and
glycoprotein profiles of cell-wall extracts revealed
marked differences between host and nonhost
species. Two high-molecular-weight glycoproteins
were observed only in the extract of host cell walls,
being absent in that of the nonhost (Manocha 1985;
Manocha et al. 1986). Further isolation and charac-
terization of the host cell surface proteins revealed
that attachment and appressorium formation by
the parasite germ tubes could be inhibited by treat-
ing host cell-wall fragments with 0.1 M NaOH or
pronase E. Furthermore, the two purified glycopro-
teins were able to agglutinate both nongerminated
and germinated spores of the mycoparasite.
Arabinose, glucose, and N-acetylglucosamine
could totally inhibit this agglutination. These
glycoproteins were suggested to be two subunits
of a carbohydrate-binding agglutinin present
on the host cell surface, and to be involved in
agglutination and attachment of the mycoparasite
germ tubes (Manocha and Chen 1991).

Using fluorescein isothiocyanate-labeled
lectin-binding techniques, Manocha et al. (1990)
were able to show differences in the distribution
pattern of glycosyl residues at the level of the cell
wall between fungi that are hosts and those that
are nonhosts of the mycoparasite P. virginiana,
and at the protoplast level between compatible and
incompatible hosts.
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The cell walls of the compatible hosts (C. cucur-
bitarum and M. pusilla) and the incompatible host
(P. articulosus), as well as that of the mycoparasite
itself, contain glucose and N-acetylglucosamine.
In the nonhost (M. candelabrum), however, other
sugars such as fucose, N-acetylgalactosamine,
and galactose could also be detected. These latter
sugars could be detected on both the host and
the parasite surface after mild treatment with
proteinase or when grown in liquid medium.
The researchers speculated that the failure of
the mycoparasite to attach to the host cells
after proteinase treatment or in liquid culture
may be due to the appearance of galactose and
galactosamine at the host cell surface. The idea
that N-acetylglucosamine and glucose may be
involved in the attachment of P. virginiana to its
host cell surface was supported by the observation
that pretreatment of the mycoparasite germ tubes
with N-acetylguclosamine or glucose inhibited
their attachment to the host cells. In addition, the
germ tubes attached to agarose beads coated with
glucose or with N-acetylglucosamine, but not with
N-acetylgalactosamine (Manocha et al. 1990).

The protoplast surfaces of compatible hosts
contained all of the above-listed sugars, and
these protoplasts could attach to the germ tube
of the mycoparasite. Only lectins specific for
N-acetylglucosamine and glucose were bound
at the protoplast surface of the incompatible
host; these protoplasts did not attach to the
mycoparasite germ tubes. Indications were found
for different factors being responsible for at-
tachment and for appressorium formation, as
pretreatment of the mycoparasite with glucose
and N-acetylglucosamine inhibited its attachment
to the host cell surface, but had no obvious effect
on appressorium formation. On the other hand,
appressorium formation was inhibited by heat
treatment of host cell-wall fragments that still
permitted attachment (Manocha et al. 1990).
The authors therefore suggested a model for
the recognition between P. virginiana and its
host fungi that operates at two levels at least:
the cell wall, and the protoplast surface. At the
cell-wall level, the attachment probably involves
carbohydrate-binding agglutinins that recognize
specific sugar residues on the host but not on the
nonhost cell wall. After the initial recognition and
attachment, at the protoplast level, the parasite
distinguishes compatible from incompatible hosts.
The mechanism of this distinction is not clear.
Yet, it seems that protoplast membrane sugars

are not a major factor in recognition at this
level (Manocha et al. 1990). Immunofluorescence
microscopy was used to detect, in the mycoparasite
P. virginiana, the presence of a complementary
glycoprotein that binds specifically to the host
cell surface glycoproteins. This technique revealed
surface localization of the protein on the germ
tubes of P. virginiana. Fluorescence was also
observed at the surface of the germinated spores
and hyphae of the host M. pusilla, after treatment
with complementary protein from P. virginiana,
and with primary antibody prepared against the
complementary protein (Manocha et al. 1997).

B. Necrotrophs

As early as 1932, Weindling reported the coiling of
Trichoderma spp. hyphae around hyphae of other
fungi. These strains were later shown to actually
be a species of Gliocladium (Webster and Lomas
1964). Dennis and Webster (1971a, b, c) published
an extensive report on the antagonistic properties
of species groups of Trichoderma. The hyphal inter-
action between Trichoderma and plant pathogenic
fungi was first comprehensively studied in their
work. Since then, numerous studies on the hy-
phal interaction and coiling phenomenon of Tri-
choderma around its host hyphae have been carried
out with the use of light and electron microscopy
(Chet et al. 1981; Elad et al. 1983a; Baker 1987; Inbar
and Chet 1992; Omero et al. 1999; Rocha-Ramirez
et al. 2002; Fig. 8.2).

The destructive mode of parasitism in Tricho-
derma appears to be a process consisting of sev-
eral consecutive events initiated by attraction and
directed growth of Trichoderma toward its host,
probably by chemotropism. Positive chemotropism
was found in Trichoderma (Chet et al. 1981), as
it could detect its host from a distance and be-
gin to branch in an atypical way. These branches
grew toward the pathogenic host fungi. Similar be-
havior was also found in Pythium nunn (Lifshitz
et al. 1984a), P. oligandrum (Lewis et al. 1989),
and in Gliocladium spp. (Huang 1978). This event
is presumably a response of the antagonist to the
chemical gradient of an attractant coming from the
host. However, no specific stimuli other than amino
acids and simple sugars have thus far been detected
(R. Barak and I. Chet, unpublished data). Hence,
the specificity of the phenomenon is not clear. Ap-
parently, it is not an essential step for mycopara-
sitism, although it may hold some advantage for
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Fig. 8.2. A mycoparasitic relationship. Scanning electron
micrograph of T. harzianum hyphae coiling around those
of the plant pathogenic fungus S. sclerotiorum. Bar 10 μm

the antagonist. Subsequently, contact is made, and
in some cases, Trichoderma coils around or grows
along the host hyphae and forms hook-like struc-
tures, presumably appressoria, which probably aid
in penetrating the host hyphal cell wall (Chet et al.
1981; Elad et al. 1983b). The coiling phenomenon
and appressoria formation have been reported for
other mycoparasites as well (Tu 1984; Lifshitz et al.
1984a). However, Deacon (1976) concluded that in
the case of P. oligandrum, coiling of the antagonist
around its host hyphae indicates temporary host
resistance, rather than susceptibility. Nevertheless,
in Trichoderma, this reaction was found to be rather
specific, and Trichoderma attacks only a few fungi.
Moreover, Dennis and Webster (1971c), using plas-
tic threads of a diameter similar to that of P. ulti-
mum hyphae, concluded that the coiling of the Tri-
choderma is not merely a thigmotropic response.
The Trichoderma hyphae never coiled around the
threads, but rather grew over or followed them in
a straight course. This led to the idea that there is
a molecular basis for the specificity. However, de-
spite the fact that first observations and reports of
this phenomenon were published decades ago, we
are only now on the verge of being able to under-
stand it. Reviews dealing with cellular interactions

in fungi (Tunlid et al. 1992; Manocha and Sahai
1993), and the specificity of attachment of fungal
parasites to their hosts (Manocha and Chen 1990)
have been published. The physiology and biochem-
istry of biotrophic mycoparasitism in particular
have been extensively reviewed by Manocha (1990).

Attachment and “recognition” between the my-
coparasite and its host appears to be essential, and
a crucial stage for successful continuation of the
process. Lectins are sugar-binding proteins or gly-
coproteins of nonimmune origin that agglutinate
cells and/or precipitate glycoconjugates (Goldstein
et al. 1980). First discovered in plants and later in
other organisms, they are involved in interactions
between the cell surface and its extracellular en-
vironment (Barondes 1981). Indeed, lectins were
found to be produced by some soil-borne plant
pathogenic fungi such as R. solani and S. rolfsii
(Barak et al. 1985, 1986), and by different members
of the Sclerotiniaceae (Kellens et al. 1992).

Therefore, a role for lectins in the recognition
and specificity of attachment between Trichoderma
and its host fungi was suggested. However, no con-
clusive evidence to support this hypothesis was
available at the time. In an attempt to test this hy-
pothesis, Inbar and Chet (1992) used a novel ap-
proach based on the binding of lectins to a surface
of nylon fibers. This biomimetic system imitates
the host hyphae, and enables an examination of
the role of lectins in mycoparasitism. Inert nylon
fibers were chemically activated to enable the co-
valent binding of the lectins (Inbar and Chet 1992).

Concanavalin A, a plant lectin that is similar
to the lectin of S. rolfsii (LSR) in its carbohydrate
specificity (cf. they are both specific to D-glucose
and D-mannose), was used first to establish the sys-
tem. The Trichoderma recognized the LSR-treated
fibers as a host, and attached and coiled around
them in a pattern similar to that seen with real host
hyphae (Inbar and Chet 1992; Fig. 8.3). In contrast,
in the untreated control, no interaction could be
observed – the Trichoderma grew uninterruptedly
over and along the fibers, exactly as outlined by
Dennis and Webster (1971c). These findings pro-
vided the first direct evidence for the role of lectins
in mycoparasitism. The researchers were able to
show that inert nylon fibers coated with fungal
lectins mimic the real host hyphae, and can stimu-
late the parasite to coil around them.

A novel lectin was isolated and purified
from the culture filtrate of the soil-borne plant
pathogenic fungus S. rolfsii (Inbar and Chet 1994).
Agglutination of E. coli cells by the purified lectin
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Fig. 8.3. Biomimetic systems for simulating the interaction
between Trichoderma and plant pathogenic fungi. a Scan-
ning electron micrograph of T. harzianum hyphae coiling
around inert nylon fibers coated with a surface lectin from
the plant pathogenic fungus S. rolfsii. Bar 10 μm. b Appres-
sorium formation by T. harzianum grown on nylon fibers
coated with the S. rolfsii lectin. Bar 10 μm

could be inhibited by the glycoproteins mucin and
asialomucin. Proteases, as well as β-1,3-glucanase,
were found to be totally destructive to the agglu-
tination activity, indicating that both protein and
β-1,3-glucan are necessary for agglutination. Using
the biomimetic system, it was apparent that the
presence of the purified agglutinin of the surface
of the fibers significantly induces mycoparasitic
behavior in T. harzianum, compared with the
untreated ones or with those treated with nonag-
glutinating extracellular proteins from S. rolfsii
(Inbar and Chet 1994).

It was later demonstrated that induction of
chitinolytic enzymes in Trichoderma is elicited by
the recognition signal (i.e., lectin–carbohydrate in-
teractions). It was postulated that recognition is the
first step in a cascade of antagonistic events trig-

gering the parasitic response in Trichoderma (Inbar
and Chet 1995).

The same biomimetic system was used to test
the involvement of signal transduction pathways
in the induction of coils in T. harzianum (Omero
et al. 1999). Two activators of G protein-mediated
signal transduction induced coiling of hyphae
around nylon fibers. The peptide toxin mastoparan
increased coiling more than twofold in compari-
son with controls. The activator fluoroaluminate
(A1F4) had a similar effect, whereas aluminum
ions alone were ineffective; cAMP increased coil-
ing about threefold. Although the two G-protein
activators, mastoparan and fluoroaluminate, have
very different modes of action, they share the
Ga subunit as a target. Based on these results,
it was proposed that a signal for mycoparasitic
behavior from the host cell surface is transduced
by heterotrimeric G protein(s) and mediated by
cAMP.

Rocha-Ramirez et al. (2002) isolated a T. atro-
viride G-protein alpha-subunit (Ga) gene (tga1).
Transgenic lines overexpressing tga1 showed a de-
layed sporulation and coiled at a higher frequency,
compared to the wild type. Likewise, transgenic
lines that expressed an activated mutant protein
with no GTPase activity did not sporulate and
coiled at a higher frequency. Lines that expressed
an antisense version of the gene were hypersporu-
lating and coiled at a much lower frequency in the
biomimetic assay. The loss of tga1 in these mu-
tants correlated with the loss of GTPase activity
stimulated by the peptide toxin Mas-7. The ap-
plication of Mas-7 to growing mycelia raises in-
tracellular cAMP levels, suggesting that tga1 can
activate adenylyl cyclase. In contrast, cAMP levels
and cAMP-dependent protein kinase activity drop
when diffusible host signals are encountered and
the mycoparasitism-related genes ech42 and prb1
are highly expressed. These results demonstrated
that the product of the tga1 gene is involved in both
coiling and conidiation.

Penetration and degradation of the host cell
wall under the coiling and interaction sites are ev-
ident by visual observation, fluorescent indicators,
and enzymatic studies. Using scanning electron
microscopy, lysed sites and penetration holes
were found in hyphae of R. solani and S. rolfsii
following removal of Trichoderma spp. hyphae
(Elad et al. 1983b). The cell walls of Basidiomycota
and Ascomycota contain chitin and laminarin
(P glucan) but no cellulose. Oomycota contain
β-glucans and cellulose and relatively small
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amounts of chitin (<1.5%). Therefore, to penetrate
the host cell wall, mycoparasites should have
a system of hydrolytic enzymes that can degrade
these components. Enzymatic degradation of
fungal cell walls occurs mainly via the excretion
of the extracellular enzymes β-1-3-glucanase
and chitinase. Indeed, high β-1-3-glucanase and
chitinase activities were detected in dual cultures
when T. harzianum parasitized S. rolfsii, contrast-
ing with the low levels found with either fungus
alone. Cycloheximide prevented antagonism, and
enzymatic activity was diminished (Elad et al.
1983b). Using gold cytochemistry, T. harzianum
hyphae were shown to coil around and penetrate
cells of R. solani, causing extensive damage such as
cell-wall alteration, plasma membrane retraction,
and cytoplasm aggregation (Benhamou and Chet
1993).

The involvement and importance of lytic en-
zymes, mainly chitinase, in the biological control
of plant pathogens by both fungi and rhizobacte-
rial agents (Ordentlich et al. 1988; Inbar and Chet
1991; Sahai and Manocha 1993; Viterbo et al. 2002),
as well as their involvement in the defense of plants
against pathogenic infection (Boller 1985; Broglie
et al. 1991) is well documented.

IV. Molecular Aspects
and Genetic Engineering
in Mycoparasitism

Trichoderma is one the most frequently used bio-
control agents in agriculture. The role of lytic en-
zymes in its mycoparasitic activity has recently
been largely reviewed (Viterbo et al. 2002; Ben-
itez et al. 2004). The sensing of the host in the
Trichoderma mycoparasitic interaction and gene
activation has been the subject of extensive studies
in the last few years (Inbar and Chet 1995; Zeilinger
et al. 1999; Brunner et al. 2003). The pattern of in-
duction of different cell wall-degrading enzymes
differs from one Trichoderma strain to another. It
is believed that Trichoderma secrete exochitinases
constitutively at low levels. When chitinases de-
grade fungal cell walls, they release oligomers that
induce other chitinases, and attack begins.

In the last decade, the significance of several
newly isolated lytic enzymes has been demon-
strated by overexpression and deletion of the
respective genes (Pozo et al. 2004; Hoell et al.
2005). Molecular approaches and genetic engineer-

ing techniques have been applied to gain a better
and more basic understanding of the system,
as well as to develop superior and improved
strains of biocontrol agents with enhanced activity
(Mendoza et al. 2003; Brunner et al. 2005). The
chitinase gene chiA, encoding one of the chitinases
from Serratia marcescens, a well-known biocontrol
agent, was isolated and cloned into E. coli (Shapira
et al. 1989). E. coli transformed by the chiA
gene, under the oLpL operator and promoter of
bacteriophage, expressed and excreted the corre-
sponding protein into the growth medium. Almost
pure S. marcescens chitinase from E. coli or whole
viable cells were used in greenhouse experiments
against S. rolfsii in beans, and R. solani in cotton.
Using the chitinase preparation in the irrigation
water effectively reduced the number of diseased
plants. Whole viable cells of transformed E. coli
were also effective in inhibiting S. rolfsii, but to
a lesser degree. The genetically engineered E. coli,
a nonsoil bacterium, served here as a model system
to demonstrate the role of chitinase in controlling
a chitin-containing plant pathogen.

It is suggested that the introduction of such
engineered genes into soil bacteria will increase
control efficiency by combining high expression
of a gene coding for a lytic enzyme with rhi-
zosphere competence. Southern blot analysis of
the chiA gene cloned from S. marcescens showed
homology to one of the Trichoderma chitinase
genes. Based on this, the chiA gene was used as
a probe to isolate a chitinase gene from a cDNA
library prepared from T. harzianum (T-35) grown
on chitin (Chet et al. 1993). The chitinase gene
from T. harzianum (T-35) was cloned in a Blue-
script plasmid under the lac promoter. When
the transformed E. coli was plated on LB+0.2%
chitin plates and induced by 1 mM IPTG, the
bacteria showed chitinolytic activity. In green-
house experiments, irrigation of bean seedlings
with 107 cfu g−1 soil day−1 of E. coli XLIBlue,
transformed with the Trichoderma chitinase gene
induced by 1 mM IPTG, resulted in significant
biocontrol activity. Suppression of the disease
caused by S. rolfsii was obvious. The treated plants
exhibited a better growth rate than untreated con-
trols. After 18 days, the growth rate of the plants
irrigated with the transformed bacteria was similar
to that of uninfected plants (Chet et al. 1993).

In an attempt to increase its effectiveness,
T. harzianum protoplasts were cotransformed
using two plasmids: pSL3chiAII, containing a bac-
terial chitinase gene from S. marcescens under
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the control of a constitutive viral promotor, and
p35SR2, a marker for selection after transforma-
tion, encoding for acetamidase. Two transformants
showed increased constitutive chitinase activity
(specific activity 11 and 5 times higher than the
recipient; Fig. 8.4), and excreted a protein of
ca. 58 kDa, the expected size of S. marcescens
chitinase, when grown on synthetic medium.
Antagonistic activity of the transformants was
significantly higher than that of the wild-type
T. harzianum, as evaluated by testing their ability
to overgrow the plant pathogen S. rolfsii in dual
culture (Haran et al. 1993). The major advantage of
such genetic manipulations is the ability to isolate
genes from one strain and introduce them into
other varieties of fungi, bacteria, or plants. This
enhances the potency of biocontrol agents and
makes a single strain consistently effective against
more than one plant pathogenic fungus, without
the hazardous effects of chemical pesticides.

This approach was taken by Broglie et al. (1991)
who, in a pioneering work, produced seedlings con-
stitutively expressing a bean chitinase gene under
the control of the cauliflower mosaic virus 35S pro-
moter. The timing of the natural host defense mech-
anism was modified to produce fungus-resistant
plants with increased ability to survive in soil in-
fested with the fungal pathogen R. solani, delaying
the development of disease symptoms.

Since then, genetic manipulations of valuable
crop plants with one or more cell wall-degrading
enzymes from mycoparasitic fungi have been con-
sidered a potent tool for improving plant resistance

Fig. 8.4. Chitinase-specific activity of crude enzyme (units
per mg protein) excreted by the wild-type T. harzianum (wt)
and transformants (401 and 402), after 5 days on synthetic
medium. Columns headed by different letters are signifi-
cantly different (p = 0. 05) according to Duncan’s multiple
range test (Haran et al. 1993)

to fungal pathogens. Transgenic apple plants ex-
pressing T. atroviride endochitinase and exochiti-
nase, singly or in combination, were produced and
screened for resistance to Venturia inaequalis, the
causal agent of apple scab (Bolar et al. 2001). Plants
expressing both enzymes at the same time were
more resistant, demonstrating for the first time in
planta synergism between the two enzymes. Con-
stitutive expression of Trichoderma endochinase
can be exploited to enhance resistance to fungal
pathogens in important forest tree species. The
ech42 from T. harzianum was introduced into for-
est trees, black spruce (Picea mariana) and hy-
brid poplar (Populus nigra x Populus maximow-
iczii), by Agrobacterium-mediated transformation.
In vitro assays demonstrated that the transgenic
poplars had increased resistance to the leaf rust
pathogen Melampsora medusae. Seedlings of trans-
genic spruce lines showed an increased resistance
to the spruce root pathogen Cylindrocladium flori-
danum (Noël et al. 2006).

V. Conclusions

Mycoparasitism is a quite common, and yet excit-
ing phenomenon. It appears to play an important
role in biological control, even though it should be
pointed out that mycoparasitism is only one spe-
cific aspect in the whole complex system of bio-
logical control of plant diseases. For example, the
direct effects of root-colonizing Trichoderma spp.
on plants are at least as important as the direct
effects on pathogens – or perhaps more so. These
fungi have profound impacts on plant growth and
development, and they also induce resistance to
a variety of classes of plant pathogens.

Mycoparasitism is a complex process that
includes the following steps: (1) chemotrophic
growth of the antagonist toward the host;
(2) recognition of the host by the mycoparasite;
(3) attachment; (4) excretion of extracellular
enzymes; and (5) lysis and exploitation of the host.

Mycoparasitism occurs under appropriate eco-
logical conditions. The population and activity of
the mycoparasite can be increased by relatively spe-
cific substances, such as chitin. The gene coding for
chitinase is only one example of genes with myco-
parasitic activity. Other potential genes are those
coding for β-1,3-glucanase, protease, and lipase.

Engineering various chitinases together with
other genes that may act as antifungal agents
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may lead to better protection of plants against
pathogenic fungi. It may therefore be possible
to improve mycoparasitism, and to enhance the
plants resistance response by integrating cloned
chitinase with different lytic enzymes and other
available antifungal polypeptides. By understand-
ing the mode of action of biocontrol mycoparasitic
fungi, we should be able to manipulate the fungal
agent, the plant, and their interactions to achieve
more effective and safer plant resistance to various
biotic and abiotic stresses.
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I. Introduction

The continuing growth of the human population
and the consequent foodstuffs demand require the
implementation of novel alternatives to increase
food production. A reduction in crop damage
caused by pests and diseases will be the best
choice to solve food problems worldwide. Viruses,
bacteria, fungi and nematodes are responsible for
major losses in economically important crops.
Plant parasitic nematodes represent a serious
problem in agriculture around the world. The
global loss per year in agricultural production
due to damage generated by nematodes has been
estimated as 100 billion US dollars worldwide
(Nordmeyer 1992).

Nematodes have successfully established
in nearly all-ecological niches. Plant parasitic
nematodes obtain their food from the plant foliage
and roots. The nematodes that obtain their food
from plant roots are migratory ectoparasites,
migratory endoparasites, semi-endoparasites and
sedentary endoparasites. Many nematodes that
directly or indirectly affect plant growth have
1 División de Biología Molecular, Instituto Potosino de Investi-
gación Científica y Tecnológica, Camino a la Presa de San José
2055, Lomas 4a sección, CP 78216, San Luis Potosí SLP, México
2 Laboratorio Nacional de Genómica para la Biodiversidad, Cin-
vestav Campus Guanajuato, Km 9.6 Libramiento Norte Carretera
Irapuato-León, A.P. 629, Irapuato 36500, Guanajuato, México

developed parasitic strategies that make them
more efficient in exploiting their source of food
(Sijmons et al. 1994). The damage provoked by
nematodes cannot be recognized at first sight,
because their ecological niche is mostly under
soil. Plants infected by nematodes resemble those
suffering from water or nutrients stress, loosing
vigor and showing chlorosis.

Plant parasitic nematodes affect the plant di-
rectly by altering the morphology of the root system
as a result of their feeding activities or by invasion
of the plant tissue. This damage can be generated
by the migratory stages of endo- and ectoparasitic
nematodes. The most specialized level has been
reached by the sedentary endoparasitic nematodes
that invade the root, and partially reorganize the
root function to satisfy their own demand of nu-
trients (Jung and Wyss 1999). In order to carry out
these modifications, nematodes transform some of
their cells into highly specialized feeding structures
such as the stylet and feeding tubes, which provide
a permanent source of nutrients enabling them to
settle essentially indefinitely in the place of infec-
tion (Jung and Wyss 1999). The nematode pene-
trates the root tissues only by means of its stylet and
injects secretory fluids, produced in esophageal
glands; these fluids modify the plant cytoplasm
prior to food removal. Some nematode species feed
on the root tips of their host plants, which be-
come transformed into terminal galls. Galls con-
tain necrotic cells and enlarged multinucleated cells
that are metabolically highly active and essential for
nematode development, growth and reproduction.
The most dramatic alterations in root architecture
are generated by cyst and root-knot nematodes.
The most important nematodes in agriculture are
the root-knot nematode (Meloidogyne), and the
cyst nematodes (Heterodera and Globodera), due
to the extensive damage they cause to crops. Root-
knot nematodes are generally polyphagous and
each species can infect a large variety of plants
species, from grasses to trees, by generating galls
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in the root. Due to their broad host range, these
nematodes cannot be controlled by crop rotation.
In contrast, cyst nematodes are highly host-specific
parasites, and can be effectively controlled by crop
rotation using non-host plants.

Since the origins of agriculture, man has used
diverse strategies to eliminate pests that attack crop
plants. Centuries ago, the Chinese used natural pest
enemies to eliminate these, introducing ants in cul-
tivated lands in order to eradicate hornets, worms
and insects (Doutt 1964). Similarly, in the 19th cen-
tury, American and European scientists used nat-
ural predators and pathogens to protect crops and
forests, obtaining successful results (Doutt 1964).
The work of those researchers lost impact at the
beginning of the past century, with the discovery
of chemical pesticides that resulted more efficient,
cheaper, and with wider action spectra (Spiegel
and Chet 1998). Since the second half of the last
century, the use of pesticides has increased alarm-
ingly with the aim of increasing agricultural pro-
duction. Today the most common plant parasitic
nematodes are controlled with chemical nemati-
cides, cultural practices and by the use of resistant
cultivars. Chemical nematicides can directly or in-
directly reduce the density of nematode popula-
tions in soil (Johnson and Feldmesser 1987). These
chemicals are applied as fumigants; root dips, fo-
liarly or as seed treatments, and can be formulated
as gases, volatile liquids, emulsifiable concentrates,
etc. (Akhtar 1997). Most nematicide fumigants also
show phytotoxic activity (Akhtar 1997). The use of
chemical pesticides has provided good solutions,
but only in the short term.

In spite of the “successful” use of chemical pes-
ticides to efficiently control plant pests, it has been
determined that these compounds are highly haz-
ardous to human health and the environment. An-
other disadvantage of chemical pesticides is their
persistence in the environment, which favors the
selection of resistant pests, leading to the use of
more toxic pesticides. These actions have generated
concern around the world. Consequently, there is
a heightened scientific interest in the establishment
of integrated pest management strategies in order
to reduce the application of chemical pesticides;
these should be more effective, and less pollutant,
such as traps, and other means of biological control.

The term biological control, in the classical
sense, was defined by De Bach (1964) as the action
of parasites, predators or pathogens in maintain-
ing the population density of another organism at
a lower average than would occur in their absence.

There is a plethora of natural enemies of plant
pests, including bacteria, protozoa, predatory ne-
matodes, and fungi, which could be used to reduce
populations of phytophagous nematodes. During
the second half of the 20th century, few research
areas in plant pathology attracted more interest
than the use of microorganisms to control plant
pathogens. The great interest generated by the use
of biological control against plant pathogens is a re-
sponse to the growing concern of society regarded
the unconstrained use of chemical pesticides.

II. Biological Control of Nematodes

Biological control agents frequently use several
modes of action such as antibiosis, parasitism,
and competition for nutrients and space. It is
important to highlight that, in addition to their
antagonistic activity, a good control agent should
have the ability to survive in the habitat where
it is going to be applied. Nematodes have a large
variety of natural enemies, including bacteria,
protozoa, other nematodes, insects, mites, and
fungi (Stirling 1991; Stirling and Smith 1998).
Some antagonists of plant parasitic nematodes
have been shown to be useful as biological control
agents (Stirling 1991; Stirling and Smith 1998).
Natural enemies of nematodes are often found
in nematode-suppressive soils. Additionally, the
introduction of natural enemies in soil has resulted
in an efficient method for the biological control
of nematodes. Most research on the interaction
of nematodes with their natural enemies has
been focused mainly on plant parasitic nematode
species, due to their economic importance as crop
pests (Akthar 1997).

The fungal antagonists of nematodes include
nematode-trappingxs fungi, predacious fungi, en-
doparasitic fungi, egg parasitic fungi, cyst parasitic
fungi and fungi that produce nematotoxic metabo-
lites (Mankau 1980). Furthermore, these types of
fungi play a key role in recycling elements such
as carbon, nitrogen, and other important elements
from the biomass found in soil, these activities po-
sitioning them as important microbial decimators
in trophic chains.

General parasites such as the nematode-
trapping fungi can attack plant parasitic ne-
matodes and free-living nematodes. Since the
description of the nematode-trapping fungus
Arthrobotrys oligospora in 1988 (Zopf 1888),
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Fig. 9.1. Nematode captured by the
constricting rings of the predatory
fungus Arthrobotrys anchonia. Note
that the ring cells “cushion” around the
body of the victim, but have not yet
constricted the body. This is a very early
stage after capture (scanning electron
micrograph reprinted with permission
from Barron)

nematode-trapping fungi have become the most
studied group with a high potential for use in
biological control (Kerry 2000). Members of
this group produce diverse structures to capture
their preys (Barron 1977, 1979), such as hyphal
traps, adhesive trapping nets or constricting rings
(Fig. 9.1). Traps can be spontaneously produced, or
their formation induced by nematodes or peptides
(Nordbring-Hertz 1973; Barron 1977). Similarly,
adhesive conidia of endoparasitic nematophagous
fungi strongly attract nematodes, whereas non-
adhesive conidia do not (Jansson 1982). Adhesive
conidia of M. coniospora adhere specifically to the

Fig. 9.2. Scanning electron micrograph of the head region of
a nematode, fixed in glutaraldehyde, heavily infected with
conidia. Arrow Adhesive bud of conidia, bar 2 μm (taken
from Jansson et al. 1984)

head of female P. redivivus, and the head and tail
of the male (Fig. 9.2; Jansson et al. 1984).

III. Virulence Factors

Nematophagous fungi are classified, according to
their role as biological control agents, into free-
living nematode parasites, and egg parasitic fungi
(Kerry and Jaffe 1997). These can also be classified
as facultative and obligate parasites. It is considered
that facultative parasitic fungi use the nematodes
as a supplementary source of nutrients, rather than
a primary source. However, the construction of
nematode-trapping nets by nematophagous fungi
shows that nematophagy is an important trophic
state (Jaffe 1992; Jaffe et al. 1992). The egg para-
sitic fungus P. chamydosporia grows much better
on nematode-infested roots than on healthy roots
or in the soil (Kerry 2000), and shows a genetic vari-
ability closely related to the host from which they
were isolated (Morton et al. 2003). These observa-
tions suggest that nematodes may be more impor-
tant to these fungi than being simply an eventual
source of nutrients. In the case of obligate parasites,
nematode infection initiates through the ingestion
of spores or their attachment to the cuticle (Morton
et al. 2003). Some endoparasites produce zoospores
that are attracted to the nematodes before adhesion
and encystment on the cuticle surface.

The parasitic fungi of free-living nematodes
are similar to the egg parasitic fungi in some as-
pects. Nematode-trapping fungi grow in the soil
and in the rhizosphere where they form nets of
hyphae with trapping structures to capture nema-
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todes. Some species produce consistent constrict-
ing rings, whereas others have adhesive hyphae.

The outer-most layer of a nematode is consti-
tuted by carbohydrates and proteins, and is consid-
ered to be of great importance in recognition events
with the host plants and their antagonists (Bird
and Bird 1991). The cuticle surface influences the
specific interaction between the nematode and the
fungus, including nematode-trapping fungi (Men-
doza de Gives et al. 1999). Nematophagous fungi
penetrate the nematode cuticle via trapping or-
gans in predacious fungi, or conidia in endopar-
asitic fungi. The nematodes not only serve as prey,
but also induce the formation of trapping struc-
tures of the fungus (Barron 1977; Nordbring-Hertz
1977). Cuticle penetration takes place only in liv-
ing nematodes, with dead individuals being in-
vaded through the mouth, anus, or other natu-
ral openings (Nordbring-Hertz and Stalhammar-
Carlemalm 1978).

The initial phase of penetration is believed to be
associated with recognition mediated by a lectin-
carbohydrate interaction (Nordbring-Hertz 1983).
Lectins located on fungal traps or adhesive conidia
bind specifically to carbohydrates on the nematode
cuticle. Further studies on the role of lectins in this
interaction led to the proposal that the recognition
event allows the release of enzymes, to proceed with
the attachment of the fungus onto the nematode
(Tunlid et al. 1992). However, disruption of the gene
that encodes the lectin in A. oligospora did not
affect the virulence of the fungus on the nematode
(Balogh et al. 2003). Nevertheless, the possibility
that another lectin could compensate for the loss
of the product of the disrupted gene can not be
discarded.

It has been suggested that after the recogni-
tion event, the fungus immobilizes the nematode
and secretes extra-cellular enzymes at the point
of contact that allow posterior parasitism (Tunlid
et al. 1994). The endoparasitic fungi D. coniospora
and Hirsutella rhossiliensis, through their adhe-
sive spores, attack the anteroposterior part of the
body of juvenile nematodes. Similarly, when the hy-
phae from nematophagous fungi reach the eggshell,
they form appresoria from which extra-cellular en-
zymes are secreted (Lopez-Llorca and Robertson
1992). The formation of appresoria depends on the
recognition of the host surface. Surface hydropho-
bicity is considered an important recognition fac-
tor (Lopez-Llorca et al. 2002).

Several studies have revealed that extra-cellular
enzymes play an important role as virulence factors

in entomopathogenic fungi and nematophagous
fungi (St. Leger 1995; Clarkson and Charnley 1996).
In the case of nematophagous fungi, these enzymes
are induced by the presence of nematode eggs. The
set of enzymes of which the production is stimu-
lated by eggs has been found to be directly related
to the structure of the eggshell, which is formed by
several layers (Wharton 1980), including a chiti-
nous layer composed of a protein matrix (50–60%)
embedding chitin microfibrils. The main enzymes
induced are chitinases and proteases, and are con-
sidered virulence factors; some appear to be im-
portant determinants of host specificity (Åhman
et al. 1996).

A. Serine Proteases

Alkaline serine proteases are produced by a wide
variety of fungi that digest proteins under diverse
nutritional conditions. The role of serine proteases
in invertebrate pathogenesis was initially charac-
terized in the entomopathogenic fungi Metarhiz-
ium anisopliae (St. Leger et al. 1987), and Bauve-
ria bassiana (Bidochka and Khachatourians 1987).
A 30-kDa serine protease (Pr1) was found to play
an important role in the infection process (Mor-
ton et al. 2004). Proteases from entomopathogenic
fungi sharing characteristics with Pr1, including
size, reaction to inhibitors and substrate utiliza-
tion, called Pr1-like, were purified and character-
ized from the nematophagous fungi Paecilomyces
lilacinus (Bonants et al. 1995), P. rubescens (Lopez-
Llorca 1990), and P. chlamydospora (Segers et al.
1994). Consequently, research on proteases from
entomopathogenic fungi has been closely followed
by scientists studying the role of proteases in the
infection process in nematodes.

The first report on protease production in ne-
matophagous fungi came from nematode-trapping
species (Schenck et al. 1980). The extra-cellular
protease P32 from the egg parasite Verticillium
suchlasporium was the first protease purified
and characterized from a nematophagous fungus
(Lopez-Llorca 1990). A similar protease, also
named P32, was immunolocalized in appresoria
of the fungus P. rubescens, which infects eggs
of the beet cyst nematode Hetrodera schachtii.
These results pointed to the involvement of this
protease in the infection process (Lopez-Llorca
and Robertson 1992). In further research, the use
of the protease inhibitors PMSF and DFP reduced
egg penetration by the fungi Lecanicillium lecanni
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and P. chlamydosporia, showing the relevance
of proteases at the early stages of the infection
process (Lopez-Llorca et al. 2002).

Those fungi that infect nematode eggs form
specialized structures called appresoria; these
structures adhere to eggshells through mucigens,
where the infection develops to penetrate the
eggshell (Morton et al. 2004). The fungus Pochonia
chlamydosporia produces an alkaline serine pro-
tease, VCP1, during the infection of nematode eggs.
The incubation of nematodes eggs with purified
VCP1 resulted in the removal of the outer vitellin
membrane from eggs of Meloidogyne incognita
(Segers et al. 1994). Subsequent infections of these
eggs by P. chlamydosporia extensively degraded
the eggshell, to the degree of generating large holes
in the structure, with no evident appresorium
formation (Morton et al. 2004). Contrasting results
were obtained when eggs of G. pallida were treated
with VCP1, which might be due to the different
composition of nematode eggshells (Morton et al.
2004). Based on these observations, it may be
concluded that the outer vitellin membrane is
a barrier that helps protect against infections,
and which is overcome by the action of secreted
proteases; furthermore, the vitellin membrane
may be involved in host recognition (Morton et al.
2004).

Further research on the role of proteases in
the process of infection by nematode egg parasitic
fungi showed that incubation of M. incognita
eggs with P. lilacinus culture filtrates disrupts egg
development. This effect was not observed with
eggs containing mature juveniles, but hatching
appeared to be stimulated (Bonants et al. 1995). In
yet another example, a serine protease belonging
to the subtilisin family, designated PII, which
immobilizes the active stages of Panagrellus redi-
vivus and hydrolyzes its cuticle, was described for
the fungus A. oligospora (Tunlid et al. 1994). The
enzyme is expressed under starvation conditions
and is repressed by primary glucose and nitrogen
sources, which are more easily assimilated than the
nematode cuticle (Åhman et al. 1996). Similarly,
infection of nematode eggs by D. coniospora
was blocked by the addition of the protease
inhibitor chymostatin, indicating the possible role
of chymotrypsin-like proteases in the infection
process (Jansson and Frimen 1999).

Data obtained on the role of a neutral serine
protease designated Aoz1 from the nematophagous
fungus A. oligospora point in the same direction.
The purified protein showed a molecular mass of

approximately 38 kDa. The expression of this pro-
tein is enhanced by addition of gelatine to the cul-
ture medium. Treatment of nematodes with puri-
fied enzyme showed dramatic structural changes
in the nematode cuticle (Minglian et al. 2004). Se-
quence analysis from the cDNA and genomic clones
revealed 97% similarity with PII from A. oligospora
(Minglian et al. 2004). These data suggest that Aoz1
is likely a PII ortholog (Minglian et al. 2004).

Recently, the neutral serine protease Mlx
from the nematophagous fungus Monacrosporium
microscaphoides was purified and cloned (Wang
et al. 2006). The protease could immobilize the
nematode Penegrellus redivivus in vitro and
degrade its purified cuticle, suggesting that Mlx
could serve as a virulence factor during infection
(Wang et al. 2006).

Almost all identified proteases from ento-
mopathogenic and nematophagous fungi belong to
the K subtilisin family, a large family of endopep-
tidases found only in fungi and bacteria. Proteins
belonging to this family share a high degree of
homology at the sequence level, showing only
minor deletions or insertions in the sequence of
its members (Siezen and Leunissen 1997; Fig. 9.3).
The protease-encoding genes that have been
cloned and sequenced are: the serine protease PIP
from P. lilacinus (Bonants et al. 1995), the PII and
Aozl genes from A. oligospora (Åhman et al. 1996;
Minglian et al. 2004), the Vcp1 gene from P. chlamy-
dosporia (Segers et al. 1994), the Ver112 gene from
Lecanicillium psalliotae (Yang et al. 2005), and the
neutral serine protease-encoding gene Mlx from
M. microscaphoides (Wang et al. 2006).

Sequence analysis of the promoters of these
protease-encoding genes has allowed the identifi-
cation of regulatory elements described in other
fungal systems that participate in responses to
specific nutritional conditions. The promoter
sequence from these genes include TATA boxes,
GATA boxes, and CREA boxes that are involved in
nitrogen and carbon catabolic repression (Screen
et al. 1997).

Sequence analysis of these proteases shows the
typical characteristics of subtilisins, such as the
three catalytic amino acids Asp-His-Ser (Siezen
and Leunissen 1997; Fig. 9.3). In addition, few vari-
ations were detected in the sequences, and these
differences might be related to observed differences
in substrate specificity (St. Leger et al. 1991). This
group of proteases has a wide spectrum of pep-
tidic substrates, but with preferences for specific
substrates. Furthermore, Morton et al. (2003) ob-
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Fig. 9.3. Multiple sequence alignment of proteases from
different nematophagous fungi containing the conserved
catalytic domains, performed by means of the ClustalW
program. A thin line (top) indicates the region spanning the
signal peptide, followed by the propeptide indicated with
a thicker line. A high level of similarity among the different
sources of proteases can be observed. Residues in dark
indicate amino acids identical among all sequences. The
putative catalytic triad (D-H-S) of the subtilase active site
is marked by asterisks. The GenBank accession numbers
AAX54903, ABF72192, CAD20584, AAA91584, AAM81583,

BAD44716, CAA32820, Q68GV19, CAA63841, AF516146,
and AAW21809 correspond to the following organisms
and proteases, respectively: Arthrobotrys conoides (cuticle-
degrading protease), Dactylella avrietas (cuticle-degrading
protease), Cordyceps chlamydosporia (VCP1), Pae-
cilomyces lilacinus (pSP-3), Dactylaria parvispora (cuticle-
degrading protease), Monacrosporium megalosporium
(cuticle-degrading protease), Tritirachium album (cuticle-
degrading protease), Lecanicillium psaliotae (Ver12),
Arthrobotrys oligospora (PII), Arthrobotrys oligospora
(Aoz1), and Monacrosporium microscaphoides (Mlx)
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served strong variations at the sequence level and
for substrate utilization in isolates from P. chlamy-
dosporia in different nematode hosts.

B. Chitinases

Chitinases have been detected in a great variety of
organisms that do not contain chitin, such as bacte-
ria, higher plants and vertebrates, and also in those
that contain chitin, such as insects, crustaceans and
fungi (Herrera-Estrella and Chet 1999). Chitin is
a structural polymer found in the cell wall of fungi,
and constitutes the exoskeletons of invertebrates; it
is an important component of the middle layer of
nematode eggshells. Chitin is degraded by the com-
bined action of endo- and exo-chitinases. All fungi
analyzed to date produce intracellular chitinases
necessary for the apical growth of hyphae (Takaya
et al. 1998), while extra-cellular chitinases play an
important role in parasitism (Chet et al. 1997). The
chitinases and proteases of the biological control
agents Trichoderma spp. are very similar to those
of nematophagous fungi, and have been shown to

Fig. 9.4. Scanning electron microscope
(SEM) images of eggs of the nema-
tode Globodera, treated with various
enzymes and enzyme combinations. a
Untreated eggs (control). b Treated with
purified chitinase from V. suchlasporium
(CHI43). c Close-up of b to show scars
on eggshell. d Treatment with V. such-
lasporium protease (P32). e Treatment
with both P32 and CHI43. f Close-up of
e to show extensive peeling of eggshell
(modified from Tikhonov et al. 2002)

have a great potential for their use in the biological
control of nematodes (Sharon et al. 2001).

Nematophagous fungi that parasitize eggs
must penetrate the eggshell during the infection
(Lysek and Krajci 1987; Lopez-Llorca and Duncan
1988). As mentioned above, the structure of the
eggshell is formed by several layers, including
a chitinous one (Wharton 1980). This is the
thickest layer, and is likely to be the major barrier
for infection (Bird and Bird 1991).

The first report for chitinase activity in
nematophagous fungi was in Verticillium spp.,
isolated from infected nematode eggs, both in
screening on solid media with colloidal chitin
and in liquid media (Dackman et al. 1989).
More recently, several chitinases produced by
the egg parasitic fungi, P. chamydospora and
P. rubescens, have been purified. Culture filtrates
of P. rubescens show higher activity of N-acetyl-
b-D-glucosamidase than culture filtrates of
P. chlamydospora (Bird and Bird 1991). This might
be due to the fact that eggshells from their pre-
ferred hosts are different. Globodera eggshells are
thicker than those of Meloidogyne, and P. rubescens
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appears to prefer Globodera eggs. G. pallida eggs
were treated with the purified chitinase CHI43,
provoking scars on the egg surface; the addition of
the protease P32 to the mix generated peeling on
the eggshell membrane (Fig. 9.4; Tikhonov et al.
2002). These results show the importance of both
enzymes in the infection, and contrast with the
failure of purified VCP1 to produce similar effects
on Globodera (Morton et al. 2004).

Unfortunately, current knowledge on the role
of chitinases in the infection process is still very
limited, especially at the level of gene expression.
Fortunately, the situation is likely to change in the
near future, with the study of more fungal genomes.
In this sense, recently, the cDNAs from an acidic
chitinase gene, chi1, and a basic chitinase gene,
chi2, from Verticillium lecanii were isolated and
the deduced protein sequence analyzed. The chi1
cDNA encodes a predicted protein of 370 aa, while
the cDNA of chi2 encodes one of 423 aa. The ba-
sic chitinase gene (chi2) was successfully expressed
in Pichia pastoris, where CHI2 was shown to be
a functional enzyme that can hydrolyze chitinous
substrates (Lu et al. 2005).

C. Other Enzymes

Most studies of the chemical composition of the
nematode cuticle have been performed with the
mammal parasitic nematode, ascarids (Schenck
et al. 1980). The ascarid cuticle is a three-layered,
fibrous structure that contains collagen and ker-
atin of types unique to the Nematoda (Bird 1971).
Collagens are among the most complex of proteins,
and are slowly degraded in natural soils and waters
(Weiss 1976). Collagenolityc enzymes have been
isolated from vertebrate (Gross and Lapiere 1962;
Gross and Nagai 1965) and invertebrate (Phillips
and Dresden 1973) animal tissues and from bac-
teria, but reports of production of collagenase by
fungi are relatively rare (Hurion et al. 1979). Col-
lagenase was defined as an enzyme that catalyzes
the hydrolysis of collagen and gelatin, rather than
other protein substrates (Mandl et al. 1953).

During the infection of nematodes, ne-
matophagous fungi must penetrate the nematode
cuticle; it is believed that collagenase is an im-
portant enzyme involved in the pathogenicity
of nematophagous fungi (Dackman et al. 1992;
Tunlid et al. 1994). One of the first attempts to
determine whether nematode-trapping fungi
produced extra-cellular collagenase and keratinase

was made by Schenck et al. (1980), who observed
that a group of eight nematode-trapping fungi
produced collagenase in the growth media of
all tested species. All the tested species could
secrete extra-cellular collagenase with accept-
able collagen-hydrolyzing activities. In contrast,
keratinase activity was not found in the culture
media.

More recently, Tosi et al. (2002) reported re-
sults of a screening process comparing the Antarc-
tic nematophagous fungus Arthrobotrys tortor with
other Arthrobotrys species in the production of
extra-cellular collagenases. To carry out this re-
search, they used the nematode Caernorhabditis
elegans. Collagenase activity was determined us-
ing insoluble collagen from bovine Achilles ten-
don, and measuring the amount of solubilized hy-
droxyproline produced. The results showed that
the total amount of collagenase produced by the
Antarctic strain of A. tortor was about three-fold
higher than that observed for the other species.
In the Antarctic strain, collagenase was shown to
be a constitutive enzyme. The level of collagenase
production in nematode-trapping fungi could be
related to their virulence. Certain organisms pro-
ducing collagenase are highly invasive; presumably,
these collagenases contribute to their virulence.

D. Toxins or Inhibitory Metabolites

In order to eliminate their competitors, many mi-
croorganisms produce toxic metabolites such as
antibiotics. Toxins are also important for parasitic
microorganisms, because they facilitate infection
by debilitating the host (Morton et al. 2004). Or-
ganisms that can produce metabolites similar to
those of nematicides have been investigated and
considered as possible biocontrol agents.

Nematophagous fungi are not an exception in
the production of toxins. The fungus P. lilacinus
produces acetic acid that paralyzes juvenile nema-
todes (Djian et al. 1991). Fusarium equiseti pro-
duces compounds that reduce hatching of root-
knot nematode eggs and immobilizes infective ju-
veniles (Nitao et al. 1999). Fungal filtrates from sev-
eral fungi grown in malt extract broth were toxic
to infective juveniles and eggs (Chen et al. 2000).
A metabolite with nematicidal activity against in-
fective juveniles, phomalactone, was isolated from
P. chlamydosporia (Khambay et al. 2000). Research
into finding new metabolites with nematicidal ac-
tivity by nematophagous fungi is practically a new
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field to be exploited. Genetic and molecular analy-
sis on the metabolic pathways to synthesize these
metabolites could help to manipulate the produc-
tion of these compounds in order to use them in
fields infested by nematodes.

IV. Improvement of Nematode-Trapping
Fungi by Genetic Engineering

Although many microbial antagonists of nema-
todes have been found and tested for their activity
against nematodes, they have not led to the devel-
opment of commercial products as cost-effective as
chemical nematicides (Oka et al. 2000).

The most common strategy to control plant
parasitic nematodes by the use of nematode-
trapping fungi has been to mass-produce the
fungus that infects the nematodes on solid sub-
strates, followed by application to the soil. There
are several reports of successful biological control
of plant parasitic nematodes by means of ne-
matophagous fungi; however, these are perceived
as inefficient, compared to chemical nematicides.
Based on this has emerged the demand for new
strategies in order to combat phytophagous
nematodes, one of these being the generation of
improved fungal strains.

Improvement of biological control agents has
involved the overexpression of lytic enzymes. In an
attempt to obtain improved strains from the ento-
mopathogenic fungus A. oligospora, Åhman et al.
(2002) investigated the potential roles of protease II
in host infection by generating several PII mutants,
including mutants in which the corresponding gene
had been disrupted, and transfromants that over-
expressed it. Deletion of the PII gene had a limited
effect on pathogenicity, including decreased per-
centages of adhesion and immobilization of nema-
todes, while overexpression of the gene resulted in
a higher capacity to kill nematodes. Other inter-
esting observations were that the deletion mutant
produced less traps, while the multicopy transfor-
mants produced more (Åhman et al. 2002).

V. Concluding Remarks

Despite the great amount of knowledge accumu-
lated on the structural characteristics of special-
ized structures produced by nematode-trapping
fungi during interaction with their hosts, and even

on the life cycle and ecology of this organisms,
our understanding of the host-fungus interaction
is poor at the molecular level, and it is necessary
to gain further knowledge in this domain. All stud-
ies on lytic enzymes reviewed in this chapter un-
doubtedly indicate that they are important viru-
lence factors in the infection process. However, as
mentioned above, present understanding of their
mode of action and their regulation at the molecu-
lar level is still limited. More research on virulence
factors and their regulation is necessary in order
to better understand the mechanisms underlying
the nematode infection process by fungi, which
in turn could be used to generate improved bio-
logical control fungi against nematodes by genetic
engineering. It must be noted that lytic enzymes
are unlikely to be the only factors involved in the
infection process. In addition, the analysis of dif-
ferent isolated structures such as knobs, trapping
nets, appresoria, and other structures will help to
understand their role in the parasitic process as
infection structures. Identification of new poten-
tial virulence factors is important, and new tech-
nologies such as functional genomics, proteomics,
and metabolomics should enable us to identify the
players involved in the infection process and to elu-
cidate the signals that switch on the process in the
fungus.

References
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I. Introduction

Synthetic chemical pesticides have been the
mainstay of insect pest control for over 50 years.
However, insecticide resistance, pest resurgence
and concern over the environmental impact of
agricultural inputs give urgency to the search for
alternative, biologically based forms of pest con-
trol. The impact on insect populations of natural
epizootics caused in particular by fungal and viral
pathogens demonstrates the potential of microbial
pest control. Seminal attempts towards the end of
the 19th Century to use the Ascomycota pathogen
Metarhizium anisopliae for pest control (described
in Gillespie 1988) inspired more recent extensive

1 Department of Biology and Biochemistry, University of Bath,
Claverton Down, Bath BA2 7AY, UK

efforts to harness entomopathogenic fungi for
biocontrol. This review outlines the current state
of knowledge of insect fungal pathogens as it
relates to their present use and future potential as
mycoinsecticides.

II. Taxonomy

Relationships between fungi and insects may be
mutualistic, through commensal to obligately
pathogenic. The term entomogenous is often used
to encompass all types of association between
insects and fungi, with disease-causing fungi
being referred to as entomopathogenic. A further
distinction can be made between fungi which are
aggressively pathogenic, like Metarhizium aniso-
pliae, and opportunists, like the wound pathogen
Mucor haemalis (McCoy et al. 1988; Samson et al.
1988; Tanada and Kaya 1993). The system of
classification adopted here accords with that in the
Index Fungorum (www.speciesfungorum.org).

Entomopathogens are to be found in most
taxonomic groupings in the fungal kingdom,
apart from the higher Basidiomycota. The phylum
Oomycota, in the kingdom Chromista (Leipe et al.
1994), originally classified as fungi, includes the
mosquito pathogen Lagenidium giganteum. Of
the fungi, the most common insect pathogens in
phylum Chytridiomycota are found in the genus
Coelomomyces, e.g. C. psorophorae, a mosquito
pathogen with an obligate copepod secondary
host. Entomophthorales, e.g. genera Conidiobolus,
Entomophaga, Erynia and Pandora, are widespread
members of the phylum Zygomycota. Mummified
aphids stricken by fungi of this group are famil-
iar features of cereal crops in temperate regions
(Fig. 10.1f). Among the members of the phylum As-
comycota, Cordyceps spp. have fruiting structures
or perithecia which can dwarf the cadavers of their
insect victims (Fig. 10.1b). The most widespread
insect pathogenic fungal genera are found in
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the order Hypocreales of the phylum Ascomy-
cota, viz. Beauveria and Metarhizium. Beauveria
bassiana (Fig. 10.1g, h) and Metarhizium aniso-
pliae (Fig. 10.1g) have broad host ranges, though
considerable specificity occurs among individual
isolates. Subspecies M. aniopliae var. majus and
M. anisopliae var. acridum are specific for Scarabid
beetles and grasshoppers/locusts respectively
(Samson et al. 1988; Driver et al. 2000). Other im-
portant entomopathogens in the phylum Ascomy-
cota include Lecanicillium (Fig. 10.1d) (formerly
Verticillium), Nomuraea (both Incertae sedis: As-
comycota) (Fig. 10.1c), Paecilomyces (Eurotiales:
Ascomycota) and Aschersonia (Hypocreales: As-
comycota) (Fig. 10.1a). The fungi described above
are all destructively pathogenic. Laboulbeniales
(Ascomycota), on the other hand, are biotrophic.
They remain largely external to their hosts, gaining
nutrition via a penetrant haustoria while appar-
ently causing little harm. Most Trichomycetes
(Zygomycota) have a commensal existence in the
guts of their Dipteran hosts (Misra 1998).

III. Infection Process

Unique among entomopathogens, fungi do not
have to be ingested and can invade their hosts
directly through the exoskeleton or cuticle. There-
fore, they can infect non-feeding stages such as eggs
and pupae. The site of invasion is often between
the mouthparts, at intersegmental folds or through
spiracles, where locally high humidity promotes
germination and the cuticle is non-sclerotised and
more easily penetrated (Hajek and St Leger 1994;
Clarkson and Charnley 1996). Members of the
Hypocreales such as Metarhizium spp. and Beau-
veria spp. are opportunistic hemibiotrophs with
a parasitic phase in the live host and saprotrophic
phase during post-mortem growth on the cadaver.
These fungi may use toxins to help overcome
host defences (Gillespie et al. 2000; Freimoser
et al. 2003a). By contrast, Entomophthorales are
biotrophs with little or no saprotrophism; they kill
by tissue colonisation without the help of toxins
(Charnley 2003; Freimoser et al. 2003b).

A. Fungal Invasion of the Host

M. anisopliae and B. bassiana have hydrophobic
spores which appear to bind to insect cuticle by
non-specific interactions, though failure to adhere

to particular insect species may help to define
isolate host range (Holder and Keyhani 2005).
Zoospores of Lagenidium giganteum are host
selective. Cuticle-degrading enzymes are present
on the surface of conidia of M. anisopliae and,
therefore, there is the potential for the fungus to
modify the cuticle surface to aid attachment. Host
and fungal lectins have been implicated also in
the process of attachment. Germination in vitro
of nutrient-dependent spores of M. anisopliae and
B. bassiana is consequent upon a non-specific,
accessible source of carbon and nitrogen, though
in vivo isolate specificity may depend on response
to qualitative and quantitative differences in avail-
able nutrients on the host cuticle. More selective
pathogens appear to have more specific require-
ments, e.g. strains of M. anisopliae which are
specialist for Scarabid beetles. Ability to withstand
antifungal compounds in the cuticle, such as short
chain fatty acids, is a prerequisite for successful
invasion (see Boucias and Pendland 1991). The
importance of signal exchange between host and
pathogen is seen in particular in the cues which
cause the fungus to stop horizontal growth on the

Fig. 10.1. a Aschersonia aleyrodis (Ascomycota: Hypocre-
ales), sporulating on cadavers of the glasshouse whitefly
Trialeurodes vaporariorum (Homoptera: Aleyrodidae)
(with permission of HRI at the University of Warwick,
UK). b Stroma of Cordyceps sp. (Ascomycota: Hypocreales:
Clavicipitaceae) emerging from a locust (Orthoptera:
Acrididae). They each contain many ascospores (with
permission of H. Evans, CABI Bioscience, Egham, UK).
c Dead caterpillar (Lepidoptera) covered in the green
conidia of Nomuraea rileyii (Ascomycota: Hypocreales)
(with permission of HRI at the University of Warwick,
UK). d Scanning electron micrograph of conidia of
Lecanicillium longisporum (Ascomycota: Incertae sedis)
(with permission of HRI at the University of Warwick, UK).
e A germinating conidium of Metarhizium anisopliae var.
acridum (Ascomycota: Hypocreales), on the surface of the
wing of a desert locust, Schistocerca gregaria (Orthoptera:
Acrididae). The germ tube terminates in an appressorium.
f Pandora neoaphidis (Zygomycota: Entomophthorales)
on the aphid, Macrosiphum euphorbiae (Homoptera:
Aphididae). Note white halo of spores on the leaf around
the dead aphids (brown, centre-right). g Dead larvae
of the vine weevil, Otiorhynchus sulcatus (Coleoptera:
Curlionidae); the one on the left is covered in conida of
Beauveria bassiana (Ascomycota: Hypocreales), the one on
the right is covered in conidia of Manisopliae var. anisopliae
(Ascomycota: Hypocreales) (with permission of HRI at
the University of Warwick, UK). h Beauveria bassiana
(Ascomycota: Hypocreales) sporulating on cadavers of
blowflies, Phormia regina (Diptera: Calliphoridae) (with
permission of D. Steinkraus, University of Arkansas, USA)
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surface of the cuticle, produce an appressorium
and initiate penetration. Differentiation of the
germ tube to produce the holdfast structure, or
appressorium, is most completely understood for
M. anisopliae. Isolate ARSEF2575 requires low
concentrations of a complex carbon and nitrogen
source, and a hard surface. Metarhizium isolates
from Homoptera form appressoria in media (high
concentrations of simple sugars) which are repres-
sive for isolates from Coleoptera. This is probably
an adaptation to parasitism, as the cuticle of
plant-sucking bugs (Homoptera) is contaminated
with sugars from their copious excreta (St Leger
et al. 1992a). The specificity for locusts of at least
one isolate of M. anisopliae var. acridum appears in
part to be due to cues for appressorium formation
(Wang and Leger 2005; Fig. 10.1e).

Numerous light and electron microscope
studies on the invasion of host cuticle by en-
tomopathogenic fungi are consistent with the
involvement of both enzymes and mechanical
pressure. Insect cuticle comprises between 60–70%
protein; therefore, it is perhaps not surprising
that recent work has implicated proteases in
particular in the penetration process (for review,
see Charnley 2003).

Once the fungus breaks through the cuticle and
underlying epidermis, it may grow profusely in the
blood, in which case insect death is probably the re-
sult of starvation or physiological/biochemical dis-
ruption brought about by the fungus. Alternatively,
insecticidal secondary metabolites may contribute
to the demise of the insect and, in this case, exten-
sive growth of the fungus may occur only on the ca-
daver of the host (Charnley 2003). For many fungi,
the reality is probably somewhere between these
two extremes. The absence of fungal proteases, so
prominent during cuticle penetration, is a marked
feature of this stage of mycosis (Wang et al. 2005).
Few studies have examined the effect of fungal in-
fection on host physiology/behaviour. This is un-
fortunate because, from the point of view of crop
protection, sub-lethal or prelethal effects of myco-
sis may be just as useful as the death of the host.
Detrimental effects of mycosis on food consump-
tion, egg laying and flight behaviour have been
recorded (Nnakumusana 1985; Seyoum et al. 1995).

The life cycle is completed when the fungus
sporulates on the cadaver of the host. Under appro-
priate conditions, particularly high relative humid-
ity (RH), the fungus will break out through the body
wall of the insect, producing aerial spores. This may
allow horizontal or vertical transmission of the dis-

ease within the insect population. Resting spores
(chlamydospores) produced within the dead insect
may enable the fungus to survive for long periods
under adverse conditions (Samson et al. 1988). Ad-
ditionally, in the locust pathogen M. anisopliae var.
acridum, conidia may be produced in internal air
spaces as the cadaver dries out under low humidity
(Prior, personal communication).

B. Host Response to Fungal Invasion

Host response has been extensively reviewed
(Vilcinskas and Gotz 1999; Gillespie et al. 2000).
The cuticle is not only the first but also the
major barrier to host invasion. Structural features
such as sclerotisation impede penetration, while
enzyme inhibitors and tyrosinases, which generate
antimicrobial melanins, are frontline defences
against weak pathogens. Blood-borne defences
seem to have little impact on virulent fungal
pathogens. Phagocytosis by individual blood cells
and cooperative behaviour between haemocyte
subpopulations viz. encapsulation and granuloma
formation are often not recorded after the initial
incursion. This has been attributed to a failure of
the insect’s non-self recognition system, in some
cases brought about by toxic fungal metabolites,
in others due to the removal of immunogenic
components from fungal cell walls (or even the
walls themselves) in the blood of infected insects
(see Charnley 2003). The important contribution
of antifungal peptides in defence against non-
adapted pathogens is also recognised (Kim and
Kim 2005).

IV. Epizootology of Fungal Diseases
in Insects

Although epizootics of insect fungal diseases
are comparatively common, our understanding
of population-level interactions between ento-
mopathogenic fungi and their hosts is based only
on a restricted number of studies (Carruthers
and Soper 1987; Goettel et al. 2005). Natural
disease development and spread are affected
by the characteristics of the host and pathogen
populations, the environment, and the impact of
human activities (particularly in agroecosystems).
Properties of the pathogen population which are
important include virulence, dispersal, and sur-
vival in the host’s environment, inoculum density
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and spatial distribution. Host population factors
which need to be considered are susceptibility,
density, movement and spatial distribution. Abi-
otic environmental factors such as temperature,
moisture and sunlight may determine whether
infection can occur. Germination and sporu-
lation are particularly dependent on moisture.
Temperature may also be limiting for disease,
particularly when short generation time for the
host is favoured by a temperature which is above
or below the optimum for the pathogen. Possible
complex interactions between virulent and avir-
ulent isolates were suggested by the outcome of
an experimental dual infection in the leaf-cutting
ant Acromymex echintior (Hughes and Boomsma
2004). The normally avirulent Aspergillus flavus
dominated when inoculated with M. anisopliae
– probably the outcome of immunosuppression
achieved by Metarhizium toxins.

Some of the more detailed epizootology stud-
ies of insect pathogenic fungi come from agroe-
cosystems. Examples include Nomuraea rileyi in-
fection of Anticarsia gematalis on soybean (Ignoffo
1981) and Entomophthora muscae on the onion
fly Delia antiqua (Carruthers and Haynes 1986).
Forests are more diverse stable habitats than agroe-
cosystems; consequently, the insect–pathogen in-
teractions may be more complex. The spruce bud-
worm Choristoneura fumiferana is a major defo-
liator in balsam and spruce trees in eastern North
America. Among a range of pathogens which at-
tack this insect, the fungi Erynia radicans and En-
tomophaga aulicae produce the highest mortality
(Perry and Whitfield 1984). Disease incidence de-
pends on insect age and position in the tree canopy;
the role of abiotic factors is not completely under-
stood. Humid, tropical forests have a rich, varied
entomopathogenic mycoflora (Evans 1982), includ-
ing in particular Cordyceps spp., and it has been
suggested that these fungi have a significant role in
the regulation of insect populations because of the
stable microclimates in such habitats.

Rangelands are more stable than agricultural
systems but more uniform in structure than
forest ecosystems. Grasshoppers are often the
dominant phytophagous insects in such habitats.
Entomophaga grylli mycoses cause high mortality
among populations of Camnula pellucida and
Melanoplus bivittatus in western North America
(Pickford and Riegert 1963).

Soil is a complex habitat which harbours
a large fauna and flora. Metarhizium anisopliae is
one of the most frequent mycopathogens of soil

insects in temperate regions, particularly of beetles
(Keller and Zimmermann 1989). Epizootics have
been found on wireworms (Agriotes spp.) and
larvae of Amphimallon solstitialis. M. anisopliae,
B. bassiana and Paecilomyces sp. are commonly
isolated from temperate soils. The ubiquity in
particular of the former two species must reflect
their broad host ranges. Beauveria brongniartii is
primarily a pathogen of cockchafers, Melolontha
spp., and other Scarabidae. Investigations of the
population dynamics of cockchafers in eastern
Switzerland showed that B. brongniartii is the
main regulating factor (Zimmermann 1992). Soil
can also function as a reservoir for fungi which
generally infect insects on aerial parts of plants.
It has been shown experimentally that spores
of the lepidopteran pathogen N. rileyi adhere to
leaves of plant seedlings as they emerge through
the soil (Ignoffo et al. 1977). Fungi may persist
in soil as mycelium within mummified cadavers,
conidia, resting spores (e.g. Entomophthorales)
or pseudosclerotia. Temperature, pH, water and
organic content can affect fungal survival (Keller
and Zimmermann 1989).

Aquatic ecosystems present different problems
to entomopathogenic fungi. In comparison with
terrestrial habitats, fluctuations in temperature and
sunlight may be less important whereas fluctua-
tions in pH, salinity, currents and dissolved so-
lutes may affect pathogen persistence. Although
some pathogens may infect aquatic insects using
specialist-shaped spores or motile zoospores to aid
host location, e.g. Lagenidium giganteum, others
confine themselves to the aerial adults, thereby
avoiding the problems presented by the aquatic en-
vironment (Lacey and Undeen 1986).

V. Pest Control

A. Approaches to the Use
of Insect Pathogenic Fungi for Pest Control

Several strategies have been adopted for the use
of insect pathogenic fungi in pest control. The
most cost effective is permanent introduction
(also known as ‘classical control’). This involves
the establishment of a disease in a population
where it is does not occur normally, in order to
obtain long-term or permanent suppression of the
pest. Although there is a history of this approach,
there are comparatively few examples where
detailed population studies have determined the
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effectiveness of introductions. Milner et al. (1982)
introduced an Israeli isolate of Zoophthora radi-
cans into alfalfa fields in Australia in an attempt
to control an accidentally introduced pest, the
spotted alfalfa aphid Therioaphis trifolii maculata.
The fungus became established and spread from
the release site in subsequent seasons, causing high
percentage mortality among aphid populations.
Entomophaga maimaiga was introduced from
Japan into eastern North America in 1910–1911
to control the gypsy moth Lymantria dispar. The
fungus did not appear to have become established.
However, in 1989 and 1990, it caused extensive
mortality among gypsy moth in 10 states in the
USA (Hajek et al. 1995). It is possible that it
was present but unrecognised for many years,
as symptoms of mycosed gypsy moths resemble
those of moths infected with a baculovirus. Resting
spores of the fungus have been used successfully
to introduce the fungus into new areas.

Promoting natural fungal epizootics by
adopting appropriate cultural and crop protection
practices is an alternative way of harnessing
entomopathogenic fungi for pest control. A classic
example is the development of early harvesting
strategies for alfalfa to maximise development
and spread of natural infections of Zoophthora
sp. among alfalfa weevils (Hypera postica) (Brown
and Nordin 1986). Steinkraus et al. (1995) showed
that natural infections of Neozygites fresneii (En-
tomophthorales) could reduce or even eliminate
the need for chemical control of aphids on cotton.
They were able to predict epizootics a week
in advance and advise farmers to refrain from
chemical sprays at crucial times.

Epizootics of fungal pathogens on crop pests
often occur too late to be of economic value. Ap-
plication of an additional inoculum can acceler-
ate the process. When this results in secondary
spread of disease, the process is termed ‘inocula-
tive augmentation’, otherwise the strategy is called
‘inundative augmentation’; in reality, these are the
two extremes of a continuum. Augmentation now
also encompasses the application of a fungus in
a situation where mycosis may not naturally occur.
Mass production for inundative control is known
as the ‘microbial pesticide’ or ‘mycoinsecticide’ ap-
proach (Tanada and Kaya 1993). The development
of mycoinsecticides has received the most attention
in recent times and is focussed on here.

Mycoinsecticides may perform inconsistently
for a variety of reasons but particularly due
to unfavourable environmental conditions (see

below). Therefore, strategies have been developed
to increase efficiency and accelerate kill, e.g. by
combining fungi with sub/low lethal doses of
chemical pesticides. This approach is based on the
assumption that, weakened by another stressor,
the insect will succumb more readily to mycosis. In
China, combinations of B. bassiana and certain in-
secticides have been recommended for application
against crop and forest pests (Feng et al. 1994). Most
experimental studies with mixtures suggest addi-
tive effects of the ingredients. However, synergy
occurred between imidacloprid and B. bassiana
against the Colorado beetle (Furlong and Gro-
den 2001) and the caterpillar Spilarctia obliqua
(Purwar and Sachan 2006). The same insecticide
was antagonistic with B. bassiana against Bemisia
argentifolii (James and Elzen 2001). B. bassiana
and Bacillus thuringiensis toxins were synergistic
against the Colorado beetle (Wraight and Ramos
2005). An alternative is to use the two treatments
sequentially, rather than in combination. Early
season use of B bassiana followed by insecticides
gave good control of beetle and caterpillar pests
on crucifer crops (Vandenberg et al. 1998).

The alternative to the use of a chemical stressor
is to combine entomopathogenic fungi with other
microbial pathogens (see Zimmermann 1994).
Though there are few examples where this strategy
has been tried, it is given credence by observations
of mixed infection in field-collected insects.
Laboratory and glasshouse trials established the
efficacy of a combination of M. anisopliae and
entomopathogenic nematodes against the beetle
Hoplia philanthus (Ansari et al. 2004). In Columbia,
there is a product called Micobiol Completo, which
is a mixture of B. bassiana, M. anisopliae, N. rileyi,
P. fumosoroseus and the bacterium B. thuringiensis
at 1 ×109 spores of each pathogen per g of prod-
uct, for control of larvae and adult Lepidoptera,
Coleoptera, Hemiptera and Diptera, and mites
(Alves et al. 2003). However, it seems unlikely that
combinations will be used widely, as this strategy
complicates application procedures as well as
increasing the costs of pest control and initial
development (particularly registration).

Limitation of fungal isolates to particular cli-
matic conditions could theoretically be remedied
by co-formulation of isolates, from the same or dif-
ferent species, with different ecological tolerances.
This receives some support from the literature, e.g.
Inglis et al. (1997). Interestingly, rarely is synergy
observed and often one isolate dominates over the
other (Wang et al. 2002; Rao et al. 2006).
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B. Current Use

1. Status of Mycoinsecticides

Crop protection is still dominated by chemical pes-
ticides. Sales of biopesticides, at ca. US$600 million,
account for only 2% of the global crop protection
market (Anon 2005). Mycoinsecticides accounted
for a small fraction of the biopesticide market, the
major share being taken by products based on the
toxicogenic bacterium Bacillus thuringiensis (Bt).
The controversial but successful introduction of
crops, e.g. cotton, maize, potato and rice, geneti-
cally engineered to produce Bt toxin heralds a new
era for insect control (James 2005).

Other than for transgenic crops, biopesticide
production is dominated by small to medium-sized
companies (SMEs). Large multinational agrochem-
ical companies who, encouragingly, invested in bi-
ological forms of pest control in the 1980s have

Fig. 10.2. a Vertalec, a product
based on Lecanicillium longisporum,
targeted against glasshouse aphids
(see Table 10.1.). b Initial brochure of
the multi-donor funded LUBILOSA
project on developing Metarhizium
anisopliae for locusts and grasshop-
per control. c Logo of the product,
based on Metarhizium anisopliae var.
acridum, developed for locust control
by LUBILOSA (see Table 10.1.). d My-
cotrol, a product based on Beauveria
bassiana, for control of a number of
pests. Wettable powder formulation
and a plate culture of the fungus
are also shown (see Table 10.1.).
E Botanigard, a product based on
Beauveria bassiana, for control of
a number of pests (see Table 10.1.)

since pulled out; an exception is the current in-
volvement of some Japanese companies, e.g. Certis
is the biopesticide arm of Mitsui & Co Ltd. However,
it is clear that concerns over insecticide resistance,
the impact of synthetic chemicals in environmen-
tally sensitive areas, cost of registering chemicals
for high-value but specialist crops, and the grow-
ing interest in ‘organic’ food ensure a market for
biological forms of pest control including products
based on entomopathogenic fungi.

Any attempt to produce a definitive list of rec-
ommendable commercial producers is hindered
by the difficulty in obtaining realistic information,
rather than company hype. A particular problem
is gauging the size of an operation. The compa-
nies and products detailed in Table 10.1. appear to
be the most important in the countries in which
they originate. Taken as a whole, the list indicates
a considerable level of interest and involvement in
mycoinsecticide use.
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Products are based on a restricted number
of species, primarily M. anisopliae, B. bassiana,
B. brongniartii, P. fumosoroseus, Lecanicillium
longisporum, L. muscarium. Some companies have
retained the name V. lecanii. The fungi in question
would probably now be classified as L. longisporum
or L. muscarium. However, unless the identity is
certain, the original names have been retained in
Table 10.1. Most production is based on solid or di-
phasic systems where conidia are concerned. Blas-
tospores are produced by liquid fermentation, e.g.
Vertalec (Fig. 10.2a) and Vertiblast. There are some
products which have more than one active ingredi-
ent, either two isolates of the same fungus (Vertikil)
or several different species (Meta-Ven and Bassi).

There is little reliable information on the situa-
tion in Russia. This is unfortunate because Boverin,
a product based on B. bassiana and used against
the Colorado beetle Leptinotarsa decemlineata
and the codling moth Cydia pomonella, used to
be an oft-quoted success story. There may be over
100 companies/organisations producing microbial
pesticides in India. The ones cited in Table 10.1.
appear to be the most significant. Elsewhere, in
Asia AppliedChem in Thailand make Metazan
(M. anisopliae) and Buverin (B. bassiana).

Throughout South America, particularly
in Brazil, Peru, Columbia, Cuba, Mexico and
Argentina and, to a much lesser extent, in Ecuador,
Uruguay, Panama, Paraguay, Dominican Republic,
Guatemala, Honduras, Nicaragua, Costa Rica and
Trinidad and Tobago, small to medium commercial
producers, research stations and universities are
involved with producing mycoinsecticides (Alves
et al. 2003; Ray Quinlan, personal communica-
tion). These are largely based on M. anisopliae
and B. bassiana but there is some use of P. fu-
mosoroseus, V. lecanii, Nomuraea rileyi, Sporothrix
insectorum, E. virulenta. Another oft-quoted
product, ‘Metaquino’, used in Brazil for the control
of spittle bugs, Mahanarva posticata, on sugarcane
is produced by a local authority/NGO project.

There are more than 60 workshops/cottage-
style producers of unregistered mycoinsecticides
in China. New regulations require that producers
of biopesticides must not only register their prod-
ucts but also have a product license and a com-
pany license to produce pesticides (Yuxian Xia, per-
sonal communication). Registration requirements
for mycoinsecticides are the same as for chemical
pesticides. At the moment, only the two compa-
nies detailed in Table 10.1. have satisfied the new
regulatory requirements. Entomopathogenic fungi

have been used more widely on forest pests than
on crop pests (Feng 2003). The registered products
are aimed at pests in these two ecosystems.

The most influential mycoinsecticide devel-
opment project was the multidonor LUBILOSA
programme (Fig. 10.2b). Initiated in 1989, it
involved research institutes from the UK, The
Netherlands and the republics of Benin and Niger.
The aim was to develop fungi as biocontrol agents
for grasshoppers and locusts. Twelve years later
this programme, which involved 40 scientists at
a cost of US$17 million, resulted in a commercial
product, Green MuscleTM (Fig. 10.2c). It gives
70–90% control of grasshoppers and locusts as
soon as 5–15 days after application but, under
less favourable conditions, at 14–20 days. It is
recommended for control of these pests by FAO
(Bateman 1997; Jenkins et al. 1998). Lessons in
formulation and application, in particular, learned
from LUBILOSA have influenced much subsequent
research and development, e.g. Green GuardTM for
control of locusts in Australia (see Table 10.1.).

2. Constraints on Efficiency

A need for high humidity for disease initiation
and spread has often been considered the major
constraint on the use of fungi for insect control,
though this may not be as important with some
preparations as previously thought. Furthermore,
RH in microenvironments, e.g. on a leaf surface due
to transpiration, may be higher than that measured
by equipment on a larger scale (Vidal et al. 2003).
The inclusion of moisture-retaining substances
in aqueous formulations and the use of oil-based
formulations (see below) may help to overcome the
requirement for a high environmental RH. Ability
of the disease to spread within a population is
not necessarily an issue with an efficiently applied
virulent mycoinsecticide; however, one key advan-
tage over chemical pesticides is lost if an epizootic
or, at least, vertical inter-generational spread does
not occur. Development of mycosis is affected by
extremes of temperature (<15 ◦C and >32 ◦C) but
often the fungus is only delayed. In tropical regions,
more equitable night temperatures may provide an
opportunity for a fungus to initiate disease. How-
ever, insects such as locusts, which have the ability
to regulate their body temperature behaviourally,
exploit this fungal weakness; maintenance of a high
set point (behavioural fever) prevents mycosis
and limits mycoinsecticide efficiency in the field
(Blanford et al. 1998). Fungi are sensitive to UV.
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Experimentally, it has been possibly to alleviate
this problem by the addition of protectants to
the formulation (Hunt et al. 1995). In practice,
the ingredients may be too costly, though newer
oil formulations themselves provide some UV
protection (Alves et al. 1998) and field persistence
is often longer than anticipated from UV studies.

Mycoinsecticides should be compatible with
other crop protection measures. Several studies
have shown that fungicides, herbicides and insec-
ticides can prevent germination and/or mycelial
growth of entomopathogenic fungi in vitro (e.g.
Moorhouse et al. 1992). However, pest control by
fungi is often not affected by chemical pesticides,
as long as there is a ca. 7-day gap between the two
applications (Anderson and Roberts 1983; Moor-
house et al. 1992).

Fungal pathogens act generally in a density-
dependent fashion against their hosts and have rel-
atively slow kill; thus, they are not good candidates
for pest control in crops with low damage thresh-
olds. Specificity is often perceived to be an ad-
vantage of microbial pesticides generally. However,
specificity can be a problem when there is a pest
complex and no single pathogen can give control
(Powell and Jutsum 1993; Ravensberg 1994).

Plants have evolved chemical and physical
defences against pathogens and herbivorous in-
sects. However, these attributes can also influence
susceptibility of insects to their own pathogens.
Whilst some of the defensive phytochemicals
may be sufficiently stressful to cause an increase
in the susceptibility of generalist feeders to
pathogens, some adapted insects can sequester
these chemicals and may thereby acquire some
protection from their own pathogens (Gallardo
et al. 1990). Interestingly, the entomopathogen
Neozygites tanajoae produced more conidia when
exposed to volatiles from leaves damaged by the
cassava mite, Monoychellus tanajoe, than to clean
air (Hountondji et al. 2005). Pea aphids were more
susceptible to the Entomophthoralean fungus Pan-
dora neoaphidis on pea cultivars with reduced wax
blooms, because spores adhered more effectively
to leaf surfaces with less wax (Duetting et al. 2003).

3. Integration in Pest Management Schemes

Although mycoinsecticides can provide stand-
alone pest control, they may be regarded as one
weapon in an armoury of techniques employed
in integrated pest management schemes (Dent
2000). A virulent pathogen could have indirect

detrimental effects on existing natural control, e.g.
by reducing the availability of hosts for parasitic
insects. However, use of fungi can help maintain
biocontrol on protected crops in the Northern Eu-
rope mid-season when arthropod natural enemies
falter due to adverse environmental conditions,
and also help with pest clearance at the end of the
season (Jacobson et al. 2001).

C. Development of a Mycoinsecticide

1. Isolate Selection

There are some 700 species of entomopathogenic
fungi known from 85 genera. However, compara-
tively few have been investigated as potential my-
coinsecticides. Natural epizootics caused in partic-
ular by fungi in the order Entomophthorales occur
frequently in natural and agricultural terrestrial
ecosystems (Samson et al. 1988). This has led to
a number of attempts to use Entomophthoralean
fungi, e.g. for pest control of aphids, with varying
degrees of success. Problems have included the in-
ability to culture certain species in vitro and the fact
that the most stable spore form is the resting spore,
which is not infective and not produced by the most
pathogenic isolates (Latgé 1986). The genera Cordy-
ceps and Torubiella also contain some virulent but
obligate insect pathogens. As a consequence, most
development work has focused on certain Ascomy-
cota, particularly M. anisopliae, B. bassiana, N. ri-
leyi, Aschersonia aleyrodis and L. longisporum, and
Oomycota, e.g. Lagenidium giganteum, which are
more readily cultured in vitro.

Isolates are often selected on the basis of lab-
oratory bioassay using cultured insects under op-
timal conditions. However, lead isolates need to be
checked in a commercial setting. Immersion of test
insects in a conidial suspension as part of a bioas-
say represents a temporary exposure to high inocu-
lum. Prolonged exposure of insects, e.g. in soil, may
provide a lethal dose from a sub-lethal bioassay
concentration through the accumulation of spores
with time (Ferron 1985). Laboratory assays do not
allow for avoidance of the pathogen biologically,
ecologically or behaviourally.

There is no consensus about whether isolates
originating from the target host (homologous iso-
lates) or isolates from other hosts (heterologous
isolates) of an established pathogen, or an exotic
fungus (a species which is not present in the ge-
ographical area of application), are likely to pro-
vide the most suitable candidate for a mycoin-
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secticide. One aspect of the debate is whether an
adapted pathogen (homologous isolate) evolves to-
wards a balanced relationship with its host which
precludes high virulence. There is evidence from
work on human viral and bacterial pathogens that
this may not always be the case (Ewald 1993); simi-
larly, in a screen for fungal pathogens of the desert
locust, Schistocerca gregaria, the majority of iso-
lates of Metarhizium spp. with high virulence came
from this or related Acridids (Prior 1992). However,
in other studies heterologous isolates have proved
the most virulent (e.g. see Vestergaard et al. 1995).
Since there are concerns over the possible non-
target effects of exotic fungi (e.g. see Lockwood
1993), it may be wise to search and screen isolates
from the country where the mycoinsecticide is to
be deployed, in order to facilitate commercial reg-
istration (Prior 1992). Passage of the key isolate
through the target host may select for increased
virulence (Quesada-Moraga and Vey 2003).

Studies have shown correlations between vir-
ulence and attributes such as spore size, speed
of germination and attachment to cuticle (P. fu-
mosoroseus against the diamond-back moth, Al-
tre et al. 1999), and toxin production (B. bassiana
against locusts, Quesada-Moraga et al. 2006). Thus,
a rational approach to strain selection has been
advocated. Barranco-Florido et al. (2002) selected
V. lecanii isolates based on better growth associated
with low water activity, and high chitinase and pro-
tease activities as well as CO2 production (measure
of growth). However, the reality seems to be that
such studies may only go some way to explaining
why a particular isolate is virulent, rather than pro-
viding a basis for a priori selection.

The relevance of isolate virulence to pest con-
trol is clear. However, high sporulation, stability
during bulk storage, and epizootic potential may
be equally important. Selection for ability to op-
erate over a range of abiotic conditions, including
soil chemistry, light, pH, likely to be encountered
in practice while having little impact on natural
enemies and other non-targets is a ‘biorational
approach’ which has clear advantages (Yeo et al.
2003). Since natural habitats have highly variable
temperatures, incorporation of cycling tempera-
ture regimes into selection programmes is an in-
sightful development (Lecuona et al. 2005).

2. Production and Formulation

Large-scale in vivo cultivation of a fungus in
laboratory-reared or field-derived insects is usu-

ally employed only for obligate pathogens which
do not grow readily outside their hosts. This may
be a viable method of inoculum production for
a programme of ‘introduction’ (Soper and Ward
1981). However, it is unlikely to be economic
for large-scale mycoinsecticide use. The method
adopted for in vitro cultivation must take into
account that:
1. The inoculum produced must have optimum

virulence and retain viability over an extended
period in storage and after application in the
field.

2. Serial in vitro transfer can lead to loss of
virulence (Brownbridge et al. 2001). Use of
single spore isolates can help to alleviate this
problem and ensure uniformity of the product.
However, genetic change through chromo-
some transformation, transposable elements,
cytoplasmically transmitted genetic elements
and the parasexual cycle may promote drift
(Couteaudier et al. 1994) and loss or reduction
of pathogenicity factors (Shah and Butt 2005).
Storage of the original culture under liquid
nitrogen and periodic passage of the fungus
through the host may be required to maintain
virulence of a product.

3. The culture medium should balance the needs
of cost effectiveness in terms of yield per unit
outlay with the production of a highly virulent,
stable inoculum.

4. The production system may affect the propa-
gule type and virulence, which may impact on
killing power, shelf life, environmental stability,
and the formulation and application strategies.

5. The production system may have to be scaled
up to produce cost-effective treatment on thou-
sands or even millions of hectares (Lisansky
and Hall 1983; Bradley et al. 1992; Jenkins and
Goettel 1995).

6. Conditions for maximum productivity may not
be the best for producing good-quality spores
for field application (Tarocco et al. 2005).

Three types of production system have been em-
ployed: submerged (liquid) fermentation, surface
cultivation, and diphasic fermentation (see, e.g. re-
view by Deshpande (1999).

Submerged liquid fermentation would be the
preferred option because existing large-scale
deep-tank fermentation equipment could be used,
and the process is most easily controlled and can
be much faster than other methods. The major
drawback is that dimorphic fungi like M. aniso-
pliae, L. longisporum, Paecilomyces farinosus and
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B. brongniartii typically produce blastospores,
rather than true conidia in liquid culture. In vitro-
produced blastospores are similar to the in vivo
yeast phase which enables many fungi to develop
and spread quickly in the haemolymph of the host.
However, the wall structure of blastospores is often
similar to that of the mycelium and, being unpig-
mented, in vitro-produced blastospores are often
unstable with limited shelf life and field stability.
Yields of spores from submerged cultures are not
as good as from aerial production systems (see be-
low), e.g. 5 ×109 ml−1 of V. lecanii (Latgé et al. 1986)
and 1.1 ×109 ml−1 Paecilomyces fumosoroseus
(Jackson et al. 2003). In fact, 5 ×1012 ml−1 pro-
duced in a short time frame (45 h) may be required
for commercial viability (Bradley et al. 1992).
Despite constraints on their use, blastospores form
the basis of some commercial formulations, e.g.
Vertalec (Fig. 10.2a) produced by Koppert, and
Vertiblast produced by Crop Solutions Ltd (see
Table 10.1.). Furthermore, blastospores are more
virulent than conidia of P. fumosoroseus against
the silverleaf whitefly (Jackson et al. 2003). Certain
strains of B. bassiana (Feng et al. 1994), M. aniso-
pliae var. acridum (formerly M. flavoviride)
(Jenkins and Prior 1993; Leland et al. 2005) and
Hirsutella thompsonii (Van Winkelhoff and McCoy
1984) will conidiate in liquid culture in appropriate
media, and yields of 1.5 ×109 ml−1 have been
achieved with M. anisopliae var. acridum – being
hydrophilic, however, these spores will require
different formulation to the hydrophobic aerial
conidia. Resting spores but not infective spores of
Entomophthora spp. are formed in liquid culture
(Latgé 1986), as are the sexually derived oospores
of Lagenidium giganteum (Kerwin et al. 1986).

Several methods have been developed for pro-
ducing mycelia in submerged cultures. Mycelium
is applied in the field where it will sporulate, pro-
ducing infective conidia. In the ‘Marcescent pro-
cess’, first developed for Entomophthorales (Mc-
Cabe and Soper 1985) and then adapted for As-
comycota (Rombach et al. 1988), mycelium is dried
in a sugar desiccation process, milled and then
stored at low temperature prior to use. Fluid bed-
dried mycelial granules of M. anisopliae with a shelf
life of at least a year at 4 ◦C can provide good long-
term control of the vine weevil O. sulcatus when
incorporated into compost (Stenzyl et al. 1992).
Dried mycelia fragments have been successfully
field tested (Rombach et al. 1987) and a product,
BIO1020, based on dried mycelial granules, has
been developed by Bayer AG in Germany (Sten-

zel et al. 1992). However, none of these mycelial
preparations have been developed into commercial
products.

In surface cultivation, the use of solid substrate
is the most common method of production (see
Krishna 2005), though pH, temperature, nutrient
status, and aeration may be more difficult to con-
trol than in submerged liquid culture (Feng et al.
2000). Large-scale production has been carried
out on agricultural, brewing or other wastes, e.g.
Dalla Santa et al. (2005), though such media can
be too variable and of low immediate metabolic
availability. The high surface-area-to-volume
ratio of small cereal grains such as sorghum
and rice leads to better nutrient absorption,
gas exchange and heat transfer. Aeration can
be improved by the use of a rotating drum;
however, premature germination and reduced
yield can occur when conidia are dislodged from
conidiophores (Lisansky and Hall 1983). The size
of the initial inoculum may influence spore yield,
and procedures need to be optimised to minimise
hyphal growth and maximise sporulation. Kang
et al. (2005) used a packed-bed bioreactor with
rice and straw to produce B. bassiana for control of
the diamond-back moth. The yield was 4.9 ×108

conidia per g without support and 1.1–1.2 ×1010

conidia per g on polypropylene foam. New designs
for solid-state fermentation bioreactors have been
developed experimentally, including that of Ye et al.
(2006). The latter comprised upright multitrayed
conidiation chambers which produce 2.4 ×1012

Beauveria conidia per kg rice. Mycotech Corpo-
ration (now owned by Laverlam International)
used a computer-controlled, forced-aeration
solid-state fermenter to produce B. bassiana at
a rate of 3 ×1013 per kg of starting material in 1 l
of fermenter space (Wraight et al. 2001). Given
the capital outlay with sealed, automated biore-
actors, such systems are only cost effective with
high output; otherwise, simpler labour-intensive
systems are employed (Jenkins et al. 1998), n.b. the
cottage-style industries which have proliferated in
certain parts of the world.

In diphasic fermentation, in most cases solid-
state fermentation is preceded by liquid fermenta-
tion in order to provide a mycelial inoculum. Fun-
gus is grown in fermentation tanks to the end of log
phase. The resulting mycelium is then applied to ei-
ther a nutrient or non-nutrient surface. The latter
allows fine tuning of the nutrients provided to pro-
mote optimum spore production. A large surface
area to volume is important (Jenkins et al. 1998).
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Solid, absorbent non-nutrient surfaces such as clay
granules, vermiculite, sponge or clothe are used.
Grain and particularly white rice are commonly
used as nutrient support surfaces. The second-
stage fermentation of B. bassiana as Boverin has
been based on the use of shallow layers of ster-
ilised liquid media in polypropylene plastic bags
inoculated with mycelium (Bradley et al. 1992).
Such an approach does not appear to be in cur-
rent use. Mycotech have developed a two-step solid-
state fermentation method for producing conidia
of B. bassiana. In this system, inoculum is produced
in liquid fermenters and then placed in bioreactors
(see last section) where it is absorbed onto a starch-
based solid substrate.

Harvesting the fungus from liquid culture is
usually a matter of centrifugation, then rapid con-
trolled drying to prevent bacterial growth, though
excessive temperatures can reduce viability. Fol-
lowing solid-substrate cultivation, spores can be
washed off the substrate or dried in situ to a suit-
able moisture content, then milled. Water content
has an important bearing on conidial storage char-
acteristics and temperature tolerance; increasing
the level of desiccation can increase temperature
tolerance of M. anisopliae and M. anisopliae
var. acridum conidia (Moore et al. 1995). Dry
harvesting may be achieved using apparatus like
the cyclone MycoHarvester (DropData at Inter-
national Application Research Centre, Imperial
College http://www.dropdata.net/mycoharvester/,
and ACIS http://www.acis.co.uk/index.htm).

The fungus needs to be formulated to help sta-
bilise the product during storage and to facilitate
delivery to the insect target in the field (Burges
1998; Wraight et al. 2001). An 18-month storage
period is ideal for economic use. Mechanical
harvesting and dry storage of unformulated coni-
dia can prolong viability (71%, 12 months, 4 ◦C,
B. bassiana; Chen et al. 1990, quoted in Feng et al.
1994). Blastospores are more difficult to formulate
because of their instability. Freeze-drying has been
used (3 months, B. bassiana, Belova 1978). Lactose-
and sucrose-enhanced desiccation tolerance of
P. fumosoroseus blastospores during freeze-drying
while whole milk in a starch–oil formulation
allowed storage at −20 ◦C for a year without loss
of viability (Jackson et al. 2006). Spray-dried
blastospores of M. anisopliae var. acridum were
68% viable after 1 year at 20 ◦C (Stephan and
Zimmermann 1998). M. anisopliae var. acridum
(= flavoviride) conidia harvested in the light
petroleum fraction oil Edelex or groundnut veg-

etable oil, then diluted with Shellsol K, deodorised
kerosene (Edelex) or an antioxidant (groundnut
oil), retained 60% viability after storage at 17 ◦C
for 30 months, as long as they were dried by
the addition of non-indicating silica gel to the
formulation (Moore et al. 1995). In dry or wettable
powder formulations, the main ingredient may
dilute the ‘active ingredient’ to a concentration
which can be handled more easily. Phyllosilicates
(clays) are the most commonly used, as they are
relatively inert and cheap. They can promote
conidial viability over extended periods (Ward
1984). Coating of ingredients may include stickers,
humectants, UV protectants, an emulsifier for
water-based spraying of hydrophobic spores and
nutrients, though inclusion of nutrients may be
a natural consequence of the production process.
Either way, nutrients in the formulation may allow
saprophytic growth and sporulation on foliage,
increasing inoculum potential, and enhancing
the chances of secondary pickup and vertical
infection, e.g. aphid formulation Vertalec® of
L. longisporum (Fig. 10.2a).

Many of the currently available mycoinsecti-
cides comprise conidia in wettable powders which
can be delivered in water using simple hydraulic
sprayers. The development of oil-based formula-
tions in the 1990s was a significant development.
Vegetable (e.g. sunflower, soybean), mineral and
paraffinic oils (e.g. Shellsol K, Ondina) are com-
patible with hydropobic conidia of Beauveria and
Metarhizium, can be applied from ULV sprayers
and do not evaporate (Bateman 1997; Burges 1998).
Emulsifiable adjuvant oils (EAO) (paraffin- or veg-
etable oil-based) allow conidia and oil to be mixed
in water, thereby reducing the amount of oil which
has to be used (Polar et al. 2005). An adjuvant of
emulsified vegetable oil (‘Addit’) increases the ef-
ficiency of the whitefly formulation Mycotal® of
L. muscarium at low RH. Plastic-lined foil (trilami-
nate) bags, with small packets of silica gel to ensure
dry conditions, allowed storage of M. anisopliae
var. acridum for over a year at 30 ◦C, though rapid
rehydration of these dry spores is lethal (Jenkins
et al. 1998). Dry powder formulations retained 70%
viability after 7 years at 5 ◦C (Dave Moore, personal
communication).

Use of mycelial preparations presents differ-
ent problems for formulation. Pure dry mycelium
treated with maltose or sucrose produced more
conidia after storage (Pereira and Roberts 1990).
Bayer’s BIO1020, consisting of mycelial granules,
was stored vacuum packed after fluid-bed drying
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and retained the ability to form conidia after rehy-
dration following 12-month storage at 4 ◦C. Incor-
poration of mycelium into alginate pellets, with or
without additional nutrient sources, has been tried
successfully with B. bassiana (Pereira and Roberts
1991), providing enhanced shelf life and environ-
mental stability particularly against solar radia-
tion after application. Cornstarch or cornstarch oil
formulation also enhanced conidial production by
mycelium after several months storage (Pereira and
Roberts 1991).

3. Application

The timing of application may be important. Suit-
able weather conditions (high humidity, equitable
temperature) may occur during late evening/early
morning. The pest should be at the most susceptible
stage (the most juvenile stages are often the most
susceptible and easiest to control). The method of
application depends on the nature of the inoculum
and the niche of the pest insect.

Conidia or blastospores of Ascomycota such as
B. bassiana, M. anisopliae and L. longisporum can
be suspended in a liquid or mixed with a powder
carrier and sprayed with conventional machinery
used for the application of synthetic chemical
insecticides. High-volume hydraulic sprayers
are used to apply L. longisporum spores in water
against aphids on chrysanthemums in glasshouses.
Secondary spore pickup, rather than just direct
hit, is critical to success, which makes sedentary
insects like Aphis gossypii more difficult to control.
Repeat low-dose treatments may be helpful (Helyer
and Wardlow 1987), though regular use of large
volumes of water on a crop may promote plant
fungal disease. Koppert recommend 2–3 applica-
tions of Mycotal 7 days apart to control whiteflies
on cucumber. Improved targeting against aphids,
which prefer abaxial leaf surfaces, can be provided
by electrostatic sprayers. The equipment imparts
a charge to droplets, thereby increasing abaxial
deposition and aphid control (Sopp et al. 1989).
A more recent study was less encouraging of this
approach (Saito 2005).

Mist blowers and helicopters have been used
successfully to apply B. brongniartii to swarming
adults of the cockchafer Melolontha melolontha
in Switzerland (2 ×1014 spores ha−1). Ultra-low-
volume (ULV) application of water- or mineral
oil-based formulations on the ground or by aircraft
has been used on >0.8 million hectares in China
for the control of various forest and crop insects

(Ying 1992). Bateman et al. (1993) have shown in
laboratory experiments that mineral or vegetable
oil formulations of M. anisopliae and M. anisopliae
var. acridum were more virulent than water-based
formulations against the desert locust, Schistocerca
gregaria, and decreased reliance on high environ-
mental RH. These formulations in ULV sprays have
been used successfully in field trials against the
brown locust Locustana pardalina in South Africa
(Bateman et al. 1994), the variegated grasshopper
Zonocerus variegatus in West Africa (Lomer et al.
1993) and Australian plague locust (Hunter et al.
2001). ULV oil locust formulations of M. anisopliae
need to be sprayed as droplets of 40–120 μm, with
500–10,000 spores per drop at a concentration
of 5 ×1012 spores per litre and rate of 1 l per ha
(Bateman and Chapple 2001). Only a few droplets
are needed to produce a dose which kills in
2–3 weeks. Diseased insects are usually so
slow that they are taken by predators before
death from mycosis (Dave Moore, personal
communication).

Soil-borne pests can be treated either prophy-
lactically or curatively with fungal spores. Prior
incorporation of conidia of M. anisopliae into
compost can give yearlong protection of Impatiens
wallerana against the vine weevil (Moorhouse
et al. 1993). The success of drenches of aqueous
spore suspensions is influenced by the depth to
which spores percolate, the volume of the drench,
adsorption to soil particles, and movement of
the insect which will facilitate uptake of a lethal
dose. Direct drilling of M. anisopliae conidia using
existing (crop sowing) machinery to a depth of
20–25 mm in pasture gave long-term control of the
redheaded cockchafer Adorphorus couloni in trials
in Tasmania (Rath 1992).

A novel method of pest control was suggested
by the observation that B. bassiana exists as an
endophyte in certain genotypes of maize (Vakili
1990). Bing and Lewis (1991) prepared a granu-
lar formulation of B. bassiana by spraying a sus-
pension of B. bassiana (1.1 ×108 conidia g−1) onto
corn grits in a rotating drum of a Gustafon mini-
mixer. Handheld inoculators were used to apply
0.4 g of the granules to whorls of plants (107×4.55
conidia plant−1 2.5 ×1012 conidia ha−1). Conidia
of B. bassiana applied in this way moved within
the plants and provided season-long control of the
European cornborer, Ostrinia nubilalis. No further
progress has been made with this system, though
establishing Beauveria as an endophyte in cotton
expressing a Bt toxin gene implies the possibility of
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synergy between these forms of pest control (Lewis
et al. 2001).

Baits and traps provide ways of bringing the
insects to a source of inoculum, rather than the
reverse. Application of conidia of B. bassiana to
bran has given some success in trials against range-
land grasshoppers in Canada (Johnson and Goet-
tel 1993). Sex pheromone has been used to attract
male diamond-back moths Plutella xylostella to
traps where they are infected with Zoophthora rad-
icans. Fungus is carried by contaminated moths
to susceptible larvae, thereby initiating or enhanc-
ing an epizootic (Furlong et al. 1995). Traps laced
with conidia of M. anisopliae were commercially
available in the USA for cockroach control. Such
autodissemination methods are target specific, re-
duce the amount of fungus required, and protect it
while it is in the trap (Shah and Pell 2003).

Experimental infection of aphids with L. longis-
porum is enhanced in the presence of aphid alarm
pheromone or a sub-lethal dose of the insecticide
imidacloprid, which increase movement and the
likelihood of acquiring a lethal dose of spores from
a leaf (Roditakis et al. 2000).

Preparations of dried mycelial pellets which
need to be rehydrated prior to the production of
infective conidia are particularly suitable for appli-
cation to soil (Stenzyl et al. 1992). Direct drilling of
cereal grains with sporulating fungus is also used
(see Table 10.1.).

4. Safety

It is sometimes assumed a priori that microbial
pesticides must be considerably safer to humans
and their environment than synthetic chemical
insecticides. However, quite correctly, registration
procedures in most countries require that mycoin-
secticides, like chemical insecticides, are safety
tested. Risk assessment frameworks are still evolv-
ing. Current registration protocols are often based
on those devised for synthetic chemical insecti-
cides and are not appropriate for insect pathogens
(Hokkanen et al. 2003a). Risk assessments need to
address the following: define the ecological context
in which the mycoinsecticide will be operating and
choose the most appropriate non-target species to
test; determine host specificity; assess the ability
of the fungus to disperse from the area of treat-
ment; assess the ability of the fungus to become
established; determine direct effects of the fungus
on non-target species; determine the indirect
effects on non-targets (including the possibility

of competitive displacement); check specifically
for mammalian allergenicity; finally, collate the
information into a ‘risk assessment’ (Goettel
and Jaronski 1997). The possible side effects of
entomopathogenic fungi may be summarised as
infections, toxicosis and allergies in non-target
animals or humans. However, more subtle effects
may occur, such as competitive displacement of na-
tive entomopathogens if non-indigenous isolates
are used, and depletion of other natural enemies
because of the decline in host population. Among
non-target arthropods, mycoses of honeybees,
bumblebees, parasitoids and predatory beetles
have been shown in laboratory tests and field
experiments (Hokkanen et al. 2003b; Vestergaard
et al. 2003). The absence of natural epizootics
of candidate fungi among pollinators suggests
that the risks are low, while several studies have
shown the compatibility of fungi with parasitoids
and predators in integrated control programmes.
For example, Jaronski et al. (1998) found a low
impact on natural enemies of ‘above label’ doses
of B. bassiana applied against whitefly on cotton.
Interestingly, a number of experimental studies
have shown avoidance behaviour by predators
(Meyling and Pell 2006) and parasites (Lord 2001)
when faced with conidia from insect pathogens.
Some studies have shown mortality of non-target
invertebrates in the field. However, they are lower
than those found in laboratory tests and can be
minimised with appropriate application methods,
doses and timing (Vestergaard et al. 2003). The
key point appears to be that laboratory assays with
fungi like B. bassiana, B. brongniartii, M. aniso-
pliae and P. fumosoroseus can result in mortality
among beneficials which is largely absent in field
applications for ecological or behavioural reasons
or absence of stress. Judicious choice of isolates will
also help; Butt et al. (1998) showed that honeybees
could be used to vector M. anisopliae to cause
infection of pollen beetles without adverse effect.

A further aspect of risk evaluation is the need
to monitor the fate and impact of an introduced
fungus (Bidochka 2001). This requires techniques
to be able to identify a genotype in an environment
containing related organisms (Goettel and Jaronski
1997). A variety of approaches have been taken
to produce suitable molecular markers (Bidochka
2001). RFLP analysis, allozymes and cloned DNA
probes enabled differentiation between two closely
related Entomophthoralean pathogens, E. aulicae
and E. maimaiga, in populations of the gypsy moth
in eastern USA. The dominance of the introduced
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E. maimaiga during epizootics was elegantly shown
(see Bidochka 2001). A single, molecular signature
would be much more efficient (see, e.g. Castrillo
et al. 2003); the approach taken by Hu and St Leger
(2002) involved tracking an isolate of Metarhizium
expressing a green fluorescent protein gene (see
next section).

A particular safety problem occurs in areas
of China and India where the silkworm, Bombyx
mori, is reared in large numbers in the silk in-
dustry. Beauveriosis caused by native isolates of
B. bassiana is potentially a natural, severe problem
and thus mycoinsecticides are kept away from areas
where the industry is prevalent.

Very occasionally, vertebrate infections have
been reported with entomopathogenic fungi,
though none have been associated with their use as
pest control agents. None of the entomopathogenic
fungi currently in use or under consideration
are invasively pathogenic to humans. However,
immunocompromised individuals are open to
opportunistic infections which very occasionally
have included entomopathogens (see, e.g. Re-
vankar et al. 1999), though none of the fungi under
development can grow efficiently at 37 ◦C.

Many Hypocreales produce toxic secondary
metabolites in vitro which have detrimental effects
on whole animals and cultured cells. The extent
to which these chemicals contribute to the disease
process is not know, though several studies have
implicated cyclic peptides in the pathogenesis
of B. bassiana and M. anisopliae (see Charnley
2003). The amount of the cyclic peptide, destruxin,
produced by M. anisopliae in the inoculum or
during mycosis in an insect is very small and, thus,
environmentally damaging levels are unlikely to
occur (Strasser et al. 2000). Furthermore, studies
suggest that known toxins such as destruxins do
not enter the food chain or contaminate the water
supply following field application (Vey et al. 2001).
Several groups have been investigating the best
way to determine the toxicity of mycotoxins during
safety assessments (Skrobek et al. 2006), though
risk of exposure appears to be more important
to those charged with regulating products (Dave
Chandler, personal communication). Choosing
an isolate which produces no or little toxin
would minimise this risk. Quality control during
production is also essential to ensure there is no
contamination from toxicogenic spoilage fungi
such as Aspergillus flavus.

Hypersensitive reactions to fungal antigens de-
rived from hyphae, spores or from metabolites are

perhaps the most likely health hazards to humans.
Experiments with mice, rats and guinea pigs sug-
gest that the main route of sensitisation is the res-
piratory system, and people involved with large-
scale production are most at risk (e.g. Ward et al.
2000).

5. Registration

The cost, complexity and between-country incon-
sistency of registration are major constraints on
the development and use of biopesticides. How-
ever, pragmatism is becoming the order of the
day. Most registration schemes for biopesticides
have followed the chemical pesticide model in re-
quiring studies on efficacy, toxicity, and impact
against non-target and beneficial species (Thomas
et al. 2000). However, recognition of the problems
of small companies, the additional environmen-
tal benefit of the use of biopesticides, and the in-
trinsically benign nature of biocontrol agents have
resulted in the introduction of reduced registra-
tion requirements. Within the European Union,
a recent development of Objective 3 of the Direc-
tive 91/414/EEC ‘Plant Protection Products Regula-
tions’ advocates ‘reducing the levels of harmful ac-
tive substances by substituting the most dangerous
with safer (including non-chemical) alternatives’
(NAT/156 2003). In addition, the thematic strategy
on the sustainable use of pesticides by the EC Com-
mission gives clear encouragement for biopesticide
development.

An interesting development in the EU is the
introduction of tailored requirements for biopesti-
cide registration, rather than the use of a simpli-
fied version of those required for synthetic chem-
icals. Thus, 2001/36/EC, for example, asks for the
life cycle of the microorganism and its infective-
ness, relationships to known human and animal
pathogens, stability and ability to produce toxins
(Hamer 2003). On the back of the EU initiative,
UK PSD launched a new system in 2006 which has
halved the registration charge for a biopesticide
(PSD 2006). The US EPA has a tiered approach to
the registration process. If the results of the first tier
tests indicate no adverse effects, then data from the
other tiers are not required. Furthermore, there is
no need for proof of efficacy (Cole 2004). The re-
duction in data requirements has led to significant
cost savings, and biopesticides are now often regis-
tered in less than 1 year, compared to an average of
over 3 years for conventional insecticides (Redbond
2004).
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VI. Future Developments

A. Potential Targets

Entomopathogenic fungi have potential for control
of some but not all insect pests, and it is impor-
tant to identify appropriate targets for mycoinsec-
ticide development. Fungi, in contrast to bacteria
and viruses, invade their hosts by actively pene-
trating the exoskeleton (cuticle). Therefore, fungi
are particularly important natural pathogens of
sucking insects such as aphids, whitefly, thrips and
leafhoppers, since the feeding strategy of these in-
sects tends to preclude acquisition of pathogens
which are infectious per os. Larval and adult bee-
tles are frequently hosts to fungal infections but ap-
pear to have comparatively few bacterial and viral
pathogens. Thus, fungi are often the pathogens of
choice for bug and beetle pests (Samson et al. 1988).

Certain ecological niches lend themselves par-
ticularly well to the deployment of mycoinsecti-
cides. The habitats in question have in common
that chemical control is difficult or inappropriate
(concerns over human or environmental health)
and the environments are conducive to fungal in-
fection (e.g. high RH). The overwhelming interest
has been in exploring the potential for M. aniso-
pliae and B. bassiana.

Some examples of recent investigations are
work on thrips (Ekesi and Maniania 2003), the
Sunn Pest (Eurygaster integriceps, a pentatomid
bug), a major insect pest of wheat and barley in
West and Central Asia (Parker et al. 2003), and
the rice water weevil, a pest of rice in North and
South America (Chen et al. 2005). However, failure
of research in the 1980s, on fungal control of the
brown plant hopper Nilaparvata lugens, the major
rice pest in SE Asia (see, e.g. Aguda et al. 1987), to
result in a commercial product is a reminder of
the difficulty of treating a large-acreage, low-value
crop economically with a biopesticide. Of insects
which target animals and humans, rather than
crops, work on tsetse flies (Maniania et al. 2003)
and mosquitoes (Blanford et al. 2005) can be
highlighted. Interestingly, the B. bassiana isolate
used against mosquitoes was not the most virulent.
Instead, one which formed the basis of an existing
agricultural mycoinsecticide was employed, as it
was thought that this would make registration
easier. Parasitic mites (Smith et al. 2000), ticks
(Samish et al. 2004), blowflies (Wright et al. 2004),
reduviid bugs such as Triatoma (Lazzarini et al.
2006) and the bee parasite Varroa destructor (Shaw

et al. 2002) have all been investigated as potential
targets for mycoinsecticides.

Of beetle pests, the Asian longhorned beetle,
Anoplophora glabripennis, which is already used
to control B. brongniartii in its native Japan (see
Table 10.1.), is being considered for treating intro-
duced populations in the USA and Canada. Studies
on stored product pests (Throne and Lord 2004),
fire ants (Brinkman and Gardner 2004), mound-
building termites (Milner 2003) and Brassica root
flies (Delia radicum and Delia floralis) (Eilenberg
and Meadow 2003) show the variety of potential
targets for mycoinsecticides. A Metarhizium-based
product aimed at cockroaches and developed in the
USA was never effective enough to become a com-
mercial reality.

B. Constraints on the Commercial Use
of Entomopathogenic Fungi

Development of mycoinsecticides would have oc-
curred more quickly with greater investment from
multinational agrochemical companies. The com-
mercial view of insect pathogens has been that they
are too specific, too expensive, difficult to formu-
late, too erratic, have a short shelf life and are dif-
ficult to patent (Lisansky 1999; Butt et al. 2001).
This has led on the whole to the development of
microbial insecticides by small to medium-sized
companies for niche markets, viz. where chemi-
cals do not work well (through resistance or the
withdrawal of registration, for environmental rea-
sons, of effective products, e.g. protected crops), or
are environmentally unacceptable and have been
banned (e.g. forests in North America). In addi-
tion, these niches have environments which pro-
mote activity of mycoinsecticides, viz. protection
from temperature extremes, UV and desiccation,
and crops which can sustain some damage without
economic loss. The successful development of fungi
for use against locusts and grasshoppers (the prod-
uct Green Muscle; Fig. 10.2c), which came from
the LUBILOSA project (Fig. 10.2b; Bateman 1997),
needed significant public investment. Green Mus-
cle gave long-term control through low-level recy-
cling with low impact on natural enemies in in-
hospitable terrain over large areas; by comparison,
resurgence occurred in plots where organophos-
phate insecticides were used.

Implementation of re-registration schemes
for existing chemical pesticides and government-
backed use reduction schemes in a number of
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countries, e.g. Denmark, has reduced the number
of chemical products available and may open
up more niche markets for microbials, including
fungi. Growing public demand for food with low
or no chemical residues increases the pressure for
biological alternatives to synthetic pesticides. The
cost of registration in the past has been a major
constraint on the development of mycoinsecticides.
However, as indicated in Sections V.C.5 and VI,
there are grounds for optimism with new initiatives
both in Europe and the USA in this domain.

The rate of application of a mycoinsectide re-
quired to give adequate control is critical to com-
mercial success. The rate is influenced by the sig-
moidal dose-response of insects to doses of spores
from entomopathogenic fungi. This results in the
‘Allee effect’, i.e. there is a threshold number of
spores before an infection can be initiated (Devi
and Rao 2006). Whatever the reason for this, it
increases the rate required for effective pest con-
trol; 1013 conidia ha−1 is the current bench mark
(Bradley et al. 1992). Good control of the vine wee-
vil on glasshouse ornamentals was achieved ex-
perimentally using an equivalent dose of 1.6 ×1014

conidia ha−1 (Moorhouse et al. 1993). The recom-
mended rate for the use of L. muscarium as Mycotal
against glasshouse whitefly is 3 ×1013 conidia ha−1

on cucumber. B. bassiana as Boverin was used
at 6 ×1012–2.2 ×1013 spores ha−1 against the Col-
orado beetle. Since Mycotal contains 1010 conidia
g−1 and Boverin contains 6 ×109–1.2 ×1010 coni-
dia g−1, these rates represent as much as 10 kg or
more of product per hectare (Bradley et al. 1992).
Improvements in application technology, e.g. ULV
spraying of oil formulation, have resulted in much
lower rates being used. Only 100 g ha−1 is recom-
mended for the locust mycoinsecticide Green Mus-
cle (Fig. 10.2c), and as little as 25 g ha−1 can be
effective (Dave Moore, personal communication).

C. Strain Improvement

As our understanding of the epizootology of
disease and the biochemical basis of pathogenic-
ity/virulence of entomopathogenic fungi improves,
and techniques are developed for their genetic
manipulation, it will be possible to devise strate-
gies for strain improvement. Characteristics which
could be addressed include: enhanced shelf life and
environmental stability (e.g. UV resistance, tem-
perature tolerance), improved sporulation during
mass production, ability to initiate infection at low

humidity, expansion of the host range, accelerated
kill (reduced LT50), and increased killing power
(reduced LD50).

Metarhizium spp. and Beauveria spp. are
facultatively saprophytic, with soil-dwelling (rhi-
zosphere) and pathogenic stages. Thus, epizootic
potential may be improved by engineering traits
which increase saprophytic potential. To this
end, Wang et al. (2005) used ESTs and cDNA
microarrays to explore gene expression during
growth on a plant root exudate. Intriguingly, the
transcriptome in this medium (nutrient poor) was
similar to that on SDA broth (nutrient rich) but
very different to that on either host (Manduca
sexta) cuticle or haemolymph.

Culture conditions can influence the charac-
teristics of fungal spores and can be manipulated
to increase mycoinsecticide efficiency. Blastospores
of B. bassiana from nitrogen-limited cultures had
higher concentrations of carbohydrate and lipid
and were significantly more virulent (lower LT50)
towards the rice green leafhopper than were blas-
tospores from carbon-limited cultures (Lane et al.
1991). Growth of B. bassiana, M. anisopliae and
P. farinosus on agar-based media with low water
activity or with a high concentration of glycerol en-
couraged accumulation of polyols in conidia which
were more pathogenic at lower RH than those pro-
duced on control media (Hallsworth and Magan
1994, 1995).

Genetic modification of entomopathogenic
fungi to improve efficiency of pest control is
complicated by the fact that the leading candidates
are largely Ascomycota with no easily manipulated
sexual stage. The parasexual cycle and protoplast
fusion have been used to cross isolates of M. aniso-
pliae and L. longisporum (see review by Heale
et al. 1989). However, rarely have the progeny had
improved characteristics – indeed, the reverse can
be the case. It has been suggested that disruption
of clusters of pathogenicity genes is the cause.
However, Riba et al. (1994) successfully crossed
the non-entomopathogenic B. sulfurescens, which
produces an entomotoxic glycoprotein, with an
atoxigenic pathogenic isolate of B. bassiana.
Stable, partial diploid, hypervirulent, toxigenic
recombinants ensued.

Strain selection and parasexual crossing may
be the most effective method of obtaining envi-
ronmental tolerance, as these traits are probably
controlled polygenically. The alternative, direct ge-
netic manipulation would provide enhanced tar-
geting for single genes or gene clusters. Genetic en-
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gineering needs the establishment of transforma-
tion and cloning systems, which have been achieved
for M. anisopliae, B. bassiana and P. fumosoroseus
(Bernier et al. 1989; St Leger et al. 1992b; Smithson
et al. 1995; dos Reis et al. 2004; Lima et al. 2006).

The growing literature on mechanisms of
pathogenesis and the development of techniques
to genetically modify insect pathogenic fungi
suggest strategies for rational strain improvement.
It will be possible to increase isolate virulence
and/or extend the host range by altering the
timing and release of virulence factors, increase
copy number of virulence genes, and introduce
specificity genes from other isolates or toxin genes
from other organisms (St. Leger and Screen 2001).
Indeed, St Leger et al. (1996) have inserted extra
copies of the pr1 gene (encoding the protease
PR1a) from M. anisopliae into the genome of
M. anisopliae such that the gene was constitutively
overexpressed in the tobacco hornworm, Manduca
sexta. This resulted in the activation of the host’s
prophenoloxidase system. In comparison with in-
sects infected with wild type, the combined effects
of PR1 and the reaction products of phenoloxidase
caused a 25% reduction in time to death and a 40%
reduction in food consumption by insects infected
with engineered fungus. Transforming M. aniso-
pliae to express an insect-specific scorpion toxin
has also enhanced virulence against mosquitoes
and caterpillars (M. sexta) (St. Leger, personal
communication). An additional strategy for the
control of vector-borne diseases is to use fungi
not only to control the insect but as a vehicle for
introducing anti-parasite genes, e.g. M. anisopliae
versus mosquitoes which transmit Plasmodium,
the causative agent of malaria (Blanford et al. 2005).

Molecular biological studies on other ento-
mopathogens such as baculoviruses, though much
more advanced than those on fungi, have still
not resulted in the commercial production and
use of GM forms. This is despite the fact that
baculoviruses expressing insect-specific toxins
from mites and spiders have been shown in
carefully regulated, small-scale field trials to be
more effective than wild type and environmentally
safe (Kamita et al. 2005). Any attempt to assess
the likely environmental impact of a genetically
engineered fungus is hampered by a basic lack
of understanding of the population structure of
naturally occurring fungal genotypes (Hajek et al.
2000). Hu and St Leger (2002) used a M. anisopliae
isolate expressing green fluorescent protein (GFP)
gene alone or with extra copies of a homologous

protease gene pr1 in an EPA-approved field release
into a plot of cabbage plants. This study showed:
the usefulness of GFP for monitoring fungi; no ev-
idence for transmission to non-target organisms;
genetically modified organisms were stable for
>1 year under field conditions; no displacement or
depression of native culturable, fungal microflora
and maintenance of the Metarhizium in the
rhizosphere with decline in the non-rhizosphere
soil. Before further use could be contemplated,
however, detailed assessment of potential environ-
mental risk of a candidate, genetically modified
mycoinsecticide would be necessary along the lines
of that advocated by Snow et al. (2005) to minimise
the likelihood of negative ecological effects.

VII. Conclusions

Mycoinsecticides have had comparatively little
global impact on insect pest control to date. How-
ever, the pressing need for alternatives to chemical
pesticides, and progress in research on epizootol-
ogy, mass production, formulation, application
and mechanisms of pathogenesis and host defence
suggest optimism for the future of mycoinsec-
ticides. Furthermore, the drive to pesticide-free
production in some sectors is a helpful develop-
ment, e.g. the British Tomato Growers Association
has a commitment to pesticide-free production in
the next 10 years, which is re-enforced by retailer
drive for zero-pesticide residues. The US EPA’s
introduction of comparative risk assessment for
pesticide registration, as part of a policy to pro-
mote replacement of existing products with safer
alternatives, has reduced conventional pesticide
registrations and increased that of biologicals and
‘low-risk chemicals’ in the last 6 years. Despite
these and other initiatives to encourage the de-
velopment of biological alternatives to pesticides
market (see Sect. V.C.5.), entry costs for SMEs for
microbials are still onerous. In The Netherlands,
there is a programme which subsidises up to half
of the registration costs of biopesticides. Likewise,
in the USA, the IR4 programme subsidises costs
for agents designed for small-market use. There is
a strong argument for more widespread use of pub-
lic money to subsidise biopesticide development,
as this is in both national and international interest.
It is to be hoped that more governments will recog-
nise and act in this way and thus promote actively
the development and use of mycoinsecticides.
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I. Introduction

Canola, also known as oilseed rape, has world-
wide production, with China, Canada, Australia
and the European Union leading the production.
In Canada, the 10-year average is 11.3 million acres
harvested, making it the largest single producer
of canola (Canola Council of Canada 2006). De-
veloped in 1974, a rapeseed variety to qualify as
canola has to fit the following definition: “an oil
must contain less than 2% C22:1, and the solid com-
ponent of the seed must contain less than 30 micro-
moles of any one or mixture of 3-butenyl glucosino-
late, 4-pentenyl glucosinolate, 2-hydroxy-3-butenyl
glucosinolate, and 2-hydroxy-4-pentenyl glucosi-
nolate per gram of air dry, oil free solid” (Adolphe
et al. 2002). Canola is currently more valuable than
peanut, cottonseed and sunflower as a source of

1 University of Manitoba, Department of Plant Science, 66 Dafoe
Road, Winnipeg, Manitoba R3T 2N2, Canada
2 University of Manitoba, Department of Microbiology, Winnipeg,
Manitoba R3T 2N2, Canada

vegetable oil (Sovero 1993). It is the third most im-
portant source of vegetable oil.

Sclerotinia stem rot, caused by Sclerotinia
sclerotiorum (Lib.) de Bary, and blackleg, caused
by Leptosphaeria maculans (Desm.) Ces & De Not
(anamorph, Phoma lingam (Tode: Fr./Desm.)),
are the two most economically important diseases
of canola. Both diseases lead to significantly
high yield loss in western Canada, with up to
5–100% (Manitoba Agriculture 2002) reported
for stem rot and 50% for blackleg (Petrie et al.
1985). The primary inoculum of both diseases
originates from overwintering structures. For
stem rot, the overwintering sclerotia germinate
carpogenically to produce apothecia (Willets and
Wong 1980) which, in turn, produce ascospores,
the primary inoculum which germinates and
infects senescing petals. The infected petals,
which act as a nutrient source for the germi-
nating ascospore, fall onto the leaves where the
fungus infects through mechanical pressure. The
infection then moves from the leaves to the stem
(Martens et al. 1994). In severe cases of infection,
the sclerotia develop in the stem and are cycled
back into the soil during harvest. For blackleg,
ascospores are the primary and main source of
infection. They are produced in pseudothecia in
the infected stubble. Seedling infection is achieved
by penetration of the cotyledons or young leaves
through stomata or natural openings. The initial
infection of the tissue is biotrophic, but most
of the hyphal front becomes necrotrophic. The
necrotrophic infection leads to the production
of the asexual structures (pycnidia) in the dead
tissue (Hammond et al. 1985; Hammond and
Lewis 1987). During a rain event, the pycnid-
iospores are spread by splashing and, thus, are
thought to infect other leaves and neighbouring
plants. The colonization of the intercellular spaces
follows the initial infection, which leads to the
colonization of the xylem or the spaces between
the xylem parenchyma and the cortex in the
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petiole. This intercellular growth is systemic,
biotrophic and visually symptomless (Hammond
et al. 1985). The fungus eventually invades and
kills the cells of the stem cortex, resulting in
a blackened canker which completely girdles the
base of the stem. Thus, the disease is named
“blackleg”.

Control of sclerotinia stem rot by traditional
methods has not been very effective. It is difficult to
breed for resistance against S. sclerotiorum, since
resistance is governed by multiple genes (Fuller
et al. 1984). Control based on crop rotations is un-
realistic due to the persistence of survival struc-
tures (sclerotia) in the soil for long periods and
because Sclerotinia has such a wide host range
(Nelson 1998). These factors necessitate the use of
fungicides, which have been known to have ad-
verse effects on non-target organisms (Rose 1995;
Gilmour 2001; McGrath 2001). Several strategies
based on, for example, crop rotation, stubble man-
agement, chemical control, sanitation and resistant
cultivars have been advised for blackleg control
(Guo et al. 2005). With the introduction of culti-
vars with major gene resistance to L. maculans,
a high potential exists for increased prevalence of
the aggressive isolates of L. maculans, or evolu-
tion of new virulent pathotypes of the pathogen
(Mayerhofer et al. 1997). The report on the appear-
ance of the more aggressive pathogenicity group 3
(PG3) and 4 (PG4) isolates in western Canada and
the North Central USA, where PG2 is the predomi-
nant group, is a good example of this phenomenon
(Fernando and Chen 2003; Chen and Fernando
2005; Bradley et al. 2005). With respect to chem-
ical control with fungicides, the perceived health
and environmental risks of using these chemicals
has led to increased interest in alternative disease
management strategies (Jacobsen and Backman
1993).

A clear understanding of the life cycle and
mode of infection of both pathogens gives us an
opportunity to design alternative disease control
strategies, such as biological control, for the man-
agement of these pathogens and their diseases.
For sclerotinia stem rot, as most inoculums are
ascosporic, a few germinating sclerotia can lead
to significant infection levels in the field (Davies
1986). Also, ascospores can travel long distances
from neighbouring fields to infect petals (Venette
1998). Therefore, there is a need for research into
the biocontrol of S. sclerotiorum on canola, specif-
ically on limiting petal infection by ascospores.
Foliar applications of biocontrol agents (BCA) are

important in the Sclerotinia/canola system, as the
ascospores generally infect senescing petals at the
flowering stage (Turkington and Morrall 1993). As
this is a narrow window to protect the plant from
infection, biological control may work well in con-
trolling the germination of ascospores on petal sur-
faces. Similarly, the narrow susceptibility period of
canola to blackleg favours the use of biocontrol
as a viable disease control strategy. The disease is
destructive to the canola crop only when the infec-
tion occurs early in plant development, from the
cotyledon to the six-leaf growth stage (West et al.
2001). If the plant can be protected during this most
highly susceptible period, then the disease could
be managed to minimise yield loss. Therefore, bio-
logical control represents a promising, alternative
control strategy which can be implemented in the
integrated management of sclerotinia stem rot and
blackleg diseases of canola.

II. Biological Control

Baker and Cook, in 1974, defined biological control
as “the reduction of inoculum density or disease
producing activities of a pathogen or parasite in its
active or dormant state, by one or more organisms,
accomplished naturally or through manipulation
of the environment, host, or antagonist, or by mass
introduction of one or more antagonist”. Bacteria
have proved to be excellent sources of antagonists,
owing to their multiple mechanisms of disease con-
trol. Earlier work on the biocontrol of plant diseases
focused more on the root-colonizing rhizobacte-
ria, with special emphasis on their ability to pro-
duce secondary metabolites, such as siderophores.
Siderophores efficiently sequester iron and deprive
the pathogen of this vital element, essential for
metabolic functioning and the process of patho-
genesis (Kloepper et al. 1980). Over the past two
decades, numerous studies have established the
role of other mechanisms such as antifungal antibi-
otics, enzymes and volatiles produced by bacteria
in plant disease control (Weller et al. 1988; Whipps
1997). Other than their direct role in pathogen con-
trol, bacteria also produce metabolites which en-
hance plant growth (e.g. root growth), or trigger the
induction of systemic resistance which acts in the
form of immunization, thereby preventing plant
disease (Van Loon et al. 1998). With the above-
mentioned multiple mechanisms of disease con-
trol, bacteria serve as excellent antagonists.
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III. Phyllosphere Biocontrol

A. Chemical and Physical Environment
of the Leaf Surfaces

There is limited knowledge on the chemical char-
acteristics of the leaf surface which make it suitable
for microbial growth. The unevenness of the thick
waxy cuticle, along with the presence of veins
and trichomes, affect the microclimate of the leaf
surface. Factors such as rain, dew and leaf exudates
result in the transport of nutrients from plant
cells, and other microbes or pollutants which help
bacteria to maintain their metabolic activity and
population size (Suslow 2002). On the leaf surface,
bacteria acquire their carbon and nitrogen sources
mainly from the exudates, which are comprised of
sugars such as sucrose, glucose and fructose. In
addition, other organic acids, alcohols and amino
acids are present on the leaves. The concentration
of nutrients on the leaves is very low, ranging from
1–20 μg/leaf (Tukey 1971). Wilson and Lindow
(1994a, b) have clearly shown that the growth
of bacteria on the leaf surface is limited by the
availability of carbon-containing nutrients under
physical environmental conditions conducive for
bacterial multiplication.

The microclimate of the leaf, under highly vari-
able environmental conditions such as for humid-
ity, temperature, leaf wetness and ultraviolet radi-
ation, poses a major challenge for colonization by
bacteria. Leaf surfaces are subjected to lack of free
moisture and rapid fluctuations in relative humid-
ity or temperature (Beattie and Lindow 1995, 1999).
The ultraviolet radiation present in sunlight causes
severe damage to bacterial cells (Sundin and Jacobs
1999). An additional challenge faced by these bacte-
ria is the diurnal change from cool nights of ample
moisture in the form of dew to higher temperatures
and drier conditions which cause osmotic shock
during the daytime.

B. Bacterial Adaptations in the Phyllosphere

Bacteria have evolved mechanisms to overcome
these constraints and establish themselves under
the harsh conditions present in the phyllosphere.
Bacteria arrive through airborne, waterborne and
vector-borne deposition from sources of plant ori-
gin such as tree buds, seeds and residues of pre-
vious crops (Manceau and Kasempour 2002). The
bacteria multiply on the leaf surface, when free wa-

ter is available, and form aggregates which enhance
their ability to survive when ecological conditions
become less favourable on the surface. Aggrega-
tion occurs along the anticlinal walls of epider-
mal cells and around the trichomes, where leach-
ing of nutrients is higher (Backman et al. 1997).
Larger bacterial aggregates are present at the base
of trichomes, probably due to their ability to re-
tain water, and secrete mucilage and essential nu-
trients, such as sugars and amino acids (Simon
1997; Ascensao and Pais 1998). Bacteria increase
their fitness in the phyllosphere by the expression
of phenotypic features such as flagellar motility,
extracellular polysaccharide production, produc-
tion of biosurfactants, phytohormone production,
and phytotoxins and siderophore production (Lin-
dow 1991; Beattie and Lindow 1995, 1999). Bacteria
also adopt an endophytic mode of life style when
they colonize the inside of leaf tissues to escape
the harsh conditions occurring on the leaf surface
when the environment becomes dry (Whitesides
and Spots 1991). Epiphytic bacteria adapt them-
selves to an endophytic mode of survival by multi-
plying in the apoplast and escaping plant defence
systems (Kazempour 1998). Other than epiphytic
bacteria, saprophytic bacteria develop mechanisms
of tolerance to stress, such as pigmentation which
is often correlated with UV tolerance, to maintain
population levels high enough to survive in the
phyllosphere (Wilson et al. 1999).

IV. Bacterial Phyllosphere Biocontrol
of Plant Diseases,
with Special Emphasis
on Sclerotinia Stem Rot
and Blackleg

Pseudomonas spp. and Bacillus spp. mediate crop
protection by exerting multiple mechanisms of in-
hibitory activity such as the production of extra-
cellular enzymes (Dunlap et al. 1996; Pleban et al.
1997), competition (Lugtenberg et al. 1999), in-
duced systemic resistance, ISR (Yan et al. 2002; Ryu
et al. 2003), and antibiosis (Silo-Suh et al. 1994;
Raaijmakers et al. 2002).

One of the most successful examples of
phyllosphere biocontrol is the suppression of
Erwinia amylovora by epiphytic bacteria, and the
reduction of fire blight disease in apple and pear.
Pseudomonas fluorescens A506 occupies the same
sites on stigma as those colonized by E. amylovora,
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and utilizes nutrients important for the growth
of the pathogen (Wilson and Lindow 1993). On
the other hand, Pantoea agglomerans produces
antibiotics (Ishimaru et al. 1988; Vanneste et al.
1992; Kearns and Hale 1996; Wright and Beer
1996), in addition to other growth-limiting nutri-
tional substrates and thereby competes for sites,
suppressing E. amylovora on stigmas (Hattingh
et al. 1986; Wilson et al. 1992). Bacillus has been
one of the key genera used for the phyllosphere
biocontrol of foliar diseases. Bacillus spp. form
endospores, which are structures capable of
surviving desiccation, heat, oxidizing agents and
UV radiation (Setlow 1995). These characteristics
offer ecological fitness and also enable long-term
storage and relatively easy commercialization of
Bacillus-based products. Control of bean rust by
Bacillus subtilis (Baker et al. 1985), and control
of Alternaria on tomato (Stevens et al. 1996)
and Cercospora on peanut by Bacillus cereus
(Kokalis-Burelle et al. 1992) are good examples.

Biological control of foliar pathogens at the
phyllosphere has been less exploited, as is evident
in the huge literature available on the biocontrol
of root pathogens. Harsh conditions in the phyl-
losphere, which make for difficult establishment
and survival of the biocontrol agent, is one of the
main reasons for the lack of attempts on phyllo-
sphere biocontrol. Yet, there are some host-disease
systems in which phyllosphere biocontrol has been
successfully used in disease control. The following
section deals with the timing of application of the
bacterial biocontrol agent (BCA), and the various
mechanisms exerted by the bacterial BCA for the
phyllosphere control of plant disease, such as an-
tifungal antibiosis, efficient colonization, volatile
production and induced systemic resistance. The
section also lays emphasis on the biocontrol of scle-
rotinia stem rot and blackleg of canola by bacterial
BCAs.

A. Timing of Application

A clear understanding of the pathogen life cycle,
the growth stage at which the host is susceptible to
infection by the pathogen, and the mechanism of
host infection would help in the application of the
BCA at the appropriate place and time. Also, if there
is a narrow window of infection by a pathogen,
this favours the use of BCAs as a control strategy,
as the antagonist need only survive, establish its
population and prevent pathogen infection dur-

ing that short critical period. The successful use
of biocontrol relies on an effective delivery system
and subsequent survival of bacteria in the infec-
tion court. Since the primary infection of S. sclero-
tiorum on canola occurs through ascosporic infec-
tion of senescing petals (Adams and Ayers 1979),
biocontrol studies performed in our laboratory em-
ploy direct delivery of bacteria onto the petals, in
the form of one or two spray applications during
the blooming stage (Fernando et al. 2007). Results
from two field trials conducted during 2003 and
2004 indicate that either one or two applications
of bacterial strains suppressed stem rot under field
conditions. Applications of Pseudomonas chloro-
raphis strain PA23 and Bacillus amyloliquefaciens
strain BS6 twice at 30% and 50% bloom signifi-
cantly reduced the percent canola stem rot inci-
dence in both trials. The results are comparable
to those obtained for the application of the fungi-
cide Rovral-Flo, and are significantly different from
those for the pathogen-inoculated control.

Similarly, bacterial application at the cotyledon
stage, i.e. the stage most susceptible to pathogen
infection, plays an important role in the prevention
of blackleg infection (Ramarathnam 2006). This
phenomenon was clearly established in our field
study where B. amyloliquefaciens strain DFE16 ap-
plied at the cotyledon stage suppressed the disease
as efficiently as the fungicide which was tested.
Bacteria seem to prevent early infection of the
cotyledon leaves, reducing the chances for systemic
infection, and girdling and cankering of the stem.
The need for BCA application at the cotyledon
stage is further strengthened by our finding that
the same bacteria applied only at the 3–4 leaf stage
failed to suppress the disease, suggesting infection
of the plant could have occurred prior to the
application of the bacteria. The cotyledon stage of
canola is a narrow window of infection potential
and, therefore, it represents an opportunity to be
exploited for biocontrol of blackleg.

B. Mechanisms of Biocontrol

1. Antibiosis

Direct antagonism of the pathogen through
antibiosis is one of the mechanisms by which
disease-suppressive bacteria achieve disease con-
trol. Antibiosis is mediated through the production
of a chemically heterogeneous group of organic,
low-molecular weight compounds (Raaijmakers
et al. 2002) which, at low concentrations, are
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deleterious to the growth or metabolic activities of
other microorganisms (Fravel 1988; Thomashow et
al 1997). Restriction of growth, due either to limita-
tion in nutrients or to high cell density, leads to the
initiation of secondary metabolism and antibiotic
production, which helps the organisms remain
competitive in their environment (Vining 1990).

Stigma colonization by E. amylovora is the cru-
cial initial step in the development of most fire
blight infections in apple and pear trees. Suppres-
sion at this point of the disease process by antag-
onists of E. amylovora, such as Pantoea agglom-
erans (Erwinia herbicola) strain Eh1087, has re-
sulted in significant success. The ability to produce
a phenazine antibiotic, D-alanylgriseoluteic acid
(AGA), helps the antagonistic strain to outcompete
E. amylovora in the colonization of the stigma (Gid-
dens et al. 2003). In competition experiments on the
stigmas of apple flowers, E. amylovora was signif-
icantly less successful against the P. agglomerans
AGA-producing wild type than against the AGA-
non-producing mutant. Further, it was found that
AGA production significantly enhanced the com-
petitiveness of Eh1087 when it was applied at the
same time or 24 h before the pathogen. This study
clearly established the role of this antibiotic in the
ecological fitness of the producing strain, and its
role in disease control.

Pseudomonas chlororaphis strains PA23 (PA23)
and DF190 (DF190) are strong antagonists of S. scle-
rotiorum and L. maculans respectively. The bac-
teria were identified as producers of the antifun-
gal antibiotics phenazine and pyrrolnitrin (Rama-
rathnam and Fernando 2006; Zhang et al. 2006).
Control of Gaeumannomyces graminis var. tritici
in wheat by phenazine produced by P. chlororaphis
PCL1391 (Chin-A-Woeng et al. 1998), and control
of Rhizoctonia solani in cotton by pyrrolnitrin pro-
duced by P. fluorescens BL915 (Ligon et al. 2000)
are well-known examples of an established role for
these antibiotics in biocontrol. The production of
phenazines and pyrrolnitrin corresponds to the an-
tifungal activity of PA23 culture extracts in the in-
hibition of sclerotial and/or spore germination of
several plant pathogens, including Fusarium oxys-
porum, R. solani, Sclerotium rolfsii, Macrophomina
phaseolina, Alternaria solani and Botryodiplodia
theobromae (Kavitha et al. 2005). Production of
multiple antibiotics, with overlapping or different
degrees of activity, may account for the suppres-
sion of specific or multiple plant pathogens (Raaij-
makers et al. 2002). Characterization of a PA23Tn5
mutant, called PA23-63, revealed a Tn insertion in

phzE, which forms part of the phenazine biosyn-
thetic cluster. Despite producing no phenazines,
this strain exhibited wild-type levels of antifun-
gal and biocontrol activity against S. sclerotiorum
and L. maculans (Poritsanos 2005; Ramarathnam
2006). Our findings indicate that phenazine pro-
duction is not essential for PA23 biocontrol of these
two pathogens. Mutant PA23-63 produces pyrrolni-
trin at levels equal to that of the wild type (Paulitz,
personal communication). Therefore, we believe
that pyrrolnitrin is mainly, but not exclusively, re-
sponsible for the antibiosis-mediated biocontrol of
S. sclerotiorum, the stem rot pathogen (Poritsanos
2005), and L. maculans, the blackleg pathogen of
canola (Ramarathnam 2006). The primary antifun-
gal mechanism of pyrrolnitrin is the interference
of the osmotic signal transduction pathway, and
the secondary mechanism is thought to be inhi-
bition of respiration, evident at a high dosage of
the antibiotic in N. crassa and other fungi (Okada
et al. 2005). This explains the antifungal activ-
ity of pyrrolnitrin over a wide range of basid-
iomycetes, deuteromycetes and ascomycetes (Ligon
et al. 2000).

Another Pseudomonas BCA isolated by our
laboratory, Pseudomonas sp. strain DF41 (DF41),
demonstrated strong antagonistic activity against
S. sclerotiorum. By means of Tn5 mutagenesis
studies, a DF41 antifungal-deficient mutant was
isolated harbouring a Tn insertion in a gene with
91% identity to the syrB gene of the P. syringae sy-
ringomycin biosynthetic cluster (C. Berry, W.G.D.
Fernando, T.R. de Kievit, unpublished data). A Tn5
insertion in this gene completely abolishes anti-
fungal activity, suggesting a molecule similar to
syringomycin, probably a cyclic lipopeptide, may
be responsible for the antibiosis in strain DF41.

Bacillus spp., especially B. subtilis, B. cereus and
B. amyloliquiefaciens, are reported to be effective
for the control of plant diseases caused by soil-
borne, foliar and post-harvest fungal pathogens
(Silo-Suh et al. 1994; Raupach and Kloepper 1998;
Shoda 2000; Janisiewicz and Korsten 2002; Chiou
and Wu 2003; Tjamos et al. 2004). Bacillus cereus
strain DFE4 (DFE4), and B. amyloliquefaciens
strains BS6 (BS6) and DFE16 (DFE16) exhibited
agar-diffusible antifungal activity, and greenhouse
and field suppression of sclerotina stem rot and
blackleg of canola (Fernando et al. 2005; Rama-
rathnam 2006). All three Bacillus strains harbour
biosynthetic genes for the lipopeptide antibiotics
iturin A, bacillomycin D and surfactin. Moreover,
cell extract analysis confirmed the production
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of iturin A, bacillomycin D and surfactin by
these BCAs (Ramarathnam 2006). Bacillomycin
D has been reported to exhibit strong antifungal
activity towards aflatoxin-producing fungi such as
Aspergillus flavus (Moyne et al. 2001). Iturin A is
known to exhibit strong antifungal activity and
potential for biocontrol (Yoshida et al. 2002; Cho
et al. 2003). The multiple antibiotics produced
by these Bacillus spp. could possibly explain the
broad spectrum of antifungal activity exhibited by
these bacteria over a range of pathogens.

2. Pre-Emptive Colonization of Target Site

Competence of the BCA and synchronization of its
activity, in both time and space, with the pathogen
are key factors determining the efficiency of a BCA
(Folman et al. 2003). Earlier studies by Bull et al.
(1991) on the colonization of roots by P. fluorescens
in the suppression of G. graminis var. tritici, and by
Parke (1990) on the successful colonization of the
pea spermosphere in the prevention of Pythium
infection are good examples which stress the im-
portance of colonization of BCAs at the target site as
a prerequisite for suppression of plant pathogens.
Pre-emptive stigma colonization by the antagonis-
tic P. agglomerans strain Eh107 resulted in a pop-
ulation which was resilient to subsequent inva-
sion by the pathogen. Similarly, the colonization
of the stigma by the pathogen, prior to the an-
tagonist, prevented the establishment of the antag-
onist. This clearly established the importance of
pre-emptive colonization and utilization of the nu-
trients required by the pathogen (Giddens et al.
2003). This experiment suggested that niche exclu-
sion has a dominant influence on the dynamics of
bacterial populations on stigmas, and also in the
suppression of the fire blight disease.

The time of inoculation of the BCA plays
a very important role in the suppression of both
sclerotinia stem rot and blackleg disease of canola.
The application of the Pseudomonas sp. strain
DF41 (Savchuk and Fernando 2004), strains PA23
or BS6 (N. Poritsanos, C. Selin, W.G.D. Fernando,
S. Nakkeeran and T.R. de Kievit, unpublished data)
24 h prior to the pathogen, or co-inoculation with
the pathogen were crucial in the suppression of
stem rot disease under greenhouse conditions.
Antagonistic bacteria, when applied 24 and 48 h
after ascospore application, did not control the
disease. The same phenomenon was also appli-
cable in the blackleg suppression assays done on
cotyledon plants of canola in the greenhouse.

The inoculation of the bacteria PA23, DF190 and
DFE4, 24 and 48 h prior to the application of
pycnidiospores of L. maculans on wounded canola
cotyledons, led to significantly lower levels of
disease, which was manifested in a low, resistant
interaction phenotype (IP) ratings (<2). The
correct timing of application of the BCA, suitable
application strategy, and establishment of the
BCA in the target area are the critical elements
determining the success of a biocontrol strategy
(Baker and Cook 1974; Weller et al. 1988; Campbell
1989). Early application provides the bacteria with
ample time for the establishment of appropriate
population size and successful colonization of the
infection court of the pathogen. This, in turn, helps
in preventing the germination of ascospores of
S. sclerotiorum or pycnidiospores of L. maculans,
and the penetration and establishment of the
pathogen in the host.

3. Antifungal Volatiles

In addition to the phyllosphere inhibition of
ascospores of S. sclerotiorum on petals, strain
PA23 has been demonstrated to produce antifun-
gal volatiles which are inhibitory to vegetative
mycelium growth, germination of ascospores,
and sclerotia formation of S. sclerotiorum (Fer-
nando et al. 2005). Two compounds identified by
GC-MS, nonanal and benzothiazole, completely
inhibited mycelial growth or sclerotia formation
under exposure to filter-disks soaked with these
compounds (100 and 150 μl) in subdivided
Petri plates. These observations suggest nonanal
and benzothiazole may play a role in biological
control. The antifungal activity of nonanal has
been demonstrated earlier; this is one of the
major constituents of the essential oil of Hibiscus
cannabinus, responsible for the fungitoxic activity
of the oil towards three species of Colletotrichum
(Kobaisy et al. 2001). Also, nonanal produced by
cotton leaves is responsible for the production of
the unique aerial hyphae and decrease in aflatoxin
production of Aspergillus flavus and A. parasiticus
(Green-McDowelle et al. 1999). Benzothiazole is
a sulphur-based compound; many commercially
used fungicides and soil fumigants are also
sulphur-based. Sclerotial control would reduce
apothecial formation, which would decimate
ascospore production, the most important in-
fection units in many crops, thereby reducing
several diseases (Abawi and Grogan 1979). Hence,
these bacteria may be good soil amendments for
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the management of overwintering structures in
soil. Pathogen-infested stubble and sclerotia are
substrates for the production of sexual and asexual
spores which cause primary infection of the crop.
Destruction of the overwintering structures would
greatly limit primary inoculum production and
the establishment of the disease in the crop.

4. Induced Systemic Resistance

The efficiency of BCAs can be improved through
elucidation of the mechanism(s) of their action.
Plants may be protected against pathogens by
way of endogenous defence mechanisms triggered
in response to the attack of either an insect
or pathogen (Heil 2001). Induced resistance by
bacterial antagonists in several crops is asso-
ciated with the enhancement of lignification,
and stimulation of host-defence enzymes and
synthesis of pathogenesis-related (PR) proteins
(Hammerschmidt and Kuc 1995). Our results
suggest that two applications of strain PA23 in-
duced resistance against S. sclerotiorum infection
(Fernando et al. 2007). An application of PA23 at
both 30 and 50% bloom, followed by challenge
inoculation with Sclerotinia ascospores, induced
significantly higher chitinase and β-1,3-glucanse
activity. In contrast, the activity was less in the
healthy control, ascospore-inoculated control, and
PA23 treatments. Accumulation of these hydrolytic
enzymes reached the highest level 4 days after inoc-
ulation (DAI) for chitinase (2.5-fold increase over
inoculated control), and 6 DAI for β-1,3-glucanase
(threefold increase over inoculated control),
followed by a slow decline thereafter. One chitinase
isoform (34 kDa) was detected by western blotting
using tobacco chitinase antiserum in PA23-treated
plants with or without challenge inoculation by
S. sclerotiorum. Expression was very low in the
inoculated control. The PR proteins chitinase and
β-1,3-glucanase both inhibit fungal pathogens
(Mauch et al. 1988). The enhanced accumulation
of PR proteins (chitinase and β-1,3-glucanase) and
oxidative enzymes (peroxidases) in PA23-treated
canola leaf tissues may contribute to the reduction
of Sclerotinia infection in pathogen-inoculated
plants. Since fungi have chitin and glucan as cell
wall components (Sing et al. 1999), increased
activity of chitinase and β-1,3-glucanase in canola
plants exposed to biocontrol bacteria may prevent
the establishment of pathogens. Similarly, phyl-
losphere inoculation studies have been carried
out earlier for induced systemic resistance (ISR)

with B. mycoides strain Bac J for the control of
Cercospora leaf spot in sugar beet (Bargabus et al.
2002), and P. putida WCS358r and P. fluorescens
WCS374r for the control of bacterial wilt caused
by R. solanacearum in Eucalyptus urophylla (Ran
et al. 2005). Inoculation of B. mycoides strain Bac J
induced the activity of chitinase, β-1,3-glucanase
and peroxidase, and significantly reduced Cer-
cospora leaf spot in sugar beet (Bargabus et al.
2002). Also, the bacteria were not isolated from the
pathogen-inoculated leaves, which demonstrated
the role of ISR in disease suppression. B. subtilis
strain BacB formed cell aggregates which induced
systemic resistance against Cercospora leaf spot,
even though the cell number on the leaf reduced
significantly (Collins et al. 2003). Disease control
could not be attributed to either antibiosis or
parasitism in this study.

Plant growth promoting rhizobacteria (PGPR)
strains with ISR activity can be active against
a wide range of pathogens (Raupach and Kloepper
1998). Application of fluorescent pseudomonads
strengthens the host cell wall structures and
results in the restriction of pathogen invasion of
host-plant tissue (Chen et al. 2000). Rhizobacteria-
mediated ISR leads to enhanced sensitivity of the
induced tissue to jasmonic acid (JA) and ethylene
(ET), rather than increasing their production
(Pozo et al. 2005). Conrath et al. (2002) term this
phenomenon “priming”, which is the enhanced
capacity of induced tissues for rapid and effective
activation of cellular defence response upon
challenge by pathogen infection. This has been
proved with analysis of local and systemic levels of
JA and ET in plants expressing ISR, where induced
resistance was not associated with detectable
changes in their production (Pieterse et al. 2000).
Priming has been well established towards disease
reduction in tobacco, where cells showed faster
and stronger lipid peroxidation and protein
phosphorylation in response to fungal elicitors
after preconditioning by MeJA treatment (Dubery
et al. 2000).

In contrast to the ISR in mature canola elicited
by strains PA23 and BS6, no such induction was
observed in the suppression of blackleg in canola
cotyledons. Lipopolysaccharides (LPS) of the
bacterial cell wall and iron-chelating siderophores
have clearly been shown to elicit systemic re-
sistance in plants (Whipps 2001). In addition,
antifungal antibiotics have also been reported to
induce systemic resistance (SR). Audenaert et al.
(2002) demonstrated that phenazine-1-carboxylic
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acid and a siderophore, pyochelin, produced
by Pseudomonas aeruginosa strain 7NSK2 both
contributed to the ability of this isolate to induce
SR in tomato against Botrytis cinerea. Among
the lipopeptide antibiotics produced by Bacillus
spp., treatment of potato tuber cells with purified
fengycins resulted in the accumulation of some
plant phenolics involved in, or derived from
phenylpropanoid metabolism (Ongena et al. 2005).
Production of siderophores and antifungal antibi-
otics by strains PA23 (Poritsanos 2005; Zhang et al.
2006), DF190, DFE4 and DFE16 (Ramarathnam
2006) have been established. These bacteria were
tested for their ability to induce SR in canola
cotyledons. Living bacterial cells and their culture
broth extract were tested through split and local
inoculation assays. Split inoculation determined
the ability of the bacteria to induce SR, and
the local inoculation tested for direct antifungal
activity on the pycnidiospores of L. maculans. Both
the bacteria and their culture broth extract failed
to suppress the pycnidiospores of L. maculans,
and the blackleg lesion on cotyledons in the
split inoculations. The bacteria and the broth
extracts suppressed the blackleg disease lesion
on cotyledons when inoculated locally with the
pathogen spores. This clearly indicated a lack
of systemic induction by the bacteria and broth
extracts, but localized inhibition of the pathogen.
To further ascertain the mechanism involved
in the localized suppression of the disease, the
activity of PR enzymes was studied. None of the
bacterial treatments (except for DF190-inducing
β-1,3-glucanase) had significant induction of
chitinase, β-1,3-glucanase or peroxidase (Rama-
rathnam 2006). The lack of localized PR-enzyme
activity, but suppression of the pycnidiospores of
L. maculans, suggest the potential role of direct
antifungal activity of the bacterial cells.

V. Conclusions

In the quest for safer, more environmentally
friendly alternatives to pesticides, BCAs emerge
as attractive candidates for the management of
plant diseases. Thus far, natural bacterial isolates
have shown inconsistent performance in the field.
Poor field performance can be attributed in part
to varying environmental conditions which, in
turn, influences expression of essential biocontrol
factors. Thus, if BCAs are ever to become realistic

alternatives to chemical pesticides, it is essential
that we understand, at a molecular level, both
biotic and abiotic factors regulating the expression
of antifungal metabolites. By employing tran-
scriptomics and proteomics, we can advance our
understanding of gene/protein expression not
only in the BCAs and fungal pathogens but also
in the plant host during complex interactions in
the phytosphere. This will provide us with a fuller
picture of beneficial plant–microbe interactions.
Defining factors which influence antibiosis, ISR,
as well as predation and niche exclusion will
ultimately lead to better-performing biocontrol
products. Notably, this knowledge can be used to
create genetically engineered strains exhibiting
improved biocontrol capacity. It is expected that
genetically modified strains will be the biocontrol
products of the future, able to rival chemical
fungicides in managing plant diseases.
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I. Introduction

This review considers the impact which fungivore
grazing can have on communities of fungi in soil
and litter. The fungi are represented by large num-
bers of species (Christensen 1989) and considerable
biomass (Kjøller and Struwe 1982) in soil and litter
systems. Up to 75% of the soil fauna biomass re-
sides in the fungivore trophic category (McGonigle
1995), and so grazing by soil fauna on fungal tissues
is expected to play a significant role in shaping the
fungal communities of field systems.

1 Department of Botany, Brandon University, 270-18th Street, Bran-
don, Manitoba R7A 6A9, Canada

In order to assess the impact of grazing of fungi
on community structure, it is useful initially to
briefly consider fungi in relation to general princi-
ples of community ecology. The individuals within
a species and at a given location comprise a single
population. Discussion of the concept of the indi-
vidual with respect to fungi has been made else-
where (Rayner and Todd 1982). The indeterminate
growth of many plants has led to the quantifica-
tion of modules of plant growth, rather than of
individuals (Harper 1977). Fungi can be treated
similarly where recognizable structures such as
sporophores are visible (Shaw 1985). However, fruit
bodies may represent only less than 1% of the un-
seen but living vegetative fungal biomass (Frank-
land 1982). Communities are collections of pop-
ulations which are present inside defined limits
in space, and within specified taxonomic or func-
tional groups (Begon et al. 2006). Communities can
be described most simply in terms of species rich-
ness, which is the number of species present. Diver-
sity refers to the relative abundance of each of the
species being considered (Begon et al. 2006). For
a given species richness, the diversity of the com-
munity will be determined by the relative abun-
dances of the species present; high abundance of
a small number of species equates to low diver-
sity whereas greater evenness, or equitability of
the species abundances, reflects higher diversity.
Fungivore grazing can be expected to affect species
richness by promoting the elimination or the intro-
duction of fungal species. In addition, the grazing
of fungi can be expected to affect relative abun-
dance and community diversity.

Characterization of fungal communities has in
some cases evaluated species richness, although
this is in itself a mammoth undertaking (Swift 1976;
Christensen 1981). Even prolonged isolation stud-
ies appear to be unable to complete the species list
for a given sampling location; Christensen (1989)
found that after more than one thousand isolates
had already been taken from one location, each
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increment of 100 additional isolates consistently
yielded approximately 10 species new to the site.
When isolation frequencies are used as a measure
of relative fungal abundance, fungal communities
follow a lognormal distribution (Lussenhop 1981);
this is consistent with communities for other types
of organisms in other kingdoms (Begon et al. 2006).
In theory, the lognormal distribution reflects the
way in which species abundances are the result of
the interplay of a variety of independent factors
(May 1975).

Swift (1976, 1982) considered the question
of niche diversification among sympatric fungal
species. Although many fungi show a surprisingly
broad range of occurrence, there is some special-
ization for different resource types; these include
various plant parts like leaves and twigs, and the
different plant species they originate from. There
is also the opportunity for specialization among
the different microenvironments within resource
types, such as between the vein and mesophyll of
a leaf, and among the various carbon substrates
therein.

Reviews of fungivore grazing have considered
the processes of comminution of substrate, disper-
sal of fungi, and the direct impact of feeding itself
on fungal community structure (Visser 1985) and
nutrient cycling (Ingham 1992; McGonigle 1995).
Comminution of substrate stimulates microbial ac-
tivity and accelerates decomposition (Swift et al.
1979). The dispersal of fungi through the move-
ments of grazing animals was clearly established
in earlier studies (Brasier 1978; Wiggins and Curl
1979). Enhanced dispersal will encourage a com-
munity to fulfil the potential it intrinsically has
for a poor or rich species compliment, playing an
important role in the establishment of microbial
communities. However, in this review it is the bi-
ological interactions which occur after dispersal,
and which are involved in the determination of
the fungal community structure, which are consid-
ered. The effect of the disruptive physical action of
grazing animals on fungi, such as by the process
of trampling, is not easy to distinguish from the
effects resulting from ingestion of the fungal mate-
rial. The breaking-up of fungal material by animal
body movements has been suggested (Wicklow and
Yocum 1982) to be one of the reasons why fungal
communities change in response to grazing.

This review will initially outline the relevant
features of the various types of invertebrate fun-
givores in soil and litter, and proceed to consider
some limitations encountered in the study of graz-

ing on fungi. Examples will then be given to show
the ways in which grazing can affect fungal commu-
nities through effects on species richness, commu-
nity diversity, and replacement of some species by
others. In the final section before the conclusions,
various features of the fungivores and fungi which
can modify the outcome of grazing will be dis-
cussed. Specifically, these modifying features are
the selectivity and intensity of grazing, and the
ability of the fungus being grazed to respond to
that grazing.

II. The Fungivores in Soil
and Litter Systems

A. General Considerations

The soil fauna is composed of a great diversity
of species distributed among many phyla. Of par-
ticular importance with regard to fungivory are
three phyla: the Annelida, the Arthropoda and the
Nematoda. The Enchytraeidae within the Annel-
ida display extensive fungivory, and gut passage
in Lumbricidae also affects fungi. The arthropod
classes Arachnida and Insecta contain the groups
Acari and Collembola respectively, each of which
has many fungivorous members. Among the ne-
matodes, the Dorylaimida and Tylenchida contain
an abundance of fungivores.

Using the terminology of Moore et al. (1988),
animals feeding on hyphae can be divided into two
categories: engulfing fungivores and fluid-feeding
fungivores. These feeding modes are mostly con-
sistent for fungivores within defined taxonomic
boundaries.

B. A Survey of Relevant Groups

1. Acari

Mites are very abundant in soil and litter, and many
of them consume fungi. Chitin-rich cell walls of en-
gulfed hyphae pass through mite gut without be-
ing digested whereas the fungal disaccharide tre-
halose is utilized (Hubert et al. 2001). Soil mites
comprise four major groups. Many members of the
Cryptostigmata, or oribatid mites, are generalist
feeders (Swift et al. 1979) and will ingest decay-
ing plant material, fungal hyphae, and algae. How-
ever, there is some specialization within the group:
members of the family Phthiracaridae feed only
on plant residues and are able to digest cellulose
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but not the fungal storage carbohydrate trehalose;
by contrast, the Oppiidae and Eremaeidae special-
ize on fungi and cannot digest cellulose (Luxton
1972). Some Cryptostigmata readily feed on ne-
matodes (Rockett 1980). The well-known accumu-
lation of 15N in consumers relative to the mate-
rials they ingest has been applied to the question
of niche diversification within the Cryptostigmata.
Schneider et al (2004) determined that 15N/14N ra-
tios among species of oribatids below beech and
oak indicated trophic-level separation within the
oribatid community. Members of the Gamasina
in the Mesostigmata are predatory, with different
genera showing varying degrees of specialization
in their choice of prey (Moore et al. 1988). The
Astigmata show a diverse range of feeding activ-
ity: members of the family Acaridae feed by en-
gulfing hyphae, as well as taking live nematodes
and protozoa, whereas some members of the fam-
ily Histiostomatidae specialize in the ingestion of
a slurry of decaying residues mixed with microbes
(Walter and Kaplan 1990). The Prostigmata have
fluid-feeding fungivores in several families, e.g. Ty-
daeidae and Tarsonemidae; however, Prostigmata
also contain families of predatory mites, such as the
Bdellidae and Stigmaeidae (Moore et al. 1988). In
forest systems, the Cryptostigmata are most abun-
dant (Hogervost et al. 1993) whereas, in desert sys-
tems, the fungivorous Prostigmata are the more
important group (Santos and Whitford 1981).

2. Collembola

The majority of Collembola are primarily fungiv-
orous, and can be divided (Wallwork 1976) into
two distinctive life forms as follows: those at the
soil surface or in litter layers are usually large, pig-
mented individuals with well-developed eyes. The
Collembola of deeper layers are more often small,
weakly pigmented and with reduced eyes. Based on
analysis of gut contents, the two life form groups
show little difference in the extent to which they en-
gage in fungal feeding (Takeda and Ichimura 1983).
Collembola collected from the field often have no
gut contents, which may be due to intermittent ces-
sation of feeding caused by the moulting cycle of
the animals (Christensen 1990).

3. Annelida

Gut contents of enchytraeids contain a mixture of
fungal hyphae, plant residues and soil materials,
with fungal material typically representing one

third of those gut contents (Dash et al. 1980). When
offered fungal baits, the gut content of enchytraeids
with fungal material can increase to between
50–70% of the total (Dash and Cragg 1972). The gut
contents of some enchytraeid species can contain
twice as much fungal material as would be expected
on the basis of random ingestion of substrate
(O’Connor 1967). Estimates of fungivory in enchy-
traeids range from 25% (Persson et al. 1980) to as
much as 80% (Whitfield 1977). Feeding biology
of the various enchytraeids needs further work
before the role of this group in the functioning
of soil systems is adequately appraised (Didden
1993). The burrowing earthworm Lumbricus
terrestris L. feeds on surface litter, although fungi
on the litter are a major component of their diet
(Tiunov and Scheu 2000).

4. Nematoda

Based on their anterior morphology, free-living soil
nematodes can be identified as fungivores, bacteri-
vores, predators or omnivores (Twinn 1974). The
diet of omnivorous nematodes can consist of al-
gae, fungal spores, protozoa and other nematodes
(Swift et al. 1979). In addition, there are also some
free-living soil nematodes which feed on root epi-
dermal cells and root hairs (Yeates et al. 1993).
Fungivorous nematodes pierce hyphae with their
stylets, and feed on the fluid protoplasm of the fun-
gus using a pumping action (Freckman and Bald-
win 1990). Empty hyphal walls remain behind. Un-
der culture conditions, the impact of grazing by
fungivorous nematodes can be severe, killing all
aerial hyphae and reducing growth on agar relative
to that seen in the absence of the nematodes (Shafer
et al. 1981).

5. Others

Various other groups in the soil fauna also eat fungi.
Among the larvae of dipterous flies, those in the
family Sciaridae graze fungi in dung deposited on
the soil surface (Wicklow and Yocum 1982), mem-
bers of the Phoridae are mycelial feeders (Tibbles
et al. 2005), and larvae of the families Chirono-
midae and Mycetophilidae are mainly fungivorous
(Swift et al. 1979). Interestingly, mycetophilids are
attracted to the zones of antagonism at the con-
tact between fungal individuals (Boddy 1983). The
isopod Oniscus asellus L. was able to reduce fun-
gal standing crop to one third of that in control
leaf–fungus microcosms (Hanlon and Anderson



204 T.P. McGonigle

1980). A selection of genera of soil amoebae are
able to feed on hyphae (Bamforth 1988), but the
impact of this on populations of soil fungi is un-
clear (Chakraborty et al. 1983).

III. Some Limitations to the Study
of Fungivore Grazing

Several approaches are used to investigate grazing,
including direct observation, examination of gut
contents, and monitoring through time the hyphae
present. Food preference tests can be used to ascer-
tain the palatability of different fungi to the faunal
taxa of interest.

A. Gut Contents

Examination of gut contents can provide valuable
information on dietary choices of fauna among the
available foods. However, some food types more
easily retain their structural integrity and are rec-
ognizable in the gut for a longer time. Walter (1987)
found that nematodes observed to be consumed
by a selection of mites, which are normally con-
sidered mycophagous, were not detectable in gut
boluses because of the lack of sclerotization of the
nematode body.

B. Food Preference Tests

Collembola have been seen during feeding evalu-
ation tests to switch from feeding predominately
on one palatable fungus to feeding days later
almost exclusively on a simultaneously offered but
different palatable fungus (Visser and Whittaker
1977). Mixed diet seems to be important for
Collembola (Scheu and Simmerling 2004) and
fungivorous nematodes (Ruess et al. 2000) to avoid
over-consumption of toxic metabolites.

C. Enumeration of Hyphae

Measurement of fungal biomass through time
presents difficulties, because estimates of the
proportion of hyphal length which is active vary
according to the staining method used (Schubert
and Mazzitelli 1989; Hamel et al. 1990).

IV. Grazing and Community Structure

In various sections below, studies on grazing
of plants are referred to in order to provide
a theoretical framework in which we can consider
grazing on fungi. Comparisons have been drawn
previously between grazing in fungivore–fungus
and herbivore–plant systems (Wicklow 1981;
Visser 1985; Shaw 1992).

A. Changes in Species Richness
and Community Diversity

1. Grazing on a Dominant Fungus

Darwin (1859) reported that when a previously
mown 90-cm by 120-cm turf plot was left to grow,
the number of plant species within it was reduced
from 20 to 11 because of the proliferation of some
species. Thus, mowing can maintain increased
species richness. Crawley (1983) argues that
both mowing and grazing of herbaceous systems
function in an essentially similar way, by the
selective removal of more of some species than of
others. Mammal grazing exclosures on grassland
did not change species richness but increased
proliferation of a few herb species, showing that
greater diversity and more equitability among
species had previously been maintained by grazing
(Tansley and Adamson 1925). However, under
very intense grazing which fell just short of
uncovering bare soil, plant species richness itself
was reduced (Tansley and Adamson 1925). These
studies (Darwin 1859; Tansley and Adamson
1925) established that grazing can increase species
richness or increase community diversity by the
suppression of species which would otherwise be
more dominating. Alternatively, when the intensity
of grazing is sufficiently high, then species richness
can be reduced.

When one fungus is more productive than an-
other, selective grazing on the more abundant fun-
gus can suppress what would otherwise have been
the dominant member of the community. The out-
come of grazing in this situation will be a commu-
nity of greater diversity. An example from Newell
(1984a, b) is the suppression of the otherwise dom-
inant Marasmius androsaceus (L. ex Fr.) Fr. under
grazing pressure from the collembolan Onychiu-
rus latus Gisin, leading to more extensive devel-
opment of the sympatric species Mycena galopus
(Pers ex Fr.) Kummer (Fig. 12.1). In the study of
Newell (1984a, b), two species of fungi were con-
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Fig. 12.1. a Growth of Mycena galopus and Marasmius an-
drosaceus in culture as a function of temperature. M. ga-
lopus is the slower-growing species (data of Newell 1984a).
b Effect of collembolan grazing on the percentage of pine
needles colonized by M. galopus and M. androsaceus in mi-
crocosms. Grazing is seen to suppress M. androsaceus and
allow greater proliferation of M. galopus (data of Newell
1984b)

sidered. However, the principles involved can be
applied in theory to larger communities. Where
increased representation of several otherwise sup-
pressed species occurs at the expense of one dom-
inant, the result will be greater equitability among
species. An analogous effect may occur with the
redistribution of nutrient resources among mem-
bers of herbaceous communities through arbuscu-
lar mycorrhizal plant-to-plant connections (Grime
et al. 1987).

2. Grazing on a Fungus Which is not Dominant

Selective grazing on a fungus which is of equal
aggressiveness compared to a neighbour can act
to polarize the community, making the ungrazed
fungus more abundant relative to the grazed
neighbour. Fungivore selection of a fungus already
showing relatively low production within the com-
munity will act to reinforce or further exaggerate
the dominance of the ungrazed fungus. In both
cases, the trend will be towards a community of
reduced diversity. One example of selective grazing

on seemingly co-dominant fungi can be seen in
Parkinson et al. (1979), where the collembolan
Onychiurus subtenuis Folsom was introduced into
aspen leaf microcosms which had been inoculated
with two fungi isolated from an aspen litter
system. When the two fungal isolates were kept in
separate microcosms, grazing by Collembola had
little impact (Fig. 12.2). However, when the fungi
were grown together, grazing by the Collembola
acted to polarize the system by the suppression
of isolate sterile dark 298 and promotion of
isolate basidiomycete 290 (Fig. 12.2). It was noted
(Parkinson et al. 1979) that basidiomycete 290 was
completely unpalatable to O. subtenuis in feeding
choice tests. Ek et al. (1994) demonstrated that
grazing by O. armatus Tullb. was able to suppress
the development of saprotrophic fungi in the genus
Paecilomyces much more strongly when Pinus con-
torta Dougl. ex Loud. seedlings in the microcosms
were mycorrhizal with Paxillus involutus (Batsch)
Fr., compared to when they were non-mycorrhizal
(Fig. 12.3). This example underlines the impor-
tance of the interplay between any direct impact of
grazing, and the interactions between the various
fungi present. Deletion competition for resources
in the grazed system shifted in favour of Paxillus
and away from Paecilomyces, leading to almost
complete suppression of the latter. However, in the
non-mycorrhizal situation, grazing was only able
to cause a delay in the development of Paecilomyces
(Fig. 12.3).

Fig. 12.2. Effect of collembolan grazing on the numbers of
leaf cores colonized by the isolates sterile dark 298 and basi-
diomycete 290. In one series, the fungi were inoculated onto
leaf cores so as to keep the fungi in separate microcosms. In
the other series, the leaf cores were inoculated with the fungi
mixed in the same microcosms. Collembola were added at
0, 20 and 50 per microcosm. Grazing after 10 days is seen to
promote the competitive success of basidiomycete 290 over
sterile dark 298 (data of Parkinson et al. 1979)
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Fig. 12.3. The number of sporulating colonies of sapro-
trophic fungi seen per microcosm after 67 and 88 days of
development of Pinus contorta. Seedlings were either non-
mycorrhizal (NM) or mycorrhizal (M) with Paxillus invo-
lutus, and they were with or without 50 Collembola added
per microcosm. The majority of the saprotrophic fungi be-
longed to the genus Paecilomyces. Bars with different letters
(a–c) are significantly (P < 0. 05) different (data of Ek et al.
1994)

B. Replacement of some Species by Others

Selective grazing can speed the transition
between successional stages. Lubchenco (1983)
showed that the intertidal mollusc Littorina littorea
L. preferentially grazed on early-successional-stage
seaweed species, thereby making the change to
later-stage seaweed species occur more swiftly.
Klironomos et al. (1992) showed the action of
grazing to promote the transition from early-stage

Fig. 12.4. Effect of collembolan grazing in microcosms on
the percentage of Picea abies needles colonized by pri-
mary saprotrophic fungi and secondary saprotrophic fungi
through time. Grazing is seen to encourage the replacement
of primary saprotrophic by the less palatable secondary
saprotrophic (data of Klironomos et al. 1992)

to later-stage successional species of fungi. Sterile
Picea abies (L.) Karst. needles were inoculated
with one of three primary saprotrophs from the
genera Cladosporium, Epicoccum and Phoma
(Klironomos et al. 1992), which typically invade
senescent needles in the canopy. On falling to
the floor, these primary saprotrophs are replaced
by secondary saprotrophs from the community
of soil fungi. Klironomos et al. (1992) added
tagged needles colonized exclusively by primary
saprotrophs to similar cultures of needles colo-
nized only by secondary saprotrophs from the
genera Penicillium and Trichoderma. Treatments
with or without a population of the collembolan
Folsomia candida Willem. were set up, and needles
added were sampled over 6 weeks. Grazing by
the Collembola on the primary saprotrophs,
which were known from feeding choice tests to be
preferred over the secondary saprotrophs, almost
eliminated the primary saprotrophs and facilitated
their replacement by the secondary saprotrophs
(Fig. 12.4).

C. Modifying Factors

Irrespective of the relative dominance of any grazed
fungus, and of the position of the fungal commu-
nity along a successional sequence, the impact of
grazing on community structure will be influenced
for the most part by three modifying influences:
how selective the grazing is, how intense the graz-
ing is, and the ability of the fungi to respond to
grazing.

1. Selectivity of Grazing

If given a choice, Collembola prefer to feed on
saprotrophic fungi, rather than arbuscular my-
corrhizal fungi (Klironomos and Kendrick 1996;
Klironomos et al. 1999; Gange 2000) and rather
than ectomycorrhizal fungi (Hiol Hiol et al. 1994).
However, where grazing does occur on mycorrhi-
zal fungi, mutualistic function can be impaired
(McGonigle and Fitter 1988; Hiol Hiol et al. 1994;
Schreiner and Bethlenfalvay 2003). Collembola
also show preferences among pathogenic fungi
(Curl et al. 1988) and ectomycorrhizal fungi (Shaw
1988) fungi. Collembola are attracted by the quality
of fungal odours (Bengtsson et al. 1988; Hedlund
et al. 1995). In contrast to Collembola, fungivorous
nematodes seem to prefer mycorrhizal hyphae,
rather than saprotrophic hyphae, if both types
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are available (Giannakis and Sanders 1989; Ruess
et al. 2000). Selectivity in feeding has also been
shown for oribatid mites, several species of which
prefer ectomycorrhizal and ericoid mycorrhizal
hyphae to those of saprotrophs (Schneider et al.
2005). Earthworm impact on fungi seems also to
be selective in terms both of the fungal species
taken (Moody et al. 1995) and the survival of fungi
during gut passage (Moody et al. 1996; Tiunov and
Scheu 2000).

Microarthropods show a strong preference
among available saprotrophic fungi, grazing par-
ticularly the dark pigmented forms (Kaneko et al.
1995; Varga et al. 2002). This preference for dark
pigmented forms is pronounced for Collembola
(Maraun et al. 2003), Oribatida (Schneider and
Maraun 2005) and Astigmata (Hubert et al. 2004).
Further, some preference is shown among species
of dark pigmented fungi (Schneider and Maraun
2005). Selection of dark pigmented forms makes
sense, given that these fungi form 30–60% of
isolates from soil and are a high-quality food
(Maraun et al. 2003).

Crawley (1983) explains that removal of species
in proportion to their abundance will not be able
to affect the structure of a community; for species
richness or community diversity to be influenced
requires selective removal of greater quantities of
some species. It seems that grazing of fungi is al-
most always found to involve selective feeding, and
it can therefore be expected to affect fungal com-
munity structure.

2. Intensity of Grazing

Generally, intense levels of grazing lead to elimina-
tion of some species. Wicklow and Yocum (1982)
imposed a range of grazing intensities by varying
the number of Lycoriella mali Fitch. dipteran fly
larvae added to 2-g dry-mass-equivalent samples
of rabbit dung. In the absence of grazing, 14 fungal
species were recovered from each sample. However,
the number fell to between six and nine species per
sample when the grazing intensity was above 10 lar-
vae g−1 dung (Fig. 12.5). This reduction in species
richness was due to the loss of what appeared to
be grazing-sensitive species. Over and above the
impact of grazing seen in Fig. 12.5, some fungal
species had a reduced frequency of occurrence
in the more highly grazed microcosms, although
other species were unaffected (Wicklow and Yocum
1982). Reduction of species richness in response to

Fig. 12.5. Number of fungal species recovered from rabbit-
dung microcosms in response to the number of fungivorous
dipteran larvae added. Increasing grazing intensity reduces
species richness, although no further consistent reduction
is seen above 12.5 larvae g−1 dung (data of Wicklow and
Yocum 1982)

high intensities of grazing have been seen in the
fungi of aquatic systems (Bärlocher 1980).

3. Responses of the Grazed Fungi

Any negative impact of grazing on the vigour of
fungi, through loss of biomass or damage to tissues,
might be offset by compensatory growth produced
in response to that grazing. Indeed, where senes-
cent parts of the mycelium are removed and this, in
turn, is able to permit re-growth from an otherwise
functionally dormant hyphal system, grazing can
have a positive, rather than a negative impact on the
grazed fungus. Grazing of Botrytis cinerea Pers ex
Fr. by Folsomia candida doubled the respiration of
the fungus (Hanlon 1981), which was attributed to
removal of senescent parts of the colony. Removal
of old hyphae allowed new fungal growth where nu-
trient availability permitted (Hanlon 1981). A sim-
ilar effect on respiration was shown for grazing
of Onychiurus quadriocellatus Gisin on the fungi
growing on Diplopod faecal pellets (van der Drift
and Jansen 1977). One collembolan per pellet de-
creased fungal standing crop, yet increased fungal
respiration by 10% over controls (van der Drift and
Jansen 1977).

The impact of grazing on fungal biomass is
nonlinear. Low grazing intensities can stimulate
fungal production whereas higher levels reduce
that production. Such responses for enchytraeid
fungivores have been likened (Hedlund and
Augustsson 1995) to the process of grazing opti-
mization as described for mammalian herbivores
(McNaughton 1979). A density of 0.1–0.4 Collem-
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bola g−1 soil appears to be a threshold, above which
the quantity (Bakonyi et al. 2002) and function
(McGonigle 1995) of arbuscular mycorrhizal fungi
is restricted. The detrimental impact of higher
Collembola densities on arbuscular mycorrhizae
is severance of the hyphae (Klironomos and
Ursic 1998). Folsomia candida, at a density of
0.25 animals g−1 dry soil, increased hyphae of
Fusarium oxysporum Schlect. to 4.8 m g−1 dry soil
(Moore 1988), from 3.2 m g−1 dry soil in ungrazed
controls. However, at a density of 1.0 g−1 dry soil,
these Collembola reduced the hyphae to 1.2 m g−1

dry soil (Moore 1988).
Based on a modelling approach, Bengtsson

et al. (1993) concluded that fragmentation of
fungal thalli into patches, such as might be
caused by grazing, would be expected to promote
compensatory growth by the fungi. The effect of
grazing on fungal respiration appears to consist of
two temporal phases of fungal response. Grazing
of Onychiurus armatus reduced respiration of
Mortierella isabellina Oudem during the 2-day
period in which the Collembola were in contact
with the mycelium, but fungal respiration was
stimulated relative to ungrazed controls in a sub-
sequent 5-day grazing-free interval (Bengtsson
and Rundgren 1983).

Mortierella isabellina adopts an alternate and
faster-growing mode of more aerial hyphae in

Fig. 12.6. Outgrowth from wood blocks of the wood-decay
fungus Hypholoma fasciculare a without and b with grazing

by Collembola. Grazing leads to marginal fans connected to
the wood resource by cords (data of Tordoff et al. 2006)

response to grazing, possibly in an attempt by
the fungus to escape the grazer (Hedlund et al.
1991). Morphological responses to grazing are also
pronounced in wood-decomposing basidiomycete
fungi (Fig. 12.6). Utilization of wood is limited
mostly to white-rot basidiomycetes and xylaria-
ceous ascomyctes, both able to degrade lignin, as
well as brown-rot basidiomycetes able to utilize
cell-wall polysaccharides in the presence of lignin;
these constitute a relatively limited number of
fungi providing a grazing resource of immense
potential, given global wood production (Swift
and Boddy 1984). Wood-decay fungi forming
outgrowths from one wood-resource block to the
next are particularly susceptible to grazing when
the strength of the resource base is reduced in
terms of time spent on the source block or in terms
of a small size of the source block (Harold et al.
2005). Variability in grazing impact also arises
because of different levels of grazing intensity and
for different species of Collembola (Kampichler
et al. 2004). However, a general pattern emerges of
a response to grazing in the form of faster growth
in some sections of the outgrowth mycelium, com-
pared to arrested growth in other sections. This
response is interpreted as a strategy adopted by the
fungus to escape local grazing (Kampichler et al.
2004) and forage for additional wood resources to
colonize (Tordoff et al. 2006).
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Table. 12.1. A summary of responses noted by Riffle (1971)
for fungi cultured individually and grazed by the nematode
Aphelenchoides. The 43 fungi studied were subdivided by

Riffle (1971) into five groups (I to V), according to the
response of fungus and nematode to grazing

Group Fungal linear Sub-culture Nematode Number of Example
growth rate viability density fungal species

developed

I Unchanged Good High 11 Flammulina velutipes (Curt. ex Fr.) Karst
II Unchanged Good Low 12 Suillus variegatus (Fr.) O. Kuntze
III Reduced Reduced High 5 Amanita rubescens ([Pers] Fr.) S. F. Grey
IV Reduced Lost Low 7 Boletus edulis Bull. ex Fr.
V Reduced Lost High 8 Armillaria mellea (Vahl ex Fr.) Kummer

Following introduction of low densities of the
fungivorous nematode Aphelenchoides into agar
cultures of various fungi, Riffle (1971) noted a va-
riety of responses by both the fungus and grazer
(Table 12.1). Fungal characteristics are clearly im-
portant in determining the outcome: Riffle (1971)
noted that members of group I (Table 12.1) were
fast growers of which the rate of mycelium produc-
tion exceeded the rate of mycelium consumption
by nematodes, while those in group IV were slow-
growing fungi; group II were suspected of produc-
ing anti-feeding metabolites (Riffle 1971). The di-
versity of responses seen in Table 12.1 for fungal
productivity and viability after imposing a stan-
dardized grazing regime emphasizes the complex-
ity of ways in which grazing can modify fungal
community structure. Depending on the type of
fungus, grazing can be seen to have no effect or,
alternatively, a strong negative effect on the grazed
fungi. Simultaneously, for both the unaffected and
grazing-damaged fungi, examples are to be seen
where the nematode population is stimulated to
reach high densities, and in other cases not. These
different types of responses of the grazer popula-
tion can, in turn, be expected to feed back in dif-
ferent ways to modify fungal community structure
through different levels of subsequent grazing.

V. Conclusions from Laboratory Studies
and Extrapolation to the Field

Grazing of fungi has been shown under controlled
conditions to have the capacity to change fungal
community structure. Feeding on fungi which
would be dominant in the absence of grazing
will enhance diversity. Alternatively, grazing on
co-dominant or subordinate fungi will act to
polarize the fungal community, and diversity will

be reduced. Grazing can facilitate the transition
from one successional stage of fungi to the next.
The impact of grazing is modified by three factors:
(i) grazing must be selective to impact community
structure, (ii) high intensities of grazing lead to
the loss of fungal species from the community
and (iii) responses of the fungi to grazing can in
some cases negate or exceed any negative impact
of grazing.

There is an abundance of animals in soil and
litter which eat fungi. As might be expected, fungi-
vores are found to be particularly associated with
mycelia in the field. For example, Cromack et al.
(1988) reported the biomass per unit soil mass of
Collembola, oribatid mites and nematodes to be
2.0, 1.5 and 1.2 times greater in ectomycorrhizal
fungal mats than in adjacent non-mat soil respec-
tively. Microcosms have shown grazing can mod-
ify saprotrophic fungal communities when isolated
from active mycelium after removal of spores by
washing (Tiunov and Scheu 2005). The potential
clearly exists for grazing by fungivores to modify
fungal communities extensively in the field.
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I. Introduction

Fungi are important in mysterious ways and mys-
terious in important ways. Part of their charm is
that much of their lives is hidden from our view –
hidden by the microscopic size of their hyphae and
by their substrata – yet they play key roles in nature,
in agriculture, in biotechnology, and in the lives of
many other organisms.

Much of the mystery and importance of the
fungi can be found in the endophytes. They are (by
definition) hidden in plant tissues, but they have
important implications for communities, agricul-
ture and biodiversity. In addition, certain endo-
phytes are an excellent model system for studying
interactions between organisms.

No plant is an island. Each plant is a commu-
nity, including diverse types of microorganisms.
One guild of plant-associated microorganisms, the
endophytic fungi, is the topic of this chapter. All
plants and plant-like protists have endophytes, in-
cluding lichens and nonvascular plants (see Stone
et al. 2000) and algae (Stanley 1992).

Some endophytes are hitchhikers with no no-
ticeable effect on their plant host, but others have
intimate relations with their hosts and profound
effects on their function and survival. The impor-
tance of endophytes remained largely hidden until
1975, when Charles Bacon and colleagues (Bacon
et al. 1975) demonstrated that endophytes of pas-
ture grasses caused toxic syndromes in cattle. This
stimulated research in many aspects of the biology
of endophytes, both basic and applied.

This chapter reviews the principal guilds
of endophytes, their relationships with their
hosts, and their importance for other organisms
and human affairs. It focuses on the guilds of
endophytes that have been most extensively
studied: clavicipitaceous endophytes of grasses
and endophytes of trees. The chapter is intended
to be illustrative, rather than comprehensive. Its
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purpose is to stimulate young investigators to
consider endophytes in their research, because
many interesting endophytes and aspects of
endophytes are probably still hidden.

II. Definitions and Interactions

The term ‘endophyte’ was coined by de Bary in
1866 to describe fungi that colonize internal tis-
sues of stems and leaves (cited from Wilson 1995).
De Bary’s definition has since been modified many
times. Two widely accepted definitions follow:

“Endophytes colonize symptomlessly the liv-
ing, internal tissues of their host, even though the
endophyte may, after an incubation or latency pe-
riod, cause disease” (Petrini 1991).

“Endophytes are fungi or bacteria which, for
all or part of their life cycle . . . cause unapparent
and asymptomatic infections entirely within plant
tissues . . . ” (Wilson 1995).

Both of these definitions (but not de Bary’s)
encompass endophytes of roots, which are ubiq-
uitous (Schulz et al. 2006). Latent stages of infec-
tions by pathogens are included in these defini-
tions, but mycorrhizal fungi are considered to be
excluded because they are partly external and of-
ten symptomatic (Saikkonen et al. 1998). Unlike
the definitions of mycorrhizae or pathogens, these
definitions of endophytes are based primarily on
location, rather than type of symbiotic interaction.

In contrast, symbioses (e.g. parasitism,
competition, mutualism, etc.) are defined by
which partners benefit from the interaction. The
best-known endophytic fungi are mutualists:
Neotyphodium species that infect cool-season
grasses (see Sect. IV. below). They are of great
economic importance, and a superb model system
to study the biology of interactions. Because
Neotyphodium is an example of mutualism, there
is a widespread misconception (in the case of
people who do not work with endophytes) or
fantasy (in the case of those of us who do) that
most other endophytes are mutualists as well.
However, in most cases a mutualistic relationship
has not been demonstrated.

Endophytic interactions form a continuum,
and the interaction between a given microorgan-
ism and host may change over time (Saikkonen
et al. 1998; Schulz and Boyle 2003). For example,
a mutualistic endophyte may become pathogenic
and vice versa, depending on the environment and

the condition of the host plant. For this reason, the
different types of symbiosis best describe an in-
teraction at a particular point in time, rather than
a species of microorganism (for most endophytes).
Even a mutualistic interaction may be viewed as
a balanced antagonism, where each partner tries
to maximize the benefit obtained from the other
without loss of its own resources (Saikkonen et al.
1998; Schulz et al. 1999). To further complicate
matters, whether an endophytic interaction ap-
pears mutualistic, parasitic or commensal may
depend on the scale at which it is viewed (Carroll
1995; Wilson 2000). Of course, these problems do
not mean that endophytes are less interesting or
less worthy of study; rather, they mean that one
should be cautious about categorizing them.

Like mycorrhizae, endophytism is an ancient
form of symbiosis, perhaps dating to the first land
plants or even before. However, endophytism has
arisen so many times independently, involving dif-
ferent fungi and plants, that the idea of a single
evolutionary history does not make sense; rather,
there are many different histories. An exception
is the evolution of endophytism in the Clavicipi-
taceae, discussed below.

III. How Endophytes are Studied

Since endophytes are (by definition) internal and
asymptomatic, their detection and identification
can be difficult. Four sets of techniques are used:
microscopy in planta, isolation in pure culture,
DNA- (and RNA-) based methods, and biochemical
methods. Results may depend on choice of tech-
nique; each has advantages and limitations, and
each may bias results in favour of certain taxa.

A. Microscopy in Planta

The definitive way to detect endophytes and deter-
mine infection frequency is by direct microscopic
observation. Microscopy is also useful for locating
endophytes in specific tissues. For example, Rhab-
docline parkeri and Phyllosticta abietis are both
endophytes of Douglas fir needles, but the former
infects epidermal cells and the latter spongy meso-
phyll cells (Stone 1987, 1988). This difference in lo-
cation may be important for their interaction with
the plant or with other organisms. However, the
standard culturing and molecular techniques can-
not detect such differences.
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Nevertheless, microscopy in planta has a disad-
vantage: identification of the fungi is very difficult
because hyphae of many different taxa look alike.
Detection with taxon-specific probes or antibodies
allows identification of certain target organisms but
not others.

B. Isolation in Pure Culture

The great majority of studies of fungal endophytes
are done with surface-sterilized plant pieces in-
cubated on culture media. Plant pieces are usu-
ally surface-sterilized in ethanol and/or sodium
hypochlorite, and incubated on a general purpose
medium (e.g. potato dextrose agar or malt extract
agar) amended with antibiotics. Methods of isola-
tion have been reviewed extensively (Schulz et al.
1993; Bills 1996). These methods are simple, in-
expensive, and allow detection of a wide range of
fungi. However, the choice of surface-sterilization
method and culture medium will bias the results in
favour of certain organisms. Fungi that are obligate
biotrophs and do not grow in culture media will be
overlooked, and weedy fungi that grow quickly on
agar will be overrepresented. Distinctions between
epiphytes and endophytes depend on the assump-
tion that surface sterilization kills the former and
not the latter. These limitations have stimulated the
use of molecular techniques to identify endophytes.

Sampling strategy has a great impact on which
endophytes will grow out of leaf pieces on agar.
In general, using small leaf pieces reveals greater
endophyte richness than when using large leaf
pieces. Because leaf-to-leaf variation is consid-
erable, several leaves should be sampled. Many
studies on endophyte diversity are not rigorous in
sampling strategy, which often makes it difficult to
compare results between studies. These sampling
issues have been discussed at length (Carroll 1995;
Lodge et al. 1996; Wilson 2000; Gamboa et al. 2002;
Bayman 2006).

C. PCR-Based Methods

PCR-based methods are increasingly being used to
detect and identify endophytic fungi. A variety of
techniques are available, including DNA sequenc-
ing, RFLPs and variations, DGGE and RAPDS. In
many such studies, fungi are first isolated in pure
culture and DNA is then extracted. This approach
is excellent for identification, but it cannot detect

unculturable fungi or escape the biases inherent
in culturing.

To date, relatively few studies on endophytes
have used direct amplification (also called envi-
ronmental PCR). This approach can serve to de-
tect fungi that do not grow in culture. But how
many endophytic fungi are unculturable? A study
in loblolly pine compared culturing vs. direct am-
plification, and identified fungi by DNA sequencing
(Arnold et al. 2007). Direct amplification detected
more species than culturing, but culturing detected
more orders of fungi. Also, more species of Sordar-
iomycetes were detected by culturing than by di-
rect amplification. These results are surprising: in
epiphytic bacteria (and many other guilds of bac-
teria), direct amplification reveals more diversity
at all levels (Yang et al. 2001).

Direct amplification of endophytes from plant
tissues will probably lead to the discovery of new,
high-level clades of fungi. However, PCR-based
methods and culturing are complimentary, as the
loblolly pine study suggests. To maximize diversity
of fungi identified and economy of materials,
endophyte diversity studies should include both
direct amplification and culturing (Bayman 2006).
Even as large-scale sequencing and metagenomics
investigations become more common and more
revealing, much of the currently hidden diversity
in fungi may be revealed by culturing.

D. Biochemical Methods

Ergosterol content can be used to detect and quan-
tify fungal infection of plants, as can fatty acids
and other biochemical markers. To date, these have
been used mostly for clavicipitaceous endophytes
of grasses. Immunoblot assays and other assays
based on monoclonal antibodies provide conve-
nient and specific tools for detection of Neoty-
phodium in grass stems (Richardson and Logendra
1997; Clay et al. 2005; Koh et al. 2006). However,
such tools are expensive to develop, and are appli-
cable only to fungi for which monoclonal antibod-
ies have been developed.

IV. Clavicipitaceous Endophytes
of Grasses

Clavicipitaceous fungi (that is, in the Family
Clavicipitaceae) in grasses were first described
over 100 years ago (see Wilson 1996). However, the
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importance of these endophytes was not realized
until 1975, when Charles Bacon et al. demonstrated
their association with toxicity syndromes in cattle.
In the 30+ years since Bacon’s discovery, the
story of grass–endophyte relationships has been
pursued from many different perspectives, several
of which are discussed below.

For graduate students and new investigators,
there are several advantages of working in a field
of study this young: the literature is recent, and in
journals that are still available; the major players
are still active as of this writing, and one can talk
with them at meetings; and many interesting sym-
bioses, problems and potential applications have
yet to be studied. For example, Neotyphodium en-
dophytes were recently found in wild wheat species
in Turkey (Marshall et al. 1999).

A. Systematics, Evolution and Life Cycles

1. Clavicipitaceae and Key Genera

The Clavicipitaceae (Ascomycota) are character-
ized by perithecia produced in stromata, asci with
apical thickenings, and filamentous, multicelluar
ascospores. They are biotrophic parasites of
insects, fungi, and monocotyledonous plants.
The most conspicuous genera are Claviceps and
Cordyceps, pathogens of cereals and insects re-
spectively. The stromata of both genera are used in
medicine. Claviceps has influenced human history
many times (Matossian 1989; Pendell 2005). The
Clavicipitaceae of interest as endophytes are about
30 species of Balansia, Myriogenospora, Atkin-
soniella, Balansiopis, Epichloë and Neotyphodium
(Clay 1988). Neotyphodium species (formerly
placed in Acremonium) are anamorphs of Epichloë.

Balansia includes epiphytes and endophytes of
grasses and sedges in the Americas and Asia. The
endophytic species of Balansia are found on warm-
season grasses with C4 photosynthesis in the Amer-
icas, and appear to have evolved from epiphytes
(White et al. 2000; see below). Hyphae are epicutic-
ular in epiphytes and intercellular in endophytes.
They are easy to culture on a variety of standard me-
dia, though many require vitamins (Bacon 1985).
The switch to endophytism may have conferred
several advantages, including easier absorption of
nutrients from the host, protection from the envi-
ronment, and protection from surface-feeding in-
sects and parasitic fungi (White et al. 2000). Stud-
ies on the evolution of endophytism in this group
are very interesting, partly because they integrate

molecular phylogeny, morphology, life history, host
range and secondary metabolism into a single story
(White 1994; Clay and Schardl 2002).

Epichloë and Neotyphodium infect cool-season
grasses native to Europe and North America with
C3 photosynthesis. Stromata of Epichloë always
form around a grass inflorescence and adjoining
leaf sheath; the blade of the leaf emerges from the
stroma (White et al. 2000). Hyphae are mostly
intercellular. The stromata produce conidia (which
function as spermatia) and receptive hyphae; the
conidia are transferred between stromata by flies.
The mating system is heterothallic, at least in
E. typhina (White and Bultman 1987). However,
some of these fungi have lost the ability to make
the perfect (Epichloë) stage, as described below.

2. Life Cycles and Evolution

The relationship between Clavicipitaceae and
grasses is believed to be 40 million years old (Clay
et al. 2005). The presumed ancestral condition
in Clavicipitaceae is seen in Claviceps, which
infects and replaces grass ovaries and has both
intercellular and intracellular hyphae (Bacon and
White 2000). It does not infect vegetative organs
and produces disease symptoms rapidly, and is
therefore not considered endophytic.

A more derived relationship with the host
is seen in Myriogenospora, Echinodothis, Atkin-
sonella and some Balansia species. These fungi
are mostly epiphytic and epicuticular, producing
stromata on stems, leaves or inflorescences. If
these fungi infect meristems, they may perenniate.
Some of these fungi inhibit sexual reproduction
in the host plant, by physically preventing the
development of the inflorescence and perhaps by
other means as well. Preventing seed set in the
host may leave more resources available for their
own sexual reproduction (Bacon and White 2000).
The more derived species are endophytic and
intercellular, showing epiphytic growth only when
they emerge to produce stromata.

The most derived group of species is entirely
endophytic and intercellular. They cause systemic
infections and are transmitted vegetatively and
vertically through the seeds, and usually produce
no spores. They produce the Neotyphodium
(= Acremonium) stage in culture but do not
produce stromata or perithecia. Compared to
some of the pathogenic species, the situation is
reversed here: the grass can reproduce sexually but
the fungus cannot. These species are mutualists.
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Finally, some species are inconsistent, some-
times allowing the host to set seed and sometimes
replacing inflorescences with their own stromata.
These species are of great evolutionary interest, be-
cause they may represent transitional forms be-
tween pathogenic species that reproduce sexually
and are horizontally transmitted, and the mutual-
istic species that reproduce asexually and are verti-
cally transmitted (Schardl et al. 1994, 1997; Schardl
and Clay 1997).

Most of the following discussion focuses on the
systemic, endophytic and asexual species of Neoty-
phodium. They are the best studied, because they
infect economically important grasses and because
they are an excellent model of mutualistic interac-
tions and coevolution.

The mutualistic Neotyphodium species are so
intimately associated with their hosts that it is con-
ceivable they may eventually lose their independent
identity and become organelles: they are vertically
transmitted through the hosts’ seeds. They are
never found in nature as free-living organisms
(although they grow well in culture). They have lost
the capacity for sexual reproduction, which limits
their ability to adapt to new environments. And,
they are widespread (although endophyte-free
plants are found in populations of infected grasses).

3. Coevolution and Interspecific Hybridization

Gene genealogies of Epichloë and several tribes in
the Pooideae are concordant, suggesting the fungi
and their hosts may have coevolved (Schardl et al.
1997). Further evidence of coevolution comes from
experiments of cross-inoculation of endophytes.
Most Epichloë and Neotyphodium isolates produce
no noticeable defence response when inoculated
onto their natural hosts. Inoculation onto non-host
grasses, however, often produces a response, in-
cluding death of endophyte cells or host tissues
(Lane et al. 2000). The absence of such responses
on the natural hosts may be the result of coevolu-
tion.

Epichloë and Neotyphodium comprise a num-
ber of biological species, each isolated from the oth-
ers by intersterility and often by differences in host
range and geographical distribution (Schardl et al.
1997; Schardl and Wilkinson 2000). However, a hy-
brid origin has been postulated for several species.
This is interesting and surprising because some of
these species lack a sexual stage, and because in-
terspecific hybridization is relatively rare in fungi
(Burnett 2003).

The initial evidence of hybridization came
from isozyme studies, in which most Neoty-
phodium isolates had single bands but others
had double bands (Leuchtmann and Clay 1990).
Further evidence came from phylogenetic trees
based on β-tubulin sequences, in which some
isolates contained two copies that belonged to
different branches of the tree, suggesting a hybrid
origin (Schardl et al. 1994; Tsai et al. 1994).

The most interesting case is N. coenophialum,
a ubiquitous and important endophyte of tall fes-
cue (Festuca arundinaceae) (Schardl and Wilkin-
son 2000). Tall fescue itself is a (polyploid) hybrid
of F. pratensis (which has its own endophyte, N. un-
cinatum) and F. glaucescens. When the hybrid tall
fescue first arose, it kept the N. uncinatum endo-
phyte of F. pratensis. N. uncinatum later hybridized
in separate events with two Epichloë species to
produce N. coenophialum. This story is complex,
but it is the simplest explanation for the multiple
β-tubulin sequences in N. coenophialum and is
compatible with host phylogeny.

These fungal hybridization events presumably
occurred in host plants infected with multiple
species of endophytes, at least some of which were
asexual species. This suggests that the hybrids
may have come from parasexual (or somatic)
recombination events. In turn, hybridization may
have eliminated the possibility of future sexual
reproduction, due to meiotic irregularities.

The previous (1997) edition of The Mycota vol-
ume IV includes an interesting chapter on the evo-
lution of mutualism in clavicipitaceous endophytes
(Shardl and Clay 1997).

B. Secondary Metabolites and Their Effects

The Clavicipitaceae are famous for alkaloid pro-
duction; the most flamboyant are the ergot alka-
loids of Claviceps purpurea used in medicine and
the production of LSD. The alkaloids produced by
endophytic species are less scandalous but of enor-
mous ecological and agricultural interest.

In terms of chemical ecology, grasses and endo-
phytes are a perfect match: grasses make relatively
few secondary metabolites. Secondary metabolites
are important in plant defences against herbivores
and pathogens, so the grasses are relatively un-
defended compared to other plant families. Their
clavicipitaceous endophytes provide chemical de-
fences (Clay and Schardl 2002).

Four types of alkaloids are produced. Two ap-
pear to be most effective against mammalian herbi-
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vores and two against insects (see Bush et al. 1997;
Lane et al. 2000):

1. Ergot alkaloids, especially the lysergic acid
amide derivative ergovaline: they are common
in tall fescue, perennial ryegrass and other
grasses. Concentrations are usually <5 ppm
(= μg/g) but cases of 2000 ppm have been
documented. A related group of compounds,
the clavine alkaloids, lack the amino acid side
chain of ergovaline. Ergot alkaloids are found
in about 50% of grass species with mutualist
endophytes.

2. Lolitrems and other indole-diterpenoids, es-
pecially lolitrem B; these are found in ryegrass,
fescue and other grasses. Tremorgenic neuro-
toxins, called lolitrems, cause tremors in mam-
mals and appear to be the causal agent of ‘rye-
grass staggers’ of sheep. Lolitrem B has other
toxic effects in mammals and insects. At the cel-
lular level, it interferes with membrane poten-
tial and neurotransmitters. Lolitrems are found
in about 10% of grass species with mutualist
endophytes.

3. Loline (or pyrrolizidine) alkaloids: these are
small molecules composed of two rings, a cyclic
ether and an amino side chain. They are pro-
duced by N. lolii and N. coenophialum, and are
found in Festuca and Lolium grasses at concen-
trations as high as 10,000 ppm. They are feed-
ing deterrents in insects, and may be allelo-
pathic. Effects on grazing mammals are less
clear. They are found in about 35% of grass
species with mutualist endophytes.

4. Peramine, a pyrrolopyrazine alkaloid: like
the lolines, it is an insect-feeding deterrent.
Peramine is found in >50% of grass species
with mutualist endophytes.

C. Effects of Mutualistic Grass Endophytes
on Plant Hosts and Other Organisms

The mutualistic endophytes lend themselves to ex-
periments that are simple and elegant in design.
Endophyte-free plants are easy to produce, so ex-
periments can compare plants of the same cultivar
with and without infection.

1. Effects on Hosts

The frequency of endophyte infection often in-
creases in grass populations over time. For in-
stance, old populations tend to have higher in-

fection rates than recently established populations
(see Clay 1988). This suggests that the endophytes
confer an adaptive advantage on their hosts, even
though they grow at the expense of host metabo-
lism. Endophyte infection increases growth rate of
perennial ryegrass and tall fescue (see Clay 1988).
The increase is significant for many growth param-
eters: shoot production, seed production, number
of tillers, etc. Neotyphodium endophytes also in-
crease drought tolerance in grasses, by means of os-
moregulation and stomatal regulation (see Bacon
and Hill 1996). These mechanisms have allowed
perennial ryegrass to colonize large areas of the
south-eastern United States that would otherwise
be too hot and dry. Production of plant hormones
may be part of the mechanism of action.

The species that abort inflorescences in their
hosts obviously limit host sexual reproduction,
but they also stimulate vegetative growth (see Clay
1988). Similarly, infection by Balansia cyperi in-
creased dry weight and number of tubers in purple
nutsedge (Cyperus rotundus) (but decreased the
size of tubers; Stovall and Clay 1988). Since purple
nutsedge is one of the world’s worst weeds and uses
tubers for vegetative reproduction, the presence of
the endophyte may have serious consequences for
agriculture.

2. Effects on Plant Communities

Both experimental studies and field surveys show
that the mutualistic Neotyphodium endophytes
confer competitive advantages on their hosts. In
plots seeded with infected and endophyte-free tall
fescue, plant species richness was significantly
lower for infected plots (Clay and Holah 1999). The
main mechanism for these competitive advantages
is herbivore deterrence (see below), but they may
also reflect allelopathic effects of alkaloids (Clay
et al. 1993; Bush et al. 1997).

Endophytes also affect decomposition rates
of grasses: endophyte-infected tall fescue decom-
posed more slowly than endophyte-free plants
(Lemons et al. 2005). The presence of endo-
phytes also altered the composition of detritivore
communities, particularly Collembola.

3. Effects of Endophytes on Insect Herbivores

Effects of clavicipitaceous fungi on various herbi-
vores have been demonstrated. The most notorious
case is Claviceps purpurea on rye, where the herbi-
vores are unsuspecting humans.
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Several studies have found that endophyte-
infected grasses significantly reduce survivorship
and growth in insects, e.g. fall armyworm (Clay
et al. 1993). However, endophytes and alkaloids
can have different effects on closely related insect
species. A single insect species may have very dif-
ferent responses to different species of endophyte-
infected grasses. Many insects are relatively unaf-
fected by ergot alkaloids at concentrations found
in plants (Clay et al. 1993; see Richardson 2000). In
contrast, peramine is much more toxic than ergot
alkaloids to the Argentine stem weevil, a major
pest of perennial ryegrass (see Bush et al. 1997).

4. Effects of Endophytes
on Mammalian Herbivores

In the 20th century, millions of hectares in the
south-eastern United Sates were converted from
native vegetation to tall fescue, a European grass
that is productive and nutritious for livestock (see
Bush et al. 1997). However, livestock grazing on tall
fescue occasionally develop a variety of toxic syn-
dromes, which are correlated with the presence of
endophytes (Bacon et al. 1975, 1977). A similar re-
lationship was discovered in New Zealand in sheep
grazing on endophyte-infected perennial ryegrass
(Latch et al. 1984). The ergot alkaloids are impli-
cated in many such syndromes, and have diverse
effects: they can cause weight loss, elevated body
temperature, vasoconstriction, and reduced milk
production in livestock (see Bush et al. 1997). Er-
got alkaloids also reduce prolactin and melationin
levels in blood, have an affinity for dopamine re-
ceptors, and stimulate cAMP production.

Reproductive effects are also well known. Con-
suming endophyte-infected forage led to reduced
conception, increased spontaneous abortions, and
altered gestation times in cattle, sheep and horses
(see Richardson 2000). Reproductive effects on
rodents have also been found. Effects on sperm
production and testosterone levels have also been
shown.

Endophyte alkaloids are feeding deterrents for
grazers. Since alkaloids tend to have a bitter taste,
it is possible that herbivores can detect the pres-
ence of alkaloids directly. Cattle reduce forage con-
sumption when presented with endophyte-infected
grasses.

Lolitrems are implicated in neuroreceptor
binding and inhibition of membrane channels.
Although lolines are thought to be more toxic to
insects than to mammals, they are immunosup-
pressive in mice and may cause vasoconstriction.

The list of toxicity syndromes in grazing ani-
mals caused by clavicipitaceous fungi is expected
to keep growing.

V. Endophytes of Maize

Maize has an intimate and interesting relation-
ship with endophytes. Fusarium moniliforme
(= Gibberella fujikuroi or G. moniliformis) causes
serious diseases of maize including seed rot, stalk
rot, root rot, and kernel or ear rot (see Bacon and
Hinton 1996). F. moniliforme produces five groups
of mycotoxins, including fumonisins. Some of
these mycotoxins are cytotoxic, mutagenic, im-
munosupressive and estrogenic in animal studies,
and have been implicated in human oesophageal
cancer (see Bacon and Hinton 1996).

However, the same isolates of F. moniliforme
that cause disease in some maize lines are endo-
phytes in others. While the pathogenic F. monili-
forme is horizontally transmitted, the endophytic
F. moniliforme is vertically transmitted through the
seed. This is potentially dangerous because infec-
tion is very common: Fusarium can almost always
be isolated from maize seeds, infections are usu-
ally asymptomatic, and fumonisins can often be
detected in seeds (John Puhalla, personal commu-
nication; see Kuldau and Yates 2000).

Fusarium moniliforme and maize are some-
times mutualists. Endophytic infection by
F. moniliforme can protect against infection by
F. graminearum (= G. zeae), often a more aggres-
sive pathogen (van Wyck et al. 1988), and against
infection by other pathogens as well (see Kuldau
and Yates 2000).

All these aspects of the F. moniliforme–maize
interaction are reminiscent of the clavicipitaceous
endophyte–grass interaction. Fusarium myco-
toxins are a more direct threat to human health
than the clavicipitaceous alkaloids because of the
importance of maize in the human diet. However,
the ecology of the interaction has not been studied
as extensively. Fusarium endophytes are found in
a wide range of other plants as well (Kuldau and
Yates 2000).

VI. Endophytes of Trees

Most studies on endophytes of trees have focused
on fungal ecology and systematics (Carroll 1995).
Questions, techniques, levels of taxonomic resolu-
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tion and sample size vary greatly among these stud-
ies, so it can be difficult to compare results among
studies. However, some patterns have emerged.

A. Transmission and Sources of Inoculum

Transmission of endophytes in trees is mostly hor-
izontal. In some plants, endophytes can be isolated
from seeds but the infection is not passed on to the
seedling (Wilson and Carroll 1994; Bayman et al.
1998). Most endophytes are probably transmitted
as wind-, water- or animal-borne spores. In most
cases, it is not clear where and when they sporu-
late, how they overwinter, or how infection occurs.
In this sense, the endophytic habit is a paradox
(Bayman 2006). To propagate and disperse to new
hosts horizontally, most endophytes must (strictly
speaking) become something other than an endo-
phyte: either sporulate on the surface, sporulate on
dead tissue, or be exposed by damage to the host
organ (mechanically or by an animal vector).

However, a few cases of dispersal are well docu-
mented. For example, Rhabdocline parkeri, an en-
dophyte of Douglas fir needles, produces conidia on
midge galls on needles, and produces conidia and
ascospores on fallen needles (Stone 1987; Carroll
1995). New needles are infected by rainwater con-
taining spores. Similarly, Discula quercina, a com-
mon endophyte of Oregon white oak, sporulates on
fallen leaves and probably on the bark of its host
(Wilson and Carroll 1994). Rainwater collected be-
low trees contained ascospores, and endophyte-
free trees inoculated with the rainwater developed
D. quercina infections. Filtered rainwater without
spores (as a control) did not cause infection.

Newly emerged leaves are usually endophyte-
free, though there are exceptions (Rodrigues 1994).
Infection levels often increase with leaf age, which
is consistent with horizontal transmission. Sea-
sonal changes in infection frequency have been
found in some endophytes but not in others (see
Wilson 2000). Infection frequency is often corre-
lated with rainfall. Insect wounds can be infection
sites for some endophytes but not for all (Faeth and
Hammon 1997).

B. Specificity

1. Species Specificity

How specific are fungal endophytes for host plant
species and vice versa? There is a wide range of
interactions, from highly specific to generalist.

Most plants have diverse endophyte floras,
including a few dominant taxa and many rare
taxa – a typical log-normal distribution (Lodge
et al. 1996). Some of the dominant taxa are often
found only in one or a few host species, and can
be considered host-specific. Examples include
Discula umbrinella and Hypoxylon fragiforme in
European beech, Lophiodermium piceae in spruce,
and Phyllosticta multicorniculata in balsam fir
(see Petrini 1996); others are mentioned elsewhere
in this chapter. Many other taxa can be isolated
from a wide range of hosts, and some are usually
weedy fungi that can be isolated from many other
types of substrata as well. These weedy fungi (e.g.
Aspergillus, Penicillium and Cladosporium) are
often assumed to be accidental endophytes, for
whom most endophytic infections are dead ends.

When endophyte communities of different tree
species at the same site are compared directly, they
usually differ – for example, of pine and beech, oak
and willow (Petrini and Fisher 1988, 1990). Among
species of pine, endophyte communities were more
similar in related species than in more distantly
related species (Hata and Futai 1996). However, in
tropical trees the picture is not as clear (see below).

When a single fungal species infects various
host species, it may comprise host-specific races
(or cryptic species). For example, although D. um-
brinella was isolated from chestnut, oak and beech,
conidia of isolates from beech were capable of in-
fecting only beech leaves (Toti et al. 1992).

On the plant side, intraspecific variation may
be reflected in differences in endophyte floras. In
hybrid cottonwood trees (Populus fremontii x P. an-
gustifolia), frequency of twig endophytes was cor-
related with contribution of P. fremontii to the
genome (Bailey et al. 2005). Endophyte frequency
was negatively correlated with tannin concentra-
tion in twigs, which is lower in P. fremontii than in
P. angustifolia. Endophyte genotype and host geno-
type were correlated in Venturia ditricha infections
of birch (Ahlholm et al. 2002). These examples sug-
gest that plant evolution can affect relationships
with endophytes.

2. Organ and Tissue Specificity

In Gynoxis oleifolia, a tropical tree, several endo-
phytes were specific to roots, bark or leaves (Fisher
et al. 1995). In some conifers and rainforest trees,
fungal communities in leaf blades were different
from those in petioles (Carroll et al. 1977; Petrini
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1996; Lodge et al. 1996). Differences were also seen
in different parts of palm leaves (Rodrigues 1994).

Different endophytes may lead separate lives
within a single leaf blade. Rhabdocline parkeri and
Phyllosticta sp. both infect Douglas fir needles, but
the former grows in epidermal and hypodermal
cells and the latter grows between mesophyll cells
(Stone 1987, 1988). This shows that a leaf is a hetero-
geneous and complex environment for organisms
the size of fungi, and may have implications for how
endophytes interact. Unfortunately, few other stud-
ies have mapped endophytes at the level of specific
tissues.

Endophyte and epiphyte communities of sin-
gle leaves may differ. Of the five most frequent
genera in coffee leaves, Guignardia, Xylaria and
Colletotrichum were significantly more frequent as
endophytes, while Botryosphaeria and Pestalotia
were significantly more frequent as epiphytes (San-
tamaría and Bayman 2005). These differences are
remarkable, considering that the two communities
live less than a millimetre apart. Since most endo-
phytes presumably arrive at the surface of the leaf,
the epiphyte community probably plays a role in
determining which new arrivals are successful at
colonizing.

3. Site Specificity and Spatial Variation

Endophytes of a single host species may vary con-
siderably from site to site. Environmental condi-
tions, especially rainfall, influence infection fre-
quency and community composition (Rodrigues
1994; see Carroll 1995, Wilson 2000 for reviews).
On a local scale, differences among endophyte com-
munities of a single host species may increase with
distance, as was shown for cacao trees in Panama:
similarity of endophyte communities among leaves
decreased significantly as distance between trees
increased (Arnold et al. 2001; Arnold and Herre
2003).

Individual leaves on a single tree may differ in
endophyte community composition (Lodge et al.
1996; Gamboa and Bayman 2001). If the endo-
phytes affect tree performance, then this variability
may complicate other studies that assume unifor-
mity within a single tree. This variability can be
explained by the island theory of biogeography and
a recent offshoot, the neutral theory of biodiversity
(Hubbell 2001). If each leaf is viewed as an island, its
endophyte community size and composition will
be determined by its size, age and distance from
source communities (Wilson 2000; Bayman 2006).

Assuming the source community is much larger
and richer than the community of a single leaf, it is
not surprising that individual leaves will vary.

Island biogeography has been used to explain
distribution of epiphytic microorganisms on
leaves, but not endophytes (Kinkel et al. 1989;
Andrews and Harris 2000). Both epiphytes and
endophytes would be good model systems for
these questions because sample sizes can be very
large. Spatial variation within and between tree
populations, trees and leaves has been reviewed by
Carroll (1995) and Wilson (2000).

C. Effects of Tree Endophytes

1. Endophytes as Latent Pathogens
or Misplaced Pathogens

The distinction between endophytes and
pathogens is often blurred. Endophytes may
be latent or opportunistic pathogens. Once estab-
lished in plant tissues, they can remain quiescent
until a change in the environment or a decline in
host defences allows them to become pathogenic.
Others may be pathogens that have colonized the
wrong host and are thus unable to cause disease.

Endophytes and pathogens of western white
pine have been compared using a phylogenetic ap-
proach (Ganley et al. 2004). Two thousand endo-
phytes were identified by sequencing the nuclear
ribosomal ITS and BLAST searches. It was found
that 90% of endophytes belonged to a single family,
Rhytismataceae, which also includes three major
pathogens of western white pine. However, none
of the endophytes were clearly conspecific with
the pathogens. Rather, most were closely related to
pathogens of other species of pines. This suggests
that either they are specialized as endophytes (e.g.
pathogens that have lost the ability to cause disease)
or they are pathogens that have infected a non-host
species and are therefore unable to cause disease.
The authors found the first explanation more likely,
based on host and endophyte phylogeography.

There is experimental evidence that an endo-
phyte may be derived from a pathogen by loss of
pathogenicity. A nonpathogenic Colletotrichum
mutant capable of infecting plants was derived
from a pathogen in the laboratory (Redman et al.
1999). However, many endophytes are still capable
of producing phytotoxic secondary metabolites. In
fact, endophytes produced more such compounds
in vitro than pathogens of the same hosts (barley
and larch) (Schulz et al. 1999). The authors
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suggested that these endophytes were still capable
of causing disease, but that the plant hosts were
able to limit their growth.

2. Effects on Host Plants

Effects of endophytes are harder to demonstrate in
trees than in herbaceous plants that can be more
easily manipulated. For example, it is harder to gen-
erate endophyte-free leaves of trees to use as con-
trols. However, effects of endophytes on leaves have
been demonstrated. For example, endophytes of
gorse and oak leaves promoted senescence (Fisher
et al. 1986; Wilson 1993). Also, abscised oak leaves
had lower levels of the endophyte Ophiognomonia
cryptica than leaves still attached to the tree (Faeth
and Hammon 1997). Endophytes probably influ-
ence coloration of senescing leaves as well.

Effects of endophytes on photosynthesis have
been demonstrated, but are not always significant.
For example, Colletotrichum musae in banana
decreased photochemical capacity compared to
endophyte-free plants (Rodrigues Costa Pinto
et al. 2000).

Endophytes may help host plants survive heat
and drought. In the herb Dichanthelium lanugi-
nosum, plants with a Curvularia endophyte sur-
vived high soil temperature and water stress better
than endophyte-free plants (Redman et al. 2002).
This plant lives in areas where soil temperatures
can reach 57 ◦C, so the presence of the endophyte
may increase plant fitness, as with Neotyphodium
in grasses (see Sect. IV.). Such symbioses are of in-
creasing importance, since they might help plants
adapt to global climate change (Rodriguez et al.
2004).

3. Effects on Insect Herbivores

Many studies have searched for effects of endo-
phytes on insect herbivores of tree leaves. (In con-
trast, very few have looked at other types of her-
bivores.) Results have been interesting but incon-
sistent; few studies have conclusively demonstrated
a negative effect on insects (see Carroll 1995). A sur-
vey of the literature on effects of tree leaf endo-
phytes on insect herbivores found no consensus: of
correlative studies, about equal numbers of studies
found a negative correlation between endophytes
and insects, a positive correlation, or no correla-
tion (Wilson 2000). Of experimental studies, some
found endophytes had negative effects on insects,
inhibiting growth, survivorship or oviposition, but

others found no effect. Given the diverse nature of
endophytes, the heterogeneity of endophyte–plant
interactions, and the technical difficulties of these
studies, such mixed results are not surprising.

4. Effects on Plant Pathogens

A protective effect of endophytes against plant
pathogens has been demonstrated in cacao
(Arnold et al. 2003). Endophyte-free seedlings
were inoculated with a mixture of seven common
endophytes of cacao. These seedlings and control
seedlings were then inoculated with Phytophthora
infestans, a serious pathogen of cacao. Endophyte-
containing leaves had significantly smaller lesions
and lower mortality than did control leaves. The
difference was more dramatic in old leaves than
young leaves, presumably because young leaves
tend to contain more chemical defences against
pathogens.

VII. Endophytes of Tropical Plants

It is thought that endophytes of tropical plants are
an important component of global fungal biodi-
versity (Hawksworth and Rossman 1997; Frolich
and Hyde 1999). Why? First, the tropics are rich
in undescribed plant species. Second, the ratio of
plant-associated fungal species to plant species has
been estimated at 6:1 in Britain. (Britain is used as
a point of reference because its floras are well sam-
pled.) If this ratio holds for the tropics, it would
imply a vast number of undescribed endophyte
species.

However, it is not clear what the fungus:plant
ratio is. The plant species richness in the tropics
may select against highly specific plant-associated
microorganisms (May 1988), in which case the ratio
would be lower than 6:1. This controversy has stim-
ulated research on biodiversity and host specificity
of tropical endophytes. Results are more mixed
than for temperate trees: while some studies have
found evidence of host specificity (Arnold et al.
2001), others studies have not (e.g. Bayman et al.
1997; Cannon and Simmons 2002).

Taxonomic studies support the view that
many of the ‘missing fungi’ are endophytes,
especially in tropical plants. Many new species
of endophytes and saprophytes of palms have
been described by Kevin Hyde and coworkers in
Hong Kong (Hyde 2001). Based on the number of
fungi they could identify from a single palm tree,
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they argue that the 6:1 ratio of fungal species to
plant species is too low. They propose a 33:1 ratio,
which would greatly increase the extrapolated
total number of fungal species (Frölich and
Hyde 1999).

Comparisons of endophyte communities in
neighbouring plant species usually show quan-
titative, rather than qualitative differences. For
this reason, it may be more accurate to speak
of endophyte host preferences, rather than host
specificity (Lodge 1997), at least for tropical plants.

Specificity aside, the most frequent endophytes
in the tropics often differ from those of temperate
plants. Xylaria and its anamorphs have been
isolated as endophytes in a wide range of tropical
plants, including important crops, but in temperate
areas they are saprotrophs and wood-rotters rather
than endophytes (Rodrigues and Petrini 1997;
Rogers 2000; Bayman 2006). Xylaria spp. are of
special interest because they produce several types
of bioactive secondary metabolites. Like many
tropical endophytes, Xylaria is difficult to fruit
in culture, making identification difficult. Studies
on tropical endophytes often group sterile fungi
together in morphospecies, on the basis of mor-
phology in culture (Arnold et al. 2000; Gamboa
and Bayman 2001). However, a comparison of
morphospecies vs. DNA sequencing showed that
morphospecies data are a fairly accurate way to
estimate the number of species in a sample (Arnold
et al. 2000). Other genera such as Guignardia fit
the general pattern described here for Xylaria.

VIII. Endophytes of Nonvascular Plants
and Lichens

Endophyte floras of lichens are as rich as those
of leaves of vascular plants, if not richer (Miad-
likowska et al. 2005). Over 500 morphospecies were
isolated from 17 lichen thalli (Petrini et al. 1990).
Mosses and liverworts also harbour endophytes,
including Xylaria (Davis et al. 2003). Endophytes
of marine algae are common but largely unexplored
(Stanley 1992). Some endophytes of marine algae
are conspecific with terrestrial fungi, and it is not
clear if they are accidental endophytes or adapted to
the marine, endophytic habit. In the case of Acre-
monium isolated from the brown alga Fucus ser-
ratus, endophytic isolates formed a clade distinct
from terrestrial isolates, suggesting that they are
not accidental (Zuccaro et al. 2004).

IX. Uses in Agriculture
and Biotechnology

Endophytes have many potential uses in agricul-
ture and biotechnology. This section focuses on
three uses: manipulation of clavicipitaceous fungi
of grasses for purposes of biocontrol; manipula-
tion of other endophytes for biocontrol; and natu-
ral products discovery or bioprospecting.

A. Clavicipitaceous Fungi of Grasses

Endophyte-infected turfgrasses are commercially
available; their increased resistance to insects
decreases the need for insecticides. For pasture
grasses, the ideal biocontrol agent would produce
alkaloids toxic to insects (lolines and peramines)
but not those toxic to mammals (ergot alkaloids
and lolitrems; see Sect. IV.B. above). A Neo-
typhodium mutant unable to make ergovaline
(a major ergot alkaloid) has been produced by
knockout of a peptide synthetase gene (Panaccione
et al. 2001). Such designer endophytes would
have many advantages as biocontrol agents: they
are stable, are not transmitted horizontally to
non-target hosts, and are transmitted vertically to
progeny (Clay 1989). Artificial inoculation of fungi
into non-host plants is another way of producing
endophyte–host combinations with desirable
properties, though it tends to be hit-or-miss (Clay
1988). Clavicipitaceous endophytes have also been
suggested as surrogates for genetic transformation
of plants, since it is sometimes easier to transform
the endophyte than the host (Clay 1988).

B. Other Endophytes

Bacterial endophytes have been exploited more ex-
tensively than fungal endophytes for control of
plant diseases (Azevedo et al. 2000). For example,
Bacillus subtilis is effective for controlling myco-
toxin production by Fusarium in corn, and its use
has been patented (Bacon et al. 2001). Curtobac-
terium flaccumfaciens shows promise for control of
citrus variegated chlorosis (Lacava et al. 2004), and
genetically modified bacteria can be introduced
into plants, allowing for inoculation with improved
strains.

Nonetheless, inoculation with endophytic
fungi can reduce the frequency and severity of
disease, compared to endophyte-free plants. This
technique has demonstrated a protective function



224 P. Bayman

for endophytes against brown rust of wheat (Puc-
cinia triticina, Dingle and McGee 2003), tan spot
of wheat (Pyrenophora tritici-repentis, Istifadah
and McGee 2006), and Phytophthora infestans on
cacao (Arnold et al. 2003; see Sect. VI.C.4. above).
The mechanisms of protection are not clear but
could include antagonism between the endophyte
and pathogen, parasitism of the pathogen by the
endophyte, competition for nutrients, or induction
of nonspecific host defences. Manipulation of
endophytes and endophyte populations has great
promise for control of plant diseases.

C. Bioprospecting

Endophytes are a rich source of new natural prod-
ucts (Tan and Zou 2001). The best-known example
is the production of taxol by a previously unknown
endophyte of the Pacific yew, Taxomyces andreanae
(Stierle et al. 1993). Other fungal endophytes were
later shown to produce taxol as well (Strobel and
Daisy 2003). Until this discovery, the yew was the
only organism known to produce taxol. These dis-
coveries were exciting because at that time yew
bark was the only known source of taxol, an im-
portant anti-cancer drug. Taxol is present in bark
at such low concentrations that many trees had
to be felled to meet demand. An organic semi-
synthesis has replaced both bark and endophytes
as the commercial source of taxol. However, there
are still many undescribed endophytes capable of
producing many new natural compounds. Recently
isolated secondary metabolites from fungal endo-
phytes are being explored as insecticides, antitu-
mor drugs, antioxidants and immunosuppressants
(Strobel and Daisy 2003).

X. Conclusions

Many researchers who work with plants are com-
pletely unaware of endophytes, but endophytes
may affect their results. Plant molecular systema-
tists occasionally amplify and sequence endophyte
genes, rather than plant genes – for example, in
pines (Liston and Alvarez-Buylla 1995), bamboos
(Zhang et al. 1997) and spruces (Camacho et al.
1997). In pines, phylogenetic trees based on the
contaminant sequences reflected the predicted
phylogeny of the pines (possibly as a result of
coevolution), so contamination went undetected
for some time. In other cases, sequences deposited

as plant sequences in databases have turned out to
be fungal. Furthermore, variation in endophytes
and their metabolites could be confounding factors
in studies of plant breeding, plant physiology,
plant ecology, and animal nutrition.

Endophytes embody the mystery and impor-
tance of the fungi. They are a taxonomically diverse
group that have little in common, except a hid-
den way of life. They pose interesting questions on
many levels, from natural products chemistry to
community ecology, and lead us to address many
fundamental questions about relationships.
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I. Introduction

Mycorrhizal fungi are specialised root symbionts,
engaging in intimate association with a great di-
versity of plants (Smith and Read 1997). The best

1 Department of Plant Biology, University of Torino, Viale PA Mat-
tioli 25, Torino 10125, Italy

understood function of such fungi in the sym-
biosis is improvement of plant mineral nutrient
acquisition, in exchange for some photosynthate,
resulting in positive host growth responses. How-
ever, this symbiosis has a multifunctional character
(Newsham et al. 1995) because mycorrhizal fungi
may perform many other significant roles, includ-
ing protection of the plant from biotic and abiotic
stress, for instance, by altering host environmental
tolerances to water deficit or pollutants, or reducing
susceptibility to soil-borne pathogens.

Historically, the variety of mycorrhizal as-
sociations established between plants and fungi
has been placed into seven categories (ectomy-
corrhiza, arbuscular endomycorrhiza, ericoid
endomycorrhiza, orchid endomycorrhiza, ectoen-
domycorrhiza, arbutoid mycorrhiza, monotropoid
mycorrhiza) based primarily on structural char-
acteristics of the symbiotic interfaces and the
taxonomic identity of the symbionts (Smith and
Read 1997). Classification based on functional
criteria has also been proposed, distinguishing
‘balanced’ and ‘exploitative’ mycorrhizal asso-
ciations (Brundrett 2002, 2004). Although the
association is generally assumed to be mutualistic,
with bilateral nutrient exchange between the plant
and fungal partners, host responses ranging from
positive to negative may in fact be observed,
with mycorrhizal fungi sometimes functioning as
commensals, necrotrophs or antagonists of host
or non-host plants, their roles varying during the
lifespan of the association. Conversely, exploitation
of the fungal partner by the host plant without any
apparent benefit in return also occurs in peculiar
mycorrhizal associations. Mycorrhizal outcomes
are indeed conditional, depending upon complex
interactions between environmental, developmen-
tal and genotypic factors, and the association is
therefore best outlined as occupying a wider range
on the symbiotic continuum, including com-
mensalism and antagonism (Johnson et al. 1997;
Brundrett 2002, 2004; Egger and Hibbett 2004).
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The first periods of research on mycorrhiza
have been dominated by a cataloguing, reduction-
ist approach (Read 2002) that has allowed a basic
framework to be established, the functioning of
single pairs of symbionts in terms of nutrient ex-
change. Traditionally perceived as being restricted
to the root niche, mycorrhizal fungi thrive in fact at
the interface between two distinct habitats, a biotic
(host roots) and abiotic (soil) habitat. Although al-
ready in 1973 the ‘mycorrhizosphere’ concept (the
soil volume under the influence of mycorrhizal
roots, extending beyond the area directly accessi-
ble to roots; Rambelli 1973) had recognized the key
role of mycorrhizal fungi in linking plants to soil,
only later has consideration of these fungi shifted
from an almost exclusive focus on their relationship
with the plant host to the realization of their envi-
ronmental roles. Thus, greater attention has been
paid to the functioning and importance of the ex-
traradical mycelium of mycorrhizal fungi and its
interactions with the biotic and abiotic environ-
ment and, due to innovative combinations of meth-
ods (for instance, root-free compartments coupled
with isotope probing), the last decade has yielded
valuable insights on the activities of this dynamic
and functionally diverse component of the symbio-
sis (Leake et al. 2004a). At the same time, progress
in molecular identification and characterization of
fungal symbionts has revealed a much more diverse
and complex picture of the multifunctional nature
of mycorrhizal fungi. Martin et al. (2007) have re-
viewed the perspectives opened by environmental
genomics, which combine community/population
structure and function studies applying genomics.
The fungal and plant genes, regulation of their
expression, and biochemical pathways for nutri-
ent exchange between symbiotic partners are now
coming under intense study (see, e.g. Graham and
Miller 2005), and will eventually be used to de-
fine the ecological nutritional role of the fungi.
Another promising tool is stable isotope measure-
ments, which rely on calculating ratios of heavy
to light isotopes of key biological elements (e.g.
13C:12C, 15N:14N). This method has been increas-
ingly applied to explore fungal functioning (Hob-
bie 2005). The study of natural abundance of sta-
ble isotopes in fungal structures, fungal-derived
compounds and the environment, as well as the
use of stable isotope tracers (the fate of which is
followed into different ecosystem components, in-
cluding fungi; cf. stable isotope probing; see, e.g.
Dumont and Murrell 2005) will help us to link fun-
gal identity to function, and to improve our un-

derstanding of fundamental ecosystem processes
driven by fungi (Hobbie 2005).

Since these topics have been the objects of many
recent reviews, the aim of this chapter is to shortly
summarize the most relevant aspects of mycorrhi-
zal fungi as a “tie that binds” (Read 1997) the host
plant to the biotic and abiotic environment, with
a focus on the two main types of mycorrhizal sym-
bionts, i.e. arbuscular endomycorrhizal (AM) and
ectomycorrhizal (ECM) fungi.

II. Mycorrhizal Fungi Interact
with both Soil and Plants

A. Fungal Diversity
in Plant–Fungal Interactions

The mycorrhizal habit has arisen multiple times in
fungal evolution. Based on evidence from paleo-
botanical studies and the analysis of rDNA-based
phylogenies, the most ancient mycorrhizal fungi
are those forming arbuscular mycorrhizas. Their
earliest fossil record dates back to the Ordovician,
460 million years ago (Redecker et al. 2000a),
but molecular clock-based inferences estimate
their origin at much earlier (Tehler et al. 2000;
Berbee and Taylor 2001; Schüßler et al. 2001a, b),
possibly as far back as between 1200 and 1400 Ma
ago (Heckman et al. 2001). Such an ancient ori-
gin anticipates emergence of vascular terrestrial
plants, and the thallus of bryophyte-like precursors
had associations resembling modern arbuscular
mycorrhizas even before roots evolved (reviewed
in Brundrett 2002). Thus, the hypothesis has been
put forward that symbiosis was a key factor in
the colonization of land by plants (Taylor et al.
1995; Phipps and Taylor 1996). Modern arbuscular
mycorrhizal (AM) fungi comprise a number of
ancient lineages (Redecker et al. 2000b; Schüßler
et al. 2001a; Schüßler 2002), which based on mor-
phological, biochemical and ecological traits, can
unequivocally be separated from all other major
fungal groups. Based on 18S rDNA sequences, AM
fungi appear to form a monophyletic (although
weakly supported) group, which was given phylum
status (Glomeromycota; Schüßler et al. 2001b). The
Glomeromycota possibly diverged from the same
common ancestor as the dikaryomycetes (Asco-
and Basidiomycota; Gehrig et al. 1996; Tehler et al.
2000; Schüßler et al. 2001b). Information from
different genomic loci, which is being increasingly
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collected (see, e.g. Helgason et al. 2003; Corradi
et al. 2004; Da Silva et al. 2006), is needed to
provide further support to the phylum, and to
clarify evolutionary patterns within the group. In-
formation deriving from multigene trees will also
improve our understanding of species boundaries
in AM fungi. Based on a traditional, morpho-
logical species concept, the Glomeromycota are
viewed as a species-poor group, with about 150
species recognized by conventional spore-based
morphology (Morton and Benny 1990). Since these
few morphospecies colonize about two-thirds of
modern plants (Smith and Read 1997), arbuscular
mycorrhizas appear to be not only the most
ubiquitous and abundant terrestrial symbiosis
but also nonspecific, with most AM fungi readily
colonizing almost any susceptible plant species
(Molina et al. 1992). The few AM fungi used
in laboratory experiments indeed exhibit broad
host spectra. However, several recent reports on
the occurrence of natural root-colonising AM
fungi, identified by their rDNA sequences in
field-collected roots (Helgason et al. 1998, 2002;
Husband et al. 2002; Vandenkoornhuyse et al. 2002,
2003; Öpik et al. 2003; Rosendahl and Stukenbrock
2004; Johnson et al. 2004; Scheublin et al. 2004;
Öpik et al. 2006), have revealed challenging AM
fungal richness and specificity (Sanders 2002,
2003, 2004). Whereas some plant species enter
into specialised relationships with only a few AM
fungi, others appear to associate with as many as
20 different AM fungi, thus hosting very diverse
AM fungal communities that include currently
unknown taxa. Possible relationships between
plant responsiveness to mycorrhiza and their
selectivity towards specific AM fungi remain to be
elucidated (van der Heijden 2002), but it has been
suggested that the AM fungal genetic diversity
observed may be, at least partially, accounted for by
diversification in functional traits, e.g. efficiency in
functions such as mineral nutrient acquisition, soil
binding, protection from pathogens, or sensitivity
to abiotic and biotic environmental factors (Fitter
2005). AM fungal morphospecies or sequence
groups have indeed been shown to be functionally
diverse (Hart and Reader 2002a, b; Munkvold et al.
2004; van der Heijden et al. 2004; Avio et al. 2006;
Koch et al. 2006).

On the other hand, the possibility that some
of the sequence diversity found in these studies
may be within – rather than among – individuals
cannot be ruled out (Pawlowska and Taylor 2004;
Rosendahl and Stukenbrock 2004). Uncommonly

polymorphic sequences of rDNA genes have been
found within single AM fungal spores, which
harbour hundreds of nuclei (Lloyd-MacGilp
et al. 1996; Pawlowska 2005), in contrast with
the situation found in other organisms, where
homogenization of rDNA repeats is carried out
through concerted evolution, a recombination-
driven process (Dover 1982). No evidence for
sexual reproduction is available either in ancestral
or in modern AM fungi, leading to the suggestion
that they may represent one of the oldest groups
of clonally reproducing eukaryotic organisms
on Earth (Judson and Normark 1996). The high
intrasporal variability found in these fungi for
normally conserved genes has provoked intense
controversy over their genetic structure, and the
processes governing it (reviewed in Pawlowska
2005). While one possible explanation involves
distribution of the intrasporal rDNA variation
among different, therefore genetically distinct
nuclei (heterokaryosis; Kuhn et al. 2001; Bever and
Wang 2005; Hijri and Sanders 2005), an alternative
hypothesis envisages such variation as being con-
tained in each individual nucleus (homokaryosis),
with polyploid genome organization to accom-
modate intranuclear rDNA polymorphism and to
buffer these apparently asexual organisms against
the effects of accumulating mutations (Pawlowska
and Taylor 2004, 2005). The reproductive mode
(clonal vs. recombining) of AM fungi in nature
remains elusive (Pawlowska 2005), and we still
know too little about the basic genetics and
genome organization of AM fungi to resolve these
different scenarios. Approaches such as multiplex
and global PCR amplification for individual
spores (Gadkar and Rillig 2005; Stukenbrock and
Rosendahl 2005), and genome sequencing of rep-
resentative AM fungi such as Glomus intraradices
(Martin et al. 2004) will hopefully provide new
clues to widen our understanding of reproduction
and genetics in these fungi.

In contrast with the situation of arbuscular my-
corrhiza, established exclusively by a specific fun-
gal group, the ectomycorrhizal (ECM), symbiosis
involves a diverse range of fungi (a large number
of homobasidiomycetes, some ascomycetes, and
a handful of zigomycetes belonging in the genus
Endogone; Smith and Read 1997). Unlike AM fungi,
ECM fungi show conventional sexual mechanisms,
with possibly a few exceptions such as the appar-
ently sterile, widespread ascomycete Cenococcum
geophilum (LoBuglio et al. 1996; Shinohara et al.
1999).
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Most likely, the ECM symbiosis emerged
long after the arbuscular association. Whereas
divergence between Endogonales and Glomerales
(the AM fungi) would have occurred at least
about 600 Ma ago, well before any evidence of
vascular plants, Asco- and Basidiomycota would
have diverged from one another in the Palaeozoic,
at least 500 Ma ago (Berbee and Taylor 2001).
Although the only true ECM fossils are from recent
Middle Eocene materials (LePage et al. 1997), it is
likely that most ECM fungi (basidiomycetes) went
through rapid diversification during the period of
angiosperm radiation in the Cretaceous and in the
Eocene-Oligocene transition (Bruns et al. 1998;
Bruns and Shefferson 2004), perhaps assisting
plant migration from the Tropics to the poorer
temperate regions (Smith and Read 1997). The
ectomycorrhizal assemblage is therefore clearly
polyphyletic, since a common ECM precursor for
all of these fungal groups should have evolved
earlier than the Glomeromycota, and prior to
land plant evolution (Bruns and Shefferson 2004).
ECM ascomycetes belong in at least four distinct
lineages (LoBuglio et al. 1996; Percudani et al.
1999), and several studies have provided evidence
that the ECM habit has developed convergently
in multiple lineages of homobasidiomycetes,
evolving repeatedly from saprotrophic ancestors
(Bruns et al. 1998; Hibbett et al. 2000; Moncalvo
et al. 2000). Multiple reversion to a free-living,
saprotrophic lifestyle has also been postulated,
consistently with theoretical predictions that mu-
tualism is inherently unstable (Hibbett et al. 2000).
It is, however, unclear what ecological advantages,
in terms of acquisition of open niches, reversion
to saprotrophism would confer, since saprotrophic
basidiomycetes had been well established prior
to the evolution of the ECM habit (Bruns and
Shefferson 2004). Whatever the directions of the
evolutionary patterns, the polyphyletic origins
of ECM fungi suggest considerable functional
diversity in these fungi (Brundrett 2002), which
is indeed indicated by physiological studies
(e.g. Abuzinadah and Read 1986; Coleman et al.
1989; Arnebrant 1994; Keller 1996; Dickie et al.
1998; Read and Perez-Moreno 2003). Convergent
evolution is likely to have occurred also on the
plant side, since the ECM trait is present in
unrelated groups such as the Pinaceae and at least
12 independent groups of angiosperms (Bruns
and Shefferson 2004). Although specialists occur
in both fungi and plants, the majority of ECM
fungi and plants are capable of association with

multiple partners (e.g. Trappe 1962; Molina and
Trappe 1982; Molina et al. 1992; Horton and Bruns
1998; Horton et al. 1999; Cullings et al. 2000). Such
capability sets the stage for the establishment of
impressively diverse ECM fungal communities,
which are being described belowground by means
of molecular identification (e.g. Dahlberg 2001;
Horton and Bruns 2001; Taylor 2002; Chen and
Cairney 2002; Dickie et al. 2002; Landeweert et al.
2003; Tedersoo et al. 2003; Anderson and Cairney
2004; Izzo et al. 2005; Koide et al. 2005; Saari et al.
2005; Genney et al. 2006; Toljander et al. 2006).
Not only is sequence-based identification helping
to dissect ECM community structure but it is also
increasingly broadening the set of known ECM
taxa even in well-investigated environments –
such as temperate forests – where it has revealed
unsuspected ECM capability in ascomycetous (see,
e.g. Vr̊alstad et al. 2000; Tedersoo et al. 2006) and
(hetero)basidiomycetous (Selosse et al. 2002a;
Urban et al. 2003; Bidartondo et al. 2003) fungi.

An unexpected finding from these studies
(sometimes coupled to resynthesis experiments)
has been the recognition of both ecto- and
endomycorrhizal competence in the same fungus.
Simultaneous formation of ectomycorrhiza in
tree hosts and ectoendomycorrhiza in plants of
the subfamilies Arbutoideae and Monotropoideae
(family Ericaceae) has long been known (Kamien-
ski 1881; Björkman 1960; Smith and Read 1997),
and often arbutoid and monotropoid ectoendomy-
corrhizae are, in fact, not considered as a distinct
mycorrhizal category (Egger and Fortin 1988; Yu
et al. 2001; Brundrett 2004). By contrast, fungi
able to establish ericoid (i.e. Cadophora (syn.
Phialophora) finlandia, a member of the so-called
Hymenoscyphus ericae aggregate; Vr̊alstad et al.
2002) or orchid (i.e. Sebacina and Tulasnella
species) endomycorrhiza have only recently been
proven to be also able to develop typical ectomyc-
orrhiza in trees (Selosse et al. 2002a, b; Taylor et al.
2002; Bidartondo et al. 2003, 2004; Urban et al.
2003; Villarreal-Ruiz et al. 2004; Weiss et al. 2004).
This triangular relationship suggests that these
fungi are part of a common guild (Vr̊alstad 2004),
setting the intriguing scenario of mycobiont-
mediated interplant interactions (see below). It
also reveals fungal phenotypic plasticity in the
production of distinct interfaces within different
hosts, and suggests a decisive role of the host
plant in determining the ecto- or endomycorrhizal
character of the association. Symbiotic interfaces
are complex compartments involved in nutrient
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exchange between partners, and likely result from
specific morphogenetic processes involving tem-
porally and spatially controlled activity of genes
and proteins. A fungus capable of developing such
different interfaces as those characterizing ecto-
vs. endomycorrhizae (cf. fungal hyphae remaining
external to plant cell walls or breaching cell walls
respectively, but remaining separated from the
cell cytoplasm by a plant-derived membrane and
an interfacial matrix; Peterson and Massicotte
2004) represents an interesting model to study the
development of the structurally different ecto- and
endomycorrhizal organs.

Recent molecular ecology investigations have
also revealed a continuum between mycorrhizal
fungi and other nonpathogenic root associates,
the wide and diverse group of non-mycorrhizal
root endophytes mostly referred to as DSE (dark
septate endophytes) or DSM (dark sterile mycelia;
Schulz and Boyle 2006). These conidial or sterile
septate fungal endophytes, with known or likely
affinities with distinct ascomycetous lineages,
grow asymptomatically in the roots either in the
presence or absence of ecto- or endomycorrhizal
mycobionts (Jumpponen and Trappe 1998; Sieber
and Grünig 2006; Girlanda et al. 2006a). They may
be as abundant and consistent as mycorrhizal fungi
(Jumpponen and Trappe 1998; Girlanda et al. 2002;
Mandyam and Jumpponen 2005) and, by virtue of
such a constant association with roots, they can
be qualified as true root symbionts (Schulz and
Boyle 2006). Their peculiar structural interaction
with roots, achieved by hyphae growing inter-
and intracellularly in the root cortex and mi-
crosclerotia (Schulz 2006; Schulz and Boyle 2006),
differs from the specialised interfaces that are
diagnostic of mycorrhizae (Brundrett 2006). The
fungal partner likely profits from a stable nutrient
source and some protection from abiotic stresses
and, although DSE exhibit variable life history
strategies, several examples have been reported
of nutritional and non-nutritional benefits to the
host plant, thus indicating a possible mutualistic
character of the association (Mandyam and
Jumpponen 2005; Schulz 2006; Schulz and Boyle
2006). Fungi with endophytic behaviour in some
plants are capable of forming typical mycorrhizal
structures in other hosts (Bergero et al. 2000, 2003;
Cairney 2006; Schulz 2006; Bayman and Otero
2006; Rice and Currah 2006; Girlanda et al. 2006a);
on the other hand, classical mycorrhizal fungi
may have endophytic phases in non-host plants,
non-mycorrhizal plants, or plants with dual – AM

and ECM – mycorrhizal associations (Brundrett
2006), thus prompting contrasting interpretations
of root endophytism. One view (Brundrett 2002,
2004, 2006) contrasts mycorrhizal and endophytic
associations, and proposes the latter as possible
evolutionary precursors of the former, hence pos-
tulating a continuum of association types, starting
with endophytic occupation of roots by fungi and
concluding with mycorrhizal associations with
synchronised nutrient transfer. An alternative view
includes root endophytes in a broader concept
of symbiotic mycorrhizal associations, spanning
from mutualism to parasitism (Johnson et al.
1997), and considers them as nonconventional my-
corrhizal symbionts (Jumpponen 2001; Mandyam
and Jumpponen 2005). Data available on DSE
functions thus far are admittedly scant, and we
still know little to correctly appreciate the degree
of ecological and functional overlap between root
endophytes and mycorrhizal symbionts. Whatever
such a relationship, the possibility of multiple
(endophytic and mycorrhizal) interaction for the
same root coloniser reinforces the idea of plant
control over the character of root associations
(Girlanda et al. 2006a).

B. Fungal Diversity in Soil–Fungal Interactions

The broad diversity of mycorrhizal fungi is
mirrored by their interactions with the soil envi-
ronment, engaged by the extraradical mycorrhizal
mycelium (ERMM). Progress in our understand-
ing of crucial processes such as transport of
plant-derived carbon, production of extracel-
lular enzymes, mineralization of nitrogen and
phosphorus, uptake and transport of nutrients,
weathering of minerals, soil aggregation, and
interactions with other soil organisms has long
been hindered by difficulties in observing and
studying the dynamic and functionally diverse
mycelial systems, extending beyond the colonised
root into the opaque soil matrix without disturbing
and destroying them. Only in the past decade
have studies started to focus on the extent and
functioning of ERMM in the field, and previously
intractable aspects of biomass, structure and
function of ERMM have been addressed with
estimation of biochemical markers (e.g. ergosterol
and specific phospholipid fatty acids as a signature
for fungal membranes), and observations carried
out in either mycorrhizal root-organ cultures
(Fortin et al. 2002) or thin-layer soil microcosms
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coupled with radioactive and stable isotope tracers
(these methods, and the insights gained from their
application, have been critically covered in several
recent reviews, e.g. Olsson et al. 2002; Treseder
2004; Leake et al. 2004a; Cairney 2005; Rillig and
Mummey 2006). Of particular importance has
been the use of mesh barriers to provide root-free
compartments into which mycorrhizal mycelium
can grow, which have allowed us to distinguish
the biomass and effects of ERMM from those of
roots both in laboratory and, increasingly, in field
experiments. Mesh bags buried in soil have, for
instance, been used to estimate ERMM biomass
in field settings and, although the difficulty in
distinguishing ECM from saprotrophic mycelia
remains a major problem with such systems,
discrimination between the contributions of the
two fungal components has been based on either
analysis of the carbon isotopic composition of
mycelia extracted from the mesh bags, comparison
with ‘closed’ cores (i.e. PVC pipes that prevented
the in-growth of mycorrhizal fungi), or the
use of acid-washed sand to allow preferential
development of mycorrhizal mycelia (see, e.g.
Wallander et al. 2001; Högberg and Högberg 2002;
Nilsson and Wallander 2003; Querejeta et al. 2003;
Hendricks et al. 2006). Mesh-walled soil-filled
cores, either left undisturbed or rotated to sever
the hyphal connections with roots, have also been
used to quantify in situ nutrient uptake by the
ERMM (Schweiger et al. 1999; Schweiger and
Jakobsen 2000; Johnson et al. 2001, 2002a, b), and
transfer of C from the host plant.

Emerging from such experimental studies is
the dynamic and functionally diverse nature of
ERMM, its great contribution to soil biomass,
carbon and nutrient fluxes, and global C, P and
N cycles. ERMM, which may comprise up to 85%
of the total mycorrhizal fungal biomass (Colpaert
et al. 1992; Wallander et al. 2001), often constitutes
20–30% of total soil microbial biomass (e.g. Miller
and Kling 2000; Olsson and Wilhemsson 2000;
Högberg and Högberg 2002). By exceeding tens of
metres per gram of soil (e.g. Miller et al. 1995; Ek
1997), it also provides extensive conduits for C and
nutrient fluxes through the soil.

ERMM morphology and growth patterns as
well as nutrient capturing mechanisms (see also
Sect. III.A.) indicate different foraging strategies
for AM and ECM fungi (Olsson et al. 2002). AM
fungi form a uniformly distributed mycelium in
soil, growing as aseptate thick-walled runner hy-
phae associated with lateral absorbing thin-walled

hyphae. In the patchy soil environment, AM hy-
phal proliferation has been observed near poten-
tial host roots as well as in response to several
types of organic materials, although organic sub-
strates are not generally exploited as a C source
by the AM external mycelium (Green et al. 1999;
Ravnskov et al. 1999). By contrast, the ECM usually
form denser hyphal fronts than AM fungi, and they
respond to both organic material and inorganic
nutrients by increased growth. They exhibit the
widest and most active set of enzymes for foraging
on complex organic material, and also seem to be
more active in the exudation of organic acids. Sig-
nificant morphological differentiation is often ob-
served in ECM species that produce the most exten-
sive ERMM, with the formation of hydrophobic hy-
phal aggregates (hyphal cords or rhizomorphs) in-
volved in long-distance transport, and hydrophilic
distal mycelium involved in the uptake of soluble
nutrients. Olsson et al. (2002) hypothesized that
such differences between AM and ECM ERMM may
reflect distinct evolutionary strategies, aimed at op-
timal search for potential new host roots in AM
fungi, and at optimised nutrient capture in com-
petition with other mycelia and translocation into
the host roots in ECM fungi, possibly as a result of
differences in size and persistence of energy supply
by the host species.

Consideration of the functional importance of
ERMM has also stimulated a new approach to the
characterization of the diversity of natural mycor-
rhizal fungal communities. Some ECM produce
little mycelium, apart from the mycorrhizal mantle,
whereas others produce extensive external mycelial
fans and strands. These differences most likely
reflect distinct functional patterns of exploration
and nutrient exploitation (Agerer 2001). Because
they are relatively easy to culture, and amenable
to laboratory manipulation, ECM fungi producing
fairly extensive ERMM (such as Suillus, Paxillus,
Pisolithus, Rhizopogon species) have been most
popular for use in the microcosm studies on which
so many of our notions of ECM functioning are
based (Read and Perez-Moreno 2003; Leake et al.
2004a). Such species do not appear to dominate in
the field, as judged by DNA-based characterization
of ECM root tips (see, e.g. Horton and Bruns 2001),
but they may be nevertheless functionally very
important in carbon and nutrient cycles. Only
recently have DNA-based identification methods
been applied to ECM mycorrhizal mycelium in
soil, and ERMM-based diversity data compared to
the picture obtained from molecular identification
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of mycorrhizal roots (e.g. Chen and Cairney 2002;
Dickie et al. 2002; Landeweert et al. 2003; Wallan-
der et al. 2003; Hunt et al. 2004; Koide et al. 2005;
Kjöller 2006; Genney et al. 2006). These studies are
opening a new window on the diversity and spatial
distribution of ECM fungi in soil, having revealed,
for instance, foraging at different spatial scales by
different species, segregation of some mycorrhizas
and corresponding ERMM in different soil layers,
and unexpected high frequency of ERMM of
smooth-type mycorrhizae (Genney et al. 2006).
Just as the molecular identification of ECM roots
has allowed us to shift from an ‘aboveground’ view
based on surveys of sporocarps, which mostly
reflects fruiting patterns, to a ‘belowground’ view
providing information on the outcome of compe-
tition among the fungi for host roots (Horton and
Bruns 2001), the ‘mycelial’ perspective on the ECM
fungal community will be invaluable to establish
functional differences between mycorrhizal fungi
in the field (Leake et al. 2004a). This perspective
appears to be more appropriate if we are primarily
concerned with functions of mycelia such as water
or nutrient uptake, or competition for physical
space (Koide et al. 2005). The need to relate fungal
diversity in the bulk soil to that in the plant
roots clearly exists also in the case of AM fungi,
and mycelium-based studies are eagerly awaited
for these mycorrhizal symbionts (Johnson et al.
2005a).

III. Nutritional Strategies
of Mycorrhizal Fungi
at the Soil–Root Interface

The extraradical mycorrhizal mycelium (ERMM)
performs water and nutrient capture from the soil
and is an important sink for host carbon. Within
the root, carbohydrates and mineral nutrients are
then transferred across interfaces that are bordered
by plant and fungal plasma membranes (Smith
and Smith 1990). Although the molecular mech-
anisms are not clearly understood, such bidirec-
tional transfer is generally recognized as passive
efflux into the symbiotic interfaces and then active
uptake by the receiver organism (Smith and Read
1997).

Whereas details of molecular mechanisms for
carbon and P exchange between AM symbionts
have emerged rapidly from genetic studies on nu-
trient transport and metabolic pathways (Harri-

son 1999), dissection of host–fungal interactions
for ECM fungi has been more problematic (Martin
et al. 2001).

A. Mineral Nutrients

The success of mycorrhizal fungi in time and space
mostly relies on the nutritional benefits they con-
fer to their plant hosts: they take up phosphate (Pi)
and other macronutrients as well as microelements
and water from the soil, and transfer them to the
plant. Despite the fact that mycorrhizal fungi play
a crucial role in N, P and C cycling in ecosystems,
their detailed function in nutrient dynamics is still
unknown. Consistent with their wide genetic vari-
ability, mycorrhizal fungi differ in their functional
abilities, thus offering distinct advantages to the
host plant. Some fungi are particularly effective in
scavenging organic N, and associate with plants
for which acquisition of N is crucial (Peter et al.
2001); others are more effective at P uptake and
transport. An important goal is therefore to de-
velop approaches (i.e. the identification of 13C and
15N isotopic signatures) by which the functional
abilities of the symbiotic fungal communities are
assessed directly in the field.

1. Utilisation of Phosphorus

Phosphate is an essential nutrient for all living
cells, and plants have developed different strate-
gies to ensure and enhance Pi acquisition (i.e. by
modifying root architecture and extension to ex-
plore larger portions of soil, and by secreting or-
ganic acids or phosphatases that allow the release of
bound Pi; Marshner 1995). The alternative adopted
by most land plants is to use the Pi “catering ser-
vice”, as Requena (2006) has defined Pi uptake
guaranteed by the symbiotic association with my-
corrhizal fungi.

a) AM Fungi

Orthophosphate uptake is greatly enhanced dur-
ing AM association (Smith and Gianinazzi-Pearson
1988). Current explanations for this increased ef-
ficiency are that (i) AM fungal mycelium explores
the soil more efficiently than the root itself, and
spreads beyond the phosphate depletion zone, (ii)
it takes up phosphate from the soil and transfers
it along the hyphae, and (iii) it delivers the nu-
trient to the plant root cells. Mycorrhizal plants
can therefore acquire Pi either directly from the
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soil through plant-specific phosphate transporters
(PT) or through uptake and transport systems of
the fungal symbiont. Both systems can work si-
multaneously but – at least for some plants – there
is a preferential uptake via fungal hyphae. Recent
data demonstrate how this fungus-mediated up-
take requires the coordination of gene expression
in both symbionts, such as up-/down-regulation of
the high-affinity PT genes in both partners, and
up-regulation of secreted acid phosphatase genes
by the host (Ezawa et al. 2005).

In the extraradical mycelium, Pi is absorbed
by active PTs operating at the fungus–soil inter-
face (Harrison and Van Buuren 1995; Maldonado-
Mendoza et al. 2001; Benedetto et al. 2005), and
accumulates in the vacuoles of extraradical hyphae
as inorganic polyphosphate (polyP), a linear poly-
mer of Pi linked by high-energy bonds (Ezawa et al.
2004). Its synthesis and accumulation in AM hy-
phae occur rapidly but the molecular and biochem-
ical bases of such processes are not yet known. Since
polyP chains are accumulated in acidic compart-
ments such as the vacuoles, they are supposedly
transferred by means of a motile tubular vacuo-
lar network (Uetake et al. 2002) in the intrarad-
ical compartment; Pi ions resulting from polyP
hydrolysis are assumed to be released by mem-
brane passive carriers into the periarbuscular space
(Ezawa et al. 2002). Mycorrhiza-specific PTs possi-
bly responsible for plant Pi uptake in arbuscule-
containing cells have recently been characterized
in many plants: potato, tomato, rice, maize, barley
and Medicago truncatula (Rausch et al. 2001; Har-
rison et al. 2002; Paszkowski et al. 2002; Glassop
et al. 2005; Nagy et al. 2005). The importance of
such mycorrhizal-inducible PTs is indicated by the
presence of multiple PTs in Solanaceae, suggest-
ing a gene duplication event at least in these plants
(Nagy et al. 2005). A combination of genetic, phys-
iological and molecular approaches demonstrates
how the mycorrhiza-inducible LePT3 and LePT4
are expressed also in mutant plants (rmc) where
the block to fungal colonisation is not complete
(Poulsen et al. 2005), suggesting that these PTs can
be considered reliable markers for a functional Pi
uptake. Fungal PT genes have been so far isolated
exclusively from Glomus species (G. versiforme,
G. intraradices and G. mosseae), and encode for
high-affinity proton-coupled transporters (Harri-
son and Van Buuren 1995; Maldonado-Mendoza
et al. 2001; Benedetto et al. 2005). As expected,
they are predominantly detected in the extrarad-
ical mycelium, even though G. mosseae PT, differ-

ently from G. intraradices PT, shows a significant
expression also in the mycorrhizal roots.

Taken as a whole, these data provide a rather
complete picture of the molecular mechanisms that
operate in order to guarantee the fungus-to-plant
phosphate transfer. However, many questions,
mostly concerning the way in which the fungus
accumulates polyP and then releases it, as well as
the cost paid by the plant for such symbiotic route,
remain unanswered (Requena 2006).

b) ECM Fungi

In the case of ectomycorrhiza, the host plants rely
heavily on the fungus for Pi and N uptake be-
cause ECM fungi may be able to take up complex
or immobilised forms of these nutrients that the
root cannot absorb. Due to the production of ex-
tracellular acid and alkaline phosphomono- and
phosphodi-esterases, phosphatases and phytases,
ECM fungi can solubilize insoluble forms of Pi, such
as Al and Ca phosphates and inositol hexaphos-
phates (Cumming and Weinstein 1990; Lapeyrie
et al. 1991; Leake and Read 1997; Nilsson and Wal-
lander 2003). The ability of some ECM fungi to
mobilise Pi directly from minerals, through ex-
cretion of organic chelators such as organic acids
(mainly citric and oxalic acids), has also become
increasingly apparent (e.g. Wallander 2000a, b; van
Breemen et al. 2000; Landeweert et al. 2001; Wal-
lander et al. 2002). Weathering of rock substrates
through physical and chemical mechanisms en-
ables ectomycorrhizal plants to utilize essential nu-
trients from insoluble mineral sources, and plays
a fundamental role in mineralogical processes, in-
cluding pedogenesis and biogeochemical cycling
of nutrients in forest systems (Burford et al. 2003).
Once dissolved, Pi is taken up by ECM hyphae and
then translocated to the host roots, its absorption
and efflux being likely regulated by intracellular
Pi and inorganic polyphosphates (polyP) pools.
Although several low- and high-affinity Pi trans-
porters have been identified in the genome se-
quence of Laccaria bicolor (F. Martin, unpublished
data) and other symbiotic fungi, the molecular pro-
cesses controlling Pi uptake in ECM fungi remain
unknown.

Many ECM basidiomycetes also appear to
have retained some of the saprophytic abilities
of their decomposer relatives and, thereby, can
access a range of organic sources of N and P from
the soil, including partially decayed tree litter,
pollen and nematodes (Read and Perez-Moreno
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2003). Based on the efficiency of nutrient recovery
from such detrital materials by ECM tree seedlings
in soil microcosms, and estimates of the annual
production of these nutrient sources in boreal
forests, it has been suggested that as much as 15%
of P and 12% of N supplied to trees in these forest
ecosystems may come only from nutrient uptake
from these sources by the ECM ERRM (Read and
Perez-Moreno 2003).

2. N Acquisition

In addition to their function in P nutrition, AM
and especially ECM fungi play a pivotal role in the
uptake of N by plants.

While mycorrhiza research has emphasized the
role of symbiosis in facilitating capture of mineral
nutrients in ionic form, attention has shifted since
the mid-1980s to analysing the mycorrhizal fun-
gal abilities to release N and P from detrital ma-
terials of microbial and plant origins, which are
the primary sources of these elements in terrestrial
ecosystems (Read and Perez-Moreno 2003). The re-
sults obtained over the last decade have provided
much support to the hypothesis (Read 1991) that,
on a global scale, mycorrhizal fungi may be mak-
ing significant contributions to ecosystem nutri-
ent cycling (Read and Perez-Moreno 2003). In the
forest ecosystems of Eurasia and North America,
soil acidity, a high C:N ratio in litter material, and
seasons marked by low temperatures and surface
drought restrict nitrification and ammonification
processes, and hence N availability to plants (Atti-
will and Adams 1993; Francis and Read 1994; Smith
and Read 1997; Perez-Moreno and Read 2001a,
b). The amount of free N in soil water is also
limited by the tight association of ammonium to
humic substances (Yu et al. 2002). In such envi-
ronments, where accumulation of nutrient-poor
recalcitrant litter and paucity of mobile N may
threaten the fitness of autotrophs, selection has
favoured associations with ECM fungal symbionts
that are physiologically equipped – due to their
well-developed saprotrophic capabilities – to fa-
cilitate capture of these elements from their locally
predominant organic sources (Read 1991; Read and
Perez-Moreno 2003; Read et al. 2004). The signifi-
cance of AM colonisation in plant N acquisition, an
aspect formerly overlooked (Smith and Read 1997),
is now becoming increasingly clear in both agri-
cultural and natural ecosystems (Johansen et al.
1996; Hodge et al. 2001). However, nitrogen avail-
able to both AM and ECM plants should not be

regarded as a single pool open to free competi-
tion, co-occurrence of ECM and AM fungi being
allowed by exploitation of different niches in the
same ecosystem.

a) ECM Fungi

Exploitation of organic N ECM fungi have bio-
chemical and physiological attributes that make
them highly efficient in scavenging organic sources
of N and P in surface soil horizons (Read et al. 2004).
Being localised mostly in the upper, organically en-
riched soil horizon, the ECM ERMM is indeed ide-
ally placed for nutrient acquisition from organic
pools (Smith and Read 1997). ECM fungi may use
soluble amino acids, and some of these fungi have
highly developed proteolytic capabilities enabling
them to directly access macromolecular N (Abuz-
inadah and Read 1989). Absorption of soluble or
protein-derived amino acids by ECM fungi is me-
diated by high-affinity amino-acid uptake systems.
Functional complementation of a yeast strain defi-
cient in amino-acid transporters has allowed iden-
tification of amino-acid transporters from A. mus-
caria (Nehls et al. 1999) and H. cylindrosporum
(Chalot et al. 2002; Wipf et al. 2002), which appear
to be involved in both uptake of amino acids from
the soil solution and retention of amino acids un-
der N-deprivation conditions. While amino acids
are readily assimilated by most ECM fungi and
used as a N source, the fate of the carbon con-
tained in these materials remains uncertain. Negli-
gible transfer of glycine-derived 13C from roots to
shoots in either mycorrhizal or non-mycorrhizal
plants was found when seedlings of Pinus sylvestris
were fed with double-labelled (15N and 13C) glycine
as their sole N source, in contrast with the consid-
erable quantities of 15N observed in the mycor-
rhizal tips, roots and shoots (Taylor et al. 2004).
Recently, di- and tripeptide transporters were also
isolated by yeast functional complementation us-
ing a Hebeloma cylindrosporum cDNA library, and
were shown to mediate dipeptide uptake (Benjdia
et al. 2006).

Whereas model proteins have been used to
determine the potential of ECM fungi and their
plant associates to mobilise N from polymeric
macromolecules, investigations have subsequently
focused on the use of detrital material of plant and
animal origin (e.g. tree litter and nematode necro-
mass), which presumably represent the major
potential sources of N and P in the field (Read and
Perez-Moreno 2003; Read et al. 2004). The ECM
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ERMM efficiently colonise nutrient patches in the
soil of thin-layer microcosms, and convert such
material into more readily usable forms (reviewed
in Leake et al. 2004a; Read et al. 2004). Many ECM
fungi have been shown to deploy a broad spectrum
of ‘saprotrophic’ enzyme activities, and to be
directly involved both in the mobilisation of N and
P from the organic polymers in which they are
sequestered and in the degradation of the polymers
themselves, thus challenging the conventional view
that mycorrhizal fungi are fundamentally different
from saprotrophs and lack the ability to directly
participate in decomposition processes (Leake
et al. 2004a). Such a situation sets the stage for
intense competition, especially for the more labile
N and P sources, between mycorrhizal and sapro-
trophic fungi in forest soils, in particular other
large fungi such as the wood decomposers. Soil
microcosm studies (reviewed in Leake et al. 2002,
2004a; Read et al. 2004; Cairney 2005) have revealed
that mycelial systems of ECM and saprotrophic
wood-decomposer fungi can be antagonistic to
each other, both in growth and functioning. This
antagonism can lead to significant transfer of
nutrients between the two trophic groups upon in-
teraction (Lindahl et al. 1999). Although symbiotic
fungi may be favoured over saprotrophs by the
host’s continuous provision of carbon compounds,
competition for lignocellulose seems unlikely,
since actual ligninolytic capabilities are mostly
modest in ECM fungi (Chen et al. 2001). Interac-
tions between mycorrhizal fungi and saprotrophs
may also be beneficial for nutrient acquisition.
For instance, nutrient recovery by the ECM fungus
Pisolithus tinctorius, from highly recalcitrant
protein–tannin complexes that most ECM fungi
tested to date have little or no enzymatic capacity
to hydrolyse, is facilitated by pre-treatment of the
complex by saprotrophs (Wu et al. 2003).

Through their participation in the removal of N
and P from organic polymers, ECM fungi inevitably
increase the C:N and C:P ratios of the residual mate-
rials and thus will contribute to C retention in soil,
potentially strongly affecting the carbon source–
sink relationships upon which global climate sys-
tems ultimately depend (Read and Perez-Moreno
2003).

Scavenging of inorganic nitrogen (NO−
3 and NH+

4 )
AM and ECM mycelia are also effective scavengers
of inorganic forms of N, either NH+

4 or NO−
3 .

ECM mycelia are particularly effective in the
uptake of ammonium. Phyllosilicate weathering

has been demonstrated for Pisolithus, which gains
access to NH+

4 and Ca+
2 ions trapped in between

the vermiculite layer in pots probably by means
of soluble exudates (Paris et al. 1995). Rapid and
effective uptake of inorganic N by ECM has also
been demonstrated in forest soils, as indicated by
the lower NH+

4 and NO−
3 levels in a conifer forest

with active mycorrhizal networks, compared to
plots with plastic tubes inserted to exclude ECM
hyphae (Nilsson and Wallander 2003).

The molecular bases of NO−
3 and NH+

4 up-
take have been investigated, and transporters and
assimilating enzymes have been characterized in
ECM fungi such as Pisolithus, Laccaria and Tuber
(Jargeat et al. 2003; Javelle et al. 2003). NH+

4 ab-
sorbed by ERMM, or derived from NO−

3 reduction,
may be rapidly assimilated into amino acids, mostly
glutamine, and is subsequently incorporated into
mycelial proteins or translocated to the host, glu-
tamine being regarded also as the main translo-
cation form in ECM mycelia (Martin and Botton
1993). In Tuber, the glutamine synthase gene is
highly expressed both during fruitbody ripening
(Lacourt et al. 2002) and N starvation (Montanini
et al. 2003). Nitrate and high-affinity ammonium
transporters are differentially expressed at least
1.5-fold in response to N deprivation (Montanini
et al. 2006).

Incorporation of mineral N into amino acids
entails a significant C cost for the fungus, as demon-
strated by respiration increases observed following
this nutrient uptake (e.g. Ek 1997). Recent studies
in ECM and AM mycorrhiza have highlighted the
potential for direct transfer of ammonia from fun-
gal to plant cells at the symbiotic interface (Chalot
et al. 2006). Together with the expression of puta-
tive ammonium exporter genes in the ectomycor-
rhizal fungus Amanita muscaria, expression ana-
lysis of a high-affinity ammonium importer from
Populus tremula×tremuloides (PttAMT1.2) has re-
vealed that PttAMT1.2 expression is root-specific,
is affected by N nutrition, and strongly increases
in a N-independent manner upon ectomycorrhiza
formation, thus suggesting that ammonium could
act as a direct N source delivered by the fungus in
ECM symbiosis (Selle et al. 2005). A close relation-
ship could exist between C availability and the form
of N transferred from an ectomycorrhizal fungus
to the host plant: under C availability, the large
flux of C compounds towards the fungal compart-
ment would ensure the assimilation of inorganic
N and the further release of organic nitrogen by
the fungus whereas, under C depletion, the synthe-
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sis of organic N might be strongly down-regulated,
and ammonium would be transferred to the plant
(Chalot et al. 2006).

b) AM Fungi

Although Pi acquisition has received most at-
tention, nitrogen is also an important element
the uptake of which is improved during root
colonisation by AM fungi. AM mycelia take up and
assimilate NH+

4 , NO−
3 and amino acids but the im-

pact of such metabolisms on plant nutrition is still
unknown (Smith and Read 1997). NH+

4 directly
absorbed by ERMM mycelia, or derived from
NO−

3 reduction, is rapidly assimilated through
the glutamine synthetase/glutamate synthase
(GS/GOGAT) cycle found in ectomycorrhizal fungi
(Martin et al. 2007). By measuring mRNA levels for
key enzymes, such as the putative nicotinamide
adenine dinucleotide (NAD)-dependent glutamate
dehydrogenase (GDH) gene, Govindarajulu et al.
(2005) found support that inorganic N assimila-
tion also operates in the extraradical mycelium
of AM fungi via the GS/GOGAT pathway. The
mechanisms involved in N transport along the
fungal hyphae, and then the delivery to the plant
are still unclear. Very recently, Jin et al. (2005)
supplied 15N- and/or 13C-labelled substrates to
Glomus intraradices on Ri T-DNA-transformed
carrot roots growing in two-compartment Petri
dishes. They investigated the levels and labelling
of free amino acids in the extra- and intraradical
mycelium in mycorrhizal roots by gas chromatog-
raphy/mass spectrometry and high-performance
liquid chromatography, and demonstrated that
arginine was the predominant free amino acid in
the AM ERMM. The amino acid represents the
major form of stored N, which is then transported
to the intraradical mycelium. However, NH+

4 is
the most likely form of N transferred to host cells
following its generation from arginine breakdown
(Jin et al. 2005).

Hodge et al. (2001) demonstrated that AMs also
acquire nitrogen directly from organic material,
a feature that – for a long time – has been consid-
ered characteristic of ECM fungi. There is clearly
a need to understand the mechanisms involved in
such organic N mobilisation by AM fungi, and to
detect the molecular basis of such events. A putative
amino-acid permease has been recently detected
in Glomus mosseae (Cappellazzo et al., personal
communication), its expression being exclusively
located in the extraradical hyphae and N depen-

dent. As a further step, suppressive subtractive hy-
bridization (SSH) and reverse Northern dot blot
were performed on extraradical structures of Glo-
mus intraradices grown on carrot hairy roots in
order to isolate genes responsive to low versus high
organic N concentrations. Genes involved in de-
fence and signalling transduction pathways have
been identified to be activated following a 48-h
treatment with a 2 μM amino-acid pool. This novel
set of data indicates that G. intraradices extraradi-
cal structures perceive organic N limitation in the
surrounding environment, leading to a specific re-
sponse at transcriptional level, and supports the
role of N as a signalling molecule in AM fungi (Cap-
pellazzo et al. 2007).

B. Carbon

In order to compete with other organisms in the
patchy and changing soil environment, mycorrhi-
zal fungi rely on a continuous supply of organic C
from the plant. Whereas saprotrophic soil microor-
ganisms are typically C limited – their C sources
are spatially and temporally heterogeneous – my-
corrhizal fungi gain direct access to a plant car-
bohydrate supply that is unparalleled amongst soil
microbial populations in terms of both quality and
quantity.

AM fungi receive all of their carbohydrates
from the host plant. By contrast, many ECM fungi
likely acquire C both via host photosynthesis and
assimilation following the degradation of soil car-
bon polymers. As mentioned above, ECM fungi
show saprotrophic capabilities that allow them to
attack structural polymers in the organic detritus
(reviewed in Leake et al. 2002; Read and Perez-
Moreno 2003; Read et al. 2004; Lindahl et al. 2005),
thus possibly reducing the amount of C needed
from the host plant.

Quantitative estimates of the amount of C al-
located to AM and ECM fungi by plants (reviewed
in Leake et al. 2004a) range between about 2–20%
of net fixation for AM and 7–30% for ECM fungi,
although large variations may occur depending
on individual plant–fungus combinations, amount
of fungal biomass, and environmental conditions
(Jakobsen 1999; Lerat et al. 2003a, b). Fungal C drain
represents a cost of the symbiosis, but experiments
with AM fungi indicate that the actual charge of my-
corrhizal fungi to their host plants may be negligi-
ble because mycorrhizal colonisation can increase
the rate of photosynthesis, alleviate shoot N and P



240 M. Girlanda, S. Perotto, P. Bonfante

limitation, and cause a substantial increase in leaf
area, a response that maximizes the area available
for CO2 assimilation (Wright et al. 1998a; Graham
2000; Jakobsen et al. 2002; Simard et al. 2002; Read
and Perez-Moreno 2003). The fungus-mediated in-
crease in photosynthesis does not appear to be an
indirect result of enhanced mineral nutrition in
mycorrhizal plants, and does not result in increased
host biomass production (Wright et al. 1998a; Stad-
don et al. 1999; Jifon et al. 2002; Miller et al. 2002).
Thus, it has been hypothesized that up-regulation
of photosynthesis may be due to the carbohydrate
demand by the mycorrhizal fungus (Wright et al.
1998b; Miller et al. 2002): mycorrhizal colonisation
of the root, by increasing its sink strength, would
stimulate the process of C assimilation.

In vivo NMR, coupled with 13C labelling,
radiorespirometry and transcriptome profiling
studies, are beginning to unravel some details of
C transport processes at the molecular level in
mycorrhizal symbioses (Pfeffer et al. 1999, 2001;
Bago et al. 2000, 2002; Lammers et al. 2001; Nehls
et al. 2001; Ferrol et al. 2002a; Jakobsen et al.
2002; Simard et al. 2002). In both AM and ECM
mycorrhiza, the primary transport carbohydrate
in plants, sucrose, can be used as a C source
by fungi only provided it is hydrolyzed by cell
wall-bound invertases, with fungal absorption of
glucose preceding that of fructose (Nehls et al.
2001; Simard et al. 2002).

1. Uptake of Plant-Derived C at the Symbiotic
Interface by AM and ECM Fungi

Transfer of C from plant to fungus in an established
mycorrhiza may be regulated by factors associated
with either symbiont (Jakobsen et al. 2002).

In AM fungi, in vitro 13C-NMR studies have
shown that intraradical hyphae, but not external
hyphae, import exogenously supplied hexoses,
mainly in the form of glucose (Soliaman and
Saito 1995; Shachar-Hill et al. 1995). While there
is good evidence that arbuscules are the site
of fungus-to-plant P transfer, the location of C
transfer from plant to fungus remains unclear.
The arbuscule could be the site of both hexose
and phosphate transfer, and up-regulation of
genes involved in sucrose hydrolysis (e.g. sucrose
synthases and soluble acid invertase) has been
taken as evidence that photoassimilate is directed
towards arbuscule-containing cells (Blee and An-
derson 1998; Ravnskov et al. 2003). However, there
is as yet no evidence for a fungal hexose trans-

porter expressed on the arbuscular membrane
(Smith et al. 2001). The plasma membranes of the
arbuscular branches indeed lack ATPase staining,
which might exclude these as a site for active sugar
uptake by the fungus (which requires a proton
gradient generated by an H+-ATPase). By contrast,
the intercellular interfaces show high levels of
ATPase activity, thus qualifying as the principal
site of fungal hexose uptake (Gianinazzi-Pearson
et al. 1991, 2000). Five ATPases have been identified
from G. mosseae and two from G. intraradices
(Ferrol et al. 2000, 2002b). Expression of one
of these genes occurs in the intraradical phase
of G. intraradices, indicating active transport
processes in these hyphae, but the specific location
of these transcripts remains to be determined.
An alternative possibility involves passive uptake
mediated by specific sugar carrier(s) in the fungal
membrane, with the sugars concentration gradient
between the fungus and the cortical apoplast being
maintained by rapid conversion, in the fungus, to
translocation and storage compounds (Bago et al.
2000; Jakobsen et al. 2002). The same mechanisms
could operate not only in arbuscules but also in
intercellular hyphae or coils.

In ECM, fungal uptake of hexoses has been
suggested to take place at the plant–fungus
interface (Hartig net) because the ECM represents
a major carbohydrate sink. The mechanisms rely
on the fungal conversion of glucose and fructose
to fungal metabolites, thereby maintaining a con-
centration gradient from the plant to the ECM
fungus, and allowing for continued fungal uptake
of plant-derived hexoses (Simard et al. 2002).
The poplar monosaccharide transporter gene
PttMST3.1 has been shown to be up-regulated by
mycorrhiza formation, suggesting that root cells
are able to compete with fungal hyphae for hexoses
from the common apoplast during symbiosis
(Grunze et al. 2004). Degenerate PCR primers
from ESTs have been used to isolate a number
of candidate genes for ECM fungal transport
processes. In Hebeloma cylindrosporum, screening
of genomic and cDNA libraries has revealed 38
tags corresponding to genes encoding carriers or
channels that may play a role in nutrient uptake
from the soil solution, from the host plant apoplast,
or in transport towards the host plant (Chalot
et al. 2002). So far, only one hexose transporter
system (AmMst1) has been identified from an
ECM fungus, A. muscaria (Nehls et al. 2000, 2001;
Wiese et al. 2000). Increased monosaccharide
concentrations at the fungus/plant interface have
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been found to up-regulate expression of monosac-
charide transporters in the fungus (Rieger et al.
1992; Nehls et al. 1998, 2001), resulting in enhanced
photoassimilate sequestration by the fungus that
will trigger additional photoassimilate supply by
the host to the fungus, ultimately increasing rates
of photosynthesis (reviewed in Simard et al. 2002).
The results suggest active transport across fungal
membranes, but the form of hexose transferred as
well as the function and localization of transport
proteins in mycorrhizal tissues are poorly known.
Although it is assumed that most movement of C
from root to fungus is by way of sugar transport
(Smith and Read 1997), there is evidence of
bidirectional movement of amino acids between
symbionts (Lewis 1976), with carbon in amino
acids usually moving from fungus to root by way of
the glutamine/glutamate shuttle (see Sect. III.A.2.),
but sometimes also moving as glutamine from
root to fungus (Lewis 1976).

The identification of novel fungal transport
genes in combination with the development
of transformation techniques for mycorrhizal
fungi (see, e.g. Harrier et al. 2002; Pardo et al.
2002; Marmeisse et al. 2004; Grimaldi et al. 2005;
Kemppainen et al. 2005; Rodriguez-Tovar et al.
2005; Muller et al. 2006) will greatly advance our
understanding of how carbon and nutrient release
and transport events at the apoplastic interface
are coordinated and controlled by the fungus and
host.

2. Fate of Plant-Derived C in AM and ECM Mycelia

Once within the fungal mycelium, plant-derived C
meets several fates. In both AM and ECM sym-
bioses, sugars are used for translocation and stor-
age synthesis, for the production of the large ex-
traradical mycelium, and for support of the respi-
ratory demands.

Knowledge of the nature of the substances
transported from the intraradical to the extrarad-
ical mycelium has advanced considerably. What
differentiates AM fungal C metabolism from ECM
metabolism is the accumulation of lipids as the
primary storage reserve. Lipids constitute by far
the largest C pool in AM fungi, and are synthe-
sised in the intraradical structures before being
translocated to the external mycelium (Bago et al.
2000, 2002). A recent report confirms that fatty
acid synthase activity of AM fungi is expressed
exclusively in the intraradical mycelium (Trépanier
et al. 2005). In AM intraradical mycelium, hexose

acquired from the root is converted into trehalose
and then glycogen (Bago et al. 2000). Glycolysis,
the TCA cycle, and the pentose phosphate path-
ways are functioning in the intraradical hyphae
(Pfeffer et al. 1999), which synthesize and store
large amounts of triacylglycerides (TAGS; Pfeffer
et al. 1999; Bago et al. 2002). Since the extraradical
mycelium is unable to take up exogenous hexose
(Pfeffer et al. 1999), and no storage lipid produc-
tion occurs in it, the carbohydrate requirement
is likely met via translocation of TAGS from
intraradical hyphae, and their conversion via the
glyoxylate cycle (Bago et al. 2002). Glycogen is
the other main C compound exported into the
extraradical mycelium (Bago et al. 2003). Translo-
cation of carbon compounds from intraradical to
extraradical hyphae appears to occur in tubular
vacuoles along the entire length of the hyphae
(Ashford and Allaway 2002). The incorporation
of mineral N into amino acids by the fungus, and
their transfer to the plant would return some of the
C skeletons originally supplied by the plant. These
postulated metabolic and transfer pathways match
those that are known to occur in ECM mycelium
(Martin et al. 1998).

The amounts of C allocated to the extraradical
AM and ECM mycelia by plants have been deter-
mined in some studies (reviewed in Leake et al.
2004a). Microcosm and field experiments with ei-
ther AM (Johnson et al. 2002a, b) or ECM (Ek 1997;
Bidartondo et al. 2001; Leake et al. 2001; Wu et al.
2002) plants have indicated that C allocation to the
external fungal network may reach approx. 30%
of net C fixation. Such experiments are corrobo-
rated by field studies showing that daily variations
in the δ13C isotopic signature of recently fixed C in
trees is closely followed, within a few days, by the
isotope signature of root and rhizosphere respira-
tion, which must include the external mycorrhizal
mycelium (Ekblad and Högberg 2001).

Pulse labelling with 13CO2 combined with the
use of root-excluding hyphal compartments (re-
viewed in Leake et al. 2004a) has indicated that
there are two distinct fates for C within the ex-
traradical mycorrhizal mycelium. A major part has
short residence time in the hyphae, being rapidly
translocated throughout the network and quickly
respired. The fast turnover portion will also include
some C that is transferred back to host plants (e.g.
as amino acids generated from the hyphal uptake
of inorganic N). Some of the C enters more sta-
ble, longer-term pools, for example, as structural
components of the mycelium and hyphal walls. In
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addition to their contribution to biomass, AM and
ECM hyphae may produce metabolites, either se-
creted into the environment or contained in the
hyphal walls (and then secondarily arriving in the
soil via hyphal turnover and decomposition), such
as the AM-secreted protein glomalin; accumulat-
ing in the soil, these have been implicated as an
important mechanism in soil aggregation, and con-
tribute a substantial amount of the more stable soil
organic C (Rillig and Mummey 2006).

Given the considerable portion of soil micro-
bial biomass accounted for by the mycorrhizal ex-
traradical mycelium (see Sect. II.B.), this fungal
network provides a major pathway for C move-
ment from plants to soil, with an outstanding im-
pact on C cycling at the ecosystem scale (Rillig
2004). Such a contribution is beginning to be rec-
ognized in quantitative terms (Leake et al. 2004a).
In addition, through the extraradical mycorrhizal
mycelium, carbon can also access other plants in
the environment, thus setting the stage for the pos-
sibility for a reversal of C flux between plants and
fungi.

IV. At the Interface Between Several
Host Plants: Common Mycelial
Networks (CMNs),
a Unifying Phenomenon
in ECM and AM Fungi

A. Evidence for the Occurrence
and Function of CMNs

A breakthrough in mycorrhizal ecology has been
the discovery that individual mycelia of either ECM
or AM fungi can interlink different host plants, thus
establishing common mycelial networks (CMNs,
often referred to as the ‘wood-wide web’ in the case
of ECM mycelia) that connect plants, belonging to
the same or different species, and providing poten-
tial pathways for interplant transport of mineral
nutrients and C (Simard et al. 2002; Simard and
Durall 2004; Taylor 2006; Selosse et al. 2006).

Although occurrence of such networks had
been postulated as early as 1881 (Kamienski
1881, 1882), only careful laboratory observations
studies since 1969 (reviewed by Simard and Durall
2004) provided physical and functional evidence
of hyphal interplant linkages. Transparent rhi-
zoboxes (thin-layer soil microcosms) have been
instrumental to visualize plant-to-plant mycelial

connections and to apply isotope probing and
imaging (cf. the same techniques used to assess the
transport of C and nutrients, growth, and spatial
and temporal foraging activities of extraradi-
cal mycorrhizal mycelia; see Sect. II.B.). These
techniques have demonstrated the concurrent
existence of interplant mycorrhizal networks and
transfer of elements from one root to another (e.g.
McKendrick et al. 2000a; Wu et al. 2001).

In the field, direct visualization of CMNs is
hampered by the opaque nature and structural
complexity of soil as well as by intermingling of
mycorrhizal and non-mycorrhizal mycelia. Shar-
ing of mycorrhizal fungal species by different host
plants growing together in the field, a feature of
both ECM and AM symbioses (see Sect. II.A.),
provides potential for the formation of common
mycelial networks in plant communities (Kennedy
et al. 2003), although only sharing of the same
fungal individual (genotype, or genet) may allow
establishment of CMNs. Many ECM fungi spread
vegetatively below ground from root to root, and
a single genet can colonise large areas. Genotyping
using either basidiome and rhizomorphic tissue,
or DNA extracted directly from soil (reviewed by
Leake et al. 2004a; Cairney 2005), has indeed re-
vealed that although genet size varies considerably
between species and, for a given species, is strongly
affected by factors such as disturbance and forest
age, individual genotypes of some ECM taxa may
span up to tens of metres, presumably by progres-
sively infecting root tips, thus providing high po-
tential for the formation on CMNs. Only recently,
however, was the capability of a single fungal ECM
genotype to colonise multiple host trees conclu-
sively demonstrated by using microsatellite mark-
ers on ECM root tips to identify the genotypes of
both the fungal symbiont and host tree (Lian et al.
2006). Similarly, data referred to Mediterranean
dark septate endophytes (see Sect. II.A.) have indi-
cated that the same DSE genotype may be shared
between an ericoid and an ectomycorrhizal host
(Bergero et al. 2000), setting the stage for a role of
DSE in interactions between ecto- and endomyc-
orrhizal plants (Girlanda et al. 2006a). Since it is
likely that, in diverse plant communities, virtually
all mycorrhiza-compatible plants will join common
mycelial network but that not all plant species will
share the same fungal partners (species or individ-
uals of the same genet), complex overlapping host–
fungus species interactions probably occur (Leake
et al. 2004a). Formation of larger mycelia from the
fusion of individual ones offers another mecha-
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nism potentially enabling the formation of hyphal
interplant linkages. The capability of anastomosis
between self or genetically closely related hyphae
(as determined by vegetative incompatibility sys-
tems; see, e.g. Esser 2006) has long been known for
septate mycelia, and it has recently been shown to
allow networks originating from plants of different
species, genera and families to become intercon-
nected (Giovannetti et al. 2004). Although burial of
membranes on which the hyphae grow may reveal
much about mycelial branching and hyphal anas-
tomosis patterns (Balaz and Vosatka 2001), the ac-
tual extent of anastomosis formation in the field
remains undetermined, as does the spread of indi-
vidual AM mycelia in natural settings. Genet size
studies also cannot ascertain whether these mycelia
are actually continuous or have fragmented as ram-
ets, i.e. spatially discontinuous mycelial units of the
same genotype, a functionally important aspect be-
cause it will define, at least in part, the spatial limits
within which the mycelia can effect movements of
C and minerals through soil (Cairney 2005).

Evidence of a functional role of CMNs in nu-
trient transport and exchange derives from isotope
labelling studies. These indicate that mineral re-
sources such as N and, to a lesser extent, P move be-
tween plants via both AM and ECM CMNs (Simard
et al. 2002; Tuffen et al. 2002; He et al. 2003, 2005,
2006). Carbon also moves within both ECM and AM
CMNs, but actual net transport of C between inter-
connected plants remains controversial (Robinson
and Fitter 1999; Simard et al. 2002; Simard and Du-
rall 2004; Taylor 2006; Selosse et al. 2006). For AM,
many laboratory studies have shown C movement
from one mycorrhizal plant to another but none
have demonstrated net transfer (Perry 1999), the la-
belled C remaining associated with the fungus. For
instance, by using pulse labelling in a monoxenic
culture system with Ri T-DNA-transformed car-
rot roots colonised by Glomus intraradices growing
in subdivided Petri plates (to avoid CO2 recycling
and to eliminate label movement from one root sys-
tem to another by diffusion), Pfeffer and colleagues
(2004) found that carbon provided to a donor root
as labelled glucose moved to recipient roots via
a common AM fungal network, but remained in
fungal compounds. Such data indicate that carbon
taken up by the mycorrhizal fungus in association
with one mycorrhizal root does not become nutri-
tionally available to other roots. These findings on
AM have raised serious doubts as to whether the
detection of a carbon label in mycorrhizal roots
represents a nutritionally meaningful transfer for

the plant or, indeed, any transfer at all (Fitter et al.
1998; Robinson and Fitter 1999; Wu et al. 2001;
Pfeffer et al. 2004).

In contrast to the laboratory experiments, car-
bon exchange between plant species pairs sharing
either ECM (Simard et al. 1997) and AM fungi
(Lerat et al. 2002) has been demonstrated in field
experiments, where labelled C pulsed to a donor
plant was found in both the roots and shoots of the
receiver plants. In these experiments, comparisons
between mycorrhizal and non-mycorrhizal control
plants (plants that did not tap into the CMN under
examination) suggest that transfer occurred pre-
dominantly via the CMNs, as indicated by small
or negligible transport to the incompatible control
plants (Simard et al. 1997; Lerat et al. 2002; Simard
and Durall 2004).

B. What may be the Ecological Significance
for the Host Plants?

1. Interactions Between Autotrophic Plants

The possibility of substantial interplant C transfer
has led to the hypothesis that such transfers may
influence interactions in plant communities, thus
suggesting the need for a radical reappraisal of con-
ventional concepts of competition in plant ecology
(Leake et al. 2004a).

Field labelling experiments (Simard et al. 1997;
Lerat et al. 2002) have shown that although bidi-
rectional carbon transfer occurs between intercon-
nected plants, a net C gain (up to 10%) can be found
in one plant over that of its connected partner, thus
confirming previous laboratory reports (Newman
1988; Miller and Allen 1992). Such a net flux has
been suggested to be governed by a source–sink
relationship, established, for example, by shading
of one of the paired plants (Francis and Read 1984;
Finlay and Read 1986; Simard et al. 1997). Sim-
ilarly, one-way P transport has been shown to be
regulated by fertilization of donor plants with phos-
phorus (e.g. Ritz and Newman 1986), and N has
been observed to be transferred from N2-fixing my-
corrhizal to non-N2-fixing mycorrhizal plants (He
et al. 2003). Such unidirectional net transfers are
likely to affect a range of interplant interactions,
such as plant competition, plant diversity, plant
community dynamics, and patterns of seedling es-
tablishment (Simard et al. 2002; Simard and Durall
2004; Taylor 2006; Selosse et al. 2006). A more even
distribution of carbon among plants, as a result
of belowground transfer, is likely to reduce dom-
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inance and to allow co-occurrence of less aggres-
sive species, thus contributing to maintain biodi-
versity, and therefore ecosystem productivity, sta-
bility and sustainability. Involvement in ecological
succession has also been hypothesized (e.g. Horton
et al. 1999), also in invasion by exotics outcompet-
ing native species (e.g. Carey et al. 2004).

Resource sharing between adult high-canopy
trees and understorey seedlings, which would
counterbalance low light influx and inefficient
photosynthesis by juveniles, has been proposed as
a mechanism to explain the improved establish-
ment frequently observed for ECM seedlings in
close proximity to existing plants of the same and
different species (Taylor 2006). Despite numerous
studies on seedling establishment, no transfer of
nutrients or C from nurse plants to seedlings has
been demonstrated so far, and juvenile plants may
actually benefit only indirectly from CMNs. For
example, the costs to the seedling of supporting
mycorrhizal fungi with carbon may be offset by the
larger nurse plant. Even without carbon transfer,
this situation would represent a clear benefit to
seedlings, which would simply tap into a mycelial
network already developed and supported by the
surrounding vegetation (van der Heijden 2004;
Simard and Durall 2004; Taylor 2006). This hypoth-
esis can be corroborated by the observation that,
based on natural variations in stable carbon iso-
tope ratios (13C), overstorey trees appear to supply,
partly or wholly, the nutrient-absorbing mycelia
of their alleged competitors, the understorey
trees (Högberg et al. 1999). Furthermore, CMNs
could simply allow more rapid plant mycorrhizal
colonisation, with benefits arising merely from
increased mycorrhization, which may or may not
require network connection (Simard and Durall
2004; Bever and Schultz 2005; Taylor 2006).

The extent to which interplant element trans-
fers occur routinely between interlinked green
plants in the field and over what scale, as well as
their significance in plant ecology under field situa-
tions therefore remain contentious. Although there
seems little doubt that there is considerable poten-
tial for their existence, the general significance of
these networks in plant ecology remains unknown.
Only fragmentary evidence is thus far available,
experimental limitations (including the use of
C isotope pulses, since the short application-to-
harvest period of labels would not provide enough
time for large amounts of carbon to move through
fungi or for carbon to move from fungal tissues
into plants; Carey et al. 2004) constrain the scope

of the conclusions reached and, in most cases, the
importance of the observed CMN-mediated car-
bon transport for the total plant C budget has yet to
be quantified. However, the outcome of any plant–
fungus combination most often appears to be very
context-dependent, and differences in CMN feed-
backs among species or experimental conditions
could be influenced by factors such as soil fertility,
plant–fungus interactions (providing various
carbon sink strengths), and the age of adult plants
(Selosse et al. 2006). Other soil organisms, such as
mycophagous collembolans and earthworms, may
also significantly impact CMN-mediated transfers
(Tuffen et al. 2002; Johnson et al. 2005b), thus
providing another possible explanation for some
of the contradictions reported between different
nutrient transfer studies (Selosse et al. 2006). In
autotrophic plant nutrition, therefore, the ecolog-
ical relevance of CMN-derived C, at least under
some circumstances (e.g. specific growth stages or
environmental conditions), remains a fascinating
possibility that cannot be entirely ruled out and,
when coupled with differential effects of host
plant–mycorrhizal fungus combinations, could
contribute to our understanding of the influence
of mycorrhizal fungi over plant competitive
performances in mixed natural communities.

2. Interactions Between Autotrophic
and Heterotrophic Plants

Whereas the evidence for nutritionally significant
carbon movement from the fungus to the plant re-
mains dubious in autotrophic plants communities,
an undisputed example of interplant CMN-
mediated net C transfer involves achlorophyllous
plants. By lacking photosynthetic pigments,
achlorophyllous plants behave as heterotrophs
and deploy alternative strategies to acquire
organic carbon for growth (Leake 1994). Some
achlorophyllous species are direct epiparasites
on photosynthetic plants whereas others acquire
organic carbon through mycorrhizal association.
Leake (1994) introduced the term “mycoheterotro-
phy” to describe this peculiar strategy, which
relies on the ability of fungi to fetch organic
compounds from the environment. This strategy
arose repeatedly in angiosperm evolution, leading
to over 400 mycoheterotrophic (MH) species in 87
genera derived from multiple independent lineages
of green plants (Leake 1994). Recent studies on
the identity and diversity of mycorrhizal fungi
associated with MH plants belonging to distant
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taxa have outlined common features and provided
key information on their nutritional strategies
(Taylor et al. 2002; Leake 2004; Bidartondo 2005).
Most fungal partnerships of mycoheterotrophs are
characterized by extreme specificity, contrasting
with the generally broad specificity pattern of most
mycorrhizal associations (see, e.g. Bidartondo
and Bruns 2002; Taylor et al. 2002; Leake 2004).
They involve ECM (Selosse et al. 2002a, b; Taylor
et al. 2002) or AM fungi (Bidartondo et al. 2002)
capable of forming simultaneous mycorrhiza
on adjacent green plants that are the ultimate
source of C for the mycoheterotroph. By taking
carbon through their mycorrhizal partner, MH
plants behave both as epiparasites on the green
mycoheterotrophic (MH) plants that support the
shared fungal partners with sugars (Leake 2004),
and as “cheaters” towards the mycorrhizal fungus
(Bidartondo 2005). The potential of mycorrhizal
fungi for the formation of multiple interfaces with
different neighbouring plants (see Sect. II.A.) is
most likely the premise for the invasion of both
ECM and AM by MH epiparasites (Leake 2004); in
addition, the photosynthetic plant interacts only
indirectly with the epiparasitic plant, and cannot
select against the epiparasitic plant without select-
ing against a fungal mutualist (Bidartondo 2005).
The significance of the unusually high specificity
of MH plants, featuring exclusive associations with
a single (or a narrow range of) fungal species even
when surrounded by numerous potentially alter-
native fungal symbionts, is far from clear (Gardes
2002; Taylor et al. 2002; Leake 2004; Taylor 2004)
but has been related to their strategy as cheating
parasites, since parasitism tends to favour speci-
ficity by selection for resistance and evolutionary
arms-races (Taylor and Bruns 1997; Taylor 2004).

Isotope-labelling experiments, coupled with
morphological observations and biomass mea-
surements in experimental microcosms with
and without mycelial interconnections between
autotrophs and mycoheterotrophs, have actually
demonstrated C flow via a shared ECM mycelium
from photosynthetic plants to either a Monotropa,
MH orchid or liverwort (Björkman 1960; Mc-
Kendrick et al. 2000a; Bidartondo et al. 2003).
However, the physiological mechanism for the
fungus-to-plant transfer remains unknown. Two
distinct pathways for C transport from fungi to
plants have been proposed: (i) the turnover of fun-
gal biomass, particularly intracellular hyphae, an
appealing option in cases such as the Orchidaceae
where there is massive intracellular colonisation

followed by hyphal collapse; and (ii) the transfer of
fungal compounds through ephemerally disrupted
membranes at the fungal–plant interface, more
likely in the Monotropoideae where there is
minimal intracellular penetration (Bidartondo
2005). Whether digestion of intracellular hyphae
by the plant may account for the entire amount of C
transferred from the photosynthetic to MH plant,
as well as for the rate of the process, remains un-
certain. Carbon flux from AM fungi to MH plants
also awaits demonstration (Bidartondo 2005).

Whatever the mechanism involved, MH plants
exemplify both the ability of mycorrhizal networks
to transport substantial quantities of C and
nutrients and the potential importance of these
networks for the control of species composition of
natural communities (Leake et al. 2004a). Evidence
has indeed been provided that in the absence of
their critical fungal partners, MH plants fail to
germinate and to establish (see, e.g. McKendrick
et al. 2000b), and the distribution of a single
mycorrhizal fungus can forcefully constrain the
establishment and resulting distribution of a MH
monotrope (Leake et al. 2004b).

Alongside plants that are obligately nonpho-
tosynthetic throughout their lifetime, others ex-
hibit an MH strategy during specific life stages.
This is, for instance, the case of the early devel-
opmental stages of germination of most orchids,
and the gametophyte stages of many ferns and ly-
cophytes, which can therefore be defined as ‘ini-
tially MH’ plants (Leake et al. 2004a). Some green
orchids also exhibit prolonged stages of adult dor-
mancy, consisting of periods of one or more years
where no sprouts are produced and no photosyn-
thesis occurs. A recent study on the genus Cypri-
pedium, which exhibits this phenomenon, indi-
cates that mycorrhizal specificity towards Tulasnel-
laceae is fairly high (Shefferson et al. 2005). Stud-
ies of natural isotope abundance have indicated
that fully MH plants have distinctive stable isotope
signatures (enrichment in both 13C and 15N) rel-
ative to co-occurring autotrophic plants (Gebauer
and Meyer 2003; Trudell et al. 2003), most sim-
ilar to the signatures of ECM fungi. Such a dis-
tinctive heavy-isotope enrichment has also been
found in some forest green-leaved orchids previ-
ously assumed to be autotrophs, thus indicating
that these plants, although photosynthetic, depend
at least in part upon fungal C (Gebauer and Meyer
2003). The term ‘mixotrophy’ has been proposed
(Selosse et al. 2004) to indicate this dual (photosyn-
thetic and mycoheterotrophic) strategy in the or-
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chid genera Cephalanthera, Epipactis and Limodo-
rum, which accompanies ectomycorrhizal associ-
ation and, hence, connection to a CMN linking to
surrounding trees (Bidartondo et al. 2004; Selosse
et al. 2004; Julou et al. 2005; Girlanda et al. 2006b).
Green forest orchids that grow in deeply shaded
forest habitats likely experience reduced photo-
synthetic efficiency in a shaded environment. For
C. damasonium, the amount of carbon obtained
from fungi was estimated (by variation in stable
isotope abundance) to span a quite wide range,
from ca. 85% (Gebauer and Meyer 2003) to 30–50%
(Bidartondo et al. 2004; Julou et al. 2005), suggest-
ing a strong influence of the environment on the
relative contribution of autotrophic photosynthe-
sis and heterotrophism to the carbon metabolism of
mixotrophic orchids. These findings parallel a vari-
able extent of mycobiont specificity in green forest
orchids (Bidartondo et al. 2004; McCormick et al.
2004; Julou et al. 2005), implying that the degree of
specificity to a given fungal symbiont may mirror
the degree of heterotrophy and nutritional depen-
dency for carbon, possibly as a function of envi-
ronmental conditions. By supplying mycobiont ex-
traradical mycelium with 13C-labelled glycine and
shoots with 14CO2, bidirectional transfer of C was
recently demonstrated between the green forest or-
chid Goodyera repens and its fungal symbiont Cer-
atobasidium cornigerum (Cameron et al. 2006).

Taken together, these findings suggest that
whilst achlorophyllous plants are necessarily
bound to heterotrophy, and mycoheterotrophy
likely represents an extreme ‘cheating’ type of
mycorrhiza (Bidartondo et al. 2002), a continuum
of C transfer from fungi to plants possibly exists,
with some chlorophyllous plants obtaining part of
their carbon heterotrophically. Although evidence
for interplant C transfer between fully autotrophic
species is not that compelling as yet, the multiple
evolutionary origins of mycoheterotrophy as well as
the occurrence of mixotrophic plants occupying an
intermediate position in a likely gradient between
full autotrophy and full mycoheterotrophy suggest
that plant-to-plant carbon transfer via mycorrhizal
fungi may be a much more universal phenomenon
than usually recognized (Leake et al. 2004a).

C. . . . and what Ecological Significance
for the Mycorrhizal Fungi?

Within this framework, hardly anything is known
about the significance of CMNs in fungal ecol-
ogy, a situation that reflects our limited knowledge

of the biology of these microorganisms. Even in
well-characterized situations such as those involv-
ing fully MH plants, the characteristics of fungi
targeted by successful mycoheterotrophs remain
a matter of speculation (Bidartondo 2005), as do
possible benefits derived by the fungus from the
association (e.g. see Bidartondo et al. 2000). The
great majority of the work on CMNs has focused on
the benefits and consequences for the aboveground
plant community (Fitter et al. 1999), while the ‘my-
cocentric’ perspective on CMNs (i.e. an inverted
mycorrhizosphere, or networks of fungi linked by
shared trees) has been neglected in terrestrial ecol-
ogy, largely biased towards a ‘phytocentric’ view
(Selosse et al. 2006).

V. Conclusions

In the last decade, application of modern tech-
niques and innovative combinations of method-
ological approaches has yielded valuable new in-
sights on the roles played by mycorrhizal fungi in
natural communities, and the mechanisms under-
lying such fungal processes. A picture has emerged
of greater than expected plasticity of these symbi-
otic organisms, which have therefore multiple po-
tential of impacting their hosts from the molecu-
lar to the ecosystem level. By facing the challenge
posed by natural complexity, mycorrhizal research
has thus featured substantial advances towards eco-
logical relevance (Read 2002). Due to their key po-
sition at the plant–soil interface, mycorrhizal fungi
must be taken into account in the study of ecosys-
tem impacts of multifactorial global changes in-
cluding elevated atmospheric gas concentrations,
increased atmospheric deposition of nutrients such
as nitrogen, climatic variations, and invasions by
exotic species (see, e.g. Rillig et al. 2002). Further
efforts to place the mycorrhizal function within this
broader context will be invaluable in predicting the
future impacts of global environmental change on
terrestrial ecosystems.
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I. Introduction

A. Fungal Natural Products:
From Mycotoxins to Antibiotics

Among the most fascinating and important proper-
ties of fungi is their ability to produce a tremendous
variety of so-called secondary metabolites that dis-
play a broad range of biological activities (De-
main et al. 2005). Fungi are widely known for the
production of compounds that have a deservedly
negative reputation due to their activities as car-
cinogens or mammalian toxins (mycotoxins). Such
compounds include aflatoxins, ochratoxins, citre-
oviridin, trichothecenes, fumonisins, and various
indole-derived tremorgenics (Miller and Trenholm

1 Department of Chemistry, University of Iowa, Iowa City, IA 52242,
USA

1994; Cole and Schweikert 2003). In general, myco-
toxins are not inherently more toxic than natural
products from bacteria, plants, or other sources,
but they are much more problematic because of
their widespread occurrence as contaminants of
food for humans and livestock, as well as indoor
environments (Jarvis 2003; Jarvis and Miller 2005).
Knowledge of mycotoxin chemistry is essential to
efforts to monitor and reduce the levels of exposure
to such compounds.

On the other hand, numerous important phar-
maceuticals have also been discovered through
studies of fungal chemistry (Masurekar 2005;
Demain et al. 2005). This dichotomy is indicative
of the diversity of bioactive compounds that fungi
can produce. Despite a decrease in resources
invested in industrial natural product discovery
research in the USA over the last 25 years, natural
products in general continue to be among the most
important therapeutic agents and lead compounds
in medicine (Cragg and Newman 2000; Newman
et al. 2000, 2003). While the extent of their roles
varies from one therapeutic area to another, nat-
ural products have been particularly important in
the development of effective therapies for cancer,
malaria, bacterial and fungal infections, and CNS
and cardiovascular diseases (Newman et al. 2000).
For example, over 60% of all drugs in clinical
trials against cancer as of 2003 are either natural
products, or are derived directly or indirectly from
natural product leads (Cragg and Newman 2005).
This is particularly impressive when one considers
the many other intensively investigated approaches
to the discovery of anticancer therapeutics. Natural
products from various sources show both proven
utility and promise in agriculture as well (Duke
et al. 2003; Rimando and Duke 2006).

Fungi are particularly prolific sources of
biologically active natural products (Peláez 2005).
Many billions of dollars in annual sales of phar-
maceuticals of various types can be traced to
fungal natural product chemistry (Demain et al.
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2005). Antibacterial agents such as penicillins
and cephalosporins are perhaps the best known
examples, but a variety of other compounds with
distinctive pharmacological activities have also
been discovered as fungal metabolites.

A textbook example is provided by mevinolin
(= mevacor = lovastatin), the lead compound in
the development of the so-called statin class of
cholesterol-lowering drugs. Lovastatin was at one
point a billion-dollar drug, and is still a useful
product, though it is now off-patent. A slight
structural modification of lovastatin afforded
Zocor® (= simvastatin), an even more lucrative
“blockbuster drug” product with over US$5 bil-
lion/year in sales (until it also went off-patent
in 2006). Other medically important compounds
include cyclosporin, mycophenolic acid, and the
ergot alkaloids. Many other fungal metabolites
have been discovered as potential pharmaceuticals
or leads thereto, with a wide range of pharmaco-
logically relevant activities in mechanism-based
and whole-organism assays (Caporale 1995; Ma-
surekar 2005). A recent commercialized example
is provided by Cancidas® (= caspofungin; Keating
and Figgitt 2003), a member of the pneumocan-
din/echinocandin class of cyclic peptide fungal
metabolites. Cancidas® was introduced by Merck
in 2001 upon approval as a treatment for refractory
invasive aspergillosis, and represented the first
new class of systemic antifungal agents to enter the
market in 25 years. This example also illustrates
the intriguing fact that fungi can serve as sources
of useful antifungal agents. In fact, a survey of
the literature on bioactive fungal metabolites
during the period from 1993–2001 (718 references)
revealed that antifungal activity was the most
common biological effect reported (Peláez 2005),
although, as noted by the author, this is likely due
at least in part to the modest resources needed
for such assays. Fungi are effective in producing
compounds with activity in assays relevant to
other therapeutic areas as well, such as HIV
(Singh et al. 2005). Fungal products also show
considerable potential as natural agrochemicals
(Gardner and McCoy 1992; Anke and Sterner 2002;
Peláez 2005; Liu and Li 2005), with important
examples including nodulisporic acids (insecti-
cides/antiparasitics), strobilurins (fungicides),
and various phytotoxins (herbicides).

The practical advantages of fungi as sources
of useful natural products are well documented.
Fungal metabolites are renewable resources,
and methods for large-scale production of im-

portant fungal metabolites can be developed
using established techniques. Modification of
metabolite structure and dramatic improvements
in metabolite production efficiency can be ac-
complished through strain mutation, medium
variation, and optimization of culture conditions
(Masurekar 2005). For example, manipulation of
metabolite-producing cultures eventually resulted
in a 6,000-fold improvement in penicillin produc-
tion (Demain 1992), and a 900-fold improvement
in compactin production (Chakravarti and Sahai
2004). Thus, although these steps are not trivial,
promising metabolites isolated from fungi can
be made available on a practical scale through
application of existing technology. Of course, such
compounds can also be used as models in the
development of synthetic or semisynthetic deriva-
tives or analogs that may have improved activity
or other more desirable properties, as has been the
case for penicillins, cephalosporins, and lovastatin
(Demain et al. 2005). In addition, considerable
advances are being made in development of
techniques for exploiting the genetics of microbial
biosynthesis (Khosla and Keasling 2003; Du et al.
2003; Keller et al. 2005; Wang et al. 2005). The
discovery of fungi that express new biosynthetic
pathways of interest can provide valuable new “raw
material” for research in this area.

Of course, the odds against finding a truly
useful agent are daunting. On average, it requires
approximately 12 years and is estimated to cost
over US$800 million to develop and bring to
market a new drug, and thousands of candidate
compounds are dropped for every one that ul-
timately reaches the market (Anonymous 1995;
DiMasi et al. 2003; Barton and Emanuel 2005).
Even so, the potential payoff, and the track
record of fungi as sources of useful compounds
have fostered continued industrial interest in
fungal natural products chemistry within many
screening programs. In recent years, it has become
increasingly difficult to find new bioactive natural
products from microbial sources because of the
extensive screening efforts that have already taken
place. In fact, the need to dereplicate cultures,
i.e., to weed out well-known metabolites that
are responsible for positive results in a bioassay
(Harris 2005; Dinan 2005; Hansen et al. 2005), is
a source of tremendous expense and frustration
(Corley and Durley 1994), and is viewed by many
as a significant negative feature of continued
screening efforts. Part of this problem stems from
long-term reliance on screening of sheer numbers
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of actinomycetes and common fungi isolated
mainly from soil samples as sources of bioactive
metabolites, while other, less widely studied niche
groups have been largely neglected. Inattention
to the specific types of organisms chosen for
screening and the habitats from which they are
isolated, together with disinterest in fungi that
are slow-growing, more difficult to isolate, and/or
difficult to adapt to standard liquid fermentation
protocols, combine to exacerbate the problem.
Thus, many taxonomic and ecological groups of
fungi have not been systematically explored for
useful secondary metabolites, despite literature
evidence that directly or indirectly indicates their
potential in this area.

The fungi provide almost limitless potential for
metabolic variation. Fungi rank second only to the
insects in estimated species biodiversity. Conser-
vative estimates suggest that there are likely to be
over 1.5 million fungal species, of which only ca.
5% have been described (Hawksworth 1991, 2001).
This is over five times the number of predicted
plant species, and 50 times the estimated number
of bacterial species (Hawksworth 1991). In recent
years, an element of urgency has been conferred
upon studies of the chemistry of certain fungi for
the same reasons often cited to rationalize appeals
for accelerated studies of plant chemistry, i.e., con-
cerns about the loss of biodiversity (Balandrin et al.
1993). Many endangered plant and insect species
are associated with specific fungal flora, and loss
of those species would also result in a concomitant
loss of fungal species.

The importance of seeking isolates for in-
dustrial screening programs from relatively
unexplored niche groups or substrates has been
recognized (Monaghan and Tkacz 1990; Miller
1991; Dreyfuss and Chapela 1994; Bills 1995; Capo-
rale 1995), and a number of programs have made
significant efforts to expand their scope in order to
include such isolates. However, the primary objec-
tive of this chapter is to provide specific examples
of how observations in fungal ecology can be
linked to the search for bioactive natural products
that may be useful in medicine or agriculture.

This chapter is an updated version of one that
appeared in the previous edition in this series
a decade ago (Gloer 1997). Examples from the
literature will again be cited, with most taken from
more recent literature. As before, emphasis will be
placed on results from our own research program
that demonstrate the potential value of this kind
of approach as a complement to those typically

taken in random screening programs. Detailed
chemistry results from our program that were
described in the 1997 volume will not be repeated
here, although overall summaries will be provided.
Instead, descriptions of results from our laboratory
will focus on highlights of explorations undertaken
since the appearance of the earlier edition.

B. Chemical Ecology: A General Guide
to Natural Product Discovery

It is widely accepted that natural products play im-
portant roles in the ecology of many different types
of organisms. It is also well known that studies of
these types of ecological phenomena can lead to
the discovery of novel natural products that have
bioactivities of potential practical importance.
Examples include compounds produced by plants
that serve as chemical defenses against herbivores
(Harborne 1987), and metabolites produced
by marine invertebrates that deter attacks by
predators (Harper et al. 2001). Many instances of
the involvement of chemical agents in attack and
defense are known among other groups as well,
such as insects and amphibians (Daly 1998). By
contrast, relatively little is known of the chemical
ecology of microbial ecosystems. Principles of
chemical ecology would suggest that slow-growing
fungi inhabiting competitive niches, or those that
produce long-lived physiological structures, would
experience considerable evolutionary pressure
to produce antagonistic secondary metabolites
that could play roles (offensive or defensive) in
their ecology. Even so, as noted above, many
competitive niches have not been widely sampled,
and slower-growing fungi are often overlooked or
discarded by screening programs.

As suggested by a number of researchers, there
is ample evidence to suspect that the search for
bioactive agents from fungi may be aided by appli-
cation of ecological rationale (Wicklow 1981; Mon-
aghan and Tkacz 1990; Dreyfus and Chapela 1994;
Caporale 1995; Gloer 1995a, b; Anke et al. 1995; Eck-
erman and Graham 2000). Fungi commonly thrive
in competitive environments, and it is often hy-
pothesized that some of their secondary metabolic
capabilities may be influenced by selection pres-
sures exerted by other organisms. However, the ma-
jority of known bioactive fungal natural products
have been discovered through industrial programs
that involve mass random screening of unchar-
acterized isolates using laboratory fermentation
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conditions. Choices of isolates for chemical inves-
tigation are based strictly on bioassay results, as
are metabolite isolation procedures. Most modern
industrial programs utilize an extensive array of
specialized, often proprietary biological assays for
activity against specific molecular, cellular and/or
whole-organism targets. Advances in assay minia-
turization and robotics permit extremely high
throughput in many of these screens. Because of
the sheer numbers of samples needed to satisfy the
capacity of these assays, such programs can rarely
provide support for ecological or taxonomic inves-
tigations of the organisms being screened, let alone
studies of the possible roles of their metabolites.

The most important fungal secondary metabo-
lite discoveries in recent years have been due to
the creative development and implementation of
bioassays, rather than to chemical studies of rare or
specially selected types of fungi. For example, once
an assay for inhibitors of HMG-CoA reductase was
selected and developed, many fungi were found
that produced lovastatin and/or close analogs
thereof (Chakravarti and Sahai 2004). Similarly,
assays for 1,3-β-D-glucan synthase inhibitors have
proven to be effective in leading to discovery of
various members of the powerful echinocandin
class of antifungal agents (Barrett 2002; Wieder-
hold and Lewis 2003). Many other architecturally
complex fungal metabolite-types with potent
biological effects (e.g., trichothecenes, destrux-
ins, cytochalasins, paspalinines, cyclosporin A,
mycophenolic acid) have been found to occur
as metabolites of disparate fungal taxa. On the
other hand, a considerable number of bioactive
metabolites have been reported only from a single
species or a single isolate. The latter cases pro-
vide supporting arguments for studies targeted
toward rare fungal taxa or relatively unexplored
ecosystems. Secondary metabolite profiling of
isolates being surveyed can be valuable in quickly
recognizing known compounds and providing
useful taxonomic information, and can also afford
important clues about which species might be
producing unknown metabolites (Frisvad 1989;
Larsen et al. 2005). However, bioassay-guided
fractionation remains the paradigm of natural
product discovery in most laboratories.

Examples of fungal chemicals likely to be
associated with ecological phenomena include
toxic mushroom metabolites that are presumed
to play roles in defending fruiting bodies from
fungivores, phytotoxins from plant pathogenic
fungi that play roles in disease processes, in-

secticidal metabolites responsible for the toxic
effects of entomopathogenic fungi, and the ergot
alkaloids, chemical defenses found in the ergot of
Claviceps spp. and in certain grasses as metabolites
of fungal endophytes. Chemical investigations of
such sources could be viewed as “ecology-based”
approaches leading to the discovery of fungal
metabolites with somewhat predictable types
of bioactivities. Studies of such phenomena are
complementary to random screening because they
incorporate rationale into the process of selecting
fungi for chemical study. This kind of approach is
particularly well suited to academic laboratories
because resources for efficient mass screening
on-site in an appropriately wide variety of assays
are not typically available in academia. Realisti-
cally, throughput limitations in most academic
laboratories, coupled with longer turnaround time
for results and a somewhat more diverse (e.g.,
educational) mission, preclude true direct com-
petitiveness with industrial in-house microbial
chemistry programs. Ultimately, collaborations
with industry are essential if compounds are to be
fully evaluated. However, application of rationale
at the beginning of the screening process limits
the number of organisms that need to be investi-
gated, reduces costs, facilitates dereplication, and
permits evaluation (and subsequent result-based
modification) of a hypothesis. Our own work has
illustrated that such rationale can be very effective
in leading to the isolation of new (and patentable)
fungal metabolites with antifungal or antiinsectan
activity, as well as other effects. Although we have
not yet demonstrated through our own work that
such an approach can lead to marketable products,
application of ecological rationale in the search for
novel bioactive fungal products may well result in
findings with practical utility.

There are many elements of natural product
science and efforts to apply ecological principles
to the search for bioactive fungal metabolites
that seem somewhat incongruous with typical
approaches to commercial product development.
Even if one assumes that some metabolites have
evolved because they play a role in the life cycle of
the producing species, the natural targets of these
molecules are likely to be different from those of
greatest interest in medicine. Such molecules are
also unlikely to have built-in properties suitable for
desirable pharmacokinetics. Furthermore, while
focus in the search for new pharmaceutical or
agrochemical agents is typically placed on a desire
for discovery of extremely potent “magic-bullet”
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compounds, natural functions that secondary
metabolites might serve do not necessarily require
high levels of potency or specificity, nor do they
even require single entities. Synergistic effects
occur commonly in nature, but can be difficult to
sort out, and are much more complicated to take
advantage of in pharmaceutical development. It
could be argued that defensive or antagonistic
effects exerted by cocktails of moderately active
compounds with differing modes of action would
be more effective against predator or competitor
organisms because evolution of resistance to such
mixtures would be more difficult. It is interesting
to note that some recently marketed pharmaceu-
tical products (including Vytorin®, a successor to
Zocor® as a cholesterol-lowering drug) are actually
mixtures of compounds that have different modes
of action. Despite these incongruities, application
of ecological considerations to the search for new
bioactive natural products provides rationale for
targeting certain organisms or types of organisms
that reduces the level of randomness in the process,
while leading to new information about potential
natural roles of secondary metabolites, as well as
new tools for ecological studies.

II. Observations in Fungal Ecology
Associated with the Production
of Bioactive Metabolites

A. Competitive or Antagonistic Interactions

Competitive and/or antagonistic interactions
among fungal species constitute a general category
of effects that are widely recognized to occur in
nature (Shearer 1995), and also are among the
most straightforward to attribute to secondary
metabolites. Antagonism between species of
naturally competing fungi has been reported in
virtually every fungal ecosystem. Examples include
coprophilous (Wicklow 1992a, b), carbonicolous
(Wicklow and Hirschfield 1979a), lignicolous
(Strunz et al. 1972; Boddy 2000), phylloplane
(Fokkema 1976), rhizosphere (Carroll 1992),
marine (Strongman et al. 1987), and freshwater
aquatic fungi (Shearer and Zare-Maivan 1988). It
has long been proposed that such interactions are
important factors in determining the organization,
composition, and pattern of succession within
these ecosystems (Webster 1970; Wicklow 1981).
The mechanism of antagonism often appears to

involve the production of a chemical agent (or
agents) by one species that inhibits the growth
of another, but many such reports have not
been followed up by studies of the chemistry
associated with these phenomena. Chemical
studies of this nature have significant appeal, since
the metabolites responsible for these effects are
essentially natural antifungal agents. The need
for new antifungal agents in both medicine and
agriculture continues to grow. Although effective
topical antifungal agents are relatively abundant,
many types of topical fungal infections recur after
cessation of treatment, and others (e.g., nail infec-
tions) are particularly difficult to treat effectively
(Baker et al. 2005). More importantly, very few
drugs are available that are therapeutically useful
in the treatment of systemic fungal infections
(Richardson and Marriott 1987; Balkovec 1998;
Wong-Beringer and Kriengkauykiat 2003). Fungal
diseases have become increasingly common, and
there are several risk groups of growing popu-
lation (e.g., AIDS and chemotherapy patients)
that are particularly susceptible to opportunistic
fungal infections (Koltin 1990; Wong-Beringer
and Kriengkauykiat 2003). Moreover, resistance
to existing antifungals has become problematic
(Anderson et al. 2003). New agriculturally useful
fungicides are also being continually sought. It can
be argued that fungi are logical sources to explore
in search of agents that regulate fungal growth,
interact with important fungal receptors, or mod-
ulate the activities of key fungal enzymes. Indeed,
several particularly promising antifungal leads
have been isolated from fungal sources, including
echinocandins, pneumocandins, sordarins, and
papulacandins, and, as noted above, there are
antifungal agents in use in both clinical and
agricultural settings that are based on compounds
originally obtained from fungal sources.

Our initial chemical studies of antagonistic in-
teractions involved investigations of coprophilous
(dung-colonizing) fungi (Malloch 1981). These
fungi were targeted in part because of their
well-documented successional patterns on natural
substrates (i.e., replacement of early-occurring,
fast-growing colonists by later, slower-growing
competitors; Harper and Webster 1964; Webster
1970; Angel and Wicklow 1983), along with spo-
radic, but tantalizing reports of antagonism among
such species that were presumed to be due to the
production of antagonistic agents (Harper and
Webster 1964; Ikediugwu and Webster 1970a, b;
Singh and Webster 1973;Wicklow and Hirschfield
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1979b). From an evolutionary perspective, it seems
logical that slower-growing colonists might evolve
mechanisms that help to eliminate fast-growing,
nutrient-consuming competitors from the local
substrate. Additional support for the concept of
targeting coprophilous fungi was based on their
taxonomic distinctiveness that is, in turn, asso-
ciated in a significant way with their adaptations
to this niche. Few coprophilous species had been
previously studied from a chemical standpoint
prior to our work, and it is, of course, appealing
for a natural product chemist to explore a source
that has not been previously investigated, since the
probability of finding new agents would likely be
higher under such circumstances.

Based on these and other considerations
outlined in greater detail in the earlier volume
(Gloer 1997), we targeted certain types of mid- to
late-successional coprophilous fungi as potential
sources of antifungal agents. In petri plate compe-
tition assays carried out in our laboratories, over
60% of the coprophilous isolates surveyed dis-
played inhibitory effects toward competitor fungi
at a distance. The vast majority of these cultures
represented genera and/or species for which no
chemistry had been previously reported. Chemical

Fig. 15.1. Some representative new metabolites from coprophilous fungi (1–9)

studies focusing on the antagonistic isolates were
undertaken, and this work afforded a variety of new
biologically active natural products, many of which
displayed antifungal effects. Our early chemistry
results in this area have been reviewed previously
(Gloer 1997), but studies of coprophilous fungi
in our laboratory have continued to afford new
bioactive metabolites, and selected representatives
encountered in more recent years are included in
Fig. 15.1. Studies of Sporormiella vexans afforded
a set of new aromatic metabolites called sporovex-
ins (e.g., 1), along with a previously unreported
preussomerin analog (2; Soman et al. 1999a).
Preussomerins are intriguing and unusual struc-
tures that display a variety of biological effects, in-
cluding antifungal activity. The first representatives
of this class were originally reported by our group
from a different coprophilous fungus (Preussia iso-
mera; Weber and Gloer 1991). Podospora communis
produced a series of at least eight novel polyketide-
derived metabolites with furanone, cyclopen-
tanoid, furanofuran, and furanocyclopentanoid
structures (e.g., 3–5; Che et al. 2004a, 2005). The
variety of structural types and different ring sys-
tems arising from an apparent common biogenetic
precursor was particularly impressive in this in-
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stance. Bombardioidea anartia afforded a series of
new anti-Candida furanones called bombardolides
(e.g., 6), as mixtures of geometric isomers that
could not be separated (Hein et al. 2001). Further
examples include cyclic peptides (e.g., 7), addi-
tional polyketides (e.g., 8), and terpenoid-derived
metabolites (e.g., 9; Che et al. 2001, 2002b).

Some of the new compounds encountered
in this project showed potent activity against
competitor fungi (MIC values < 5 μg/ml), and/or
activity against more medically relevant organisms
such as Candida albicans or Aspergillus flavus.
Naturally, known compounds were also encoun-
tered, and some of the new metabolites are closely
related to compounds that were previously known,
but others contain some quite novel structural
features. In many instances, these findings arose
from studies of fungal species for which no
prior chemistry had been described. Given the
high incidence of antifungal activity and new
chemistry among these isolates, the probability of
encountering more promising activity or useful
lead structures through further studies of the
chemistry of coprophilous fungi seems high.
Indeed, other research teams have also had success
in targeting coprophilous fungi as sources of
bioactive metabolites (Ondeyka et al. 1998; Macias
et al. 2001; Segeth et al. 2003; Singh et al. 2003;
Ridderbusch et al. 2004; Weber et al. 2005; Lehr
et al. 2006).

Although the results above demonstrate that
antifungal activity is a logical and effective primary
target assay, agents with antifungal activity often
exhibit other potentially useful biological effects.
For example, cyclosporin was originally isolated
from a Tolypocladium sp. as an antifungal agent
(Masurekar 2005). Cyclosporin is now a vitally im-
portant immunosuppressive drug, and a valuable
pharmacological tool.

The studies summarized above involved only
a small subset of organisms isolated from only
one of many niches in which interference com-
petition among fungal competitors has been re-
ported. Naturally, the success of this project led us
to consider exploration of antagonistic fungi from
other ecosystems. Another underexplored ecolog-
ical group that parallels the coprophilous niche as
a reasonable choice in many respects consists of
the freshwater aquatic fungi. Freshwater aquatic
fungi are similarly underexplored from a chemical
standpoint, have been reported to show antagonis-
tic activity toward competitors in some instances
(Shearer and Zare-Maivan 1988), and are taxonom-

ically and morphologically distinctive (Goh and
Hyde 1996). Initial investigations reviewed previ-
ously led to the discovery of several new bioac-
tive natural products (Gloer 1997). Further stud-
ies of antagonistic freshwater aquatic fungal iso-
lates in our laboratory have continued to afford
novel metabolites with unusual chemical structures
and/or significant biological activities.

While a small number of other research groups
have also published in this area (Schlingmann and
Roll 2005; Dong et al. 2005), some recent examples
from our own ongoing work are shown in Fig. 15.2.
An isolate of Massarina tunicata was particularly
prolific, producing multiple new metabolites rep-
resenting different polyketide-derived structural
classes (Oh et al. 1999a, 2001, 2003) exemplified
by structures 10–12. Dendrospora tenella produced
a series of new antibacterial diphenyl ether deriva-
tives (e.g., 13; Oh et al. 1999b). Ophioceras venezue-
lense was found to produce a series of monocyclic
tetrahydropyran-type compounds (ophiocerins A–
D; e.g., 14, 15; Reátegui et al. 2005). Surprisingly,
despite their simplicity and abundance in culture,
these compounds had not been previously encoun-
tered as natural products. This species also afforded
a new africanene sesquiterpenoid (16) that was of
interest not only because it has a rare skeleton,
but also because it is the first member of this ter-
penoid group to be encountered from a microbial
source. The new species Annulatascus triseptatus
produces a series of simple, yet previously unre-
ported, polyketide-derived pyrones and furanones
(annularins; 17–19), some of which show antibac-
terial activity (Li et al. 2003a). The fused pyrone–
furanone system in annularin F (18) had not been
previously reported. An unidentified member of
the family Tubeufiaceae afforded several new al-
tenuene analogs (e.g., 20; Jiao et al. 2006a), while in-
vestigations of an isolate of Decaisnella thyridioides
yielded a series of five new palmarumycin-type
compounds called decaspirones (e.g., decaspirone
A, 21) with significant activity against A. flavus
(Jiao et al. 2006b). Studies of the aero-aquatic fun-
gus Helicodendron giganteum led to the discovery
of three more new antifungal metabolites (heli-
conols; e.g., 22) possessing another unusual ring
system (Mudur et al. 2006a).

Many of the fungal isolates explored during the
course of this project represent rare and/or previ-
ously undescribed genera and species. Our results
to date, only a portion of which have been pub-
lished, include the first secondary metabolite struc-
tures ever described from members of the genera
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Fig. 15.2. Some representative new metabolites from freshwater aquatic fungi (10–22)

Anguillospora, Annulatascus, Decaisnella, Helico-
dendron, Kirschteiniothelia, Pseudoproboscispora,
Dendrospora, Ophioceras, Massarina, Aniptodera,
and Pyramidospora.

Analogous studies of other niche groups that
commonly display interspecies antagonism can be
similarly fruitful. Studies of wood-decay fungi that
show antagonistic effects have afforded a number
of agents that could be useful in controlling eco-
nomically important wood-rotting fungi (Strunz
et al. 1972; Ayer and Miao 1993; Ayer and Kawahara
1995). In other cases, individual niche groups are
targeted for chemical studies mainly because of the
distinctiveness of the niche, rather than because of
specific indications of antagonistic effects. This is
exemplified by the rapidly increasing number of re-
ports of chemistry from marine fungal isolates (Lin
et al. 2001; Proksch et al. 2003; Rowley et al. 2003;
Bugni and Ireland 2004; Oh et al. 2005; Bhadury

et al. 2006; Boot et al. 2006; Cueto et al. 2006; Koenig
et al. 2006), and from other, narrower niche groups,
such as mangrove (Lin et al. 2001, 2002; Chen et al.
2003) and lichenicolous (Hawksworth et al. 1993;
Bills et al. 2000; Seephonkai et al. 2002; He et al.
2005; Lin et al. 2005) fungi.

It is interesting to consider whether antifun-
gal metabolites produced by antagonistic fungal
species occur under natural conditions, since this
would be a requirement in order for them to play
some role in the ecology of the producing species.
Studies of this kind of issue are unfortunately rare,
but there are exceptions. For example, it has been
demonstrated that the antifungal agent sordarin
(Odds 2001), produced by a coprophilous fungus,
is indeed produced in the natural substrate (We-
ber et al. 2005). It has also been shown that some
species produce active metabolites under a certain
set of laboratory culture conditions only when chal-
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lenged with microbial competitors (Oh et al. 2005).
However, it is difficult to demonstrate true roles
for such compounds in nature with confidence.
Detailed individual case studies would be partic-
ularly valuable in shedding light on the ecology
of interspecies interactions, and relating ecological
observations directly to chemistry produced by in-
dividual organisms under specific circumstances.
Nevertheless, efforts in this area must be balanced
with the broader interest in discovery of potentially
useful new chemistry. Because our primary focus is
on the search for new chemistry of potential value
in medicine or agriculture, it is unfortunately im-
practical for us to investigate in depth the roles of
the metabolites we encounter in most instances.
However, the following section describes a project
wherein the potential roles of metabolites were in-
vestigated in somewhat greater detail.

B. Resistance of Key Fungal Structures
to Fungivory or Microbial Attack

The vast majority of known fungal metabolites are
produced in liquid fermentation cultures under
conditions very different from those encountered
by the fungi in nature. Although little is known
about possible functions these compounds may
have within the producing organisms, there is
frequently a close correlation between secondary
metabolite production and morphological dif-
ferentiation in liquid culture (Bennett 1983).
Interestingly, many fungi produce morphological
structures under natural conditions (or on solid
substrates in the laboratory) that are not generally
formed in liquid cultures. Such structures include
various fruiting bodies, sclerotia, and stromata.
If there is secondary chemistry associated with
such structures, it is reasonable to expect that such
chemistry may not manifest itself under conditions
under which these bodies are not formed.

Our own studies in this area focused on
important fungal survival structures (sclerotia
and ascostromata) that are exposed to potential
predators (fungivorous insects) under natural
conditions. Our results indicated that fungal
sclerotia and ascostromata often contain unique
antiinsectan metabolites that may help to protect
them from predation (see below). This work was
characterized by a particularly high incidence of
previously undescribed natural products, even in
cases where the producing fungi had significant
histories of prior chemical investigation.

A considerable body of direct and circumstan-
tial evidence for the production by fungi of chemi-
cal defenses against predation had been previously
compiled and reviewed (Wicklow 1988a). Fungal
toxins are often implicated as possible defenses in
a general sense, but relatively few detailed studies of
the chemistry involved have been reported. There
are many reports of grazing preferences among
fungivores. For example, mycelia or fruiting struc-
tures of certain fungi are known to be avoided
by fungivorous insects or arthropods (Curl et al.
1985; Shaw 1992; Wicklow 1992a). The presence of
bioactive secondary metabolites is often invoked
or implicated in these phenomena, and agents re-
sponsible for the observed effects have occasionally
been identified (Wicklow 1988a; Bernillon et al.
1989; Koshino et al. 1989). Some fungivores ap-
pear to have evolved detoxification mechanisms al-
lowing them to consume, and sometimes special-
ize in consuming, toxin-producing fungi (Wick-
low 1988a; Dowd and VanMiddlesworth 1989; Shaw
1992). There is also evidence that some advantages
may be conferred on certain fungi upon moder-
ate grazing by fungivores (e.g., inoculum disper-
sal; Stevenson and Dindal 1987; Shaw 1992). Many
other instances of selective grazing or refusal of
fungi by individual mycophagists could be cited.

1. Claviceps Ergot

Considering the observation that the concentra-
tion of plant defensive metabolites is often highest
in reproductively important plant parts (Rhodes
1985), it seems logical to initiate discussion of fun-
gal “chemical defenses” by considering physiolog-
ical structures that are particularly important to
fungal survival. One precedent provides a particu-
larly useful introduction. The ergot alkaloids com-
prise a class of medicinally useful compounds that
were originally isolated from the ergot (sclerotia) of
Claviceps purpurea (Mantle 1978; Masurekar 1992),
a parasitic fungus found on many species of cereal
plants. This class of compounds exhibits a wide ar-
ray of physiological activities, and many ergot alka-
loids have found medicinal uses (Floss 1976; Stadler
and Giger 1984). Chemical studies of Claviceps were
not based on a general interest in sclerotial metabo-
lites, but rather were stimulated by the long-term
implication of ergots in poisonings of humans and
livestock. It is especially significant that the ergot
alkaloids were originally found only in the sclero-
tia of the fungus (Mantle 1978). Claviceps sclerotia
are not formed in liquid fermentation cultures, and
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many of the fungal ergot alkaloids would not have
been discovered through screening of liquid cul-
tures alone. The medicinal importance of the ergot
alkaloids has led to the gradual development by the
pharmaceutical industry of Claviceps strains that
produce some of the compounds in liquid fermen-
tations, but even in these cultures, alkaloid produc-
tion is associated with “sclerotial-like” cells (Mantle
1978). It has been proposed that the evolutionary
development of the ergot alkaloids may have been
guided at least partly by selection pressures exerted
by herbivores (Kendrick 1986; Wicklow 1988a).

2. Sclerotia of Other Fungi

There is, of course, no reason to believe that
production of bioactive sclerotial metabolites is
limited to Claviceps. Several literature reports
afford circumstantial evidence that sclerotia
produced by other fungi contain biologically active
metabolites. These fungi include species of Scle-
rotinia, Sclerotium, Verticillium, Macrophomina,
and Aspergillus (Tanda et al. 1968; Morrall et al.
1978; Wicklow and Cole 1982; Wicklow et al. 1988).

Sclerotia, in general, are specially adapted,
multicellular structures produced by certain fungi
as a survival mechanism (Willets 1971, 1978;
Coley-Smith and Cooke 1971). These durable
resting bodies can survive periods of dry, nutrient-
poor conditions that other fungal parts cannot
withstand. They then serve as vital sources of
primary inoculum for the fungi when conditions
again become favorable for growth. Generally,
sclerotia survive under more severe conditions
and for longer periods than any other kinds of
fungal bodies, sometimes remaining viable in
soil for periods of several years. Sclerotia are by
far the largest fungal propagules, ranging in size
from 30 μm to several cm, depending on species,
and their germination frequently results in the
generation of very large quantities of inoculum.
Thus, sclerotia represent a substantial metabolic
investment for the producing fungi.

It is interesting to consider how the presence
of bioactive metabolites could impact on sclero-
tial survival (Wicklow 1988a). Sclerotia typically
form in fungus-infected plant tissues, and are sep-
arately dispersed onto the soil surface or remain
attached to decaying plant parts. Soil is heavily
populated with insects and other invertebrates (Ke-
van 1965), many of which are known to consume
fungi (Wicklow et al. 1988). A dormant (or germi-
nating) sclerotium would represent a substantial

nutrient reward for an insect predator, especially
since sclerotia possess a much higher nutrient con-
tent than the unorganized mycelium (Willets 1971).
Sclerotia damaged by insect larvae are much more
susceptible to microbial decay than are undamaged
sclerotia (Baker and Cook 1974). Thus, if sclerotia
commonly contain metabolites that somehow limit
feeding by insects, this property could clearly influ-
ence the longevity of these important fungal bodies.
Based on parallel observations in plant chemical
ecology (e.g., allocation of defensive metabolites
to seeds; Rhodes 1985), there is reason to suspect
that selection pressures exerted by insect predation
may have led to the evolution of sclerotial chemical
defenses (Wicklow and Cole 1982; Wicklow et al.
1988).

Our efforts in this area were initially stimu-
lated by the fact that the sclerotia of Aspergillus
flavus are avoided by the common detritivorous
beetle Carpophilus hemipterus, an insect that feeds
on the conidia and mycelia of the same fungus
(Wicklow et al. 1988). In light of this observa-
tion, we investigated the secondary metabolites of
A. flavus sclerotia, and encountered a number of
antiinsectan compounds not found in the conidia
or mycelia of the fungus (Gloer et al. 1988; Wicklow
et al. 1988). These compounds were not produced
in simple liquid shake cultures of A. flavus, and
most of them had not been previously reported
(Gloer et al. 1988). Furthermore, the most potent
antiinsectan metabolite was nontoxic to vertebrates
at 300 mg/kg (Cole et al. 1981), but was found to
be present in sclerotia at levels that would effec-
tively deter feeding in C. hemipterus. These findings
led us to initiate general studies of the chemistry
of Aspergillus sclerotia as sources of new antiin-
sectan natural products (Gloer 1995a, b). Assays
for activity against C. hemipterus and the impor-
tant crop pest Helicoverpa zea (corn earworm) were
employed to guide isolation procedures. H. zea is
unlikely to be ecologically relevant to the sclerotia
of Aspergillus spp., but the discovery of agents with
potent activity against H. zea could be important
from a more practical perspective.

Most of the results from this project were
summarized in detail in the earlier volume in this
series (Gloer 1997). Briefly, our bioassay-guided
chemical studies of sclerotia afforded over 70
new metabolites and approximately 30 known
compounds, the majority of which display some
degree of activity against insects (Gloer 1995b).
Indole diterpenoids, a unique class of structurally
complex fungal metabolites that display a broad
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array of biological activities (Parker and Scott
2005), were particularly common among these
samples, although other metabolite-types were
also encountered. In most cases where detailed
analyses were performed, the compounds of
interest were found to be concentrated at least to
some degree in the sclerotia. The success rate in
finding new compounds was exceptionally high,
despite extensive prior studies of the chemistry of
Aspergillus spp. A few additional new Aspergillus
sclerotial metabolites have been published since
the previous review (Oh et al. 1998; Whyte et al.
2000). In addition, these studies were extended
to a limited number of Penicillium spp. that are
also known to produce sclerotia, and some new
bioactive compounds were obtained in these
investigations as well (Belofsky et al. 1998a; Joshi
et al. 1999a).

The existence of antiinsectan sclerotial
metabolites does not conclusively prove that
they have a role in chemical defense – these
studies provide only circumstantial evidence.
However, the success of these investigations argues
for chemical studies of other fungal structures
that serve similar functions. These results also
demonstrate that assumptions about the identity
of compounds causing ecological effects should
not be based on prior knowledge of the chemistry
of a fungal species or genus. Given the vast prior
knowledge about Aspergillus metabolites, such
assumptions might have seemed warranted in the
case of Aspergillus sclerotia, but would not have
been valid based on the results described above.

3. Ascostromata

Other fungi produce morphological structures
that are analogous to sclerotia in function. Certain
ascomycetes, for example, produce ascostromata,
which are proposed to play ecological roles
similar to those of sclerotia (Wicklow and Cole
1984; Horn and Wicklow 1986). Studies of such
structures have shown that they also can contain
bioactive metabolites. Examples include ascomata
of Epichloe, Petromyces, Eurotium, Eupenicillium,
Daldinia, and Talaromyces spp. (Wicklow 1988a;
Koshino et al. 1989; Nozawa et al. 1994; Belofsky
et al. 1995; Wang et al. 1995; Ooike et al. 1997a, b;
Suzuki et al. 1999; Stadler et al. 2001).

We therefore undertook what we viewed as
a logical extension of the project described above
by expanding our studies to include the sclerotioid
ascostromata produced by species of Eupenicil-

lium. Initial bioassays showed an incidence of
antiinsectan activity comparable to that observed
among Aspergillus sclerotial extracts, although the
potency of activity was somewhat lower on aver-
age. Studies of several Eupenicillium spp. afforded
interesting results, including several more new
compounds with antiinsectan activity. Interest-
ingly, several of the compounds encountered were
either identical to those obtained from sclerotia
of Aspergillus spp. (e.g., aflavinine analogs and
other indole alkaloids; Belofsky et al. 1995; Wang
et al. 1995), or structurally similar, and in cases
where analysis of ascostromata vs. other fungal
material was carried out, the compounds were
again heavily concentrated in the ascostromata.
Based on these findings, it appears that at least
some of the ascostroma-producing Eupenicillium
spp. have evolved (or retained) chemical defense
systems similar to those of Aspergillus. Studies of
other Eupenicillium spp. led to isolation of other
active metabolite types, some of which displayed
antiinsectan effects (Belofsky et al. 1998b; Wang
et al. 1998).

4. Other Fungal Structures

Other fungal structures such as spores, cleistothe-
cia, or fruiting bodies may also be chemically
defended. Selective chemical studies of very small
structures are complicated by the difficulty in
separating them in quantity from other fungal
material, while studies of fruiting bodies are often
hindered by an inability to form them in laboratory
cultures, or to reliably predict when and where
they will occur in nature. Some researchers have
proposed defensive roles for metabolites found in
fruiting bodies of basidiomycetes (Sterner et al.
1985; Shaw 1992). The amanitins and phalloidins,
well-known toxic peptides found in fruiting bodies
of the genus Amanita, are often cited as examples
of possible chemical defenses. These compounds
are toxic to a variety of insects, although some
insect species, either coincidentally or through
selection processes, have evolved the capacity to
detoxify or tolerate these metabolites (Jaenike
et al. 1983; Shaw 1992). Metabolites of edible
mushrooms may also display potentially useful
biological activities. The strobilurins are produced
by a common edible mushroom, and have proven
to be important as fungicides and leads thereto
(Anke 1995; Peláez 2005). These compounds have
also been proposed to play an ecological role,
and are reportedly produced on their natural
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substrate (Anke 1995), although most, if not all,
of the strobilurins have been isolated from labo-
ratory cultures. Other researchers have discussed
the potential value of mycophagy to the fungi
because of its importance as a mechanism of
spore dispersal (Shaw 1992), citing examples of
metabolites that attract fungivores. These reports
are illustrative of the complexity of interpreting
aspects of fungus–fungivore interactions as they
might relate to secondary metabolite production.
Sporadic reports suggest that smaller structures
may also contain unique bioactive metabolites.
Brevianamide A was found to be localized in the
penicillus of Penicillium brevicompactum and
proposed to deter feeding in fungivorous arthro-
pods (Wicklow 1986). Ascomata of Chaetomium
bostrychodes were reportedly avoided by certain
fly larvae, and this behavior was presumed to
be due to the presence of secondary metabolites
(Wicklow 1988a).

C. Fungi that May Confer Host Resistance
to Herbivory or Disease

It has been proposed that the capability of fungi
to produce mycotoxins evolved and has been
retained partly because they render fungal sub-
strates (e.g., fruits, seeds, etc.) unpalatable to
herbivores (Janzen 1977; Kendrick 1986; Wicklow
1988a). While this could be viewed as a defense of
substrate resources from competing consumers, it
is too general a concept to be particularly helpful
in targeting fungi for chemical investigation, and
does not lend itself to field investigations. On the
other hand, there are documented instances where
secondary metabolites play roles in mutualisms
between certain fungi and their hosts. One of
the best known examples of such a system is the
production by grass endophytes of fungal ergot
alkaloids that influence feeding by herbivores (Clay
1988; Carroll 1992; Scott 2001, 2004). Evidence for
parallel effects in other systems is also available.
For example, fungal endophytes found in conifer
needles produce metabolites that confer some
level of resistance to herbivory by insects (Miller
1991; Findlay et al. 1995). Numerous industrial
and academic groups have targeted endophytic
fungi in general for inclusion in their screening
programs (Caporale 1995; Lee et al. 1995), and
several reviews of endophyte secondary metabo-
lites have appeared recently (Tan and Zou 2001;
Strobel 2002; Schulz et al. 2002; Gunatilaka 2006).

Although some researchers have argued that
other endophytic fungi are likely to play roles in
the ecology of the producing species, at least in
some instances, the in-depth studies required to
demonstrate this are seldom carried out, as the
targeting of endophytes is in most cases viewed
primarily as a means of enhancing the diversity
of species being screened for activity, rather than
any acknowledgment that such fungi might play
defensive roles through metabolite production.

A related, intriguing area of research involves
efforts by some groups to explore the chemistry
of endophytes from specific plant hosts that are
targeted because the plants produce compounds
of industrial importance. The main objective of
such work is to find fungal strains that produce
compounds isolated from the plant, thereby en-
abling production of the compounds of interest
by fermentation processes, and also perhaps en-
abling more ready access to the corresponding sec-
ondary metabolic genes. Reports of the impor-
tant plant metabolites taxol, podophyllotoxin, and
camptothecin as trace constituents of endophytes
from the corresponding plant hosts have appeared
(Li et al. 1998; Puri et al. 2005; Eyberger et al. 2006).

Recently, we have initiated preliminary studies
of a subgroup of endophytes that do not appear to
have been chemically explored by others to a sig-
nificant extent. This work stems from an interest
in the antagonistic properties of Acremonium zeae;
an endophyte of corn that is widespread in agroe-
cosystems in the USA and elsewhere. A. zeae is one
of the two most common seed-borne endophytes
of pre-harvest maize, typically producing symp-
tomless kernel infections (Wicklow 1988b; Arino
and Bullerman 1994), but the significance of its oc-
currence is not understood (Munkvold et al. 1997).
Patterns of fungal occurrence within plant seeds
can sometimes be indicative of interactions among
the corresponding fungal species (Wicklow 1988a).

Based on several experimental observations,
including exhibition of antagonistic activity
toward other fungi in our laboratories (including
Aspergillus flavus), our colleague D.T. Wicklow
hypothesized that A. zeae produces antifungal
metabolites that could interfere with mycotox-
igenic, destructive fungal pathogens of maize.
Chemical investigations led to the discovery that
isolates of A. zeae from across the USA produce
a series of unusual antifungal and antibacterial
antibiotics (e.g., pyrrocidine A, 23; Fig. 15.3;
Wicklow et al. 2005). Although the lead com-
pounds in the series were published first by an
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Fig. 15.3. Structure of pyrrocidine A (23), a bioactive
metabolite from the corn endophyte Acremonium zeae

industrial group from another fungal source (He
et al. 2002), we continued our studies of the natural
occurrence and potential significance of these
A. zeae metabolites, and have found that they
occur commonly as major metabolites of isolates
of A. zeae from various geographical locations,
and that the most active component shows potent
activity against mycotoxigenic fungi, as well as
fungal and bacterial pathogens of corn.

There are many other endophytes that are
known to occur and grow asymptomatically
in healthy crop tissues, including latent plant
pathogens (Sinclair and Cerkauskas 1996), and
most of these do not appear to have been studied
chemically. There have been several reports
of specific grass/cereal endophytes that show
antagonism against plant pathogenic fungi, but
for which no fungitoxic compounds have been
described (Siegel and Latch 1991; Stovall and Clay
1991; Christensen 1996; Danielsen and Jensen
1999). On basis of our results with A. zeae, we view
this group of endophytes as another potentially
important set of targets for chemical investigation,
not only because of their apparent potential to
produce antagonistic (antifungal) metabolites,
or because of interest in roles they might play in
agroecosystems, but also because knowledge of
the chemistry of fungi that occur widely in crop
plants could be of importance to human health,
even if these fungi do not produce obvious plant
disease symptoms.

D. Fungi that Cause Diseases or Damage
to Host Species

The concept of using biological control strategies
in crop protection has been studied intensively
for many years (Gardner and McCoy 1992; Pow-

ell 1993). These strategies involve the use of certain
fungi as mycoherbicides (Boyette 2000; Ghorbani
et al. 2005), mycoinsecticides, or mycoparasites
(Harman 2006) to control weeds, insects, or fungal
pathogens, respectively. Such approaches involve
the deployment of a microbial disease agent effec-
tive against the pest, rather than (or as an adjunct
to) the application of a chemical pesticide of some
sort. Ultimately, damage to the pest is often caused
by toxin(s) produced by the pathogen, and the use
of measured and properly formulated quantities
of the natural products themselves could provide
an alternative control strategy. Use of the microor-
ganism itself is appealing because it serves to selec-
tively direct the toxin(s) to the target. Some toxin-
producing microorganisms, most notably the bac-
terium Bacillus thuringiensis, have proven to be
particularly effective in such applications. How-
ever, there are many specialized hurdles that must
be overcome to implement an effective biocon-
trol strategy (Powell 1993), and the use of bio-
control agents will not necessarily eliminate the
problem of resistance (Gardner and McCoy 1992).
From a chemistry standpoint, knowledge of any
metabolites involved in biocontrol effects is impor-
tant as a means of avoiding unwanted side-effects,
and precedents indicate that studies of fungi with
mycopesticidal properties are likely to lead to dis-
covery of pesticidal compounds. Some examples of
such results are provided below.

1. Plant Pathogens

Plant pathogenic fungi are well known as produc-
ers of diverse compounds with phytotoxic effects
on host plants (Turner and Aldridge 1983; Har-
borne 1993; D’Mello and MacDonald 1998). The
effects of the toxins are often principal causes of
symptoms associated with the corresponding plant
disease. In many cases, fungal phytotoxins produce
damage that fosters fungal invasion and coloniza-
tion of the plant. Typically, the compounds are gen-
eral phytotoxins (Ballio 1991), but in some cases,
a coevolutionary process has led to at least some
degree of host selectivity (Walton and Panaccione
1993; Wolpert et al. 2002). The host-selective toxins
are particularly interesting from a chemical stand-
point because they tend to have structural features
that distinguish them from commonly encountered
fungal metabolites that might show more general
toxicity. Notable examples include victorin, HC-
toxin, and certain Alternaria toxins (Walton and
Panaccione 1993; Wolpert et al. 2002; Masunaka
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et al. 2005). Plant pathogenic fungi as a group could
be viewed as logical sources to explore in search of
biologically active metabolites in a general sense,
since they have already demonstrated the capacity
to produce bioactive compounds with distinctive
chemical structures. Some fungal metabolites with
phytotoxic effects are known to exhibit medically
relevant activities as well, including antitumor and
antibiotic effects. It is interesting to note that mevi-
nolin is a rather potent herbicide (Hoagland 1990).

From a more specific viewpoint, fungi
pathogenic to weeds have been proposed as
rational sources of herbicides. Indeed, phytotoxins
with novel and unusual structures have been
isolated from weed pathogens, and subsequently
shown to display herbicidal activity toward weeds
(Hoagland 1990, 2001; Amalfitano et al. 2002;
Evidente et al. 2004). This would seem to be a par-
ticularly worthy avenue of investigation in view of
the fact that other microbial natural products, such
as bialaphos (produced by a Streptomyces sp.),
have already been used successfully as commercial
herbicides (Hoagland 2001).

2. Entomopathogenic and Nematophagous Fungi

A number of entomopathogenic and nemato-
phagous (nematode-trapping) fungi have been
considered as biocontrol agents (Sun and Liu
2006), and the physiological effects associated
with some fungi from these categories have been
linked to fungal toxins (Wicklow 1988a). Such
toxins could serve as leads to the development of
new insecticides or nematocides. In view of this
possibility, together with the association of a sig-
nificant component of predicted fungal diversity
with estimates of insect diversity, it is surprising
that relatively few studies of entomopathogenic
fungi as sources of bioactive metabolites have
been reported. Several distinctive classes of
insecticidal metabolites have been encountered
through early studies of such species, including
the beauverolides, destruxins, and viridoxins
(Turner and Aldridge 1983; Gupta et al. 1993).
Further studies have appeared more recently, and
are thoroughly summarized in a recent review
(Isaka et al. 2005). Some of these compounds
display both dietary and topical activity against
insects. Metabolites from nematopathogenic or
nematophagous fungi are even more uncommon;
however, a related approach involves investigation
of nematophagous fungi as sources of nematocidal
toxins that cause paralysis or mortality of the

nematode prey (Kwok et al. 1992; Stadler et al.
1994; Anderson et al. 1995; Anke et al. 1995).

3. Mycoparasitic and Fungicolous Fungi

Mycoparasitic fungi act as parasites of others, and
the invaded organism often suffers negative effects
from this interaction that are likely to be caused in
at least some cases by fungal toxins. Fungi encoun-
tered as colonists of others (often termed fungi-
colous or mycophilic isolates) may also produce
antifungal metabolites, even though a true para-
sitic relationship may not have been demonstrated.
Some mycoparasitic fungi that have been used or
proposed as biocontrol agents because of their anti-
fungal effects (e.g., Trichoderma, Verticillium spp.)
have been shown to produce agents that inhibit the
growth of other fungi (Cardoza et al. 2005). Exam-
ples include peptide antibiotics, phenolics, and ter-
penoids (Huang et al. 1995a, b; Morris et al. 1995).
Antifungal metabolites and compounds with other
biological activities have also been reported from
other fungicolous and mycoparasitic species (Ayer
et al. 1980; Tezuka et al. 1994, 1997; Wagner et al.
1995, 1998; Breinholt et al. 1997, 1998; Schneider
et al. 1997; Fabian et al. 2001; Feng et al. 2003; Wil-
helm et al. 2004).

Our own interest in this area was in part an
outgrowth arising from the project summarized
above that involved studies of sclerotial metabo-
lites. Our initial investigations were stimulated by
the recognition that Aspergillus sclerotia collected
from soil were often colonized by other fungi. In
many cases, when these sclerotia were subjected
to standard germination conditions, many of those
colonized by others were nonviable. This raised the
question of whether such “attacking” species might
be producing compounds that were inhibitory or
perhaps fungicidal to Aspergillus. Given the med-
ical importance of Aspergillus spp. as opportunis-
tic human pathogens, it seemed logical and par-
ticularly appealing to investigate the concept of
whether species that attack Aspergillus sclerotia
might serve as sources of new antifungal natu-
ral products specifically having anti-Aspergillus ef-
fects.

On the basis of this rationale, sclerotia of
A. flavus were buried in soil for extended periods,
recollected, and examined for the presence of
fungal colonists. Many isolates were obtained
and screened, and a sizable number of these
produced fermentation extracts that showed
activity against A. flavus. Chemical studies of the
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active extracts afforded a variety of antifungal
metabolites, including a number of compounds
with interesting new structures (Fig. 15.4). One
of the first sclerotium-colonizing species in-
vestigated in detail was an isolate of Humicola
fuscoatra. Initial studies of this organism afforded
five known compounds – three representatives
of the monocillin/monorden class, as well as
two cerebroside analogs (Wicklow et al. 1998).
Interestingly, monocillins had been previously
isolated from Monocillium nordinii, a parasite of
a tree rust, and are thus among the few previous
examples of antifungal metabolites reported from
mycoparasitic fungi (Ayer et al. 1980). This result
provided an immediate, intriguing parallel to
our findings from the sclerotial project, in that
we again observed metabolic similarities among
different fungi with similar adaptive requirements.
The occurrence of cerebrosides in this organism
was also interesting because they are known to
potentiate the activity of other antifungal agents
in assays against Candida albicans (Sitrin et al.
1988). Continued studies of this H. fuscoatra
isolate led to the identification of several other,
unrelated compounds (Joshi et al. 2002), including
the new triterpenoid glycoside fuscoatroside
(24), which displayed potent activity in assays
against A. flavus, and a new, relatively simple, but
previously unreported amide (fuscoatramide; 25).

Studies of a sclerotium-colonizing isolate of
Mortierella vinacea afforded three new benzenoids
called mortivinacins A–C (e.g., 26, 27; Soman et al.
1999b). Mortivinacin A (26) contains a thiol ester
functionality that is rarely encountered in fungal
secondary metabolites. Another rich source of ac-
tive metabolites obtained as a colonist of A. flavus
sclerotia was an isolate of Gliocladium catenula-
tum. This species is known to be mycoparasitic, as
are certain other Gliocladium spp. Ten compounds
were isolated, including new verticillin analogs
(28–30) and a new glisoprenin analog (31; Joshi
et al. 1999b). The anti-Aspergillus activity was ul-
timately ascribed to a series of unusual polyketide
diglycosides (e.g., 32; Joshi 1999), although the
same structures were published at approximately
the same time by another group from a soil isolate
of G. catenulatum as cytotoxic agents and referred
to as TMC-151-A, E, F, and G (Kohno et al. 1999).
Each of these metabolites contains a large, highly
methylated polyketide linked to two different,
unusual monosaccharide units. These compounds
were quite potent in assays against A. flavus. Three
more intriguing new antifungal compounds were

obtained from a sclerotium-colonizing isolate of
Podospora curvicolla, a member of what is con-
sidered a typically coprophilous genus (Che et al.
2004b). Curvicollides A–C (e.g., 33) accounted
for most of the antifungal activity of the extract,
showing activity in our assays against A. flavus and
Fusarium verticillioides at one-tenth the potency of
nystatin. These compounds have no close known
relatives, and are unusual in that they appear to
consist of two different polyketide units linked via
the central γ-lactone ring.

These efforts were successful and reasonably
productive in leading to new antifungal metabo-
lites, and other researchers have demonstrated that
mycoparasites that colonize the sclerotia of other
fungi can also produce metabolites active against
the host (McQuilken et al. 2003). However, we felt
that the strategy of burying sclerotia in soil for long
periods as “bait” for fungal colonists to survey for
antifungal metabolites was not particularly appeal-
ing due to the time required, the labor-intensive
nature of the corresponding field work, and limi-
tations that seemed likely to arise from the use of
a single host-type. Consideration of other options
led us to widen the scope of this work to include
fungi that colonize other long-lived physiological
structures, such as basidiomycete fruiting bodies.
Of course, some such structures are much longer-
lived than others, but many wood-decay fungi, for
example, form stromata that last for considerable
periods. Such bodies are widespread and macro-
scopic, making them relatively easy to find and col-
lect, and would comprise a diverse array of differ-
ent host-types that seem likely to lead to a diverse
collection of colonizing fungal taxa. Initial collec-
tions of fungal sporocarps were made in the upper
Midwest USA. Isolation of fungal colonists from
their surfaces, followed by fermentation, bioassay,
and chemical analysis again led to the discovery of
a variety of new compounds, many with antifungal
effects, thereby validating the concept and eventu-
ally leading to further collections in the southeast-
ern USA and in Hawaii that have afforded many
additional new bioactive natural products. These
studies remain a major focus of our current re-
search program.

Aside from interesting new chemistry, as
will be highlighted below, this effort has also led
to some intriguing contributions to mycology.
As one might expect, these include discovery of
a number of new taxa representing a variety of
genera. However, some unanticipated findings
also arose. One observation made early in this
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Fig. 15.4. Some representative new metabolites from fungi isolated as colonists of Aspergillus flavus sclerotia (24–33)

Fig. 15.5. Some representative new metabolites from fungicolous Penicillium isolates (34–40)
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project was that Penicillium spp. were encountered
with considerable frequency. Given the ubiquitous
nature of Penicillium spp. in the environment, it
was not particularly surprising that such species
might be encountered among those occurring as
colonists of the stromata of other fungi. However,
it became clear upon continued investigation that
some of the Penicillia being encountered appeared
to be different from known species. Upon careful
investigation of these isolates, accompanied by
analysis of ITS and 26S rDNA sequences (ca. 1,200
bases; Peterson et al. 2004), it was discovered
that many of them represented new species.
This was an unexpected finding, and leads one
to speculate about whether there is a subset of
Penicillium species that have some predilection
for colonization of other fungi. Encouragingly,
chemical studies of some of these fungicolous
Penicillium isolates have afforded interesting
results (Fig. 15.5). While some of the new species
produce previously known Penicillium metabo-
lites, Penicillium thiersii, a new species isolated
from a Hypoxylon stroma collected in Wisconsin,
produces a range of new compounds, including
thiersinines (e.g., 34; Li et al. 2002) thiersindoles
(e.g., 35; Li et al. 2003b), thiersilones (e.g., 36; Li
2003), and decaturins and new oxalicine analogs
(e.g., 37, 38) that were similar to further new
metabolites encountered during this project from
another new species, P. decaturense (Zhang et al.
2003; Li et al. 2005). These metabolites include
structures that incorporate several new or rarely
encountered ring systems. A number of these
metabolites show potent activity against the crop
pest Spodoptera frugiperda, while compound
36 displays antifungal activity against A. flavus.
Although not a new species, a Hawaiian isolate of
Penicillium griseofulvum obtained as a colonist of
a wood-decay fungus afforded a set of five new
compounds called penifulvins (e.g., penifulvin A;
39) that incorporate a novel dioxafenestrane-type
ring system (Shim et al. 2006a, b). Compound 39
showed significant antiinsectan activity against
the fall armyworm Spodoptera frugiperda, causing
a 74% reduction in growth rate relative to controls
when tested at a 160 ppm dietary level. These
unusual compounds appear to be derived from
silphinene sesquiterpenoid precursors with an
oxidative cleavage step occurring at some point
in the biosynthesis, and this hypothesis was
supported by the isolation of a new silphinene
analog (40) from the same extract (Shim et al.
2006b).

Other fungicolous isolates obtained from
various sporocarps collected through these studies
have also been quite prolific as sources of new
bioactive natural products. Only some recent ex-
amples that have already been published are cited
here (Fig. 15.6). Polyketide-derived compounds
possessing three additional new ring systems
(cladoacetals, e.g., 41 and malettinins, e.g., 42, 43)
were obtained from two unidentified fungicolous
isolates (Höller et al. 2002; Angawi et al. 2003a,
2005). One of these colonists is a novel, but as yet
unnamed hyphomycete resembling Cladosporium,
and another is a Mycelia sterilia. Malettinin A (42)
contains a relatively rare, naturally occurring
tropolone unit, and shows potent activity against
A. flavus (MIC 6 μg/ml). Lowdenic acid (44) is
a similarly potent antifungal obtained from a new
Verticillium species (Angawi et al. 2003b). Studies
of an isolate of Verticillium lecanii encountered
as a colonist of a basidiocarp of the mushroom
Amanita bisporigera led to the isolation of several
new pyridine derivatives (vertilecanins; e.g., 45;
Soman et al. 2001). V. lecanii is known as an
insect pathogen, and the extract showed activity
against Helicoverpa zea, but the antiinsectan con-
stituents were not isolated. Several antibacterial
sesquiterpenoid metabolites (e.g., 46) and a cy-
clopentenone derivative (47) were obtained from
a Phoma sp. isolated from stromata of Hypoxylon
sp. (Che et al. 2002a), while further antibacterial
sesquiterpenoids (e.g., 48) were also obtained from
a culture of Pestalotiopsis disseminata isolated
from stromata of an unidentified pyrenomycete
(Deyrup et al. 2006). A Phaeoacremonium sp.
isolated from stromata of Hypoxylon truncatum
afforded two new isobenzofuranoids (49, 50), with
49 being somewhat distinctive among members
of this class in that it retains the aromaticity
of the furan moiety, rather than the benzene
ring. However, the antifungal activity of the
fermentation extract was ascribed to the presence
of more common sorbicillin-type compounds
(Reátegui et al. 2006). An isolate of Sporormiella
minimoides was found to produce a pair of
antifungal agents (IC50 vs. A. flavus ca. 6 μg/ml;
MIC ca. 10 μg/ml) with intriguing structures (51,
52) of presumed polyketide origin (Mudur et al.
2006b).

Many additional new compounds have already
been isolated and identified from further fungi-
colous isolates in our laboratory, but have not yet
been reported. In summary, this niche is proving to
be a particularly prolific one from the standpoint of



274 J.B. Gloer

Fig. 15.6. Some representative new metabolites from other fungicolous fungal isolates (41–52)

new chemistry, and many of the agents encountered
(both new and previously known) display antifun-
gal activity, as was proposed at the outset of the
project.

III. Perspectives and Future Directions

The results reviewed here do not prove that fungi
have evolved chemical defenses, or that the antag-
onistic agents produced by certain fungi render
a competitive advantage. Carefully controlled stud-
ies are needed to determine whether these com-
pounds are truly significant in the life histories
of the producing species. Even so, it is clear that
observations in fungal ecology can be employed
to generate strategies that have proven effective in
the discovery of novel bioactive fungal metabolites.
From a mycological perspective, these findings help
to validate the application of fundamental princi-

ples of chemical ecology to studies of fungi, provide
additional tools with which to study the ecology of
the fungi involved, foster the discovery of new taxa,
and supply information that could be useful in ex-
ploring genetic relationships.

Investigations based on observations in fungal
ecology are appealing from a chemistry standpoint
because it is more attractive to seek bioactive
metabolites with a hypothesis in mind than to
screen organisms at random. As demonstrated
here, such studies can lead to the discovery of
fascinating new chemistry, and often provide
unexpected analytical or structural challenges.
Although unambiguous identification of natural
products, even previously reported metabolites,
can be a lengthy process, continuing technical
improvements in methodology for isolation and
structure determination (Harris 2005) now allow
identification of milligram- or sub-milligram
quantities of complex, unknown natural products
in many cases.
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The frequency of occurrence of novel com-
pounds in our studies to date continues to be rel-
atively high. This is due in part to the assay sys-
tems employed. The use of “ecologically relevant”,
whole-organism assays, in addition to more so-
phisticated medically and agriculturally relevant
test systems, would understandably lead to some
discoveries not likely to be made by those employ-
ing only the latter assays. However, the less random
selection of organisms for study, and the relatively
unexplored nature of many of these fungi and their
interactions are also contributing factors. Strate-
gies of this type cannot replace random screening
programs in the search for new bioactive natural
products, but can offer insights that could increase
the diversity of compounds encountered in such
programs. For example, these results argue strongly
for employment of solid-substrate fermentation in
studies of fungal metabolites, for consideration of
habitat and ecological characteristics when select-
ing fungi for study, and for allowing longer fer-
mentation times to access metabolites produced by
slower-growing species.

There is no shortage of current and future chal-
lenges that fungal natural products chemistry can
help to confront. Adequate treatments are still con-
spicuously lacking for many viral diseases, fun-
gal infections, and human cancers. The long-term
failure to find effective therapeutic agents in these
areas does not mean that further, more effective
agents cannot be found among natural sources.
Discovery of suitable drugs may simply await the
development of appropriate assays or the discovery
of appropriate molecular targets. A newer, develop-
ing challenge is posed by the increasing occurrence
of antibiotic resistance among bacterial infections,
as well as the emergence of drug-resistant tubercu-
losis and malaria. The development of new agents
effective against such diseases, particularly those
having novel modes of action, is becoming an ur-
gent priority. On the agricultural front, the demand
for new pesticides is compounded by the fact that
problematic insect pests, e.g., are developing resis-
tance to many commonly used commercial pesti-
cides. In addition, the use of some effective pesti-
cides has been curtailed due to concerns about un-
desirable environmental impact. Similar concerns
about other agrochemicals imply that new alter-
natives are needed, and that products of natural
origin would be particularly appealing (Rimando
and Duke 2006).

Another promising avenue of investigation can
make use of advances in molecular biology and bio-

chemistry. Knowledge of metabolite biosynthesis
has been extended to an awareness of genes linked
to regulation and production of the enzymes as-
sociated with the biosynthesis of some important
fungal metabolites (Calvo et al. 2004; Demain et al.
2005; Keller et al. 2005; Wang et al. 2005). Some
fungal genes involved in antibiotic production are
known to be clustered, as is the case with many
actinomycetes (Demain 1992; Cary 2004). Potential
applications of this technology include the recog-
nition and cloning of genes involved in metabo-
lite biosynthesis, improvement in metabolite pro-
duction techniques, production of novel hybrid
metabolites, and the use of fungal DNA libraries
to aid in the discovery process.

The rapidly increasing capacity of biological
screening systems has outpaced the capability of
even the most prolific microbiology programs to
provide adequate numbers of samples for assay.
The pressure for short-term results, together with
competition from other approaches to discovery
of bioactive lead compounds (e.g., combinatorial
chemistry, molecular modeling-based design)
played a significant role in the termination and/or
contraction of several industrial natural products
programs in the USA over the past 25 years.
Considering the diversity of fungi (and other
sources) that remain unexplored, it is unfortunate
that some institutions have had to abandon a line
of research that has been instrumental to their
success. Obviously, such occurrences increase the
pressure on remaining natural products research
programs to come up with promising leads, while
decreasing the total effort underway in the field.
At this stage, there is still no substitute for natural
products chemistry as a source of truly novel
lead structures, and it appears that recognition of
this fact is beginning to stimulate a resurgence of
interest in this field (Rouhi 2003). The unsurpassed
chemical diversity of natural products is widely
recognized, and there is considerable interest
in construction of natural product libraries for
general screening purposes (Bindseil et al. 2001).
Interestingly, a current mainstream objective in
combinatorial chemistry involves the develop-
ment of so-called natural-product-like synthetic
chemical libraries (Shang and Tan 2005; Messer
et al. 2005). In any event, practical successes are
more important than ever to continued support
for fundamental studies of fungal taxonomy,
ecology, and natural products chemistry. In this
climate, the value and importance of cooperation
between mycologists and chemists cannot be
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overemphasized. The results described and cited
in this chapter are illustrative of the potential
rewards of such collaborative efforts.
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Tenellic acids A-D: new bioactive diphenyl ether
derivatives from the aquatic fungus Dendrospora
tenella. J Nat Prod 62:580–583

Oh H, Swenson DC, Gloer JB, Shearer CA (2001) Massarilac-
tones A and B: novel secondary metabolites from the
freshwater aquatic fungus Massarina tunicata. Tetra-
hedron Lett 42:975–977

Oh H, Swenson DC, Gloer JB, Shearer CA (2003) New
bioactive rosigenin analogs and aromatic polyketide
metabolites from the freshwater aquatic fungus
Massarina tunicata. J Nat Prod 66:73–79

Oh DC, Jensen PR, Kauffman CA, Fenical W (2005) Lib-
ertellenones A-D: induction of cytotoxic diterpenoid
biosynthesis by marine microbial competition. Bioorg
Med Chem 13:5267–5273

Ondeyka JG, Giacobbe RA, Bills GF, Cuadrillero C,
Schmatz D, Goetz MA, Zink DL, Singh SB (1998)
Coprophilin: an anticoccidial agent produced by
a dung inhabiting fungus. Bioorg Med Chem Lett
8:3439–3442



Applications of Fungal Ecology in the Search for New Bioactive Natural Products 281

Ooike M, Nozawa K, Udagawa S, Kawai K (1997a) Bisindolyl-
benzenoids from ascostromata of Petromyces murica-
tus. Can J Chem 75:625–628

Ooike M, Nozawa K, Udagawa S, Kawai K (1997b) Structures
of a new type of indoloditerpene, petromindole, and
a new asterriquinone derivative, PM-53, from the as-
costromata of Petromyces muricatus. Chem Pharmcol
Bull 45:1694–1696

Parker EJ, Scott DB (2005) Indole-diterpene biosynthesis
in ascomycetous fungi. In: An Z (ed) Mycology Series
22. Handbook of Industrial Mycology. Marcel Dekker,
New York, pp 405–426
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I. Introduction

In his introduction to Carroll and Wicklow
(1992), Rayner (1992) proposes that the potential
role of fungi in regulating energy and nutrient
fluxes through natural ecosystems is likely to be
immense, via their involvement in soil develop-
ment, decomposition and uptake of nutrients
by plants. This is, in part, due to the structural
adaptations of fungal mycelia that have indeter-
minate growth, presenting a large surface area to
their environment for enzyme production and
recovery of end products of enzymatic activity.
They have the ability to translocate nutrients and
energy from one location to another through their
hyphal structures (Cairney 2005) and, due their
persistence, can endure stressful changes in the
environment, which are less well tolerated by other
organisms (Zak 1993; Zak et al. 1995). However,
fungi do not work alone in the environment and
more research is needed to understand the role of
consortia of organisms in mediating processes in
ecosystems. A wider view of the ecosystem services
that fungi provide is given by Dighton (2003).

1 Rutgers University Pinelands Field Station, P.O. Box 206, 501 Four
Mile Road, New Lisbon, NJ 08064, USA

Terrestrial ecosystems present a wide diver-
sity of habitats ranging from polar arctic condi-
tions, through temperate coniferous and decidu-
ous forests and grasslands, heathlands and tropical
forests to deserts. Within one single chapter, it is
not possible to describe the role of fungi in nutrient
cycling in all of these systems; rather, I will provide
some general principles that are common to all ter-
restrial systems, and that will be modified by the
specific constraints of the system under consid-
eration. A scheme for nutrient cycling in a forest
ecosystem is given in Fig. 16.1. The saprotrophic
condition of fungi is, possibly, the fundamental life
strategy where dependence on excreted enzymes
is enhanced by the presentation of a large surface
area of hyphae to the environment, from which end
products of decomposition are absorbed. However,
other fungal groups, particularly necrotrophs and
mycorrhizae, although specialized in their func-
tion, retain this general modus operandi and can
be considered facultative saprotrophs when con-
ditions dictate. As such, functional groups other
than saprotrophs will be included in the following
discussion where necessary.

II. Derivation of Nutrients from Rock:
Soil Formation

It is more common to think of the abiotic forces of
freeze-thaw, water dissolution and wind erosion as
the primary factors for producing the fine mineral
particles from parent rock to create soil (Brady and
Weil 1999). However, the action of plant roots is
also important in both the production of organic
acids to dissolve rock and hydrostatic pressure to
fracture rock. The same can be said for fungal
hyphae, which act either alone or in consortium
with other organisms to effect similar processes,
but at a smaller spatial scale. In particular, fungi
in the symbiotic association with bacteria and al-

Environmental and Microbial Relationships, 2nd Edition
The Mycota IV
C. P. Kubicek and I. S. Druzhinina (Eds.)
© Springer-Verlag Berlin Heidelberg 2007
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Fig. 16.1. Diagrammatic representation of nutrient cycling in woodland ecosystems and the role of fungi in that process
(after Dighton and Boddy 1989)

gae, namely lichens, are an important contributor
to early soil development. Indeed, Rayner (1992)
says that lichens “clothe what might otherwise be
bare parts of the planet”.

Approximately 8% of terrestrial ecosystems are
lichen dominated and, in many of these systems,
the ground cover by lichens is often very high, up
to 100% (Honegger 1991). Many of these systems
are climatically extreme or oligotrophic (nutrient
impoverished) environments, and it is here that
lichens become important actors in the formation
of soils. These fungal tissues, in association with
symbiotic algae and non-photosynthetic bacteria
(Banfield et al. 1999), play a major role in soil bio-
genesis.

Hydration of oxides of iron and aluminum is an
important process in rock degradation; for exam-
ple, hematite (Fe2O3) is converted into ferrihydrate
(Fe10O159H2O) (Brady and Weil 1999). Hydrolysis
is important in the release of essential nutrients for
plant growth. For example, potassium is released
from microcline, a feldspar, where dissolution al-
lows the dissociation of anions and cations from
complex materials, and gypsum dissolves to release

calcium and sulfate ions. Crustose lichens are of-
ten the first organisms to colonize outcrops of bare
rock. They are able to scavenge water and nutri-
ents from the atmosphere (Lange et al. 1994) that
support their slow rate of growth, and by which
they are able to tolerate complete desiccation. Dur-
ing their growth on the surface of rocks and in rock
crevices, the organic acids they produce (oxalic, cit-
ric, lichenic and tartaric acids) solubilize the rock
and assist in its physical breakdown. This action
of lichens has been reported to cause significant
damage to both buildings and sculptures made of
rock (Chen et al. 2000), by hyphal penetration into
the parent rock beneath the aerial structure of the
lichen (Ascaso and Wierzchos 1995).

Fungi alone produce organic acids that are ca-
pable of breaking down rock. Ascaso and Wierz-
chos (1995) cite studies by Eckhardt (1985) that
show that yeasts and filamentous fungi, such as
Aspergillus niger, alone are involved in rock solubi-
lization, releasing cations from amphibolite, biotite
and orthoclase. Penicillium and yeasts were also
found to be able to dissolve calcium-rich rocks,
such as limestone, marble and calcium phosphate
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(Chang and Li 1998). Solubilization of fluorapatite
has also been shown in pure cultures of Aspergillus
niger (Nahas et al. 1990). Small holes (3–10 μm di-
ameter) in feldspars and hornblende (Jongmans
et al. 1997) were attributed to the production of
micromolar concentrations of organic acids (suc-
cinic, citric, oxalic, formate and malate) secreted
by saprotrophic and ectomycorrhizal fungi associ-
ated with the overlying pine forest ecosystem. Thin
sections of feldspars observed under the micro-
scope have revealed fungal hyphae bearing cross
walls in hyphal-generated tunnels in the rock (Hof-
fland et al. 2002, 2004). In addition, Connolly et al.
(1998) showed that the white rot wood decay fun-
gus, Resinicium bicolor, could solubilize strontian-
ite sand to release the strontium contained within.
Even in the absence of nutrient-rich substrates,
fungi seem capable of obtaining energy and nutri-
ents from minimalist media and scavenging from
the atmosphere. Such fungi are known as olig-
otrophs, and are reviewed by Wainwright (2005).

In a similar manner to lichens, Hirsch et al.
(1995) showed a loose relationship between fungi,
bacteria and coccal cells (thought to be algae)
that together form an endolithic community
in sandstone and granite that produce organic
acids for rock dissolution. Typical saprotrophic
fungal species present included Alternaria,
Aspergillus, Aureobasidium, Candida, Cladospo-
rium, Paecilomyces, Phoma, Penicillium and
Sporobolomyces.

The saprotrophic capabilities of mycorrhizal
fungi have also been shown to play a role in
the dissolution of parent rock material in more
established soils. Azcon et al. (1976) showed that
interactions between bacteria and arbuscular
mycorrhizae of lavender facilitated acquisition of
phosphorus by the host plant from rock phos-
phate, due to a synergism between the bacteria
and mycorrhizal fungi and the differences in
behavior between the two mycorrhizal fungal
species. Berthelin and Leyval (1982) showed that
in measures of maize growth (biomass), uptake of
potassium, calcium and magnesium (derived from
the breakdown of biotite) was similar between
mycorrhizal fungi and rhizospheric bacterial
communities, and there was no synergistic effect
of the combination of mycorrhizae and bacte-
ria. This suggests that arbuscular mycorrhizal
fungi alone were capable of rock breakdown.
Mojallala and Weed (1978) showed that my-
corrhizal soybeans used weathered potassium
from the biotites, phlogopite and muscovite, but

potassium release was insufficient to sustain the
enhanced growth of the mycorrhizal plants. Plant
acquisition of nutrients from insoluble or poorly
soluble sources is also enhanced by consortia of
mycorrhizae, saprotrophic fungi and bacteria.
Singh and Kapoor (1998) showed that mung
bean plants in association with a consortium
of the arbuscular mycorrhizal fungus Glomus
fasciculatum, fungal saprotroph Cladosporium
herbarum and the bacterium Bacillus circulans
grown under natural soil conditions could better
obtain phosphorus from rock phosphate than each
organism alone. Similar interactions were found
by Vanlauwe et al. (2000) in the savanna zone of
Nigeria.

April and Keller (1990) and Gobran et al. (1998)
demonstrated the importance of rhizospheric mi-
crobial (fungal and bacterial) communities in the
rhizosphere of forest trees for forest biogeochem-
istry. The abundance of weatherable minerals near
the root surface was consistently less than in the
bulk soil, due to increased hydrogen ion and car-
bon dioxide content and the presence of complex-
ing organic acids produced by these rhizospheric
communities. By observing the solubilization of
limestone, marble and calcium phosphate by seven
ectomycorrhizal, two saprotrophic fungal genera
and Pseudomonas fluorescens, Chang and Li (1998)
suggested that synergistic activities were important
in mediating calcium availability in soils. Other in-
teractions between ectomycorrhizae and nutrient
element solubilization include potassium from bi-
otite and microcline in Scots pine (Wallander and
Wickman 1999), rock dissolution and K, Mg and Ca
(Landeweert et al. 2001) and NH4-N from Miocene
shales and, possibly, other rocks (Thompson et al.
2001).

To these embryonic soils, organic matter added
by the death of fungi, lichens, bacteria, algae, etc.
makes a more ‘complete’ soil in which other soil
organisms can live. Here, the release of nutrients
by decomposition as well as enhanced soil struc-
ture support the growth of cryptogamic and vas-
cular plants, which further add their own floristic
and chemical diversity to the decomposition cycle,
leading to a more complex soil structure.

III. Leaf Litter Decomposition

The nutrient component of soil comes partly from
the dissolution of parent rock, and secondarily
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from the decomposition of dead plant and ani-
mal remains. Dead plant parts (above- and below-
ground) are returned to the soil where the activi-
ties of bacteria, saprotrophic fungi and soil fauna
degrade the complex organic components. Extra-
cellular enzyme activity of heterotrophic microor-
ganisms, and the recovery of resulting solubilized
nutrients is rarely 100% efficient, resulting in min-
eralized labile nutrient elements becoming avail-
able for plant uptake in soil solution (fertility).
The activities of fungal extracellular enzymes has
been reviewed by Sinsabaugh and Liptak (1997)
and Sinsabaugh (2005). The activity of these sapro-
trophic fungi is neatly summarized by Forsythe
and Miyata (1984) . . . “under the silent, relentless
chemical jaws of the fungi, the debris of the forest
floor quickly disappears”.

Part of the structure of different soils is related
to the balance between rates of decomposition and
mineralization and the rate of input of dead plant
parts to soil. Where decomposition is very slow, or-
ganic matter accumulates and peaty soils develop.
In contrast, where plant litter turnover rates are
high, resulting soils have a more mineral profile
with low organic matter content. Much of the
regulation of plant litter decomposition is related
to the relative availabilities of carbon and nutrient
elements within the plant resource. Melillo et al.
(1982) showed that the carbon to nitrogen ratio
in plant resources and, particularly, the lignin:N
ratio could predict the rate of decomposition of
litter, which, in turn, influences the saprotrophic
fungal community capable of decomposing
them.

The process of decomposition starts in the
phylloplane when leaves senesce, and progres-
sively continues in the soil in the litter and organic
horizons, where fungi interact with bacteria and
soil fauna (Ponge 1991, 2005).

Table. 16.1. Resource quality and rates of decomposition
of contrasting plant litters in relation to ecosystem succes-
sion (from left to right, these components become more

important contributors to the decomposition pool), and
the increased dependency of consortia of soil organisms to
effect their decomposition (after Heal and Dighton 1986)

Lower Herbaceous Angiosperm Coniferous Wood
plants plants leaves leaves

Cellulose (%) 16–35 20–37 6–22 20–31 36–63
Lignin (%) 7–36 3–30 9–42 20–58 17–35
C:N ratio 13–50 29–160 21–71 63–327 294–327
Decay (% year−1) 20 30–70 40–60 3–50 1–90
Faunal Enchytraidae Enchytraidae, Oligochaeta, Acari, Insecta,
importance Enchytraidae Oligochaeta, Collembola, Collembola, other

Diptera Acari Oligochaeta Arthropoda

A. Phylloplane Fungal Action

In wet tropical forests, some 7% of the total ex-
pected leaf litter fall never reaches the forest floor,
but is trapped in the canopy of the trees or in
the canopy of the understory shrub community
(Hedger et al. 1993). Plant litter trapped in the
canopies is held there by fungal hyphae and, partic-
ularly, rhizomorphs formed by species of the gen-
era Marasmius and Marasmiellus, which effect the
decomposition of the plant litter. The balance be-
tween the amount of leaves trapped is a function of
leaf weight, tensile strength of the retaining fungal
structures, and weight loss due to decomposition.
As the leaves decompose, mineralization will re-
lease nutrients that will wash to the forest floor in
throughfall rain. Thus, the formation of ‘soil’ in the
tree canopy is a reality and, probably, has a sig-
nificant impact on the fertility of the tropical forest
ecosystem. Under crop canopies, Beare et al. (1989)
showed enhanced microbial activity and litter de-
composition of low-resource quality materials in
the presence of throughfall rainfall.

The magnitude of effects of rainfall volume and
leaching rates from canopy plant parts in wet tropi-
cal forests is much greater than that of other ecosys-
tems. However, even in temperate forest ecosys-
tems, the changes occurring in the stemflow water
chemistry is enough to provide a suitable habitat
for epiphytic lichen communities. The extensive
biomass of the epiphytic lichen, Ramalina men-
ziesii, (590 kg ha−1) on blue oak (standing crop leaf
biomass of 958 kg ha−1) had a higher deposition of
total N, organic N, Ca, Mg, Na and Cl in through-
fall rain than was the case for trees without lichens
(Knops et al. 1996). Trees with lichens had a lower
throughfall of SO4, and the concentrations of NO3,
NH4, K and total P were not different because lichen
litter reduced the decomposition of oak leaf litter,
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Table. 16.2. Regression analysis (regression coefficients) of
decomposition (mass loss) and nitrogen release rate in re-
lation to determinants of leaf litter resource quality (after
Vanlauwe et al. 1997). Asterisk indicates a significant regres-
sion (a = 0. 05)

Litter N mineral-
mass loss ization

C:N ratio 0.74* 0.61
Lignin:N ratio 0.68 0.42
Polyphenol:N ratio 0.54 0.76*
(Lignin+polyphenol):N ratio 0.77* 0.68*

such that the release of N and P were reduced by 76
and 2%, respectively.

B. Litter Decomposition
and Nutrient Mineralization

The rate at which a resource is decomposed is de-
pendent on its chemical composition (Heal and
Dighton 1985; Heal et al. 1997), edaphic factors
(available moisture and temperature), and the col-
onization of the resource by appropriate sapro-
trophic organisms (Table 16.1). Many of these fac-
tors are discussed by Cooke and Rayner (1984). The
input of different types (chemical composition and,
hence, resource quality) of plant litter varies with
ecosystem type (Dickinson and Pugh 1974; Cadish
and Giller 1997). The general consensus is that the
carbon:nitrogen and lignin:nitrogen ratios can be
used as determinants of the resistance of resources
to decomposition, and ultimate mineralization of
nutrients (Melillo et al. 1982). Where the C:N or
lignin:N ratios are high, there are reduced rates
of decomposition compared to resources contain-
ing lower ratios. However, other secondary chem-
icals produced by plants, particularly polyphenols
and tannins, also inhibit rates of decomposition of
plant material by soil microorganisms (Harborne
1997). Vanlauwe et al. (1997) showed that both
rates of decomposition (mass loss) and nitrogen
mineralization rates are strongly correlated to the
(lignin+polyphenol):N ratio (Table 16.2).

Due to the variability in chemical composition
of plant and animal remains, not all materials can
be utilized by all fungal species. Fungal species dif-
fer in their access of simple or complex forms of
carbohydrate and mineral nutrients. Decomposi-
tion is a product of enzyme activity, where the
types of enzymes required are dependent on the
substrates (chemical constituents) of the resource.

Sinsabaugh and Liptak (1997) give a description of
the various ectoenzymes produced by fungi, and
their biochemical effects on organic resources in
plant litters. The ability of different species of fungi
to produce specific enzymes dictates, in part, the
succession of fungi colonizing resources. In addi-
tion to enzymatic competency, there are other fac-
tors, such as relative growth rates, the production
of antibiotic secondary metabolites, and environ-
mental constraints, which influence the ability of
specific fungi to colonize resources in the face of
competition against other fungi (Cook and Rayner
1984; Frankland 1992, 1998; Lockwood 1992; Wick-
low 1992). Linkins et al. (1984) discussed some of
the factors affecting the activity of extracellular cel-
lulase, particularly the positive influence of tem-
perature, and the cellulose to lignin ratio. Cellulose
appears to become unavailable for microbial use
when the cellulose:lignin ratio declines below 0.5.

The role of plant litter quality on the pattern of
fungal colonization of resources has been discussed
in Dickinson and Pugh (1974). Here, many exam-
ples of the change in species composition of fungal
communities as different plant substrates undergo
the cascade of decay are described. In general, there
appears to be a succession of fungi utilizing differ-
ent resources within the litter. The classic assump-
tion is that the initial colonizers use soluble car-
bohydrate sources (sugars), and are later replaced
by fungal species having greater enzymatic compe-
tence that are able to break down organic sources of
carbon such as cellulose, and lignin. However, there
are few clear distinctions in the succession and, in
fact, many of the species overlap in time and space.
The successional trends of fungi colonizing decom-
posing plant material have been described in more
detail for the litter of the fern Pteridium aquilinum
by Frankland (1992) in her discussion of fungal suc-
cessions (Frankland 1998). She describes changes
from lesion-forming Rhizographus and Aureoba-
sidium on standing dead litter, through the colo-
nization by basidiomycetes in relation to the rate
of loss of cellulose and lignin, and the consequen-
tial decrease in C:N ratio from some 200:1 to 30:1.
By microscopic observation of small samples of
forest floor leaf litter, Ponge (1990, 1991) charac-
terized the colonization of Pinus sylvestris needles
into four stages (Table 16.3). Early stages of de-
composition are characterized by minor changes
to the leaf structure by fungi common in the phyl-
loplane. Subsequent fungal colonization is associ-
ated with browning of the leaf, and decomposi-
tion of relatively available resources. This is fol-
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Table. 16.3. Fungal succession in relation to changes in resources during decomposition of Scots pine needles (after Ponge
1991)

Stage of Fungal species Litter characteristics
decompositions

Phase I Lophodermium
and Ceuthesopra

Browning of cellulose walls, cytoplasm missing and replaced by hyphae

Phase II Verticillum, Marasmius
and Cenococcum

Melanized hyphae through stoma. Hyaline hyphae invade xylem tracheids
and resin ducts. Lignocellulose walls disrupted

Phase III Cenococcum Invades fecal pellets of mites and enchytraeids as soil fauna, bacteria
and algae invade

Phase IV Cenococcum
and Hyphodontia

Penetration by mycorrhizal fungi. Needles become hollow

lowed by greater invasion of the leaf tissue by de-
composing micro-fungi and basidiomycete fungi,
culminating in the entry of soil arthropods, inva-
sion by mycorrhizal fungi, and the establishment
of a greater diversity of decomposer organisms.
Within any group of fungi, however, there are con-
siderable differences in efficiency of decomposition
abilities. In a comparison of larch litter decomposi-
tion between 15 basidiomycete and 16 ascomycete
fungi, Osono et al. (2003) showed litter weight loss
of –2.0 to 7.8% by ascomycetes, and −0. 8 to 14.2%
by basidiomycetes. Thus, the generalization that
basidiomycetes have greater enzyme diversity is
not always correct, although the results suggested
a stronger relationship to N mineralization due to
lignin decomposition by basidiomycetes, in con-
trast with ascomycetes. A review of fungal succes-
sion during decomposition can be found in Ponge
(2005).

These observations help to validate the model
proposed by Swift et al. (1979) where changes
from ‘sugar’ fungi to basidiomycetes in relation to
changes in available resources and the influence
of climatic stresses are presented. The model
suggests that during initial decomposition, the
carbohydrate component is used as an energy
source until such a time that the C:nutrient ratio
approaches that of the decomposer organism
(around 15:1 for P, and 6:1 for N in fungi). Only
then is there net conversion of organic nutrient to
inorganic nutrient – net nutrient mineralization.
In general, initial resource structure is chemically
heterogeneous, thus supporting a variety of fungal
species. As decomposition proceeds, only recal-
citrant chemicals are left, requiring a specialized
subset of fungal species that are capable of produc-
ing the enzymes necessary to degrade the complex
resources. Hence, diversity is reduced. However,
the colonization of decomposing plant material

in relation to resource quality has been presented
only in reference to the chemical composition of
the whole leaf. As fungal hyphae are of a small di-
ameter (∼5 μm), their patterns of growth, enzyme
expression and the subsequent changes in leaf
litter chemistry occur at a scale of resolution much
smaller than that of a whole leaf. In recent studies
(Mascarenhas et al. 2000; Dighton et al. 2001) using
microscopic Fourier transform infrared (FT-IR)
spectroscopy, real-time micro-scale (100×100 μm)
changes in leaf surface carbohydrate chemistry
resulting from fungal colonization are beginning
to be revealed at the level of individual hyphae.

At the ecosystem level, plant tissue chemistry
entering the decomposer pool changes during seral
succession of vegetation from herbaceous to forest
ecosystems (Heal and Dighton 1985). The initial
seral stages are marked by an addition of high-
quality resources to the decomposer community,
consisting mainly of cellulose and a high C:N ra-
tio and low lignin content. Following forest canopy
closure, woody resources and more recalcitrant leaf
litters dominate (Attiwill and Adams 1993). These
litters have high lignin content and low C:N ra-
tios and, therefore, decompose at a slower rate. In
addition to changes in the dominance of fungal
species or group with ecosystem succession, the
degree of interaction between fungi and animals
increases. There are increasingly intimate associa-
tions between fungi and fauna in the exploitation
of more recalcitrant plant residues (Table 16.1).

In forested systems, much dead wood remains
in the canopy prior to recruitment to the forest
floor. This standing dead material may have a dif-
ferent fungal community than wood on the forest
floor. The work of Boddy and Rayner (1983) on oak
wood in canopies showed that 12 basidiomycete
fungal species dominated in the community.
Of these, Phellinus ferreus, Sterium gausapatum
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and Vuilleminia comendens were pioneer species
of partially living branches, Phlebia adiata and
Coriolus versicolor were secondary colonizers,
and Hyphoderma setigerum and Sterium hirsutum
related to insect activity. In wood, the interactions
between fungi can be most clearly observed. The
zones of interaction between adjacent, competing
fungal colonies have been mapped in three di-
mensions using wood as a resource (Rayner 1978;
Rayner and Boddy 1988). Clear demarcation zones
are set up when genetically incompatible strains or
species meet in a relatively homogenous resource.
In an environment where resources are patchily
distributed, such as mixed litter on the forest floor,
the colonization of individual resource units is
more difficult to map. The colonization pattern
of individual straw resource units by a range of
fungal species was correlated to relative growth
rates of the fungi on agar (Robinson et al. 1993a).
These rates of growth allowed four species to be
ranked in combative order. Mixtures of fungal
significantly reduced growth rate of less combative
fungal species, where enhanced respiration of
mixed species communities (Robinson et al. 1993b)
resulted from competition, rather than substrate
utilization. Thus, the cascade of decomposition
is related to colonization of a substrate by fungi
based on their enzymatic competence in relation
to the chemical resources available, and also on
the outcome of interaction with other potential
colonizers of that resource.

Sinsabaugh et al. (1993) demonstrated that
most extracellular enzymes involved in wood
decomposition are derived from fungal activity.
Using standardized wood as a resource, they
showed that the production of lignocellulase
enzyme did not differ between different locations
in a temperate forest ecosystem. However, the
rate of immobilization (mainly fungal) of total
nitrogen and total phosphorus into decomposing
wood ranged from 2.2–4.4 μg g−1 wood for P,
and 43–139 μg g−1 for N at the time when 80%
mass loss was achieved. The spatial variability
of this parameter was much greater than that
for lignocellulase, but much less than for acid
phosphatase and N-acetylglucosaminase activity.
The process of decomposition is governed by the
production of enzymes, which are, in turn, regu-
lated by the availability of nitrogen or phosphorus.
Thus, where nutrient elements are less available,
the fungi expend greater amounts of energy to
produce enzymes to sequester the nutrients from
organic sources. These results suggest a large

degree of edaphic (soil condition) control over
enzyme expression, which is closely related to
the availability of inorganic N and P supplies
in soil water. Thus, Sinsabaugh et al. (1993) and
Sinsabaugh (2005) developed a model that contains
both fungal (microbial) and soil nutrient controls
over the expression of enzymes. Particularly,
Sinsabaugh (2005) describes a successional loop
through which the community composition of
saprotrophic fungi and their enzyme expressions
are tied to resource quality in organic matter
decomposition. Use of models like this can help
us to better understand the complexities of
decomposition and nutrient cycling processes
by allowing hypothesis development, leading to
the design of experiments that can logically alter
single or multiple parameters to investigate the
key processes and organisms that are responsible
for driving ecosystem processes.

Lodge and Asbury (1988) demonstrated that
the ability of fungal hyphae and cords to bind leaf
litter together on the forest floor is important in
preventing down-slope loss of leaf litter in tropi-
cal forest ecosystems. The potential loss of organic
matter, containing nutrients for plant growth, is
prevented by the action of a number of, mainly, ba-
sidiomycete fungi that bind the leaf litter together.
Species of Collybia, Marasmiellus, Marasmius and
Mycena are the main fungi involved in forest floor
litter trapping. The effect of litter binding by fungi
increases with increasing ground slope. Lodge and
Asbury (1988) concluded, from field manipulation
experiments, that loss of litter was reduced by 35%
from shallow slopes (<75% of angle) and 45% at
greater slopes (75–90%). The reduction in leaf lit-
ter loss and subsequent incorporation of organic
matter into the mineral soil is thought to prevent
soil erosion and down-slope nutrient leaching dur-
ing high-rainfall periods.

C. Nutrient Immobilization

Mineral nutrients are sequestered by decomposer
soil organisms by being incorporated into the or-
ganism’s biomass. The residence time of these el-
ements is usually equivalent to the turnover time
(lifespan) of that organism. The amount of accumu-
lation within the fungal component varies between
ecosystems, depending on the chemical composi-
tion of the plant parts available for decomposition
and the main fungal groups involved in the pro-
cess. Thus, shorter-lived, ephemeral moulds, utiliz-
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ing simple carbohydrates, have lower investment in
biomass than longer-lived basidiomycetes, growing
on woody resources; by implication, the potential
accumulation in basidiomycetes is greater (Frank-
land et al. 1982).

Where the C:nutrient ratio of a resource is very
high, as in wood, the Swift et al. (1979) model pro-
poses initial fungal immobilization and import of
free nutrient during initial stages of decomposi-
tion until the fungal resource C:nutrient content
is equivalent to that of the fungus. Fungal immo-
bilization of nutrients can be considerable and is
of economic concern in ‘nitrogen lock-up’ in post-
harvest forest residues. To alleviate this competi-
tion, there has been the establishment of burning
protocols to rid the site of both woody debris and,
incidentally, leaf litter and the nutrients they con-
tain (Dighton 1995). A greater understanding of the
interactions between nutrient availability, tempo-
rary nutrient immobilization, and alternative ap-
plications for post-harvest residues could lead to
a more rational use of residues to provide sustain-
able forestry without the loss of nutrients from the
ecosystem from burning, and without the need for
exogenous nutrients in the form of fertilizers (Jones
et al. 1999). For example, Stark (1972) showed that
hyphae had 193 to 272% greater N content, and 104
to 223% greater P content than the pine needle litter
on which they were found, suggesting immobiliza-
tion of these elements into fungal biomass. Data
from Lodge (1993) show similar, but lower rates of
fungal accumulation of nutrients in tropical forest
ecosystems (N 1.6%, P 22%, K 3.7% and Ca 2%)
from leaf litter. Fogel and Hunt (1983) estimated
that saprotrophic fungal biomass accounted for 2%
of the standing stock of a temperate Douglas-fir
forest ecosystem, and Clinton et al. (1999) showed
significant nutrient accumulation in fungal fruit-
bodies of a Nothofagus forest from both forest floor
and dead woody material (Table 16.4).

Table. 16.4. Accumulation of nutrients into fungal fruit-
bodies in a Nothofagus forest from either forest floor or
dead woody material, expressed as a percentage of resource
nutrient calculated as mg kg−1 (after Clinton et al. 1999)

Nutrient % from forest floor % from dead wood

N 402 2066
P 400 2500
K 628 19,000
Mg 800 400
Ca 7 89

Marumoto et al. (1982) suggested a longer
turnover time for fungi than bacteria in their ex-
perimental decomposition study of killed bacteria,
fungi, and combined bacteria and fungal cells.
Using 14C and 15N labeling techniques for each of
the cells, they showed that the rate of carbon loss,
as CO2, was similar between microbe sources, but
that the rate of mineralization of nitrogen as both
NH4 and NO3-N was slower in the decomposition
of fungal cells. In tropical ecosystems, fungal
biomass can attain values of 5–15 mg g−1 litter
(Lodge 1993), from which nutrients can be slowly
released upon death and subsequent decomposi-
tion. Here, fungi may be important retainers of
nutrients that would otherwise readily leach from
the soil due to high precipitation volumes. Due to
the high nutrient content, decomposition of fungal
fruitbodies may be faster than that of surrounding
forest floor material, providing localized spots of
high rates of mineral nutrient release. However,
the duration of immobilization of those nutrients
into fungal hyphae before translocation to the
fruitbody could be an important aspect of the con-
trol fungi have on the rates and timing of release of
pulses of nutrients within the forest ecosystem. In
temperate zones, the spring and fall abundance of
fruitbody production may coincide with the high
root growth and high nutrient demand by trees
during these periods, a correlation that has yet to
made by observation and measurement.

Fungi as non-discrete organisms are able to
translocate elements within the fungal thallus
(Cairney 1992), allowing for the spatial redistri-
bution of elements. For example, if an element
were always translocated away from dying regions,
translocation would increase the length of time of
immobilization into fungal components. Olsson
and Jennings (1991) demonstrated that translo-
cation of 14C and 32P through hyphal systems of
Rhizopus, Trichoderma and Stemphylium occurred
by diffusion. Real-time rates of translocation
of carbon within the fungal thallus have been
shown to react to provide directional flow to the
building phases of the hyphae (Olsson 1995). This
acropetal translocation is through cytoplasmic
flow and diffusion in the cytoplasm and apoplasm.
In contrast to this diffusion model of C and P
translocation, Gray et al. (1995) demonstrated
that translocation of 137Cs through hyphae of
Schizophyllum commune was slower than diffu-
sion, suggesting incorporation of the element
into structural components of the cytoplasm or
hyphal wall. This presents a plausible mechanism
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Table. 16.5. Velocities of translocation of elements within saprotrophic basidiomycete mycelia (after Cairney 2005)

Fungus Element/material Velocity (cm h−1)

Armillaria mellea Glucose (14C) 3.2
A. mellea Glucose (3H) 1.2
A. mellea P 2.5
Armillaria spp. Cs 14.2
Armillaria spp. Cs 17.9
A. gallica Cs 0.6
A. ostoyae Cs 0.8
Serpula lacrimans Glucose (14C) 24.8
Phanerochaete velutina Glucose (14C) 336
P. velutina Aminoisobutyric acid (14C) 0.05
Schizophyssum commune Cs 0.0002
S. commune Aminoisobutyric acid (14C/32P) 0.0018
Pleurotus ostreatus Aminoisobutyric acid (14C/32P) 0.0018

for long-term accumulation of radiocesium in
basidiomycete fungi (Dighton and Horrill 1988;
Yoshida and Muramatsu 1994).

Solute translocation through wood-colonizing
basidiomycetes is important in facilitating colo-
nization of low-resource quality substrates. Wells
and Boddy (1990) showed that 75% (Phane-
rochaete velutina) and 13% (Phallus impudicus)
of the phosphorus added to a decomposed wood
resource is translocated to newly colonized wood
resources through mycelial cord systems from
previously colonized and partially decomposed
wood. The maximum rate of P translocation is
7225 nmol P cm−2 day−1 through cords. These
cords are formed only in unsterile soil, suggesting
the trigger for cord formation is derived from
other organisms. In field experimental mani-
pulations, Wells and Boddy (1995a) showed that
translocation could be conducted over distances
of up to 75 cm between decomposing resources
on the forest floor. Translocation of phosphorus
in mycelial cords is temperature dependent, with
greater rates of movement at higher temperatures
(Wells and Boddy 1995b). A change from wet
to dry soil conditions induces a thickening of
the cord system of Phanerochaete velutina and
a reduction in the translocation of phosphorus
to a new wood resource; wetting appears to have
no effect on cord structure or P movement (Wells
et al. 2001).Velocity of translocation of material
within basidiomycete mycelia can be high (Cairney
2005), although few studies have looked at nutri-
ent elements other than phosphorus or cesium
(Table 16.5). Changes in the source–sink rela-
tionships within the mycelium, and the degree of
importance of translocation in non-basidiomycete

fungi in relation to nutrient cycling are as yet
relatively unexplored.

D. Interactions Between Fungi
and Other Microbes

It is important to remember at the outset that sapro-
trophic fungi involved with decomposition and nu-
trient cycling in soil do not perform that function in
isolation. Plant and animal remains may be com-
minuted by soil fauna and subjected to enzyme
attack by bacteria and actinomycetes. Interactions
between these organisms are important in deter-
mining the rate of decomposition and diversity of
soil biota. The decomposition process is also dy-
namic – for example, the same suite of organisms
is not present on the plant or animal remains (re-
source) for the duration of the process of decompo-
sition. It will be seen that different fungi have dif-
ferent enzymatic capabilities, so their appearance
on a resource will be dictated by (i) their ability to
utilize the resource, (ii) their rate of arrival at the
resource either by growth or by transport as spores,
etc., and (iii) their ability to compete against other
fungal species with similar physiological compe-
tence.

The interactions between fungi and bacteria
in the decomposition of leaf litter may also not
always be synergistic. In an incubation study of
beech leaves, Møller et al. (1999) showed that the
cellulolytic fungus Humicola sp. caused double the
carbon utilization from leaves than in combination
with a mixed inoculum of soil bacteria. However,
mixed species fungal inoculum significantly in-
creased β-N-acetylglucosaminidase and endo-exo-
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cellulase activity compared to the presence of bac-
teria alone, but the presence of bacteria decreased
these enzyme activities in the presence of Humicola
relative to Humicola alone. The quality of resultant
dissolved organic carbon from decomposition also
differed between fungal and fungal/bacterial de-
composition of the leaf material.

As complexity in the system increases, the in-
fluence of trophic interactions alters the effective-
ness of fungi to effect decomposition, and the sub-
sequent mobility of nutrients. Nieminen and Setälä
(2001) constructed microcosms of increasing com-
plexity by sequentially adding fungi, bacteria and
bacteria-feeding nematodes. Fungi alone had lower
decomposition efficiency (higher respiration per
unit biomass) when alone in the system, and ef-
fected lower C loss due to a smaller total biomass
in the system, compared to more complex associa-
tions. Thus, generalizations of the role of fungi in
nutrient cycling need to be modified when placed
in a ‘real world’ context of fungal interactions with
other soil biota. Further additive trophic interac-
tion studies of this kind need to be done in order
to better understand individual functional groups
and their interactions.

IV. Impact of Pollutants
on Nutrient Cycling

Changes in the environment caused by greenhouse
gases and pollutants have been shown to directly
and indirectly influence fungal communities and
their activity in the decomposition process. New-
sham et al. (1992a, b) and Boddy et al. (1996)
showed that, although there was change in the fun-
gal community on tree leaf litter exposed to sul-
fur dioxide, the leaf occupancy by fungi was not
altered. These changes in fungal species had lit-
tle effect on rate of decomposition of the leaf lit-
ter, probably due to the rapid leaching of sulfur
from the system. In contrast, Dursun et al. (1996a,
b) showed reduced hyphal extension and activity
(measured as respiration) of fungi in leaf litter ex-
posed to sulfur dioxide.

Enhanced carbon dioxide in the atmosphere
alters plant chemistry. For example, Norby et al.
(2001) show that lignin concentrations of leaf litter
increase, whilst N concentrations decline. These
changes in leaf litter chemistry influence the rate
of litter decomposition, nutrient mineralization
and affect the fungal communities that colonize

them (Treseder 2005). The effect of UV-B light
(as enhanced by ozone depletion in the atmo-
sphere) significantly reduced spore germination
and hyphal growth of some phylloplane- and leaf
litter-inhabiting fungi (Aspergillus fumigatus, Peni-
cillium hordei, P. janczewskii, P. purpurogenum)
but not others (Verticillium sp., Mucor heimalis,
Cladosporium cladosporioides, Leptosphaeria
coniothyrum, Trichoderma viride, Ulocladium
consortiale and Marasmius androsaceus) (Moody
et al. 1999). Changes in the species composition
could affect the decomposition of leaf litter and
subsequent nutrient mineralization.

Information on the role of fungi in nutrient
cycling may also be gained by the interactions
of fungi and heavy metals and radionuclides.
Although these chemicals do not form the major
nutrient elements that are essential for growth,
their behavior may indicate the pathway of other
elements within fungal-driven processes. Much of
the interaction between fungi and heavy metals
has recently been summarized by Fomina et al.
(2005). The presence of heavy metals has been
shown to alter growth patterns of foraging hy-
phae, which may influence their effectiveness in
decomposition because hyphal aggregation shifts
between assimilative and non-assimilative states
as hyphal growth crosses ‘hostile’ chemical regions
(Ritz 1995; Rayner et al. 1995). By the excretion of
fungal acids and enzymes, fungi can change both
the valency states and mobility of heavy metals,
altering their toxicity to both fungi and other
organisms in the decomposer food web. Ionizing
radiation from radionuclides has been shown to
affect the community composition of soil micro-
fungi (Zhdanova et al. 1995, 2005) where tolerant
species are capable of decomposing ‘hot particles’
containing radionuclides (Zhdanova et al. 1991),
possibly by sensing the ionizing radiation and
directing their growth toward it (Zhdanova et al.
2004). The fate of the radionuclides released by
such action are unknown, but it is possible, based
on information from radiocesium accumulation
in saprotrophic fungi (Dighton et al. 1991) and
mycorrhizal fungi (Oolbekkink and Kuyper 1989;
Haselwandter and Berreck 1994; Guillette et al.
1994), that long-term accumulation in fungal
tissues may result (Dighton and Horrill 1988).
It is interesting to note that the role of melanin
has been implicated in both the accumulation
and sensing of the presence of heavy metals and
radionuclides (Zhadnova et al. 2004; Fomina et al.
2005).
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V. Conclusions

Among the ecosystem services that fungi provide
(Dighton 2003), plant litter decomposition and
mineral nutrient cycling are among the most
prominent processes regulated by saprotrophic
fungi. Despite many years of research into this role
of fungi, many of the subtle interactions with other
organisms in the ecosystem have yet to be eluci-
dated. Much of the role of these fungi is modified by
environmental pollution and other environmental
changes (global warming, etc.). Traditional tech-
niques for measuring nutrient cycling as mediated
by fungi will only tell us so much. Emerging tech-
nologies are poised to allow us to investigate new
avenues of nutrient cycling. Among these is the use
of natural abundance and labeling with radionu-
clides to follow the fate of nutrients and carbon in
ecosystems, providing a new way of investigating
fluxes in situ. Significant strides forward have been
made in fungal ecology (see review by Hobbie
2005), in which isotopic discrimination between
saprotrophic and mycorrhizal fungi can show
where these two functional groups obtain both
carbon and mineral nutrients. For example, sapro-
trophic fungi are several parts per mille more en-
riched in 14C compared to ectomycorrhizal fungi,
and wood-decomposing fungi have a higher δ15N
signature than leaf-litter decomposers (Hobbie
2005). Together with greater understanding of the
communities of fungi involved in nutrient cycling
and the physiology of the individual members of
the community, these techniques are likely to lead
to significant improvements in our understanding
of the role of fungi in providing ecosystem services.

Traditional concepts of nutrient cycling rely on
an understanding of leaf litter and wood decom-
position. If we consider the greater dynamics of
ecosystems, we can see that other, more transient
components of the ecosystem may play an equally
important role in driving nutrient cycling and im-
pacting fungal communities. Writing the final part
of this chapter during a gypsy moth outbreak in our
local forest leads me to contemplate the following
as potentially fruitful areas of future study:

1. What are the consequences of episodic litter in-
puts to the decomposer community (insect
frass, plant parts other than leaves that pro-
vide short-term pulses of input, e.g., bracts,
flowers)?

2. How do short-term pulses of interruption to
ecosystem stability (fire, rainfall, drought) in-
fluence the rates of decomposition, fungal com-
munities, and nutrient cycling?

3. How do food web dynamics change during such
times as mentioned above in relation to fungal
mediation of nutrient cycling?

4. How important are fungal mycelia and fruit-
bodies in the temporary and long-term storage
and release patterns of nutrients within diverse
natural and agro-ecosystems?

These are but a few of the questions that still need
to be addressed to complete our understanding of
how we may best manage both natural and man-
aged ecosystems to maintain diversity, effect con-
servation, and optimize our use of ecosystems.
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I. Introduction

Fungi are ubiquitous in the biosphere – from glacial
forefields in high mountain to the deep sea (Jump-
ponen 2003; Gessner and Robinson 2003; Damare
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et al. 2006) and from hot springs to the polar ice
caps (Jones et al. 2000; Gunde-Cimerman et al.
2003; Magan, this volume). One of their basic func-
tions in natural ecosystems is the decomposition
of plant matter, such as leaves, wood and fruits
(Harley 1971). The view that fungi are instrumen-
tal in plant litter decomposition has been a long-
standing paradigm in terrestrial ecology (Dighton,
this volume) but, for aquatic ecosystems, this no-
tion has not gained wide acceptance. Nevertheless,
there is now strong evidence that fungi are critically
important, if not the predominant, decomposers of
plant litter in marine and freshwater ecosystems
(Newell 1993; Newell and Porter 2000; Gessner and
Van Ryckegem 2003; Bärlocher 2005; Gulis et al.
2006b).

Fungal decomposers in aquatic ecosystems are
particularly prominent at the interfaces between
land and water, where dense growth of higher
plants typically results in abundant litter supply
when plants or plant parts senesce and die.
These environments comprise coastal marine
areas, inland wetlands such as mires (peatlands),
freshwater swamps and marshes, including littoral
zones of lakes and rivers, and forest ponds and
streams, which receive plant litter from adjacent
riparian vegetation. Plant matter decomposing
in these environments may be constantly sub-
merged, periodically or occasionally flooded,
or permanently exposed to air as in the case of
standing-dead shoots of emergent plants in salt
and freshwater marshes. Since different types
of plant matter may vary greatly in chemical
composition, physical structure, particle size, and
timing when they become available to microbial
colonization, a range of opportunities exist for
fungal development within these habitats. In
contrast to terrestrial environments, the continual
availability of water and, in many cases, the
abundant supply of dissolved nutrients often
create conditions that are particularly favourable
for fungal growth and activity.
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To demonstrate that fungi act as important de-
composers in a given environment, several condi-
tions should be met:

1. Fungi must be present in the natural sys-
tem, where they may be detected by direct
observation or indirect methods involving
chemical indicator molecules (Newell 1992;
Gessner and Newell 2002; Tsui and Hyde 2003;
Foster et al. 2004; Graça et al. 2005). Culturing
techniques also may be useful, although
they carry a greater danger of introducing
bias.

2. Identified species must be able to grow and
reproduce under conditions prevailing in the
natural habitat, i.e. the available substrate and
under the environmental conditions defined by
abiotic factors such as humidity, salinity, oxy-
gen concentration, and temperature.

3. They should elaborate the enzymes necessary
to degrade plant tissues and to produce them
in amounts sufficient to cause significant litter
degradation.

4. These activities should result in mass loss of
organic matter or, when species are growing
only in mixed assemblages, in an acceleration
of mass loss.

5. Finally, the fungi should be successful in com-
peting with other organisms present in the sys-
tem and thus either rapidly colonize a resource
and grow at a competitive rate or be able to oust
established species.

Ultimate proof of fungal participation in decom-
position consists in demonstrating fungus-specific
degradative activity. This may be indicated when
activities of a fungus grown on litter in microcosms
(Hicks and Newell 1984; Suberkropp 1991; Treton
et al. 2004) are similar to the activities observed in
situ. Careful application of antibiotics and fungal
inhibitors (Padgett 1993), coupled with the kind
of measurements given above, may also be useful,
although this approach is loaded with potential pit-
falls (Oremland and Capone 1988). More powerful
and currently promising methods appear to be the
quantification of mRNA and/or enzymes, both of
which are likely to provide important insights in
the future as transcriptomics and proteomics are
eventually applied to microbial assemblages asso-
ciated with decomposing plant litter.

Decomposition of plant remains involves
a range of biotic and abiotic transformations
that result in the formation of carbon dioxide
and other mineral substances, dissolved organic

matter (DOM), and fine particulate organic matter
(FPOM), but also in the biomass production of
microbial decomposers, such as fungi (Gessner
et al. 1999). The rates of all these processes are
governed by the response of decomposers to
environmental conditions (external factors) and
the intrinsic quality of litter (internal factors), and
they are modulated by biotic interactions within
and between different groups of decomposers
and with other components of aquatic food webs.
Outcomes can be divided into those affecting the
decomposition process (Fig. 17.1, bottom left)
and those affecting fungal performance (Fig. 17.1,
bottom right). Outcomes pertaining to fungal
performance relate to life-history patterns, often
apparent as shifts in fungal community structure,
mycelial growth, and allocation of resources to
reproduction. Outcomes relevant at the ecosystem
level include litter mass loss, nutrient dynamics
including immobilization and mineralization, and
generation of litter transformation products such
as FPOM and DOM. Thus, plant litter decompo-
sition may be viewed from an ecosystem process
perspective or from a decomposer point of view
(Fig. 17.1).

Fig. 17.1. Schematic representation of a fungus-dominated
litter decomposition system as viewed from a process (lower
left cases) and a fungal (lower right cases) perspective
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This chapter will address both perspectives.
Emphasis will be placed on two aquatic ecosys-
tems in which fungal decomposers and plant litter
decomposition have been studied to the greatest
extent: standing-dead shoots of emergent vascular
plants in salt and freshwater marshes (Sect. II.), and
leaf litter that falls into forest streams from adja-
cent riparian vegetation (Sect. III). In addition, the
importance of fungi as producers of biomass will
be addressed at the ecosystem level; a comparison
will be made with the biomass and production of
bacteria, the other potentially important microor-
ganisms associated with decomposing plant mate-
rial; moreover, the role of fungi in decomposition
budgets will be evaluated (Sect. IV.).

II. Fungal Decomposers in Salt
and Freshwater Marshes

A. Marshes as Fungal Habitat

Salt and freshwater marshes are among the most
productive ecosystems on the planet (Mitsch and
Gosselink 2000). Emergent vascular plants, such as
the smooth cord-grass Spartina alterniflora Loisel,
the reed Phragmites australis (Cav.) Trin. ex Steud.
and cattails (Typha spp.), are conspicuous features
in these wetlands and often account for the greatest
fraction of the total annual plant biomass produced
(Dai and Wiegert 1996; Wetzel and Howe 1999).
Since herbivore consumption is typically low (<1%
of production; Wetzel and Howe 1999; Kreeger and
Newell 2000), most of the plant biomass eventually
enters into the detrital pool.

An important characteristic of most emergent
wetland plants is that detachment of leaves and col-
lapse of shoots does not immediately follow plant
senescence and death (Newell 1993; Bärlocher
1997). Rather, shoots stay upright and leaves
remain attached to the parent plant for extended
periods, typically resulting in large amounts of
standing-dead plant matter that accumulate in
marshes (e.g. Asaeda et al. 2002). Fungi are a key
component of the decomposer assemblage of this
plant material (Newell 1993; Newell and Porter
2000; Gulis et al. 2006b), and may serve as an
important food source for metazoan consumers
(e.g. Silliman and Newell 2003). Thus, nutrient
cycling and energy flow in these ecosystems are
regulated to a significant extent by the metabolic
activities of fungi associated with decaying plant

material. The following section focuses on fungi in
salt and freshwater marshes with special emphasis
on fungal dynamics associated with standing-dead
shoots of emergent wetland plants.

B. Fungal Diversity
on Emergent Wetland Plants

Fungal communities associated with emergent
plants in freshwater marshes are often taxonom-
ically diverse. Early work by Saccardo (1898)
reported 168 fungal taxa from shoots of a single
species, P. australis, and a recent compilation of
literature data now suggests that over 600 species
have been recorded from this plant (Gessner and
Van Ryckegem 2003). The most common fungal
taxa identified from P. australis were members of
the Ascomycota (94%, including 30% hyphomyce-
tous and 22% coelomycetous anamorphs), with
Basidiomycota (6%) occurring much less fre-
quently. In a more limited survey, over 30 species
were identified from standing-dead Juncus effusus
(Kuehn and Suberkropp 1998a). Hyphomycetes
and coelomycetes were the predominant taxa
observed. However, examination of dead leaves
attached to standing shoots in the field revealed
large numbers of basidiomata of two white-rot
fungi, Panellus copelandi and Marasmiellus sp.,
indicating that laboratory culturing techniques
produced conditions that excluded sporulation of
these and possibly other fungal species.

Several studies have reported successional
changes of fungal taxa as shoot decomposition
of emergent freshwater plants proceeds (Pugh
and Mulder 1971; Apinis and Taligoola 1974; Van
Ryckegem and Verbeken 2005). For example, based
on observations of fruiting structures, Pugh and
Mulder (1971) reported a succession of sporulat-
ing taxa during standing-dead and submerged
decomposition of Typha latifolia leaves. Prevalent
fungi observed during early decomposition stages
(i.e. on standing-dead shoots) were similar to
taxa observed on terrestrial plants, with primary
colonization by phylloplane fungi such as Aureoba-
sidium pullulans, Cladosporium herbarum, Phoma
typharum and Epicoccum nigrum. This initial
phase was followed by a secondary phase in which
Leptosphaeria spp. were dominant. Predacious
nematode-trapping fungi, such as Arthrobotrys
and Dactylaria spp., were most prevalent during
the final submerged stages of decomposition when
plant matter had collapsed to the sediment surface.
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A particularly marked shift in sporulating fungal
taxa appears to coincide with the transition of
decay of standing-dead shoots to decomposition
of fallen or collapsed plant parts on the sediment
(Van Ryckegem et al. 2007).

In addition to temporal shifts in community
structure, fungi may exhibit distinct spatial dis-
tribution patterns on standing-dead shoots (Pugh
and Mulder 1971; Apinis and Taligoola 1974; Poon
and Hyde 1998; Van Ryckegem and Verbeken 2005).
Different taxa may occupy specific plant parts, such
as leaf blades, leaf sheaths, or the nodes and in-
ternodes of culms. In addition, fungal taxa asso-
ciated with P. australis in tidal marshes showed
distinct vertical distribution patterns in the plant
canopy, which appeared to be a primary factor
determining fungal community composition (Van
Ryckegem and Verbeken 2005; Van Ryckegem et al.
2007). These small-scale distribution patterns on
shoots may be a result of small-scale spatial vari-
ation in environmental conditions and/or differ-
ences in the resource quality of plant litter, such as
varying amounts of recalcitrant compounds within
different plant tissues.

In salt marshes, observations of fungal repro-
ductive structures associated with standing-dead
S. alterniflora revealed that ascomycete species of
Phaeosphaeria, Mycosphaerella and Buergenerula
are typically the most frequently encountered
(Gessner 1977; Newell 1993, 2001a; Newell et al.
2000). Studies using molecular methods to
describe fungal communities on decomposing
wetland plants, such as ITS rDNA sequencing and
terminal restriction fragment length polymor-
phism (T-RFLP), largely concur with observations
based on traditional microscopic techniques
(Buchan et al. 2002, 2003; Lyons et al. 2005;
Torzilli et al. 2006). In particular, on leaf blades of
standing-dead Spartina shoots in a South-Eastern
U.S. salt marsh, analysis of ascospore expulsion
rates, ITS clone libraries and T-RFLPs provided
a similar picture of fungal community composi-
tion, with P. spartinicola, Mycosphaerella sp. and
P. halima being the dominant taxa encountered
(Buchan et al. 2002). Overall, these data suggest
that fungal communities associated with Spartina
are not particularly complex, with a single species
accounting for most of the fungal biomass (Newell
et al. 1989) and reproductive output (Newell
and Wasowski 1995; Newell 2001a) in some
salt marshes. This degree of species dominance
appears to be in contrast with the often much
more diverse fungal communities associated with

standing-dead plants in freshwater marshes (see
above), although strong dominance has also been
found in freshwater marshes (Neubert et al. 2006).

Depending on characteristics of the habitat (i.e.
degree and regularity of inundation by tides), fungi
on standing-dead shoots in salt marshes may show
vertical distribution patterns. Typical terrestrial
fungi have often been observed on upper portions
of standing-dead S. alterniflora shoots not exposed
to tidal inundation (Gessner 1977), whereas ma-
rine taxa were most commonly observed on lower
portions of plant shoots that were regularly sub-
merged by tides (Gessner 1977). Similar observa-
tions have been reported for fungal communities
on both standing-dead and collapsed plant parts
of P. australis in a brackish tidal marsh (Poon and
Hyde 1998; Van Ryckegem and Verbeken 2005; Van
Ryckegem et al. 2007). Distinct fungal communi-
ties sporulated in different microhabitats (e.g. mid-
dle or basal canopy of standing-dead shoots), with
greater numbers of terrestrial species associated
with upper shoot portions. Flooding height and fre-
quency influenced the vertical species distribution,
presumably in response to not only water availabil-
ity but also salinity.

C. Fungal Biomass and Production

In addition to the wealth of qualitative evidence
showing pervasive fungal colonization of emergent
wetland plants, the productivity and functional role
of fungi has been assessed in several systems (e.g.
Newell and Porter 2000; Gulis et al. 2006b). His-
torically, the lack of suitable methods to quantify
fungal biomass and rates of biomass production
has been a major impediment to obtaining such
data. A particular problem has been the intimate
association of fungi with decomposing plant tis-
sue (Newell 1992) – hyphae penetrate the plant
tissue, rather than adhere to its surface (Fig. 17.2;
Newell et al. 1996b). Consequently, earlier estimates
of fungal biomass based on measurements of hy-
phal length (Table 17.1), in particular after clear-
ing of leaves, are likely to be severe underestimates
(Newell 1992; Gessner and Newell 2002). However,
these methodological problems have been largely
overcome by the use of indicator molecules such
as ATP, chitin, certain fatty acids in phospholipids
and, particularly, the membrane lipid, ergosterol,
which is likely to provide the most accurate es-
timates (Newell 1992; Gessner and Newell 2002).
ATP is not specific for fungi but can be used as a re-
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Table. 17.1. Some estimates of fungal biomass associated with decomposing plant litter in streamsa

Fungal No. of streams Litter typeb Method Reference
biomass
(mg g−1

detrital mass)

0.12 1 LB(1) Biovolumec Iversen (1973)
8–49 1 LB(3) Biovolumed Findlay and Arsuffi (1989)
23 1 LB(1) ATP Findlay and Arsuffi (1989)
15–111 8d LB(1) ATP Suberkropp and Chauvet (1995)
47–83 2 LB(2) ATP Suberkropp et al. (1993)
127–158 2 LB(2) Ergosterol Suberkropp et al. (1993)
61–155 1e LB(7) Ergosterol Suberkropp et al. (1993),

Gessner and Chauvet (1994)
78–226 4 LB(1) Ergosterol Methvin and Suberkropp (2003),

Carter and Suberkropp (2004)
54–73 4 RCL Ergosterol Methvin and Suberkropp (2003),

Carter and Suberkropp (2004)
1–175 10 WV Ergosterol Simon and Benfield (2001),

Stelzer et al. (2003), Gulis et al. (2004)
2–25 4 WS Ergosterol Díez et al. (2002),

Spänhoff and Gessner (2004)
24–86 2 RCWS Ergosterol Gulis et al. (unpublished data)

a Hyphal lengths were converted mycelial biomass by assuming an average hyphal diameter of 3 μm and a density of
500 fg μm−3 (cf. Findlay and Arsuffi 1989; Newell 1992). ATP was converted fungal biomass assuming that fungal ATP
accounted for 90% of the total ATP (cf. Findlay and Arsuffi 1989), at an average ATP concentration of 1.75 mg g−1 mycelial
dry mass (Suberkropp 1991; Suberkropp et al. 1993). Ergosterol was converted to fungal biomass assuming an average
concentration of 5.5 mg g−1 dry mass (Gessner and Chauvet 1993), unless more specific data were available
b LB, leaves in litter bags, with the number of leaf types in parentheses (maximum fungal biomass from decomposition
experiments is given); RCL, randomly collected naturally occurring leaf litter (mean annual fungal biomass); WV, wood
veneers and WS, wood sticks (range of fungal biomass from decomposition experiments); RCWS, randomly collected
wood sticks (mean fungal biomass)
c Hyphal length determined after clearing of whole leaf material
d Hyphal length determined after grinding and collecting leaf fragments on membrane filters
e Different sites or years or both in the same stream

liable index of fungal biomass because, in terms of
biomass, fungi commonly outweigh bacteria asso-
ciated with plant litter (see Sect. IV.B.), and major
sources of ATP other than bacteria are usually ab-
sent (Golladay and Sinsabaugh 1991; Suberkropp
et al. 1993). Phospholipid fatty acid (PLFA) pro-
filing has been used to quantify fungi in terres-
trial habitats (e.g. Klamer and B̊åath 2004) but has
not yet been applied to fungi in aquatic habitats.
Beyond the use of these biomass indicators, mea-
surement of [14C]acetate incorporation into ergos-
terol facilitates the determination of in situ fungal
growth rates and production to assess the dynam-
ics of fungal biomass accrual and loss (Newell and
Fallon 1991; Gessner and Newell 2002).

Application of these and other quantitative
methods has provided compelling evidence that
fungi are a key component of microbial assem-
blages within standing-dead shoots of emergent
wetland plants, suggesting an overall important
contribution to carbon and nutrient cycling in

marsh ecosystems (Gulis et al. 2006b). In pio-
neering studies involving a range of methods,
fungal biomass in leaves of S. alterniflora ranged
from 1.8% (microscopic determination of mycelial
biovolume) to as much as 20% (immunosorbent
assay, ELISA) of the total organic matter (Newell
et al. 1989). Estimates based on the determination
of ergosterol concentrations were intermediate
(5%) but would have been about twice as high
if a more realistic conversion factor (see Newell
1994) had been used. A large proportion of this
biomass can be in the form of ascomata, which
sometimes account for as much as 31% of the total
fungal biomass in decomposing Spartina leaves
(Newell and Wasowski 1995).

Assessment of multiyear patterns of fungal
biomass associated with salt-marsh plants corrob-
orates these earlier observations. Fungi associated
with both standing-dead S. alterniflora (Newell
2001b) and Juncus roemerianus (Newell 2001c)
accumulated substantial levels of biomass, with
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Fig. 17.2. Transmission electron micrograph of a cross-
section of a yellow poplar leaf (Liriodendron tulipifera L.)
that had been decomposing in a hardwater stream for
3 weeks. The leaf was fixed in 2% glutaraldehyde in 10 mM
Na cacodylate, pH 7, immediately after it was removed
from the stream. It was then post-fixed in 2% osmium
tetroxide, dehydrated, embedded and sectioned. Note the
masses of fungal hyphae within leaf cells. Four hyphae are
indicated by arrows. Scale bar indicates 2 μm

estimated peak values exceeding 5% of the total
organic mass of dead plant matter. On both plant
species, fungal biomass was generally higher
during the winter and spring and low during the
summer, and S. alterniflora supported ∼1.5-fold
higher fungal biomass than J. roemerianus. In
S. alterniflora leaves, ergosterol concentrations
were negatively correlated with rainfall and tidal
height (Newell 2001b), which supports findings
from manipulative field experiments suggesting
that prolonged water saturation has a negative
effect on fungi associated with standing-dead
wetland plants (Newell et al. 1996a).

Similar to the consistent temporal pattern over
several years, a large-scale comparative study along
the eastern coast of North America revealed no sig-
nificant latitudinal differences in fungal biomass in
leaves of standing-dead Spartina or Juncus in salt
marshes between 29 and 43◦N latitude (Newell et al.
2000). This suggests that substantial fungal pro-
duction derived from the aboveground primary
production of these salt-marsh plants is the rule.
However, Samiaji and Bärlocher (1996) found much
lower fungal biomass associated with S. alterniflora
leaves in the Bay of Fundy (Canada) at 45◦N, in-
dicating that harsher environmental conditions at
more northern latitudes may begin to limit fungal
biomass accrual in standing-dead shoots.

Substantial fungal biomass accumulations
have also been reported from standing-dead
shoots decaying in freshwater marshes (Newell
et al. 1995; Bärlocher and Biddiscombe 1996; Kuehn
and Suberkropp 1998a; Gessner 2001; Findlay et al.
2002a; Newell 2003; Welsch and Yavitt 2003). For
example, in Erianthus giganteus, a reed-like grass,
fungal biomass increased gradually during shoot
senescence and early decomposition to reach 7
and 4% of total detrital mass in leaves and culms
respectively (Kuehn et al. 1999). However, fungal
biomass varied spatially along the culm axis of this
plant, resulting in a maximum concentration in
the lower portion of only about 1.5%.

The observed accrual of substantial fungal
biomass in shoots of wetland plants is consistent
with high rates of biomass production that fungi
can exhibit in this type of habitat. Newell (2001b)
reported production rates of 70–329 μg g−1 or-
ganic mass h−1 on decomposing leaf blades of
S. alterniflora over a 3-year period, corresponding
to growth rates of ∼0.1–0.3% h−1. Higher rates
were generally observed in winter and spring
and lower rates during the summer, consistent
with patterns of fungal biomass accrual. Similar
dynamics were observed for fungi associated with
J. roemerianus (Newell 2001c), where rates ranged
from 66–366 μg g−1 h−1 and were lower in summer
than in spring and autumn. High rates of fungal
production are not restricted to salt marshes in
subtropical climate and, as with fungal biomass
accrual, no significant latitudinal difference in
production rates was observed in either Spartina
or Juncus (Newell et al. 2000), suggesting that
appreciable fungal production is a common feature
of standing-dead plant shoots in salt marshes.
On S. alterniflora, fungal production rates were
negatively correlated with the C:N but not the
C:P ratio of leaves (Newell 2001b), indicating that
nitrogen may be the critical nutrient controlling
fungal growth in this system (e.g. Newell et al.
1996a). In J. roemerianus, however, no significant
relationship was observed between rates of fungal
production and C:N or C:P ratios of the plant
material.

Fungal production rates in freshwater wetlands
can also be comparable to those measured in salt
marshes (Newell et al. 1995; Kuehn et al. 2000;
Findlay et al. 2002a; Su et al. 2007). For example,
fungal production rates on leaves of standing-dead
T. angustifolia ranged from 12 to 359 μg g−1 h−1

(Fig. 17.3), corresponding to growth rates of
∼0.02–0.2% h−1 (K.A. Kuehn et al., unpublished
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data), very similar to the ranges reported by
Newell (2001b, c). Fungi associated with Typha
stems showed similar seasonal patters in biomass
production but rates were only 11–108 μg g−1 h−1

(corresponding growth rates ∼0.05–0.4% h−1),
consistent with a much lower fungal biomass in
stems (Fig. 17.3). Similar fungal production rates
were observed for Typha and Phragmites stems
(between 2 and 70 μg g−1 h−1) in a tidal freshwater
marsh (Findlay et al. 2002a). These data indicate
that fungal production rates on standing-dead
shoots of emergent wetland plants may vary
significantly, depending on both environmental
conditions and the intrinsic quality of plant litter.

Detachment of leaf blades from their parent
plant, or collapse of standing-dead shoots to the
sediments or overlying surface waters often lead to
distinct changes in the biomass and productivity
of the fungi associated with this plant material. In
a study with J. effusus, fungal biomass and produc-
tion rates declined rapidly following submergence
of plant material colonized during the standing-
dead phase (Kuehn et al. 2000). Similar declines of
fungal biomass have been observed for fungi on the
salt-marsh grass S. alterniflora (Newell et al. 1989),
and the emergent freshwater plant P. australis in
both lakes (Tanaka 1991; Komı́nková et al. 2000)
and a tidal freshwater marsh (Van Ryckegem et al.
2007). These concordant patterns suggest that fungi

Fig. 17.3. Fungal biomass (a) and temperature trend and
fungal production (b) associated with standing-dead shoots
of T. angustifolia in a temperate littoral marsh (K.A. Kuehn
et al., unpublished data). Symbols indicate means±1 SE
(n = 6)

colonizing standing-dead shoots of wetland plants
are poorly adapted to the abrupt changes in en-
vironmental conditions associated with the transi-
tion of plant material from an aerial, standing-dead
to an aquatic or semi-aquatic decay phase. How-
ever, despite the strong decline in fungal biomass
following collapse or detachment of the plant mate-
rial, fungi continued to account for a major portion
of total microbial biomass (Newell et al. 1989; Sins-
abaugh and Findlay 1995; Komı́nková et al. 2000;
Kuehn et al. 2000; Su et al. 2007).

D. Enzymatic Capabilities

Fungi associated with emergent wetland plants can
produce a variety of extracellular enzymes that
are involved in the degradation of plant cell walls
(Gessner 1980; Torzilli 1982; Pointing and Hyde
2000). Much of the current knowledge comes from
laboratory-based studies of fungi isolated from de-
composing shoots of the salt-marsh grass S. al-
terniflora. These isolates have typically been found
to produce enzymes that degrade cellulose and
hemicelluloses, including those containing xylose
and arabinose (Gessner 1980; Torzilli 1982). Mixed
results have been obtained concerning the abil-
ity of isolates to degrade pectin. Gessner (1980)
found that only five of 20 isolates tested produced
polygalacturonases. Torzilli (1982) detected pecti-
nolytic activity when assays were carried out at
pH 8 (pectin lyase) for all three species tested,
but only one species produced pectinolytic activity
when assayed at pH 5 (polygalacturonase). When
four fungal species were provided with isolated cell
walls from S. alterniflora, all of them grew, and fil-
trates from these cultures caused release of reduc-
ing sugars, indicating that these fungi were able to
degrade polysaccharides embedded in native cell
walls (Torzilli 1982). Three species grown in cul-
ture also caused losses of both the cellulose and
hemicellulose fractions but not the lignin fraction
of Spartina tissue (Torzilli and Andrykovitch 1986).

Although less efficient than typical terrestrial
white-rot fungi (Basidiomycota), there is evidence
that fungal decomposers associated with emergent
wetland plants are often capable of degrading
lignin. When provided with Spartina lignocel-
lulose in which the lignin had been specifically
radiolabelled, the ascomycete Phaeosphaeria
spartinicola caused a loss of 6% (3.3% mineralized
and 2.7% solubilized) in the lignin fraction within
45 days (Bergbauer and Newell 1992). In the same
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time interval, P. spartinicola caused 26% loss in
total lignocellulose (22% mineralized and 4%
solubilized). Further, transmission electron micro-
graphs of decaying Spartina leaves collected in the
field revealed symptoms of soft rot from each of
four ascomycete species examined, demonstrating
the fungal ability to degrade cell wall material
in its native state (Newell et al. 1996b). In line
with this enzymatic and microscopic evidence,
a high diversity of DNA sequences encoding
laccase, a key enzyme in lignin degradation, has
been demonstrated within the natural fungal
community on S. alterniflora (Lyons et al. 2003).
Laccase sequences amplified directly from de-
caying leaf blades were dominated by sequences
characteristic of P. spartinicola, Mycosphaerella sp.
and P. halima, which were previously identified
as the principal fungal colonizers of standing
S. alterniflora leaves (Newell 1993; Buchan et al.
2002, 2003). Thus, dominant fungi colonizing
standing-dead S. alterniflora have the enzymes
needed to degrade lignocellulosic tissues and can
elaborate these enzymes when growing in their
natural habitat. Fungi on other emergent wetland
plants, both in salt and freshwater marshes, may
have similar enzymatic capabilities, given the
frequent occurrence of Ascomycota, including
their anamorphs, on plant matter in these habitats.

E. Respiratory Activities on Standing-Dead
Wetland Plants

If fungi are the dominant component of microbial
assemblages associated with standing-dead wet-
land plants, as comparative estimates of fungal and
bacterial biomass and productivity suggest (see
below), then general microbial activities, such as
CO2 release resulting from microbial respiration,
should largely be attributable to fungi (e.g. Kuehn
et al. 2004). The rationale behind the arguments
and conclusions in this section are based on this
premise.

As in most terrestrial ecosystems, moisture
availability is the single most important factor
limiting microbial activity on and, thus, mineral-
ization (CO2 evolution) of dead emergent wetland
plants (Gallagher et al. 1984; Newell et al. 1985;
Kuehn and Suberkropp 1998b; Kuehn et al. 2004).
Fungi are well adapted to this situation due to their
ability to respond quickly (within 5 min or less)
to wetting, permitting them to take advantage of
even short favourable periods in an environment

characterized by strongly fluctuating environ-
mental conditions (Newell et al. 1985; Kuehn
and Suberkropp 1998b; Kuehn et al. 1998, 2004).
During desiccation stress, these fungi survive
by accumulating intracellular compatible solutes
(polyols and trehalose; Kuehn et al. 1998). As a re-
sult of these adaptations, microbial assemblages
associated with standing-dead wetland plants,
particularly fungi, are capable of mineralizing
a significant portion of the plant carbon before
the collapse of leaves or shoots to the sediment
(Kuehn et al. 2004).

Respiratory activities of microbial assemblages
associated with standing-dead S. alterniflora and
J. roemerianus shoots fluctuate rapidly after expo-
sure to wetting or drying conditions (Newell et al.
1985). During periods of desiccation (i.e. water con-
tent <30%, < − 6.0 MPa, see Newell et al. 1991), CO2
is released at very low rates (<10 μg CO2-C g−1 dry
mass h−1). However, upon exposure to water (water
content >50%, < − 2.5 MPa ), rates of CO2 evolution
increase greatly (to >100 μg CO2-C g−1 h1) and are
maintained at high rates until exposure to drying
conditions (Newell et al. 1985). Frequent wetting
of standing S. alterniflora shoots had a negative ef-
fect on fungal growth and ascomata production of
the dominant fungal species (P. spartinicola) colo-
nizing leaves. This counter-intuitive result suggests
that fungi on S. alterniflora shoots are specifically
adapted to fluctuating water availability, and are
dependent upon the cyclic episodes of desiccation
and wetting for optimal growth and reproduction
(Newell et al. 1996a).

Similar respiratory patterns have been re-
ported for microbial assemblages associated with
standing-dead plant shoots in freshwater marshes
(Kuehn and Suberkropp 1998b; Kuehn et al. 1998,
1999, 2004; Welsch and Yavitt 2003). For example,
rates of CO2 evolution from standing-dead P. aus-
tralis exhibited a pronounced diel periodicity,
with the highest rates occurring at night when
cooling increased relative humidity (to the point
of dew formation) and thus water potentials of the
plant material (Fig. 17.4). By contrast, respiratory
activities virtually ceased during the day as a result
of desiccation. This indicates that diel fluctuations
in water availability play a key role in controlling
microbial metabolic activities during the standing-
decay phase of emergent vascular plants (Kuehn
et al. 2004). Results of this study in a temperate
wetland were remarkably similar to earlier obser-
vations from J. effusus in a subtropical freshwater
marsh (Kuehn and Suberkropp 1998b), suggesting
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that pronounced diel shifts in microbial carbon
mineralization of standing-dead wetland plants
may be a geographically widespread phenomenon.

As with fungal biomass and production
(Fig. 17.3), large differences in microbial res-
piration patterns have been observed among
plant litter types (species and organ) in terms of
microbial colonization and metabolic response to
water availability. Respiration rates associated with
different P. australis shoot fractions varied consid-
erably (Kuehn et al. 2004). Maximum respiration
rates from standing-dead leaf blades were 24–42%
higher than those from leaf sheaths under the same
environmental conditions, and maximum respira-
tion rates from standing-dead culms were always
an order of magnitude lower. These differences in
respiration rates were consistent with differences
in water absorption patterns, known structural
characteristics (e.g. lignocellulose concentration),
and degree of fungal colonization among shoot
fractions (Kuehn et al. 2004). Maximum rates of
microbial respiration were positively correlated
(r = 0. 72, p < 0. 001) with litter-associated fungal
biomass. Similar correlations were found for
rates of microbial CO2 evolution from decaying
standing J. effusus shoots (r = 0. 65; Kuehn and
Suberkropp 1998b), and a variety of other plant
species from salt and freshwater marshes (r = 0. 77,

Fig. 17.4. Diel changes in rates of CO2 evolution from leaf
blades and sheaths on standing-dead P. australis (a) and
leaf blade and sheath water potential (b) in a temperate lit-
toral marsh (data from Kuehn et al. 2004). Symbols indicate
means±1 SE (n = 3)

Newell 2003). These consistent patterns suggest
that fungi are likely to be responsible for most of
the respiratory carbon release from standing-dead
marsh plant shoots.

III. Fungal Decomposers in Streams

A. Streams as Fungal Habitat

The most striking feature of stream and river
ecosystems is the unidirectional flow of water.
Streams and rivers have therefore long been
considered mere transport systems – for water,
solutes and particulate matter. Current concepts
emphasize, however, that running waters are
actively metabolizing ecosystems with strong
longitudinal and vertical coupling and intimate
terrestrial linkages (e.g. Fisher et al. 2004). In
forest streams, much of the resources available
to decomposers and consumers enter the wetted
channel in the form of leaf litter and wood
derived from riparian vegetation (Webster and
Meyer 1997). Total litter inputs are typically on
the order of 500 g dry mass m−2 year−1 but may
exceed 2000 g m−2 year−1 (Webster and Meyer
1997; Abelho 2001). Decomposition of this organic
matter is a key process in streams that is driven by
both microorganisms and invertebrates (Webster
and Benfield 1986; Maltby 1992; Suberkropp
1998b; Gessner and Van Ryckegem 2003). Fungi
rapidly establish as key components of decom-
poser assemblages on submerged litter (Bärlocher
and Kendrick 1974; Suberkropp and Klug 1976),
thus mediating to a large extent not only litter
decomposition (Gessner and Chauvet 1994) but
also the transfer of energy and nutrients to other
trophic levels in stream food webs (Bärlocher
1985; Suberkropp 1992a; Graça 2001). This section
focuses on fungal decomposers of leaf litter in
streams. Emphasis is placed on a particularly
important and well-studied group commonly re-
ferred to as aquatic hyphomycetes but also known
as Ingoldian fungi or amphibious hyphomycetes
(Webster and Descals 1981; Bärlocher 1992).

B. Fungal Diversity on Decomposing Litter

The fungi associated with decomposing plant litter
in streams have received more attention than any
other fungi in aquatic ecosystems. Representatives
of all major fungal phyla (Chytridiomycota,
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Zygomycota, Ascomycota and Basidiomycota), in
addition to the fungus-like Oomycota (Kingdom
Stramenopila), can be detected on submerged
leaves or wood by means of both traditional
and molecular techniques (e.g. Tsui and Hyde
2003; Nikolcheva and Bärlocher 2004; Shearer
et al. 2007). Casual observations suggest that
Chytridiomycota, Zygomycota and Oomycota
probably play a minor role as decomposers of plant
litter, while Ascomycota and their anamorphs,
particularly hyphomycetes, assume the greatest
importance (Bärlocher 1992). Using phyla-specific
primers for the ITS region of rDNA, Nikolcheva and
Bärlocher (2004) found that fungal communities
of submerged leaves and wood were consistently
dominated by Ascomycota in terms of species
numbers and abundance, followed by Basidiomy-
cota (on wood) and Chytridiomycota (in winter).
With such a molecular approach, the Ascomycota
also included most of the mitosporic fungi or
anamorphs commonly detected by conventional
methods, i.e. aquatic and terrestrial hyphomycetes,
the majority of which appear to have ascomycetous
affinities (Webster 1992). Although a diverse
assemblage of Ascomycota (over 500 species) is
associated with wood in freshwaters, sexual (teleo-
morphic) stages of Ascomycota are uncommon
on decomposing leaves in streams (Shearer 1993;
Cai et al. 2003). Terrestrial hyphomycetes are part
of the phylloplane microbiota in plant canopies
and thus colonize leaves before they enter streams
(Bärlocher 1992). Their role in decomposition
once leaves have fallen into streams is not certain,
but their activity appears to be limited at the low
winter temperatures that prevail in temperate re-
gions after leaf fall (Bärlocher 1992; Maltby 1992).
Dematiaceous and other hyphomycetes that do not
produce intricately shaped conidia are less com-
mon on leaves in streams but are frequently isolated
from submerged wood (Goh and Tsui 2003).

The most active fungal decomposers of leaf
litter in streams are the aquatic hyphomycetes
(Webster and Descals 1981; Bärlocher 1992;
Suberkropp 1998b). The group includes at least
320 species (Descals 2005). Aquatic hyphomycetes
are well adapted to the stream environment
(Bärlocher 1992; Suberkropp 1992b; Gessner and
Van Ryckegem 2003), and produce tetraradiate, sig-
moid or variously branched conidia that have been
interpreted as traits that facilitate attachment to the
substrate in flowing water (Webster and Descals
1981; Webster 1987; Descals 2005; Dang et al. 2007).
These fungi are able to quickly colonize ephemeral

resources, such as leaf litter in streams, to grow
and rapidly produce spores, and thus to complete
their life cycle within a few weeks. At the low water
temperatures prevailing after leaf fall in temperate
climates, they are also able to outcompete other
fungi, mainly of terrestrial origin (Bärlocher 1992).

Colonization of leaf litter by aquatic hy-
phomycetes is initiated by the impacting and
trapping of conidia on leaf surfaces after the leaves
enter a stream. Subsequent germination is rapid,
within 2–6 h in most species (Read et al. 1992).
Once established, the fungal hyphae extend inside
the leaf matrix (Fig. 17.2), so that significant
quantities of mycelial mass are built up within
a few weeks after leaf colonization (Fig. 17.5a, see
below). A striking feature of aquatic hyphomycete
life cycle is that mycelial growth is closely followed
by the production of conidiophores, which may
start to release conidia in as little as 6–10 days after
leaves are submerged. This has been demonstrated
both in microcosm experiments (Suberkropp 1991;
Gulis and Suberkropp 2003b; Treton et al. 2004)
and under field conditions where sporulation rates
of natural communities often peaked earlier than
fungal biomass (Fig. 17.5b; Suberkropp et al. 1993;
Baldy et al. 1995; Gulis and Suberkropp 2003c;
Ferreira et al. 2006a). Sporulation rates rapidly

Fig. 17.5. Fungal biomass (a) and sporulation rates of
aquatic hyphomycetes (b) associated with alder and oak
leaves decomposing in a Portuguese woodland stream (data
from Ferreira et al. 2006a). Symbols indicate means±1 SE
(n = 4 to 6)
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increase to maxima and then decline (Fig. 17.5b).
Maximum rates can reach seven conidia μg−1

litter dry mass day−1, although rates of at least an
order of magnitude lower are frequently observed
(Bärlocher 1982; Suberkropp et al. 1993; Gessner
and Chauvet 1994; Suberkropp and Chauvet 1995;
Bärlocher et al. 1995). The maximum rates of
sporulation are controlled by both internal factors,
such as litter quality (Gessner and Chauvet 1994;
Ferreira et al. 2006b), and external factors such as
temperature, alkalinity, pH and nutrient availabil-
ity in stream water (e.g. Jenkins and Suberkropp
1995; Suberkropp and Chauvet 1995; Sridhar and
Bärlocher 1997; Chauvet and Suberkropp 1998;
Gulis and Suberkropp 2003c; see Sect. III.D. for
nutrient effects).

Identification of many aquatic hyphomycetes
is facilitated by characteristic conidial shapes. Di-
versity and community structure of these fungi
is therefore often inferred from the relative abun-
dances of released conidia that are captured either
after incubation of leaf material in the laboratory,
by filtering stream water or by examining foam
collected from streams, in which conidia tend to
be trapped (Suberkropp 1992b; Gessner et al. 2003;
Bärlocher 2005). This approach is based on the as-
sumption that sporulation rates correlate with the
biomass of fungal species inside a leaf. Although
this is not necessarily the case, much of the current
knowledge on aquatic hyphomycete communities
in streams has been derived from these types of
studies. Individual leaves are colonized by typi-
cally 4–10 and up to 23 species (Shearer and Web-
ster 1985; Suberkropp 1992b). On a stream scale,
richness varies dramatically from just a few to >70
species, depending on collection effort and stream
characteristics (Bärlocher 2005). A range of fac-
tors affect the composition of aquatic hyphomycete
communities. These include latitude and altitude,
season, water chemistry (pH, alkalinity, concentra-
tions of inorganic nutrients, degree of pollution),
composition of riparian vegetation, possibly inter-
specific competition, competition with and preda-
tion by invertebrates, and type of substrate. These
factors are discussed in greater detail elsewhere
(Bärlocher 1992, 2005; Suberkropp 1992b; Gessner
and Van Ryckegem 2003).

Alternative approaches to studying aquatic
hyphomycete communities make use of immuno-
logical or molecular techniques. Monoclonal
antibodies raised against individual species and
detected by enzyme-linked immunosorbent assay
(ELISA) or immunofluorescence enable in situ

identification and, to some extent, quantifica-
tion of mycelial biomass of individual species
(Bermingham et al. 1996, 1997). Even though the
technique is highly specific and gives different in-
sight into species abundances than the traditional
approach based on counting conidia, it has not
been developed to a point where it is practical
for ecological investigations. Antibodies need to
be available for each species in a community but
to date they have been developed for only four
species. DNA-based approaches to analyse aquatic
hyphomycete communities include development
of fluorescently labelled oligonucleotide probes
for in situ detection of fungal mycelia (FISH)
(Baschien et al. 2001; McArthur et al. 2001) and
PCR-based techniques. Denaturing gradient gel
electrophoresis (DGGE) and T-RFLP analyses
of amplified fungal DNA from submerged leaf
litter indicate that dominant phylotypes belong to
aquatic hyphomycetes. These analyses also suggest
higher species richness during the initial stages of
decomposition than have been detected with the
traditional microscopic identification of conidia,
and some decline in the number of phylotypes
as decomposition progresses (Nikolcheva et al.
2003, 2005). These results corroborate previous
conclusions that aquatic hyphomycetes replace
phylloplane/terrestrial fungi during early stages
of decomposition (Bärlocher and Kendrick 1974;
Suberkropp and Klug 1976), and they also sug-
gest that some germinated aquatic conidia are
unable to establish long-lasting viable colonies
(Nikolcheva et al. 2005), pointing to a possible role
of interspecific competition in structuring fungal
communities on decomposing leaves in streams.

C. Fungal Biomass and Production

Following submergence of leaves in streams, fungal
biomass usually increases gradually during a few
weeks to months and then levels off or decreases
slightly (Fig. 17.5a). The rate of fungal biomass ac-
crual and maximum values attained largely depend
on plant litter quality and stream water chem-
istry, and can vary dramatically among systems
(Table 17.1). From a stoichiometric perspective, the
lower C:N or C:P ratio of fungal biomass in com-
parison to leaf litter, and especially wood, should
result in better fungal growth on substrates high
in N and P (Stelzer et al. 2003; Gulis et al. 2006b).
Indeed, slower fungal biomass accrual on low-N
oak than high-N alder leaves (Fig. 17.5a; Gessner
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and Chauvet 1994; Nikolcheva et al. 2003; Gulis
et al. 2006a), on wood than on leaves (Nikolcheva
et al. 2003; Stelzer et al. 2003), and generally lower
levels attained on wood (Table 17.1) support this
idea. However, both oak leaves and wood have high
lignin concentration, which could be more impor-
tant in determining fungal activity and decompo-
sition rates than C:N or C:P ratios. In line with this
argument, initial lignin rather than N or P concen-
tration of leaf litter was strongly correlated with
litter decomposition rate in a comparative study
across seven leaf species, as were maximum fun-
gal biomass and sporulation rate of aquatic hy-
phomycetes (Fig. 17.6), suggesting that leaf litter
decomposition was controlled through a kinetic
carbon limitation of fungal growth (Gessner and
Chauvet 1994).

Estimates of fungal growth rate and produc-
tion (Suberkropp and Weyers 1996; Gessner and
Chauvet 1997) give a better understanding of car-
bon flow from plant litter through fungal compart-
ment than estimates of fungal biomass alone, since
losses of fungal biomass as conidia or mycelial
fragments, through respiration or as a result of
detritivore feeding and hyphal death can be ex-
tensive. Growth rate (or ratio of daily production
to biomass, P:B) and production of fungi coloniz-
ing leaves during decomposition in litter bags peak
very early following leaf submergence in streams
when fungal biomass is still relatively low, and
gradually decrease as decomposition progresses
(Suberkropp 1995; Weyers and Suberkropp 1996;
Baldy and Gessner 1997; Suberkropp 2001; Baldy
et al. 2002). Growth rates attain maxima of 0.01
to 0.42 day−1 in decomposition experiments with
litter placed in mesh bags, and vary from 0.01
to 0.17 day−1 from randomly collected leaf litter
where the stages of decomposition are unknown
(Suberkropp 1997; Methvin and Suberkropp 2003;
Carter and Suberkropp 2004). In decomposition
experiments with litter bags, fungal production has
been found to peak at 0.6–16 mg g−1 organic litter
mass day−1 (Suberkropp 1995, 2001; Weyers and
Suberkropp 1996; Baldy and Gessner 1997; Pascoal
and Cássio 2004; Pascoal et al. 2005), very simi-
lar to the range (0.8–10 mg g−1 day−1) observed on
randomly collected leaves in streams (Suberkropp
1997; Methvin and Suberkropp 2003; Carter and
Suberkropp 2004). While average fungal biomass
in randomly collected leaves is relatively constant
throughout the year, fungal growth rates and pro-
duction on a leaf mass basis (mg g−1 organic lit-
ter mass day−1) are seasonal and peak in summer,

probably in response to elevated temperature. Fun-
gal biomass and daily production calculated on an
areal basis (g m−2 of stream bed) peak in autumn
and winter following leaf fall in temperate regions
and sharp increases in the amounts of litter in
stream channels (Suberkropp 1997; Methvin and

Fig. 17.6. Relationships between decay coefficients of litter
from seven deciduous leaf species and concentrations of re-
fractory leaf constituents (a), maximum sporulation rates
of aquatic hyphomycetes on leaves (b), and maximum fun-
gal biomass in leaves expressed as ergosterol concentration
(c) (data from Gessner and Chauvet 1994). Symbols indicate
means±1 SE (n = 3)
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Suberkropp 2003; Carter and Suberkropp 2004).
Similar data on fungi associated with submerged
wood are scarce, but a recent estimate from ran-
domly collected wood sticks suggests that both
fungal growth rate and production (mg g−1 detrital
mass d−1) are about an order of magnitude lower
than those on leaves in the same streams, while
biomass is only about twofold lower (Gulis et al.,
unpublished data).

Increases in fungal biomass associated with
leaf litter often correlate with increases in nitro-
gen concentration, suggesting that fungi immobi-
lize N from the stream water (Gulis et al. 2006b).
Phosphorus concentration of leaf litter also often
increases during decomposition, concomitant with
fungal biomass accrual (e.g. Robinson and Gessner
2000; Gulis et al. 2006a; Stallcup et al. 2006). These
increases in fungal biomass and elemental concen-
trations enhance the palatability and nutritional
quality of litter as a food source for stream inver-
tebrates (Bärlocher 1985; Suberkropp 1992a).

D. Responses of Fungal Decomposers
to Dissolved Nutrients

A variety of factors influence fungal activity
and decomposition of plant litter in aquatic
ecosystems. The most important ones are plant
litter quality (e.g. concentrations of nutrients and
refractory and inhibitory plant constituents), bi-
otic parameters (e.g. fungal community structure,
presence of detritivores), and environmental vari-
ables (e.g. temperature, pH, oxygen availability,
and dissolved nutrient concentrations) (Fig. 17.1).
The critical importance of dissolved nutrients in
regulating fungal activity and fungal-mediated
decomposition in streams was recognized about
a decade ago (Suberkropp and Chauvet 1995),
following earlier discovery that elevated nutrient
concentrations can stimulate litter decomposition
(e.g. Elwood et al. 1981), and has received much at-
tention in recent years (e.g. Robinson and Gessner
2000; Rosemond et al. 2002; Gulis and Suberkropp
2003c; Ferreira et al. 2006b). Stream fungi can
obtain inorganic nutrients (e.g. N and P) from
both the plant litter they grow in and stream water
(Suberkropp and Jones 1991; Suberkropp 1995).
Since plant litter is typically low in N and P (i.e. C:N
and C:P are much higher than those of mycelium),
fungi are often nutrient-limited in oligotrophic
streams, and their activity is significantly higher
in streams with high dissolved nutrient concentra-

tions (Suberkropp and Chauvet 1995) or following
experimental nutrient addition (Grattan and
Suberkropp 2001; Gulis and Suberkropp 2003c;
Ferreira et al. 2006b). Strong positive correlations
between dissolved nitrogen and/or phosphorus
concentrations and fungal biomass, sporulation of
aquatic hyphomycetes, respiration and/or expo-
nential decay rates of leaves have been observed
in various streams (e.g. Suberkropp and Chauvet
1995; Niyogi et al. 2003; Gulis et al. 2006a). In
addition to this correlational evidence, microcosm
studies have clearly shown stimulation of fungal
activity and litter decomposition by dissolved N
and/or P (Sridhar and Bärlocher 1997; Suberkropp
1998a; Gulis and Suberkropp 2003a, b). The most
convincing results on the importance of dissolved
nutrients, however, came from whole-stream nu-
trient enrichment experiments that demonstrated
stimulation of microbial activity, and acceleration
of leaf and wood decomposition in a variety of
streams in different geographic settings (Gulis and
Suberkropp 2003c; Stelzer et al. 2003; Gulis et al.
2004; Benstead et al. 2005; Ferreira et al. 2006b;
Stallcup et al. 2006).

A few studies have not found evident effects of
nutrient addition on either fungal activity or lit-
ter decomposition. This could happen when back-
ground levels of dissolved nutrients in streams are
high and therefore not limiting to fungi (Royer
and Minshall 2001; Simon and Benfield 2001), or
when a non-limiting nutrient such as N is exper-
imentally added to streams (Newbold et al. 1983)
when another nutrient such as P is limiting (El-
wood et al. 1981). Furthermore, fungal activity in
nutrient-poor streams may be co-limited by N and
P and, thus, the addition of either nutrient alone
has no effect (Tank and Webster 1998; Grattan and
Suberkropp 2001).

The shape of the dose-response curve between
dissolved nutrient concentrations in water and
fungal activity or litter decomposition rate depends
on the range of concentrations examined. Studies
in streams with low to moderate N and P con-
centrations strongly support a linear relationship
(Suberkropp and Chauvet 1995; Niyogi et al. 2003).
However, as the range of dissolved nutrient con-
centrations is increased to include high-nutrient
streams, the relationship with fungal biomass,
sporulation rate of aquatic hyphomycetes, mi-
crobial respiration, and leaf litter decomposition
rather follows a Michaelis-Menten-type saturation
model (Fig. 17.7; Rosemond et al. 2002; Ferreira
et al. 2006b; Gulis et al. 2006a, b; Baldy et al. 2007).
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Therefore, the linear responses observed in earlier
experiments are likely to represent only the rising
limb of the saturation model.

Nutrient stoichiometry of plant litter may mod-
ify the response of fungi to dissolved nutrients.
A stimulating effect of exogenous nitrogen, for
example, would be less pronounced when fungal
demands can be met by nitrogen sources within
decomposing plant material. Consistent with this
idea, the effect of stream water nutrients appears
to be greater on wood, which has very high C:N
and C:P ratios, than on leaves (Stelzer et al. 2003;
Gulis et al. 2004; Ferreira et al. 2006b). However,
nutrient availability, whether external or internal,
would be less critical when labile carbon is in lim-
ited supply, as may often be the case in leaf species
with high concentrations of refractory carbon com-
pounds such as lignin (Gessner and Chauvet 1994).
Thus, the regulation of fungal activity and plant lit-
ter decomposition by dissolved nutrients may vary
according to the relative impact and interactions of

Fig. 17.7. Relationship between nitrate concentrations in
stream water and percentage of initial litter mass con-
verted into aquatic hyphomycete conidia (a) or litter de-
composition rate (b). Data are fitted to a Michaelis-Menten
saturation-type model: V=Vmax[S]/(Km+[S]), where Vmax
is the maximum parameter value, Km is the nutrient con-
centration at which half of the maximum parameter value is
achieved, and [S] is the nutrient concentration. Open sym-
bols denote high-nutrient leaf litter (alder) and closed sym-
bols indicate low-nutrient balsa wood veneers (data from
Ferreira et al. 2006b)

a range of controlling factors, both external ones
related to the environment and factors intrinsic to
the decomposing plant material.

E. Enzymatic Capabilities

Aquatic hyphomycetes produce a variety of
extracellular enzymes that degrade the struc-
tural polysaccharides of leaves (Chamier 1985;
Suberkropp 1992b). Enzymes that hydrolyze
cellulose (endoglucanases, exoglucanases and
exoglucosidase) and hemicelluloses (xylanases,
xylosidase and arabinosidase) are produced by
a number of species in culture growing on pure
substrates or leaf material. Aquatic hyphomycetes
also typically produce several enzymes that de-
grade pectin (Suberkropp and Klug 1980; Chamier
and Dixon 1982). Pectin degradation leads to the
softening and maceration of plant tissue, resulting
in the release of mesophyll cells (Chamier 1985;
Suberkropp 1992b). Both polygalacturonase and
pectin lyase depolymerize pectin, and both are
produced by aquatic hyphomycetes, but the latter
appears to play a greater role in leaf macera-
tion (Suberkropp and Klug 1980; Jenkins and
Suberkropp 1995). Since aquatic hyphomycetes
also produce enzymes to degrade proteins and
lipids (Zemek et al. 1985; Zare-Maivan and Shearer
1988; Abdullah and Taj-Aldeen 1989), it appears
that most plant polymers can be metabolized by
the majority of these fungi.

Lignin may be an important exception.
Evidence from laboratory studies indicates that
aquatic hyphomycetes can degrade lignin-like
substrates (Fisher et al. 1983; Zemek et al. 1985;
Zare-Maivan and Shearer 1988; Abdullah and
Taj-Aldeen 1989), and some freshwater fungi have
been reported to solubilize lignin in wood (Bucher
et al. 2004). However, ligninolytic capabilities of
aquatic hyphomycetes appear to be limited, and
the general difficulty to assess lignin degradation
still hinders our understanding of this process
under natural circumstances (Chamier 1985).

The general picture that emerges is, aside from
quantitative difference in activity (Suberkropp
et al. 1983), an apparent lack of specialization
among species in terms of enzymatic capabilities.
This indicates that aquatic hyphomycetes are
a rather homogenous and generalist group with
respect to nutritional niche breadth (Suberkropp
1992b), even though some substrate preferences
and quite distinct communities associated with
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leaves vs. wood have been reported (Gulis 2001;
Bärlocher 2005; Ferreira et al. 2006b).

Little information is available on fungal
enzyme activities associated with plant litter in
streams, because fungi are not the only microbes
colonizing this material. Nevertheless, since
fungi typically dominate microbial biomass and
production on leaf litter (see Sect. V.B.), they
are likely to make a substantial contribution to
the enzymatic activities associated with decom-
posing leaves in streams. For example, Golladay
and Sinsabaugh (1991) found that exocellulase
activity on maple leaves was closely correlated
with fungal biomass, suggesting this hydrolytic
activity was due to fungi. Similarly, the activity
of four lignocellulose-degrading enzymes on
wood showed generally positive relationships with
fungal biomass (Tank et al. 1998). However, in
another study, leaf-associated activities of three
hydrolytic enzymes (xylanase, endocellulase and
galacturonase) were lower in a hardwater than
a softwater stream, whereas leaf softening and
decay were faster, and fungal biomass accrual
and sporulation of aquatic hyphomycetes were
higher in the hardwater stream (Jenkins and
Suberkropp 1995). It was therefore concluded
that the hydrolytic enzymes examined were poor
indicators of decomposition. Pectin lyase activity,
by contrast, was higher in the hardwater stream,
concomitant with faster leaf breakdown and
greater fungal activity (Jenkins and Suberkropp
1995). These and similar results by Griffith et al.
(1995) suggest that pectin degradation mediated
by fungi is a key mechanism promoting leaf
decomposition in streams (Suberkropp and Klug
1980; Chamier and Dixon 1982).

F. Significance of Fungal Diversity
for Leaf Decomposition

In view of possible consequences of species extinc-
tion to ecosystem processes, the effects of fungal
diversity on litter decomposition in streams have
been examined in several studies. Results from field
surveys suggest that species-poor fungal commu-
nities in streams affected by forestry practices or
water pollution do not result in altered leaf decom-
position rates (Raviraja et al. 1998; Bärlocher and
Graça 2002). Similarly, varying species richness of
aquatic hyphomycetes in microcosms had no ef-
fect on average leaf decomposition rates in mixed
communities with up to eight species (Dang et al.

2005; Duarte et al. 2006). This points to a high
degree of functional redundancy among aquatic
hyphomycetes.

However, mixed cultures of two early colo-
nizers enhanced decomposition by 73% compared
to values expected from decomposition rates of
single-species cultures (Treton et al. 2004). This
outcome, in contrast to results from multispecies
experiments (Dang et al. 2005; Duarte et al. 2006),
is strong evidence of niche complementarity result-
ing in faster litter decomposition. In a similar vein,
Bärlocher and Corkum (2003) reported a tendency
towards faster decomposition with increasing fun-
gal richness (1–5 species), although mixed com-
munities never caused greater mass loss than the
most effective species alone. Raviraja et al. (2006)
also found that both species richness and identities
affected leaf mass loss in microcosms, although
again the most effective fungal species degraded
leaves faster than did species mixtures.

There is also evidence that richness of aquatic
hyphomycete communities can indirectly enhance
decomposition through a positive effect on re-
source quality for invertebrate detritivores (Lecerf
et al. 2005). Further, ecosystem processes other
than litter decomposition (e.g. fungal biomass pro-
duction) may be enhanced by diverse communities
(Duarte et al. 2006). Lastly, even when average
rates of decomposition are independent of species
richness, variability of rates has been found to
strongly decline with increasing fungal richness,
as predicted from theoretical models (Dang et al.
2005). All else being equal, this should lead to
higher predictability of litter decomposition
rates when aquatic hyphomycete communities in
streams are diverse.

IV. Importance of Fungal Decomposers
in Aquatic Ecosystems

A. Fungal Biomass and Production
at the Ecosystem Scale

When periodic estimates of fungal biomass or
production per gram of litter are accompanied
by data on the amount of plant litter present per
m2 of habitat, then fungal importance can be
estimated at the ecosystem scale. Such estimates
of fungal production in streams range from 16 to
193 g m−2 year−1, and are generally comparable
with estimates of bacterial and macro invertebrate
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production (Suberkropp 1997; Methvin and
Suberkropp 2003; Carter and Suberkropp 2004;
Gulis et al. 2006b). Fungal production on an areal
basis correlates well with the mean annual amount
of leaf litter in streams. Amounts of benthic litter,
in turn, are a function of litter input, downstream
transport, and decomposition by microbes and
invertebrates. Small woodland streams receive
high litter input per m2 of stream bed because they
are intimately linked to their riparian zones, and
also often retain litter effectively during high flows,
because they are shallow and tend to have rough
stream bottoms and other retention structures.
Accordingly, annual fungal production per m2

in these streams is particularly high (Gulis et al.
2006b).

Consistent with generally lower fungal activity
on submerged wood than on leaves, fungal produc-
tion on wood (randomly collected naturally occur-
ring sticks, 5–40 mm in diameter) in two head-
water streams was estimated at 9–11 g m−2 year−1

(Gulis et al., unpublished data). Depending on stick
size and stream water nutrient concentration, this
translates into 2–13% of wood carbon assimilated
by fungi per year, which is considerably lower than
the estimated amounts of leaf carbon assimilated by
fungi. However, taking into account the longer resi-
dence times of wood compared to leaves, the impor-
tance of wood-colonizing fungi in many streams is
likely to be significant as well.

Fungal production associated with standing-
dead plants in marshes is also sizeable and
further points to the quantitative significance
of fungi at the ecosystem scale. For example, in
a subtropical coastal salt marsh, fungal biomass
on standing-dead shoots of S. alterniflora ranged
from 9 (summer–autumn) to 37 g C m−2 of marsh
area (winter–spring) (assuming 43% C in fungal
dry mass). Estimated annual fungal production
totalled 230 g C m−2 year−1, equivalent to roughly
40% of the annual plant production (Newell
2001b). This estimate is based on the assump-
tion that fungal communities of standing-dead
S. alterniflora shoots are metabolically active (i.e.
released from water stress) for 12 h per day (see
Sect. II.E. above). Even if this were an overestimate,
it indicates that conversion of plant biomass to
fungal biomass can be substantial.

Substantial fungal production has also been
observed in freshwater wetlands. Annual fungal
biomass and production associated with leaf blades
and stems of standing-dead T. angustifolia shoots
in a north-temperate lake littoral marsh was 70 and

45 g C m−2 year−1 respectively (K.A. Kuehn et al.,
unpublished data). This production estimate takes
into account the diel periodicity in water availabil-
ity (i.e. dew formation) that regulates microbial
activities (see Sect. II.E. above). Substantial addi-
tional fungal production can occur on submerged
litter in freshwater marshes. An annual production
of nearly 100 g C m−2 has been estimated in the sub-
merged litter layer of another littoral marsh dom-
inated by P. australis in a temperate lake (Buesing
and Gessner 2006). Thus, all systems studied so
far (i.e. submerged leaf litter in streams, and both
submerged litter and standing-dead shoots in salt
and freshwater marshes) have revealed very high
potential for fungal production, suggesting a great
importance of fungi in food webs and organic mat-
ter turnover at the ecosystem scale.

B. Fungal vs. Bacterial Biomass and Production

Studies in diverse streams (Sanzone et al. 2001;
Findlay et al. 2002b) and salt and freshwater
marshes (Sinsabaugh and Findlay 1995; Newell
and Porter 2000) suggest that fungal biomass
exceeds bacterial biomass on coarse submerged
organic particles such as leaves, wood and other
plant litter, whereas bacteria assume greater
importance on finer organic particles and possibly
on decaying floating-leaved macrophytes (Mille-
Lindblom et al. 2006). In streams, fungi typically
account for 88–99.9% of the microbial biomass
(i.e. the combined fungal and bacterial biomass)
developing on decomposing leaves (e.g. Findlay
and Arsuffi 1989; Baldy et al. 1995; Weyers and
Suberkropp 1996; Baldy and Gessner 1997; Hieber
and Gessner 2002; Gulis and Suberkropp 2003a).
Given these ratios of fungal and bacterial biomass,
and the experimentally demonstrated preference
of stream detritivores for fungal-colonized leaf
patches (Arsuffi and Suberkropp 1985; Suberkropp
1992a), fungi appear to play a much greater role
than bacteria in altering the palatability and food
quality of decaying leaf litter in streams, and
provide a much larger fraction to the nutrition
of invertebrate detritivores (Suberkropp 1992a).
Fungi appear to dominate microbial communities
also on submerged wood in streams (67–97% in
terms of biomass; Findlay et al. 2002b; Stelzer
et al. 2003) but information is still very limited at
present.

Fungal dominance of microbial biomass (typ-
ically >90%) associated with standing-dead plant
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shoots and submerged litter in freshwater marshes
(Sinsabaugh and Findlay 1995; Newell et al. 1995;
Komı́nková et al. 2000; Kuehn et al. 2000; Findlay
et al. 2002a; Su et al. 2007) and salt marshes (Newell
1992, 1993; Newell and Porter 2000) is well estab-
lished. For example, microbial biomass associated
with naturally standing-dead shoots of the fresh-
water sedge, Carex walteriana, was dominated by
fungi, with bacterial biomass often less than 0.5%
that of fungi (Newell et al. 1995). Bacterial biomass
increased significantly once standing-dead plant
material fragmented and fell to the sediment sur-
face. However, despite the change in decay condi-
tions, fungal biomass still accounted for 97% of the
total microbial biomass (Newell et al. 1995).

Bacteria may have higher growth rates and
shorter turnover times than fungi, suggesting that
comparisons between both groups are more mean-
ingful on the basis of production than biomass.
However, outcomes of both types of comparisons
have generally been similar. In particular, fungal
production greatly exceeded bacterial production
(1–627×) associated with leaves in streams in all
studies when both microbial groups were followed
simultaneously (Suberkropp and Weyers 1996;
Weyers and Suberkropp 1996; Baldy et al. 2002;
Pascoal and Cássio 2004; Pascoal et al. 2005). This
consistent finding further emphasizes the key
importance of fungi colonizing leaf litter in stream
ecosystems. One exception from the general
pattern is an experiment with fresh green leaves
collected in summer where fungal and bacterial
production estimates were comparable (Baldy and
Gessner 1997).

Similar findings have been reported for fungi
colonizing standing-dead shoots and submerged
litter in salt and freshwater marshes, where fun-
gal production accounted for >93% of the total
microbial production (Newell et al. 1995; Newell
and Porter 2000; Kuehn et al. 2000; Findlay et al.
2002a; Su et al. 2007). By contrast, bacterial pro-
duction outweighed fungal production (>8:1) on
submerged P. australis litter in a littoral marsh of
a lake (Buesing and Gessner 2006). The inverse rela-
tionship between fungi and bacteria in this marsh
was due to a particularly high bacterial produc-
tion (average of 660 g C m−2 year−1), rather than
a low fungal production (93 g C m−2 year−1), and it
is possible that this very high bacterial production
was an overestimate caused by the high concentra-
tion of leucine used to determine protein synthesis
rates as a measure of bacterial production (Gillies
et al. 2006).

C. Decomposition Budgets

Estimates of the different fates of decomposing
plant material in addition to conversion into fungal
and bacterial biomass have been made in several
aquatic ecosystems. However, most budgets con-
sidering these fates are partial and have been cal-
culated for a particular period, usually advanced
decomposition stages. Consequently, they do not
reflect the dynamic changes that characterize the
entire decomposition sequence. Since much of the
fungal biomass produced during litter decomposi-
tion is transient and eventually lost as CO2 or in
other forms (Gessner et al. 1999; see below), fungi
often appear more important when budgets are cal-
culated at the time of maximum fungal biomass,
rather than at final decomposition stages when the
remaining mycelial biomass is relatively low (e.g.
in streams, 0.5–3.9% of the initial organic litter
mass; Gessner et al. 1997). Aquatic hyphomycetes
on leaves in streams channel a substantial propor-
tion of their production (1.0–7.3% of initial or-
ganic litter mass) into the formation of conidia
(Findlay and Arsuffi 1989; Suberkropp 1991; Baldy
et al. 1995; Hieber and Gessner 2002; Ferreira et al.
2006b), and two species grown on leaves in micro-
cosms even allocated 46 and 81% of their produc-
tion to conidia, equivalent to 7 and 12% of leaf mass
loss respectively (Suberkropp 1991).

Estimates of fungal reproductive output are
also available for fungi growing on standing-dead
Spartina shoots in a salt marsh. Like aquatic hy-
phomycetes in streams, these salt-marsh fungi al-
locate substantial amounts of fungal biomass to re-
productive structures (ascomata of Phaeosphaeria
spartinicola and Mycosphaerella sp.). During pe-
riods of leaf wetness, an average of 59 ascospores
per hour were found to be released per cm2 of the
upper two thirds of decaying leaf blades attached
to standing-dead shoots. This value was conserva-
tively estimated to represent 7.5 g fungal biomass
per m2 of salt marsh per year, and nearly 5% of the
total mycelial production in these leaves (Newell
2001a). Since fungal spores typically contain high
concentrations of nutrients (Dowding 1976), spore
release is likely to be a more significant pathway
of N and P loss from decomposing leaves than of
carbon loss.

CO2 fluxes from standing-dead plant shoots
as a result of microbial (presumably, mostly
fungal) respiration can represent an important
pathway of carbon flow in wetlands (Kuehn and
Suberkropp 1998b; Kuehn et al. 2004). Taking
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into account diel fluctuations in respiration rates
(see Sect. II.E.) and estimates of litter standing
crops, daily fluxes from standing-dead J. effusus
were estimated at 1.4–3.6 g C m−2 (Kuehn and
Suberkropp 1998a), which generally exceeded
CO2 fluxes from sediments in the same wetland
(0.12–2.4 g C m−2 day−1; see Roden and Wetzel
1996). CO2 fluxes from standing-dead P. australis
shoots were lower (0.05–0.57 g C m−2 day−1) but
still within the range of those from wetland
sediments in north-temperate climates (Kuehn
et al. 2004). As a result, fungi and, to a smaller
extent, other microorganisms could mineralize
a significant portion of J. effusus leaf (∼28%), and
Phragmites leaf (∼8%) and sheath (∼29%) annual
production under standing-dead conditions (Gulis
et al. 2006b). CO2 fluxes from decomposing
leaf litter in streams are also sizeable, and were
estimated in decomposition experiments to range
from 17 to 56% of total leaf carbon losses (Elwood
at al. 1981; Findlay and Arsuffi 1989; Baldy and
Gessner 1997; Gulis and Suberkropp 2003c).

Estimates of the fraction of litter assimilated by
fungi can be calculated as the sum of fungal pro-
duction and respiration, or from fungal production
when fungal growth efficiency is known. For stream
fungi, growth efficiency ranges from 24 to 60%
(Suberkropp 1991; Gulis and Suberkropp 2003b).
This translates into a fungal assimilation of 5 to
97% of the annual leaf input (Gulis et al. 2006b). Es-
timates for freshwater marshes suggest that at least
∼10% of the annual aboveground Typha produc-
tion (K.A. Kuehn et al., unpublished data) and 15%
of aboveground Phragmites production (Buesing
and Gessner 2006) go into the production of fun-
gal biomass. Both estimates consider only part of
the fungal production per m2 of marsh, because
either the standing-dead or submerged decompo-
sition phase was ignored. Total fungal production
therefore is likely to be much higher in both cases.

One of the fates of leaves degraded by fungi
in streams is the conversion to dissolved and
fine particulate organic matter (DOM and FPOM;
Suberkropp and Klug 1980; Gessner et al. 1999;
Baldy et al. 2007). The ratio of released DOM to
FPOM is variable but typically greater than one
(Gessner et al. 1997), and the amounts of the two
released fractions combined (FPOM+DOM; 36%
of leaf mass loss in Findlay and Arsuffi 1989, and
8% in Baldy and Gessner 1997) may be on the
order of the fraction released as CO2 (40 and 17%
respectively). Greater release of DOM compared to
FPOM (barely detectable) has been reported from

Phragmites leaves, with DOM representing some
39% of the initial leaf mass (Komı́nková et al. 2000).
FPOM and DOM can also be generated by feeding,
and defecation or excretion by leaf-shredding
macroinvertebrates (Wallace and Webster 1996).
However, even where detritivore-mediated leaf
conversion to other forms of organic matter and
CO2 is high (e.g. >50% of total leaf mass loss vs.
14–18% for fungi; Hieber and Gessner 2002), fungi
may significantly contribute to litter conversion in
an indirect way by stimulating litter consumption
by detritivores (Suberkropp 1992b).

V. Conclusions

A diversity of aquatic habitats occurs at land–water
interfaces where the productivity of plants is often
high and large amounts of plant matter enter
the detrital pool. Environmental conditions (e.g.
temperature, salinity, nutrient availability) vary
widely within and across these systems where dif-
ferent types of plant matter from both aquatic and
terrestrial sources are decomposing. The diversity
of fungi present and potentially active in these
systems is high. However, given the paucity of data
for many systems, the overall importance of fungi
as decomposers across aquatic ecosystems re-
mains difficult to assess. Identification of the fungi
present, by either traditional or molecular meth-
ods, is a prerequisite but not sufficient to ascertain
an important functional role of these organ-
isms in ecosystems. However, quantitative data are
becoming increasingly available to evaluate the sig-
nificance of fungi as agents of decomposition and
nutrient cycling, producers of biomass, and media-
tors of organic matter transfer in aquatic food webs.

In a few types of aquatic ecosystems, partic-
ularly the marshes and streams discussed in this
chapter, the role of fungi as decomposers of or-
ganic matter and producers of biomass has been
demonstrated to be substantial. Fungi are clearly
the key decomposers of standing-dead emergent
plants in freshwater wetlands and salt marshes, and
of terrestrial leaf litter in streams. The dominant
species in these ecosystems possess the enzymatic
potential necessary to degrade the structural com-
pounds of litter, although fungal lignin degradation
in streams is not well documented. Fungal biomass
associated with decomposing plant material can
easily exceed 10% of total litter mass in these sys-
tems, and typically outweighs bacterial biomass.
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Comparisons of fungi and bacteria on a produc-
tion basis generally yield similar results. Fungal
biomass production at an ecosystem scale varies
among systems and sites but can approach and even
surpass 100 g C m−2 year−1. Evidence from various
sites suggests, furthermore, that fungal activity can
be responsible for a large proportion of leaf mass
loss during decomposition, leading to the miner-
alization of plant organic matter to CO2 as well as
conversion into DOM and FPOM.

Fungal activity and, consequently, leaf decom-
position rates are regulated both by internal (e.g.
litter nutrient concentration and carbon quality)
and external (e.g. temperature, dissolved nutrient
concentrations) factors. As fungi grow in leaf
litter, their production is partitioned between the
mycelium and reproductive structures. A signif-
icant fraction of biomass is ultimately channelled
into spores. Fungi growing in decomposing leaves
can immobilize nutrients such as nitrogen and
phosphorus, thereby increasing the palatability
and nutritional value of plant litter to invertebrate
consumers. Thus, fungal decomposers assume
multiple key roles in the aquatic ecosystems pre-
sented in this chapter. In other aquatic ecosystems,
fungi may be important as well. However, these
have not received sufficient attention to make
assessments with any confidence, especially in view
of some data (e.g. from mangrove swamps, seagrass
beds or floating-leaved macrophytes; Gessner et al.
1997; Mille-Lindblom et al. 2006) that suggest
notable differences may exist among aquatic
systems in the roles of fungal litter decomposers.
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I. Introduction

The main producers of primary biomass on earth
are plants, through the photosynthetic fixation
of carbon dioxide into organic matter. Fungi are
heterotrophic organisms which depend on pre-
formed organic compounds as energy and nutrient
source for the biosynthesis of their own cellular
components. They are today the most important
and widespread group of organisms responsible
for the recycling of plant material back into the
ecosystem and are therefore essential components
of the global carbon cycle. A large group of fungi
is in particular specialized to degrade the complex
cell wall produced by plants. One of the reasons
for this seems to be the “side by side” evolution
of plants and fungi. Symbiotic associations of
fungi and photosynthetic plant hosts have most
probably facilitated the colonization of land. The
first fossil land plants and fungi appeared 480 to
460 million years ago. These fossil fungi are found
closely associated with rhizomes, the primitive

1 FB Gentechnik und Angewandte Biochemie, Institut für Verfah-
renstechnik, Umwelttechnik und Technische Biowissenschaften,
TU Wien, Getreidemarkt 9/166/5/1, 1060 Vienna, Austria

root systems of the first vascular land plants. How-
ever, the time when colonization occurred remains
speculative; molecular clock estimates suggest
colonization of land about 600 million years ago
whereas protein sequence analyses indicate that
land plants appeared as early as 700 million years
ago (Simon et al. 1993; Remy et al. 1994; Heckman
et al. 2001). Today, symbiotic associations are still
found in the arbuscular mycorrhizal fungi, which
are partners of 70% or more of today’s higher
plants (Smith and Read 1997). During their further
co-evolution, the fungal partner took advantage
of the increasing availability of plant materials
and adapted to the decomposition of these plants
by either a parasitic or saprotrophic way of
life.

Saprotrophic or saprobic fungi grow on dead
material and are particularly important for the
breakdown of various polymers in the plant cell
wall. However, fungi are also adapted to grow as
parasites or pathogens on living plants, and can
be subdivided into biotrophic and necrotrophic
fungi. Biotrophic fungi feed from living cells with-
out killing the host plant whereas necrotrophic par-
asites kill the host organism as part of their attack.
A number of economically important plants are at-
tacked by fungi, leading to crop losses either by
plant decomposition or by the production of toxic
substances.

The importance of fungi in the global cycling
of carbon, the significance of enzymes produced
by fungi to degrade the plant cell wall, and
the biotechnological applications of fungi and
their enzymes have promoted research interest
towards understanding their role in the degrada-
tion of plant material. Today, the use of fungal
lignocellulose-degrading enzymes for total hydrol-
ysis of plant biomass to sugars is under intensive
study. The sugar monomers formed thereby could
serve as raw material in the bioproduction of
chemicals and fuels by microbes. Production
of bio-ethanol derived from agricultural waste
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materials could partly replace fossil fuels. Further
applications of the enzymes and organisms can
be found in various industries including the food,
feed, textile, and pulp and paper industries. The
general use of sustainable and environmentally
friendly technologies which have introduced
lignocellulolytic enzymes at different stages of
pulp and paper manufacturing as pretreatment for
pulping (biopulping), bleaching (biobleaching) or
wastewater treatment has led to considerable en-
ergy savings and an overall reduction of pollutants
in wastewater from these industries.

The fungi best studied with respect to
biopolymer-degrading enzyme formation are
species of Aspergillus, Trichoderma and Penicil-
lium or – as an example of lignin degradation – the
white-rot fungus Phanerochaete chrysogenum. In
nature, most of these fungi produce high amounts
of extracellular enzymes due to an efficient secre-
tory machinery. Some are easy and inexpensive to
grow in large bioreactors, and suitable for genetic
recombination technologies. Industrial strains
of Aspergillus and Trichoderma can yield more
than one hundred grams of these extracellular
enzymes per litre (Durand et al. 1988; Berka et al.
1991; Cherry and Fidantsef 2003) and are therefore
also used in the production of recombinant
proteins and enzymes. Indeed, it is not surprising
that these fungi are among the first for which
a genome sequence became available. The recent
advances in the sequencing and annotation of
different fungal genomes of Aspergillus nidulans,
Aspergillus niger, Hypocrea jecorina or Phane-
rochaete chrysogenum (http://genome.jgi-psf.org;
http://www.broad.mit.edu/annotation/fgi/) give
a first impression of the hidden enzymatic
potential of these organisms.

This review summarizes our current knowl-
edge on the diversity of the plant cell wall-
degrading enzymes of these saprobic fungi.
As an example for the complex degradation of
wood, lignocellulolytic degradation in brown-
and white-rot decay is highlighted in more detail.
A complete listing of all enzymes involved in the
breakdown of plant cell wall materials and which
have been characterized in the last few years is
beyond the scope of this review but web-based
databases are available. One example is the CAZy
database, which describes the families of struc-
turally related catalytic and carbohydrate-binding
modules of enzymes which degrade, modify or
create glycosidic bonds (www.cazy.org/CAZY/;
also see Coutinho and Henrissat 1999).

II. Structure and Composition
of Plant Cell Walls

Plant cells are usually enclosed by a cell wall which
provides rigidity to the cell for structural and
mechanical support, maintains and determines cell
shape, counterbalances osmotic pressure, deter-
mines the direction of growth and, ultimately, the
architecture and form of the plant. In addition, the
plant cell wall protects against pathogens and other
environmental factors. The predominant polymers
in plant cell walls are polysaccharides such as
cellulose, hemicelluloses and pectins. Together
with the aromatic polymer lignin and proteins,
these polysaccharides can form a complex and
rigid structure termed lignocellulose.

The middle lamella, the primary wall, and the
secondary wall are the three major regions to be
distinguished. The middle lamella is the outermost
layer and is composed primarily of pectin. The pri-
mary wall is expanded inside this middle lamella
and consists of several interconnected matrices
composed of polysaccharides and (glyco)proteins.
In these matrices, cellulose microfibrils are aligned
at all angles and cross-linked via hemicellulosic
tethers to form the cellulose–hemicellulose net-
work (e.g. xyloglucan and galactoglucomannan).
This network is embedded in the gelatinous
pectin matrix composed of homogalacturonan,
rhamnogalacturonan I and rhamnogalacturonan
II (O’Neill and York 2003). Two different types
of primary cell walls are distinguished (Carpita
and Gibeaut 1993): type I is found in all dicotyle-
dons, non-graminaceous monocotyledons and
gymnosperms, and typically contains xyloglucan
and/or glucomannan and 20–35% pectin. Type II
is found in the monocotyledons of the Poaceae
family and is rich in arabinoxylan but contains less
than 10% pectin.

Some plants synthesize a secondary wall which
is constructed between the plant cell and the pri-
mary wall. The secondary wall mainly provides
support and is comprised primarily of cellulose
and lignin. The cellulose microfibrils are generally
aligned in the same direction but, with each ad-
ditional layer, the orientation of the microfibrils
changes slightly. The secondary wall is altered dur-
ing development by successive encrustation and de-
position of cellulose fibrils and other components.
Non-structural components of the secondary wall
represent generally less than 5% of the dry weight
of wood, and include compounds extractable with
organic solvents which can be either polar (e.g. phe-
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nols and tannins) or apolar (e.g. fats and sterols),
water-soluble compounds (e.g. sugars and starch)
as well as proteins and ashes. Whereas the primary
cell wall structure is of similar type for all species
studied to date, species and cell-type-specific dif-
ferences are typical for the secondary cell wall.

The polysaccharides found in the cell wall are
either linear polymers composed of a single type of
glycosyl residue (e.g. cellulose is composed of 1,4-
linked β-glucosyl residues), polymers with a regu-
lar branching pattern (e.g. xyloglucan and rhamno-
galacturonan II) or, as in the case of rhamnogalac-
turonan I, substituted with a diverse range of ara-
binosyl and galactosyl-containing oligosaccharide
side chains. Understanding the structures of these
polymers and determining their primary struc-
tures remains a major challenge, especially because
their biosynthesis is not template driven (O’Neill
and York 2003).

III. The Degradation
of the Plant Cell Wall

Due to the overall structural and chemical com-
plexity of many plant cell walls, a complete break-
down of the different components is, in nature,
brought about only by a wide range of organisms
acting in a consortium, following a characteristic
decomposition sequence which starts with organ-
isms colonizing living plants and ends with the
production of highly persistent soil humus. The
fungi found in these generalized decomposition se-
quences live in complex and diverse communities
and are often specialized to degrade only certain
types of polymers, reflecting their genetic and en-
zymatic capabilities. The efficient breakdown of
the plant cell wall by fungi is linked to their hy-
phal growth, which provides penetrating power,
and to highly specialized extracellular plant cell
wall-degrading enzyme systems. The enzymatic
decomposition of plant cell walls is normally syner-
gistic: individual, highly specialized enzymes op-
erate as components of multi-enzyme systems to
efficiently degrade specific polymers. For the syn-
thesis and export of these enzymes, a sophisticated
gene regulation system and highly productive se-
cretory machinery has developed. All these charac-
teristics enable fungi to successfully compete with
other microorganisms in their environment, and
they are today the main agents of decomposition in
terrestrial and aquatic ecosystems.

The diversity of substrates has contributed to
the difficulties encountered in enzymatic studies.
The degradation has to occur extracellularly, since
the substrates are usually large polymers which
are also often insoluble or even crystalline. Two
principal types of extracellular enzymatic systems
for the degradation of the polymeric fraction have
developed: the hydrolytic system, which degrades
the polysaccharides mainly by hydrolases, and
a unique oxidative ligninolytic system which
depolymerizes lignin. Even for the degradation
of the chemically simple polysaccharide cellulose,
however, several enzymes are necessary. In general,
three classes of enzymes can be distinguished: (i)
exo-acting enzymes, which release mainly mono-
and dimers of the ends of the polymeric chain,
(ii) endo-acting enzymes, which cleave in the
middle of the sugar chain and (iii) enzymes (often
exo-acting) which are specialized in cleaving the
resulting oligosaccharides into their monomers.
Substituted polysaccharides require additional
sets of enzymes for a complete hydrolysis. The
resulting di- and monosaccharides are then readily
taken up into the cell by different permeases and
further degraded by a wide range of specialized
catabolic pathways. In contrast to polysaccha-
rides, lignin is a complex heteropolymer with no
stereochemical regularity and must, therefore,
involve a non-specific and non-stereoselective
mechanism.

A. Biodegradation of Cellulose

Cellulose constitutes the most abundant biopoly-
mer on earth, and accounts for about 50% of the
primary biomass production by plants due to pho-
tosynthetic fixation of carbon dioxide. It is esti-
mated that approximately 4 ×109 tons of cellulose
are formed annually (Eriksson et al. 1990).

Cellulose is a linear and highly ordered poly-
mer consisting of about 8,000–12,000 β-1,4-linked
d-glucopyranose units. The polymeric chains are
packed together by hydrogen bonds to form highly
insoluble microfibrils. Although cellulose has
a tendency to crystallize shortly after biosynthesis,
less-ordered amorphous regions can also occur in
plant tissues. The complete hydrolysis of cellulose
to d-glucose requires a minimal set of three
synergistically acting enzymes: cellobiohydrolases
(1,4-β-d-glucan cellobiohydrolases; EC 3.2.1.91),
which act processively from the ends of the
cellulose chain to generate mainly the glucose



328 C. Gamauf, B. Metz, B. Seiboth

Fig. 18.1. Enzymatic degradation of
cellulose. Different cellobiohydrolases
(CBH) act on either the reducing
or non-reducing end of the chain.
Endoglucanases (EG) hydrolyze internal
glycosidic bonds, thereby providing
additional sites for the CBHs. Finally,
smaller oligomers and the dimer
cellobiose are cleaved by β-glucosidases
(BGL) into d-glucose. Swollenin sup-
ports the enzymatic degradation of
cellulose by disrupting the microfibril
structure

disaccharide cellobiose. Based on their primary
sequence, the cellobiohydrolases are classified
in different glycosyl hydrolase (GH) families.
Cellobiohydrolases of GH family 6 are charac-
terized by an inverting mechanism and cleave
from the non-reducing cellulose ends. By contrast,
GH 7 family members cleave cellobiose from the
reducing end by a retaining mechanism. Endoglu-
canases (1,4-β-d-glucan 4-glucanohydrolase; EC
3.2.1.4) attack the cellulose chains internally in the
amorphous regions, thereby generating additional
sites for the attack of the cellobiohydrolases.
Finally, β-glucosidases (EC 3.2.1.21) degrade
oligosaccharides and cellobiose to d-glucose
(Fig. 18.1; Beguin 1990; Teeri 1997).

A large number of fungi are able to grow on
amorphous cellulose or water-soluble derivates
but relatively few are able to produce a complete
enzyme system necessary to hydrolyze crystalline
cellulose (Mandels and Weber 1969). Numerous
genes encoding cellulases have been isolated and
the respective enzymes studied in detail. One of
the best studied cellulolytic fungi is Hypocrea jeco-
rina (Trichoderma reesei), which was discovered
during World War II on the Solomon Islands as
a severe degrader of cellulosic material of the US
Army (Kubicek and Harman 1998). Numerous
cellulase-encoding genes have been isolated from
a wide variety of fungi. Detailed analyses of the
enzymes and gene regulation are available for,
e.g. Aspergillus niger, Hypocrea jecorina and

Phanerochaete chrysogenum (de Vries 2003; Aro
et al. 2005).

A structural comparison of the different cellu-
lases shows that these proteins comprise – besides
the domain responsible for the actual enzymatic
reaction – often several other conserved functional
domains. One of these domains is involved in
substrate binding and is usually about 40 aa in size.
This domain can be found N- or C-terminal and
was originally described as the cellulose-binding
domain (CBD). Removal of this domain leads to
enzymes which are still able to cleave glycosyl
linkages from smaller oligosaccharides but the
binding to cellulose and, therefore, the action on
crystalline cellulose is impaired. Later, these CBDs
were also found in other carbohydrate-degrading
enzymes, e.g. in the H. jecorina mannase, acetyl
xylan esterase, and in the Humicola xylanase;
to date, more than 300 putative sequences have
been identified. Therefore, such domains with
carbohydrate-binding activity were renamed as
carbohydrate binding modules (CBMs). CBMs
are structurally similar, and their carbohydrate-
binding capacity can be attributed to several
amino acids constituting the hydrophobic surface.
Extensive data, classification and applications of
these CBMS can be found in the Carbohydrate-
Binding Module Family Server (http://afmb.cnrs-
mrs.fr/CAZY/fam/acc_CBM.html) and in a recent
review by Shoseyov et al. (2006). The CBM
domain is often spatially separated from the
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catalytic core domain by a linker region. This
linker region is rich in prolines, serins and thre-
onines, and the latter two amino acids are highly
O-glycosylated.

The catalytic domain structure of the cellobio-
hydrolase II of Hypocrea jecorina was the first
cellulase crystal structure resolved at the atomic
level (Rouvinen et al. 1990) and has explained why
the enzyme is able to attack the cellulose chains
only from the end and not from the middle. The
crystal structure shows a tunnel-shaped active site
which is so tight that it can incorporate only one
cellulose chain. Despite a similar overall structure,
endoglucanases have in general a more open active
site and allow, therefore, an attack of the cellulose
chains from the middle. The active site topology
of such polymer-degrading enzymes shows that
these enzymes have extended active sites which
provide binding sites for a number of sugar units.
These subsites position the substrate tightly and
correctly with respect to the catalytic amino
acids.

In addition to these classical cellulase en-
zymes, novel types of proteins have recently been
described which are involved in plant cell wall
degradation: Swollenin (Swo1) from H. jecorina
shows amino acid similarity to plant expansins.
Expansins induce the extension of isolated cell
walls (McQueen-Mason et al. 1992) and induce
non-hydrolytic activity on cell wall polymers, e.g.
pectins and xyloglucans, which are tightly bound
to the cellulose microfibrills (McQueen-Mason
and Cosgrove 1995). Swollenins are able to disrupt
the cellulose microfibrils without any hydrolytic

Fig. 18.2. Enzymatic degradation of
hemicelluloses. The main chain of xylan
is degraded by endo-1,4-β-xylanases
(EXY). Accessory enzymes necessary
for side group removal are β-xylosidase
(XYL), α-glucuronidase (xylan-α-1,2-
glucuronosidase, GLU), feruloyl esterase
(FES), acetyl xylan esterase (AXE) and
α-l-arabinofuranosidase (arabinoxylan
arabinofuranohydrolase, ABF)

activity and would, in this way, make the cellulose
fibres more accessible for the cellulases to act
upon (Saloheimo et al. 2002). Comparisons of the
annotated genomes from cellulolytic and hemi-
cellulolytic organisms with EST data generated
under appropriate conditions have led to the
identification of new proteins involved in cellulose
degradation (Foreman et al. 2003; Schmoll et al.
2003; Schmoll and Kubicek 2005). One example
is the isolation of a novel type of endoglucanase
which can be attached to the membrane via
a glycosylphosphatidylinositol anchor. Regulation
of cellulases and hemicellulases has been reviewed
by de Vries et al. (2002) and Aro et al. (2005).

B. Biodegradation of Hemicelluloses

Hemicelluloses are heterogeneous polymers and
the second most abundant natural polysaccharide,
accounting for around 20–30% of plant cell wall
biomass (Eriksson et al. 1990). These plant cell
wall polysaccharides have a backbone of 1,4-linked
β-d-pyranosyl residues, with the exception of
arabinogalactan, and are solubilized by aqueous
alkali (O’Neill and Selvendran 1985; O’Neill and
York 2003). The backbone can consist of xylosyl-,
glucosyl-, galactosyl-, arabinosyl- or mannosyl
residues and, depending on the dominant sugar,
these are trivially named xylans or arabino-
galactans, for example, if both sugars occur in
near-equal amounts. The chemical diversity of the
hemicelluloses produced by the plants requires
a larger set of enzymes which either act on
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the main chain or attack the side chains. The
main chain is internally cleaved by endo-acting
enzymes whereas exo-acting enzymes liberate the
respective monomers. In a synergistic degrada-
tion pattern, additional enzymes attack the side
chains, leading to the release of various mono-
and disaccharides; in this way, the main chain
becomes more accessible for the endo-acting en-
zymes. Most extensively studied is the enzymatic
degradation of xylan, which involves endoxy-
lanases, β-xylosidases and accessory enzymes
(Fig. 18.2).

1. Xylans

Xylans are a highly heterogeneous group charac-
terized by a β-1,4-linked β-d-xylosepyranose back-
bone and including arabino-, glucurono- and glu-
curonoarabinoxylans. Xylans are abundant in the
walls of cereals (Poaceae) and in hardwood, e.g. the
secondary walls of woody plants, and are minor
components of the walls of dicotyledons and non-
graminaceous monocotyledons (Darvill et al. 1980;
Ebringerova and Hienze 2000). Xylans found in ce-
reals are highly substituted with single residues
or short side chains of α-1,2- or α-1,3-linked l-
arabinofuranose residues and are therefore com-
monly referred to as arabinoxylans (Izydorczyk
and Biliaderis 1995). Glucuronoxylans are typical
hardwood xylans and contain large amounts of α-
1,2- and α-1,3-linked 4-O-methyl-α-d-glucuronic
acid and acetyl groups at O-2 or O-3. In softwood,
glucuronoarabinoxylans are found which are sub-
stituted with a higher content of α-1,2-linked 4-
O-methyl-α-d-glucuronic acid than in hardwood
and, in addition, contain α-l-arabinosefuranose
but no acetyl groups. The l-arabinose residues may
be esterified at O-5 with feruloyl or p-coumaroyl
residues, and a number of other minor residues
have been detected, too.

The hydrolysis of the xylan backbone in-
volves endo-1,4-β-xylanases (endo-1,4-β-d-xylan
xylanohydrolases; EC 3.2.1.8) and β-xylosidases
(1,4-β-d-xylan xylohydrolase; EC 3.2.1.37). En-
doxylanases cleave the main sugar chain depending
on the type of xylan, the degree of branching,
and the presence of different substituents (Polizeli
et al. 2005). The main hydrolysis products are
substituted or non-substituted oligomers which
are further converted by β-xylosidases into tri-, di-
and monomers. Endoxylanases can be classified
according to their end product into debranching
and non-debranching enzymes, based on their

ability to release l-arabinose from arabinoxylan
(Wong et al. 1988). Some enzymes cut randomly
between unsubstituted d-xylose residues whereas
the cleavage site of some endoxylanases is depen-
dent on the neighbouring substituents of the side
chains. β-Xylosidases can be classified according
to their relative affinities for xylobiose or larger xy-
looligosaccharides, and release β-d-xylopyranose
by a retaining mechanism from the non-reducing
end. β-Xylosidases are in general highly specific
for small unsubstituted d-xylose oligosaccha-
rides, and the activity decreases with increasing
polymerization of the substrates. Accumulation
of the short oligosaccharides would inhibit the
action of the endoxylanases but the hydrolysis
of these products by β-xylosidases removes this
possible cause of inhibition, thereby increasing
the efficiency of xylan hydrolysis (Andrade et al.
2004). Similar to cellulases, most of the genes
encoding endoxylanases and β-xylosidases have
been characterized in different Aspergillus, Tricho-
derma and Penicillium spp. as well as in Agaricus
bisporus and Magnaporthe grisea.

2. Xyloglucan

Xyloglucan is quantitatively the predominant
hemicellulosic polysaccharide of dicotyledons and
non-graminaceous monocotyledons, constituting
up to 20% of the plant cell wall. Xyloglucans are
strongly associated with cellulose microfibrills
and support the structural integrity of the cell
wall. The backbone is composed of 1,4-linked
β-d-glucopyranose residues which are substituted
by d-xylopyranose via an α-1,6-linkage.

Xyloglucans are classified as XXXG or XXGG
type, depending on the number of backbone
residues with branches; e.g. XXXG have three con-
secutive backbone residues which are substituted
with d-xylopyranose, and a fourth unbranched
backbone residue. XXXG-type glucans are present
in numerous plant species whereas the XXGG type
occurs in solanaceous plants. Sugars bound to
the d-xylopyranose include α-1,2-l-fucopyranose,
β-1,2-d-galactopyranose, α-1,2-l-galactopyranose
or α-1,2-l-arabinose residues. Some of these
residues can also contain O-linked acetyl groups
(O’Neill and York 2003). Some of the endoglu-
canases active against cellulose are also active on
xyloglucans; in addition, xyloglucan hydrolases
(EC 3.2.1.151) which are specific for xyloglucan
have been reported (Pauly et al. 1999; Hasper et al.
2002; Grishutin et al. 2004).
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3. (Galacto-)glucomannan

Mannan consists of a β-1,4-linked β-d-
mannopyranose backbone whereas, in glucoman-
nans, the backbone comprises both β-1,4-linked
β-d-glucopyranose and β-d-mannopyranose
residues which are randomly distributed. It can be
substituted by α-1,6-linked α-d-galactopyranose
residues which can be substituted further by
α-1,2-linked α-d-galactopyranose. These polysac-
charides are usually referred to as galactomannans
and galactoglucomannans (Brett and Waldren
1996). Galactomannans and galactoglucoman-
nans are the major hemicellulose structures
of softwoods, and glucomannan of hardwood
(Aspinall 1980; Stephen 1982). The d-glucose
or d-mannose residues are partially substituted
with acetyl residues linked to O-2 or O-3. The
backbone is degraded by endo-1,4-β-mannanases
(Mannan endo-1,4-β-mannosidase, EC 3.2.1.78)
and β-mannosidases (EC 3.2.1.25). The ability
of the endo-1,4-β-mannanases to degrade these
polymers depends on the number and position
of the side chain substituents. The enzymes
releasing the glucose and galactose residues act
in synergism with endo-1,4-β-mannanases and
β-mannosidases. β-Mannosidases split off the β-
d-mannose residue from the non-reducing end of
the manno-oligosaccharides and are characterized
by a retaining mechanism.

C. Biodegradation of Pectins

Pectins are a complex and heterogeneous group
of polysaccharides characterized by a significant
content of α-1,4-linked d-galacturonic acids. They
are found mainly in the middle lamella and in
the primary cell wall, their proportion ranging
from 5–10% in grasses to 30% in dicotyledons.
The carbohydrate composition and, hence, the
structure vary depending on the species and cell
type. Pectin is made up of several distinct domains
which, depending on the side chains, are called
either “smooth” or “hairy” regions (Pérez et al.
2000; Ridley et al. 2001).

The “smooth” region, or homogalacturonan
(HG), consists of linear chains of α-1,4-linked
d-galacturonic acid residues which can carry
methyl esters at the terminal carboxyl group
and acetyl esters at the O-2 or O-3 position.
Homogalacturonan with a high degree of methyl
esterification is referred to as pectin whereas
pectic acid (pectate) has a low degree of ester-

ification. The esterification of the uronic acid
group results in the elimination of the negative
charge, which is of great significance for the gelling
process of pectin, since the complexes between
the carboxyl groups and Ca2+ ions in addition
to borate and uronyl esters are involved in this
(Vincken et al. 2003). Additionally, the number of
methyl- and acetyl esters has a strong influence
on the susceptibility to cleavage by the different
pectinolytic enzymes. Rhamnogalacturonan I+II
and xylogalacturonan (XGA) are known as “hairy”
regions due to the abundant and often branched
side chains. Rhamnogalacturonan I distinguishes
itself from the other domains in that its backbone
consists of d-galacturonic acid and l-rhamnose
in a [1->2)-α-l-Rha-(1->4)-α-d-GalA-(1->]n
linkage. Whereas d-galacturonic acid can be
substituted with either methyl- or acetyl esters
similar to those in homogalacturonan, 20–80% of
the l-rhamnose residues are substituted at the O-4
position. The substituents contain l-arabinose
and d-galactose, and vary in size from monomers
up to branched, heterogeneous oligomers. They
can be terminated with α-l-fucose and (4-O-
methyl)-β-d-glucuronic acid. The arabinan chain
has an α-1,5-linked l-arabinose backbone which
can be substituted with α-1,3-linked l-arabinose
residues. Two types of arabinogalactan side
chains have been identified. Type I consists of
a chain of β-1,4-linked d-galactopyranose whereas
type II contains a backbone of β-1,3-linked d-
galactopyranose residues which can be substituted
with β-1,6-linked d-galactopyranose residues.
Both are occasionally substituted with l-arabinose
at O-3. In addition, ferulic acid and p-coumaric
acids have been identified in the pectic hairy
regions attached to O-2 of l-arabinose and O-6 of
d-galactose.

Rhamnogalacturonan II consists of a short
backbone of α-1,4-linked d-galacturonic acid
which is substituted either at the O-2 or O-3
position (Vidal et al. 2000). The side chains have
been found to be either dimers or branched
oligomers, and to contain rare sugars such as
d-apiose and l-fucose in addition to l-arabinose,
d-galactose and l-rhamnose.

The backbone of another substructure found in
hairy regions, the xylogalacturonans, is similar to
that of the homogalacturonans but a major part of
the d-galacturonic residues carry β-d-xylose sub-
stituents at the O-3 position. It has so far been
found only in reproductive tissues, including soy-
bean seed, apple fruit and pine pollen (Schols et al.
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1995). Whereas the composition and structure of
the individual subunits are mostly established, the
manner in which they make up the pectin poly-
mer is still under investigation. For a long time,
pectin was thought to consist of linear chains of ho-
mogalacturonan interspersed with hairy regions.
Recently, however, Vincken et al. (2003) proposed
a new model in which rhamnogalacturonan I alone
forms the backbone, substituted with homogalac-
turonan and the abovementioned arabinan and
galactan side chains.

To efficiently degrade pectin, fungi have devel-
oped a broad spectrum of pectinolytic enzymes.
The term “pectinases” usually refers to enzymes
which act on the pectin backbone. The degradation
of pectin has, besides in saprobic fungi, been most
extensively studied in plant pathogenic fungi
(Botrytis cinerea, Fusarium oxysporum, Sclerotium
sclerotiorum). Enzymatic depolymerization of
pectin weakens the cell wall and exposes the other
cell wall polymers to degradation by other plant cell
wall-degrading enzymes. As a protection against
this enzymatic attack, numerous plants have devel-
oped specific plant defence proteins – the so-called
polygalacturonase-inhibiting proteins (PGIPs),
which reduce specifically the hydrolytic activity of
fungal polygalacturonases (Cervone et al. 1990).
PGIPs are leucine-rich repeat glycoproteins asso-
ciated with the cell wall of both monocoyledons
and dicotyledons (D’Ovidio et al. 2004).

Pectinases can be subdivided, in terms of their
reaction mechanism, into hydrolases and lyases
and further according to their substrate specificity
into, e.g. polygalacturonases and rhamnogalac-
turonases. Pectin lyases (EC 4.2.2.10), pectate
lyases (EC 4.2.2.2) and rhamnogalacturonan
lyases (EC 4.2.2.-) cleave polysaccharide chains
via a β-elimination mechanism resulting in the
formation of a Δ-4,5-unsaturated bond at the
newly formed non-reducing end.

The three-dimensional structure of several
pectinases has been determined. The results
show that – in contrast to the cellulases and
hemicellulases, which are characterized by a high
diversity of protein structures – pectinases share
a common conserved structure. Although their
overall sequence similarity is low, pectinases pos-
sess a central core consisting of parallel β-strands
forming a large, right-handed helix defined as
parallel β-helix (Jenkins and Pickersgill 2001).
Whereas the catalytic mechanism differs between
the hydrolases and lyases, the substrate-binding
sites are all found in a similar location within a cleft

formed on the exterior of the parallel β-helix. This
structure facilitates the binding and cleaving of
the buried pectin polymers in the undamaged
cell wall. The parallel β-helix fold confers the
stability needed by these enzymes for efficient
aggressive action in a variety of hostile extracel-
lular environments. An exception to this rule is
the rhamnogalacturonan lyase from A. aculeatus,
which displays a unique arrangement of these
three distinct modular domains (McDonough
et al. 2004).

In saprobes, the pectinolytic system has been
studied in great detail in Aspergillus spp. including
A. niger (de Vries and Visser 2001). Polygalactur-
onases (PGAs) are the most extensively studied
class of pectinases and have been isolated from
various saprotrophic and plant pathogenic fungi.
Endopolygalacturonases catalyze the hydrolytic
cleavage of α-1,4 d-galacturonic bonds within the
chain (EC 3.2.1.15), and exopolygalacturonases
(Galacturan 1,4-α-galacturonidase. EC 3.2.1.67)
cleave from the non-reducing end. Both endo-
and exopolygalacturonases belong to glycoside
hydrolase family 28, and have similar reaction
mechanisms and substrate specificities, but their
level of sequence identity is surprisingly low (Hen-
rissat and Bairoch 1993; Biely et al. 1996; Markovic
and Janecek 2001). Among the endopolygalac-
turonases, some enzymes cleave only once per
chain (single attack or non-processive) whereas
others attack the pectin polymer multiple times
per strand (processive behaviour). Single-attack
polygalacturonases generally produce longer
fragments, which are only gradually degraded
into dimers, trimers or short oligomers, providing
possible sites for exopolygalacturonases. Digestion
with processive enzymes, on the other hand, results
in an accumulation of these short oligomers from
the very beginning of the reaction. The circum-
stances under which the one or the other pathway
of degradation is preferred are not completely
clear to date, and may be related to the biological
significance of the resulting fragments. A factor
which significantly influences the activity of poly-
galacturonases is the number (and distribution) of
methyl- and acetyl ester groups. In general, most
endo- and exoPGAs prefer substrates with a low
degree of esterification, although some exceptions
exist (Parenicova et al. 2000). In most cases, the
activity of a methyl/acetyl esterase is required to
prepare the pectin molecule for PGA digestion.
Genes encoding PGAs are organized into families
the members of which exhibit a high degree of poly-



Degradation of Plant Cell Wall Polymers by Fungi 333

morphism (Annis and Goodwin 1997; Markovic
and Janecek 2001). Most fungi produce multiple
isozymes with a wide range of enzymatic proper-
ties, substrate specificities and pH optima, which
may reflect the complexity of the pectin molecule
in plant cell walls and the need for enzymes capable
of cleaving the homogalacturonan backbone in
a variety of structural contexts. Another structural
feature which may determine the functional
diversification of these enzymes is the presence or
absence and type of N-terminal extension, which
has been suggested to influence their substrate
specificity and to play a role in their interaction
with particular regions of the pectin polymer
(Parenicova et al. 2000; Gotesson et al. 2002).

The degree of esterification is also important
for the functional classification of lyases. Pectate
lyases prefer substrates with a low degree of methyl
esterification, which therefore have a more acidic
character, and are strictly dependent on Ca2+ for
catalysis. Pectin lyases, on the other hand, favour
highly methyl-esterified substrates and do not re-
quire Ca2+ ions (Jurnak et al. 1996).

The pectinolytic enzyme system of A. niger
serves as an example of how a microorganism can
degrade a pectin molecule. A. niger produces seven
polygalacturonases, two of them (PgaA and PgaB)
constitutively. These two are most active on pectins

Fig. 18.3. Enzymatic degradation
of rhamnogalacturonan I and ho-
mogalacturonan. The main chain of
rhamonogalacturonan I (shown above)
is degraded by rhamnogalacturonan
hydrolase (RGA) and rhamnogalac-
turonan lyase (RGL).The side chains
are degraded by rhamnogalacturonan
acetyl esterase (RGAE), endoarabinase
(ABN), endo-β-1,6-galactanases (GAL)
and exogalactanases (GAX). Terminal
monosaccharides are removed by α-
l-arabinofuranosidases (arabinoxylan
arabinofuranohydrolases, ABF) and
β-galactosidases (BGA). The main
chain of homogalacturonan (below) is
degraded by endopolygalacturonases
(PGA), exopolygalacturonases (PGX),
pectin lyases (PLY), pectate lyases (PEL).
Pectin methyl esterase (PME) and pectin
acetyl esterase (PAE) act on the side
groups

containing 22% methyl esters (Parenicova et al.
2000), thus making them suitable for an initial at-
tack on the native substrate. Enzymes subsequently
induced at this early stage during growth on pectin
are pectin methyl esterase PmeA, an exopolygalac-
turonase PgxA, and pectin lyases (PelA and PelD;
de Vries et al. 2002). The action of the methyl es-
terase renders the substrate accessible to polygalac-
turonases, which are expressed at a later stage af-
ter removal of the methyl esters, while the pectin
lyases contribute to the breakdown of the still ester-
ified polymer. The exopolygalacturonase cleaves d-
galacturonic acid monomers from the homogalac-
turonan poly- and oligomers, which may serve as
inducers for the other pectinases (Fig. 18.3).

Similar to homogalacturonans, the degrada-
tion of the rhamnogalacturonan I backbone is
catalyzed by hydrolases and lyases (Fig. 18.3).
Endorhamnogalacturonases have been isolated
from A. acculeatus and A. niger (de Vries and
Visser 2001), and were shown to hydrolyze the
α-1,4 glycosidic bonds in saponified hairy re-
gions. The resulting fragments were tetra- and
hexamers of the backbone, which partly were
still substituted with d-galactose. This suggests
that – similar to some exoPGAs ability to cleave
XGA (van den Broek et al. 1996) – endorhamno-
galacturonases are tolerant towards monomeric
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substituents. Depending on the monosaccha-
ride cleaved from the non-reducing end of the
rhamnogalacturonan, two kinds of exorhamno-
galacturonases have been described: rhamno-
galacturonan α-d-galactosyluron-hydrolases and
rhamnogalacturonan α-l-rhamnohydrolases. All
rhamnogalacturonan hydrolases were classified as
members of GH family 28. Rhamnogalacturonan
lyases cleave the rhamnogalacturonan backbone
via β-elimination. Unlike the hydrolases, they act
on the Rha-(1->4)-α-d-GalA bond, resulting in
the formation of Δ-4,5-unsaturated d-galacturonic
acid residues at the non-reducing end.

D. Accessory Enzymes

Most of the plant cell wall-degrading enzymes
described above act on the backbone of the respec-
tive polysaccharide, but usually their activity is
impaired by monomeric substituents or larger side
chains which are present in hemicelluloses and
pectins. To ensure an efficient and complete break-
down of such polysaccharides, these substituents
have to be removed and degraded by different
families of accessory enzymes. These accessory
enzymes work in synergism with the enzymes
attacking the main chain and often depend on each
other for an efficient breakdown of the substrate.
The substrate specificity of these enzymes varies;
some of the enzymes can hydrolyze the intact poly-
mer whereas others show maximum activity only
in the presence of shorter breakdown products (cf.
Puls and Schuseil 1993; Tenkanen and Siika-aho
2000). A detailed list of the enzymes involved in
the degradation of hemicelluloses and pectinases
and their mode of action has been reviewed for
Aspergillus spp. by de Vries and Visser (2001), and
only some of the major enzymes are listed here
(Figs. 18.2 and 18.3).

Side groups in xylans are generally small
(mono-, di- and trimers) but can consist of several
different sugars and acids (e.g. acetic acid, l-
arabinose, ferulic acid, d-galactose, d-glucuronic
acid) and, consequently, multiple enzymes are
required to make the backbone fully accessible
for the xylanases. α-l-Arabinofuranosidases (EC
3.2.1.55) remove terminal l-arabinose residues but
differences in the specificity towards α-1,2-, α-1,3-
or α-1,5-arabinosidic bounds and towards the
substrata themselves have been observed. Whereas
several representatives are also able to release
l-arabinose from pectins and xylans, others – also

called arabinoxylan arabinofuranohydrolases –
are strictly specific for l-arabinose bound to
xylan. In addition, some arabinofuranosidases are
inhibited by the presence of d-glucuronic acid
residues adjacent to the targeted l-arabinose. This
d-glucuronic acid and its 4-O-methyl ethers are
removed by α-glucuronidases (EC 3.2.1.139) and
by xylan-α-1,2-glucuronosidases (EC 3.2.1.131).
In addition to carbohydrate substituents, two
types of esters are found in xylans – those with
ferulic and those with acetic acid – which are
both hydrolyzed by specific esterases. Several
types of feruloyl esterases (EC 3.1.1.73) have been
described, their activity varying with the presence
of additional methoxy or hydroxyl substituents on
the ferulic acid’s aromatic ring, and with the type
of linkage (O-2, O-5 or O-6) to the carbohydrate
chain. Acetyl xylan esterases (EC 3.1.1.72) par-
ticipate in the breakdown of the xylan backbone
by removing acetyl ester groups from O-2 and
O-3 of the d-xylose chain, thereby facilitating the
action of the endoxylanases. As is the case with
arabinofuranosidases, synergistic effects with
main chain cleaving enzymes have been reported
(Kormelink et al. 1993; Tenkanen 1998; de Vries
et al. 2000). So far, only two types of substituents
have been described in galacto(gluco)mannans:
d-galactose mono- and dimers, and acetyl esters.
The former are removed from the backbone by
α-galactosidases (EC 3.2.1.22) whereas the latter
are hydrolyzed by acetylglucomannan esterases
(EC 3.1.1.-). Both reactions result in an increased
activity of the endomannases and β-mannosidases
(Tenkanen 1998; de Vries et al. 2000). For the
removal of α-1-6-linked d-xylose side groups
of the xyloglucan, specific α-d-xylosidases are
required.

Pectin contains two different types of sub-
stituents. On the one hand, acetyl esters at the O-2
or O-3 and methyl esters at the carboxy group are
bound to the d-galacturonic acid residues in the
smooth regions. On the other hand, polymeric
side chains consisting mainly of l-arabinose
and d-galactose are found in the hairy regions.
Pectin methyl esterases (EC 3.1.1.11) and pectin
acetyl esterases (EC 3.1.1.-) have been isolated
from different fungal species and they show
a prominent synergism with polygalacturonases
(de Vries et al. 2000). Similar results were achieved
with rhamnogalacturonan acetyl esterases (EC
3.1.1.-) and rhamnogalacturonase or rhamno-
galacturonan lyase (de Vries et al. 2000). The
d-galactose or l-arabinose side chains are often
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substituted with several other carbohydrates or
acids. These chains are cleaved by endoarabinases
(EC 3.2.1.99) and exoarabinases (EC 3.2.1.-), and
by endo-β-1,4-galactanases (EC 3.2.1.89), endo-β-
1,6-galactanases (EC 3.2.1.-) and exogalactanases
(EC 3.2.1.23). Terminal monosaccharides are re-
moved by α-l-arabinofuranosidases (EC 3.2.1.55)
and β-galactosidases (EC 3.2.1.23) but additional
enzymes (e.g. α-l-fucosidases, α-glucuronidases)
are required to completely degrade the side chains.

IV. Biodegradation of Lignin

Next to cellulose, lignin is the most abundant
polymer in nature and accounts for 15 to 36% of
the lignocellulosic material. It forms an extensively
cross-linked network within the cell wall, and
confers structural support and decreases water
permeability. It protects the other, more easily
degradable cell wall components and is therefore
the main obstacle for an efficient saccharification of
cellulose and hemicellulose. The aromatic polymer
is synthesized from the three substituted phenyl-
propanoid alcohols coniferyl (guaiacyl propanol),
synapyl (syringyl propanol) and p-coumaryl
(p-hydroxyphenylpropanol). The softwood of
gymnosperms contains mainly coniferyl alcohols,
some p-coumaryl but no sinapyl alcohol whereas,
in the hardwood of the angiosperms, coniferyl
and sinapyl alcohols are found in equal amounts
(46%), with a minor proportion of p-coumaryl
(8%). The lignin polymer is synthesized by the
generation of free phenoxy radicals, which is
initiated by plant peroxidases-mediated dehy-
drogenation of the three precursor alcohols. The
result of this polymerization is a highly insoluble,
complex-branched and amorphous heteropolymer
joined together by different types of linkages such
as carbon–carbon and ether bonds. The chemical
complexity and structural variability of the lignin
polymer makes it resistant to breakdown by
conventional enzymatic hydrolysis and therefore
the initial attack is oxidative, non-specific, non-
hydrolytic and extracellular (Kirk and Farrell 1987;
Higuchi 1990; Hatakka 1994).

Fungi are the most efficient group of organ-
isms able to decompose or, at least, alter the wood
structure. Based on macroscopic characteristics,
different types of decay have been distinguished,
including white, brown and soft rot. White-rot ba-
sidiomycetes are the major group of wood rots to-

day and the only group which can completely de-
grade lignin into CO2 and H2O. They can overcome
difficulties in wood decay, including the low nitro-
gen content of wood (a C:N ratio of about 500:1) and
the presence of toxic and antibiotic compounds. Be-
sides is group, brown-rot fungi are also able to de-
grade wood extensively. Some ascomycetes also col-
onize wood in contact with soil but alter the lignin
component only slightly. Their action leads to a de-
crease in the mechanical properties of wood, giv-
ing rise to so-called soft rot, a process which often
involves bacteria. Soft-rot fungi can degrade wood
under extreme environmental conditions (extreme
wetness or frequent dryness) which prohibit the ac-
tivity of other wood-degrading fungi. Soft-rot fungi
are relatively unspecialized (hemi-)cellulolytic as-
comycetes in the genera Chaetomium, Ceratocys-
tis and Philaophora, and some basidiomycetes can
also cause a soft rot-type of decay pattern. In soft
rot, decay by fungi is closely associated with pene-
tration by the fungal hyphae, because the enzymes
cannot diffuse through the plant cell wall. Two dis-
tinct types of soft rot are currently recognized. Type
1 is characterized by longitudinal cavities formed
within the secondary wall of wood cells, and type 2
by an erosion of the entire secondary wall (Martinez
et al. 2005). Although many white rots and brown
rots secrete oxidative and hydrolytic enzymes, it is
generally recognized that their enzymes are unable
to diffuse through healthy wood and that smaller,
non-proteinaceous molecules are involved in the
initiation of decay.

A. Brown-Rot Fungi

Brown-rot fungi degrade mainly cellulose and
hemicellulose of coniferous softwoods and par-
tially modify the lignin mainly by demethylation
(Eriksson et al. 1990). They attack cellulose in
wood, which promotes rapid loss of mechanical
strength – ultimately, extensively brown-rotten
wood consists almost entirely of modified lignin.
The term “brown rot” refers to the characteristics
of this decayed wood: a reddish-brown material
consisting of oxidized lignin, which cracks into
characteristic brick-like pieces. Representatives of
brown-rot basidiomycetes comprise Schizophyllum
commune, Fomes fomentarius, Serpula lacrimans
and Gloeophyllum trabeum. They are also the
major cause of decay of woods in commercial
use, and have an important role in coniferous
ecosystems through their contribution to humus
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formation. These fungi grow mainly in the cell
lumen of the woody cells, and the degradation
is not localized to the fungal hyphae but found
at greater distances from these. The extracellular
enzymes formed are too large to penetrate healthy
cell walls and therefore – as noted above –
degradation of cellulose by brown-rot fungi
must involve diffusible low-molecular agents.
The degradation process is still not completely
understood but it has been suggested that the
brown-rot fungi use both an oxidative and hy-
drolytic attack. Although some brown rots possess
cellobiohydrolases, they generally lack the ability
to hydrolyze crystalline cellulose enzymatically.
However, crystalline cellulose can be disrupted
when classical endoglucanases act together with an
oxidative degradation system such as extracellular
reactive oxygen species. Reactive oxygen species
(ROS), such as hydroxyl radicals (•OH) and the
less reactive peroxyl (ROO•) and hydroperoxyl
(•OOH) radicals, have been discussed as the
agents which initiate degradation (Hammel et al.
2002). There is a well-established pathway for the
generation of these radicals via the Fenton reaction
(H2O2+Fe2++H+→H2O+Fe3++•OH). In order
not to destroy the fungal hyphae and to act in the
lignified parts of the secondary cell wall, the •OH
production has to occur at a distance from the
hyphae, and the fungal reductants should be stable
enough to diffuse before they react to reduce Fe3+

and O2 to Fe+2 and H2O2. The production of •OH
radicals can take place in several ways and different
systems are being discussed, including secreted
hydroquinones, cellobiose dehydrogenases, low
molecular-weight glycopetides and phenolate
chelators.

The principle of the quinone redox cycling
for •OH production is that the fungus reduces
the quinone extracellularly to its hydroquinone
which then reacts with Fe3+ to give Fe2+ and
a semiquinone radical. The semiquinone reduces
O2 to •OOH, which is a source for H2O2, and
is in this way recycled to quinone. Gloeophyl-
lum trabeum produces extracellular quinones
including 2,5-dimethoxy-1,4-benzoquinone and
4,5-dimethoxy-1,2-benzoquinone which can
reduce Fe3+ and O2 rapidly under physiolog-
ical conditions, thereby generating both Fe2+

and H2O2. Moreover, the fungus was shown to
reduce the resulting dimethoxyquinones back
to hydroquinones, possibly by the action of an
intracellular quinone reductase. Another non-
enzymatic system includes phenolate or catechole

chelators (Goodell 2003). These were isolated
from culture filtrates of the brown-rot fungus
Gloeophyllum trabeum and termed Gt chelator.
They have a high affinity for the binding of iron
and have the ability to reduce Fe3+ to Fe2+. The two
compounds 4,5-dimethoxy-1,2-benzenediol and
2,5-dimethoxy-1,4-benzenediol were identified in
the Gt chelator fraction, and also their oxidized
benzoquinone forms (see above). •OH radicals
can also be produced by the extracellular flavo-
haemoprotein cellobiose dehydrogenase (CDH).
CDH production has been reported for all types
of wood-rotting fungi (Zamocky et al. 2006), and
CDH can act as cellobiose oxidase by reducing
O2 to H2O2. However, Fe3+ is a better electron
acceptor than O2 and, thus, CDHs are actually Fe3+

reductases. Glycopeptides, implicated in wood
degradation, have been isolated from G. trabeum
and Tyromyces palustris. They reduce Fe3+ to Fe2+

and bind Fe2+ (Goodell 2003; Enoki et al. 2003). In
the presence of H2O2, the glycopeptide generates
one-electron oxidation and possesses the ability
to oxidize NADH in the presence of oxygen, and
thereby produces H2O2.

Most brown rots secrete oxalic acid, which is
a strong chelator of Fe3+ and Fe2+ but also reduces
the pH. The pH of wood itself is generally in the
range 3–6, and is lowered to pH values between
2.5 and 1.7. The reduction of pH is important for
the function of the extracellular enzymes and has
been identified as a key factor in several hypotheses
related to molecular weight degradation systems, as
discussed in the reviews listed above.

B. White-Rot Fungi

White rots are the most frequently found wood-
rotting organisms and are mainly basidiomycetes
but also some ascomycetes are able to cause white
rot. They are characterized by their ability to
completely degrade lignin, hemicelluloses and
cellulose, thereby often giving rise to a cellulose-
enriched white wood material. Two different
white-rot patterns have been described:

(i) Simultaneous (non-selective) delignification
attacks mainly hardwood and degrades cellu-
lose, lignin and hemicellulose simultaneously.
The cell wall is attacked progressively from
the cell lumen towards the middle lamella.
Degradation is associated with the fungal
hyphae and substantial amounts of undecayed
wood remains. Basidiomycetes (e.g. Tram-
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etes versicolor, Irpex lacteus, Phanerochaete
chrysosporium, Heterobasidion annosum and
Phlebia radiata) and some ascomycetes (e.g.
Xylaria hypoxylon) perform this type of
degradation.

(ii) Selective delignification, or sequential decay,
is found in hardwood and softwood. The ini-
tial attack is selective for lignin and hemicellu-
lose, and the cellulose is attacked later. Lignin
is degraded in the middle lamella, which is dis-
solved by a diffusion mechanism, and in the
secondary wall. This type of degradation is per-
formed exclusively by various basidiomycetes
(e.g. Ganoderma australe, Phlebia tremellosa,
C. subvermispora, Pleurotus spp. and Phellinus
pini).

Many white-rot fungi cause both types of rot, and
the amount of simultaneous or selective decayed
wood varies even among different strains of the
same species and depends also on the substrate
(Eriksson et al. 1990; Martinez et al. 2005). To date,
P. chrysosporium is the most intensively studied
white-rot fungus (Cullen and Kersten 2004; Mar-
tinez et al. 2004).

White-rot fungi degrade lignin via an oxida-
tive process involving peroxidases and laccases
(phenol oxidases) which act non-specifically by
generating lignin free radicals, which then undergo
spontaneous cleavage reactions. Peroxidases, such
as the lignin peroxidases (LiPs; EC 1.11.1.14),
manganese peroxidases (MnPs; EC 1.11.1.13)
and the versatile peroxidase (VP), have been
described as true ligninases due to their high
redox potential which enables them to oxidize
non-phenolic aromatic substrates constituting
up to 90% of the lignin structure. Peroxidases
require the presence of H2O2 as acceptor. LiPs
are often produced as isoenzymes with a heme
group in their active centre, and oxidize phenolic
and non-phenolic compounds (Hammel et al.
1986; Kersten 1990; Hatakka 1994; Eggert et al.
1997). The catalytic, oxidative cycle of LiP is
similar to those of other peroxidases. LiP becomes
highly oxidized when H2O2 is reduced to H2O,
and a two-electron reaction allows the activated
enzyme to oxidize two substrate units before it is
reduced to the peroxidase resting state once again.
Veratryl alcohol is oxidized to the short-lived
VA cation radical which may oxidize the lignin
directly or pass on the charge to other, more stable
carriers which can act as diffusible mediators.
Since enzymes such as LiPs are too large to enter

the plant cell, direct degradation is carried out only
in exposed regions of the cell lumen (simultaneous
delignification). Microscopic studies of selective
lignin biodegradation revealed that white-rot
fungi remove the polymer from inside the cell wall,
which can be performed only by indirect oxidation
mediated by LiP low molecular-weight diffusible
compounds capable of penetrating the cell wall.
MnPs are closely related to LiPs. They have the
same catalytic cycle involving a two-electron
oxidation of the heme by H2O2, followed by two
subsequent one-electron reductions. MnPs oxidize
Mn+2 to Mn+3, which is stabilized by organic
acids such as oxalate, fumarate and malate.
Mn+3 acts as diffusible oxidizer on phenolic
substrates and oxidizes non-phenolic substrata
via lipid peroxidation reactions (Martinez
et al. 2005).

The more recently discovered versatile perox-
idase (VP) combines the enzymatic properties of
LiP and MnP and oxidizes both Mn+2 and vera-
tryl alcohol. It oxidizes hydroquinone in the ab-
sence of exogenous H2O2 when Mn+2 is present
in the reaction as well as dimethoxybenzenes. The
crystal structures have been resolved for both LiP
and MnP (Piontek et al. 1993; Poulos et al. 1993;
Sundaramoorthy et al. 1994). The prosthetic group
(iron protoporphyrin IX) of LiPs is accessible only
through a narrow pore (Piontek et al. 2001). The
catalytic cycle is common to other peroxidases.
However, the position of the iron-binding histidine
residue in ligninolytic peroxidases is displaced far-
ther away from the heme iron, and, which leads
to an increased redox potential, and the existence
of specific binding sites for substrate oxidation are
unique (Martinez 2002).

The substrate-binding sites have been identi-
fied for LiP, MnP and VP, and explain the dual cat-
alytic properties of VP. Mn2+ oxidation occurs at
a binding site near the cofactor which enables di-
rect electron transfer. By contrast, veratryl alcohol
is oxidized at the surface of the protein by a long-
range electron transfer mechanism. The rationale
of the existence of this electron transfer mecha-
nism is related to the fact that many of the aromatic
substrates cannot penetrate inside the LiP/VP and,
therefore, these substrates are oxidized at the en-
zyme surface, and electrons are transferred to the
heme by a protein pathway (Sundaramoorthy et al.
1997; Doyle et al. 1998; Gold et al. 2000).

Laccases are multicopper phenoloxidases and
generally larger than peroxidases. They perform
four one-electron oxidations by reducing O2 to



338 C. Gamauf, B. Metz, B. Seiboth

H2O, and are only able to directly oxidize phe-
nols and aromatic amines. The phenolic nucleus
is oxidized by removal of one electron, generat-
ing phenoxy-free-radical products, which can lead
to polymer cleavage. Due to their low redox po-
tential, non-phenolic substrates have to be oxi-
dized by other mediators. Metabolites such as 3-
hydroxyanthranilate can mediate oxidation in Pyc-
noporus cinnabarinus (Eggert et al. 1997), and also
lignin degradation products can act as such redox
charge transfer molecules (ten Have and Teunissen
2001).

Other extracellular enzymes involved in wood
lignin degradation are H2O2-generating enzymes
which are essential for the peroxidases. Fungal
oxidases which can reduce O2 to H2O2 include gly-
oxal oxidase, glucose 1-oxidase, methanol-oxidase
and aryl-alcohol oxidase (Zhao and Janse 1996).
Flavin is often used as cofactor, with the excep-
tion of, e.g. copper-containing glyoxal oxidase
from P. chrysosporium. Cellobiose dehydrogenase
oxidizes soluble cello- and mannodextrine and
uses a wide spectrum of electroacceptors (Fe3+,
Cu2+, quinone and phenoxy radicals). Proposed
roles of CDH in the ligninolytic system which
have been discussed comprise (i) the reduction
of aromatic radicals formed by ligninolytic
enzymes, thereby preventing repolymerization
and supporting lignin degradation, (ii) the
production of •OH radicals via a Fenton-type
reaction to modify cellulose hemicellulose and
lignin and (iii) a cooperation with the manganese
peroxidases to make the abundant non-phenolic
components of lignin accessible for MnP and
laccases. The role of ROS in the initial attack of
lignin has also been discussed (Hammel et al.
2002) and was reviewed already in the brown-rot
section.

V. Conclusions

Fungal recycling of abundant plant cell wall poly-
mers is an essential process for life on earth. Or-
ganisms, enzymes and non-enzymatic components
involved have been identified and characterized
within the last years. Still, a major challenge for fu-
ture research is to understand the complex multi-
enzyme process of lignocellulose decomposition,
and to establish the contribution of each individ-
ual component in the overall lignin degradation
system.
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Biosystematic Index

Acari, 202
Acremonium, 216
Adorphorus couloni, 175
Agaricus, 78

arvensis, 78
bisporus, 77, 330
campestris, 78
edulis, 78
haemorrhoidarius, 78
xanthodermus, 78

Agrocybe rivulosa, 115
Alternaria, 289

alternata, 74
solani, 193

Amanita, 209
caesarea, 115
muscaria, 78, 113, 116, 237, 238, 240
phalloides, 116
rubescens, 78
strobiliformis, 78

Ampelomyces quisqualis, 130
Angiosperms, 232, 244
Annelida, 202, 203
Anoplophora glabripennis, 178
Anthurus archeri, 116
Antrodia vaillantii, 72
Aphelenchoides, 209
Aphis gossypii, 175
Archaea, 7
Armillaria, 61, 77, 209

ectypa, 119
mellea, 106

Arthrobotrys, 303
Arthropoda, 202
Aschersonia aleyrodis, 160, 171
Ascobolus, 109, 112
Ascomycota, 9, 11, 139, 230–233, 303, 310
Aspergillus, 7, 74, 220, 289, 326, 332, 334

aculeatus, 332
flavus, 163, 177
fumigatus, 296
niger, 288, 289, 328, 332, 333
wentii, 58

Astigmata, 203
Aureobasidium, 289, 291

pullulans, 70, 75, 303

Bacillus, 191, 193
amyloliquiefaciens, 192-193
cereus, 193
circulans, 289

subtilis, 192-193, 223
thuringiensis, 164, 165

Balansia, 216
cyperi, 218

Basidiomycota, 9, 11, 230, 232, 236
heterobasidiomycetes, 232
homobasidiomycetes, 231, 232

Bdellidae, 203
Beauveria, 174, 175

bassiana, 160, 174, 175, 177–180
brongniartii, 163, 70, 175-176, 178
sulfurescens, 179
bassiana, 170, 171, 176

Bjerkandera, 71
Boletus, 78, 209

obscurecoccineus, 113
edulis, 120

Bombyx mori, 177
Botryodiplodia theobromae, 193
Botryosphaeria, 221
Botrytis, 207

cinerea, 196, 332
Bovista, 109, 112

verrucosa, 112
Brassica napus, 189
Buergenerula, 304

Cadophora (syn. Phialophora) finlandia, 232
Calluna, 75
Candida, 7, 289
Cantharellus formosus, 121
Carex walteriana, 317
Castanea dentata, 116
Cenococcum geophilum, 231
Cephalanthera, 246

damasonium, 246
Ceratobasidium cornigerum, 246
Ceratocystis, 335

ulmi, 116
Cercosporella, 116
Ceriporiopsis subvermispora, 337
Chaetomium, 335
Chironomidae, 203
Chytridiomycota, 8, 10, 13
Cladosporium, 75, 206, 220, 289

cladosporioides, 74, 296
herbarum, 289, 303

Claviceps, 216
purpurea, 218

Clavicipitaceae, 216
Coelomomyces, 159
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Collembola, 202, 203, 206
Colletotrichum, 221

musae, 222
Collybia, 293

johnstonii, 61
Conidiobolus, 159
Coprinus comatus, 78
Cordyceps, 159, 160, 171, 216
Coriolopsis, 71
Coriolus versicolor, 293
Corniothyrium minitans, 131
Cortinarius, 59

metallicus, 113
Cryptonectria parasitica, 116
Cunninghamella, 71
Curtobacterium flaccumfaciens, 223
Curvularia, 222
Cydia pomonella, 170
Cymatoderma elegans, 113
Cyperus rotundus, 218
Cypripedium, 245

Dactylaria, 303
Delia floralis, 178

radicum, 178
Dendrobaena octaedra, 59
Dermocybe, 59
Dermoloma, 119
Dichanthelium lanuginosum, 222
Disciseda, 119
Discula quercina, 220

umbrinella, 220
Dorylaimida, 202

Encephalitozoon, 7
Enchytraeidae, 202
Endogone, 231
Entomophthorales, 171
Entamoeba, 7
Entoloma, 106, 119
Entomophaga, 159

aulicae, 163, 176
grylli, 163
maimaiga, 164, 200, 201

Entomophthora muscae, 163
Epichloë, 216

typhina, 216
Epicoccum, 206

nigrum, 303
Epipactis, 246
Erianthus giganteus, 306
Erica, 75
Ericales

Arbutoideae, 232
Ericaceae, 232
Monotropoideae, 232, 245

Eremaeidae, 203
Erwinia amylovora, 191
Erynia, 159

radicans, 163
Eucalyptus urophylla, 195
Eurygaster integriceps, 178

Flammulina, 209

Folsomia, 206–208
Fomes fomentarius, 115, 335
Fusarium, 7, 61, 71, 74, 208

graminearum, 219
moniliforme, 219
oxysporum, 193, 332

Gamasina, 203
Gaeumannomyces graminis, 54
Ganoderma australe, 337
Geastrum, 119
Gibberella fujikuroi, 219
Gigaspora spp., 56
Gliocladium, 7, 132
Globodera, 147, 153
Gloeophyllum trabeum, 335, 336
Glomerales, 232
Glomeromycota, 9, 230–232
Glomus, 56, 236

constrictum, 56
etunicatum, 56
fasciculatum, 289
intraradices, 231, 236, 239, 240, 243
mosseae, 236, 239, 240
versiforme, 236

Goodyera repens, 246
Guignardia, 221
Gymnosperms

Pinaceae, 232
Gynoxis oleifolia, 220

Hebeloma cylindrosporum, 237, 240
Hemileia vastatrix, 116
Heterobasidion annosum, 337
Heterodera, 147
Histiostomatidae, 203
Humicola, 295, 296, 328
Hygrocybe, 119
Hymenoscyphus ericae, 232
Hyphoderma setigerum, 293
Hypholoma, 208
Hypocrea, 132

jecorina, 328, 329
Hypoxylon fragiforme, 220

Irpex, 71
lacteus, 337

Juncus, 306
effusus, 303, 307, 308, 318
roemerianus, 305, 306

Laccaria, 238
amethystina, 77
bicolor, 236
accata, 78

Lagenidium giganteum, 159, 163, 171
Larix decidua, 115
Lecanicillium, 160

longisporum, 160, 170, 171, 174–176, 179
muscarium, 170, 174, 179

Lentinus, 109
Leptinotarsa decemlineata, 170
Leptosphaeria, 189, 303
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coniothyrum, 296
Limodorum, 246
Littorina, 206
Locustana pardalina, 175
Lolium, 218
Lophiodermium piceae, 220
Lumbricus, 203

terrestris, 59
Lumbricidae, 202
Lycoperdon, 78

americanum, 113
echinatum, 113
perlatum, 78

Lycoriella, 207
Lymantria dispar, 164

Macrophomina phaseolina, 193
Manduca sexta, 180
Marasmiellus, 290, 293, 303
Marasmius, 204, 290, 293

androsaceus, 296
oreadus, 78

Medicago truncatula, 236
Meloidogyne, 147
Melolontha melolontha, 175
Metarhizium, 172, 174, 177, 178

anisopliae, 159, 160, 170, 171, 175, 176, 178–180
var. acridum, 175
var. majus, 160
flavoviride, 173

Mesostigmata, 203
Monotropa, 245
Mortierella, 208
Mucor, 71, 74

haemalis, 159
heimalis, 296

Mutinus ravenelii, 116
elegans, 116

Mycena, 204, 293
pura, 78

Mycetophilidae, 203
Mycosphaerella, 304, 308, 317

Nectria invertum, 74
Nematoda, 202, 203
Neocallimastix, 7, 8
Neotyphodium, 216

lolii, 218
Nilaparvata lugens, 178
Nuclearia, 8
Nomuraea rileyi, 160, 163, 170, 171

Oniscus, 203
Onychiurus, 205, 207, 208
Oomycota, 139
Oppiidae, 203
Orchidaceae, 245
Ostrinia nubilalis, 175
Otiorhynchus sulcatus, 160
Oxyporus nobilissimus, 119

Paecilomyces, 7, 205, 289
arinosus, 173
fumosoroseus, 170, 172, 173, 176, 180

lilacinus, 74
Pandora, 159

neoaphidis, 160, 171
Panellus copelandi, 303
Pantoea agglomerans, 192, 193
Paxillus, 205, 206, 234
Penicillium, 71, 74, 206, 220, 288, 289, 326

hordei, 296
janczewskii, 296
janthinellum, 72
purpurogenum, 296

Pestalotia, 221
Phaeosphaeria, 304

halima, 304, 308
nodorum, 107
spartinicola, 304, 307, 308, 317

Phalansterium, 7
Phallus hadriani, 112
Phanerochaete, 71

chrysogenum, 326, 328
chrysosporium, 70, 72, 337, 338

Phellinus pini, 337
weirii, 61

Philaophora, 335
Phlebia adiata, 293

radiata, 337
remellosa, 337

Phoma, 130, 206, 289
fimeti, 74
typharum, 303

Phoridae, 203
Phthiracaridae, 202
Phragmites, 307, 318

australis, 303, 304, 307–309, 316–318
Phyllosticta, 221

multicorniculata, 220
Phytophthora, 61
Phytophthora infestans, 116, 222, 224
Picea, 206

abies, 115
Pichia, 7
Pinus, 206

sylvestris, 237
Piromyces, 7
Pisolithus, 234, 238

tinctorius, 238
Pleurotus, 71, 337

nebrodensis, 118
ostreatus, 72

Plicaturopsis crispa, 115
Plutella xylostella, 176
Podaxis pistillaris, 113
Populus fremontii, 220

tremula x tremuloides, 238
Prostigmata, 203
Pseudomonas, 191

aeruginosa, 196
chlororaphis, 193
fluorescens, 191, 195

Psilocybe cyanescens, 115
Puccinia chondrillina, 116

triticina, 224
Pycnoporus cinnabarinus, 115, 338
Pyrenophora tritici-repentis, 224
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Pythium nunn, 130

Ralstonia solanacearum, 195
Ramalina menziesii, 290
Resinicium bicolor, 289
Rhabdocline parkeri, 220
Rhizoctonia solani, 54, 55, 193
Rhizographus, 291
Rhizopogon, 234
Rhizopus, 74, 294
Rhodospirillum, 13
Rhytismataceae, 221
Rozella, 8

allomycis, 8
Russula, 78

castanopsidis, 115
densifolia, 115
laurocerasi, 115
lepida, 115
lilacea, 115

Saccharomyces, 7
Saccobolus, 109
Sarcodon imbricatus, 117
Schistocerca gregaria, 160, 172, 175
Schizophyllum commune, 111, 335
Schizopora flavipora, 115
Sciaridae, 203
Scleroderma, 109, 112
Sclerotinia sclerotiorum, 189
Sclerotium rolfsii, 193

sclerotiorum, 332
Sebacina, 232
Serpula lacrimans, 335
Solanaceae, 236
Spartina, 304–307, 317

alterniflora, 303, 304–308, 316
Sporidesmium sclerotivorum, 129
Sporobolomyces, 289
Sporothrix insectorum, 170
Squamanita odorata, 112
Stemphylium, 294
Stenotrophomonas maltophilia, 72
Sterium hirsutum, 293
Stigmaeidae, 203
Stropharia aurantiaca, 115

rugosoannulata, 115
Suillus, 234

variegatus, 209,

Talaromyces flavus, 131
Tappania, 4
Tarsonemidae, 203
Taxomyces andreanae, 224
Terminalia, 60
Thelephora, 109
Torubiella, 171
Tracipleistophora, 7
Trametes, 71

versicolor, 337
Trichoderma, 7, 74, 128, 153, 206, 294, 326, 330

reesei, 328
viride, 296

Tricholoma matsutake, 121
Tsuga mertensiana, 61
Tuber, 238

melanospermum, 113
Tulasnella, 232
Tulasnellaceae, 245
Tulostoma, 119
Tydaeidae, 203
Tylenchida, 202
Tylospora fibrillosa, 106
Typha, 303, 307, 318

angustifolia, 306, 307
latifolia, 303

Tyromyces, 336

Ulocladium consortiale, 296

Vaccinium, 75
Varroa destructor, 178
Venturia ditricha, 220
Verticillium, 153, 296

lecanii, 170, 172
Vuilleminia comendens, 293

Xylaria, 221
hypoxylon, 337

Zonocerus variegatus, 175
Zoophthora radicans, 164, 176

Zygomycota, 10, 231
Endogonales, 232
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actinomycetes, 259, 275, 295
aggregatusphere, 49, 50
agriculture, 223, 265
agrochemicals, 258, 275
air pollution, 58
airborne pollutants, 72
algae, 288, 289
Allee effect, 179
alphaproteobacteria, 3, 5, 7, 11–14
amino acid, 237–239, 241

glutamine, 238, 241
glycine, 237, 246
reduction, 239

amitochondriate, 7
ammonium, 237–239
antibiosis, 128, 192

direct antagonism, 192
limitation in nutrients, 193
low-molecular weight, 192

antifungal agents, 258, 260, 261, 264
antifungal volatiles, 194

benzothiazole, 194
decimate ascospore production, 194
good soil amendments, 194
nonanal, 194
reduce apothecial formation, 194
sclerotial control, 194

aquatic ecosystems, 301
aquatic hyphomycetes, 309–311, 313–315, 317
arbuscula mycorrhiza, 74, 75, 229, 230, 231, 233–236, 237–

243, 245
arbuscule, 236, 240
arbutoid mycorrhiza, 229, 232
Arthropoda, 202
ascostromata, 265, 267

bacteria, 7, 49, 56, 71, 74, 287, 289, 295, 296, 316
bacterial, 289

aggregates, 191
endophytic mode, 191
extracellular polysaccharide production, 191
flagellar motility, 191
pigmentation, 191
production of biosurfactants, 191

baculoviruses, 180
balsam fir, 220
barcode DNA, 20
barley, 236
barrier, 113
BCA

application, 192
application at the cotyledon stage, 192
appropriate place and time, 192
bacteria onto the petals, 192
host is susceptible, 192
pathogen life cycle, 192

bikont, 7
bioassay, 171, 260
bioavailability, 70
biodegradation, 71
biodiversity, 31, 32, 221, 259

neutral theory, 221
bioenergetic electron flow, 11, 13

diagram, 8, 14
biogenic minerals, 76
biogeochemical cycles, 75
biogeography, 105, 221
bioindicator, 78, 79
biological control, 223, 127, 190

antagonist, 190
antifungal antibiotics, 190
bacteria, 190
enzymes, 190
mechanism, 190
siderophores, 190
systemic resistance, 190
volatiles, 190

biomarkers, 69
biomass, 49, 304, 311, 315, 316

bacterial, 56, 71, 316
fungal, 49–51, 56, 61, 304, 311, 315, 316
microbial, 49–51, 56, 59, 61

biomimetic system, 139
biopesticide, 165, 177, 178
bioprospecting, 223
bioremediation, 71
biosorption, 74, 76
biosynthesis, 258, 275
biotechnological application, 325

enzyme, 325
fungi, 325

biotechnology, 223
biotrophic, 128
birch, 220
BLAST, 221
blastospores, 173, 174
brown-rot fungi, 72, 335

C:N ratio, 290, 291
C:nutrient ratio, 294
canola, 189
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blackleg, 189
stem rot, 189
vegetable oil, 189

carbohydrate binding module, 328
carbohydrates, 235, 239–241

fructose, 240
glucose, 240, 243
hexose, 240, 241
monosaccharide, 240, 241
sucrose, 240

carbon 234, 235, 238, 239, 241–245
CAZy database, 326
cellulose, 203, 291, 326, 327

-binding domain, 328
to lignin ratio, 291

chelators, 236
defense, 260, 265, 266
ecology, 259, 266, 274

chitin, 202
chitinases, 89, 131-135, 140-142, 147, 150, 153, 154, 172,

195-197
Choanozoa, 7, 8
coevolution, 217
commercial producers, 165, 170
common mycelial networks, 242, 243, 246
community, 32, 218, 304

structure, 204, 311
competition, 31, 128
compost, 19, 87, 135-136, 173, 175
conservation, 105

of fungi, 117
convergence, 4
copper, 70
coprophilous, 271

fungi, 261–264
cottonwood, 220
Cryptostigmata, 202
cultivation, 172

diphasic fermentation, 173
submerged liquid fermentation, 172
surface cultivation, 173

dark septate endophytes, 233, 242
decline and extinction of fungi, 116
decomposers, 31, 301, 303, 309
decomposition, 218, 301, 317

wood, 313
delignification, 336, 337

selective, 337
simultaneous, 336

dereplication, 260
destruxin, 177
detritusphere, 49, 50
DGGE, 17, 18, 21, 25, 136, 215, 311
diel periodicity, 308, 316
disease, 54, 61

laminated root rot, 61
take-all, 54

disjunct distribution, 110
distribution

atlas, 113
maps, 105, 113
patterns, 105, 107, 109, 110, 304
changes in pattern, 115

continental patterns, 106, 112
expansion areas, 115
global patterns, 106, 109
local patterns, 107, 114
national patterns, 113
regional patterns, 106, 113

distributional data, 106
DOM, 318
dot maps, 107
Douglas fir, 60, 214, 220, 221, 294
drench, 175
drilosphere, 49, 50

earthworm, 48, 50, 59
invasive, 48, 59

ectoendomycorrhiza, 229
ectomycorrhiza, 72, 229, 231–246
ectomycorrhizal fungi, 74, 75
electrostatic sprayers, 175
elicitors, 134
endemics, 111
endophyte, 175, 213, 222, 260, 268, 269

bacteria, 223
evolution, 216
infection, 220
inoculum, 220
life cycles, 216
transmission, 220

endospores of Bacillus, 192
endosymbiont, 3, 7, 13
environmental pollution

acidification, 120
forests on acidic soils, 120
grassland, 119
nitrogen accumulation, 120
old-growth forests, 119
peat bogs, 119
pristine, 119
sand dunes, 119

enzyme, 150, 154, 287, 291, 293, 296, 307, 314, 327
α-L-arabinofuranosidase, 334, 335
α-galactosidase, 334
α-glucuronidase, 334
β-N-acetylglucosaminidase, 295
β-galactosidase, 335
β-glucosidases, 328
β-mannosidases, 331
β-xylosidases, 330
acetyl xylan esterase, 334
acetylglucomannan esterase, 334
acid phosphatase, 293
arabinoxylan arabinofuranohydrolase, 334
aryl-alcohol oxidase, 338
cellobiohydrolases, 327
cellobiose dehydrogenase, 336, 338
collagenase, 154
endo-β-1,4-galactanase, 331, 335
endo-β-1,6-galactanase, 335
endo-acting, 327
endo-cellulase, 295
endoarabinase, 335
endoglucanases, 328, 330
endopolygalacturonase, 332
endorhamnogalacturonase, 333
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exo-cellulase, 295
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exogalactanase, 335
exopolygalacturonase, 332, 333
exorhamnogalacturonase, 334
feruloyl esterase, 334
glucose 1-oxidase, 338
glyoxal oxidase, 338
invertases, 240
keratinase, 154
laccase, 337
lignin peroxidase, 337
lignocellulase, 293
manganese peroxidase, 337
methanol-oxidase, 338
N-acetylglucosaminase, 293
pectate lyase, 332, 333
pectin acetyl esterase, 334
pectin lyase, 332, 333
pectin methyl esterase, 333, 334
pectinase, 332
peroxidase, 337
phenol oxidase, 337
phosphatase, 235, 236
phosphoesterase, 236
phytase, 236
protease, 151
rhamnogalacturonan acetyl esterase, 334
rhamnogalacturonan lyase, 332, 334
rhamnogalacturonase, 332
serine protease, 150, 151
subtilisin, 151
xylan-α-1,2-glucuronosidase, 334
xyloglucan hydrolases, 330

epiparasites, 245
epiphyte, 216, 221
ergosterol, 233, 304, 305
ergot, 265, 266
ericoid mycorrhiza, 229, 242
eukaryotes, 3-5, 7, 11-14, 86

amitochondriate eukaryotes, 5
european beech, 220
European Council for Conservation of Fungi, 118
European Union, 177
extinction, 116
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Fenton reaction, 336
fermentation, 265, 275
ferns, 245
fingerprint methods, 22–24

AFLP, 17, 18, 23, 25
DGGE, 17, 18, 21, 25, 136, 215, 311
RAPD, 17, 18, 23, 25, 215
RFLP, 17, 18, 23, 25, 176, 215, 304, 311

foliar application, 190
biocontrol agents, 190
cotyledon, 190
petal, 190
six-leaf growth, 190
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food-web, 53
formulation, 174
fossil, 4, 5, 11, 71, 110, 230, 232, 325, 326
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freshwater

aquatic fungi, 263
marsh, 303

fungal
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endoparasites, 149
entomopathogens, 150
necrotrophs, 325
nematophags, 149, 150
saprotrophs, 325
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genetic

manipulation, 141
modification, 179
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geological timescale, 3
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gliovirin, 128, 133
glomalin, 52
glycogen, 241
grass, 216

maize, 219
ryegrass, 219
tall fescue, 219

grazing intensity, 207
green fluorescent protein, 177, 180
Green Muscle, 169, 170, 178
grid maps, 107
gut contents, 204

Hartig net, 240
heavy metals, 48, 296
hemicellulose, 96, 307, 314, 326, 329, 331, 334-338

arabinogalactan, 329
galactoglucomannans, 331
galactomannans, 331
glucomannans, 331
mannan, 331
xylans, 330

gypsy moth, 297
herbivores, 218, 222
heterokaryosis, 231
heterologous isolate, 171
homokaryosis, 231
homologous isolate, 171, 172
homoplasy, 4
hot particles, 296
hybridization, 18, 24, 25, 217

AFLP, 17, 18, 23, 25
DGGE, 17, 18, 21, 25, 136, 215, 311
FISH, 18, 24, 97, 311
RAPD, 17, 18, 23, 25, 215
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infection
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mycoparasitism, 128
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pathogenesis, 180
pathogens, 222
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pest control, 163
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pesticide, 275
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phosphate transporters, 236
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phytochemicals, 171
phytotoxins, 269, 270
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plant disease
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plant pathogenic fungi, 269, 270
plant pathogens, 127, 148
pollutants, 69, 70, 296

enhanced carbon dioxide, 296
ozone, 296
sulfur dioxide, 296
UV-B light, 296

polycyclic aromatic hydrocarbons, 70, 71
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poplar, 240
porosphere, 49, 50
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prairie, 56
pre-emptive colonization, 194
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niche exclusion, 194
successful colonization, 194
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production
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fungal, 304, 311, 315, 316
plant, 316

prokaryotes, 7
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reactive oxygen species, 336
recombination, 217
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reproduction, 304, 317
respiration, 308, 309, 317, 318
rhizomorphs, 234, 242, 290

cords, 293, 295
rhizosphere, 49, 289
rice, 236
risk assessment, 176
rock, 287–289

amphibolite, 288
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biotites, 289
feldspar, 288
feldspars, 289
fluorapatite, 289
granite, 289
hornblende, 289
limestone, 289
marble, 289
microcline, 288, 289
muscovite, 289
orthoclase, 288
phlogopite, 289
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shales, 289
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secondary metabolites, 217, 257, 259–261, 268, 271
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spruce, 220
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stromata, 216, 273
stromatolites, 4
succession, 32, 291, 303
suppressive environment, 135
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symbiotic (mycorrhizal) interface, 232, 233, 235, 238, 240
synergism, 128, 164

imidacloprid, 164
synergistic effects, 261

T-RFLP, 304, 311
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trehalose, 203, 241
trophic properties, 7
trophic traits, 3

chemotrophs, 14
heterotrophs, 8, 14
litho-organotrophs, 14
organotrophs, 8, 14
osmo/phagotrophically, 8
osmotrophs, 8, 14
phagotrophy, 8

unikont, 7

water availability, 308
WCS374r, 195
weathering, 236, 238
western white pine, 221
wetland, 301, 303
white-rot, 58

fungi, 71, 336
wood, 305, 309, 311–314, 316

-decay fungi, 271, 273
wood-wide web, see common mycelial networks

xenobiotics, 70

yew, 224




