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Series Preface

Mycology, the study of fungi, originated as a sub discipline of botany and was a
descriptive discipline, largely neglected as an experimental science until the early
years of this century. A seminal paper by Blakeslee in 1904 provided evidence for
self incompatibility, 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 benefitedmore 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) areas follows:

Pseudomycota

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



Eumycota

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

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 microorgan-

isms. Fungal metabolism is characteristically heterotrophic or assimilative for
organic carbon and some nonelemental source of nitrogen. Fungal cells
characteristically imbibe or absorb, 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.

viii Series Preface



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 insect associated
fungi and the medically important pathogens afflicting humans. Yes, fungi are
ubiquitous and important. 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 KARL ESSER

Auburn, AL, USA PAUL A. LEMKE

April 1994 Series Editors
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Addendum to the Series Preface

During the Fourth International Mycological Congress in Regensburg (1989)
while relaxing in a beer garden with Paul Lemke (USA), Dr. Czeschlik (Springer-
Verlag) discussed with us the possibility to publish a series about Fungi. We
both were at first somewhat reserved, but after a comprehensive discussion this
idea looked promising. We decided to name this new series The Mycota.
Then Paul Lemke and I created a program involving seven volumes covering a

wide area of Mycology. The first volume was presented in 1994 at the Fifth
International Mycological Congress in Vancouver (Canada). The other volumes
followed step by step. After the early death of Paul Lemke (1995) I proceeded
alone as Series Editor. However for Vols. X-XII I received support by Joan
Bennett.
Since evidently the series was well accepted by the scientific community and

since the broad area of Fungi was not completely covered, it was decided to
proceed with eight more volumes. In addition, second editions of twelve volumes
were published and one more as well as several third editions are in preparation.
I would like to thank Springer-Verlag, represented by Andrea Schlitzberger for

her support and cooperation.

Bochum, Germany KARL ESSER

February 2014
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Volume Preface to the Second Edition

Since the first edition of Volume XIII of the The Mycota in 2005, a number of
technical advances have dramatically changed the field of fungal genomics.
Among these are the so-called next generation sequencing techniques that have
transformed not only the field of genome sequencing, but can also be applied to
address all manners of questions about genome organization and gene
expression at a genome-wide scale. Another major development are improve-
ments in gene deletion methods for filamentous fungi, allowing the generation of
knockout strains for many, and in the case of Neurospora crassa (nearly) all,
genes of a fungal species. Thus, while at the time of writing of the first edition
most advanced genomics analyses were done with the yeast Saccharomyces
cerevisiae and other Saccharomycetes, genomics of filamentous fungi has now
truly come of age, and is used in both basic and applied research.

This is reflected in this second edition that contains 14 articles covering
genomics research with ascomycetes, basidiomycetes, and basal fungal lineages,
and topics ranging from basic research to pathogenicity and industrial
applications.

Of course, this still does not mean that this volume can comprehensively
cover all aspects of this fast-developing field. Similar to the first edition, it is
rather meant to illustrate the increasing impact of genomics on fungal research
by combining articles on a broad range of species and biological problems. (I
apologize to those whose work or favorite topic is not covered).

The volume is divided into four sections, the first of which, Genome Sequences
and Beyond, contains chapters that illustrate the impact of genome-based
information and techniques on research ranging from model organisms like
yeast (Chap. 1) to less-studied basal fungal lineages (Chap. 2). Two articles in
this section highlight novel types of analyses made possible by multi-genome
comparisons (Chap. 3) as well as the impact of genomics on culture collections
and vice versa (Chap. 4). The second section, on Cell and Developmental Biology,
addresses questions that are important for fungal biology, e.g. development of
fungal fruiting bodies (Chap. 7), and biology in general, e.g. chromatin
organization (Chap. 5) and circadian rhythms (Chap. 6). The third section,
Genomics for Biotechnology, highlights the search for plant biomass-converting
enzymes in fungal genomes (Chap. 8) and work with industrially important
fungi (Chaps. 9 and 10). The fourth section focuses on Pathogenicity and
contains chapters on genomics analyses of plant (Chaps. 11 and 12) and animal/
human pathogens (Chaps. 13 and 14). Chapters in this section illustrate how
genomics at all levels, from genome to metabolome, is used to study mechanisms
of the interactions of fungi with other organisms.



I am extremely grateful to all authors who have made the production of this
second edition possible. All are experts in their fields, and I appreciate their
willingness to contribute to this project which will be useful for all scientists
interested in advances in fungal genomics.

Bochum, Germany MINOU NOWROUSIAN

October 2013 Volume Editor
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Volume Preface to the First Edition

The Fungal Genomics era is gathering pace, and this is an enormously exciting
time for mycologists. Having trained during an era when whole Ph.D. theses
were devoted to the sequencing of a single gene, it is incredibly exciting to run
research programmes in the current era, when a fungal genome sequence can be
generated in a matter of weeks. Genome sequences for a whole range of fungal
species have been made public in the last few years, including those for
Aspergillus fumigatus, Candida glabrata, Cryptococcus neoformans, Debaryo-
myces hansenii, Kluyveromyces lactis, Magnaporthe grisea, Neurospora crassa
and Yarrowia lipolytica. Furthermore, many more genome sequences (for other
Candida, Coccidioides, Histoplasma, Mycosphaerella, Pneumocystis and Sacchar-
omyces species, for example) will be released in the near future and, in all
probability, the generation of additional fungal genome sequences will continue
for some time at a rate of about one every 60 days. These genome sequences are
providing a wealth of invaluable data about the evolution, life cycles, cell biology,
and virulence of fungi.

Genomic technologies have developed to differing extents, depending upon
the fungal species one is interested in. The genome sequences for some fungal
species are only just becoming available. For these species, genomic analyses are
in the very early stages of development. The initial process of annotating genes
within a genome sequence is incomplete for many fungi, and the generation of
microarrays for transcript profiling analysis is still some way off. In contrast, a
decade has passed since the Saccharomyces cerevisiae genome sequence was first
made public. This was one of the first genome sequences available for any
cellular organism and, thanks to the sophisticated molecular toolbox available
for bakers’ yeast, this model organism is now leading the way in many areas of
functional genomics and systems biology. (Nearly) complete sets of knockout,
conditional and epitope tagged mutants are available for the genome-wide
analyses of gene function in yeast. Researchers are spoilt for choice with respect
to the type and format of yeast microarray which is available – oligonucleotide
or gene arrays for transcript profiling, or intergenic arrays for genome-wide
chromatin immunoprecipitation studies. Protein microarrays are now available
for S. cerevisiae, and high-throughput yeast proteomics is now being exploited
by numerous research groups. Massively parallel analyses of protein–protein
interactions in yeast were published several years ago. Metabolomics is already
being applied to system-wide analyses of yeast physiology. Therefore, for many
research groups, the problem has shifted from the generation of data to the
accurate interpretation and incisive exploitation of massive datasets. Thankfully,
increasingly sophisticated software tools are being developed for the integration



of genetic, transcriptomic, proteomic, interactomic and metabolomic datasets.
As a result, genomics is now revealing important global perspectives of fungal
cell biology which were not obvious using standard reductionist approaches.
There were two main challenges in editing this volume on Fungal Genomics.
First, it was impossible to provide comprehensive coverage of this immense
field. Second, the speed of development of Fungal Genomics precluded the
publication of a text which is bang up to date. New developments do not stop for
editors! Therefore, this volume does not attempt to cover every topic or to
include every last-minute development. (I apologise to those whose favourite
topic is not covered.) Rather, my aims have been twofold. In the 13 chapters of
this 13th volume of The Mycota, my first aim has been to illustrate the current
impact and potential future impact of genomics in different fungal species – in
those where genomics is mature, and others where genomics is relatively
immature. Second, I wanted to show how genomics is being applied to a diverse
range of interesting questions in mycological research. The chapters illustrate
fundamental principles of fungal genomics which are universally applicable.
Mycota XIII is divided into three sections, the first of which addresses fungal
systems biology and evolution. The volume starts with a chapter on
Saccharomyces cerevisiae, as befits its status as the pre-eminent model organism
in the genomics era. Also, this chapter addresses the metabolomics and systems
biology of bakers’ yeast, thereby immediately reminding the reader that there is
much more to genomics than genome sequencing and transcript profiling. The
other chapters in this section illustrate the huge impact of genome sequencing
upon our understanding of fungal evolution, and the exploitation of novel
bioinformatic approaches in the identification of genes associated with fungal
virulence.

The second section, on fungal rhythms and responses, addresses some of the
most topical issues in fungal biology – circadian rhythms, programmed cell
death, stress responses, secretion and polarised growth, and cellular morpho-
genesis. These chapters cover a range of fungal species, including filamentous
fungi and yeasts. As well as describing the massive impact of fungal genomics in
these species, they highlight areas where genomics has the potential to
significantly accelerate our research efforts.

The last section focuses on fungal pathogenesis, an area of great medical
significance. Chapters in this section discuss how both proteomic and transcrip-
tomic approacheshave provided, and are helping toprovide, important new insights
into the pathobiology of some of the major fungal pathogens of humans.

I am very grateful to the authors for their outstanding contributions to
Mycota XIII. All are internationally renowned in their chosen fields, and all are
extremely busy people. I appreciate their willingness to commit valuable time to
this rewarding and interesting project.

Aberdeen, UK ALISTAIR J.P. BROWN

July 2005 Volume Editor
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I. Introduction

In February 2001, Nature and Science published
two landmark articles presenting the first draft
of the human genome sequence (Lander et al.

International Human Genome Sequencing
Consortium 2001; Venter et al. 2001). On April
14, 2003, the scientific community announced
the definitive completion of the Human
Genome Project (2003), providing the essential
reference genome sequence of the three billion
letters of genetic code that make up what is
considered a reference of every person’s DNA
(Weiss 2012). Unanimously recognized as one
of the greatest milestones in biology, with more
refined studies (1000 Genomes Project Consor-
tium 2010; Chen et al. 2013) and the Genome
Reference Consortium responsible for regular
updates and assembly (Genome Reference Con-
sortium), the fact is that we are still far from
understanding the exquisite complexity of
human biology and the molecular basis and
mechanisms underlying complex diseases,
even at the basic cellular level (Heard et al.
2010; Alberts 2011; Hayden 2010; Marshall
2011; Vidal et al. 2011; Gonzaga-Jauregui et al.
2012; Castrillo et al. 2013; Human Genome
Organisation; Human Genome Project 2013).
While it is clear that next-generation sequenc-
ing (NGS) and advanced postgenomic technol-
ogies (e.g., exome sequencing; whole-genome
sequencing, WGS) (Casals et al. 2012; DeFran-
cesco 2012; Ku et al. 2012) are delivering bench-
mark examples of applications in diagnostics
and treatment of diseases with a basic genomic
component (e.g., Mendelian and, as yet,
uncharacterized diseases) (Maher 2007, 2013;
Choi et al. 2009; Davies 2010; Mayer et al.
2011; Worthey et al. 2011; Auffray et al. 2012;
Calvo et al. 2012; Evans and Berg 2012; Gilissen
et al. 2012; Li et al. 2012; Puffenberger et al.
2012; Evans et al. 2013; Young 2013), several
complex diseases will not be solved solely by
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the application of more powerful sequencing
approaches (Vidal et al. 2011; Castrillo et al.
2013).

The reality is that many complex diseases
are being revealed as multifactorial in nature
(Pang et al. 2000; Heard et al. 2010; Monico and
Milliner 2011; Vidal et al. 2011; Castrillo and
Oliver 2011a; Castrillo et al. 2013), involving a
combination of genomic, epigenomic, and
environmental factors, with a dynamic inter-
play at the molecular, cellular, and physiologi-
cal levels (see below). While advanced
sequencing and molecular techniques will con-
tinue to be invaluable in the identification of
genomic loci and their specific contribution
(Pang et al. 2000; Goldstein et al. 2013; Maher
2013; Goh 2013), the challenge of multifactorial
diseases in intrinsically complex systems calls
for new advanced holistic studies.

Many complex phenotypes may be more
directly related to alterations in global, “sys-
tems,” “network” properties than they are to
particular DNA sequences (Vidal in Heard et al.
2010). The idea that multiscale complex sys-
tems formed by interacting macromolecules
arranged in dynamic modular complexes and
networks underlie some of the most fundamen-
tal aspects of life was proposed by a few vision-
aries half a century ago (see Vidal 2009 and
references therein). The new era of biology is
not so much concerned with building blocks or
inventories of working parts, but rather with
how those parts interact and are arranged into
dynamic functional modules, essential com-
plexes, and networks (e.g., DNA-protein;
RNA-protein; protein-protein; protein-
metabolite networks) to produce units of
biological organization whose properties are
much greater than the sum of their parts.
They result in dynamic, exquisite choreogra-
phies that ultimately orchestrate and sustain
“life,” extant viable “biological systems,” with
their flexibility and robustness, having been
optimized through millions of years of evolu-
tion (Darwin and Wallace 1858; Darwin 1859;
Dobzhansky 1964; Noble 2006). This is what
systems biology is all about—its ultimate chal-
lenge being what makes complex networks and
systems sustainable and viable and how com-
plex diseases can be contemplated as arising
from “altered networks states” (Friend 2010)

that are the consequence of multifactorial
perturbations, whose effects and dynamics can
perhaps best be studied initially by experiments
in model organisms (Kitano 2002; Nurse 2003;
Noble 2006; Vidal 2009; Aitman et al. 2011; Heard
et al. 2010; Arkin and Schaffer 2011; Castrillo and
Oliver 2011a; Kruger 2011; Walhout et al. 2011;
Castrillo et al. 2013) (see below).

In human biology, progress is being made,
with metabolic networks carefully recon-
structed and refined (Stobbe et al. 2011; Vidal
et al. 2011; Bordbar and Palsson 2012; Wang
et al. 2012). However, this is limited. As an
example, current estimates indicate that actual
protein interactome maps may cover less than
10 % of all potential human regulatory protein-
protein interactions (Barabsi et al. 2011; Liu
et al. 2011a, b). Fundamental principles in sys-
tems biology will always need to be studied and
validated in several model organisms that rep-
resent biological organization from the cellular
level to that of tissues, organs, and complete
multicellular organisms (Chang and Grieder
2008; Aitman et al. 2011; Murphy 2013;
National Institutes of Health). The distinctive
properties of each model organism should
always be interpreted in the light of evolution
(Darwin and Wallace 1858; Darwin 1859;
Telford 2013); as Dobzhansky stated: “Nothing
makes sense in biology except in the light of
evolution” (Dobzhansky 1964).

As a matter of principle, essential discov-
eries in biology need to start at the cellular level,
with advances in the understanding of the
exquisite complexity of the basic unit of life,
“the eukaryotic cell” (Nurse and Hayles 2011;
Castrillo and Oliver 2011a, b). In fact, since the
molecular bases of diseases are likely to be
manifested primarily at the cellular level
(e.g., as early dysregulations of cellular net-
works at the presymptomatic stages of the dis-
ease), this makes the eukaryotic cell a
fundamental subject of study to elucidate how
alterations in specific mechanisms and path-
ways result in early dysregulation of cellular
networks and it is hoped provide candidate
strategies with which to overcome or minimize
their effects at the earliest stage.

Supracellular characteristics of complex
diseases are beyond the reach of investigations
with unicellular organisms. Nevertheless, the
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optimal characteristics of the yeast Saccharo-
myces cerevisiae, with main molecular mechan-
isms, biological networks, and subcellular
organization essentially conserved in all eukar-
yotes (Lehninger 1975; Alberts et al. 2008;
Castrillo and Oliver 2004, 2011a; Castrillo
et al. 2013 and references therein), makes it an
optimum model eukaryote for the elucidation
of systems biology principles at the cellular
level (see below). As a prime example, studies
of the dynamics of transcriptional regulatory
networks in S. cerevisiae have revealed
large topological changes depending on
environmental conditions, with transcription
factors altering their subcellular localization
and interactions in response to stimuli, some
of them serving as permanent hubs, but most
acting transiently in specific conditions only
(Luscombe et al. 2004; Balaji et al. 2006;
Castrillo and Oliver 2011a).

Comprehensive systems biology experi-
ments with yeast have the potential to uncover
the complexity and interplay of eukaryotic net-
works and short- and long-term effects of per-
turbations and dysregulation of networks that
may illuminate the origin and sequence of
events underlying complex diseases. These
approaches may be reproduced and validated
in more complex model organisms, including
mammalian cells, patient-specific cell lines
from induced pluripotent stem cells (iPSCs),
animal models, and ultimately, humans
(Chang and Grieder 2008; Soucek et al. 2008;
Aitman et al. 2011; Ebert et al. 2012; Shi et al.
2012; Dianat et al. 2013; Marx 2013; Murphy
2013; Musunuru 2013; National Institutes of
Health). In this chapter, the potential of S. cer-
evisiae as an optimal model for comprehensive
studies of altered mechanisms and dynamics of
essential eukaryotic networks underlying com-
plex diseases is presented. It focuses on the
need for careful experimental designs reprodu-
cing in vivo perturbations. These include tran-
sitions from initial steady states subjected to
short and sustained perturbations in time-
course experiments, longitudinal studies moni-
tored at multiple ‘omics levels, with effective
bioinformatics analyses and data integration.
Examples of yeast disease models, latest
advanced studies, and comprehensive strate-

gies toward the characterization of early dysre-
gulation and dynamics of modular networks in
complex diseases are presented.

II. Yeast for Systems Biology Studies
on Essential Mechanisms and
Networks Underlying Complex
Diseases

A. Yeast as a Model in Eukaryotic Biology
and Human Disease

1. Yeast as a Model in Eukaryotic Biology
and Systems Biology

Saccharomyces cerevisiae is a species of budding
yeast, a group of unicellular fungi belonging to
the phylumAscomycota. This yeast has been used
as a model eukaryote because the basic mechan-
isms of genome replication and repair, cell
division, gene expression, RNAprocessing, trans-
lation, signal transduction and regulatory net-
works, central metabolism, organelles and
subcellular organization, protein quality control,
vesicular trafficking and autophagicpathways are
essentially conserved between yeast and higher
eukaryotes (Rose and Harrison 1987–1995; Sher-
man 1998, 2002; Castrillo and Oliver 2004, 2011a;
Feldmann 2012a; Castrillo et al. 2013; Wester-
mann and Schleiffer 2013). The basics of eukary-
otic biochemistry, as encompassed in a complete
map of central metabolic pathways, were first
unveiled in S. cerevisiae (Lehninger 1975; Alberts
et al. 2008), and a wide knowledge of the genetics,
biochemistry, and physiology of this yeast is pres-
ently available (Rose and Harrison 1987–1995;
Oliver 1997, 2002; Sherman 1998, 2002; Castrillo
and Oliver 2004, 2011a, b; Stansfield and Stark
2007; Feldmann 2012a). Importantly, the yeast
S. cerevisiae was the first eukaryotic organism
for which the complete genome was sequenced
(Goffeau et al. 1996; Kaback 2013) and for which
strategies for the proper annotation, curation,
and standards initiatives for maintenance of
high-quality curated databases and data repo-
sitories were implemented (e.g., Saccharomy-
ces Genome Database, [SGD], http://www.
yeastgenome.org).
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Saccharomyces cerevisiae is a particularly
suitable organism for biological studies thanks
to its status as generally regarded as safe
(GRAS), rapid growth, and simple methods of
cultivation under defined conditions. It is also a
well-defined genetic system with (a) simple
techniques of genetic manipulation (Amberg
et al. 2005; Stansfield and Stark 2007); (b)
continued incorporation of the latest advanced
molecular approaches and essential tools (e.g.,
gateway vectors; genome engineering using
CRISPR-Cas systems, see Nagels et al. 2012;
Dicarlo et al. 2013; Giuraniuc et al. 2013; RNA
interference [RNAi], see Drinnenberg et al.
2009; Moazed 2009; Wang et al. 2013); and (c)
the majority of high-throughput postgenomic
technologies, including NGS (e.g., ChIP-exo,
DNA and RNA sequencing); advanced proteo-
mics; ribonucleoproteins (RNPs); metabolo-
mics; and interactomics being first developed
or validated in yeast (Castrillo and Oliver 2006,
2011a, b; Castrillo et al. 2013; Babu et al. 2012;
Nookaew et al. 2012; Yen et al. 2012; Ibañez
et al. 2013; Klass et al. 2013; Mitchell et al.
2013; Picotti et al. 2013; Song and Singh 2013;
Sung et al. 2013). Saccharomyces cerevisiae is
used as a model organism to study cell growth,
the cell cycle, checkpoints and their relation to
cancer, evolution, control of pre-mRNA splic-
ing, translation, protein folding, protein
homeostasis (proteostasis) and maintenance
networks, aging and extension of lifespan, and
for basic studies of the molecular basis of dis-
eases (Castrillo and Oliver 2011a; Feldmann
2012b; Castrillo et al. 2013; Lang et al. 2013;
see also below).

At this point, a relevant question arises:
Can new discoveries in eukaryotic biology,
molecular, and “systems” principles relevant
to complex diseases still be made using yeast?
The answer is yes (Castrillo and Oliver 2011a
and references therein). As an example, the
groups of Steinmetz, Snyder, and several others
are revealing extensive transcriptional hetero-
geneity and the mechanisms underlying tran-
scriptional directionality in yeast (Tan-Wong
et al. 2012; Pelechano et al. 2013; Waern and
Snyder 2013), fundamentally conserved from
yeast to human (Jacquier 2009; Djebali et al.
2012; Goodman et al. 2013), with essential

mechanisms of control of pervasive transcrip-
tion, directionality, cryptic transcripts, and
RNA quality control the subjects of continuing
investigations (Neil et al. 2009; Jacquier 2009;
Almada et al. 2013; Porrua and Libri 2013a, b).
In addition, the latest studies on the dynamics
and interplay of interactome networks are
revealing not only context-dependent dynamic
changes in network topologies (Luscombe et al.
2004; Balaji et al. 2006), but, more importantly,
that essentiality in eukaryotic networks may
lie primarily in “modules” (including protein
and RNP complexes); important implications
arise from this highly modular landscape
(Gstaiger and Aebersold 2013; Ryan et al.
2013; Song and Singh 2013). Thus, Ryan and
colleagues claimed: “With more information
from organisms and additional species . . . it
may be possible to define a core set of com-
plexes that are essential in all eukaryotes under
all conditions . . . and a set of ‘conditionally
essential’ complexes that may be associated
with specific environments or morphology”
(Ryan et al. 2013).

Such a conclusion was implicit in the
results of comprehensive systems biology stud-
ies of balanced cell growth in S. cerevisiae (e.g.,
Castrillo et al. 2007), in which a core group of
significantly up- and downregulated genes with
growth rate, irrespective of the nutrient-
limiting condition, appeared highly conserved
sharing orthologs in a majority of eukaryotes
from yeast to humans. This pointed to the
existence of an essentially conserved “core pro-
tein machinery” (complexes and interactions)
that governs eukaryotic cell growth, with others
associated with each specific environmental
(nutrient-limiting) condition (Castrillo et al.
2007). This is being confirmed by more recent
yeast studies, revealing global “growth”
and “stress” modular networks that are
remarkably conserved phylogenetically
(Thompson et al. 2013; Roy et al. 2013). The
concept of “modular essentiality,” with a core
machinery common in all eukaryotes, and
other context- or organism-specific modules
(e.g., species-specific stress response pathways;
Das et al. 2013) is of central importance for
understanding biology at a “systems” level
(Castrillo et al. 2013; Gstaiger and Aebersold
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2013; Ryan et al. 2013; Song and Singh 2013)
(see also below). For more detailed examples of
advanced pre- and postgenomic discoveries in
eukaryotic biology made using S. cerevisiae as a
reference model, refer to the work of Rose and
Harrison (1987–1995), Castrillo and Oliver
(2004, 2011a, b), Feldmann (2012a), Castrillo
et al. (2013) and references therein.

2. Yeast as a Model for Molecular and Systems
Biology Studies of Human Diseases

Yeast has already been used extensively as a
model organism to investigate the molecular
basis of disease (Foury 1997; Johnson et al.
2008; Franssens et al. 2010; De Vos et al. 2011;
Munkacsi et al. 2011; Ocampo and Barrientos
2011; Treusch et al. 2011; Mayfield et al. 2012;
D’Angelo et al. 2013; Tenreiro et al. 2013;
see also below), but can yeast now be used
as a model to obtain new insights into multifac-
torial complex diseases at a systems level?
First, it is important to differentiate the
following:

1. Complex diseases with genomic compo-
nents (e.g., genome sequences, mutations,
structural variations, possible epigenomic
features) significantly contributing to the
disease (so-called familial diseases).
These include (a) diseases with well-
annotated, identified genomic “culprits,”
and (b) those with as-yet-unidentified com-
ponents but whose symptoms (e.g., severity
or early manifestation at the prenatal or
early infancy stages) combined with family
history point to a clear genomic/epige-
nomic contribution, which could poten-
tially be identified by application of the
latest NGS technologies.

2. Complex diseases with no clear genomic/
epigenomic component contributing sig-
nificantly to the disease. In these cases,
external environmental insults and poten-
tial decrease of the efficacy of homeostatic
and defense responses will be of most rele-
vance (see below).

3. Multifactorial complex diseases with both
genomic/epigenomic and environmental
factors contributing to the disease (see
also next section).

Saccharomyces cerevisiae, as a reference
organism, is well positioned to be a touchstone
model for studies of diseases with identified
genomic culprits (e.g., diseases 1a and 3 in the
list). In fact, the essential core modular archi-
tecture and networks, conserved from yeast to
human referred to previously (Castrillo et al.
2007, 2013; Castrillo and Oliver 2011a), is
reflected in the existence of a relevant number
of human disease genes with orthologs or func-
tional counterparts in yeast (e.g., see Table 1.1
and references therein for information on rele-
vant congenital, metabolic, and neurological
diseases). This remarkable fact, with its huge
potential, opens the way to comprehensive
studies on the contribution of individual geno-
mic components in this model organism (e.g.,
using transgenic yeast mutants) in well-
designed experiments minimizing bias (Cohen
and Medley 2005; Piston 2012; Sarewitz 2012).
In most common approaches, phenotypic stud-
ies of knockout, knockin mutants (constitutive
or conditional) and mutants of overexpression
of the endogeneous protein ortholog can be
performed and the results analyzed together
with those stored in well-curated databases
(e.g., SGD). However, since complex biological
systems cannot be reduced to a single circuit or
network (i.e., the presence or absence of a spe-
cific component may result in the activation of
others with new dynamic interplay with inter-
twined networks), the results may not be easy to
interpret. Future studies will benefit from the
progressive incorporation of more advanced
strategies, such as conditional regulatable pro-
moters and strains (Yen et al. 2003; Wishart
et al. 2006; Kaufmann and Knop 2011) and the
CRISP-mediated RNA-guided platform for tai-
lored regulation of transcription (Gilbert et al.
2013), toward the construction of yeast models
with tailored, inducible, finely controlled, tun-
able expression of the specific “altered” gene
that is reported to contribute to the disease. As
a general principle, the main objective of a
disease model (in our case, a yeast model) will
be that the alteration of specific mechanism(s)
in a simpler organism will reproduce or
recapitulate early-stage (i.e., cellular) features
and phenotypes observed in humans and may
be followed by more advanced and comprehen-
sive studies (see below).
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Table 1.1. Selected congenital, metabolic, and neurological diseases with relevant human disease genes related to
S. cerevisiae genes and their function

Human disorder/disease:
phenotype (gene effect/defect) Human gene(s) Yeast gene(s)

Yeast gene annotated
function(s)

Aging, premature aging
syndrome

ZNPSTE24 STE24 Zinc metalloprotease a-factor
maturation; proteolysis

Hutchinson-Guilford progeria,
HPGS

Argininemia: mental retardation,
microcephaly, and spasticity

ARG1 CAR1 Arginase

Autism features ADSL ADE13 Adenylosuccinate lyase
Blinding, ocular disorders (see also Niemann-Pick disease C2)
Galactosemia II: cataract
formation

GALK1 GAL1 Galactokinase

Retina and choroid atrophy
progressive blinding

CAR2 CAR2 L-Ornithine transaminase

Retinitis pigmentosa 2 RP2 (cognate G
protein-GAP pair
conserved in yeast
as Cin4-Cin2)

CIN2 GTPase-activating protein
(GAP) for Cin4p

Citrullinemia ASS1 ARG1 Argininosuccinate synthase
Citrullinemia, type II SLC25A12 (aralar),

SLC25A13 (citrin)
AGC1 Mitochondrial amino acid

transporter
Cystine transport disorders CTNS ERS1 Cystine transporter
Diabetes mellitus,

non-insulin-dependent
PPP1R3 GIP2 Protein phosphatase 1

regulator
Early embryonic lethality IPK2 IPK2 Inositol polyphosphate

multikinase
Galactosemia: learning

disabilities and speech/motor
dysfunction

GALT GAL7 Galactose-1-phosphate
uridyltransferase

Galactosemia III: impaired liver
function and mental
retardation

GALE GAL10 Galactose epimerase

Glia maturation factor GMF AIM7 Stimulates Arp2/3 complex
Glycosylation disorders
Congenital disorders
of glycosylation
CDG-Ia PMM2 SEC53 Phosphomannomutase-2

deficiency; congenital
disorder of glycosylation
type I-a; Jaeken syndrome

CDG-Ib MPI (PMI1) PMI40 Mannose-6-phosphate
isomerase

CDG-Ic hALG5 ALG5 Transmembrane dolichyl-
phosphate beta-
glucosyltransferase

CDG-Ic hALG6 ALG6 a-1,3-Glucosyltransferase
CDG-Id hALG3 ALG3 a-1,3-Mannosyltransferase
CDG-Ie DPM1 DPM1 Dolichol phosphate mannose

synthase
CDG-Ig ALG12 ALG12 a-1,6-Mannosyltransferase
CDG-Ih hALG8 ALG8 a-1,3-Glucosyltransferase
CDG-Ii hALG2 ALG2 Mannosyltransferase
CDG-Ij DPAGT1 ALG7 Dolichyl-phosphate-

dependent N-
acetylglucosamine-
1-phosphate transferase

(continued)
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Table 1.1. (continued)

Human disorder/disease:
phenotype (gene effect/defect) Human gene(s) Yeast gene(s)

Yeast gene annotated
function(s)

CDG-Ik ALG1 ALG1 b-1,4-Mannosyltransferase
CDG-Il ALG9 ALG9 a-1,2-Mannosyltransferase
CDG-Iq SRD5A3 DFG10 Polyprenol reductase
CDG-IIb GCS1 GLS1 Glucosidase
CDG-IIk GDT1 TMEM165 Involved in calcium

homeostasis
Glycosylation defects SIMP, ITM1 STT3 Component of OST complex
Degradation of misfolded
glycosylated proteins, slowed

GANAB ROT2 Glucosidase II

Glucose-6-phosphate
dehydrogenase deficiency:
hemolytic anemia

G6PD ZWF1 Glucose-6-phosphate
dehydrogenase

Glutamate dehydrogenase
defects, hyperammonemia,
hyperinsulinism, neurological
disorders

GLUD1, GLUD2 GDH2 Glutamate dehydrogenase

Hemo biosynthesis. Hereditary
coproporphyria (HCP);
psychiatric symptoms

CPOX HEM12 Coproporphyrinogen oxidase

Homocystinuria CBS and human
methyltransferases

CYS4 and
yeast
methyltransferases

Cystathionine b-synthase;
AdoMet-dep.
methytransferases

Hyperammonemia/
hyperornithinemia/
homocitrullinuria (HHH)
syndrome

SLC25A15 ORNT1 Ornithine transporter (MIM)

Hyperglycerolemia hGUT1 GUT1 Glycerol kinase
Hyperhomocysteinemia;

psychosomatic symptoms
MHTFR MET12 Methylenetetrahydrofolate

reductase
Hyperoxaluria, primary, type 1 AGT AGX1 Peroxisomal alanine:

glyoxylate
aminotransferase

Hypermethioninanemia: mental
retardation

MAT1A/MAT1B SAM1/2 S-Adenosylmethionine
synthase

Hyperprolinemia: proline
accumulation; mental
retardation and psychiatric
symptoms

hPUT1 PUT1 Proline oxidase
hPUT2 PUT2 D1-Pyrroline-5-carboxylate

dehydrogenase

Hypertension SA ACS1 ACS1 acetyl-CoA synthetase
Menke’s disease (MNK):

occipital horn syndrome;
neurodegeneration//and
Wilson disease
(hepatolenticular
degeneration)

ATP7A// CCC2 Copper-transporting ATPase
ATP7B CCC2 Copper-transporting ATPase

Migraine (CACNL1-A4): familial
hemiplegic migraine

CACNA1A CCH1 Calcium channel

Neurodegeneration (Alzheimer’s
disease risk factor)

PICALM YAP1802 (YGR241C) Protein of the AP180 family,
involved in clathrin cage
assembly; binds Pan1p and
clathrin

Neurodegeneration: atypical
amyotrophic lateral sclerosis
(ALS) type 8

VAP-A SCS2 Integral ER membrane protein
(VAMP/synaptobrevin-
associated protein)

VAP-B
VAP-C

(continued)

Yeast as a Model for Systems Biology Studies on Complex Diseases 9



Table 1.1. (continued)

Human disorder/disease:
phenotype (gene effect/defect) Human gene(s) Yeast gene(s)

Yeast gene annotated
function(s)

Neurodegeneration: familial
amyotrophic lateral sclerosis
(FALS); Lou Gehrig’s disease

SOD1 SOD1 Copper-zinc superoxide
dismutase

Neurodegeneration: Friedreich’s
ataxia; neuropathy;
cardiomyopathy; diabetes

FXN, frataxin YFH1 Mitochondrial matrix iron
chaperone; frataxin
homolog

Neurodegeneration: progressive
ataxia-oculomotor, apraxia
type 2, and juvenile ALS
type 4

SETX SEN1 RNA/DNA helicase;
polymerase II termination
factor

Neurodegeneration: ataxia;
spinocerebellar ataxia 6;
episodic ataxia 2

CACNA1A CCH1 Calcium channel

Neurodegeneration: Batten
disease

CLN3 YHC3/BTN1 Vacuolar membrane protein
involved in the transport
of arginine into the vacuole

Neurodegeneration: myotonic
dystrophy (DM)

DMPK CBK1 Serine/threonine protein
kinase

Neurodegenerative peroxisome
biogenesis disorders (PBDs):
mental retardation; neuronal,
hepatic, renal abnormalities;
early infancy death

PEX1/PEX6 PEX1/PEX6 Peroxisomal AAA proteins
PEX5 PEX5 Peroxisomal receptor (PTS1)
PEX10 PEX10 E3 ubiquitin ligase for Pex5p
PEX12 PEX12 E3 ubiquitin ligase

Neurodegenerative, peroxisomal
fatty acid beta oxidation
disorder;
adrenoleukodystrophy

ABCD1 PXA1 Peroxisomal ABC transporter

Neurodegenerative,
sphingolipids, lipid storage
dysfunction; Niemann-Pick
disease C1

NPC1 NCR1 Vacuolar membrane protein

Niemann-Pick disease C2;
ocular disease;
neurodegeneration

NPC2 NPC2 Cholesterol-binding protein

Neurodegenerative,
spinocerebellar ataxia 17
(trinucleotide repeats)

TBP SPT15 TATA-binding protein

Neurodegenerative, suppression
of proteotoxicity in
proteinopathies

NMNAT NMA1/NMA2 NAD+biosynthesis pathways:
NAD+and nicotinamide
riboside salvage pathways

Neurodegenerative tautophaties;
tau hyperphosporylation;
Alzheimer’s disease

GSK-3b MDS1 Protein kinase
CDK5 PHO85 Cyclin-dependent kinase

Neurodegenerative, trinucleotide
repeats disorders;
Huntington’s and fragile X
disease

FEN1 RAD27 Endonuclease, required for
Okazaki fragment
processing and maturation

Neurological disorders: epilepsy,
familial focal

DEPDC5 SEA1 Part of SEA complex involved
in membrane trafficking

Neuromuscular: Charcot-Marie-
Tooth disease; distal motor
neuropathy; hereditary
cataracts

Small HSPs HSP26/HSP42 Small heat-shock proteins

Neuron development: migration;
brain malformation
(lissencephalitis)

LIS1 PAC1 Protein involved in dynein/
dynactin pathway

(continued)
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When the genomic “culprit” has no coun-
terpart in yeast, studies with “humanized”
yeasts (i.e., yeast models based on heterologous
expression of the human wild-type or mutant
coding sequence can be performed) (e.g., John-
son et al. 2008; other examples below). Such
models often provide valuable insights and illu-
minate the molecular basis of the disease. How-
ever, the heterologous expression of human
genes in yeast, a eukaryotic host with its own
intrinsic networks, proteome environment, and
so on, may not always be successful and may
produce results with many potentially con-
founding factors. Heterologous expression of
the human gene when endogenous orthologs
already exist in yeast can be even more chal-
lenging. Whatever the case, as a matter of prin-
ciple, all yeast studies should be validated in
other disease models, higher eukaryotes, and
ultimately humans.

A second challenge is whether S. cerevisiae
can also be a good model to study complex
diseases without a clear genomic culprit. Here,
we need to realize that, among the many con-
tributing factors to these complex diseases
(which are not well characterized, and are
sometimes called “sporadic” or “late onset,” if
appearing in old age) are environmental exter-
nal insults combined with intrinsic homeostatic
or stress-defense networks, which may decrease
in efficacy during prolonged lifetime (i.e.,
aging, defined as “a decrease in efficiency of
maintenance”; Holliday 1995, 2006). The most
remarkable fact here is that the majority of
these essential defense networks (including,
e.g., DNA, RNA, and protein quality control;
proteostasis; and autophagic mechanisms and
pathways) are again essentially conserved from
yeast to humans (Holliday 1995, 2006; Castrillo
and Oliver 2011a; Breitenbach et al. 2012;

Table 1.1. (continued)

Human disorder/disease:
phenotype (gene effect/defect) Human gene(s) Yeast gene(s)

Yeast gene annotated
function(s)

Neutropenia; myelofibrosis;
progressive bone marrow
failure

VPS45 VPS45 Protein involved in vacuolar
protein sorting, membrane
trafficking through the
endosomal system

Parkinson disease: misfolded
a-synuclein accumulation

DJ-1 HSP31/32 Cysteine protease and
chaperone

Parkinson disease: familial,
late onset

VPS35 VPS35 Endosomal subunit of
membrane-associated
retromer complex for
retrograde transport

Succinic semialdehyde
dehydrogenase deficiency;
developmental and
neurological abnormalities

ALDH5A1 UGA2 Succinic semialdehyde
dehydrogenase for
assimilation of gamma-
aminobutyrate (GABA)

a-Thalassemia (ATRX); mental/
psychomotor retardation

RAD54 RAD54 DNA-dependent ATPase,
stimulates strand exchange

Triose phosphate isomerase
deficiency; hemolytic anemia
and progressive neurological
disorder

TPI1 TPI1 Triose phosphate isomerase

Velo-cardio-facial and DiGeorge
syndromes (VCFS, DGS,
respectively)

CDC45 CDC45 DNA replication initiation
factor

X-linked mental retardation-30
disease

PAX3 STE20 p21-Protein kinase

For more detailed information, see the following references: Feldmann (2012b) and references therein and Foury (1997), Wilson and

Roof (1997), Pearce and Sherman (1998), (1999), Heinicke et al. (2007), Treusch et al. (2011), Mayfield et al. (2012), Morava et al.

(2012), Pereira et al. (2012), Demaegd et al. (2013), Ishida et al. (2013), Michaelis and Hrycyna (2013), Ocampo et al. (2013), Porrua

and Libri (2013a), Pryor et al. (2013), Stepensky et al. (2013), Tehlivets et al. (2013), Tenreiro et al. (2013); Saccharomyces genome
database (SGD; www.yeastgenome.org); OnlineMendelian Inheritance inMan (OMIM) database, http://www.ncbi.nlm.nih.gov/omim
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López-Otı́n et al. 2013). Comprehensive studies
in yeast at the cellular level will be invaluable in
obtaining proper characterization of such pro-
cesses. Dynamic studies of these homeostatic
networks under specific perturbations in com-
prehensive experiments (see below), and the
identification of factors contributing to their
decrease in efficacy, their individual or syner-
gistic effects that need to be counteracted or
minimized, will be required.

Finally, can S. cerevisiae be a good model to
investigate multifactorial complex diseases,
with both genomic and environmental contri-
butions? The answer is yes, not only thanks to
all the favorable characteristics mentioned, but
also because it is in a simple organism like yeast
where comprehensive experiments to “dissect”
the different contributions of individual geno-
mic components from those arising from spe-
cific environmental perturbations can be
properly designed and readily implemented.
This requires yeast models that recapitulate
the early, cellular, features of the disease,
together with dynamic systems biology studies
reproducing in vivo perturbations (e.g., in
time-course experiments monitored at different
‘omics levels; see below). Toward this objective,
we need to go back to basics, rediscovering the
architecture and organization of networks in
the eukaryotic cell as a “system” (Castrillo
and Oliver 2011a; Castrillo et al. 2013).

The exquisite complexity of biological sys-
tems at the molecular level, with thousands of
components (e.g., genes, transcripts, proteins,
metabolites) interacting in finely tuned, dynamic
networks (Castrillo and Oliver 2006, 2011a) is
reflected in Fig. 1.1, which shows the whole spec-
trum of molecular interactions, essential net-
works, and interactomes in the eukaryotic cell,
with their “modular” complexes (e.g., essential
RNP and protein complexes). These modules
and interactions are responsible for the dynamic
interplay between ‘omics levels resulting in a
particular phenotype.

In a living eukaryotic cell, the basic molec-
ular networks presented in Fig. 1.1 dispose
themselves in higher units of organization,
supramolecular networks, “modules” and sub-
cellular organelles, with specialized functions
and exquisite interplay, with an important

remarkable fact: This “function-related” or
“function-driven” supramolecular subcellular
organization, whose integrity or dysregulation
will be of central importance in complex dis-
eases, is once more fundamentally conserved in
all eukaryotes. The basic architecture of this
“ecosystem of organelles” that constitutes the
eukaryotic cell (Klitgord and Segrè 2010) is
essentially conserved from yeast to human
through millions of years of evolution (Darwin
and Wallace 1858; Darwin 1859; Dobzhansky
1964; Lehninger 1975; Alberts et al. 2008). This
makes yeast also an excellent model for studies
of diseases characterized by subcellular or
organellar dysfunction (e.g., mitochondrial dis-
orders; Baile and Claypool 2013; Montanari
et al. 2013).

A schematic representation of the main
architecture, subcellular organization, and net-
works of the eukaryotic cell during “balanced”
growth (the most oft-studied case) is presented
in Fig. 1.2. Basically, environment-sensing net-
works that monitor external conditions and per-
turbations and combined with intracellular
indexes are integrated in essential control
modules, “controllers” (e.g., TOR complexes;
Loewith and Hall 2004), which recognize and
configure the “cellular state,” activating signal
transduction pathways with (re)programming
of gene expression, metabolic and regulatory
networks toward high-energy-yielding metabo-
lism and biosynthetic fluxes sustaining balanced
cell growth (Hall et al. 2004; Castrillo et al. 2007).
Of particular relevance is the fact that, under
these conditions, the essential defense, stress,
networks responsible for rapid recovery from
perturbations (e.g., DNA repair, RNA and pro-
tein quality control homeostasis networks) (Hol-
liday 1995, 2006; Breitenbach et al. 2012; López-
Otı́n et al. 2013) are downregulated, and their
essential role in recovery to homeostatic status
cannot be properly studied. For complex
diseases in which environmental perturbations
and counteracting homeostatic defense mainte-
nance networks are relevant, comprehensive
time-course experiments in simplemodel organ-
isms such as yeast can be designed to reproduce
in vivo perturbations and reveal the activation of
these homeostatic networks and their interplay
with the core eukaryotic networks (see below).
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B. Yeast Systems Biology for Comprehensive
Studies on Essential Mechanisms and
Networks Underlying Complex Diseases:
Case Examples and Applications—New
Models

1. Multifactorial Complex Diseases

Complex diseases are, with the help of new
advanced postgenomic technologies, being
progressively better characterized and anno-

tated, and this is providing more insight
into their primary molecular origin (Ahmed
et al. 2006; Vidal et al. 2011). Phenotype and
disease ontologies and databases (e.g., OMIM
[Online Mendelian Inheritance in Man], Phe-
nOMIM) are beginning to set the standards
(Washington et al. 2009; Mungall et al. 2010;
Shah et al. 2012; Amberger et al. 2011; van
Triest et al. 2011).

Thanks to these advances, it is now widely
accepted that many complex diseases of

Fig. 1.1. Molecular interactions and networks in the
eukaryotic cell, with modular complexes responsible
for dynamic interplay between ‘omics levels. (a) Flow
of genetic information, from DNA to RNA to protein
(Crick 1958, 1970; Alberts et al. 2008) (solid arrows) and
spectrum of biological interactions/networks in the
eukaryotic cell: DNA-DNA; DNA-RNA; DNA-protein;
DNA-metabolites; RNA-RNA; RNA-protein (RNP);
RNA-metabolites; protein-protein; protein-metabolites
and metabolite-metabolite interactions (Adapted from
Antunes et al. 2011; F1000 Biol Rep. 3:4 with permission
from Faculty of 1000 Ltd [F1000 Ltd; http://f1000.com]
and authors; and Castrillo et al. 2013 with permission
from Elsevier) (b) Schematic representation of ‘omics

levels, with essential generation of energy (ATP)
(Lehninger 1975; Gancedo and Serrano 1989), flow of
genetic information (solid arrows), and interactome
networks (“interactomes”) and modular complexes
(e.g., protein-protein; RNP complexes) (Castello et al.
2012; Carvunis et al. 2013; Chang et al. 2013; Gstaiger
and Aebersold 2013; Mitchell et al. 2013; Ryan et al.
2013; Song and Singh 2013), with the dynamic interplay
between levels (dashed arrows) responsible for a spe-
cific phenotype in close interaction with the environ-
ment (Adapted from Kohlstedt et al. 2010 with
permission from Springer and authors; and Castrillo
et al. 2013 with permission from Elsevier)
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humans (including diabetes, Alzheimer’s dis-
ease, Parkinson’s disease, and most cancers)
are far too complex to have a single cause or
to rely on genomic variations alone. What
really defines these complex diseases is that
they (a) are multifactorial (i.e., with potential
significant contribution of genomic/epige-
nomic and environmental perturbations);
(b) primarily arise from “altered networks”
affecting “essential modules” and pathways
responsible for basic functions (Barrenas et al.
2009; Agarwal et al. 2010; Ulitsky et al. 2010;
Kim et al. 2011; Vidal et al. 2011; Gstaiger and

Aebersold 2013; Ryan et al. 2013; Song and
Singh 2013); (c) are fundamentally “dynamic,”
with a fine balance between perturbations and
defense homeostatic networks underlying the
actual phenotype (see below).

We propose that multifactorial complex
diseases should be contemplated essentially
as shown in Fig. 1.3. The genome and epigen-
ome underlie the essential networks, first
homeostatic states, and the basic “genomic/epi-
genomic” susceptibility to dysregulation of an
organism, which will be subjected to a particu-
lar sequence of environmental perturbations

Fig. 1.2. Eukaryotic cell: main architecture, subcellular
organization, and networks during balanced growth.
Schematic architecture, subcellular organization, and
networks in the eukaryotic cell during optimum, bal-
anced growth (e.g., nutrient excess), in direct interac-
tion with the environment (subcellular organelles other
than the nucleus omitted for clarity). Environmental
sensing of changes in external conditions (e.g., concen-
trations of external compounds, signals, pH, tempera-
ture), combined with intracellular indexes, once
integrated in main control modules, “controllers”
(e.g., TOR complexes; Loewith and Hall 2004) configure
the actual cellular state (“optimum” for growth in this
case), with activation (+) of signal transduction path-

ways and (re)programming of gene expression and
metabolic and regulatory networks (e.g., at the (epi)
genome, transcriptome, proteome, metabolome levels
and their interactions) toward high energy-yielding
metabolism and biosynthetic fluxes sustaining bal-
anced cell growth (Hall et al. 2004; Castrillo et al.
2007). Note that under these conditions essential
defense, stress networks responsible for rapid recovery
from perturbations, maintenance, or survival (e.g.,
DNA repair, RNA and protein quality control homeo-
stasis networks) are downregulated (— ) at their basal,
minimum levels of activity or in stand-by (Lehninger
1975; Alberts et al. 2008)
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Fig. 1.3. Multifactorial complex diseases and healthy
states—a fine balance between periodically perturbed,
dysregulated networks and our defense, homeostatic
mechanisms during lifetime. The original genome and
epigenome underlie the essential networks, first
homeostatic states (a) and the initial “genomic/epige-
nomic” susceptibility to dysregulation of an organism,
which will be subjected to a specific sequence of envi-
ronmental perturbations (mild or severe; transient or
sustained in time) during its lifetime. Mild perturba-
tions (b) result in transient deactivation of redundant
networks and subnetworks (gray nodes and edges) and
activation of intrinsic defense, stress responses and
homeostatic networks (e.g., heat shock, protein homeo-
stasis, inflammatory or immunological networks, and
others; see new nodes and edges, –o–), until a new
homeostatic, healthy state is restored. More impor-
tantly, severe, complex (e.g., multifactorial) or sus-
tained perturbations (c), resulting in accumulated
damage (e.g., somatic mutations; severe proteome
alterations) can overcome the intrinsic homeostatic
defense networks (Holliday 1995, 2006; López-Otı́n
et al. 2013), whose efficiency may also be perturbed or
decrease through lifetime, leading to cascades of dysre-
gulations. These can propagate through intertwined
networks, resulting in acute imbalances, pleiotropic
effects, and complex diseases. Eventually, the system’s

capacity to maintain homeostasis may be over-
whelmed, resulting in irreversible, catastrophic
collapse (Holliday 1995, 2006; Dai et al. 2012, 2013;
Carpenter 2013). Periodic, longitudinal monitoring at
different ‘omic levels (e.g., transcriptome, proteome,
metabolome) characterizing homeostatic states and
early perturbed networks in different genetic back-
grounds in molecular and systems biology comprehen-
sive experiments in model organisms (i.e., from yeast
to human) (Castrillo et al. 2007, 2013; Dikicioglu et al.
2011; Chen et al. 2012; Li-Pook-Than and Snyder 2013;
Pollitzer 2013) have the potential to unveil the origin,
early stages, and dynamics of progression of complex
imbalances and diseases well before the point of no
return, toward early diagnosis (e.g., with combined
biomarkers at different ‘omic levels) and rational,
affordable, counteracting strategies (lifestyle changes
or therapeutic) (Adapted from Castrillo et al. 2013
with permission from Elsevier. Human interactome
network picture visualized by Cytoscape 2.5. Human
microbiome networks (Cho and Blaser 2012) with
direct interplay with the human interactome are
omitted for clarity. Dataset created by Andrew Garrow
at Unilever UK. Author: Keiono, reproduced under
GNU Free Documentation License and Creative Com-
mons [CC] licenses, http://en.wikipedia.org/wiki/File:
Human_interactome.jpg)
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(mild or severe; transient or sustained in time)
during its lifetime. Mild perturbations may be
counteracted by intrinsic (stress) defense net-
works (e.g., heat shock, protein homeostasis,
inflammatory or immunological networks, and
others) restoring the homeostatic, “healthy”
state of the individual. However, severe (e.g.,
multifactorial, genomic, and environmental) or
sustained perturbations can overcome these
homeostatic defense networks, whose efficiency
may decrease through life (Holliday 1995, 2006;
López-Otı́n et al. 2013). This may lead to
cascades of dysregulations through intertwined
essential networks resulting in acute imbal-
ances, pleiotropic effects, and complex
diseases. Eventually, the system’s capacity to
restore homeostasis may be overwhelmed,
resulting in an irreversible catastrophic
collapse (Holliday 1995, 2006; Dai et al. 2012,
2013; Carpenter 2013).

Until we understand complex diseases as
altered states of human biological networks, in
constant relation with the environment (e.g.,
external insults, perturbations, traumas, infec-
tions, our own microbiome; Cho and Blaser
2012), with specific dynamics and interplay,
our vision will be incomplete (Friend 2010;
Castrillo et al. 2013). Human individuality
at the genomic and metabolomic levels
(e.g., 1000 Genomes Project Consortium 2010;
Chen et al. 2013; Suhre et al. 2011) adds an
additional layer of complexity and presents us
with an even more challenging picture. Where
to start? How can we begin to address most
complex human diseases?

Fortunately, for a majority of cases in which
the disease manifests itself first primarily at the
cellular level (early stage, likely asymptomatic),
a good starting point will be to recapitulate the
altered mechanisms, system properties, and
networks (Figs. 1.1 and 1.2) in simple disease
models at the eukaryote cellular level (e.g.,
yeast). The affected networks, their short- and
long-term dynamics, and interplay may then be
monitored in well-designed experiments, such
as time-course systems biology studies under
controlled conditions (Fiechter et al. 1987;
Castrillo et al. 2007, 2013; Dikicioglu et al.
2011) (see below).

2. Objectives, Experimental Systems
and Designs, and Integrative Data Analysis
Strategies

First, by definition, comprehensive studies of
complex diseases need to address two main
objectives: (a) the construction of reliable
models that truly recapitulate altered mechan-
isms and features of the disease at the molecu-
lar and cellular levels and (b) analysis of the
progression of the altered networks and phe-
notypes in experimental systems under con-
trolled conditions, reproducing environmental
in vivo perturbations, whose effects are repre-
sentative of those contributing to the disease.
These experimental systems should be easy to
implement to analyze the affected networks
together with the activation of defense
responses, with their dynamics and interplay
and enable progress toward direct applications
(e.g., early diagnosis and timely intervention).

For the first goal, the large number of
molecular tools and huge potential for high-
throughput studies available in S. cerevisiae
(see above) positions this yeast as a first-line
approach to generate excellent models for the
study of complex diseases. For the second chal-
lenge (i.e., the use of proper experimental sys-
tems for comprehensive dynamic studies),
continuous (e.g., chemostat) cultures in steady
state, in which the specific growth rate can be
selected and fixed operationally and the cells
are growing (and can be long maintained) in a
steady state at a constant growth rate in a con-
stant environment (Kubitschek 1970; Fiechter
1975; Fiechter et al. 1987), can be used as repre-
sentatives of initial homeostatic states
(Fig. 1.3a) and may be combined with well-
designed perturbations (mild or severe, tran-
sient or sustained) followed by time-course
experiments and profiling (e.g., monitoring
responses at different molecular and ‘omics
levels; Castrillo et al. 2007) to reproduce the
characteristics of multifactorial diseases out-
lined in the previous section (see also
Fig. 1.3). To do this effectively demands the
following:

1. The use of proper experimental design,
minimizing confounding variables and bias
and putting in place a bioinformatic and
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statistical strategy from the outset (Cohen
and Medley 2005; Sarewitz 2012; Vaux 2012;
Barbash and Soreq 2013). Here, early dis-
cussions with bioinformatic experts analyz-
ing goals and expected results, number of
experiments, conditions and replicates, total
costs, and alternative data analysis strategies
to obtain statistically significant results and
solid conclusions will be of clear benefit
(Veličković 2013).

2. The need for advanced, comprehensive data
analysis and integrative strategies to be
applied, for example, to the integration of
data from molecular analyses and a range of
‘omics, interactomes, and network datasets.
As relevant examples, it is worthmentioning
the following: new advanced tools for inte-
grative metabolome and interactome
mapping (iMIM) (Dumas and Davidovic
2013); regulatory network reconstructions
and modeling (Glass et al. 2013; Manioudaki
and Poirazi 2013); integrative strategies to
analyze modularity and essential interac-
tomes conserved through evolution (Hodg-
kinson and Karp 2012, 2013; Thompson
et al. 2013; Roy et al. 2013); integrative
approaches for measuring and analyzing
interactome dynamics (Kristensen et al.
2012; Altelaar et al. 2013); and strategies
for integrative personalized ‘omics profiling
and biomarker discovery (Villoslada and
Baranzini 2012; Li-Pook-Than and Snyder
2013). For more exhaustive examples of
optimum experimental design, careful
implementation of yeast systems biology
experiments, the latest techniques, compre-
hensive data analysis, and integration meth-
ods, refer to the work of Castrillo and Oliver
(2011a, b) and Castrillo et al. (2013) and
references therein.

3. Yeast Systems Biology for Studies on
Essential Networks Underlying Complex
Diseases: Case Examples and Applications—
Enter New Disease Models, from Yeast to
Human

a) Yeast Systems Biology for Studies
of Complex Diseases

Where will yeast disease models be most useful?
Based on the remarkable conservation of the

majority of eukaryotic machineries, modules,
and networks, even at higher organizational
and subcellular levels, the answer is in the
study of the core of fundamentally conserved
networks (e.g., their dysregulation and dynam-
ics), particularly the essential homeostatic,
quality control, defense networks (Holliday
1995; 2006; Breitenbach et al. 2012; López-Otı́n
et al. 2013) and their contribution to complex
diseases (see below). As an example of this
striking conservation, Table 1.1 shows several
congenital, metabolic, and neurological disor-
ders with relevant “human disease genes” (i.e.,
reportedly contributing to the disease) with
yeast orthologs. The fact that such a large num-
ber of human disease genes share an ortholog
with yeast provides a huge potential from the
start. For the majority of the diseases in
Table 1.1, yeast models based on their endoge-
nous orthologs can be constructed (e.g., repro-
ducing the altered feature of the human gene or
its regulation) for basic characterization and
phenotypic studies, with many of them already
available. An example is the yeast models of
Friedreich ataxia and Batten disease, two auto-
somal recessive neurodegenerative disorders
with reported altered FXN and CLN3 genes
encoding frataxin and battenin proteins,
respectively (Wilson and Roof 1997; Pearce
and Sherman 1998, 1999; other examples in
Pereira et al. 2012; Tenreiro et al. 2013; Table 1.1
and references therein). For these yeast models,
comprehensive systems biology time-course
experiments such as those explained previously
(e.g., starting with steady states, initially in the
absence of relevant environmental perturba-
tions, to be included later) offer huge potential
to monitor and characterize (e.g., at different
‘omic levels; Castrillo et al. 2007) the onset and
dynamics of diseases at the molecular and cel-
lular levels (i.e., early dysregulation, activation
of defense, homeostatic networks, interplay and
progression of imbalances, etc.). Moreover, it
opens the way to the discovery of true charac-
teristic patterns at the “earliest stages of the
disease,” at a crucial interval or “window of
opportunity,” well before the tipping point
(Fig. 1.3), for earliest diagnosis and timely
intervention (e.g., studies on drug treatments
counteracting dysregulation or working syner-
gistically, enhancing the response of our
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defense networks) for all diseases in Table 1.1
and for as-yet-uncharacterized diseases with an
altered genomic component (sequence, struc-
tural variation, other) with a counterpart that
can be studied in yeast, to be validated in ani-
mal models and humans.

Yeast can also be a good model for the
study of diseases in which “human-specific”
genomic components and core-conserved net-
works are altered. Table 1.2 shows relevant
examples of disease models based on “huma-
nized” yeasts or yeast orthologs. Provided they
truly recapitulate early features of the disease,
these models, combined with dynamic time-
course experiments, would offer again a unique
opportunity to monitor and characterize the
onset and progression of these diseases, first
in the absence of additional perturbations.

Finally, yeast makes an excellent model to
study the specific contributions of environmen-
tal perturbations to disease phenotypes
(Fig. 1.3). Thus, mild perturbations will allow
the study of transient defense responses in a
defined period of time, and sustained perturba-
tions (e.g., accumulated, sustained, oxidative
stress; Tan et al. 2013) will provide valuable
insights into long-term effects (e.g., decrease
of efficacy of the homeostatic networks;
Holliday 1995, 2006). These will be most rele-
vant to illuminate the onset of complex diseases
without a clear genomic culprit, which often
appear in old age (late-onset diseases).

b) Case Examples and Applications
Among the most attractive examples of com-
plex diseases and yeast disease models begin-
ning to be exploited to their full potential in
dynamic systems biology experiments are the
following:

1. Yeast disease models of several congenital
disorders and complex neurodegenerative
diseases (e.g., Wilson and Roof 1997; Pearce
and Sherman 1998, 1999; Pereira et al. 2012;
see Table 1.1 and references therein).

2. Yeast disease models of complex diseases
with altered essential networks, particu-
larly those responsible for rapid homeo-
static stress responses counteracting

environmental perturbations (e.g., DNA
and RNA repair; proteostasis; endoplasmic
reticulum [ER] stress; the unfolded protein
response [UPR]; ER-associated degrada-
tion [ERAD]; aggregation/disaggregation
mechanisms; autophagy; and many
others). For examples of relevant studies,
complex diseases, and yeast models for
which these networks exert significant con-
tribution, see the works of Holliday (1995,
2006), Breitenbach et al. (2012), Pereira
et al. (2012), Ocampo et al. (2013), Porzoor
and Macreadie (2013), Tenreiro et al.
(2013) and Tables 1.1 and 1.2 and refer-
ences therein.

3. Complex diseases with no yeast counter-
part (e.g., no ortholog), but for which
“humanized” yeast models can be con-
structed. Such yeast systems biology stud-
ies will be of great interest to advance our
insight into the contributing mechanisms
and their dynamics. Relevant case exam-
ples include yeasts expressing human dis-
ease alleles that cause homocystinuria
(Mayfield et al. 2012); a yeast model for
S-adenosyl-L-homocysteine hydrolase and
methylation disorders (Tehlivets et al.
2013); yeast strains with the lipid defect
responsible for Niemann-Pick type C
(NP-C) disease (Munkacsi et al. 2011);
yeast models of human protein aggregation
in amyotrophic lateral sclerosis (ALS)
(Johnson et al. 2008; Ju et al. 2011); yeast
disease models of Ab toxicity and other
relevant neurodegenerative mechanisms
(Treusch et al. 2011; Pereira et al. 2012;
Duennwald 2013; Ocampo et al. 2013; Por-
zoor and Macreadie 2013; Tenreiro et al.
2013 and references therein); S. cerevisiae
yeast models expressing the oncogene-like
RAS2 (Lee et al. 2012); yeast models expres-
sing human mutant isocitrate dehydroge-
nase (IDH), producing the oncometabolite
2-hydroxyglutarate (2HG), leading to
impairment in histone demethylation and
heterochromatin modifications in human
gliomas and acute myeloid leukemia, for
the study of the interdependence of genetic
and epigenetic alterations (Chowdhury
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Table 1.2. Yeast as a model for human disease: advanced studies and applications

Yeast advanced studies and applications References

1. Yeast models for comprehensive systems biology
studies of dynamics of dysregulated networks in
disease, early detection of imbalances and networks
dynamics

Gruson and Bodovitz (2010), Chen et al. (2012),
Villoslada and Baranzini (2012), Wang et al. (2012)

Yeast cell cycle model/design principles Ferrell (2011)
Yeast as a model for studies of eukaryotic cell growth
(balanced cell growth)

Jorgensen et al. (2004), Castrillo et al. (2007), Gutteridge
et al. (2010), Przytycka and Andrews (2010), Pir et al.
(2012)

Yeast breast cancer model (yeast with human
mutations and increased cell proliferation)
(uncontrolled growth)

Li et al. (2009)

Yeast expressing parasite genes and their human
orthologs for protein quality control networks
studies and identification of antiparasitic agents

Bell et al. (2011), Bilsland et al. (2011, 2013)

Yeast as a model for aging research studies Breitenbach et al. (2012)
Yeast models to unravel mechanisms of
neurodegeneration

Khurana and Lindquist (2010), Tenreiro and Outeiro
(2010), Pereira et al. (2012), Pimentel et al. (2012),
Ocampo et al. (2013), Tenreiro et al. (2013),
Villar-Piqué and Ventura (2013)

Yeast models of protein folding diseases and human
neurodegenerative disorders

Wilson and Roof (1997), Pearce and Sherman (1998,
1999), Johnson et al. (2008), Lindquist (2008),
Bharadwaj et al. (2010), De Vos et al. (2011),
Kryndushkin and Shewmaker (2011), Mason and
Giorgini (2011), McGurk and Bonini (2011),
Ocampo and Barrientos (2011), Treusch et al. (2011),
Pereira et al. (2012) D’Angelo et al. (2013),
Tenreiro et al. (2013)

Yeast models of amyotrophic lateral sclerosis (ALS) Johnson et al. (2008), Ju et al. (2011), Kryndushkin and
Shewmaker (2011), Robinson (2011), Sun et al.
(2011)

Yeast models of tau, amyloid-b aggregation, and
PICALM role in cytotoxicity and Alzheimer’s disease

Bharadwaj et al. (2010), De Vos et al. (2011), Treusch
et al. (2011), Pereira et al. (2012), D’Angelo et al.
(2013), Porzoor and Macreadie (2013), Tenreiro et al.
(2013)

Yeast model for S-adenosyl-L-homocysteine
hydrolase and methylation disorders

Tehlivets et al. (2013)

2. Yeast molecular, high-throughput systems biology
studies and applications in human disease

Castrillo and Oliver (2011a, b), Zhang and Bilsland
(2011), Feldmann (2012b), Castrillo et al. (2013)

Yeast genetics and metabolic profiling for
characterization of human disease alleles

Mayfield et al. (2012)

High-throughput yeast system (IDESA) for study of
protein stability diseases and screening of small
molecules

Pittman et al. (2012)

Yeast-based assay for identification of drugs active
against human mitochondrial disorders

Couplan et al. (2011)

Yeast as a model system to study the response to
anticancer agents

Matuo et al. (2012)

Humanized yeast-based, high-throughput screen to
identify small activators for therapeutic intervention
in neurodegenerative diseases

Neef et al. (2010)

Yeast functional screen to identify new candidate ALS
genes

Couthouis et al. (2011)

Yeast phenotypic screening for compounds that
rescue TDP-43, a-synuclein, and polyglutamine
proteotoxicity

Tardiff et al. (2012)

(continued)
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et al. 2011; Xu et al. 2011; McCarthy 2012).
For other remarkable yeast disease models,
studies, and advanced applications at the
forefront of technology (i.e., direct transla-
tion into early diagnosis and timely thera-
peutic strategies, e.g., the most advanced
comprehensive chemogenomic screenings
starting in yeast, for subsequent testing in
animal models and finally in human), see
Tables 1.1 and 1.2 and references therein.

c) Enter New Disease Models, from Yeast to
Human

Yeast models of human disease, like other mod-
els, need to recapitulate the “altered” features
and early phenotypes observed in human cells.
This is the most important “take-home mes-
sage,” the main requirement of a good disease
model: “to be able to recapitulate molecular
and physiological features of the human dis-
ease” (e.g., Johnson et al. 2008; a yeast model of
ALS producing the human protein that under-
goes pathological conversion from nuclear
localization to cytoplasmic aggregation).

In the end, a human disease will be char-
acterized by altered networks in either essen-
tially conserved networks and modules
common to all eukaryotes, for which yeast can
be an excellent model (e.g., to study them inde-
pendently isolated, “dissected,” or combined
with others, with their dynamics) and
“human-specific” networks (Das et al. 2013)
(with or without altered essential networks as
well), for which humanized disease models at
the cellular or supracellular levels will be

needed. At the cellular level, human-specific
altered mechanisms (e.g., in humanized yeast
models [see above], combined, e.g., with stud-
ies in mammalian cells and patient-specific
disease models; Ebert et al. 2012; Dianat et al.
2013; Musunuru 2013; Pollitzer 2013) can be
used.

Supracellular characteristics of complex
diseases (i.e., at the tissue, organ, and whole-
body level) are usually beyond the reach of
unicellular model organisms, and closer-to-
human model organisms are necessary. How-
ever, these more complex species need to be
chosen with care. As an example, the impossi-
bility of recapitulating all Alzheimer’s disease
features in mouse models has only recently
been explained as likely to be a consequence
of the different aggregation properties of the
mouse ab peptide and intracellular mouse pro-
teome compared to that of the human. The
construction of a closer-to-human rat model
has enabled the recapitulation of all Alzhei-
mer’s disease human features, including pla-
ques, tau pathology, behavioral impairment,
oligomeric ab, and neuronal loss (Cohen et al.
2013; Tharp and Sarkar 2013).

Studies in several disease models are exem-
plifying the most effective strategy for identify-
ing events and pathways with a significant
contribution to pathogenesis. Thus, combining
data across a range of model species has
revealed the role of toxic RNA as a driver of
disease in a common form of ALS and dementia
(Xu et al. 2013). In the future, progress will
come from confirmation of pathogenetic
mechanisms in different disease models and

Table 1.2. (continued)

Yeast advanced studies and applications References

Phenotypic screening for compounds that target the
cellular pathologies underlying Parkinson’s disease

Tardiff and Lindquist (2013)

Yeast high-throughput screenings for inhibitors of
Ab42 oligomerization and for the study of Ab peptide
and oligomerization-dependent toxicities

Park et al. (2011), López et al. (2012),
Porzoor and Macreadie (2013)

Yeast genomics and drug target identification Bharucha and Kumar (2007), Bilsland et al. (2013)
Chemical genomic (chemogenomic) profiling;
screenings of targets genes and biomolecules; yeast
as a tool for target-directed, high-throughput
screening

Proctor et al. (2011), Andrusiak et al. (2012),
Augagneur et al. (2013), Bilsland et al. (2013),
Norcliffe et al. (2013), Roemer and Boone (2013),
Schenone et al. (2013)
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integration of data from yeast to humans,
including mammalian cell lines, patient-
specific cell lines from iPSCs, higher eukar-
yotes, animal models, and ultimately, human
studies and trials (Chang and Grieder 2008;
Soucek et al. 2008; Aitman et al. 2011; Ebert
et al. 2012; Shi et al. 2012; Dianat et al. 2013;
Marx 2013; Mason et al. 2013; Murphy 2013;
Musunuru 2013; National Institutes of Health).
Finally, early diagnosis of complex diseases
will come with advances in longitudinal moni-
toring with guidelines for standardization of
clinical trials, application of the most powerful
postgenomics analytical techniques, and data
integration of multiple biomarkers and pat-
terns (e.g., combined ‘omics datasets) at a sys-
tems level. Such integrative studies are
expensive but are becoming progressively
more affordable (Chen et al. 2012; Li-Pook-
Than and Snyder 2013; U.S. Food and Drug
Administration [FDA] clinical trials guidances,
with adherence to the principles of good
clinical practices [GCPs], see U.S. FDA 2013,
and http://clinicaltrials.gov/; European
Medicine Agency [EMA] and European Clinical
Trials Database [EudraCT], see https://eudract.
ema.europa.eu/; Castrillo et al. 2013; Chiu et al.
2013; Leichtle et al. 2013).

III. Conclusions

The rich complexity of life (Hayden 2010; Heard
et al. 2010) is sustained by a continual input of
energy (Lehninger 1975; Lever et al. 2013; Aar-
hus University ScienceDaily News, 2013) and
relies on an exquisite interplay between func-
tional networks that has been optimized
through millions of years of evolution (Darwin
and Wallace 1858; Darwin 1859; Alfred Russel
Wallace online and updated, Smith 2000; van
Wyhe 2012; Charles Darwin online and updated,
van Wyhe 2002). Systems biology takes up the
challenges presented by this complexity, and
excellent reference model organisms are an
integral part of this systems approach. Such
model organisms are allowing the following
questions to be addressed: (a) What principles
make a complex networks system sustainable

and robust? (b) How do multifactorial complex
diseases arise from altered networks states
(Friend 2010)? (c) Can their dynamics be better
studied and characterized to enable applica-
tions with translational impact (e.g., early diag-
nosis and affordable therapies that treat
complex diseases in an holistic manner)?

Yeast can be a first reference model for
systems biology studies on altered essential net-
works and reveal the basic pathogenetic
mechanisms involved in multifactorial complex
diseases at the cellular level. The rationale of
systems biology studies in well-constructed
yeast models of disease that have been pre-
sented in this chapter can be reproduced in
other model organisms, and effective progress
will come from the integration of knowledge
from studies in different disease models, from
yeast to humans. As an essential prerequisite,
the disease models should recapitulate the main
human disease features (e.g., Johnson et al.
2008; Cohen et al. 2013).

In order to realize the full potential of yeast
as a reference model for complex diseases, the
high level of international collaboration
between research groups seen in the yeast
genome sequencing (Goffeau et al. 1996) and
functional genomics projects (Oliver 1997,
2002; Winzeler et al. 1999; Giaever et al. 2002)
must be continued and even enhanced, with
incorporation of experts from different
scientific backgrounds, in comprehensive inter-
disciplinary efforts. To this end, the yeast
(SGD) (http://www.yeastgenome.org; http://
wiki.yeastgenome.org) and systems biology
(http://systems-biology.org/) communities
promote interdisciplinary collaborations, pro-
jects, and initiatives between experts in the
different fields. A relevant example is the UNI-
CELLSYS project, a systems biology initiative
with the overall objective of a quantitative
understanding of control of cell growth and
proliferation (http://www.unicellsys.eu/).

These joint initiatives and projects can be
reproduced in systems biology studies at higher
physiological levels (Sperling 2011; Bashan
et al. 2012; MacLellan et al. 2012) with more
complex model organisms (Stuart et al. 2007;
Cox et al. 2009; Mori et al. 2010; Antony et al.
2011; Yu et al. 2012) and, ultimately, humans
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(Goto and Tanzi 2002; Joyner and Pedersen
2011). As an example, the Virtual Physiological
Human (VPH) initiative represents a network
of excellence (Viceconti et al. 2008; Sansom
et al. 2011a; VPH 2010), and VPH projects are
directed toward modeling a wide range of
human organs and systems in both healthy
and diseased states (Sansom et al. 2011b and
references therein; VPH 2010). In order to
advance their objectives, these community
efforts will always need to incorporate new
knowledge on eukaryotic networks from sys-
tems biology studies at the cellular level. On
this journey, the humble yeast S. cerevisiae
can accompany us along the path, with contin-
uous new exciting discoveries ahead. In the
words of Honor Fell, who pioneered the study
of cells under the microscope: “The more
closely we examine a natural object, the more
beautiful, exciting and mysterious it becomes.
. . . A single living cell is much more beautiful
and improbable than the solar system. So far
scientists have not explained away the wonder
of the cell nor stripped it of its mystery” (Fell
1900–1986; Wellcome Library, The Honor Fell
Papers, http://wellcomelibrary.org/using-the-
library/subject-guides/genetics/makers-of-
modern-genetics/digitised-archives/honor-
fell/). As a research community, our responsi-
bility lies in delivering excellent results and
outputs to advance both basic knowledge and
translational impact for the benefit of society.
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Villar-Piqué A, Ventura S (2013) Protein aggregation
propensity is a crucial determinant of intracellular
inclusions formation and quality control degrada-
tion. Biochim Biophys Acta 1833:2714–2724

Villoslada P, Baranzini S (2012) Data integration and
systems biology approaches for biomarker discov-
ery: challenges and opportunities for multiple scle-
rosis. J Neuroimmunol 248:58–65

Virtual Physiological Human (VPH) (2010) Network of
excellence. Objectives. http://www.vph-noe.eu/
objectives

Waern K, Snyder M (2013) Extensive transcript diver-
sity and novel upstream open reading frame regu-
lation in yeast. G3(Bethesda) 3:343–352

Walhout AJM, Aebersold R, Meyer T et al (2011) Sys-
tems biology: what’s the next challenge? Cell
144:837–838, http://www.sciencedirect.com/sci-
ence/article/pii/S00928674110022855

Wang X, Wei X, Thijssen B et al (2012) Three-
dimensional reconstruction of protein networks
provides insight into human genetic disease. Nat
Biotechnol 30:159–164

Wang Y, Mercier R, Hobman TC et al (2013) Regulation
of RNA interference by Hsp90 is an evolutionarily
conserved process. Biochim Biophys Acta
1833:2673–2681

Washington NL, Haendel MA, Mungall CJ et al (2009)
Linking human diseases to animal models using
ontology-based phenotype annotation. PLoS Biol
7:e1000247

Weiss K (2012) What is the human genome? The Scien-
tist, 17 Aug. http://www.the-scientist.com/?articles.
view/articleNo/32446/title/Opinion–What-Is-the-
Human-Genome–/

Westermann S, Schleiffer A (2013) Family matters:
structural and functional conservation of
centromere-associated proteins from yeast to
humans. Trends Cell Biol 23:260–269

Wilson RB, Roof DM (1997) Respiratory deficiency due
to loss of mitochondrial DNA in yeast lacking the
frataxin homologue. Nat Genet 16:352–357

Winzeler EA, Shoemaker DD, Astromoff A et al (1999)
Functional characterization of the S. cerevisiae
genome by gene deletion and parallel analysis.
Science 285:901–906

Yeast as a Model for Systems Biology Studies on Complex Diseases 29

http://dx.doi.org/10.1111/jnc.12271
http://dx.doi.org/10.7554/eLife.00603
http://www.fda.gov/regulatoryinformation/guidances/ucm122046.htm
http://www.fda.gov/regulatoryinformation/guidances/ucm122046.htm
http://darwin-online.org.uk/
http://wallace-online.org/
http://wallace-online.org/
http://www.the-scientist.com/?articles.view/articleNo/36781/title/Opinion--Statistical-Misconceptions/
http://www.the-scientist.com/?articles.view/articleNo/36781/title/Opinion--Statistical-Misconceptions/
http://www.the-scientist.com/?articles.view/articleNo/36781/title/Opinion--Statistical-Misconceptions/
http://www.vph-noe.eu/objectives
http://www.vph-noe.eu/objectives
http://www.sciencedirect.com/science/article/pii/S00928674110022855
http://www.sciencedirect.com/science/article/pii/S00928674110022855
http://www.the-scientist.com/?articles.view/articleNo/32446/title/Opinion--What-Is-the-Human-Genome--/
http://www.the-scientist.com/?articles.view/articleNo/32446/title/Opinion--What-Is-the-Human-Genome--/
http://www.the-scientist.com/?articles.view/articleNo/32446/title/Opinion--What-Is-the-Human-Genome--/


Wishart JA, Osborn M, Gent ME et al (2006) The rela-
tive merits of the tetO2 and tetO7 promoter sys-
tems for the functional analysis of heterologous
genes in yeast and a compilation of essential
yeast genes with tetO2 promoter substitutions.
Yeast 23:325–331

Worthey EA, Mayer AN, Syverson GD et al (2011)
Making a definitive diagnosis: successful clinical
application of whole exome sequencing in a child
with intractable inflammatory bowel disease.
Genet Med 13:255–262

Xu W, Yang H, Liu Y et al (2011) Oncometabolite
2-hydroxyglutarate is a competitive inhibitor of
a-ketoglutarate-dependent dioxygenases. Cancer
Cell 19:17–30

Xu Z, Poidevin M, Li X et al (2013) Expanded GGGGCC
repeat RNA associated with amyotrophic lateral
sclerosis and frontotemporal dementia causes
neurodegeneration. Proc Natl Acad Sci U S A
110:7778–7783

Yen K, Gitsham P, Wishart J et al (2003) An improved
tetO promoter replacement system for regulating
the expression of yeast genes. Yeast 20:1255–1262

Yen K, Vinayachandran V, Batta K et al (2012)
Genome-wide nucleosome specificity and direc-
tionality of chromatin remodelers. Cell
149:1461–1473

Young E (2013)We gained hope. The story of Lilly Gross-
man’s genome. Phenomena National Geographic.
http://phenomena.nationalgeographic.com/2013/
03/11/we-gained-hope-the-story-of-lilly-grossmans-
genome/

Yu D, Corbett B, Yan Y et al (2012) Early cerebrovascu-
lar inflammation in a transgenic mouse model of
Alzheimer’s disease. Neurobiol Aging
33:2942–2947

Zhang N, Bilsland E (2011) Contributions of Saccharo-
myces cerevisiae to understanding mammalian
gene function and therapy. Methods Mol Biol
759:501–523

30 J.I. Castrillo and S.G. Oliver

http://phenomena.nationalgeographic.com/2013/03/11/we-gained-hope-the-story-of-lilly-grossmans-genome/
http://phenomena.nationalgeographic.com/2013/03/11/we-gained-hope-the-story-of-lilly-grossmans-genome/
http://phenomena.nationalgeographic.com/2013/03/11/we-gained-hope-the-story-of-lilly-grossmans-genome/


2 Genomics to Study Basal Lineage Fungal Biology: Phylogenomics
Suggests a Common Origin

EKATERINA SHELEST1, KERSTIN VOIGT
2,3

CONTENTS

I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
A. Accumulation of Knowledge in the

Pregenomic Era: How Many Fungi
Do We Know?. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

B. Recent Status of the Genomic Era: What Has
Been Achieved? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

II. Genomes of the Basal Lineages of the Fungal
Kingdom: A Chronicle from the Systematic
Point of View . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
A. Aquatic and Planosporic (Zoosporic)

Fungi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
B. Terrestrial and Aplanosporic Fungi . . . . . . 42
C. Miscellaneous Microorganisms Sharing

a Common Ancestor with the Fungi. . . . . . 48
III. The Evolution of Basal Lineage Fungi: A

Phylogenomic Perspective . . . . . . . . . . . . . . . . . . . 51
IV. Genomic Features Characteristic for Basal

Fungi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
A. Whole-Genome Duplication . . . . . . . . . . . . . . 52
B. Gene Duplication, Tandem Duplication . . 52

VI. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

I. Introduction

A. Accumulation of Knowledge in the
Pregenomic Era: How Many Fungi
Do We Know?

The total number of fungal species described
so far ranges between 72,000 and 120,000
(Hawksworth and Rossman 1997; Hawksworth
2001). These fungal species are described by
a total of 315,796 fungal names (as of Septem-
ber 16, 2013; Hibbett et al. 2009). More than one
name is described for ascomycetous developing
imperfect (anamorphic) and perfect (teleo-
morphic) stages or for rust fungi developing
morphologically dissimilar thalli on different
host plants. Just 5,129 names (ca. 1.6 %) were
described for the fungi considered to be mem-
bers of the basal phylogenetic lineages, the
zoosporic and zygosporic fungi, the Chytridio-
mycota and Zygomycota, respectively (Figs. 2.1
and 2.2). The Microsporidia represent an
ancient group of obligately parasitic microor-
ganisms that appears as a sister group to the
fungi. Their classification to or apart from the
fungi has been extensively studied by a variety
of publications performed by the mycologist
and zoologist communities, respectively, report-
ing evidence supporting (Bohne et al. 2000; Fast
and Keeling 2001; Keeling and Slamovits 2004;
Capella-Gutiérrez et al. 2012) or contradicting
(Barron 1987; Patterson and Zölffel 1991; Hirt
et al. 1997; Hashimoto et al. 1998; Peyretaillade
et al. 1998a, b; Patterson 1999; Delbac et al. 2001;
Bacchi et al. 2002; Glockling and Beakes 2002;
Tanabe et al. 2002) their fungal affiliation. Since
the launch of the International Code of Nomen-
clature for algae, fungi, and plants (ICNAFP,

1Systems Biology/Bioinformatics, Leibniz Institute for Natural

Product Research and Infection Biology– Hans-Knöll-
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Melbourne Code; McNeill et al. 2012), the
microsporidia have been excluded from the
ICNAFP and described by the International
Code of Zoological Nomenclature (ICZN; Ride
et al. 2000). In conjunction with this decision,
the Microsporidia and their allies (including the
Cryptomycota, formerly Rozellida; Jones et al.
2011a, b) are treated as miscellaneous fungus-
like organisms in this review.

Until now, 561 microsporidian species were
described, which occupy 0.18 % of the total
fungal names if implemented among the fungi
(Fig. 2.2a). Amongst the basal fungi, 1,804, 449,
and 2,876 species were described from the Chy-
tridiomycota, the Glomeromycota, and the
Zygomycota, respectively (Fig. 2.2a). About
1,804 species are distributed over nine orders
of the Chytridiomycota (Fig. 2.2b). About 2,876
species are distributed over 5 subphyla and

10 orders of the Zygomycota (Fig. 2.2c, d,
respectively). The Zygomycota represent the
most basal terrestrial fungal phylum forming
aplanosporic (non-flagellate) mitospores pro-
duced in multispored sporangia or few-spored
sporangiola during the reproductive part and
zygospores during the conjugative part of their
life cycle (Fig. 2.3a, a–i). The zoosporic fungi,
Chytridiomycota sensu lato, including Blasto-
cladiomycota (James et al. 2006b), Chytridio-
mycota (Barr 2001), Monoblepharomycota
(Doweld 2001), and Neocallimastigomycota
(Hibbett et al. 2007), compose flagellate (pla-
nosporic fungi) producing zoospores aiming at
reproduction in the aquatic environment
(Fig. 2.3a, j–n). Both phyla and the obligate
biotrophic, arbuscular endomycorrhizae, the
Glomeromycota, are summarized to the basal
fungi in this review. During the course of

Fig. 2.1. Higher taxon-level phylogeny of the Fungi.
Dendrogram of 15 fungal lineages showing consensus
relationships in relation to four fungal allied groups.
Phylogenetic relationships with high levels of uncer-
tainty are indicated by stippled lines. * indicates the
zygosporic fungi, which can be summarized to the
phylum ‘Zygomycota’; ** indicates the zoosporic
fungi, which can be summarized to the phylum ‘Chy-
tridiomycota’ sensu lato as reviewed by Voigt (2012a,

b). The traditionally accepted node for delineating
Fungi is marked, but there are current attempts to
accept the term Fungi in a broader sense as indicated
by ‘F’ (Adl et al. 2005; Lara et al. 2010; Jones et al. 2011a,
b; James and Berbee 2011; Capella-Gutiérrez et al. 2012;
Schoch et al. 2012). The term Rozellida has been super-
seded by Cryptomycota (Jones et al. 2011b). Both
Mesomycetozoa and Ichthyosporea are in common
usage
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evolution, basal lineage fungi have adapted to
changing environments. Therefore, these
lineages are expected to be found in biotops
that are characterized by complex interaction
schemes that facilitate interplaying patterns
with plants, animals, fungi, and humans and
are accompanied by a diverse morphology
(Fig. 2.3b).

B. Recent Status of the Genomic Era: What Has
Been Achieved?

Fungi are nutrition-absorptive eukaryotes that
exist in every ecological niche (Alexopoulos
et al. 1996). They contribute to human society
by either biotechnological importance or seri-
ous threats to human health. Because of their
ease of handling, rapid life cycle, haploid genet-
ics, and phylogenetic relationship to the animal
kingdom (Baldauf and Palmer 1993), fungi are
studied as model systems in every aspect of the
life sciences (Bennett 2000). Important models

for biomedical research originate from fungi,
which provide a wide range of evolutionary
comparisons at key branch points in the billion
years of fungal evolution. Since the release of
the first completed fungal genome, which was
the genome of the ascomycetous yeast Saccha-
romyces cerevisiae (October 1996; Goffeau et al.
1996), a flood of genome projects was initiated,
encompassing a total of 1,899 fungal genomes:
1,014, 752, 51, and 32 genomes from Ascomy-
cota, Basidiomycota, basal fungi, and micro-
sporidia, respectively (as of October 9, 2013;
based on Genomes Online Database [GOLD],
National Center for Biotechnology Information
[NCBI], and European Nucleotide Archive
[ENA]; Table 2.1, Fig. 2.4).

At the junction between the past and the
new millennium, the fungal and genomics com-
munities have been working together to define
a Fungal Genome Initiative (FGI), which is an
effort to jumpstart research on the fungal king-
dom by prioritizing a set of fungi for genome
sequencing (Birren et al. 2002). The FGI,

Fig. 2.2. Species distribution among the phyla of fungi (a), the orders of the Chytridiomycota (b), the subphyla of
the Zygomycota (c) and the orders of the Zygomycota (d)
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Fig. 2.3. (a) The morphological diversity of the basal
fungi. a–i Zygomycetes (Mucoromycotina; photos: K.
Hoffmann; scanning electron microphotographs c, f
and g: M. Eckart and K. Hoffmann): a–c different
types of uni-/few-spored sporangiola; d, e, h, i different
types of multispored sporangia; f, g zygospores; j–n

reproductive structures (zoosporangia) from anaerobic
chytridiomycetes (Neocallimastigomycota; photos: K.
Fliegerova) (Reprinted from Gherbawy and Voigt
2010 with permission from Springer-Verlag, Berlin).
(b) Interaction scheme of basal lineage fungi
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launched in 2002, is carried out at the Broad
Institute of the Massachusetts Institute of Tech-
nology (MIT) and Harvard University. In a
following initiative, the Broad Institute runs
the Origins of Multicellularity Project (OMP),
which was launched in 2007 (Ruiz-Trillo et al.
2007). In the year 2010, China’s fungal geno-
mics initiative was started with a white paper as
a result of the 2009 China Fungal Genome
Initiative Symposium in Shanghai when the
status of China’s fungal genome research was
examined and, for the first time, focused atten-
tion on the extent, range, and quality of fungal
genomics in China (An et al. 2010). Following

this white paper, a series of recommendations
and actions were put in motion to coordinate
the various genome projects, ranging from
selection of fungi for sequencing, to the devel-
opment of a bioinformatics infrastructure, and
accompanying research ideas, funding and
commercialization.

In 2011, the 1000 Fungal Genomes Project
(1KFG), hosted by the U.S. Department of
Energy’s Joint Genome Institute (DOE-JGI),
was launched as part of the Fungal Genomics
Program (FGP). The FGP aims at the future
advances made possible by genomic analyses
of fungi that have an impact on plant/feedstock
health, degradation of lignocellulosic biomass,
and fermentation of sugars to ethanol, hydro-
carbon biofuels, and renewable chemicals
(Grigoriev et al. 2011). The 1KFG project aims
at the family-level sampling and sequencing of
an unsampled diversity of fungal genomes
across the Fungal Tree of Life, an idea that
was born as a follow-up of the Assembling the
Fungal Tree of Life (AFTOL) project (Spatafora
2011). Beyond generating tens of trillions of
DNA bases annually, DOE-JGI develops and
maintains data management systems and
specialized analytical capabilities to manage
and interpret complex genomic datasets.
Therefore, the JGI Genome Portal (http://
genome.jgi.doe.gov) provides MycoCosm
(http://jgi.doe.gov/fungi), a new integrated
fungal genomics resource implemented in the

Table 2.1. Fungal genome sequencing projects (as of October 9, 2013; source: GOLD [Genomes Online Database],
http://www.genomesonline.org)

Phylum

Complete

Incompletea TargetedaFinished Permanent draft

Ascomycota 36 62 837 79
Basidiomycota 6 21 666 59
Blastocladiomycota 0 1 1 0
Chytridiomycota 1 2 5 3
Cryptomycota 0 0 2 0
Entomophthoromycota 1 0 4 0
Glomeromycota 0 0 1 0
Microsporidia 2 2 28 0
Mortierellomycota 0 1 2 0
Mucoromycota 4 0 17 0
Neocallimastigomycota 0 0 7 2

aOnly whole-genome sequencing projects

Fig. 2.4. Fungal genome projects provided by the Inter-
national Nucleotide Sequence Database Collaboration
at a glance (as of October 9, 2013)
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general organization of the Genome Portal
(Grigoriev et al. 2012). MycoCosm is a unified
access point to all JGI genomic databases and
analytical tools for displaying sequencing pro-
jects and their status and searching for and
downloading assemblies and annotations of
sequenced genomes that are tailored to each
particular class of organisms.

Genome projects targeting the Ascomycota,
as the species-richest and most prominent
phylum, traditionally dominate the past and
the present (Fig. 2.4). Of a total of 51 genome
projects from the basal fungi, 22 are from zoo-
sporic fungi (Chytridiomycota sensu lato),
28 from zygosporic and 1 from arbusclar
endomycorrhizal fungi (Table 2.1). The genome
projects performed on the zoosporic fungi
comprise 2, 11, and 9 from the Blastocladiomy-
cota, Chytridiomycota sensu stricto, and
Neocallimastigomycota, respectively. None of
the genome proejcts refers to the Monoblephar-
idomycota, which are characterized to sexually
reproduce by oogamy, contrary to members of
the other phyla of zoosporic fungi, which
reproduce by isogamy, anisogamy or schizo-
gamy. The genome projects performed on the
zygosporic fungi encompass 5 and 23 for the
Entomophthoromycota and Zygomycota,
respectively. Among the fungal allies, the
Cryptomycota are represented by 2 and the
microsporida by 32 genome projects, mostly
as incomplete drafts (Table 2.1). The genomes
of Conidiobolus coronatus JMRC:FSU:4392
(unpublished), Lichtheimia corymbifera
JMRC:FSU:9682 (PRJEB3978), Mucor circinel-
loides f. lusitanicus CBS277.49 (PRJNA46717),
Phycomyces blakesleeanus NRRL1555 (mating
type –; PRJNA61391), Rhizopus delemar (ex:
oryzae) RA99-880 (PRJNA13066) from the
Zygomycota and the genomes from Allomyces
macrogynus ATCC38327 (PRJNA20563), Batra-
chochytrium dendrobatidis JAM81
(PRJNA41157), Batrachochytrium dendrobati-
dis JEL423 (PRJNA13653) and Spizellomyces
punctatus DAOM BR117 (PRJNA37881) from
the Chytridiomycota can be regarded as
completed (finalized or permanent draft;
Table 2.2).

II. Genomes of the Basal Lineages
of the Fungal Kingdom: A Chronicle
from the Systematic Point of View

Basal lineages of the fungi traditionally encom-
pass zoosporic (planosporic) and zygosporic
(aplanosporic) fungi. The zoosporic fungi
propagate asexually via flagellate spores and
compose the Blastocladiomycota, the Chytri-
diomycota, and the Neocallimastigomycota
(Fig. 2.1). The group of the zoosporic fungi is
summarized as ‘Chytridiomycota’ sensu lato
(Voigt 2012a). The zygosporic fungi are tradi-
tionally called the Zygomycota, which are
counted as the most basal terrestrial phylum
of the kingdom of Fungi (Fig. 2.1). The Zygo-
mycota are not accepted as a valid phylum
because of they lack compliance to the Interna-
tional Code of Botanical Nomenclature (now
the ICNAFP; Hawksworth 2011) (no Latin diag-
nosis, no designated type as ‘Phylum des Zygo-
mycètes’; Whittaker 1969; Cavalier-Smith 1981;
no description), and they lack resolution of the
basal fungal clades (James et al. 2006a). Molec-
ular phylogenetic analyses revealed dispersal of
Zygomycetes into five subphyla containing one
to four orders (Hibbett et al. 2007; Hoffmann
et al. 2011). The phylogenetic relationships
between these subphyla and their orders are
not well resolved yet. However, based on the
potential of all five subphyla to produce zygos-
pores during conjugation of two yoke-shaped
gametangia, it is treated as a phylogenetically
coherent group named the Zygomycota for
zygosporic fungi in this review. They share
morphological features (Voigt 2012b) but con-
sist of phylogenetically unrelated subphyla
(James et al. 2006a; Hibbett et al. 2007; Hoff-
mann et al. 2011). Therefore, the phylum
referred to as ‘Zygomycota’ is employed in a
colloquial sense, for instance, including all
basal lineages of terrestrial fungi with the
potential to form zygospores or sharing any
other of the plesiomorphic morphological char-
acters of the former phylum (Voigt 2012b).
Members of the Zygomycota are common and
cosmopolitan components of the mycoflora of
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Table 2.2. Completed genome sequencing projects from basal fungi

Finished Permanent draft

GOLD-ID NCBI accession NCBI-ID GOLD-ID NCBI accession NCBI-ID

Chytridiomycota – – – Gi02370 PRJNA37881 37881
Gi01093 PRJNA41157 41157
Gi00978 PRJNA13653 13653
Gi02368 PRJNA20563 20563

Microsporidia Gc01518 PRJNA42703 42703 Gi03638 PRJNA32971 32971
Gc00071 PRJNA13833 13833 Gi07638 PRJNA51843 51843

Mucoromycota Gi01096 PRJNA61391 61391
Gi00506 PRJNA13066 13066
– PRJNA46717 46717
– PRJEB3978a –

Entomophthoromycota – C. coronatusb –

As of October 9, 2013; source: GOLD (Genomes Online Database), http://www.genomesonline.org; NCBI (National Center
for Biotechnology Information), http://www.ncbi.nlm.nih.gov/genome/; and ENA (European Nucleotide Archive), http://www.

ebi.ac.uk/ena/

Numbers for the NCBI-ID refer to NCBI project identifications numbers (IDs)
aENA (European Nucleotide Archive) submission of the genome of the mucoralean fungus Lichtheimia corymbifera JMRC:
FSU:9682 to be released in 2014 (see Fig. 2.6)
bThe genome of the entomophthoralean fungus Conidiobolus coronatus JMRC:FSU:4392: to be released in 2014 (unpublished)

Fig. 2.5. Morphology of the colonies and the sporangia
of the (a) Mucoromycota (Mucorales): Mucor mucedo
JMRC:FSU:0620; (b) Mortierellomycota (Mortierel-

lales): Mortierella parvispora JMRC:FSU: 2736; and
(c) Entomophthoromycota (Entomophthorales): Coni-
diobolus coronatus JMRC:FSU:4392
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dung, soil, and other substrates that support
their growth and sporulation. Reproduction
occurs asexually via aplanosporic, non-motile
mitospores formed in sporangia as shown in
the most abundant three orders, which are the
Mucorales, the Mortierellales and the Ento-
mophthorales (Fig. 2.5).

A. Aquatic and Planosporic (Zoosporic) Fungi

The zoosporic fungi, like any other fungal
group, contain chitin in their cell walls and
are primarily osmotrophic (Bartnicki-Garcia
1970, 1987). They reproduce either via planos-
poric (flagellate) mitospores (zoospores),
which are borne in multispored zoosporangia
or via planosporic meiospores (gametes) in
gametangia arising from diploid mycelium
produced after germination of a zygote (Voigt
2012a).

The zoosporic fungi represent the most basal, and thus
most ancient, group of the fungal lineages producing
chitin as a structural component of the assimilative cell
wall and converting the phagotrophic to an osmo-
trophic mode of nutrient uptake throughout the main
phases of their life cycle (Table 2.1). Whether or not
zoospores are able to perform phagotrophic uptake of
nutrients has not been clarified yet (Marano et al. 2012).
The zoospores are posteriorly uniflagellate or polyfla-
gellate, bearing typically a single flagellum in aerobic
chytrids (Blastocladiomycota and Chytridiomycota)
and multiple flagella in anaerobic chytrids (Neocalli-
mastigomycota), both always of the whiplash type and
posteriorly localized (at their hind end¼opisthokont).

Of a total of 22 genome projects targeting
the zoosporic true fungi, 2, 11, and 9 are from
the Blastocladiomycota, Chytridiomycota sensu
stricto, and Neocallimastigomycota, respec-
tively (Table 2.1). Just four projects are com-
pleted and exist as permanent drafts
(Table 2.2). These are the genomes from Allo-
myces macrogynus ATCC38327 (PRJNA20563),
Batrachochytrium dendrobatidis JAM81
(PRJNA41157), Batrachochytrium dendrobati-
dis JEL423 (PRJNA13653) and Spizellomyces
punctatus DAOM BR117 (PRJNA37881) com-
posing the Blastocladiomycota (Allomyces
macrogynus) and the Chytridiomycota sensu
stricto (the last three). In the following, the

fungi and their characteristics qualifying their
utilization for genome projects are elucidated
in more detail.

1. Blastocladiomycota

The phylum Blastocladiomycota was proposed
by Timothy Y. James as a result of phylogenetic
analyses based mainly on the nuclear ribosomal
DNA combined with ultrastructural data
(James et al. 2006b) and multilocus analyses
(James et al. 2006a; Liu et al. 2006). Members
of the Blastocladiomycota form thalli, which
exhibit variable complexity ranging from
monocentric (comprising a single cell) to poly-
centric (typically branched with two or more
centres of development; Voigt 2012a). The main
characteristic, which is synapopmorhic to the
phylum, is prominent basal cell-bearing rhi-
zoids and one or more reproductive structures.
Reproduction occurs asexually or sexually via
zoospores with a single posteriorly directed
flagellum, which are released from zoosporan-
gia possessing a single, apical discharge papilla.
Isogamous or anisogamous gametes are formed
during sexual conjugation. Generations change
between diploid sporothalli and haploid game-
tothalli, which are morphologically identical.
The sporothalli bear thin-walled mitosporangia
(2n) and thick-walled meiosporangia (1n), in
which meiosis occurs. The gametothalli bear
large and small gametangia, which contain the
female and male gametes, respectively. This
phenomenon, named isomorphic alternation
of sporothallic and gametothallic generations,
resembles the Eu-type, which is represented by
Allomyces macrogynus. In special cases, the
alternation of sporothallic and gametothallic
generation may also be heteromorphic. The
gametothallic generation either reduces to an
amoeboid structure (cysts) without forming a
distinct thallus (Cystogenes type) or is entirely
lacking (Mehrotra and Aneja 1990; Webster
and Weber 2007). The remarkable nature of
the alternations of the generations forming
single-cell and multicellular structures and
their missing-link position in the Fungal Tree
of Life qualifies the Blastocladiomycota
as confirmed subjects for genome projects.
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Consequently, the genomes of Allomyces
macrogynus ATCC38327 (PRJNA20563, NCBI-
ID 20563, Gi02368) and Catenaria anguillulae
PL171 (PRJNA69551, NCBI-ID 69551, Gi 13919)
were carried out by the Broad Institute and
DOE-JGI, respectively.

a) Allomyces macrogynus and the Origins
of Multicellularity Project

The genome project of Allomyces macrogynus
ATCC38327 is part of the OMP initiated by the
Broad Institute and funded by the National
Human Genome Research Institute, which is
part of the National Institutes of Health (NIH-
NHGRI). The permanent draft of the genome
(PRJNA20563), containing 17,500 predicted
proteins, was completed in February 2010
(Table 2.2).

The OMP database provides access to mul-
tiple genomes, which are sequenced to investi-
gate commonalities and differences underlying
multicellularity in animals and fungi in order
to understand the origins of multicellularity
(Ruiz-Trillo et al. 2007). The emergence of mul-
ticellular organisms from single-cell ancestors
occurred several times and independently dur-
ing eukaryotic evolution. The emergence of
multicellularity is one of the most profound
evolutionary transitions in the history of life.
It created evolutionary novelties, amongst
others the need for cooperation and communi-
cation between cells and the division of labour
among different cell types. The OMP is a multi-
taxon genome-sequencing initiative that aims
to generate extensive genomic data from ten of
the closest extant unicellular relatives of both
animals and fungi to gain insights into how
multicellularity first evolved. The genetic
changes that accompanied the several origins
of multicellularity are elucidated at the genomic
level.

b) Catenaria anguillulae and the 1000 Fungal
Genomes Project

Catenaria anguillulae is a facultative parasite
belonging to the family Catenariaceae, which
forms predominantly polycentric (typically
branched with two or more centres of develop-
ment), tubular, rhizomycelial thalli with cate-
nulate swellings separated by sterile isthmi,

thus growing in a hypha-like form, with rhi-
zoids and chains of zoosporangia. Its zoospor-
angia are intercalary formed from the
catenulate swellings (Voigt 2012a). The genome
project of Catenaria anguillulae PL171 was
launched in July 2011 and is embedded in
1KFG initiated by the DOE-JGI. The 1KFG proj-
ect aims at the family-level sampling and
sequencing of unsampled diversity of fungal
genomes across the Fungal Tree of Life, an idea
that was born as a follow-up of the AFTOL
project, which was funded by the National Sci-
ence Foundation (NSF). As an outcome of the
AFTOL project, a need became evident for sys-
tematic sampling of the Fungal Tree of Life to
fully leverage our knowledge of fungal evolu-
tion and its application to genome-enabled
mycology (Spatafora 2011). To bridge this gap,
the DOE-JGI has embarked on a 5-year project
to sequence 1000 fungal genomes from across
the Fungal Tree of Life—the 1KFG project (Spa-
tafora 2011).

2. Chytridiomycota

The thallus of the Chytridiomycota sensu stricto
is monocentric or rhizomycelial polycentric up
to filamentous. Typical is the lack of the sterile
basal cell, which is characteristic for the Blas-
tocladiomycota when monocentric thalli are
formed (Voigt 2012a). Many species are para-
sitic (obligately or facultatively) to algae, plants,
and animals.

a) Batrachochytridium dendrobatidis
The only documented case of a zoosporic fun-
gus parasitizing vertebrates is Batrachochy-
trium dendrobatidis (Bd), one of the most
prominent species of the Rhizophydiales. This
species is a highly destructive parasite causing
chytridiomycosis in many species of amphi-
bians (frogs and salamanders) (Longcore et al.
1999; Fisher et al. 2009; Martel et al. 2013). The
pathogen infects over 350 species of amphi-
bians and is found on all continents except
Antarctica; it causes considerable decline in
amphibian populations worldwide (Daszak
et al. 1999; Fisher et al. 2009). The populations
of parasites can be maintained in long-lived
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tadpoles, which are infected but show no symp-
toms of disease (Briggs et al. 2010). The epider-
mis of healthy amphibians is known to regulate
osmotic balance, which is inhibited during the
infection with Bd because of reduction of potas-
sium, sodium and chloride in the blood plasma
(Voyles et al. 2009, 2012). Asystolic cardiac
arrest follows and results in the death of post-
metamorphic frogs (for review, see Voigt et al.
2013). In Central America, there is compelling
evidence for the recent spread of pathogenic Bd
and for its strong impact on amphibian popula-
tions, suggesting an increase in Bd virulence as
it spread southwards, a pattern consistent with
rapid evolution of increased virulence on Bd’s
invading front (Philipps and Puschendorf
2013). The impact of Bd on amphibians might
therefore be driven by rapid evolution in addi-
tion to more proximate environmental drivers.
The history and the emergence of the batracho-
chytridiomycosis causing global decline and
extinction of frog and salamander populations
at rates exceeding by some 200 times historical
extinction levels since more than two decades
was reviewed by Collins (2013).

The genomes of 29 isolates of Bd from
around the world (with an emphasis on North,
Central, and South America as hot spots of
infection outbreaks in the New World) were
determined to compose a substantial amount
of evolutionary complexity and genetic varia-
tion indicating Bd’s complex evolutionary his-
tory pre-dates recent disease outbreaks
(Rosenblum et al. 2013). Dramatic differences
among isolates and among genomic regions in
chromosomal copy number and patterns of
heterozygosity were found, suggesting complex
and heterogeneous genome dynamics and
evidence for selection acting on the Bd genome,
supporting the hypothesis (proposed by
Joneson et al. 2011) that protease genes are
important in evolutionary transitions in this
group. To study the mechanisms underlying
species heterogeneity and rapid evolution, two
more genome projects were initiated on Bd,
namely, on B. dendrobatidis strain JAM81
(PRJNA41157) and B. dendrobatidis strain
JEL423 (PRJNA13653) launched by the
DOE-JGI and Broad Institute, respectively
(Table 2.2). The genome of B. dendrobatidis

JEL423 comprises 23.722 Mbp (8,818 predicted
proteins on 8,806 Open Reading Frames
[ORFs]). To understand the molecular mechan-
isms of Bd’s emergence as a pathogen, which is
central to mitigate the impacts of novel infec-
tious disease agents, the genome of Bd’s closest
known relative, the non-pathogenic chytrid
Homolaphlyctis polyrhiza (Hp), was sequenced
(Joneson et al. 2011). This study had four major
findings: (a) the genome of Hp is comparable
to other chytrid genomes in size and number
of predicted proteins; (b) a total of
1,974 Bd-specific genes, a gene set that is
enriched for protease, lipase, and microbial
effector gene ontology terms was identified;
(c) a significant lineage-specific expansion of
three Bd protease families (metallo-, serine-
type, and aspartyl proteases) occurring after
the divergence of Bd and Hp from their com-
mon ancestor was described; (d) the timing of
the protease gene family expansions pre-dates
the emergence of Bd as a globally important
amphibian pathogen.

b) Spizellomyces punctatus
Spizellomyces punctatus is a member of the
order Spizellomycetales, which was described
by Barr (1980) and is characterized by the for-
mation of monocentric thalli developing
endogenously (endobiotic) or exogeneously
(epibiotic). The members of this order are cos-
mopolitan saprobes or parasites, predomi-
nantly found in soil on organic substrata,
including other fungi, cellulose, keratin, pollen,
and plant debris. The genera of the Spizellomy-
cetales differ by cytological variation of their
zoospores (Barr 1984). The genome of Spizello-
myces punctatus strain DAOM BR117
(PRJNA37881) comprises 24.131 Mbp (8,804
predicted proteins on 8,779 ORFs) and was
recently completed within the OMP by the
Broad Institute (Table 2.2).

3. Neocallimastigomycota

The Neocallimastigomycota are anaerobic gut
fungi representing the only oxygen-intolerant
group among the fungi and a distinct early-
branching fungal phylum, with members that
reside in the rumen, hindgut, and feces of
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ruminant and nonruminant herbivores (Liggen-
stoffer et al. 2010). The phylum contains a single
order and a single family, which are the Neocal-
limastigales and the Neocallimastigaceae,
respectively. All members are strictly anaerobic,
inhabiting the digestive tract and rumen of
herbivorous animals. Their thallus lacks mito-
chondria but contains hydrogenosomes of mito-
chondrial origin. Zoospores are posteriorly
uniflagellate and often polyflagellate.

The evidence for multiple flagellae in the Neocallimas-
tigomycota contradicts the hypothesis that the flagel-
lum was lost only once in the fungal lineage (Liu et al.
2006). Loss of flagellae took place several times among
the neocallimastigomycotan genera and their species.
The number of flagellae is species and genus specific
(Barr 1978, 2001; Voigt 2012a).

Six genera are known: Caecomyces, Neocalli-
mastix and Piromyces, which form monocentric
thalli; and Anaeromyces, Cyllamyces, and Orpi-
nomyces, which form polycentric thalli (Eckart
et al. 2010). The anaerobic fungi are remarkable
biomass degraders, capable of simultaneous sac-
charification and fermentation of the cellulosic
and hemicellulosic fractions in multiple
untreated grasses and crop residues examined,
with the process significantly enhanced by mild
pretreatments (Noha et al. 2013). Regardless of
their important role in biofermentation, none of
the completed genome projects refers to theNeo-
callimastigomycota. There are several genome
sequencing programs under way in the USA,
but these are hampered by the highly AT-rich
genomes (Griffith et al. 2010). In addition to the
difficulty in cultivating the anaerobic fungi in
axenic cultures apart from their bacterial sym-
bionts specifying the unique ecosystem of the
rumenmicrobiota, particularly this high content
of AT-rich stretches in their genomes is creating
problems in completion of the genome assembly.

Five whole-genome sequencing projects are
currently running, all of them in incomplete
status. These are Neocallimastix frontalis strain
27 (Gi0047884); Neocallimastix sp. strain SC7
(Gi09601); Neocallimastix sp. strain 060013
(Gi07700), composing the monocentric-type
genus of the phylum; the polycentric Anaero-

myces mucronatus YE505 (Gi17207); as well as
Orpinomyces sp. C1A (Gi0048210, Gi0044890,
and Gi12080) (based on information from
JGI’s GOLD at http://www.genomesonline.
org). The genome of Orpinomyces sp. C1A
(Gi12080) was sequenced using a combination
of Illumina and PacBio single-molecule real-
time (SMRT) technologies (Noha et al. 2013).
The genome reveals an extremely large genome
size of 100.95 Mb (16,347 genes) and displays
extremely low G+C content (17.0 %), large
noncoding intergenic regions (73.1 %), prolif-
eration of microsatellite repeats (4.9 %), and
multiple gene duplications. Comparative geno-
mic analysis identified multiple genes and path-
ways that are absent in Dikarya genomes but
present in early-branching fungal lineages or
nonfungal Opisthokonta.

Among these are genes for posttranslational fucosyla-
tion, the production of specific intramembrane pro-
teases and extracellular protease inhibitors, the
formation of a complete axoneme and intraflagellar
trafficking machinery, and a near-complete focal adhe-
sion machinery.

Analysis of the lignocellulolytic machinery
in the C1A genome indicated an extremely rich
repertoire, with evidence of horizontal gene
acquisition from multiple bacterial lineages.
That finding will be of primary importance for
the inclusion of anaerobic fungi in biogas fer-
mentation processes, which are often hampered
by a large accumulation of excessive lignin as a
waste product of crop residue-based biogas
production. The capability of simultaneous sac-
charification and fermentation of the cellulosic
and hemicellulosic fractions in multiple
untreated grasses and crop residues, acquired
during its separate evolutionary trajectory in
the rumen, along with its resilience and inva-
siveness compared to prokaryotic anaerobes,
renders this fungus a promising agent for con-
solidated bioprocessing schemes in biofuels
production (Noha et al. 2013). Further genome
projects on Orpinomyces sp. OUS1 (Gi01756)
and Piromyces sp.E2 (Gi01097) are targeted.
The genome project of Orpinomyces sp. OUS1
is conducted within the 1KFG project.
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B. Terrestrial and Aplanosporic Fungi

Traditionally, fungi classified into the the Zygo-
mycota are counted as the most basal terrestrial
phylum of the kingdom of Fungi. Molecular
phylogenetic analyses revealed dispersal into
five subphyla containing one to four orders
(Hibbett et al. 2007; Hoffmann et al. 2011).
Based on the potential of all five subphyla to
produce zygospores during conjugation of two
yoke-shaped gametangia, they are referred to as
a phylogenetically coherent group named the
Zygomycota for zygosporic fungi as a whole,
which share morphological features but consist
of subphyla whose phylogenetic relationships
are not resolved yet. Sexual conjugation results
in formation of zygospores.

Thalli are usually filamentous, occasionally dimorphic
(yeast and a filamentous stage depending on hypoxia or
normoxia, respectively). The colonies develop typically
non-septate (coenocytic) syncytium-forming mycelia,
which produce aplanosporic (non-flagellate) mitos-
pores borne in multispored sporangia or uni-/few-
spored sporangiola arising from different shape spor-
angiophores (Voigt 2012b). Lifestyle is primarily ter-
restrial, although also facultatively aquatic species,
which are either saprobic or associated with an aquatic
host, are observed.

Of a total of 51 genome projects from
the basal fungi, more than half (28) target
zygosporic fungi (Table 2.1). Zygosporic fungi
play an important role as destruents of organic
matter in the biosphere. Their natural habitat is
the soil. They influence human life and health
as opportunistic pathogens causing mucormy-
cosis, an emerging, life-threatening infection
characterized by rapid angioinvasive growth
with an overall mortality rate that exceeds
50 % in (mostly) immunocompromised
patients, such as those with diabetes mellitus,
cancer, or AIDS. Several members are of
biotechnological importance as biotransforma-
tors in the hydroxylation of steroid com-
pounds, carotene producers or microbial
additives in food fermentation. Microscopic
images from the three most important phyla
(Mucoromycota, Mortierellomycota and Ento-
mophthoromycota) are shown in Fig. 2.5a–c,
respectively.

1. Mucoromycota

The thalli of the Mucoromycota typically con-
sist of aerial mycelia. The mycelium is usually
extremely robust, developing vigorously grow-
ing aerial hyphae (Fig. 2.5a). Fertile hyphae
are often septate (microporic) at maturity.
The sporangiophores arise from trophocysts.
Asexual reproduction occurs by spores formed
in sporocarps, which are multispored sporan-
gia (Fig. 2.5a), or uni-/few-spored sporangiola
or (less commonly) merosporangia produced
in soil or on organic material aboveground.
Sporangia are occasionally forcibly discharged
(e.g. the genera Pilobolus and Utharomyces).
Dimorphism occurs often in the genera
Mucor, Benjaminiella and Rhizopus. Sporangia
develop a visible, variously shaped columella,
which always protrudes into the sporangium.
The existence of a visible, well-developed
columella in multispored sporangia counts as
the trademark and synapomorphic character of
the Mucoromycota. Members of the Mucoro-
mycota are ubiquitous and mesotrophic, sap-
robes or facultative parasites of fungi and
plants, occasionally endophytic in plants. The
order Mucorales encompasses several human
pathogenic species, which are opportunistic,
systemic infection-causing pathogens of ani-
mals (including humans) (Fig. 2.6). Mucormy-
coses are associated with rapid blood vessel
invasion and massive necrotic destruction of
tissue (Sugar 1992; Ribes et al. 2000). Mortality
rates are high (~50 %), and treatment mainly
includes a combination of antifungals and
extensive surgery (Roden et al. 2005; Chakra-
barti et al. 2006; Cornely et al. 2009; Skiada et al.
2011). Of a total of 51 genome projects from the
basal fungi, 21 (41 %) target the Mucoromy-
cota. The genomes of L. corymbifera JMRC:
FSU:9682 (PRJEB3978), Mucor circinelloides
f. lusitanicus CBS277.49 (PRJNA46717),
P. blakesleeanus NRRL1555 (mating type -;
PRJNA61391), R. delemar (ex: oryzae) RA99–
880 (PRJNA13066) are completed (finalized or
permanent draft; Table 2.2).

a) Mucor circinelloides
Mucor circinelloides develops, as any other
Mucor species, aerial hyphae, which are some-
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times positively phototropic. The sporangio-
phores are branched or unbranched, never
bluish-green. Sporangia are lageniform, colu-
mellate and multispored. Specialized sporan-
giola and rhizoids are not formed.
Sporangiospores are hyaline and smooth-
walled. Mucor circinelloides is heterothallic,
producing smooth to warty zygospores borne
on opposed, naked, non-appendaged suspen-
sors during compatible mating partners.
Mucor circinelloides is extremely ubiquitously
distributed and saprobic in soil. It has airborne,
soil-borne and food-borne dispersal.Mucor cir-
cinelloides is an emerging opportunistic patho-
gen causing deep and systemic mucormycoses
in immunocompromised humans. The spore
size is linked to virulence, and the plasticity of
the sex locus and adaptations in pathogenicity
have occurred during speciation of the M. cir-
cinelloides complex (Li et al. 2011). Phyloge-
netic analysis supported the existence of three
extant subspecies (¼ formae) populating the

M. circinelloides complex in nature:M. circinel-
loides f. circinelloides (Mcc), M. circinelloides
f. griseocyanus (Mcg) and M. circinelloides
f. lusitanicus (Mcl). Mcc was found to be more
prevalent among clinical Mucor isolates and
more virulent than Mcl in a diabetic murine
model in contrast to the wax moth host. Mcc
(�) mating type isolates produce larger asexual
sporangiospores that are more virulent in the
wax moth host compared to (+) isolates that
produce smaller, less-virulent sporangiospores.
In addition, the larger sporangiospores germi-
nate inside and lyse macrophages, whereas the
smaller sporangiospores do not.

Mucor circinelloides exhibits hyphal growth
in aerobic conditions but switches to multi-
budded yeast growth under anaerobic/high-
CO2 conditions. The calcineurin pathway
orchestrates the yeast-hyphal and spore size
dimorphic transitions that contribute to viru-
lence of this common zygomycete fungal path-
ogen (Lee et al. 2013). Yeast-locked mutants are

Fig. 2.6. Genome projects among the Mucorales shown
on a phylogenetic tree based on a concatenated Bayes-
ian inference analysis using nuclear small-subunit
(18S) and large-subunit (28S) ribosomal DNA and
exonic nucleotide sequences encoding actin and trans-
lation elongation factor 1alpha from 106 taxa. Mortier-

ellales were treated as outgroup. The human
pathogenic lineages are indicated in red, clinicalla
non-relevant lineages are indicated in black (Modified
after Gherbawy and Voigt 2010 with permission from
Springer-Verlag, Berlin)
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attenuated for virulence, illustrating that
hyphae or the yeast-hyphal transition are
linked to virulence. Since calcineurin governs
the yeast-hyphae morphogenic transition,
calcineurin inhibitors are attractive candidate
compounds for antimucormycosis drugs. The
Tor kinase has also received attention as an
antifungal target because of its inhibition by
the natural product rapamycin in Mucor circi-
nelloides (Bastidas et al. 2012). The identifica-
tion of rapamycin and FK506-binding proteins
takes place by searching the Mucor circinel-
loides genome database (http://genome.jgi-psf.
org/Mucci2/Mucci2.home.html) for genes
encoding proteins containing predicted
FK506-binding domains with high homology
to the FK506 binding domain of S. cerevisiae
FKBP12 (ScFKBP12; encoded by FPR1) (Basti-
das et al. 2012). The genome of Mucor circinel-
loides f. lusitanicus CBS277.49 (PRJNA46717)
in its first draft and second assembly was fina-
lized in March and December 2009, respec-
tively. There were 10,930 and 11,719 genes
structurally and functionally annotated in the
first and second version of the draft assembly,
repectively, and annotation releases have a
genome size of 36.5 Mb (http://genome.jgi.
doe.gov/Mucci2/Mucci2.info.html). The first
version of the assembly of the genome
from M. circinelloides f. circinelloides strain
1006PhL was released in April 2013 by
the Broad Institute (PRJNA172437). The
genome size is 36.55 Mb, and the GC content
is 39.5 %. Of a total of 12,410 predicted genes,
12,227 were functionally annotated to proteins
(based on information fromhttp://www.ncbi.nlm.
nih.gov/genome/?term¼Mucor+circinelloides+f.
+circinelloides).

b) Rhizopus spp.
The genus Rhizopus is the type genus of the
family Rhizopodaceae Schaumann, which
develops sporangiophores forming an umbel
and each branch forming a secondary umbel
that branches dichotomously, one branch ter-
minating in a sporangium and the other in
sterile spines, building the rhizoids that are
characteristic for the genus and highly abun-
dant (for review, see Voigt 2012b).

The sporangiospores are airborne and variously shaped
(globose to ovoid). Zygospores possess a pigmented,
ornamented, rough wall, which is connected to a pair of
more or less equal, opposed, nonappendaged suspen-
sors during heterothallic and homothallic mating inter-
actions.

Species of the genus Rhizopus are saprobes
in soil and have importance as biotransforming
and food-fermenting agents and are also clini-
cally relevant pathogens of plants, animals and
humans. They are predominantly thermotoler-
ant, rhizoid-forming, multispored-sporangiate,
Mucor-like fungi. Molecular phylogenetic ana-
lyses revealed a split into three clades, a ther-
mophilic Rhizopus microsporus group (growth
up to 45 �C), a subthermotolerant Amylomyces-
Rhizopus oryzae species complex group
(growth at 37–40 �C) and a mesophilic R. stolo-
nifer group (growth below 37 �C; Voigt 2012b).
The subthermophilic R. oryzae is the primary
cause of mucormycosis and thus is the first
object of a genome project within the Mucor-
omycota. The genome sequence of R. oryzae
strain 99–880 (also termed RA 99–880), isolated
from a fatal case of mucormycosis, was deter-
mined by the Broad Institute (PRJNA13066)
and reported by Ma et al. (2009). This strain
was isolated in 1999 from a brain abscess of a
patient with diabetes who developed fatal rhi-
nocerebral mucormycosis.

The highly repetitive 45.3-Mb genome
assembly contains abundant transposable ele-
ments, composing approximately 20 % of the
genome. Since the original protein prediction
comprising 13,895 protein-coding genes, a total
of 17,459 proteins were predicted (based on
information of the Fungal Genome Collection
of the University of Nebraska Lincoln, School of
Biological Sciences and Center for Plant Science
Innovation, http://em-x8.unl.edu/~canderson/
FungalGenomeCollection/). The order and
genomic arrangement of the duplicated gene
pairs and their common phylogenetic origin
provided evidence for an ancestral whole-
genome duplication (WGD) event (Ma et al.
2009). The WGD resulted in the duplication of
nearly all subunits of the protein complexes asso-
ciated with respiratory electron transport chains,
the vacuolar-type H+ -ATPase (V-ATPase) and
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the ubiquitin-proteasome systems, as well as in
the expansion of multiple-gene families related
to cell growth and signal transduction, and
secreted aspartic protease and subtilase protein
families, which are known fungal virulence fac-
tors. The duplication of the ergosterol biosyn-
thetic pathway, such as the lanosterol 14a-
demethylase (ERG11) as the major azole target,
could contribute to the variable responses of R.
oryzae to different azole drugs, including vorico-
nazole and posaconazole reported by Vitale et al.
(2012). Expanded families of cell wall synthesis
enzymes, essential for fungal cell integrity but
absent in mammalian hosts, reveal potential tar-
gets for novel and R. oryzae–specific diagnostic
and therapeutic treatments (Ma et al. 2009).

The V-ATPase acidifies intracellular organelles by
pumping protons across the plasma membranes and
also couples energy of ATP hydrolysis to proton trans-
port across intracellular and plasma membranes of
eukaryotic cells.

Rhizopus oryzae comprises a morphologi-
cally and physiologically heterogeneous species
complex encompassing the sibling species R.
oryzae sensu stricto and R. delemar. Phyloge-
netic analyses of the Internal Transcribed
Spacer (ITS) region of the nuclear ribosomal
DNA (rDNA), lactate dehydrogenase B, actin,
translation elongation factor-1a and genome-
wide Amplified Fragment-Length Polymorph-
isms (AFLPs) resolved the same two exclusive
clusters, corresponding to the production of
organic acid as effective taxonomic character
grouping the species complex into two sibling
species, R. oryzae sensu stricto (also known as
R. arrhizus) and R. delemar, correlating with
the lactic acid and fumaric–malic acid produ-
cers, respectively (Abe et al. 2007). Reclassifica-
tion of strains in the fumaric–malic acid group
as R. delemar, and therefore reclassification of
the genome strain R. oryzae 99–880 into R. dele-
mar, was proposed (Gryganskyi et al. 2010).
More genome projects on R. oryzae were
initiated on strains 99–892 (PRJNA186020),
B7407 (PRJNA184879), HUMC 02
(PRJNA186018), NRRL 13440 (PRJNA186013)
and NRRL 21396 (PRJNA186015), the last two

both type 1. Besides the genome projects on the
R. delemar–R. oryzae species complex repre-
senting the subthermophilic Rhizopus group,
further genome projects were initiated on two
strains of R. microsporus (ATCC52813 and
CCTCCM201021) and Rhizopus stolonifer strain
B9770 (PRJNA184886) representing the thermo-
philic and the mesophilic group, respectively
(classification in accordance to Voigt 2012b).
Rhizopus microsporus is traditionally used for
brewing alcoholic beverages and fermented
foods in China (Wang et al. 2013) but is also
an important causative agent of mucormycosis
(de Hoog et al. 2000). The 45,666,236-bp (ca.
45.7 Mb) draft genome sequence of R. micro-
sporus var. chinensis CCTCCM201021
(PRJNA179339), isolated from the leaven Daqu,
was determined, annotated and released in Feb-
ruary 2013 (Wang et al. 2013). The genome of R.
microsporus var. microsporus ATCC52813
(PRJNA205957) was released in August 2013 as
part of the 1KFG project. With the exception of
the genome from R. delemar strain 99–880, all
other genomes of Rhizopus spp. are incomplete.
Genome sizes and GC contents always range
around 45 Mb and 36.9 %, respectively.

c) Lichtheimia spp.
The genus Lichtheimia is the type genus of the
family Lichtheimiaceae Kerst. Hoffm., Walther
and K. Voigt 2009 (Hoffmann et al. 2009). Colo-
nies of Lichtheimia rapidly grow mainly at opti-
mum temperatures between 37 �C and 42 �C
and are predominantly thermotolerant until a
maximum of 55 �C. The hyphae are coenocytic
and often form stolons, rhizoids and terminal
sporangia.

The sporangiophores are erect or slightly curved. Spor-
angia are, as typical for any other Mucorales, collumel-
late, spherical or subpyriform. Giant cells are abundant,
pleomorphic with finger-like projections and charac-
teristic for the genus. The genus is heterothallic and
requires two compatible mating types to form zygos-
pores, which are globose to oval, thick walled, naked,
dark brown, with smooth and less-ornamented
epispore. The gametangia are equal in size, non-
appendaged, occasionally developing equatorial rings
surrounding the zygospore borne on opposed suspen-
sors.
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Lichtheimia species not only are ubiqui-
tously distributed, saprobic decomposers in
soil and decaying organic matter (e.g. compost,
silage, fermented food, etc.) but also are impor-
tant causative opportunistic agents of deep-
tissue mycoses in animals and humans. They
represent the second and third most common
cause of mucormycosis in Europe and world-
wide, respectively (Roden et al. 2005; Skiada
et al. 2011; Lanternier et al. 2012). The genus
Lichtheimia encompasses six thermotolerant
species, which are L. corymbifera, L. ramosa,
L. ornata, L. hyalospora, L. sphaerocystis
(Alastruey-Izquierdo et al. 2010) and L. brasi-
liensis (Santiago et al. 2013). The first three are
known to be clinically relevant (Alvarez et al.
2009). Pulmonary Lichtheimia infections fol-
lowing solid-organ transplantation seem to be
associated with a higher risk to develop
disseminated disease (Sun et al. 2009). To gain
insight into the genomic differences between
these groups of pathogens, the type strain of
L. corymbifera (JMRC:FSU:9682 > CBS 429.75
> ATCC 46771) was sequenced and compared
to published genomes of other fungi composing
several phyla. Comparative genomics studies
on Lichtheimia revealed a large evolutionary
distance to all fungal genomes published until
now, providing evidence for the hypothesis that
L. corymbifera has independently evolved its
ability to infect humans by developing specific
pathogenesis mechanisms (unpublished data).
Whether these differences are reflected in the
genome may reveal the analysis of the genome
of the thermotolerant but not human
pathogenic species L. hyalospora, whose first-
assembly version was released by DOE-JGI and
implemented in the 1KFG project in July 2013
(http://genome.jgi.doe.gov/Lichy1/Lichy1.
home.html).

d) Phycomyces blakesleeanus
The genus Phycomyces belongs to the family of
the Phycomycetaceae, which produce mycelial
thalli with large macroscopically visible, robust
sporangiophores developing multispored spor-
angia (Voigt 2012b). Zygospores are formed
during heterothallic mating interactions on

coiled, opposed or tong-like suspensors bear-
ing branched appendages. The sporangio-
phores are large, unbranched, usually bluish-
green, positively phototropic, and negatively
gravitropic. Phycomyces is saprobic in soil or
in association with herbivore dung and cosmo-
politan in preferably the temperate climatic
zones. Phycomyces blakesleeanus is sensitive
to light, and most research on Phycomyces spe-
cies has been directed towards understanding
phototropic growth (Popescu et al. 1989) and
growth away from stationary objects, a phe-
nomenon known as the avoidance response
(Johnson and Garnow 1971). The genome
(53.9 Mbp in size) of P. blakesleeanus
NRRL1555 (mating type –, PRJNA61391) was
finished and released by DOE-JGI in September
2006 (first version) and March 2010 (second
version). The latest version contains a total of
16,528 predicted proteins (Fungal Genome
Collection of the University of Nebraska Lin-
coln, School of Biological Sciences and Center
for Plant Science Innovation at http://em-x8.
unl.edu/~canderson/FungalGenomeCollection/).
Besides NRRL1555 (UBC2[�]), a wide variety of
strains, 20 in total (UBC21[+], A893, A905, A909,
B2, B16, C6, C21, C47, C68, c107[+], C109, C110,
C149, C307, L151, L153, L157, L161, L163), are
currently sequenced at the DOE-JGI (based on
information from GOLD, http://www.genome-
sonline.org).

e) Further Mucorales Genome Initiatives
Within the 1KFG, the genomes of Backusella cir-
cina FSU 941 (genome size 48.65 Mb; http://
genome.jgi.doe.gov/Bacci1/Bacci1.info.html) and
Umbelopsis ramanniana (genome 23.08 Mb;
http://genome.jgi-psf.org/Umbra1/Umbra1.home.
html) were released in July and September 2013,
respectively. Based on information from GOLD
(http://www.genomesonline.org), a variety of
genome projects on Rhizomucor spp. (R. miehei
CBS182.67 [Gi17195] and R. pusillus CBS183.67
[Gi17196]) were initiated by the McGill Univer-
sity and Genome Quebec Innovation Centre
(MUGQIC). Both species play important roles
in food fermentation as opportunistic human
pathogens (de Hoog et al. 2000).
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2. Mortierellomycota

The group of the Mortierellomycota (Fig. 2.5b)
compose the subphylum Mortierellomycotina
(Hoffmann et al. 2011). The mycelium typically
develops anastomosing hyphae, which are
dichotomously branching and bear stylospores.

The hyphae are sporangiferous with basally inflated
sporangiophores elongating towards the sporangio-
phore apex. The sporangiophores are erect and coeno-
cytic initially but irregularly septated at maturity.
Asexual reproduction takes place via sporangia and
sporangiola. In contrast to the Mucoromycota, the col-
umella is absent in the sporangia of the Mortierellomy-
cota. Ramifications are gracilous, primarily
horizontally expanding, erecting hyphae occasionally
terminating with sporangiola. Spores are globose to
ellipsoid or irregular, smooth or ornamented. Rhizoids
occur only occasionally. Giant cells are absent. Zygos-
pores are rarely reported and, where formed, are naked.

Members of the group are saprobic in soil
and occasionally endophytic/‘ectomycorrhizal’
(Voigt 2012b). One genome of Mortierella
alpina strain ATCC 32222 (PRJNA41211) was
completed and assembled using high-
throughput sequencing (Wang et al. 2011).
Mortierella alpina is an oleaginous fungus
that produces lipids accounting for up to 50 %
of its dry weight in the form of triacylglycerols
(Wang et al. 2011). It is used commercially for
the production of arachidonic acid used as a
dietary lipid. The 38.38-Mb M. alpina genome
shows a high degree of gene duplications.
Approximately 50 % of its 12,796 gene models,
and 60 % of genes in the predicted lipogenesis
pathway, belong to multigene families. Phylo-
genetic analysis based on genes involved in
lipid metabolism suggests that oleaginous
fungi may have acquired their lipogenic capac-
ity during evolution after the divergence of
Ascomycota, Basidiomycota, Chytridiomycota
and Mucoromycota. Also, the first version of
the assembly from the genome of Mortierella
elongata (genome size 49.96 Mb) as implemen-
ted within the 1KFG project is available from
the DOE-JGI’s online facilities (http://genome.
jgi-psf.org/Morel1/Morel1.info.html). Further-
more, the genome of Mortierella verticillata
NRRL 6337 (PRJNA20603) is under way,

provided by the OMP of the Broad Institute.
The project is still incomplete.

3. Entomophthoromycota

Members of the Entomophthoromycota
(Humber 2012) constitute a remarkable group
that represents the most basal lineage among
the Zygomycota (Fig. 2.1). The phylum contains
a single order, the Entomophthorales, which
splits into six families, among those the Basi-
diobolaceae and the Entomophthoraceae are the
most important (Voigt 2012b). The Basidiobo-
laceae are pathogenic to amphibians and rep-
tiles, whereas the Entomophthoraceae are
entomopathogenic and of great importance as
biocontrol agents against insect pests. Some of
these are so highly adapted to their insect hosts
that their lifestyle obligately relies on the close
relation to the host insect throughout the entire
fungal ontogeny, making a fungal cultivation in
axenic cultures impossible. Currently, five
genome projects have been initiated targeting
entomophthoralean fungi, which are saprobic
and thus cultivable in axenic cultures
(Fig. 2.5c). All of them have the potential as
generalist pathogens to facultatively infect and
parasitize animal hosts over a broad host range.
Four whole-genome sequencing projects are
implemented within the 1KFG project and are
still in the incomplete status. These are Basidio-
bolus meristosporus (Gi22570), Conidiobolus
coronatus strain NRRL 28638 (Gi08779), Coni-
diobolus thromboides (Gi22553) and Zooph-
thora radicans ARSEF 4784 (Gi22538) (based
on information from JGI’s GOLD, http://www.
genomesonline.org). Furthermore, a genome
project on C. coronatus JMRC:FSU:4392
(Fig. 2.5c, unpublished) has been completed at
the Jena Microbial Resource Collection (JMRC)
in collaboration with the Leibniz Institute for
Age Research–Fritz Lipmann Institute (FLI), the
Leibniz Institute for Natural Product Research
and Infection Biology–Hans Knöll Institute
(HKI) and the Max Planck Institute for Chemi-
cal Ecology, all three institutions localized in
Jena (Germany). The data are undergoing
extensive bioinformatic analyses.
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4. Glomeromycota

The colonization of land by plants relied on
fundamental biological innovations, among
them symbiosis with fungi to enhance nutrient
uptake (Simon et al. 1993; Bidartondo et al.
2011). Since 1975, it has been assumed, largely
from the observation that vascular plant fossils
of the early Devonian (400Ma; Remy et al. 1994)
and Ordovician (485 to 443 Ma; Redecker et al.
2000) show arbuscule-like structures, that fungi
of the Glomeromycota were the earliest to form
mycorrhizas (Pirozynski and Malloch 1975).
Evolutionary trees have, until now, placed Glo-
meromycota as the oldest known lineage of
endomycorrhizal fungi (Heckman et al. 2001;
Smith and Read 2008; Wang et al. 2010).
Endogone-like fungi, currently classified
among the subphylum Mucoromycotina
(Hibbett et al. 2007), are widely associated with
the earliest branching land plants and give way
to glomeromycotan fungi in later lineages,
which provides evidence that members of the
Mucoromycota rather than the Glomeromycota
enabled the establishment and growth of early
land colonists (Bidartondo et al. 2011). Of a total
of 51 genome projects, only a single project
targets the arbusclar endomycorrhizal fungi,
which are represented by Rhizophagus irregu-
laris (Glomus intraradicis). Also, this project is
still incomplete (Table 2.1). The first version of
the assembly and annotation of the genome of
Rh. irregularis strain DAOM181602 was
released in July 2013, implemented among the
1KFG (http://genome.jgi.doe.gov/Gloin1/
Gloin1.home.html). The production of a comp-
letely annotated and assembled Rh. irregularis
genome has proven to be an especially arduous
challenge and is the result of a 9-year effort of
hard work (Martin et al. 2008). The problem of
accurate genome sequencing of arbuscular
mycorrhizal (AM) fungi arises from the endo-
symbiontic fungi, which localize within the
chlamydospores and thus ‘contaminate’ the
genome of the AM fungus (Hijri et al. 2002).
Furthermore, the Glomeromycota reproduce
by spores containing hundreds of nuclei,
which is unique for the AM fungi and represents
a departure from the typical eukaryotic devel-
opmental pattern, in which a multicellular

organism is re-created from a uninucleate prop-
agule (Jany and Pawlowska 2010). The AM
fungal-specific developmental pattern of sporo-
genesis was postulated to have adaptive signifi-
cance for moderating the accumulation of
deleterious mutations and to contribute to the
evolutionary longevity of Glomeromycota. This
multinuclearity of the AM fungal spores, which
are often visible by naked eye, leads to poly-
morphisms that impede the assembly of the
genome.

C. Miscellaneous Microorganisms Sharing
a Common Ancestor with the Fungi

Among the fungal allies, the Cryptomycota are
represented by 2 and the microsporida by 32
genome projects (Table 2.1).

1. Cryptomycota (Rozellida): Rozella allomycis

The Cryptomycota refer to ‘hidden fungi’ sum-
marizing all the opisthokont flagellate, primar-
ily heterotrophic protists, which were formerly
classified to the Rozellida (Lara et al. 2010;
Jones et al. 2011a). They differ from the classi-
cal fungi sensu stricto in that they lack chitinous
cell walls in the trophic stage, as reported by
Jones et al. (2011a). Because of their phago-
trophic lifestyle and lack of chitin in major
key phases of their life cycle, the classification
of this group to or apart from the fungi is still
subject of an extensive scientific debate.
Despite their unconventional feeding habits,
chitin was observed in the inner layer of resting
spores and in immature resting spores for some
species of Rozella, as indicated with calcofluor-
white staining, as well as the presence of a
fungal-specific chitin synthase (CHS) gene
(James and Berbee 2011). However, genes
encoding fungal-like CHSs are abundant in
members of many non-fungal lineages, such
as amoebozoans (Entamoeba), trichomonads
(Trichomonas and Tritrichomonas) and dia-
toms (Thalassiosira), stramenopiles and chro-
malveolates (Campos-Góngora et al. 2004;
Kneipp et al. 1998; Durkin et al. 2009; Greco
et al. 1990).
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The diatom Thalassiosira pseudonana possesses six
genes encoding three types of CHS (Durkin et al.
2009). Transcript abundance increases when cells
resume division after short- and long-term silicic acid
starvation and under short-term silicic acid or iron-
depletive conditions, which are connected in the
environment and known to affect the cell wall. In Ent-
amoeba, a pair of genes encoding CHS was identified in
each of three single species, E. histolytica, E. dispar and
the reptilian parasite E. invadens (Campos-Góngora
et al. 2004). Both CHS-1 and CHS-2 are not expressed
in Entamoeba trophozoites (which are the vegetative
cells), but substantial amounts of CHS-1 and CHS-
2 RNA were present 4–8 h after induction of cyst
formation by glucose deprivation of E. invadens, the
common model for cyst induction. The expression of
chitin as a structural component of Trichomonas vagi-
nalis and Tritrichomonas foetus was demonstrated by
Kneipp et al. (1998). The distribution, synthesis and
deposition of chitin in protistan organisms was
reviewed by Mulisch (1993).

Cell-wall associated chitin is abundant all
across the eukaryotic domain and was reported
to be the major structural component of cyst
walls from protists not having any fungal
affiliation, such as Giardia (Diplomonada-Zoo/
Sarcomastigophora); Nephromyces (classified
into Apicomplexa-Chromalveolata by Saffo
et al. 2010); Entamoeba (Amoebozoa);
Trichomonas (Trichomonadida-Parabasalia);
Poteriochromonas (syn. Ochromonas,
Chrysophyta-Chromalveolata); Thalassiosira
(Heterokontophyta-Chromalveolata) and
Euplotes (Ciliata-Chromalveolata) (Ward et al.
1985; Saffo and Fultz 1986; Arroyo-Begovich
and Crabez-Trejo 1982; Campos-Góngora et al.
2004; Herth et al. 1977; Brunner et al. 2009;
Greco et al. 1990, respectively).

The differences between protists and fungi
are that fungi develop cells that are composed
of chitin in major key phases during their life
cycle, while protists lack cell walls, which are
exceptionally formed during encystation. Also,
in diatoms (Heterokontophyta), the primary
composer of ocean plankton, networks of chitin
filaments are integral components of diatom
silica shells (Brunner et al. 2009; Durkin et al.
2009).

The potential for chitin production is encoded in the
genomes of many eukaryotes (protists, animals and
fungi) but seems often not to be expressed during

the entire life cycle. Similarly, the presence of genes
encoding for enzymes such as cellulases (Zhao et al.
2013) or enzymes participating in secondary metabo-
lism, such as non-ribosomal polyketide synthases
(Schroeckh et al. 2009; Brakhage and Schroeckh 2011),
were reported to be silent in the genomes of the fungi
that are not known to have any enzymatic property
encoded by the silent genes (for review, see Brakhage
and Schroeckh 2011).

During the past, the Cryptomycota were
ambiguously classified to the fungi (Jones
et al. 2011a; James and Berbee 2011) or as a
sister group to the fungi (Lara et al. 2010). The
term was validly described in accordance with
the ICNAFP (Jones et al. 2011b). Recently, a
cultured aphelid species, Amoeboaphelidium
protococcarum, was shown to form a monophy-
letic group with Rozella and microsporidia as a
sister group to the Fungi and uses, unlike fungi,
a non-canonical nuclear genetic code, which
provides evidence for Rozella’s non-fungal
affiliation (Karpov et al. 2013). Aphelids resem-
ble primitive opisthokont protists that produce
zoospores and possess, unlike fungi, a phago-
trophic mode of nutrition uptake, which quali-
fies them as descendents of the common
ancestor of fungi and multicellular animals
right at the divergence point of the fungi from
the animal kingdom.

Currently, two genome projects are under
way targeting R. allomycis strain CSF55, an
obligate parasite of zoosporic fungi (here:
Allomyces spp.). These projects are (based on
information from GOLD, www.genomesonline.
org): (a) Gi08798 implemented within 1KFG
and (b) Gi0045129, a project driven by the
University of Michigan, both using a combina-
tion of Illumina HiSeq 2000 and 454 next-
generation sequencing methods.

2. Microsporidia

The Microsporidia are intracellular parasites
that lack mitochondria. Their ribosomes are
unusual in (a) being of prokaryotic size (70S)
and (b) lacking characteristic eukaryotic
nuclear 5.8S rRNA as a separate molecule but
which is incorporated into the nuclear 28S
rRNA. Comparison of rRNA genes (Vossbrinck
et al. 1987) and single-protein phylogenies
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(Kamaishi et al. 1996) suggests that microspor-
idia are ancient eukaryotes. The scientific com-
munity is divided into two groups: one arguing
for the fungal classification of the microspori-
dia and one against its fungal alliance (for
review, see Voigt and Kirk 2011; pro: Bohne
et al. 2000; Fast and Keeling 2001; Keeling and
Slamovits 2004; Capella-Gutiérrez et al. 2012;
and against: Barron 1987; Patterson and Zölffel
1991; Hirt et al. 1997; Hashimoto et al. 1998;
Peyretaillade et al. 1998a, b; Patterson 1999;
Delbac et al. 2001; Bacchi et al. 2002; Glockling
and Beakes 2002; Tanabe et al. 2002). The new
code organizing the description of fungi, the
ICNAFP (Melbourne Code; McNeill et al.
2012), excludes the microsporidia. Therefore,
new microsporidian species are described by
the ICZN (Ride et al. 2000). Currently, 32
genome projects from the Microsporidia are
known: 2 are finalized (PRJNA13833/
PRJNA155 regarding Encephalitozoon cuniculi
[Ec] strain GB-M1, and PRJNA42703/
PRJNA51607 regarding Encephalitozoon intes-
tinalis [Ei] strain ATCC 50506; Katinka et al.
2001; Corradi et al. 2010, respectively); 2 in
permanent draft status (PRJNA48321/
PRJNA32971 regarding Nosema ceranae [Nc]
strain BRL01 and PRJNA51843/PRJNA61123
regarding Nematocida parisii [Np] strains
ERTm1 and ERTm3; Cornman et al. 2009;
Cuomo et al. 2012, respectively) and 28
reported as incomplete (Tables 2.1 and 2.2).
The genomes of the microsporidia are highly
reduced, ranging from 2.22 Mb (Ei), 2.5 Mb
(Ec), 4.07 Mb (NpERTm1), 4.15 Mb
(NpERTm3) to 7.86 Mb (Nc) in size, containing
1,892 (Ei) 2,029 (Ec), 2,678 (Nc), 2,724
(NpERTm1) and 2,788 (NpERTm3) predicted
genes (Katinka et al. 2001; Cornman et al.
2009; Corradi et al. 2010; Cuomo et al. 2012).
The draft assembly (7.86 MB) of the Nc genome
derived from pyrosequencing data has a strong
AT bias (74.7 % A+T, 25.3 % G+C), unlike
other microsporidian genomes (41.5 % G+C
[Ei], 47.3 % G+C [Ec], 34.5 % G+C
[NpERTm3]), and diverse repetitive elements,
complicating the assembly (Cornman et al.
2009). Of the 2,614 predicted protein-coding
sequences, 1,366 were conservatively estimated
to have homologs in the microsporidian Ei
(PRJNA13833; Katinka et al. 2001), the most

closely related published genome sequence.
Microsporidia have a surprisingly wide spec-
trum of G+C content, genome size and a high
variability in genome architecture (e.g. gene
syntenies), rendering these microorganisms an
exceptional and rapidly evolving group of obli-
gate intracellular parasites that exemplifies the
contradictory forces of simplification and com-
plex specialization borne on the adaptation to
the parasitic lifestyle as reductive element
(Keeling and Slamovits 2004).

3. Nucleariida-Fonticula Group: Nuclearia
simplex and Fonticula alba

The nucleariids are a group of amoebae that
develop filose pseudopodia (from the Greek
word cedpdia, ced ‘fake, false’+pdia ‘feet’),
which are temporary projections of membranes
from eukaryotic cells or unicellular protists
(Zettler et al. 2001; Steenkamp et al. 2006;
Shalchian-Tabrizi et al. 2008). They are abun-
dant in soils and freshwater. They are distin-
guished from the morphologically similar
vampyrellids (filose-typed Cercozoa: subphy-
lum Filosa) mainly by having discoid cristae-
typed mitochondria. Fonticula is a cellular
slime mould that forms a fruiting body in a
volcano shape and is a sister genus of the Nucle-
aria, both related to fungi (Brown et al. 2009).
Fonticula, Nuclearia, and Fungi have been
united into the Nucletmycea, which is sister to
the Holozoa (for review, see Voigt et al. 2013).
Sequencing of the genome of Fonticula alba
strain ATCC 38817 (PRJNA189482, 31.3-Mb
genome size and 67.9 % G+C content) is cur-
rently in progress, included in the OMP.

4. Mesomycetozoa (Ichthyosporea)

The DRIP clade, which is an acronym for the
original members: Dermocystidium, rosette
agent, Ichthyophonus, and Psorospermium, is
referred to the class Ichthyosporea, and more
recently to the class Mesomycetozoa; it is a
heterogeneous group, mostly of parasites of
fish and other animals at the boundary of ani-
mals and fungi (for review, see Mendoza et al.
2002; Ragan et al. 2003). The Mesomycetozoa
seem to be the most masal lineage within the
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Holomycota (also: Nucletmycea), which is
composed of the fungi, Cryptomycota (Rozel-
lida), Microsporidia, Nucleariida and Mesomy-
cetozoa, summarized as sister group to the
Holozoa (for review, see Voigt et al. 2013).
Two orders were described in the mesomyce-
tozoans: the Dermocystida and the Ichthyo-
phonida, which form amoeba-like cells
and flagellate cells, respectively. So far, all
members in the order Dermocystida are patho-
gens either of fish (Dermocystidium spp. and
the rosette agent) or of mammals and birds
(Rhinosporidium seeberi), and most produce
posteriorly uniflagellate (opisthokont) zoos-
pores. Fish pathogens also are found in the
order Ichthyophonida, but so are saprotrophic
microbes. The Ichthyophonida species do not
produce flagellate cells, but many produce
amoeba-like cells. Descriptions of the genera
of the class Mesomycetozoa and their morpho-
logical features, pathogenic roles, and phyloge-
netic relationships were reviewed by Mendoza
et al. (2002).

Three genome projects are in progress, all
embedded in the OMP as carried out by the
Broad Institute: (a) Amoebidium parasiticum
strain JAP-7–2 (PRJNA189476); (b), Sphaero-
forma arctica strain JP610 (PRJNA20463) and
(c) Capsaspora owczarzaki strain ATCC 30864
(PRJNA193613, PRJNA20341).

Amoebidium parasiticum is a unicellular microorgan-
ism found on the external cuticule of Crustacea,
Amphipods, Isopods, Copepods and Insects. Contrary
to its name, this fungus has not been reported to be
parasitic. This organism is of high evolutionary interest
because, together with other unicellular organisms such
as Sphaeroforma arctica, it diverged prior to Metazoa
and prior to the Choanoflagallata (Lang et al. 2002).
Sphaeroforma arctica is a unicellular protist originally
isolated from an arctic marine amphipod. Both single-
cell organisms, A. parasiticum and S arctica, account
for a pool of ancient genes that might be responsible for
early development in multicellular animals. Therefore,
sequencing of these unicellular organisms originating
right at the divergence point of animals and fungi may
reveal the origins of genes that are crucial for multicel-
lularity.

Capsaspora owczarzaki is an amoeboid symbiont
of a pulmonate snail and was subsequently found not to
be a nucleariid or an ichthyosporean as previously
described, but is more closely related to the Choano-
flagellata as elucidated by molecular phylogenetic ana-
lyses of the protein-coding genes of the elongation

factor 1-alpha (EF1-alpha) and the heat shock protein
70 (Hsp70) (Ruiz-Trillo et al. 2006).

III. The Evolution of Basal Lineage
Fungi: A Phylogenomic Perspective

In the past, the delimitation of the fungi was
based on various aspects: classical approaches
to identify fungi ranging from comparisons
with the fossil record (Hawksworth et al.
1995); the use of physiological (Pitt 1979) and
biochemical markers (Paterson and Bridge
1994); the composition of the cell wall
(Bartnicki-Garcia 1970, 1987) and isoenzyme
patterns (Maxson and Maxson 1990); the exis-
tence of pigments (Besl and Bresinsky 1997);
secondary metabolite profiles (Frisvad and
Filtenborg 1990) to observations on the ultra-
structure (James et al. 2006b).

The next, and more difficult, step will be to
develop community standards for sequence-
based classification, which facilitate naming of
species known only from environmental
sequences into a new taxonomic category
(comparable to the Candidatus status for bac-
teria and archae) or an identifying suffix. This
would be the ENAS (environmental nucleic acid
sequence) or eMOTU (environmental molecu-
lar operational taxonomic unit; for review,
see Hibbett and Taylor 2013).

Genomic approaches utilize comparative
genomics aimed at the elucidation of biosyn-
thetic gene clusters and other gene syntenies
known to be typical for fungi, such as chitin
synthesis (James and Berbee 2011), or whole-
genome analyses resulting in the reconstruc-
tion of phylomes, which represent phylogenetic
networks based on single trees (Capella-
Gutiérrez et al. 2012, see also Chap. 3 in this
volume).

The resolution of the deep fungal branches
was solely possible by the reconstruction of a
robust backbone of the fungal phylogenies
using a multitude of genes, which were strongly
selected for orthology applying novel bioinfor-
matic tools (Ebersberger et al. 2009b). That
bioinformatic approach, called HaMStR
(Hidden Markov Model Based Ortholog Search
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Tool Using Reciprocity), combines a profile
hidden Markov model search with subsequent
BLAST (Basic Local Alignment Search Tool)
search to extend existing ortholog clusters
with sequences from additional taxa to mine
EST (Expressed Sequence Tag) and genomic
data for the presence of orthologs to a curated
set of genes (Ebersberger et al. 2009b). Phylo-
genomic studies based on more than 100 ortho-
logous protein-coding genes provided evidence
for the reunification of Blastocladiomycota,
Chytridiomycota, s.str., Neocallimastigomy-
cota, and the Monoblepharidomycota into
one phylogenetically coherent group named
the Chytridiomycota s.l. for zoosporic true
fungi as a whole. These fungi share the produc-
tion of zoospores with posteriorly directed
whiplash flagella and mitochondria with flat-
tened cristae as a common morphological fea-
ture with other opisthokonts as common
synapomorphies (James et al. 2006b; Ebersber-
ger et al. 2009a, 2012). Despite the success of the
novel approaches, the phylogeny of zoosporic
true fungi still requires improvement in phylo-
genetic resolution because of an increase in
taxon sampling completion. The increase of
genome projects targeting the basal fungal
lineages is the first step towards clarification
of the phylogenetic relationships right at the
divergence nodes, which are still questionable
up to date, at a genome-wide scale.

IV. Genomic Features Characteristic
for Basal Fungi

A. Whole-Genome Duplication

Because not many basal fungal species have
been fully sequenced, not much is known
about the peculiarities of their genomic struc-
tures. However, even having at hand the limited
number of examples, we can discuss some inter-
esting features characteristic for these genomes.

The first characterized genome of the
Mucorales was Rhizopus oryzae, and the most
interesting feature regarding the genome struc-
ture was its whole-genome duplication (Ma
et al. 2009). In this work, the evidence for the
WGD was based on the comparison of the

duplicated (and non-duplicated) orthologs of
R. oryzae and P. blakesleeanus and on the geno-
mic distribution of the duplicated genes (seg-
mental duplications) in the Rhizopus genome.
This discovery caused increased interest in the
possibility of the WGD in the subsequently
sequenced genomes, so by the time of the anal-
ysis of other representatives of the basal fungi
(e.g. Conidiobolus and Lichheimia), it was
tempting to assign the observed duplications
to the same mechanism. However, no evidence
for a recent WGD could be revealed by the
thorough analysis of the corresponding gen-
omes (personal observations, unpublished). In
particular, WGD presumes a large (or at least
detectable) number of repeated syntenic
regions (i.e. regions with the same order of
genes) of reasonable size. In R. oryzae, the
number of segmental duplications covers
more than 10 % of the genome (Ma et al.
2009), whereas in other mucoralean genomes
this number is comparable with that of the
derived fungi (e.g., ascomycetes, with exception
of Saccharomycotina). For example, the dupli-
cated regions in L. corymbifera cover less than
4 % of its genome (personal observation,
unpublished). These observations confirm the
conclusions made by Ma et al., who claimed the
WGD as being specific only for R. oryzae, not
affecting the other mucoralean genomes. The
origin of the duplicated genes in mucoralean
genomes (besides Rhizopus) may be a much
more ancient genome duplication, as suggested
by Marcet-Houben et al. (2009), which is no
longer detectable as regions’ duplications.
Although some of the duplicated regions can
be assumed to be remains of this ancient WGD,
we cannot assign all gene duplications to this
process. What could be the origin of the gene
expansions that we observe in significant
amounts in the basal fungal genomes?

B. Gene Duplication, Tandem Duplication

With respect to the basal lineage fungi, large
amounts of gene expansions have been
reported targeting the proteases. Comparative
analyses of the genomes of the amphibian-
pathogen Bd and its closest known relative,
the non-pathogenic chytrid Hp, provided evi-

52 E. Shelest and K. Voigt



dence for a significant lineage-specific expan-
sion of three protease families (metallo-, serine-
type, and aspartyl proteases in Bd),
which occurred after the divergence of Bd and
Hp from their common ancestor and thus are
unique for the Bd branch (Joneson et al. 2011).
These expansions in protein families count as
virulence factors providing the possibility for
Bd to become a successful pathogen. The
timing of the protease gene family expansions
pre-dates the emergence of Bd as a globally
important amphibian pathogen supporting the
hypothesis (proposed by Joneson et al. 2011)
that protease genes are important in the evolu-
tionary transition from non-pathogenic into
pathogenic in this group.

Analysing several genomes of basic fungi
(e.g. L. corymbifera, C. coronatus), we noticed
a large number of tandem duplications, which
in a way contradicts the idea of the WGD.
Tandem duplications per se cannot be called
a specific feature of the basal fungi, as their
number is on average not significantly higher
as in, for example, asco- or basidiomycete
genomes.

The only exception is C. coronatus, for which a pilot
study revealed the highest so far detected number of
protein-coding genes found in tandem duplications
(~180 per 1,000 proteins), whereas for other fungi in
this study this number does not exceed 69.

But, remarkably, we see a strong overlap of
tandems with gene expansions, which suggests
that the majority of expanded gene families
could occur through the mechanism of tandem
duplications.

Expansions of particular gene families are
lineage specific. For instance, C. coronatus is
characterized by expansions of the heat shock
factors (HSFs), several transcription factor (TF)
families and some families of secreted pro-
teases. Remarkably, 24 % of all TFs occur as
tandem duplications; the same is true for 60 %
of HSFs. All four families of secreted proteases,
which are expanded in C. coronatus from 42 %
(S01) to 65 % (S08), are found in tandem dupli-
cations (Table 2.3). Moreover, for some exam-
ples the ‘excess’ of genes can be explained
exclusively by tandems: for example, for S08
proteases, if we subtract the number of genes

in tandem repeats (24) from the total number of
genes in the family (37), we obtain the number
(13) that equals the average number of genes in
Ascomycetes (11.7�4.6) and in L. corymbifera
(14), where this family is not expanded.

Gene expansions can be associated with
tandem duplications also in other genomes of
basal fungi. In L. corymbifera, 42 of 66 gene
expansion groups contain tandem duplications,
covering 38 % of all genes in the expanded
groups. Interestingly, the number of tandem
duplications in R. oryzae is also quite high
(69 per 1,000 proteins, which puts R. oryzae in
second place after C. coronatus). It remains
questionable whether these duplications
occurred before or after theWGD; in the former
case, the tandems would be doubled by the
WGD, which might explain this high number.

These findings suggest that, in basal fungi,
the mechanism of tandem duplications may be
the main force driving the adaptation process,
being responsible for gene expansions. As we
mentioned in the beginning of this chapter,
genomic studies of the basal fungal lineages
are in their infancy because of the lack of the
fully sequenced genomes until recently. How-
ever, the sequencing projects are speeding up,
so we can expect more material for comparative
studies of these important fungi.

VI. Conclusions

Of a total of about 100,000 fungal species
described so far, approximately 5,000
(ca. 6 %) are basal true fungi. Estimates forecast
a much higher number of up to 1.5–3.5 million
fungal species (Hawksworth 2001), of which
basal fungi and miscellaneous fungus-like

Table 2.3. Examples of gene families of secreted pro-
teases, expanded in the entomophthoralean fungus
Conidiobolus coronatus JMRC:FSU:4392 (unpublished
data)

Protease family Number
of them in groups
(Number of groups)

M14A 16 10 (3)
M36 9 4 (1)
S01 26 11 (3)
S08 37 24 (5)
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organisms may compose the majority. There-
fore, the basal lineages of the fungi represent a
highly underestimated group of fungi that has
been less studied during the past but deserves
higher attention in all respects. They signifi-
cantly contribute to the dynamics of the inter-
action among all domains of life and provide a
pool for the properties of phylogenetically
derived fungal lineages. If we take the
evolutionary history of the basal fungi into
account, we can deduce trends in evolution
towards a deep and comprehensive under-
standing of mechanisms behind adaptation
and selection.

Currently, several genome initiatives are
under way focusing on different biological
questions, such as exploration for possible
genetic engineering of fungi to produce higher
levels and diverse contents of secondary meta-
bolites, carotenes, dietary lipids, enzymes used
for food fermentation or biotransformation of
steroids, and so on, as well as facilitate the
rational design of antifungal drugs.

Large-scale genome projects provide
insight into the evolutionary history of the
fungi and their legacy in the evolution of multi-
cellularity. The genomes show a considerable
amount of apparent genetic redundancy, and
one of the major problems to be tackled during
the next stage of completed fungal genome pro-
jects is to elucidate the biological functions of
the genes encoded in each of the genomes. For
example, genome-wide identifications and com-
parisons of fungal TFs or carbohydrate activity
enzymes (CAZymes) can help to gain a better
understanding of their regulatory mechanisms
and the functionality of the encoding genes and
their encoded proteins (Shelest 2008; Zhao et al.
2013). In addition, the large diversity of nutri-
tional modes can be compared with infection
mechanisms in terms of adaptation and stress
response at the -omics level.

Acknowledgements We wish to express our
gratitude to Kerstin Hoffmann and Martin Eckart
(University of Jena, Germany) and Katerina Fliegerova
(Czech Academy of Sciences, Prague, Czech Republic)
for contributing microscopic images shown in Fig. 2.1a
and to Paul M. Kirk (Royal Botanic Gardens Kew, UK)
for providing the numbers of fungal species based
on the Index Fungorum database (http://www.index-
fungorum.org) (as of September 16, 2013) shown in-

Fig. 2.2. We thank Volker U. Schwartze (University of
Jena, Germany) for technical assistance with drawing
Figs. 2.2 and 2.6. This work was financially supported
by the Leibniz Association and the University of Jena.

References

Abe A, Oda Y, Asano K, Sone T (2007) Rhizopus delemar
is the proper name for Rhizopus oryzae fumaric-
malic acid producers. Mycologia 99:714–722

Adl SM, Simpson AGB, Farmer MA, Andersen RA,
Anderson OR, Barta JA, Bowser SS, Bragerolle G,
Fensome RA, Fredericq S, James TY, Karpov S,
Kugrens P, Krug J, Lane CE, Lewis LA, Lodge J,
Lynn DH, Mann DG, McCourt RM, Mendoza L,
Moestrup Ø, Mozley-Standridge SE, Nerad TA,
Shearer CA, Smirnov AV, Spiegel FW,
Taylor MFJR (2005) The new higher level classifi-
cation of eukaryotes with emphasis on the taxon-
omy of protists. J Eukaryot Microbiol 52:399–451

Alastruey-Izquierdo A, Hoffmann K, De Hoog GS,
Rodriguez-Tudela JL, Voigt K et al (2010) Species
recognition and clinical relevance of the zygomy-
cetous genus Lichtheimia (syn. Absidia pro parte,
Mycocladus). J Clin Microbiol 48:2154–2170

Alexopoulos CJ, Mims CW, Blackwell M (1996) Intro-
ductory mycology, 4th edn. Wiley, New York

Alvarez E, Sutton DA, Cano J, Fothergill AW, Stchigel
A, Rinaldi MG, Guarro J (2009) Spectrum of zygo-
mycete species identified in clinically significant
specimens in the United States. J Clin Microbiol
47:1650–1656

An Z, Wang C, Liu X, Bennett JW (2010) China’s fungal
genomics initiative: a whitepaper. Mycology 1:1–8

Arroyo-Begovich A, Crabez-Trejo A (1982) Location of
chitin in the cyst wall of Entamoeba invadens with
colloidal gold racers. J Parasitol 68:253–258

Bacchi CJ, Weiss LM, Lane S, Frydman B, Valasinas A,
Reddy V, Sun JS, Marton LJ, Khan IA, Moretto M,
Yarlett N, Wittner M (2002) Novel synthetic poly-
amines are effective in the treatment of experi-
mental microsporidiosis, an opportunistic
AIDS-associated infection. Antimicrob Agents
Chemother 46:55–61

Baldauf SL, Palmer JD (1993) Animals and fungi are
each other’s closest relatives: congruent evidence
from multiple proteins. Proc Natl Acad Sci U S A
90:11558–11562

Barr DJS (1978) Taxonomy and phylogeny of chytrids.
Biosystems 10:153–165

Barr DJS (1980) An outline for the reclassification of the
Chytridiales, and for a new order, the Spizellomy-
cetales. Can J Bot 58:2380–2394

Barr DJS (1984) Cytological variation in zoospores of
Spizellomyces (Chytridiomycetes). Can J Bot
62:1202–1208

Barr DJS (2001) Chytridiomycota. In: McLaughlin DJ,
McLaughlin EG, Lemke PA (eds) The mycota VII

54 E. Shelest and K. Voigt

http://www.indexfungorum.org/
http://www.indexfungorum.org/


Part A. Systematics and evolution. Springer,
Berlin, pp 93–112

Barron GL (1987) The gun cell ofHaptoglossa mirabilis.
Mycologia 79:877–883

Bartnicki-Garcia S (1970) Cell wall composition and
other biochemical markers in fungal phylogeny.
In: Harbone JB (ed) Phytochemical phylogeny.
Academic, London, pp 81–103

Bartnicki-Garcia S (1987) The cell wall in fungal evolu-
tion. In: Rayner ADM, Brasier CM, Moore D (eds)
Evolutionary biology of the fungi. Cambridge Uni-
versity Press, New York, pp 389–403

Bastidas RJ, Shertz CA, Lee SC, Heitman J,
Cardenas ME (2012) Rapamycin exerts antifungal
activity in vitro and in vivo against Mucor circi-
nelloides via FKBP12-dependent inhibition of Tor.
Eukaryot Cell 11:270–281

Bennett JW (2000) Filamentous fungi. In: Encyclopedia
of microbiology. Academic, San Diego, pp 468–477

Besl H, Bresinsky A (1997) Chemosystematics of Suil-
laceae and Gomphidiaceae (suborder Suillineae).
Plant Syst Evol 206:223–242

Bidartondo MI, Read DJ, Trappe JM, Merckx V, Ligrone
R, Duckett JG (2011) The dawn of symbiosis
between plants and fungi. Biol Lett 7:574–577

Birren B, Fink G, Lander E (2002) The fungal genome
initiative. Paper of the Whitehead Institute Center
for Genome Research developed by the Fungal
Research Community. http://www.broadinstitute.
org/annotation/fungi/fgi/FGI_01_whitepa-
per_2002.pdf. Accessed 19 Oct 2010

Bohne W, Ferguson DJP, Kohler K, Gross U (2000)
Developmental expression of a tandemly repeated,
glycine- and serine-rich spore wall protein in the
microsporidian pathogen Encephalitozoon cuni-
culi. Infect Immun 68:2268–2275

Brakhage AA, Schroeckh V (2011) Fungal secondary
metabolites—strategies to activate silent gene
clusters. Fungal Genet Biol 48:15–22

Briggs CJ, Knapp R, Vrendenburg VT (2010) Enzootic
and epizootic dynamics of the chytrid fungal path-
ogen of amphibians. Proc Natl Acad Sci U S A
107:9695–9700

Brown MW, Spiegel FW, Silberman JD (2009) Phylog-
eny of the ‘forgotten’ cellular slime mold, Fonti-
cula alba, reveals a key evolutionary branch within
Opisthokonta. Mol Biol Evol 26:2699–2709

Brunner E, Richthammer P, Ehrlich H, Paasch S, Simon
P, Ueberlein S, van Pée K-H (2009) Chitin-based
organic networks: an integral part of cell wall bio-
silica in the diatom Thalassiosira pseudonana.
Angew Chem Int Ed Engl 48:9724–9727
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nier G, Gouy M, Michot B, Vivarès CP (1998a)
Microsporidian Encephalitozoon cuniculi, a uni-
cellular eukaryote with an unusual chromosomal
dispersion of ribosomal genes and a LSU rRNA
reduced to the universal core. Nucleic Acids Res
26:3513–3520

Peyretaillade E, Broussolle V, Peyret P, Méténier G,
Gouy M, Vivarès CP (1998b) Microsporidia, ami-
tochondrial protists, possess a 70-kDa heat shock
protein gene of mitochondrial evolutionary origin.
Mol Biol Evol 15:683–689

Philipps BL, Puschendorf R (2013) Do pathogens
become more virulent as they spread? Evidence
from the amphibian declines in Central America.
Proc Biol Sci 280:20131290

Pirozynski KA, Malloch DW (1975) The origin of land
plants: a matter of mycotrophism. Biosystems
6:153–164

Pitt JI (1979) The genus Penicillium and its teleo-
morphic states Eupenicillium and Talaromyces.
Academic, London

Popescu T, Roessler A, Fukshansky L (1989) A novel
effect in Phycomyces phototropism. Plant Physiol
91:1586–1593

Ragan MA, Murphy CA, Rand TG (2003) Are Ichthyos-
porea animals or fungi? Bayesian phylogenetic
analysis of elongation factor 1a of Ichthyophonus
irregularis. Mol Phylogent Evol 29:550–562

58 E. Shelest and K. Voigt

http://dx.doi.org/10.1371/journal.ppat.1003625
http://dx.doi.org/10.1371/journal.ppat.1003625
http://dx.doi.org/10.1371/journal.ppat.1002086
http://dx.doi.org/10.1186/1471-2148-6-74
http://dx.doi.org/10.1186/1471-2148-6-74
http://dx.doi.org/10.1371/journal.pgen.1000549
http://dx.doi.org/10.1371/journal.pgen.1000549
http://dx.doi.org/10.1128/AEM.00821-13
http://dx.doi.org/10.1128/AEM.00821-13


Redecker D, Kodner R, Graham LE (2000) Glomalean
fungi from the Ordovician. Science 289:1920–1921

Remy W, Taylor TN, Hass H, Kerp H (1994) Four
hundred-million year-old vesicular arbuscular
mycorrhizae. Proc Natl Acad Sci U S A 91:11841–
11843

Ribes JA, Vanover-Sams CL, Baker DJ (2000) Zygomy-
cetes in human disease. Clin Microbiol Rev
13:236–301

Ride WDL, Cogger HG, Dupuis C, Kraus O, Minelli A,
Thompson FC, Tubbs PK (2000) International
code of zoological nomenclature. Adopted by the
International Union of Biological Sciences. Inter-
national Trust for Zoological Nomenclature 1999,
London

Roden MM, Zaoutis TE, Buchanan WL, Knudsen TA,
Sarkisova TA, Schaufele RL, Sein M, Sein T, Chiou
CC, Chu JH, Kontoyiannis DP, Walsh TJ (2005)
Epidemiology and outcome of zygomycosis: a
review of 929 reported cases. Clin Infect Dis
41:634–653

Rosenblum EB, James TY, Zamudio KR, Poorten TJ,
Ilut D, Rodriguez D, Eastman JM, Richards-
Hrdlicka K, Joneson S, Jenkinson TS, Longcore
JE, Olea GP, Toledo LF, Arellano ML, Medina
EM, Restrepo S, Flechas SV, Berger L, Briggs CJ,
Stajich JE (2013) Complex history of the
amphibian-killing chytrid fungus revealed with
genome resequencing data. Proc Natl Acad Sci U
S A 110:9193–9194

Ruiz-Trillo I, Lane CE, Archibald JM, Roger AJ (2006)
Insights into the evolutionary origin and genome
architecture of the unicellular opisthokonts Cap-
saspora owczarzaki and Sphaeroforma arctica.
J Eukaryot Microbiol 53:379–384

Ruiz-Trillo I, Burger G, Holland PWH, King N, Lang
BF, Roger AJ, Gray MW (2007) The origins of
multicellularity: a multi-taxon genome initiative.
Trends Genet 23:113–118

Saffo MB, Fultz S (1986) Chitin in the symbiotic protist
Nephromyces. Can J Bot 64:1306–1310

Saffo MB, McCoy AM, Rieken C, Slamovits CH (2010)
Nephromyces, a beneficial apicomplexan symbiont
in marine animals. Proc Natl Acad Sci U S A
107:16190–16195

Schoch CL, Seifert KA, Huhndorf S, Robert V,
Spouge JL, Levesque CA, Chen W, Fungal Barcod-
ing Consortium (2012) Nuclear ribosomal internal
transcribed spacer (ITS) region as a universal
DNA barcode marker for Fungi. Proc Natl Acad
Sci U S A 109:6241–6246

Schroeckh V, Scherlach K, Nützmann HW, Ekaterina S,
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I. Introduction

Phylogenomics has been defined as the intersec-
tion between the fields of evolution and geno-
mics (Eisen and Fraser 2003). In other words,
this emerging area can be considered as the

scientific discipline that studies genome
sequences under the dynamic perspective of
evolution. Extant organisms are related by com-
mon ancestry, and one of the tasks of phyloge-
nomics is to understand what these
evolutionary relationships are, with the final
aim of reconstructing a tree of life (not neces-
sarily strictly bifurcating and perhaps incorpor-
ating some reticulated relationships) that would
represent the genealogies of species. In addi-
tion, all sequences in extant species are the
result of billions of years of evolution during
which they have been shaped by mutation,
selection, recombination, and other evolution-
ary processes. As a result of the important pres-
sure imposed by natural selection, many of the
features present in current genomes are infor-
mative of past and recent selective constraints.
Phylogenomics also has an interest in how these
forces shape genomes and, conversely, on how
we can use the comparison of current genomes
to understand how they have come about, what
selective pressures may have played a role, and
which parts of the genome have been more
sensitive to them. Such an approach, as we
shall see in the last section of this chapter, is
sometimes able to shed light on the functional
roles of different genomic features.

Since the sequence of the baker’s yeast Sac-
charomyces cerevisiae was completed (Goffeau
et al. 1996), a growing number of other fungal
genome sequences have been determined. With
more than 250 genome sequences available in
public databases as we write this chapter, fungi
is clearly the eukaryotic group that is best
sampled in terms of completely sequenced
genomes. This – coupled with its medical,
ecological, and industrial importance – has
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favored the use of the fungal phylum as a
playground to develop and use sophisticated
phylogenomic approaches. In this chapter, we
overview the main phylogenomic approaches
that have been used in fungal organisms and
provide some illustrative examples of success-
ful applications. Rather than a comprehensive
treaty on fungal phylogenomics, our intention
is to spark the interest of researchers consider-
ing the use of fungal genomic sequences but
may not have considered exploiting a fully
fledged phylogenomic approach. After reading
this chapter, we hope they will have an accurate
picture of what phylogenomics can bring to the
understanding of the biology of fungi.

II. Determining Which Gene Is Which
Gene Across Genomes: Orthology
and Paralogy

A prerequisite for comparing the gene comple-
ment of several genomes is to establish gene
correspondences, that is, to find which gene
“is” which gene in the other genome. The most
exact way to delimit such equivalences is to
establish orthology relationships because
orthologous genes correspond to a single gene
in the common ancestor of the species
compared (Fitch 1970; Gabaldón 2008b). In
addition, given that orthologs, by definition,
diverged through a speciation event, they con-
stitute the prime material to reconstruct species
relationships. Finally, orthologs are, as com-
pared to paralogs, more likely to perform a
similar function, which constitutes the basis of
current approaches for functional annotations
in the genome era (Gabaldón and Koonin 2013).
Hence, prediction of orthology usually consti-
tutes one of the first steps in comparative ana-
lyses. In addition, paralogous relationships,
occurring among genes that diverged through
a duplication event, can also provide useful
information when interpreting differences in
the gene repertoires of the considered species
(see the following text for a discussion of
lineage-specific expansions). There are many
different approaches to establish orthology
(and paralogy) relationships across a set of spe-

cies (Gabaldón 2008b; Kristensen et al. 2011).
Manymethods rely solely on pairwise similarity
searches, such as best bidirectional hits (Huy-
nen and Bork 1998) or variations thereof, such
as inparanoid (Berglund et al. 2008). Others
extend these by combiningmany pairwise geno-
mic comparisons that result in clusters of ortho-
logous groups (Li et al. 2003; Kriventseva et al.
2008; Powell et al. 2011). However, given the fact
that orthology and paralogy are defined in
purely evolutionary terms, the direct recon-
struction of gene family histories is often pre-
ferred (Gabaldón 2008b).

There are two main approaches to infer
orthology and paralogy relationships from phy-
logenetic trees, and both resort to annotating
the nodes of the tree as either “duplication” or
“speciation” events and then simply apply the
original definition of orthology to define all
possible pairwise relationships. These two
phylogeny-based methods differ in how dupli-
cations are inferred. In the “species reconcilia-
tion” approach, the gene tree is “reconciled”
with a known species tree in a process in which
inconsistencies are solved by introducing
duplication nodes followed by eventual gene
losses (Arvestad et al. 2003). This method relies
on the assumption that both the gene tree and
the species tree are known and correct, and that
the gene tree has strictly followed the species
tree. Because these assumptions are often
violated, it is recommended to account for
uncertainties in both the gene tree and the
species tree. An alternative method is to use a
“species overlap” algorithm. In this case, nodes
in the tree are labeled as speciation or duplica-
tion depending on the shared species at either
side of the node. Specifically, nodes defining
two descending lineages that share species will
be considered duplication nodes, while those
that do not share species will be considered
speciation nodes. This method is simpler, fas-
ter, and more robust to phylogenetic noise than
a strict reconciliation approach, although it is
not totally free of errors. Synteny, despite the
fact that it is not implied by the definition of
orthology, is often used to clarify orthology
relationships, and some databases and methods
use this criterion coupled with an approach
based on BLAST (Basic Local Alignment Search
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Tool) (Byrne and Wolfe 2006; Fitzpatrick et al.
2010) or in combination with tree reconstruc-
tion (Wapinski et al. 2007). Finally, some recent
initiatives combine predictions from different
sources to obtain more accurate relationships
(Pryszcz et al. 2011).

III. Phylogenomics Approaches for
Species Tree Reconstruction

A. Placing a Genome in an Evolutionary
Context

One of the first steps in a phylogenomics study
is to situate our species of interest within an
evolutionary framework, usually a species tree
depicting the relationship of our organism of
interest with other related species, especially
those for which there is availability of relevant
data (e.g., genomic sequences, experimental
data, or phenotypic information). This species
tree will be an essential tool for subsequent
studies, serving a twofold purpose. First, given
a species of interest, it allows us to choose
additional ones, at appropriate evolutionary
distances to be used in a comparative analysis.
Second, it allows us to interpret and provide
directionality and a temporal scale to numerous
evolutionary processes, such as phenotypic
transitions, gene duplication, loss, and transfer
events that would otherwise remain muddled.

There are numerous approaches to recon-
struct a species tree from genome data (Delsuc
et al. 2005); the most widely used can be
grouped into two main methods: gene concate-
nation and supertree reconstruction. The gene
concatenation analysis, also known as a super-
matrix approach, is based on the concatenation
of several alignments into a combined one,
which is subsequently analyzed with standard
phylogenetic methods. The rationale behind
this approach is that, by combining the signal
coming from several genes, the signal-to-noise
ratio is expected to improve. The genes used in
the concatenation approach need to fulfill two
basic requirements: being widespread and
present in single copy in (most of) the species
considered. These requirements can dramati-
cally limit the number of genes suitable for

analysis. Fungal genomes are diverse and can
vary extensively in gene content, which consti-
tutes a challenge in the search for widespread
genes for concatenation analyses. In addition,
some species, such as S. cerevisiae or Rhizopus
oryzae, have undergone whole-genome dupli-
cations (WGDs) (Wolfe and Shields 1997; Ma
et al. 2009), and others such as Cryptococcus
neoformans (Fraser et al. 2005) contain long
segmental duplications. Both events result in a
large amount of genes that violate the single-
copy requirement. Accurate orthology predic-
tions can in some cases ease the problem by
allowing differentiation between orthologs and
paralogs in multigene families. This would
allow the inclusion of some genes that have
undergone gene duplication but for which
orthologs can nevertheless be identified in the
relevant species.

An alternative strategy for species tree
inference is the so-called supertree approach.
The basic procedure of this methodology con-
sists of combining a collection of gene tree
topologies into a single species tree that is
most compatible with them according to some
optimization criteria. A plethora of supertree
algorithms exist that differ in the optimization
criteria and the specific heuristics used to find
an optimal solution (Bininda-Emonds 2005).
Most popular are those based on maximizing
the number of shared tree partitions (or quar-
tets) between the species tree and the gene
trees, as in the pioneering program CLANN
(Creevey and McInerney 2009), or by minimiz-
ing the number of inferred duplications after
reconciling the gene trees with the species tree,
as in the recently developed DupTree algorithm
(Wehe et al. 2008). A clear advantage of the
supertree method over the gene concatenation
approach is that it does not require that the
genes are widespread, as long as the trees
share a certain fraction of common species.
Some supertree approaches, such as those
based on reconciliation, can handle gene phy-
logenies with duplications. Trees obtained
using a supermatrix and a supertree approach
tend to have highly similar topologies if the
amount of information is sufficient (Snel et al.
2005), although sometimes these slight differ-
ences may affect the focus of a study. Overall,
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there is a higher tendency to use concatenation
methods, with several arguments supporting
this preference. First, concatenation methods
exploit the sequence information directly,
rather than indirectly as in the supertree
approach, and are thus expected to be less
prone to artifacts. In addition, supertree
approaches involve the reconstruction of a
large number of phylogenetic trees, which is
computationally demanding. In addition,
because the combination of the signal is done
after phylogenetic reconstruction, artifacts that
have a pervasive effect on single-gene phyloge-
nies, such as long-branch attraction (Gribaldo
and Philippe 2002), are difficult to correct.
Finally, supertrees with few genes tend to give
multiple results, which have to be summarized
in partially unresolved topologies.

One way of illustrating the importance of
establishing the phylogenetic position of
newly sequenced genomes is to assess how
often a phylogenetic analysis is included in
the description of a new genome sequence.
Phylogenies depicting the position of newly
sequenced fungal genomes have indeed become
recurrent in the literature. Since the publication
of the yeast genome in 1996, a total of 147
fungal genomes have been published in 94
articles. Of such publications, 57 % contained
a tree showing the position of the newly
sequenced species in the fungal species tree.

In the last year (i.e., 2012), 13 of the 20 genome papers
that involved fungal species contained a phylogenetic
tree, and 10 of the papers that contained a species tree
used phylogenomic data. The remaining three trees
used alternative methodologies, obtained the tree
from a previously published analysis, or did not pro-
vide information on how the phylogenetic species tree
had been reconstructed.

B. Toward a Fungal Tree of Life

The reconstruction of the evolutionary rela-
tionships across fungal species in general, the
so-called fungal tree of life (fTOL), constitutes a
challenge that goes well beyond the individual
efforts to situate a recently sequenced species in
a phylogeny (Fig. 3.1). Both aims are somewhat

related because the availability of a resolved
fTOL is extremely helpful in defining the
relevant context in which to situate a newly
sequenced genome. Conversely, the agglomera-
tion of targeted efforts helps to provide deeper
resolution to the fTOL, in a continuous iterative
process of expansion and refinement. Of note,
our use of the metaphoric term tree of life,
criticized by some (Merhej and Raoult 2012),
should be taken as it is meant here, an ideal
representation of species relationships that
proceed mainly in a bifurcating manner but
that does not preclude the existence of reticu-
late evolutionary processes such as hybridiza-
tion or horizontal gene transfer (HGT),
discussed further in this chapter. Here, we just
provide a brief overview of recent efforts
toward the reconstruction of the fTOL, with a
particular focus on the use of complete
genomes.

One of the most comprehensive fungal
species trees published in recent years is the
one reconstructed by James and collaborators
(2006). They used a gene concatenation method
that united six genes that were widespread in
199 fungal species. The aim of the tree was to
elucidate the evolutionary history of early-
diverging fungi, one of the topics that has
attracted more attention in the field in recent
times. One of the main points discussed in the
paper was the placement of the controversial
group of Microsporidia. The correct placement
of this group of intracellular pathogens within
the eukaryotic species tree has puzzled scien-
tists for many years (Keeling and Fast 2002).
Through the years, the position of this group
has been moving around in the eukaryotic spe-
cies tree, including the proposition that they
belonged to a clade of eukaryotes – Archaeozoa –
that diverged prior to the acquisition of
mitochondria (Cavalier-Smith 1983). Finally, in
the 1990s, the increasing amount of phyloge-
netic evidence coupled with the discovery of the
presence of mitosomes, a relic form of mito-
chondria, showed that microsporidia were
closely related to fungi. The exact relationship
has been thoroughly discussed. Phylogenies
involving few genes were inconclusive, placing
microsporidia in several different positions,
such as at the base of dikarya (Gill and Fast
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2006), within the Zygomycotina (Keeling 2003),
as sister to Blastocladiales and Entomophthor-
omycota (Van de Peer et al. 2000), or as sister
group to the chytrid Rozella allomycis, as
shown by James et al. (2006). This controversy
is to be expected in a group of species that has
undergone a massive reduction of their gen-
omes coupled with accelerated rates of evolu-
tion. The first microsporidian genome
sequenced, Encephalitozoon cuniculi (Katinka
et al. 2001), and those that have followed have
enabled the use of phylogenomic analysis on
this group of species to resolve their phyloge-
netic position. In the most extensive phyloge-
nomic analysis of microsporidia so far,
involving six complete microsporidian gen-
omes, we showed that this elusive group held
an early-branching position among the cur-
rently sequenced fungi (Capella-Gutierrez
et al. 2012). The species tree, based on the
concatenation of 53 single-copy, widespread
genes, was highly supported. Statistical tests

assessed the possibility that Microsporidia
appeared in another part of the tree. All alter-
natives were discarded because of the lack of
statistical support. This result was supported in
a second phylogenetic analysis performed by
Cuomo et al. (2012). The correct position of
microsporidia is not only relevant regarding
the group itself but also is important to assess
other important aspects of fungal phylogeny,
such as which are their closest relatives and
what genomic changes may be related to their
adaptation to an obligate parasitic lifestyle. The
basal position of Microsporidia in the fungal
species tree admits the possibility that they are
in fact a sister group of fungi and not placed
within the fungal kingdom. Nucleariida were
also shown to be closely related to fungi in a
phylogeny based on 118 orthologous genes (Liu
et al. 2009b). Environmental analyses have also
shown that there are numerous species left to
discover between the Nucleariida and the
known fungal species (Jones et al. 2011).

Fig. 3.1. Schematic view of the current understanding
of the fungal species tree: Numbers represent the
amount of currently sequenced genomes and approxi-

mate number of identified species according to
National Center for Biotechnology Information
(NCBI) taxonomy, respectively
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These species would be related to Rozella and
perhaps form the earliest diverging fungal
group. The relationship between Microsporidia
and this new group, named the Cryptomycota,
remains unknown, and only newly sequenced
genome data will be able to elucidate their rela-
tion at the base of the fungal species tree.

Although recent research on a growing
amount of genomic data has helped to resolve
many contentious parts of the fungal species
tree, others remain controversial. Since the
early analysis of ribosomal RNA sequences,
three clear domains became evident within
Ascomycotina: Saccharomycotina, Pezizomy-
cotina, and Taphrinomycotina. This last group
was formed by a clade of previously unrelated
fungi. The group contained Schizosaccharo-
myces species, with Schizosaccharomyces
pombe the most well-known species of the
group, Taphrina, which comprises several
plant pathogens: Saitoella, Neolecta and Proto-
myces. Yet, the monophyly of Taphrinomyco-
tina is still in question. Some further analyses
have in fact created a greater conundrum in
grouping Schizosaccharomyces with Saccharo-
mycotina (Baldauf et al. 2000) instead of finding
it as sister of both Saccharomycotina and Pezi-
zomycotina.

This finally presented twomain questions to
the scientific community that have still not been
fully answered. The first one is whether Schizo-
saccharomyces should be grouped with Sacchar-
omycotina instead of featuring as the basal
Ascomycotina group. The second question
relates to whether Taphrinomycotina is indeed
a monophyletic group. The use of phylogenetic
data seems to have answered, at least in part,
those questions, with numerous phylogenies
supporting the basal position of Taphrinomyco-
tina in the species tree of Ascomycota (Fitzpa-
trick et al. 2006; Liu et al. 2009a; Marcet-Houben
and Gabaldon 2009). Liu et al. (2009a) suggested
that the grouping between Schizosaccharomyces
and Saccharomycotina was due to long-branch
attraction and showed, in an analysis of 113
nuclear genes, that Taphrinomycotina opted
for the basal position in Ascomycotina with
high statistical support. On the other hand, the
same analysis performed on 13 mitochondrial
proteins resulted in the alternative topology of
Schizosaccharomyces grouping with Saccharo-

mycotina, a result already reported in an early
study (Bullerwell et al. 2003). In this instance, the
basal position of Schizosaccharomyces could not
be discarded as a valid alternative topology.
Adding sequences from slow-evolving Taphri-
nomycotina (Taphrina and Saitoella) reduced
the bootstrap support of the Schizosaccharo-
myces-Saccharomycotina node even further.
The complete sequencing of the remaining
members of Taphrinomycotina should finally
elucidate whether the whole clade is indeed
monophyletic.

IV. Focusing on Gene Family Histories:
From Genomes to Phylomes

Often, the focus of interest is the evolutionary
history of the genes encoded in a given genome
or group of genomes, rather than that of the
species themselves. Placing the gene comple-
ment of each species in the framework of
the known or reconstructed species tree (see
section IIIb) can lead to interesting insights,
such as the loss or enrichment of members of
certain families in particular clades (Marcet-
Houben et al. 2009; Bushley and Turgeon
2010; Kovalchuk and Driessen 2010). Using
some inference methods, one can reconstruct
the likely histories of gains and losses across the
phylogeny for each gene family (Eirin-Lopez
et al. 2012). This, in turn, enables the detection
of correlations between the emergence of cer-
tain phenotypic traits with events of expansion,
compaction, or total loss of certain families or
pathways. Such correlations, although clearly
not a proof of cause-and-effect relationships,
serve to hint at possible genomic changes
underlying the emergence or disappearance of
a given trait.

A more accurate way of looking into the
evolutionary dynamics of genes is to directly
reconstruct their phylogenies (Gabaldón 2005).
Gene phylogenies can differ from the species
tree due to multiple evolutionary processes,
such as HGT, differential gene loss, hybridiza-
tion processes, and incomplete lineage sorting,
among others. These processes are difficult
to detect and model from the information
contained in mapping gene complements on a
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species tree but can certainly be considered by
careful analysis of gene phylogenies, sometimes
in combination with the species tree. Thus, a
collection of gene family trees will provide us a
more appropriate view of the evolution of a
genome. The gene tree approach for the recon-
struction of the evolution of entire genomes has
been traditionally avoided because of the seri-
ous computational challenges involved (Gabal-
dón et al. 2008). However, recent progress in
computer architecture and in computational
phylogenetic software and algorithms has
enabled the development of highly accurate
and fully automated pipelines to reconstruct
large collections of gene phylogenies. Two
main approaches are used. In the most
extended one, a two-step procedure is used in
which genes are first grouped into families
using some clustering algorithm, and then a
phylogeny is reconstructed for each family. A
main limitation of this approach is the delimi-
tation of families: Often, slight changes in the
clustering parameters result in different group-
ings of multigene families. This results from the
inherent hierarchical nature of gene families,
which can often be subdivided into subfamilies
or grouped into superfamilies. To circumvent
such problems, a second approach is based on
the reconstruction of a phylogeny for every
gene, ensuring that each gene in the genome
of interest is used as a seed in the process of
phylogenetic reconstruction. The result of such
an approach is a complete collection of evolu-
tionary histories of all genes encoded in a given
genome, the so-called phylome (Sicheritz-
Ponten and Andersson 2001).

A phylome can be reconstructed using
automated pipelines that try to balance accu-
racy and time consumption. The methodology
applied follows the typical steps of phylogenetic
tree reconstruction: homology search,
multiple-sequence alignment, and tree recon-
struction. The first step in the construction of
the phylome is to define the taxonomic scope of
interest, that is, the set of species relevant for
the analysis. For this, it is important to have an
approximate idea of the position of the
genome(s) of major interest (often referred to
as the seed genome) within the species tree,
even though its exact position may be

unknown. This can be ascertained using a phy-
logeny based on a few genes or even from the
analysis of the results of an initial BLAST
search. Usually, closely related species are cho-
sen to have a good set of genomes to perform
comparative analyses, but the specific set of
species may depend on the questions of inter-
est. An important aspect in the selection of
species for the analysis is the selection of a
few relatively distant species to serve as an
out-group. This will allow the trees to be prop-
erly rooted and will provide a polarity to the
detected events, allowing the establishment of a
relative temporal gradient from ancient to
recent. Once the set of species has been
selected, their gene set will be used to perform
homology searches starting from each of the
genes encoded in the seed genome. Homology
results are filtered based on an e-value thresh-
old and a minimum overlap between the seed
sequence and the homologous sequence.
Usually, a limit in the number of sequences
included in each tree is set. This is done to
ensure high tree accuracy and to diminish the
time needed to reconstruct each tree. As the
phylome will contain a tree for each gene,
large gene families will be fully represented in
several overlapping trees.

Once the set of homologs has been chosen,
the process of phylogenetic reconstructionmay
be common for the gene-based and family-
based reconstruction approaches. This gener-
ally starts with a multiple-sequence alignment.
This alignment should be as accurate as possible
because it is the base of the phylogenetic recon-
struction. A plethora of alignment algorithms
do exist (Notredame 2007), which can even be
combined in sophisticated ways to produce
alignments as reliable as possible. For instance,
the phylomeDB pipeline (Huerta-Cepas et al.
2011) uses several alignment programs in a for-
ward and a reversed version of the sequences to
then obtain a consensus alignment. Each align-
ment algorithm has different biases because of
the specific heuristics applied to search for the
optimal result. Using a combination of pro-
grams and only selecting those columns that
are congruent in a given percentage of the align-
ments will ensure that no biases affect our tree.
In addition, having the sequences in forward or
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in reverse will also produce different multiple-
sequence alignments (Landan and Graur 2007).
A complementary strategy to improve the phy-
logenetic reconstruction is to trim the align-
ment to remove columns that are unreliably
aligned, particularly gappy regions. These
regions, while potentially informative, are
more likely to introduce noise in the phyloge-
netic reconstruction process (Talavera and Cas-
tresana 2007). Tree construction programs
remain mostly unable to correctly model indels;
therefore, the information reported by gaps
remains unused. Several programs can be used
to trim alignments in an automated way, but
care should be taken that enough sequence
remains to produce a reliable tree. Some
trimming programs, such as trimAl, have been
developed with large-scale phylogenetic pipe-
lines in mind and include automated heuristics
to choose an optimal set of parameters for each
particular family (Capella-Gutierrez et al. 2009).

A final step is the reconstruction of the gene
tree based on the information contained in the
sequence. Again, an enormous variety of meth-
ods and programs is available. In practice, most
of the currently existing pipelines rely on a
few phylogenetic programs, such as phyML
(Guindon et al. 2010) and RAxML (Stamatakis
et al. 2008), which are able to provide accurate
phylogenies with reasonable speed. These
programs, using a statistical-based modeling
approach for phylogenetic reconstruction called
maximum likelihood, are consideredmore accu-
rate than faster, distance-based methods such as
neighbor joining. An important aspect when
analyzing gene trees is the potential uncertainty
associated to their different partitions. This is
generally computed using a bootstrapping anal-
ysis of randomly resampled alignments. In prac-
tice, this involves repeating the phylogenetic
reconstruction for each resampled alignment,
which obviously multiplies the necessary
amount of time required. Recent implementa-
tions of alternative support measures, such as
the approximate likelihood ratio test (aLRT),
enable the computation of support values in
much less time (Guindon et al. 2010).

The phylome reconstruction results in
hundreds of trees that cannot possibly be ana-

lyzed by direct manual inspection. To extract
information from this massive amount of data,
trees have to be automatically processed in
electronic format by appropriate algorithms
and software. One such tool is ETE (Huerta-
Cepas et al. 2010), a python Environment for
phylogenetic Tree Exploration, which enables
running programmatic operations on large col-
lections of phylogenetic trees. Once such tools
are in place, one can interrogate a phylome or
any other large collection of phylogenies for the
existence of relevant signatures. This can
include the assessment of the fraction of gene
trees that support a given topology (Marcet-
Houben and Gabaldon 2009), the detection of
orthology and paralogy relationships (Gabal-
dón 2008b), and the detection of duplication,
loss, or transfer events, all of which leave a
detectable footprint in the topology of a gene
tree (Huerta-Cepas et al. 2007).

V. Study of Evolutionary Processes
in Fungi

An immediate application of a comparison of
genomic sequences placed on a phylogenetic
framework is the study of the underlying evolu-
tionarymechanisms that are shaping them. This
is possible because the different evolutionary
processes leave specific footprints that become
apparent when several sequences are compared.
A number of evolutionary processes play a role
in the evolution of fungal genomes, and phylo-
genomics provides innovative approaches to
study them. Here, we review those considered
most relevant and provide specific examples
where they have been successfully used.

A. Gene Family Expansions and
Whole-Genome Duplications

The Japanese biologist Susumu Ohno postu-
lated that gene duplication constituted one
of the main forces in the evolution of species,
creating the necessary material for the
acquisition of novel functions (Ohno 1970).
Subsequent research, often conducted in
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fungi, has overwhelmingly confirmed the
important role of gene duplication in genome
evolution. Here, we focus on the use of phylo-
genomics to study gene duplication events that
result in large expansions of families, often
indicative of directional selection, and the
remarkable process of WGD.

The detection of lineage-specific gene
expansions is particularly useful because they
can be the result of selection toward a higher
dosage or diversification of a particular gene
family. Detection of lineage-specific expansions
in gene trees is straightforward as these will be
represented by branches only containing para-
logs of a given species or lineage. This informa-
tion can be optionally coupled with gene order
information to assess whether the detected dupli-
cations are in tandem. Two such expansions are
found, for instance, in the human pathogen Can-
dida glabrata, where the MNT (Muller et al.
2009) and YPS (Kaur et al. 2007) families
are present in eight tandem copies each in the
reference genome. The YPS family encodes
extracellular glycosylphosphatidylinositol-
linked aspartyl proteases thought to be necessary
for cell wall integrity and adherence to mamma-
lian cells, playing a role in the virulence mechan-
isms of this pathogen in humans. The expansion

of this family can be easily detected in the phylo-
genetic tree (Fig. 3.2), where nine C. glabrata
proteins are clustered together. Eight of them
appear contiguously in the genome (CAG-
L0E01727g, CAGL0E01749g, CAGL0E01771g,
CAGL0E01793g, CAGL0E01815g, CAG-
L0E01837g, CAGL0E01859g, CAGL0E01881g);
the ninth paralog appears in the same chromo-
some but not in a contiguous location (CAG-
L0E01419g).

Whole-genome duplication, or polyploidi-
zation, is the process by which the genomic
complement of an organism is doubled (Ohno
1970). Such events have been described in at
least two instances in the fungal species tree,
being the best characterized WGD the one
affecting the lineage of the yeast S. cerevisiae.
There, compelling evidence for a paleopolyploi-
dization was found in the form of numerous
duplicated stretches of genes that conserved
their order and orientation with respect to the
centromere (Wolfe and Shields 1997). In sup-
port of these, the number of chromosomes
in the monophyletic group of species that
diverged after such events was doubled with
respect to their closest relatives. The event is
estimated to have happened roughly 100million
years ago, and only 8 % of the duplicated genes

Fig. 3.2. Phylogenetic tree depicting the species-
specific expansion that occurred in the YPS proteins
family in Candida glabrata. Black-colored leaves repre-
sent those C. glabrata paralogous genes that are found

in tandem in the genome, gray-colored leaf is a
sequence not present in tandem. Duplication events
are marked with black diamonds, and the whole expan-
sion is framed and shaded
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are conserved in pairs. More recently, evidence
for another ancient WGD has been identified in
the genome of the Zygomycetes species
R. oryzae (Ma et al. 2009). In this case, the
finding that 50 % of the genes are present in
paralogous copies suggests that this event
may have been more recent than the one in
S. cerevisiae.

Phylogenomics can be a great help in iden-
tifying and characterizing past events of poly-
ploidization. Besides the finding of duplicated
blocks of paralogous genes, the direct analyses
of gene phylogenies in a large scale can help
identify such events and assess the timing of the
event. Of note, analysis of gene family trees can
help detect WGD if the conservation of synteny
(i.e., gene order) has been lost. In principle,
given a procedure to approximately date dupli-
cation events detected in a gene family phylog-
eny (Huerta-Cepas and Gabaldón 2010), an
ancient WGD should be detected as an accumu-
lation of duplication events at this point. We
explored the detection of the R. oryzae WGD
event mentioned by reconstructing a phylome
centered on this species (Fig. 3.3). The detec-
tion of duplication events, after filtering for
large family expansions, showed a duplication
frequency of 0.48, similar to the predicted rate
of conservation of duplicated genes after the
WGD event (53 %). An additional WGD event
was predicted at the base of Mucoromycotina,
where the node contains a duplication rate of
0.99 duplications per branch per gene. This
indicates that nearly each gene in the Mucoro-
mycotina genomes experienced a duplication in
that lineage.

B. Horizontal Gene Transfer

Horizontal gene transfer, also known as lateral
gene transfer (LTG), can be defined as the non-
vertical transference of genetic material between
two different species. This mechanism has been
amply studied in prokaryotes, for which between
2 % and 60 % of the genome is estimated to have
been acquired from other species. Until recently,
HGT was thought to be almost negligible in
eukaryotes, with the remarkable exception of
ancient endosymbiotic transfers (Timmis et al.

2004) and those microbial eukaryotes that pre-
sented a phagotrophic lifestyle (Doolittle 1998).
Fungi, because they are not phagotrophic and
present possible barriers to HGT such as the
presence of a cell wall, were considered not to
be particularly prone to HGT. In recent years,
however, increasing amounts of evidence suggest
that this mechanism is more prevalent in fungi
than previously thought. Perhaps the best-
known example of HGT in fungi is the transfer-
ence of dihydroorotic acid dehydrogenase
(URA1) from a group of lactic bacteria to S.
cerevisiae (Gojkovic et al. 2004). This event is
thought to have greatly influenced the lifestyle
of the yeast ancestor as it allowed the synthesis of
pyrimidines in the absence of oxygen. Other
cases of transfer events involve fungi as the
donor species. A remarkable example is the
transfer of genes involved in the synthesis of
carotenoids, pigments involved in processes
such as vertebrate night vision, protection from
oxidative damage, or coloring of birds or insects.
Until recently, it was assumed that all animals
obtained such pigments from the diet, as they
were incapable of performing this synthesis.
However, two independent studies performed
on the aphid Acyrthosiphon pisum (Moran and
Jarvik 2010) and the two-spotted spider mite
Tetranychus urticae (Altincicek et al. 2011)
showed the transference of genes related to
carotenoid synthesis from fungal species into
these arthropods. Whether both transferences
were from fungi or whether there was a transfer-
ence between the two arthropods is still a matter
of debate.

A further analysis (Novakova and Moran 2011) was
performed on 38 insect species, 34 belonging to the
main aphid groups and 4 belonging to related species:
Adelgidae, Psyllidae, and Aleyrodidae. A search for a
putatively transferred carotene desaturase in all these
species revealed that all aphid species contained
between one and seven copies of the gene. The potential
donor of carotenoid genes is found in Mucoromyco-
tina, a group of ancestral fungi. The scarcity of
sequence data in the early diverging fungal groups
renders this result as only provisional because newly
sequenced genomes may change it.

Another type of transfer event involves
transferences between different fungal lineages.
These are known to exist, and many
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independent studies have identified a multitude
of examples; however, the overall impact of this
process in fungal genome evolution remains to
be quantified. Known examples include the
transfer of multiple genes, whole secondary
metabolism clusters (Khaldi and Wolfe 2011;
Slot and Rokas 2011; Campbell et al. 2012), or
even complete, albeit small in size, chromo-
somes (Ma et al. 2010). In particular, the acqui-
sition of entire supernumerary chromosomes
in Fusarium strains has been shown to confer
the ability to infect specific plant hosts.

The growing awareness of the importance
of HGT events in shaping fungal evolution,
coupled with the increasing amount of data,
motivated a large-scale phylogenomics study
in which HGT events from prokaryotes to
fungi were detected (Marcet-Houben and
Gabaldon 2010). A set of 60 completely
sequenced fungal species was scanned, search-
ing for abnormal patterns of gene presence and
absence. The selected genes had to be present in
less than ten fungal species, could not have
homologs in other eukaryotic species, and

Fig. 3.3. Detecting whole-genome duplications: (a) sche-
matic representation of the process to calculate duplication
frequency from a phylome; (b) duplication frequency of
the Mucoromycotina species. Numbers represent the

duplication frequency at each node in the lineage. Two
rounds of whole-genome duplication have been predicted
at the nodes marked with a star

Phylogenomics for the Study of Fungal Biology 71



needed to have homologs in at least 30 prokary-
otic genomes to ensure the directionality of
the transfer. There were 713 genes detected
that fulfilled those requirements. The genes
were grouped into families, and the phyloge-
netic trees for each family were reconstructed.
These trees allowed the splitting of HGT events
into 235 monophyletic transference events.
They also permitted the mapping of each
event to the fungal species tree assuming that
the transference had occurred at the last com-
mon ancestor of all the fungal species that
contained the given transfer. Surprisingly, the
events were not evenly distributed across the
whole fungal species tree. Roughly two thirds of
the events mapped in the Pezizomycotina, one
of the main groups of Ascomycotina fungi. In
contrast, only 13 events could be mapped to the
Saccharomycotina species, representing less
than 6 % of the events. While most Pezizomy-
cotina species sequenced at the moment had at
least one HGT event, not all of them were
equally affected. Groups of species such as
Fusarium and Aspergillus seemed to be partic-
ularly prone to receiving transferred genes
(Fusarium oxysporum was involved in 63 HGT
events, while Aspergillus flavus was involved in
45). One of the most interesting cases detected
during the analysis was that of the arsenic resis-
tance pathway. We have chosen this particular
example to illustrate the use of phylogenomics
in the study of the role of HGT in the evolution
of particular gene families or pathways.

C. Rampant Horizontal Gene Transfer in
the Metabolism of Arsenate in Fungi

Arsenic is a toxic compound that is often found
as arsenate in soils and water. Because of its
similarity to phosphate, the phosphate pumps
transport it into the cell, where it accumulates
unless the organism has the means to detoxify
it. One of the most common ways of arsenate
resistance consists of pumping this compound
out of the cell after it is reduced from arsenate
to arsenite by a specific arsenate reductase
enzyme (Rosen 2002). This enzymatic activity
has appeared at least three independent times
during evolution, twice in prokaryotes and

once in eukaryotes. These three protein families
are completely unrelated and possess different
primary sequences, secondary structures,
kinetics, binding sites, and cofactors. In the
large-scale phylogenomic analysis mentioned,
we identified two HGT events involving the
transference of an arsenate reductase protein
from prokaryotic origin to two different fungal
species: Yarrowia lipolytica and R. oryzae. We
expanded the search of putative transfers in the
three arsenate reductase families to other fun-
gal genomes to reveal the overall picture of the
evolution of this resistance pathway in fungi. Of
the 202 fungi considered, 83 % contained the
eukaryotic arsenate reductase (ARR2), which is
the expected system to be found in fungi. More
surprising was the finding of seven and ten
homologs to the prokaryotic arsenate reduc-
tases (arsC-gsh and arsC-trx), respectively.
Surprisingly, few Saccharomycotina species
seemed to contain an ortholog to the ARR2
gene (15.6 %), indicating that the particular
arsenic resistance system present in S. cerevi-
siae is nevertheless not widespread in this
group of species. Phylogenetic trees recon-
structed on the arsC-gsh and arsC-trx protein
families, including fungal and prokaryotic
homologs, showed that arsC-gsh was involved
in at least four independent transference events
in Saccharomycotina and early diverging fungi,
while the transference of arsC-trx was the result
of a single, monophyletic event in a group of
Pezizomycotina and also the early diverging
fungi (Fig. 3.4). The observed patched distribu-
tion is suggestive of multiple transferences
between fungi following the prokaryotic gene
transfer. Alternatively, a large number of losses
would need to be invoked to obtain the same
pattern. For instance, a prokaryotic arsC-trx
copy can be found in the Pezizomycotina
Metarhizium robertsii, while none of the other
nearly 100 Pezizomycotina species considered
contains this gene. Strikingly, several species
contain more than one copy of the protein
belonging to different families. This is the case
for Aspergillus fumigatus, which contains both a
copy of the eukaryotic ARR2 protein and a copy
of arsC-trx, or for Mortierella verticillioides,
which harbors a member of each of the prokary-
otic arsenate reductase genes.
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VI. Comparative Analyses to
Understand Fungal Biology

Comparison of genomes from various fungal
species can be instrumental to gain insight
into the biology of a particular organism. Basi-
cally, two complementary approaches can be

used. One is based on finding similarities
when comparing the genetic complement of
two or more species that share a particular
phenotypic trait because the common genetic
tool kit is expected to constitute the basis of
common traits. Conversely, the use of dissim-
ilarities is also informative because phenotypic
traits that are distinctive of a particular species

Fig. 3.4. Fungal species tree showing the presence/
absence of arsenate reductase proteins. Different fungal
groups are shown as different color shades across the
tree. Absences are marked with white dots. The four
dots next to each species code represent from the inner
to the outer side: presence of the arsenite transporter

(black), presence of the eukaryotic ARR2 (green), pres-
ence of the prokaryotic arsC-trx (red), and presence of
arsC-gsh (blue). In the case of the eukaryotic ARR2,
orthologs to this gene are shown in dark green, while
paralogs are shown in light green
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or group are likely to result from genetic differ-
ences that are restricted to the corresponding
genomes. The use of such approaches is more
powerful when used in combination and when
based on the analyses of a large number of
carefully chosen genomes. Because similarities
can be the result of simple phylogenetic prox-
imity, comparisons that are the most informa-
tive based on finding similarities in distant
species that share a trait or on finding differ-
ences in closely related species that differ in a
particular phenotype. If the species compared
are too distant, however, one may face the risk
that the shared trait is the result of a completely
distinct molecular basis (i.e., the shared trait is
analogous rather than homologous), rendering
the comparative approach unsuccessful.
Finally, these differences and similarities can
be searched for at various levels, from the com-
parison of residue changes in molecular
sequences of proteins or nucleic acids to the
study of patterns of presence and absence of
genes or complete pathways across species. The
choice of the appropriate level of analysis will
depend on the biological trait under investiga-
tion and on the set of species available.

A recent study focused on the origin of
lignin decomposition illustrates this approach
well (Floudas et al. 2012). The presence of lignin
is one of the main reasons why wood is highly
resistant to decay. The only organisms capable
of substantial lignin decomposition are white-
rot fungi in the Agaricomycetes. To shed light
on the origins of the important trait of lignin
decomposition, the authors of this study com-
pared 31 fungal genomes, 12 of which were
generated in the context of that study. The set
of compared species contained not only lignin-
degrading Agaromycotina but also species from
the same group that did not possess this trait,
such as lignin-non-degrading brown-rot and
ectomycorrhizal species. Their results clearly
showed an expansion of lignin-degrading per-
oxidases in the lineage leading to the ancestor
of the Agaricomycetes. This indicates that the
common ancestor of the studied species pos-
sessed this trait, which was subsequently lost
multiple times in parallel in the nondegrading
lineages by independent contraction of families
of this class of enzymes.

VII. Comparative-Genomics-Based
Prediction of Protein Function

Besides using phylogenomics to identify possi-
ble genes associated to a given trait, one may,
conversely, apply it to the task of deriving spe-
cific hypotheses for the function of a given
uncharacterized gene. This approach is known
as comparative-genomics-based prediction of
protein function (Gabaldón 2008a), and the
methods are also collectively known as “guilty
by association.” Basically, all such methods are
based on the underlying hypothesis that genes
that are functionally related are subjected to
similar evolutionary pressures. Hence, the
detection of genes following common patterns
of evolution, particularly if these are rare,
points to the common involvement of these
genes in a given biological process. Several
approaches can be used, each based in the
detection of a different type of evolutionary
event, and we describe the main ones in
increasing order of subtleness. Perhaps one of
the events that is most powerful in predicting
specific associations is the detection of gene
fusion or fission events, that is, the finding of
two genes that form a single unit in only a
fraction of the genomes where they are present.
Such events are usually suggestive of a close
physical interaction of the two fused proteins,
such as enzymes of the same pathway or sub-
units of a molecular complex.

Physical proximity of the genes along a
chromosome is a somewhat weaker association
but can nevertheless be informative of a possi-
ble functional relationship. The most extreme
case occurs in bacteria in which operons define
groups of genes that are coordinately tran-
scribed in polycistronic operons. Although
this level of organization is not present as
such in eukaryotes, there is accumulating evi-
dence that some higher levels of chromosomal
organization do affect the coordinated expres-
sion of genes in physical proximity. Such levels
range the organization of the genome in chro-
mosomal “territories” in which particular sets
of transcription factors preferentially bind to
the coordinated regulation of genes in spatial
proximity when the three-dimensional struc-
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ture of the chromosomes within the nucleus is
considered (Simonis et al. 2006; Berger et al.
2008; Homouz and Kudlicki 2013).

The following level of genomic context
association corresponds to the consideration
of the specific set of genomes in which a partic-
ular gene family can be found. This footprint,
known as the phylogenetic profile, can be
informative of function if a limited set of
families shares a particular profile. A classical
example is subunits of the first complex of the
electron transport chain (complex I, or NADH/
ubiquinone oxidoreductase), which has been
lost, independently, in at least three fungal
lineages – Microsporidia, Schizosaccharomyces,
and Saccharomyces lineages (Marcet-Houben
et al. 2009) – as well as in other eukaryotic
lineages (Gabaldón et al. 2005). This profile is
shared by most known complex I subunits, and
the discovery of additional gene families shar-
ing this particular phylogenetic profile led to
the discovery of novel complex I assembly fac-
tors (Gabaldón and Huynen 2005).

Finally, a variety of methods explore the
coevolution among gene families by inspecting
similarities at the level of gene trees andmultiple-
sequence alignments (de Juan et al. 2013). The
rationale is that proteins participating in the
same biological process will be likely subject to
similar evolutionary forces. Phylogenomics,

through the identification of reliable orthology
and paralogy relationships across a set of gen-
omes and through the reconstruction of large-
scale phylogenetics datasets, can be of great help
in the application of such methods as it provides
a context inwhich to place the appearance/loss of
genes. Two distinguishing profiles occurring in
two closely related species are likely the results of
a common event, while this same profile in two
distantly related species will lead to parallel
events that led to the same result.

VIII. Concluding Remarks

Phylogenomics is a relatively young field, which
nevertheless has already proved useful in trans-
forming increasing amounts of genomic data
into biological knowledge. The number of ques-
tions that can be addressed through a phyloge-
nomic approach is growing, in parallel with the
larger availability and diversity of genomic
data. Similarly, new methods and approaches
are still being developed with the aim to fulfill
specific needs or analyze certain types of data.
Here, we provided a brief overview of the main
approaches that are currently used in the phy-
logenomic analyses of fungal genomes. Pointers
to some of the tools used in the examples
described are provided in Table 3.1. As we

Table 3.1. Useful tools for the phylogenomic analysis of fungal genomes

Resource Description URL Reference

phylomeDB Phylome repository phylomedb.org Huerta-Cepas et al. (2011)
ETE Tree analysis software ete.cgenomics.org Huerta-Cepas et al. (2010)
DupTree Supertree reconstruction

software
genome.cs.iastate.edu/CBL/DupTree/ Wehe et al. (2008)

CLANN Supertree reconstruction
software

bioinf.nuim.ie/clann/ Creevey and McInerney
(2009)

phyML Tree reconstruction software www.atgc-montpellier.fr/phyml/ Guindon et al. (2010)
RAxML Tree reconstruction software sco.h-its.org/exelixis/software.html Stamatakis et al. (2008)
FastTree Tree reconstruction software www.microbesonline.org/fasttree/ Price et al. (2009)
MUSCLE Alignment reconstruction www.drive5.com/muscle/ Edgar (2004)
MAFFT Alignment reconstruction mafft.cbrc.jp/alignment/software/ Katoh et al. (2009)
T-Coffee Alignment reconstruction www.tcoffee.org/ Notredame et al. (2000)
Gblocks Alignment trimming molevol.cmima.csic.es/castresana/

Gblocks.html
Castresana (2000)

trimAl Alignment trimming trimal.cgenomics.org/ Capella-Gutierrez et al.
(2009)

metaPhOrs Orthology database orthology.phylomedb.org Pryszcz et al. (2011)
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have seen here, the phylogenomic analysis of
fungal genomes has served to shed light on the
evolution of the main fungal lineages and their
traits, and it is emerging as a powerful tool to
decode the biological and evolutionary infor-
mation carried by sequences. As the number
and diversity of sequenced fungal species
grow, the accuracy, resolution, and utility of
phylogenomics methods is expected to
increase. We anticipate that phylogenomics
analyses will be included more often among
the standard genome analysis pipeline, as well
as on subsequent analyses of published geno-
mic datasets. In addition, one should not
underestimate the challenges that the analysis
of increasingly large datasets will impose. We
should start working on anticipating the needs
for the analysis and visualization of large phy-
logenomic datasets.
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I. Introduction

Research with fungi has been collaborative for
many years and has depended on the open
sharing of resources either via public collec-
tions or via peer-to-peer exchanges. Formal
culture collections, such as the Fungal Genetics
Stock Center (McCluskey et al. 2010), the
Centraalbureau voor Schimmelcultures (Crous
et al. 2009), and the U.S. Department of Agri-
culture (USDA) Agriculture Research Service
(ARS) Northern Regional Research Laboratory
(NRRL) have facilitated this collaborative com-

munity and have ensured that research materi-
als from one era are available as we transition to
a modern postgenomics era. Culture collections
have been identified as a key infrastructure
element to promote the transition to the bioec-
onomy (Janssens et al. 2010). Collections have
leveraged the work of decades of researchers to
provide ready-characterized material suitable
for whole-genome analysis. Researchers at
these collections are in the enviable position
of having a veritable treasure trove of materials
in their freezers. However, despite this tremen-
dous wealth of biological materials, living col-
lections are facing budget shortfalls that limit
their ability to plan for future developments in
genome sequence technology, in bioinformat-
ics, and in support of the coming bioeconomy
(McCluskey 2013).

II. Culture Collections

Many culture collections have held and
distributed taxonomically and genetically char-
acterized fungi for over five decades (Daniel
and Prasad 2010; Dugan et al. 2011; Boundy-
Mills 2012; Smith 2012). Among these are many
publicly supported and university-supported
resources (Stern 2004). Culture collections,
more formally known as ex situ microbial
germplasm repositories, have diverse missions,
usually related to their funding source. Among
the different categories of culture collections
are type collections, patent collections, genetic
stock centers, and reference material collec-
tions (McCluskey 2013). Each different cate-
gory of collection has a different purpose and
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serves a unique scientific community. The most
similar categories are the type, patent, and ref-
erence collections, and in some instances, these
roles are fulfilled by the same institutions. Type
collections hold strains used in formal taxo-
nomic descriptions and, for microbes, replace
the role of a herbarium or natural history
museum (McNeill et al. 2012). While some
fungi are deposited into mycological herbaria,
others have no significant morphology or are
persistently microscopic and hence are not eas-
ily included in a mycological herbarium. Refer-
ence strain collections specialize in materials
used in immunological or other diagnostic
tests (ISO Guide 2009). Reference strains can
be held in type collections, and this combina-
tion is common. Patent collections are like type
or reference collections but were established by
international treaty to ensure that microbes
used in patented processes were available
(World Intellectual Property Organization
1980). All of these categories of collections
share the characteristic that they may include
hugely diverse holdings (Table 4.1). While most
collections have grown slowly over many years,
growth in holdings exhibits two different
modes. Isolates accessioned by the research
activities of the collection staff contribute to a
slow incremental growth and for some collec-
tions can be on the scale of 200–500 isolates per
year. This level of growth requires significant
support as much of the cost of having isolates in
collections is required at the time of accession,
and maintaining isolates in collections is
straightforward once strains are accessioned,
tested, and preserved for long-term mainte-
nance. Much of collection growth, however,
can be by large-scale deposits associated with
retirement, loss of funding by smaller collec-
tions, or collaborative projects with primary
research projects outside the collection. For
the Fungal Genetics Stock Center (FGSC), over
10,000 Neurospora strains were deposited by
the functional genomics consortium (Dunlap
et al. 2007), 3,150 by David D. Perkins of Stan-
ford University (Turner et al. 2001), and ten
additional researchers have deposited more
than 100 strains. By way of contrast, 46 indivi-
duals have deposited exactly 1 strain, and 211
people have deposited fewer than 100 strains.

Culture collections have been undergoing
significant change in the last decade, and
much of this is associated with the recognition
that the materials they hold are foundational to
modern biotechnological advancement. With
the publications of best practice guidelines for
the operation of culture collections by the
Organization for Economic Cooperation and
Development (OECD 2007) and for operation
of biological repositories by the International
Society for Biological and Environmental Repo-
sitories (Campbell et al. 2012), much of this
change manifests itself as increased profession-
alism. Similarly, collections now operate in a
more complicated regulatory environment, and
the increased costs of these regulations fall on
collections at a time when collection budgets
are falling. Likewise, the impact on genetic
engineering and synthetic biological processes
have an impact on collections disproportion-
ately. At the FGSC, for example, the vast major-
ity of strains distributed since the advent of
systematic gene deletion mutants in filamen-
tous fungi (Ninomiya et al. 2004) have been
genetically modified organisms (GMOs).
Certainly, not all collections face these chal-
lenges, but all collections are faced with
increasing regulation on shipping human, ani-
mal, or plant pathogens, and these regulations
are discontinuous and imposed by diverse reg-
ulatory agencies, such as the International Air
Transport Authority (IATA), the International
Union of Postmasters, and myriad national
agriculture and health ministries.

A. Culture Collection Certifications

Many ex situ microbial germplasm collections
have obtained external certifications, although
no specific certification exists for living
microbe collections. The most relevant certifi-
cations are the International Organization for
Standardization (ISO) 9001:2008 and the ISO
Guide 34:2009 (the date refer to the revision
under which certification was obtained) for
reference material. Many collections seek ISO
certification, and ISO9001:2008 is the most
common. It deals fundamentally with data
management, and this certification ensures
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Table 4.1. Prominent living fungal collections holding genome and reference strains

Collection name/Acronym Scope Support Website

American Type Culture Collection (ATCC) Broad/patent Private nonprofit/
International
Depository Authority
(IDA)

www.atcc.org

Centraalbureau voor Schimmelcultures
(CBS)

Broad Royal Netherlands
Academy of Arts and
Sciences

www.cbs.knaw.nl

Deutsche Sammlung von
Mikroorganismen und Zellkulturen
GmbH (DSMZ)

Broad/patent The Leibniz Institute www.dsmz.de

National Institute of Technology and
Evaluation National Biological
Resource Center (NITE BRC)

Broad/patent Government of Japan www.nbrc.nite.go.jp/e/

Japan Collection of Microorganisms (JCM) Broad RIKEN BioResource
Center

www.jcm.riken.jp/

Fungal Genetics Stock Center (FGSC) Genetic U.S. National Science
Foundation

www.fgsc.net

USDA ARS Culture Collection (NRRL) Broad U.S. Department of
Agriculture/IDA

nrrl.ncaur.usda.gov/

University of Alberta Microfungus
Collection and Herbarium

Broad/medical University of Alberta http://www.uamh.
devonian.ualberta.
ca/

Mycology Culture Collection (ACH) Medical
Mycology

University of Adelaide www.mycology.
adelaide.edu.au

Austrian Center of Biological Resources
and Applied Mycology (ACBR)

General University of Biological
Resources and Applied
Life Sciences

www.acbr-database.at/

Belgian Coordinated Collections of
Microorganisms (BCCM)

Broad/network Belgian Science Policy
Office

bccm.belspo.be/

Colecao de Culturas de Fungos
Filamentosos (CCFF)

Filamentous
fungi

Fundação Oswaldo Cruz ccff.fiocruz.br/

China General Microbiological Culture
Collection Center (CGMCC)

Broad Institute of Microbiology
of the Chinese
Academy of Sciences

www.cgmcc.net/

IBT Culture Collection of Fungi (IBT) Industrial/
taxonomic

Technical University of
Denmark

www.biocentrum.dtu.
dk/

VTT Culture Collection (VTT) General VTT Technical Research
Centre of Finland

culturecollection.vtt.fi/

Collection de L’Institut Pasteur (CIP) Medical Institut Pasteur www.crbip.pasteur.fr
National Fungal Culture Collection of

India
Agricultural MACS’ Agharkar Research

Institute
http://nfcci.dinpl.com/

National Collection of Industrial
Microorganisms (NCIM)

Industrial National Chemical
Laboratory (CSIR)

www.ncl-india.org/
files/NCIM/

Industrial Yeasts Collection (DBVPG) Industrial Italian Ministry of
Commerce/IDA

www.agr.unipg.it/
dbvpg/

Center for Fungal Genetic Resources
(CFGR)

Genetic Seoul National University genebank.snu.ac.kr

Korean Collection for Type Cultures
(KCTC)

Type cultures Korea Research Institute
of Bioscience and
Biotechnology

kctc.kribb.re.kr/

Microbial Strain Collection of Latvia
(MSCL)

General University of Latvia/IDA mikro.daba.lv

Forest Research Culture Collection (NZFS) Forest
pathogens

New Zealand Crown
Research Institute

www.foresthealth.co.
nz

Micoteca da Universidade do Minho
(MUM)

Fungi Universidade do Minho www.micoteca.deb.
uminho.pt

(continued)
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that the collection has implemented best prac-
tices for database, client, and quality control
management. Similarly, Guide 34 specifies
overall requirements that a producer must
meet to be certified to produce reference mate-
rial. In descriptions of the guide, the ISO
emphasizes that it is not intended to vouch for
the material, but rather that the collection is
competent to produce the material. Together,
and in the context of ISO/IEC (International
Electrotechnical Commission) 17025, which
outlines general requirements for testing and
calibration laboratories, these standards are
valuable for demonstrating that a collection
has the appropriate qualifications, management
structures, and infrastructure to produce mate-
rials for authoritative use in a variety of valida-
tion, testing, and reference purposes. While
many of the largest international living microbe
repositories have obtained independent certifi-
cation according to ISO norms (Table 4.2),
these certifications are difficult to obtain for
smaller culture collections. It is important to
note, however, that the lack of certification
does not imply that the materials in the smaller
collections are not fit for use.

Similarly, many collections are coordinat-
ing their activities through formal and ad hoc
networks, and these have the diverse benefits of
pooling expertise, sharing materials for reliabil-

ity and availability, providing a unified voice
for collections, and in the extreme case of for-
mal collaborative networks, of sharing quality
management practices and even certification
(Stackebrandt 2010).

B. The Convention on Biological Diversity

As ex situ microbial germplasm repositories are
becoming increasingly professional, outside
events are also driving change at collections.
Among these are the globalization and profes-
sionalization of science and the desirability
of having certified reference materials for

Table 4.1. (continued)

Collection name/Acronym Scope Support Website

Russian Collection of Agricultural
Microorganisms (RCAM)

Agriculture Russian Federation www.arriam.spb.ru/

All-Russian Collection of Microorganisms
(VKM)

General Russian Academy of
Sciences/IDA

www.vkm.ru/

Coleccion Espanola de Cultivos Tipo
(CECT)

General Universidad de Valencia www.cect.org/

Fungal Cultures University of Goteborg
(FCUG)

General University of Goteborg www2.botany.gu.se/
database/FCUG.
html

Bioresource Collection and Research
Center (BCRC)

General Food Industry Research
and Development
Institute

www.bcrc.firdi.org.tw

BIOTEC Culture Collection (BCC) General National Center for
Genetic Engineering
and Biotechnology

www.biotec.or.th/bcc/

CABI Genetic Resource Collection (IMI) General CAB International/IDA www.cabi.org/
National Collections of Industrial Food

and Marine Bacteria (NCIMB)
Food

bacteriology
NCIMB Ltd./IDA www.ncimb.co.uk

Phaff Yeast Culture Collection (UCD-FST) Yeast University of California phaffcollection.
ucdavis.edu

Table 4.2. Fungal collections with certification

Collectiona Independent certification

ATCC ISO9001:2008, ISO/IEC 17025:2005
CBS ISO9001:2008
DSMZ ISO9001:2008
NBRC ISO9001:2008
CECT ISO9001:2008
BCRC ISO9001:2008
NCIMB ISO9001:2008 current Good

Manufacturing Practices (cGMP)
CIP ISO9001:2005
BCCM ISO9001:2008
VTT ISO9001:2008

aAcronyms as in Table 4.1
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taxonomic, diagnostic, and molecular genetic
research purposes. Similarly, the drive to
promote equitable sharing of the world’s
biological resources has led to the establish-
ment of the formal international treaty known
as the Convention on Biological Diversity
(CBD, www.cbd.int). The CBD explicitly man-
dates in Article 9 that every party to the con-
vention establish a formal ex situ microbial
germplasm repository to conserve the micro-
bial biodiversity identified through surveys
and other bioprospecting endeavors. One sig-
nificant aspect of the impact of a genome
sequence that remains to be evaluated is the
extent to which publication of whole-genome
sequence data relate to the conditions of the
CBD with regard to the distribution of genetic
resources, defined in the text of the CBD as “any
material of plant, animal, microbial or other
origin containing functional units of heredity”
(CBD, Article 2). In addition, genetic resources
are described as “genetic material of actual or
potential value.” Whether the publication of a
whole-genome sequence and subsequent syn-
thetic preparation of DNA encoded in that
information constitutes exchange of genetic
resources or access to technology or whether
this type of exchange is not related to the CBD
has yet to be explored. Similarly, the impact of
synthetic biology on the activities of culture
collections has yet to mature. While culture
collections hold tremendous diversity of organ-
isms, they do not hold every living species, so
the ability to use metadata to recapitulate inter-
esting genes by de novo chemical DNA synthe-
sis allows the de facto export of genes via
transfer of electronic data. Synthetic biology
labs are not culture collections, and their
approach of isolating genetic elements for
manipulation in simple model organisms
means that they can preserve genetic elements,
even from taxonomically diverse sources, in
simple model organism hosts (Purnick and
Weiss 2009). Because the technological frame-
work around the original publication of the
CBD in 1992 has shifted, the ultimate relation-
ship between culture collections, genome data
storehouses, and synthetic biological practices
under the auspices of the CBD remains to be
negotiated.

III. Whole-Genome Analysis of Fungi

As the cost of DNA sequencing has made
whole-genome analysis of multiple species and
even multiple isolates of one species possible,
culture collections have become central to the
effort to generate whole-genome sequence for
strains representing the diversity of life
(Grigoriev et al. 2012).

Several such efforts are related to culture
collections. The first, known as the Genomic
Encyclopedia of Bacteria and archaea (GEBA),
led to the elucidation of the whole-genome
sequence for nearly 1,000 different bacterial
and archael genomes by 2009 (Wu et al. 2009);
the pace of sequencing, as well as the informed
analysis of the sequence data, has even allowed
assembly of unculturable genomes from meta-
genomic DNA sequence data of a bacterial con-
sortium (Albertsen et al. 2013). Currently, over
3,000 bacterial and archaeal genomes have been
sequenced, and this tremendous depth of
sequence has enabled novel approaches to
understanding bacterial and archaeal phyloge-
nies (Lang et al. 2013). The success of the GEBA
project has led to similar efforts by researchers
studying phylogeny, population and molecular
genetics, and evolutionary biology of fungi, and
this project is known as the 1000 Fungal Gen-
omes Project (http://1000.fungalgenomes.org/
home/).

A. Reference Genome Sequence

Among the many ambitious goals of the 1000
Fungal Genomes Project are the sequencing of
genomes of organisms that are not amenable to
traditional culture and extraction protocols,
and these include symbionts, slow-growing
organisms, and diploid or dikaryotic fungi
(Marmeisse et al. 2013). While these may not
enable the kind of complete genomes expected
from early studies, the lack of closed contigs
where the number of contigs equals the num-
bers of chromosomes does not impede the use
of these incomplete genomes. Indeed, the com-
plement of protein-encoding genes, their speci-
ficities, and their association with the biology of
the fungus can inform a variety of studies.
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For example, as genomic data become more accessible,
fungi are being evaluated based on the categories of
numbers of genes found in their genomes. Martin and
colleagues (Martin et al. 2008) demonstrated that fungi
that were plant symbionts had fewer genes predicted to
encode cell wall-degrading enzymes than comparable
saprophytic species.

The data portal for the 1000 Fungal Genomes
Project is built on the platform developed by the
U.S.Department of Energy JointGenome Institute
(US DOE-JGI), and this includes the integrated
fungal genomics resource known as MycoCosm
(jgi.doe.gov/fungi) (Grigoriev et al. 2012).

The Genomes Online Database lists 65 fun-
gal genome programs, and of these, 49 were of
ascomycetes, 9 were basidiomycetes, and
2 were microsporidia (http://www.genomeson-
line.org/cgi-bin/GOLD/index.cgi, accessed June
12, 2013). This is contrasted with the availabil-
ity of fungal genome data in the U.S. National
Library of Medicine Short Read Archive (SRA),
which lists 320 projects for the search term
“fungus,” 392 projects for “neurospora,” and

215 projects for “aspergillus.” Admittedly,
many of these last projects are transcriptome
analyses, but this pattern of large numbers of
projects continues as searches are conducted
on other common fungal taxa names (such as
Fusarium, Schizophyllum, Colletotrichum, or
Cochliobolus). Culture collections hold most
of the isolates used in these and other genome
programs, and a broad goal of collections is to
ensure that materials are available, either
directly from the host collection or by sharing
resources. The FGSC has endeavored both to
assemble a collection of reference genome
strains and to ensure that these strains are
protected from accidental loss by depositing
strains with other collections (Table 4.3).

B. Sequence of Multiple Isolates Within
One Species

While reference genome data are clearly a valu-
able resource, much more insight is available

Table 4.3. Genome strains in the Fungal Genetics Stock Center (FGSC) and their listing in other collections

Strain number Characteristics Alternate numbersa

FGSC A1100 Aspergillus fumigatus AF293, ATCC MYA-4609, CBS 101355
FGSC A4 Aspergillus nidulans ATCC 28611, JCM19073
FGSC A1513 Aspergillus niger ATCC MYA-4892, CBS 513.88
FGSC A1121 Aspergillus niger NRRL 3, CBS 120.49
FGSC A1156 Aspergillus terreus JCM19077
FGSC 10389 Agaricus bisporus ATCC MYA-4626, H97
FGSC 10392 Agaricus bisporus ATCC MYA-4627, JB137-S8
FGSC 9003 Coprinus cinereus ATCC 14714, JCM19078
FGSC 9075 Fusarium graminearum ATCC MYA-4620, PH1
FGSC 9935 Fusarium oxysporum fsp lycopersici ATCC MYA-4623, NRRL 34936
FGSC 8958 Magnaporthe grisea ATCC MYA-4617, 70-15
FGSC 9013 Neurospora crassa ATCC MYA-4619
FGSC 2489 Neurospora crassa 74-OR23-1VA ATCC MYA-4614
FGSC 8579 Neurospora discreta ATCC MYA-4616, W683
FGSC 2508 Neurospora tetrasperma ATCC MYA-4615, P0657
FGSC 9596 Nectria haematococca ATCC MYA-4622
FGSC 9002 Phanerochaete chrysosporium ATCC MYA-4764, RP-78
FGSC 10004 Phycomyces blakesleeanus NRRL 1555
FGSC 10384 Podospora anserina ATCC MYA-4625, S mat �
FGSC 10383 Podospora anserina ATCC MYA-4624, S mat +
FGSC 9543 Rhizopus oryzae ATCC MYA-4621, RA99880
FGSC 10291 Rhodotorula graminis ATCC MYA-4893, WP1
FGSC 10173 Stagonospora nodorum ATCC 24758, SN15
FGSC 10586 Trichoderma virens ATCC MYA-4894, Tv29-8
FGSC 10136 Verticillium albo-atrum ATCC 201270, VaMs102

This list is not exhaustive and omits classical genetic mutant strains subject to next-generation sequence analysis
aAcronyms as in Table 4.1
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when comparing diverse genomes against a ref-
erence. In a preliminary study of the diversity
of laboratory isolates of Neurospora crassa, it
was found that many strains carried poly-
morphisms relative to the reference genome
strain (McCluskey et al. 2011), and this finding
was recapitulated in related studies (Pomraning
et al. 2011; Nowrousian et al. 2012). The strains
that are the subject of these analyses were
available because they were deposited in
culture collections. The labor required to do
the mutant screens that led to the characteriza-
tion of these, and hundreds of other, anony-
mous classical genetic mutant loci has been
exploited by the ability to rapidly identify the
causative mutation in a background of unre-
lated polymorphisms. The fact that these
strains were preserved in culture collections
for many decades allows for cross-generational
collaboration otherwise impossible without the
effort of well-curated collections (Table 4.4).
While the large Neurospora study identified
hundreds of thousands of polymorphisms
among 18 strains, many of these polymorph-
isms were present in 1 strain, which was in a
unique genetic background relative to the ref-
erence genome strain. In this one comparison,
between strain FGSC 2489 and FGSC 821 (the
reference and “Emerson” backgrounds, respec-
tively), there were 188,346 single-nucleotide
polymorphisms (SNPs) identified in the FGSC
821 sequence. Of these, 112,490 (or nearly 60 %)
were noncoding and hence presumably neutral
to selection. Of the remaining polymorphisms,
17,193 were nonsynonymous, and 122 were
nonsense mutations. The nonsynonymous
changes in strain FGSC 821 define unique
alleles at 3,512 different loci, and while most
Open Reading Frames (ORFs) have no changes
or only one change, many ORFs have multiple
changes between the reference genome back-
ground and the Emerson background. When
the 679 ORFs with coding sequence (CDS)
indels are also considered, there are a total of
3,575 ORFs that have alleles in FGSC 821 that
are unique from the homolog in the reference
genome sequence. This amount of diversity in a
well-characterized system with active genome
defenses (Rountree and Selker 2009) suggests
that other systems with less-well-enforced

genome defense might generate novel alleles
(and hence novel biochemical or regulatory
specificities) at a prodigious rate.

Because of their importance in industrial
production of enzymes, biocontrol (through
mycoparastism and other mechanisms), and
occasional human facultative pathogenesis,
the genomes of several Trichoderma species
have been sequenced (Table 4.5). A recent
publication (Kubicek et al. 2011) described
the comparative analysis of two biocontrol
species, T. atroviride (teleomorph Hypocrea
atroviridis) and T. virens (formerly Gliocla-
dium virens, teleomorph Hypocrea virens),
with T. reesei (teleomorph Hypocrea jecorina),
an industrially important cellulolytic filamen-
tous fungus. This comparison revealed the
ancestral nature of many genes involved in
mycoparasitism, including those coding for
chitinases, chitosanases, and secondary metab-
olite production, pointing to an early mycopar-
asitic lifestyle. Other isolates sequenced as
biocontrol strains include T. asperellum and
T. atroviride.

Several T. reesei genomes have been sequenced, includ-
ing non- and hypercellulose producers (QM 9136 and

Table 4.4. Time between deposit of Neurospora crassa
strains carrying genetically defined mutations and
identification of the mutation by whole-genome analy-
sis

Strain number Mutant locus Gap (years)

FGSC 106 com 51
FGSC 305 amyc 51
FGSC 309 ti 51
FGSC 322 ty-1 51
FGSC 821 ts 50
FGSC 1211 dot 46
FGSC 1303 fi 45
FGSC 1363 smco-1 44
FGSC 2261 do 38
FGSC 3114 Sk-2 34
FGSC 3246 fs-n 34
FGSC 3562 mb-1 32
FGSC 3564 mb-2 32
FGSC 3566 mb-3 32
FGSC 3831 ff-1 30
FGSC 3921 tng 29
FGSC 7022 fld 20
FGSC 7035 per-1 20
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QM 9414, respectively). The genomes of the ethanol-
and polyene-resistant RUT C-30 and the L-sorbose-
inducible cellulase producers PC-3-7 and X-31 have
also been sequenced.

Trichoderma longibrachiatum and T. citri-
noviride are the only known Trichoderma that
are opportunistic pathogens of immunocom-
promised humans. The T. citrinoviride fungal
genome was sequenced and assembled inadver-
tantly with the T. longibrachiatum genome
project. The T. citrinoviride genome was a con-
taminant in the DNA provided to the JGI. The
DNA supplier indicated that the two are hardly
distinguishable in culture and do not form an
incompatible reaction against each other, so it
is difficult to differentiate them in cultures. The
two species are distinct enough genetically to
obtain useful genomic information even from a
mixed culture.

Among other species that have been subject
to resequencing, perhaps none have the breadth

of data than yeast (Table 4.6), and while only-
seven Saccharomyces cerevisae strains from
public collections have been publicly
sequenced, the U.S. National Library of Medi-
cine Sequence Read Archive lists 336 studies
and over 9,000 experiments relevant to Saccha-
romyces biology. While many of these later
studies are of specifically constructed strains
and often include transcriptome or even ampli-
con sequencing, the vast number of sequences
for this one species portends great things as
sequence analysis techniques learned from
these studies are applied to the diversity of
basidiomycete yeast (Table 4.7) and filamen-
tous fungi held in modern culture collections
(Table 4.1). Genome sequencing using multiple
independent isolates of a yeast species has been
used to generate new knowledge in areas such
as population genomics and biogeography.
Saccharomyces cerevisiae has industrial
significance and is a model organism to study
numerous eukaryotic cellular processes, such

Table 4.5. Trichoderma spp. whole-genome sequencing projects

Project name Principal investigator Strain designation(s)a

T. reesei RUT C-30 Grigoriev, I (JGI/
LBNL)

ATCC 56765, NRRL 11460, NRCC 2906, RUT-C30, VTT-D-
86271

T. reesei Baker, S (PNNL) ATCC 13631, QM 6a, CBS 383.78, IMI 192654, IMI 45548, T.V.
B117

T. reesei RL-P37 reseq. Gladden, J (JBEI) NRRL 15709, VTT D-071269
T. reesei MCG77 reseq. Gladden, J (JBEI) ATCC 56764, NRRL 11236, CECT 2415, IHEM 5475
T. reesei QMY-1 reseq. Gladden, J (JBEI) NRRL 18760, QMY-1, VTT D-071270
T. reesei PC-3–7 reseq. Gladden, J (JBEI) ATCC 66589, NRRL 15500
T. reesei PC-1–4 reseq. Gladden, J (JBEI) ATCC 66588, NRRL 15499
T. reesei X-31 reseq. Gladden, J (JBEI) ATCC 66587, NRRL 15502
T. reesei 25–4 reseq. Gladden, J (JBEI)
T. reesei CBS 999.79 reseq. Baker, S (PNNL) ATCC 204423, GJS 97–38, CBS 999.97
T. reesei QM 9978 reseq. Baker, S (PNNL) NRRL 22832, VTT D-071267
T. reesei QM 9136 reseq. Baker, S (PNNL) ATCC 26920, 178, BCRC 31642, CCRC 31642, CDBB 355, DSM

770, IFO 31328, KCTC 6045, NBRC 31328
T. reesei QM 9414 reseq. Baker, S (PNNL) ATCC 26921, QM 9414, 3019, CBS 392.92, T.V. B118
T. asperellum Grigoriev, I (JGI) ATCC 204424, TS1(c), BBA 70684, CBS 433.97, TR3
T. atroviride Baker, S (PNNL) IMI 206040
T. citrinoviride Grigoriev, I (JGI)
T. harzianum Grigoriev, I (JGI) CBS 226.95, KCTC 16976
T. longibrachiatum Grigoriev, I (JGI) ATCC 18648, 13423, BCRC 32895, CBS 816.68, CCRC 32895,

IHEM 5747, IMI 352773, KCTC 6379
T. virens Gv29–8 Kenerley, C (Texas

A&M University)
ATCC MYA-4894, FGSC 10586 [Tv29–8, Gv29–8]

JBEI US DOE Joint Bioenergy Institute, JGI/LBNLUS DOE Joint Genome Institute/Lawrence Berkeley National Laboratory, PNNL
US DOE Pacific Northwest National Laboratory
aAcronyms as in Table 4.1
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Table 4.6. Ascomycete yeast species and strains sequenced

Species and reference Note Strain sequenceda

Ascoidea rubsescens Beech sap; beetle associated NRRL Y-17699
Ashbya gossypii Plant pathogen, vitamin B2 production FDAG1
Ashbya gossypii Plant pathogen ATCC 10895
Aureobasidium pullulans var.

subglaciale
Cryotolerant EXF-2481

Aureobasidium pullulans var.
pullulans

Produces multiple enzymes EXF-150

Babjeviella inositovora Phylogenetically isolated NRRL Y-12698
Candida albicans Human pathogen WO-1
Candida albicans Human pathogen SC5314
Candida arabinofermentans Arabinose-fermenting yeast NRRL YB-2248
Candida caseinolytica Secretes strong protease NRRL Y-17796
Candida dublinensis Human pathogen CD36
Candida glabrata Human pathogen CBS 138
Candida guilliermondii Human pathogen ATCC 6260
Candida lusitaniae Human pathogen ATCC 42720
Candida orthopsilosis Human pathogen 90–125
Candida parapsilosis Human pathogen CDC 317
Candida tanzawaensis Unstudied group associated with insects NRRL Y-17324
Candida tenuis Studies of D-xylose metabolism enzymes NRRL Y-1498
Candida tropicalis Human pathogen ATCC MYA-3404
Cyberlindnera jadinii Synonym C. utilis used industrially NRRL Y-1542
Debaryomyces hansenii Industrial use CBS 767
Debaryomyces hansenii Salt tolerant MTCC 234
Dekkera bruxellensis Wine yeast CBS 2499
Hanseniaspora valbyensis Organic acids and low molecular weight

volatiles
NRRL Y-1626

Hansenula polymorpha Industrial use NCYC 495 leu1.1
Hyphopichia burtonii Widespread, competitively uses starch NRRL Y-1933
Kazachstania africana Genome evolution CBS 2517
Kazachstania naganishii Genome evolution CBS 8797
Kluyveromyces aestuarii ATCC 18862
Kluyveromyces lactis Industrial use CLIB 210
Kluyveromyces lactis Industrial use NRRL Y-1140
Klluyveromyces thermotolerans Thermotolerant CBS 6340
Kluyveromyces waltii NCYC 2644
Kluyveromyces wickerhamii UCD-FST 54-210
Lachancea (Saccharomyces) kluyveri Plant pathogen NRRL Y-12651
Lodderomyces elongisporus Human pathogen NRRL YB-4239
Lipomyces starkeyi High lipid producer (65 % of dry weight) NRRL Y-11557
Metschnikowia bicuspidata Aquatic yeast; parasite of Daphnia NRRL YB-4993
Naumovozyma castellii Genome evolution AS 2.2404, CBS 4309
Naumovozyma dairenensis Genome evolution CBS 421
Pachysolen tannophilus Pentose fermentation NRRL Y-2460
Pichia membranifaciens Organic acids; tolerates low pH NRRL Y-2026
Pichia pastoris GS115
Saccharomycse bayanus Beverage fermentation
Saccharomyces cerevisiae First eukaryotic genome sequenced; model M3707
Saccharomyces cerevisiae First eukaryotic genome sequenced; model M3836
Saccharomyces cerevisiae First eukaryotic genome sequenced; model M3837
Saccharomyces cerevisiae First eukaryotic genome sequenced; model M3838
Saccharomyces cerevisiae First eukaryotic genome sequenced; model S288C
Saccharomyces cerevisiae First eukaryotic genome sequenced; model Sigma1278b
Saccharomyces cerevisiae First eukaryotic genome sequenced; model JAY291
Saccharomyces pastorianus Industrial, beer Weihenstephan 34.70
Saitoella complicata Rare soil yeast, basal to yeast divergence NRRL Y-17804

(continued)
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as the research of Hartwell, Hunt, and Nurse
that won the 2001 Nobel Prize (Balter and Vogel
2001).

Initially based on a desire to understand how cells
coordinated cell division, the recognition that yeast
could be used to make mutants defective in cell cycle
control led to the demonstration that genes were
required for cell division, first in S. cerevisae and sub-
sequently in Schizosaccharomyces pombe and the sea
urchin Arbacia punctulata. Ultimately, more than 100
genes were identified that were required for faithful
completion of the cell cycle in a controlled manner.
Foundational among these were cell division cycle
genes, kinases, and cyclins.

The S. cerevisiae genome was the first
eukaryotic genome to be sequenced and the
second genome of any kind (Goffeau et al.
1996). The Saccharomyces Genome Resequen-
cing Project, a collaboration between the
Sanger Institute and the Institute of Genetics,
University of Nottingham, sequenced the
genomes of over 70 diverse wild isolates of
S. cerevisiae and its close relative S. paradoxus
from multiple geographic and ecological
sources to 1–3X coverage (http://www.sanger.
ac.uk/research/projects/genomeinformatics/
sgrp.html). They found that phenotypic varia-
tion correlated with genome-wide phylogenetic

Table 4.6. (continued)

Species and reference Note Strain sequenceda

Scheffersomyces (Pichia) stipitis Pentose- and cellobiose-fermenting yeast CBS 6054
Schizosaccharomyces pombe Model eukaryote 972 h
Spathaspora passalidarum Model xylose fermenter NRRL Y-27907
Tetrapisispora blattae Genome evolution CBS 6284
Tetrapisispora phaffii Genome evolution Van der Walt Y 89; CBS

4417
Torulaspora delbrueckii Genome evolution CBS 1146
Vanderwaltozyma polyspora DSM 70294
Wickerhamomyces anomalus Ethanol, polyols, and glycerol; low water NRRL Y-366
Yarrowia lipolytica Industrial use CLIB 89
Yarrowia lipolytica Industrial use CLIB 122
Zygosaccharomyces rouxii Food spoilage; osmotolerant CBS 732

Updated list can be obtained from the Department of Energy Joint Genomes Institute (http://genome.jgi.doe.gov/programs/

fungi/index.jsf) and Genomes Online Database (http://www.genomesonline.org/). Additional collections that carry many of these

strains can be determined in a search of the StrainInfo bioportal (www.straininfo.net). Many strain ID numbers listed in genome-
sequencing projects lack a formal culture collection identifier, which makes tracking strains difficult
aAcronyms as in Table 4.1

Table 4.7. Basidiomycete yeast species with whole-genome sequence

Species Strain sequenceda

Cryptococcus neoformans var. grubii Human pathogen H99
Cryptococcus neoformans var. neoformans Human pathogen JEC21
Cryptococcus vishniacii Cryotolerant ANT 03-052
Dacryopinax sp. Saprophytic DJM-731 SS1
Dioszegia cryoxerica Extremophile ANT03-071
Malassezia globosa Associated with dandruff CBS 7966
Malassezia restricta Associated with dandruff CBS 7877
Rhodotorula graminis Plant symbiont WP1 (FGSC 10291)
Tremella mesenterica Comparative fungal genomics DSM 1558
Sporobolomyces roseus Associated with plants IAM 13481
Ustilago maydis Plant pathogen/huitlacoche fungus UM 521 (FGSC 9021)

aAcronyms as in Table 4.1
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relationships. While S. paradoxus populations
were divided along geographic boundaries, the
population structure of S. cerevisiae indicated
multiple domestication events. This study was
possible because of participation of a large
number of academic researchers and culture
collections that provided yeast strains. These
yeast strains are available to other researchers
from the National Collection of Yeast Cultures
(NCYC), either as individual cultures or in sets
arrayed in 96-well plate format (http://www.
ncyc.co.uk/sgrp.html), to allow further discov-
ery from these isolates. Projects involving
sequencing of multiple yeast species, and com-
parison of genome sequences generated by
others, have advanced because of the access
to yeast strains from public culture collections.
The Génolevures Consortium (http://genole
vures.org/), comprises researchers at
Laboratoire Bordelais de Recherche en Infor-
matique, Institut National de Recherche en
Informatique, Centre de Recherche Bordeaux
Sud-Ouest, and Université Louis Pasteur in
France, generated nine complete and seven par-
tial genome sequences of Hemiascomycete
yeast species (Sherman et al. 2009). The yeast
strains used in this project, as well as several
hundred thousand genomic clones, can be
obtained from the International Center for
Microbial Resources (CIRM-Levures).

C. Strain Equivalence in a Postgenomics
Era

The material in living microbe collections has a
unique status with regard to intellectual prop-
erty. Strains that are clonally derived from the
same progenitor strain are often considered to
be equivalent, and with regard to their intended
use, this assumption is often valid.

Comparative analysis of the whole-genome
sequence from presumably identical strains is
possible with next-generation sequencing cap-
abilities. Preliminary analysis of closely related
strains shows limited numbers of polymorph-
isms. For example, among the 18 whole gen-
omes analyzed in the analysis of classical
N. crassa mutants, the 2 strains with the few-
est polymorphisms relative to the reference

genome (FGSC 309 and 7035) shared only
3,179 SNPs, suggesting that most of the 31,761
total SNPs in these two strains are not derived
from a common ancestor (McCluskey et al.
2011). Ongoing projects to compare even
more closely related strains are in progress
and promise to help define the relationship
between strains that are otherwise identical.

A number of targeted sequencing projects
have looked at the variation in classical mutants
and have largely recapitulated the genetic analy-
sis that defined the various loci. These studies
have shown that N. crassa mutants at the al-2
locus (Diaz-Sanchez et al. 2011), the ad-8 locus
(Wiest et al. 2012), and now the trp-3 locus
(Wiest et al. 2013), which have shared lineage
and are essentially identical from a physiological
or biochemical perspective, can be differentiated
by DNA sequence analysis.

Similarly, mitochondrial genome variabil-
ity among closely related strains, a subject that
received a great amount of attention as a valu-
able strain-specific fingerprint (see, e.g., Paquin
et al. 1997) is an area that has only been
explored at a superficial level in whole-genome
analysis of filamentous fungi (McCluskey
2012). Certainly, part of this is because of the
early stage of the art, where the whole-genome
sequences of one strain per species have yet to
be elucidated, and as more studies delve deeply
into the diversity within species, mitochondrial
diversity will be part of that characterization.

IV. Impact of Genome Technology
on Culture Collections

Among culture collections, the impact of
whole-genome sequence data has been slowly
accumulating. Diversity-based collections have
the ability to use barcode data inherently pres-
ent in a whole-genome sequence in revisiting
the taxonomic classification of materials depos-
ited under names generated by physiological or
morphological criteria. Similarly, genetic col-
lections are expanding to include new diversity
as genome technology expands the traditional
distinction between observational and genetic
studies (McCluskey et al. 2010).
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A. A Gene-Ontology-Driven Culture
Collection Catalog

Because one of the uses of culture collections is
to identify organisms that possess valuable or
otherwise desirable traits, clients will often
obtain multiple isolates from one group of
functionally or taxonomically related organ-
isms in the hope that a characteristic found in
one such organism will be found in many
related isolates. While this is certainly true at
a first approximation, once every isolate in a
collection has been subject to whole-genome
analysis, it should be possible to search culture
collection databases not by taxonomic keys, but
rather by a search using the Basic Local Align-
ment Search Tool (BLAST) (Altschul et al.
1990) or by following a gene ontology classifi-
cation (Ashburner et al. 2000) to identify
strains that share a particular trait, enzymatic
activity, or conserved domain. While a diligent
investigator can use a functionally similar
approach to searching online databases and
following the links to the strains desired, this
is not closely related to the ability to search a
taxonomically diverse culture collection for
strains that share a particular characteristic. A
BLAST search of the National Center for Bio-
technology Information (NCBI) database using
the protein sequence from Neurospora biotin
synthetase (NCU03937, a single-copy gene)
identified 100 orthologs in 99 different fungal
species among the top 100 scoring-related pro-
tein sequences. While this highly conserved
protein demonstrates how an ontology-based
catalog might function, the real value of the
ontological catalog will be in finding orthologs
to unusual, rare, or novel protein or genome
sequences.

B. Allele Catalogs from Resequencing
Efforts

Similarly, an allele database for N. crassa listing
all of the different yet (presumably) functional
alleles of each ORF as well as temperature-
sensitive (TS) and loss-of-function alleles
would be a valuable resource. This is increas-
ingly important as more and more studies com-

pare their results to the reference genome while
there are clearly multiple genetic backgrounds
even in the inbred research strain population.

Whole-genome sequencing has also been
evaluated for taxonomy in prokaryotes, and
although there are some challenges, it is likely
that whole-genome sequencing will ultimately
be used for taxonomy, and for species and gene
phylogenies, as well as for unanticipated appli-
cations yet to be discovered (Sentausa and
Fournier 2013). In an immediate time frame,
some of the challenges noted include the fact
that, for many species, the strain subject to
whole-genome analysis is not the type strain.
In addition, many taxa are not sequenced to as
great a depth, so coverage is not uniform. This
last challenge may go away naturally as multi-
ple isolates of many species are sequenced
(Forde and O’Toole 2013), either for cataloging
in culture collections, as has been advocated
here and elsewhere (McCluskey 2013), or for
biogeographic and other studies. Genome rese-
quencing, where multiple isolates of one species
are sequenced and compared to a reference
genome assembly (Stratton 2008), has been
applied at multiple taxonomic levels with great
impact.

In fungi, for example, genome resequen-
cing has been applied to basal flagellated
chytrid fungi to understand the relationship
between geographic distribution and evolution-
ary history (Rosenblum et al. 2013) and to plant
pathogenic fungi demonstrating significant and
large-scale genetic differences that are asso-
ciated with production of pathogenicity-related
proteins in Stagonospora (Syme et al. 2013).
Similar studies with Fusarium (Ma et al. 2010)
have demonstrated the horizontal transfer of
chromosomes bearing pathogenicity-related
genes.

Resequencing has also been applied to the
hunt for mutated genes, which are known
genetically and phenotypically, but for which
there is no identified ORF in yeasts and fila-
mentous fungi. A number of different
approaches have been taken with this same
goal. For example, the anonymous N. crassa
mutant locus ndc-1 was identified as an allele
of the previously characterized biosynthetic
locus spe-1 using an bulk segregant analysis
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followed by subtraction of SNPs segregating in
the Neurospora laboratory mutant strain popu-
lation (Pomraning et al. 2011). Similarly, devel-
opmental mutants of Sordaria macrospora were
characterized by sequencing DNA pooled from
40 progeny. In this study, ambiguous reads
were discarded, and comparative analyses
were used to identify candidate mutations
responsible for the phenotypes under study;
these were subsequently validated by molecular
genetic complementation (Nowrousian et al.
2012). By way of contrast, the more well-
saturated genetic map of N. crassa (Perkins
et al. 2000) coupled with the common genetic
backgrounds used by this research community
(Galagan et al. 2003) meant that bulk segregant
analysis was not necessary in a preliminary
resequencing project looking for anonymous
mutations (McCluskey et al. 2011). In this
study, a de facto in silico bulk segregant analy-
sis was used by which any polymorphisms rel-
ative to the reference genome present in
multiple mutant strains were excluded from
the analysis of individual mutant strains. For
some mutants, this meant that the number of
unique polymorphisms in the genetically
defined region carrying the mutant locus was
reduced to near unity.

In this last case, a rapid approach to char-
acterizing mutant loci was possible exactly
because these strains were preserved in the
public culture collection. The laborious
approach of mutant identification by protein
characterization, library construction, and
complementation was not necessary because a
public collection was available to preserve the
material until a rapid characterization tech-
nique was available. The gap between the mate-
rial being deposited into the public collection
and subsequent identification of the mutation
was from 20 to 51 years (Table 4.4) and
required the genomic technology to accomplish
this task. While the ultimate value of this char-
acterization will be demonstrated by requests
for strains carrying these mutations, the mere
fact of their characterization sets Neurospora
apart as a model organism. Many other fungi
were in use during the early days of genetic
analysis, and with the limited exceptions of
Neurospora and Aspergillus nidulans, most

genetic fungal systems are no longer studied.
For example, dozens of classic mutant strains,
including Allomyces (Olson 1984), Ustilago
(Perkins 1949), and Sordaria fimicola (Kitani
et al. 1961), are available in ad hoc and formal
collections, although these materials have not
been utilized in as many as 20 years (McClus-
key et al. 2010). Clearly, other research systems
are in use, as evidenced by the tremendous
growth of the Fungal Genetics Conference. In
the last 10 years, the number of participants
and of abstracts submitted have grown from
550 attendees and 495 poster abstracts in 2003
to nearly 1,000 attendees and 741 poster
abstracts in 2013. Similarly, significant research
is done with Ustilago, Allomyces, and Sordaria,
but it is not in the context of material from a
formal culture collection.

V. Conclusions

While it is a tautology to say that culture collec-
tions are limited to maintaining and propagat-
ing strains that are capable of being grown in
axenic culture, the ability to provide a broad
foundation of data underlying the known diver-
sity of life will ensure that the materials in
culture collections will provide an essential
reference for studies of cell biology, taxonomy,
phylogeny, and environmental biology.
Currently, many metagenomics programs are
limited to associating anonymous ORFs with
kingdom- or phylum-level taxa, while genomics
informed studies could at least allow assign-
ment to family or even genus levels (Grigoriev
et al. 2012). Similarly, the ability to characterize
neutral, or at least apparently neutral, sequence
polymorphisms among laboratory isolates will
inform studies of the relationship between
phenotype and sequence polymorphisms
(McCluskey 2013). Culture collections are the
only reliable mechanism of ensuring that
research results from one era are available for
future researchers. Moreover, researchers who
are interested in ensuring the highest impact
for their research can expect as many as 150 %
more citations to published work when the
material is publically available (Furman and
Stern 2011). While the global trend is for
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formalization of living microbe collections,
support for collections in the United States
and around the world is fragile. The future
availability of living microbial material will
require a new rationale for public support or
the attention of a visionary philanthropist.
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5 Fungal Chromatin and Its Role in Regulation of Gene Expression
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The histones are commonly regarded as unpleasant proteins
for rigorous studies.

—Cook et al. 1956, cited in Van Holde 1988, p. 69

I. Introduction

Gene regulation in fungi must be considered in
the context of chromatin. This assembly of DNA,
RNA, and proteins undergoes time- and space-
dependent compaction or unfolding to restrict or
allow access to regulatory regions, the “promo-
ters” and “enhancers” characterized by sequence
motifs that are recognized by classical transcrip-
tion factors. Changes in chromatin structure and
composition have received considerable atten-
tion in most deeply understood model systems,
driven largely by technological advances in

studying chromatin as a template for gene regu-
lation. There is a particularly rich literature based
on studies with two major models, the budding
yeast Saccharomyces cerevisiae and the fission
yeast Schizosaccharomyces pombe. Many recent
reviews have addressed chromatin regulation in
these organisms (Gasser and Cockell 2001;
Rusche et al. 2003; Martienssen et al. 2005; Gre-
wal and Jia 2007; Grewal 2010; Sun et al. 2011;
Yankulov 2011; Goto and Nakayama 2012;
Rando and Winston 2012). Over the past decade,
it has become clear, however, that what is true in
either or both yeasts is not necessarily conserved
in filamentous ascomycetes or basidiomycetes,
as chromatin of these organisms more closely
resembles that of “higher” eukaryotes. This chap-
ter contains a brief overview of chromatin com-
ponents, modification enzymes, and the most
recent work with filamentous fungi, without
attempting to be comprehensive. Several recent
reviews deal with the general subject (Blander
and Guarente 2004; Ekwall 2005; Simon and
Kingston 2009; Eissenberg and Shilatifard 2010;
Beisel and Paro 2011; Margueron and Reinberg
2011; Schuettengruber et al. 2011; Tennen and
Chua 2011; Upadhyay and Cheng 2011; Hall et al.
2012; Young and Kirchmaier 2012; Oppikofer
et al. 2013; Rudolph et al. 2013), while others
cover the topic as it relates to filamentous fungi
(Brosch et al. 2008; Shwab and Keller 2008;
Palmer and Keller 2010; Rountree and Selker
2010; Brakhage and Schroeckh 2011; Strauss
and Reyes-Dominguez 2011; Chang et al. 2012;
Gacek and Strauss 2012; Smith et al. 2012a, b).
One purpose is to indicate gaps in our current
knowledge about chromatin-mediated gene reg-
ulation in filamentous fungi and provide exam-
ples to illustrate how comparative biology of
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fungi may uncover unexpected chromatin com-
ponents and different regulatory networks.

Fungi seem especially well suited for com-
parative chromatin biology as they are relatively
simple organisms with small genomes that usu-
ally lack redundancy of genes for chromatin
components and DNA or histone modification
enzymes. As they are amenable to rapid genetic
manipulations, biochemistry, and cytology,
many fungi have become important model
organisms. With the advent of high-throughput
sequencing, however, it is now possible to
quickly generate almost-complete genomes
and transcriptomes of any fungus (Nowrousian
et al. 2010; de Wit et al. 2012; Stukenbrock et al.
2012; Bushley et al. 2013; Umemura et al. 2013;
Wiemann et al. 2013; Zhao et al. 2013). To date,
there are more than 200 high-quality draft gen-
omes from many different families available,
and their number still increases exponentially
(see URLs at the end of this chapter). For inci-
sive comparative studies, sequencing depth of
specific genera is important; the taxaAspergillus
(Galagan et al. 2005; Machida et al. 2005; Nier-
man et al. 2005; Fedorova et al. 2008; Arnaud
et al. 2012; Knuf and Nielsen 2012; Gibbons and
Rokas 2013) and Fusarium (Cuomo et al. 2007;
Ma et al. 2010; Rep and Kistler 2010; Wiemann
et al. 2013) are excellent examples. By now,
some fungi have been analyzed deeply at the
species level, for example, Neurospora crassa
(Ellison et al. 2011) and Zymoseptoria tritici
(Goodwin et al. 2011; Stukenbrock et al. 2011;
Stukenbrock andDutheil 2012; Croll et al. 2013).
The combination of genomic, transcriptomic,
and metabolomic resources allows formulation
of new hypotheses with regard to the chromatin
landscape and gene regulation in filamentous
fungi, as documented recently with Fusarium
fujikuroi (Wiemann et al. 2013) and Tolypocla-
dium inflatum (Bushley et al. 2013).

II. Regulation by Chromatin Structure:
Not All Modifications Are
“Epigenetic”

It is tempting to equate regulation by chroma-
tin structure with “epigenetic” regulation.

Epigenetic phenomena are generally defined
as heritable but reversible states of regulation
that occur in the absence of changes in DNA
sequence. They include genomic imprinting in
mammals and plants, dosage compensation of
sex chromosomes in animals, paramutation in
plants, transvection in flies, maintenance and
inheritance of centromeres, prions, and many
more (Gottschling 2007; Williams 2013).

Genomic imprinting refers to systems in which the
more typical biallelic expression from genes in diploid
cells is changed to parental-specific monoallelic expres-
sion (Koerner and Barlow 2010). Imprinted messenger
RNA (mRNA) expression is determined by parental
origin of the specific locus, and the affected genes
have the same parental-specific expression in both
male and female progeny. Over 100 maternally or pater-
nally expressed imprinted genes have been identified;
many control embryonic development. Both DNA
methylation and noncoding RNA are causally involved
in this phenomenon (Koerner and Barlow 2010; Lee and
Bartolomei 2013). Dosage compensation refers to vari-
ous systems that ensure equal expression from genes on
sex chromosomes. In nematodes, sex is determined by
the ratio of X chromosomes to autosomes. Genes
named X signal elements (XSEs) repress a masculiniz-
ing sex determination gene, xol-1 (XO lethal), in a dose-
dependent manner. Autosome dosage is determined by
autosomal signal elements (ASEs) that counter XSEs by
stimulating xol-1 transcription (Meyer 2010; Farboud
et al. 2013; Kruesi et al. 2013). In flies, transcriptional
upregulation of male X-linked genes is stimulated by
the noncoding roX RNA (Simon et al. 2011). A ribonu-
cleoprotein complex called male-specific lethal or
dosage compensation complex (MSL/DCC) forms on
the male X chromosome specifically near active genes
at high-affinity “entry” sites (HASs), from which it
spreads along the chromosome (Straub et al. 2013).
Conversely, in mammals one of the two female X chro-
mosomes is randomly chosen and transcriptionally
silenced, a process called X chromosome inactivation,
that is also controlled by a long noncoding RNA, Xist,
and several smaller RNAs (Jeon et al. 2012; Lee and
Bartolomei 2013). Paramutation, mostly studied in
maize, refers to heritable expression states “by allelic
interactions in trans,” mediated by small RNAs and
specific patterns of DNA methylation (Stam 2009;
Erhard and Hollick 2011; Hollick 2012). Transvection,
mostly studied in Drosophila, refers to interactions of
chromosomal loci, where paring or nonpairing can
influence expression of genes (Duncan 2002; Kennison
and Southworth 2002).

Underlying mechanisms for these phenom-
ena involve DNA methylation, RNA-based
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silencing, and protein-mediated inheritance or
a combination of all three. Only if these
mechanisms result in reversible and heritable
states in gene regulation should a process be
deemed “epigenetic” in the strict sense. In
many cases, however, these criteria are not
fulfilled, as chromatin-mediated regulation
may not extend across several cell cycles or
meioses. In fact, some even argue that the
whole concept of epigenetic regulation as
applied today should be revised or even aban-
doned, as accumulating evidence shows that
most epigenetic phenomena can be explained
by cell- and time-specific transcriptional regu-
lation in the traditional sense (Ptashne 2013a,
b). Thus, the idea of epigenetic regulation
served as a useful hypothesis that resulted in
much deeper understanding of chromatin biol-
ogy but ultimately it may turn out to be a
flawed concept. Epigenetic may, however, still
be used to mean all developmental gene regu-
lation, as originally intended (Waddington
1952).

There are a few examples for which the
concept of epigenetic inheritance is useful,
for example, in genomic imprinting, which
seems to be controlled by noncoding RNA
and allele-specific DNA methylation (Lee and
Bartolomei 2013). Perhaps the best example for
epigenetic chromatin regulation by deposition
of specific proteins is the maintenance and
inheritance of centromere position and kinet-
ochore formation. Specific DNA sequences
alone are insufficient to generate normal cen-
tromeres or aberrant “neocentromeres” in most
eukaryotes (Cleveland et al. 2003; Black and
Cleveland 2011). Instead, cell-cycle-dependent
deposition of a centromere-specific histone H3
variant, CENP-A in mammals (Earnshaw and
Migeon 1985; Palmer et al. 1987) and CenH3 in
filamentous fungi (Smith et al. 2011, 2012a),
marks centromeric DNA for assembly of kine-
tochores (Verdaasdonk and Bloom 2011; Hori
and Fukagawa 2012). For many years, centro-
meric regions had been viewed as “constitutive
heterochromatin,” domains of chromosomes
not transcribed and condensed even during
interphase. Studies in fission yeast, Drosophila,
and mammals revealed that transcription can
occur in centromeric core regions, and that

they are associated with active chromatin
marks, in this case, dimethylation of canonical
histone H3 on lysine residue 4 (H3K4me2) (Sul-
livan and Karpen 2004; Cam et al. 2005).
Indeed, H3K4me2 was required for mainte-
nance of centromeres on a human artificial
chromosome and for the deposition of CENP-
A (Bergmann et al. 2011). Thus, the view of
centromeres as constitutively silenced regions
has been challenged by biochemical and cyto-
logical analyses of rice, fly, and mammalian
chromatin (Sullivan and Karpen 2004; Yan
et al. 2005; Ma et al. 2007).

Relatively little is known about this in the
filamentous fungi. In N. crassa, centromeric
nucleosomes carry silencing histone lysine
modifications, for example, trimethylation of
H3K9me3 (Smith et al. 2011), and the same is
true for Fusarium species (Wiemann et al. 2013;
L.R. Connolly, K.M. Smith, and M. Freitag,
unpublished data). Introduction of reporter
genes into centromeric DNA in wild-type
Neurospora strains resulted in gene silencing,
presumably by reduced transcription, but the
centromeric silencing effect was abrogated in a
series of mutants defective in a novel histone
deacetylase (HDAC) complex, HCHC (Honda
et al. 2012). Some of the comparatively large
centromeric regions of N. crassa are tran-
scribed, however, and small interfering RNA
(siRNA) is generated from the assembly of
transposon relics that make up most of the
centromeric DNA (Chicas et al. 2004; Lee et al.
2010).

The example of centromeres also illustrates
how researchers first encountered regulation by
chromatin state, namely, as position effect var-
iegation (PEV) in Drosophila (Henikoff 1990)
or telomere position effects (TPEs) in Saccha-
romyces (Gottschling et al. 1990). In these situa-
tions, reporter genes were transcribed when
placed into chromatin conducive for transcrip-
tion (“euchromatin”) but were silenced when
placed into heterochromatin. The field was
driven forward by analyses of mating-type
switching in S. cerevisiae, which uncovered
genes for silent information regulators (SIRs)
(Rine et al. 1979; Rine and Herskowitz 1987;
Haber 2012). One of these, Sir2, encodes the
founding member of the sirtuins, class III
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HDACs (Blander and Guarente 2004). Sirtuins
are also involved in silencing of rDNA gene
clusters (Santoro 2005; Preuss and Pikaard
2007; McStay and Grummt 2008; Salminen
and Kaarniranta 2009), another topic on
which there is currently little information avail-
able from filamentous fungi.

Position effects, specifically TPEs in the
widest sense, have received some attention in
Neurospora and Aspergillus (Smith et al. 2008;
Palmer and Keller 2010). In N. crassa, reporter
genes were silenced when placed close to telo-
mere repeats at some chromosome ends, yet
silencing was relieved in mutants with faulty
heterochromatin assembly (Smith et al. 2008),
thus resembling the situation in S. cerevisiae
but mediated by different protein complexes.
In Aspergillus, position effects have not been
examined this close to the telomeric repeats.
Much of the current excitement in the field
stems from the realization that silent chroma-
tin controls the expression of large gene clus-
ters that often are required for the production
of secondary metabolites (SMs) in many fungi.
SM gene clusters tend to accumulate near the
chromosome ends in most filamentous fungi
that have been analyzed (Fedorova et al. 2008;
Ma et al. 2010; Andersen et al. 2013; Condon
et al. 2013; Gan et al. 2013; Inglis et al. 2013;
Wiemann et al. 2013), although they are typi-
cally too far away from chromosome ends to
be the subject of TPEs in the strict sense. Thus,
these phenomena may not be truly epigenetic,
but they share mechanistic aspects with het-
erochromatin silencing. Under most laboratory
growth conditions, SM gene clusters remain
transcriptionally silent, and one long-standing
challenge has been to activate these chromo-
some domains at will, often by culturing
organisms on special sets of growth media
(Frisvad 2012; Tormo et al. 2012). Manipulat-
ing chromatin structure in fungi has been con-
sidered as one strategy that promises to unlock
previously untapped biochemical potential by
transcriptional activation (Brakhage 2013);
thus, many recent studies have been directed
at understanding the transcriptional silencing
and activation of these large chromosomal
regions (Bok et al. 2006; Shwab and Keller
2008; Bok et al. 2009).

III. Building Blocks of Chromatin: The
Histone Complement
of Filamentous Fungi

Gene regulation by changes in chromatin is
dependent on the major structural elements of
chromatin, the histones (van Holde 1988). Reg-
ulation can be mediated by replacement of the
“canonical” core histones (H2A, H2B, H3, H4)
with histone variants (Table 5.1) or by numer-
ous posttranslational modifications of core or
linker histones (Table 5.2). During cell-specific
development in animals, protamines can
replace histones; little is currently known
about similar potential replacement of histones
by histone-like proteins in filamentous fungi.

Overall, fungi carry a minimal set of genes
for histones, which makes them excellent
organisms for the genetic analysis of histone
function (Grunstein 1990; Durrin et al. 1991;
Ling et al. 1996; Mellone et al. 2003; Dai et al.
2008; Nakanishi et al. 2008; Adhvaryu et al.
2011). In most filamentous fungi, genes for the
core histones H3, H2A, and H2B, as well as the
linker histone H1, are unique (see databases
available at the Broad Institute, the Joint
Genome Institute (JGI) MycoCosm, and Fun-
giDB; URLs are listed at the end of this chap-
ter). Most fungi, however, contain two copies of
H4 (often annotated as H4.1 and H4.2), similar
to the hemiascomycetous yeasts, for which two
or even three core histone gene clusters exist.
Unlike in the Drosophila genome (van Holde
1988), histone genes of fungi are not organized
into a single cluster but rather dispersed across
the genome. H2A and H2B, as well as H3 and
H4.1, are always linked and divergently tran-
scribed from one promoter (Ehinger et al. 1990;
Hays et al. 2002). H4.2 is differentially regu-
lated, at least in Aspergillus nidulans, and has
a single amino acid change when compared to
H4.1 (Fig. 5.1) (Ehinger et al. 1990). In N.
crassa, as in most sequenced fungi, H4.1 and
H4.2 are identical, even though the genes
encode transcripts that have introns of different
size and different splice sites (Hays et al. 2002).
Nothing is known about the actual function of
the second H4 protein. In mammals, H3.1 is
incorporated during replication (“replication-
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dependent” H3), and H3.3 is used as a “replace-
ment” histone during all other chromatin
transactions, for example, when nucleosomes
are remodeled during transcription, recombi-
nation, or repair (Ahmad and Henikoff 2002;
Talbert and Henikoff 2010). Perhaps H4.1 is a
replacement H4 while H4.2 is the vestige of a
replication-dependent H3-H4 gene pair
(Fig. 5.1). It is well known that core histones
are the most conserved proteins of eukaryotes;
indeed, protein sequence alignments derived
from the known or predicted histone genes of
all available fungal genomes show close-to-per-
fect conservation for H3, H4 (Fig. 5.1). There
are, however, some minor differences for H2A
and H2B (Hays et al. 2002).

There are numerous studies on the linker
histone H1 from many organisms, but its func-
tion in chromatin biology is still not completely
clear. It is thought to be involved in regulation
of heterochromatin structure and DNA methyl-
ation (Wolffe et al. 1997; Kasinsky et al. 2001;
Vujatovic et al. 2012; Kalashnikova et al. 2013;
Lu et al. 2013; Yang et al. 2013). In humans,
there are numerous differentially regulated H1
proteins (Kowalski and Palyga 2012). In Dro-
sophila, H1 proved essential (Lu et al. 2009),
while an ill-conserved homolog is dispensable
in Tetrahymena (Shen et al. 1995) and S. cere-
visiae (Patterton et al. 1998; Freidkin and Katc-
off 2001). There have been few studies in
filamentous fungi, although H1 silencing has
been shown to cause DNA hypermethylation
in Ascobolus (Barra et al. 2000). This was not
generally applicable, as no DNA methylation

phenotype was detected in Neurosporamutants
(Folco et al. 2003). Instead, relatively minor
transcriptional effects were noticed, exempli-
fied by misregulation of the pyruvate decarbox-
ylase gene. Future research should address the
function of histone H1 in fungi.

Aside from the normal set of core or linker
histones found in most nucleosomes of a given
species, several histone variants are known
(Table 5.1). These include the centromere-
specific H3 (CENP-A or CenH3), already dis-
cussed, as well as H2A variants associated with
transcription (H2A.Z), repair (H2A.X), or
chromosome-wide silencing (macro-H2A)
(Ahmad and Henikoff 2002; Talbert and Henik-
off 2010). Fungi have genes for H2A.Z, but their
regular H2A seems more closely related to
H2A.X (Xhemalce et al. 2012). In the wheat
pathogen Pyrenophora tritici-repentis, a puta-
tive DNA transposon has acquired a novel type
of H3 gene (Manning et al. 2013), an example of
transduplication in fungi; however, when trans-
ferred into N. crassa, this putative variant was
not targeted to the nucleus (S. Solisti, V. Man-
ning, L. Ciuffetti, and M. Freitag, unpublished
data). In most eukaryotic genomes, there are no
other variants; so far, none have been found for
H2B or H4.

In filamentous fungi, however, there is a
potential novel H4 variant, first identified as
hH4v in N. crassa (Hays et al. 2002). Initially,
hH4v was considered a pseudogene, as the pre-
dicted protein did not seem to share large
stretches of identity with canonical H4. Perusal
of all fungal genomes suggests otherwise,

Table 5.1. Fungal core histones and their variants

Group Name Homolog Functions

Histone H2A H2A H2A.X Many; necessary for DNA repair
H2A.Z H2A.Z Many; counteracts gene silencing

Histone H2B H2B H2B Found in all nucleosomes
Histone H3 H3 H3.3 Many; replication-independent type

CenH3 CENP-A centromere-specific H3
Histone H4 H4.1 H4 Many; coregulated with H3

H4.2 H4 Many; independently regulated from H3
H4v None Putative fungal-specific H4

Fungal histones match specific types of histones produced in mammals. “Canonical” mammalian H2A, H3.1, and H3.2 do not

exist in fungi, suggesting that H2A.X and H3.3 more closely resemble the precursor of all H2A and H3 proteins. Conversely, fungi

seem to produce a larger variety of H4 protein variants
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however, as H4v genes exist in many taxa
(Fig. 5.2). This gene is transcribed in N. crassa
and several Fusarium species, and the resulting
Neurospora protein, when tagged with green
fluorescent protein (GFP) or mCherry, is tar-
geted to the nucleus (J. Galazka and M. Freitag,
unpublished results). Compared to canonical
H4, this predicted protein has extended and
not generally conserved N-terminal and C-
terminal tails, but the histone fold domain

with the alpha helixes required to fold into the
nucleosome (Freeman et al. 1996) are conserved
(Fig. 5.2). Splice sites are conserved, and while
many silent mutations exist, few missense
changes occur between closely related species,
suggesting that these genes are under purifying
selection. Thus, this may prove to be one exam-
ple where comparison of the many genomes
available from filamentous fungus may yield
novel insights into chromatin biology.

Table 5.2. Histone modifications and examples of histone-modifying enzymes

Modification Residue Example Enzyme (fungal homologs)

Acetylation Lys (K) H4K5/12ac KAT1 (ScHat1, NcHAT-1)
H3K9/14/18/36ac KAT2 (ScGcn5, NcNGF-1)
H3ac and H4ac KAT4 (ScTaf1, NcHAT-3)
H4K5/8/12/16ac KAT5 (ScEsa1, NcHAT-4, An ESAA)
H3K14ac KAT6 (ScSas3, NcHAT-6)
H4K16ac KAT8 (ScSas2, NcHAT-5)
H3ac KAT9 (ScElp3, NcELP-3)
H3K14ac KAT10 (ScHap2)
H3K56ac KAT11 (ScRtt109)

Deacetylation AcLys (acK) H3ac, H4ac Rpd3 (ScRpd3, NcHDA-3, AnRPDA, FgRpd3)
H3ac?, H4ac? Hda1 (ScHda1, NcHDA-1, AnHDAA, FgHdF2)
H3ac, H4ac Hos2 (ScHos2, NcHDA-2, AnHosA, FgHdF1)
H3ac, H4ac Hos3 (ScHos3, NcHDA-4, AnHosB, FgHdF3)
H3K9/14/56ac, H4K16ac SIRT1 (ScHst1, NcNST-1, )
H3K9/14/56ac SIRT2 (ScHst2, NcNST-2, An HSTA)
H4ac? SIRT1 (ScHst4, NcNST-3)
? SIRT3 (ScHst3, NcNST-4)
H4ac? SIRT4 (NcNST-5)
? SIRT5 (NcNST-6)
Nucleolus SIRT7 (NcNST-7)

Methylation Lys (K) H3K9me2, -3 KMT1 (SpClr4, NcDIM-5, AnCLRD, FgKMT1)
H3K4me2, -3 KMT2 (SpSet1, NcSET-1, An, FgKMT2)
H3K36me2, -3 KMT3 (ScSet2, NcSET-2, An, FgKMT3)
H3K79me KMT4 (ScDot1, NcDOT-1, FgKMT4)
H4K20me KMT5 (NcSET-, FgKMT5)
H3K27me3 KMT6 (NcSET-7, FgKMT6)

Arg (R) H4R3me PRMT1 (ScHmt1, NcPRM-1)
Nonhistone proteins PRMT3 (NcPRM-3)
H3R8me, H4R3me PRMT5 (ScHsl7, SpSkb1, NcPP-2)

Demethylation MeLys (meK) H3K4me, H3K9me KDM1 (SpLsd1, AnHDMA)
H3K36me KDM2 (ScJhd1)
H3K9me KDM3
H3K9me, H3K36me KDM4 (ScRph1)
H3K4me KDM5 (Jhd2, SpJmj2, SpLid1)
H3K27me KDM6

Phosphorylation Ser (S) H3S10ph Aurora B (ScIpl1, AnNIMA)
H4S1ph CKII (ScCkII)

Thr (T) H3T45ph CDC7 (ScCdc7)

Emphasis is placed on proteins mentioned in the text. Ubiquitylation, sumoylation, ADP-ribosylation, proline isomerization, and

citrullination are not discussed in this chapter. Enzymes are listed by their mammalian names or classes, with fungal homologs

where appropriate (Sc S. cerevisiae, Sp S. pombe, Nc N. crassa, An A. nidulans, Fg F. graminearum). For most enzymes from
filamentous fungi, activities still need to be determined, others are from Xhemalce et al. (2012)
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Why are histone variants of interest for
chromatin regulation? Replacement of canoni-
cal histones with variants causes defined
changes in gene regulation. In yeasts, H2A.Z
(called Htz1 in S. cerevisiae and H2A.ZPht1 in S.
pombe) replaces H2A at promoters of inactive
or weakly expressed genes (Wyrick and Parra
2009; Hou et al. 2010), and it has been associated
with both silencing and activating activities. It
acts as an insulator inhibiting spreading of
silencing complexes into euchromatin (Mene-
ghini et al. 2003), and it is required for genome
stability and recruitment of RNA Pol II (Adam
et al. 2001). Fission yeast H2A.ZPht1 cooperates
with the heterochromatin machinery to degrade

antisense transcripts from neighboring genes by
the exosome (Zofall et al. 2009). The role of H2A.
Z in filamentous fungi remains to be explored.
Chromatin immunoprecipitation followed by
high-throughput sequencing (ChIP-seq) with a
GFP-tagged H2A.Z found association with pro-
moters of genes that also had H3K4me2 or -me3,
suggesting that Neurospora H2A.Z is in promo-
ters of active genes (P.A. Phatale, K.M. Smith,
and M. Freitag, unpublished data).

More work has been done in both N. crassa
and A. nidulans on the role of posttranslational
histone modifications in gene regulation by
chromatin structure. In particular, the
N-terminal tails of H3 and H4 are required to

Fig. 5.1. Conservation of histone H3 (a) and histone H4
(b). A selection of the most commonly found H3 and
H4 proteins from filamentous fungi are shown. Modifi-
able lysine residues discussed in the text are in bold.
Most changes in both H3 and H4 are conservative
substitutions (e.g., S for T or V for I), or they occur in
alpha helices for which modeling suggests that substi-
tutions do not change the predicted structure of the H3-
H4 tetramers or octameric nucleosome core (J. Galazka
and M. Freitag, unpublished data). Abbreviations and
accession numbers: Nc, N. crassa H3 (XP_956003.1),

H4.1 (XP_956597.1); Lm, Leptospheria maculans H3
(XP_003845436.1), H4.1 (XP_003845636.1); An, A.
nidulans H3 (CAA39154.1), H4.1 (AAA20820.1), H4.2
(AAA20821.1); Sc, S. cerevisiae H3 (NP_009564.1), H4
(EEU08141.1); Sp, S. pombe H3 (NP_595567.1), H4
(NP_595566.1); Dm, Drosophila melanogaster H3
(NP_723056.2), H4 (NP_001027352.1); Hs, Homo sapi-
ens H3.1 (NP_003522.1), H3.2 (NP_066403.2), H3.3
(NP_005315.1), H4 (EAW55528.1); At, Aspergillus ter-
reus H4.1 (XP_001210673.1), H4.2 (XP_001208735.1);
Tr, Trichoderma reesei H4.1 (EGR44277.1)
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generate heterochromatin or maintain euchro-
matin. Lysines in the H3 and H4 tails are hyper-
acetylated in euchromatin, and H3K4 is
trimethylated. In heterochromatin, lysines are
hypoacetylated, and H3K9 and H3K27 are tri-
methylated. Mutating histones of S. cereviseae
and S. pombe revealed a role for specific residues
in transcription. For example, changes to H3K9,
H3S10, or H3K14 in S. pombe caused loss of
centromere silencing and defective chromosome
segregation, a phenotype similar to deletion of
Swi6, a homolog of Heterochromatin Protein 1
(HP1) (Mellone et al. 2003). Similar studies have
been carried out in Neurospora, where the influ-
ence of H3 residues on DNA methylation has
been studied (Adhvaryu et al. 2011).

IV. A Primer on Proteins Involved
in Histone Modification

Enzymes that modify histone residues are
responsible for regulating transcription in

addition to other processes involving DNA
(recombination, repair, replication, chromatid
cohesion, chromosome segregation). Histones
can be modified by lysine acetylation, lysine
and arginine methylation, phosphorylation,
ubiquitylation, sumoylation, and ADP-
ribosylation (Voigt and Reinberg 2011; Yun
et al. 2011; Zaidi et al. 2011; Zhou et al. 2011).
Reversible acetylation is catalyzed by histone
acetyltransferases (HATs) and HDACs. Lysine
methylation is mediated by SET domain con-
taining histone methyltransferases (HMTs) and
a smaller class of proteins homologous to Dot1
(Feng et al. 2002; van Leeuwen et al. 2002; Klose
and Zhang 2007; Li et al. 2010), while demeth-
ylation is carried out by Jumonji domain pro-
teins or homologs of LSD1 (Whetstine et al.
2006; Li et al. 2010). Arginine methylation is
catalyzed by protein arginine methyltrans-
ferases (PRMTs) (Gary and Clarke 1998) and
opposed by peptidylarginine deiminase
enzymes (Klose and Zhang 2007). Phosphory-
lation of histones is regulated by kinase and
phosphatase enzymes that often also act on

Fig. 5.2. Comparison of fungal H4 variants with canon-
ical histone H4. Only residues within the histone fold
domain are shown here as the N-terminal and C-
terminal tails of the putative H4 variants are different
when comparing different families of fungi and because
annotation of these predicted proteins is currently
uncertain. Not all H4 variants from filamentous fungi
are shown. Numbering is for H4. As for H3 and H4,
many changes in H4 variants are conservative substitu-
tions, or they occur in alpha helices for which modeling
predicts no changes in structure. Conserved intron
splice sites are indicated by ^. Accession numbers for
H4 variants: N. crassa XP_956319.2; S. macrospora

XP_003348790.1; Podospora anserina XP_001909136.1;
Chaetomium globosum XP_001224243.1; F. grami-
nearum XP_385250.1; F. oxysporum cubense Race 1
EGU81449.1; Nectria haematoccoca XP_003046553.1;
Trichoderma reesei Triredraft_55201; Sclerotinia scler-
otiorum XP_001590757.1; Botryotinia fuckeliana
XP_001552206.1; A. niger XP_001398751.2; A. nidulans
XP_657721.1). In some cases, the predicted genes were
newly annotated as previous annotations were incor-
rect. Poor alignment of the Aspergillus sequences past
alpha helix 2 suggests that in these taxa H4 variants are
poorly conserved
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other proteins. New nomenclature has been
proposed, primarily to counteract the confus-
ing numbering schemes in various organisms
but also to reinforce the idea that “HATs” are
acting on not only histones but also nonhistone
proteins. Thus, HATs are now often referred to
as KATs (lysine acetyltransferases) and HMTs
as KMTs (lysine methyltransferases), while
lysine demethylases are called KDMs (Allis
et al. 2007). The confusing schemes from the
yeasts and other organisms unfortunately have
already been transferred to the few filamentous
fungi under study. In general, N. crassa naming
is based on effects related to DNA methylation,
such as DIM-5 (Defective in Methylation-5) as
the homolog for the Drosophila Su(var3–9) or S.
pombe Clr4 proteins, or on similarity with S.
cerevisiae proteins, such as NGF-1 for “Neuros-
pora GCN Five.” Conversely, A. nidulans
nomenclature resembles that of the two yeast
systems (Table 5.2).

While histone modifications can change
chromatin structure, more often modified his-
tone tails are recognized by regulatory proteins
(de la Cruz et al. 2005). Acetylated lysine resi-
dues are recognized by bromo domain proteins,
often part of complexes involved in transcrip-
tional activation. Methylated lysine residues are
bound by chromo domain proteins that can
form either transcriptionally silent heterochro-
matin, such as by use of HP1 or Polycomb (Pc),
or may result in transcriptional activation, such
as by use of the chromo domains in the chro-
matin remodeling ATPase CHD1. The remain-
der of the chapter is concernedwith howhistone
modifications may be involved in generating
silent or active chromatin.

V. Control of Heterochromatin
Formation

Much of what is known about constitutive het-
erochromatin formation in filamentous fungi
was uncovered by incisive studies on the con-
trol of DNA methylation in N. crassa (Rountree
and Selker 2010; Honda et al. 2012). An early
link was the finding that the HDAC inhibitor
Trichostatin A (TSA) affected DNA methyla-

tion, at least in certain regions of the genome
(Selker 1998). In subsequent studies, connec-
tions between H3K9 methylation and DNA
methylation (Tamaru and Selker 2001; Tamaru
et al. 2003; Freitag et al. 2004; Honda and Selker
2008; Lewis et al. 2010a, b) revealed mechan-
isms that were also found in plants and mam-
mals (Lachner et al. 2001; Jackson et al. 2002;
Lehnertz et al. 2003).

Pathways resulting in H3K9 methylation, if
not DNA methylation, may be similar in many
filamentous fungi as the components of known
Neurospora complexes are generally conserved
in genomes of filamentous fungi. Heterochro-
matin formation in Neurospora relies on
AT-rich DNA, generated by the action of a pre-
meiotic genome defense system called repeat-
induced point (RIP) mutation (Selker 1990).

RIP was the first eukaryotic genome defense system
discovered (Selker et al. 1987; Cambareri et al. 1989).
A genome-wide DNA-based homology search that
occurs after fertilization but before karyogamy during
the sexual cycle results in mutagenesis of duplicated
regions (Selker 1990). The phenomenon was first
referred to as “rearrangements induced premeiotically”
(Selker et al. 1987), but premeiotic recombination can
be separated from mechanisms responsible for muta-
tions (Selker and Garrett 1988). Pairing is required for a
still-unknown mutator to introduce C:G-to-T:A transi-
tion mutations, an observation that resulted in the new
name, repeat-induced point mutation or RIP (Cambar-
eri et al. 1989). Unmethylated DNA segments that have
undergone RIP are often methylated (Selker and Ste-
vens 1987; Singer et al. 1995). RIP is not restricted to
Neurospora, as Podospora anserina (Graia et al. 2001),
Magnaporthe grisea (Ikeda et al. 2002), Leptosphaeria
maculans (Idnurm and Howlett 2003), Gibberella zeae
(F. graminearum) (Cuomo et al. 2007; Pomraning et al.
2013), and Nectria haematococca (Coleman et al. 2009)
produce the hallmarks of RIP in test crosses (i.e.,
reporter gene inactivation, generation of transition
mutations, or cytosine methylation). In the ascomycete
Ascobolus immersus and the basidiomycete Coprinus
cinereus, de novo cytosine DNA methylation can
occur after crossing strains with repeated DNA (Zolan
and Pukkila 1986; Goyon and Faugeron 1989; Faugeron
et al. 1990; Rhounim et al. 1992; Freedman and Pukkila
1993). The timing of the methylation events is similar to
RIP, and the process is called methylation-induced
premeiotically (MIP) (Rhounim et al. 1992). Methyla-
tion is maintained through many mitoses and has been
shown to effectively block recombination between
methylated repeats (Goyon and Faugeron 1989; Rhou-
nim et al. 1992; Colot et al. 1996; Maloisel and Rossignol
1998).
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DNA mutated by RIP serves as a substrate
for DIM-5 (Lewis et al. 2009), which has so far
been found in one complex, called DCDC
(DIM-5, -7, -9, CUL-4, and DDB-1 complex).
DCDC recruits HP1 and DIM-2 (Lewis et al.
2010a, b; Zhao et al. 2010). DIM-7 targets
DIM-5 to specific regions and mediates inter-
actions between DIM-5 and DIM-9 (or DDB-1/
CUL-4 associated factor, DCAF) (Lewis et al.
2010a; Xu et al. 2010). DDB-1 and CUL-4 are
part of a conserved E3 ubiquitin ligase complex
(Petroski and Deshaies 2005), for which the
substrate is still unknown. DIM-5 is a KMT1
enzyme (Table 5.2) that trimethylates H3K9
(Tamaru and Selker 2001; Tamaru et al. 2003),
and H3K9me3 is recognized by the chromo
domain of HP1 (Freitag et al. 2004). HP1
recruits DIM-2, the single DNA methyltransfer-
ase known in Neurospora (Kouzminova and
Selker 2001; Honda and Selker 2008). Loss of
DIM-2 has little – if indeed any – effect on DIM-
5 activity, H3K9me3 levels or HP1 localization.

How histone modification enzymes are
attracted to AT-rich DNA remains to be uncov-
ered. An attractive group of proteins that may
signal DNA composition are high-mobility
group (HMG) proteins, the linker histone H1,
and additional proteins with “AT-hook” motifs.
Disruption of the N. crassa H1 gene had no
obvious effect (Folco et al. 2003), although its
potential effects on formation or maintenance
of heterochromatin should be revisited. AT
hooks bind to the minor groove of AT-rich
DNA. Treatment of N. crassa with distamycin,
which also binds to the minor groove, reduced
DNA methylation (Tamaru and Selker 2003).
This predicts that binding of DIM-5 and distri-
bution of H3K9me3 should be altered in treated
cells, as occlusion of the minor groove may
have inhibited recognition of AT-rich DNA.

Other histone-modifying enzymes may play
a role in heterochromatin formation by acting
upstream or separately of DIM-5. The first can
be accomplished by modifying histone tails for
recognition by DCDC. There is evidence for this
pathway, as certain alleles of ppp-1, encoding
protein phosphatase 1, resulted in increased
H3S10 phosphorylation and selective loss of
H3K9 methylation from certain regions in the
genome (Adhvaryu and Selker 2008), lending

evidence to the existence of a K9me-S10ph
“binary switch” (Fischle et al. 2003). In addi-
tion, mutation of two of the four classical
HDAC genes, hda-1 (yeast Hda1) and hda-3
(yeast Rpd3), resulted in loss of DNA methyla-
tion and H3K9me3 from some regions, asso-
ciated with increased H3K9 and H3K14
acetylation (Smith et al. 2010). This suggested
that HDAC complexes act upstream of or feed
back into the DIM-5 pathways. Silencing at
telomeres also relies on DIM-5 and HP1, in
combination with both NAD-dependent sir-
tuins and classical HDACs that were shown to
cooperate in deacetylating subtelomeric his-
tones (Smith et al. 2008). Combining multiple
mutations in different nst genes (Neurospora sir
two; sirtuins) caused enhanced reactivation of
silent reporter genes, demonstrating overlap-
ping specificity and cooperative functions of
sirtuins and classical HDACs (Smith et al.
2008, 2010). Activation of subtelomeric trans-
genes was increased in dim-5 or hpo mutants,
presumably because there was still residual
HDAC activity and because DIM-5 and HP1
act downstream (Smith et al. 2008). DNA meth-
ylation does not seem to play a major role in
telomeric silencing in Neurospora, as dim-
2 mutants resulted in little reactivation (Smith
et al. 2008), suggesting that telomeric silencing
by H3K9me3 and HP1 is independent of their
role in establishing DNAmethylation, at least in
some regions. This idea suggested the presence
of additional complexes that mediate hetero-
chromatin formation or maintenance indepen-
dently of HP1-DIM-2. One such complex,
HCHC, was found to contain HDA-1, CDP-2,
HP1, and CHAP (Honda et al. 2012). A third
complex that can interact with HP1, DMM
(DNA methylation modulator), counteracts
the spreading of heterochromatin (Honda
et al. 2010). This complex contains DMM-1, a
JmjC domain and AT-hook protein, and a close
relative of Arabidopsis IBM1 (Saze et al. 2008;
Miura et al. 2009). DMM acts as an insulating
complex as it is recruited to edges of hetero-
chromatin and stops spreading of DNA meth-
ylation. The JmjC domain may be involved in
demethylation of proteins, but a substrate has
not been identified. Growth deficiencies
observed by loss of DMM-1 were complemen-
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ted by deletion of dim-2 or treatment with the
cytosine methylation inhibitor 5-azacytidine
(5AC) (Honda et al. 2010), suggesting that in
the absence of DMM-1 DNA methylation
silences euchromatic genes, but that the
silencing can be reversed by lack of DNA meth-
ylation. The interplay between the three Neu-
rospora HP1-interacting complexes suggests
that competing chromatin complexes generate
boundaries between active and silent regions.
In this scenario, specific DNA sequences or
structures that serve as boundary elements are
not required.

VI. Facultative Heterochromatin
in Filamentous Fungi

In contrast to more permanently silenced
regions (constitutive heterochromatin) that
are never or hardly ever expressed, some chro-
matin regions are subject to regulation that
makes them switch from active to silent state
(or vice versa). Examples of this type of chro-
matin include the inactive X chromosome of
humans and clusters of genes regulated by
polycomb proteins in mammals and Drosoph-
ila. Perhaps the best examples for facultative
heterochromatin in filamentous fungi are long
stretches of chromosomes that encode SM gene
clusters. To express the usually silent SM gene
clusters, investigators attempt to shift the
balance from silencing to activating histone
modifications, a field now called chemical epi-
genetics (Wang et al. 2010; Brakhage and
Schroeckh 2011). To this end, Aspergillus
niger, Penicillium citreonigrum, Cladosporium
cladosporioides, and Diatrype disciformis were
treated with 5AC or an HDAC inhibitor, suber-
oylanilide hydroxamic acid (SAHA), to produce
novel SMs (Williams et al. 2008; Fisch et al.
2009; Henrikson et al. 2009; Wang et al. 2010).

Targeted disruption of histone-modifying
enzymes has been used; here, research has
focused on known components of well-
established silencing complexes involved in
heterochromatin formation. Transgenes
inserted relatively near A. nidulans telomeres
were silent but reactivated by disruption of the

genes for HP1 (hepA), KMT1 (clrD, the Clr4/
DIM-5 H3K9 MTase), Hda1 (hdaA), and Ku70
(nkuA), but silencing was not affected by lack
of at least one sirtuin, encoded by hstA (Palmer
and Keller 2010). As discussed for Neurospora,
likely several sirtuins may have to be deleted at
the same time to obtain reactivation pheno-
types. Mutation of hepA also resulted in
induction of silent SM gene clusters (Reyes-
Dominguez et al. 2010), as did HDAA depletion
(Shwab et al. 2007).

Like HP1 and KMT1, histone deacetylases
are thought to be directly involved in gene
silencing. In the absence of yeast Rpd3, acetyla-
tion is increased at H4K5, H4K12, and H3K18
(Robyr et al. 2002). The A. nidulans Rpd3
homolog (RPDA) is essential, as is N. crassa
HDA-3 (Smith et al. 2010), but silencing rpdA
revealed an overall increase in H3 and H4 acet-
ylation (Tribus et al. 2010). A different yeast
HDAC, Hda1, deacetylates nucleosomes in sub-
telomeric regions and promoters of genes that
are distinct from those controlled by Rpd3
(Robyr et al. 2002). Deletion of the A. nidulans
hdaA gene caused reduced growth under con-
ditions of oxidative stress (Tribus et al. 2005)
and caused derepression of SM gene clusters
(Shwab et al. 2007), which was also found in
Aspergillus fumigatus hdaA mutants (Lee et al.
2009). Intriguingly, this mutant showed both
up- and downregulation of nonribosomal pep-
tide synthase (NRPS) genes, and specificity for
telomere-linked regions was not detected. In
F. graminearum, strains that lack the Hda1
homolog (called HdF2) exhibited only minor
effects on regulation of SM gene clusters, while
mutants of the yeast Hos2 homolog (called
HdF1) showed reduced levels of deoxynivalenol
but upregulation of the aurofusarin biosyn-
thetic genes (Li et al. 2011). These results sug-
gest that effects are not simple, and that direct
and indirect interactions between different his-
tone modifications are the rule rather than the
exception, as discussed further in the following
material. Nothing is known about the effects of
fungus-specific Hos3-like HDACs (Trojer et al.
2003) on SM gene cluster regulation.

The putative protein methyltransferase
LaeA, first identified in A. nidulans (Bok and
Keller 2004), is a regulator of many SM gene
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clusters, carbon metabolism, and development
in Aspergillus and other species (Bok and Keller
2004; Bok et al. 2005; Perrin et al. 2007; Bayram
et al. 2008; Kale et al. 2008; Amaike and Keller
2009; Atoui et al. 2010; Wiemann et al. 2010).
LaeA is considered a protein methyltransferase
because mutagenesis of the S-adenosylmethio-
nine binding motif resulted in the same pheno-
type as laeA deletion (Bok et al. 2006). Although
it may not be directly modifying histones, LaeA
is instrumental in maintaining the active state
of SM gene clusters by somehow reversing
H3K9 methylation marks (Bayram and Braus
2011; Strauss and Reyes-Dominguez 2011), per-
haps by interfering with HP1 binding (Reyes-
Dominguez et al. 2010). While there are LaeA
homologs in all filamentous fungi, and many of
them have at least seven additional LaeA-like
predicted proteins (Jiang et al. 2011; Palmer
et al. 2013b), pathways may not be conserved,
as recent studies on cellulase expression in Tri-
choderma reesei showed (Seiboth et al. 2012;
Karimi-Aghcheh et al. 2013). Important chal-
lenges include finding the target (or multiple
targets) for LaeA and deciphering the role and
finding targets of other LaeA-like proteins. In
some cases, these proteins may act as “chaper-
ones” rather than enzymes (Palmer et al.
2013b).

While mutation or inhibition of silencing
histone modification enzymes is expected to
relieve facultative heterochromatin, overex-
pression of enzymes involved in generating
active chromatin may result in overcoming
silencing, similar to overexpression of tran-
scription factors to express a desired region.
Transcriptionally active euchromatin is gener-
ally thought to be associated with nucleosomes
that have trimethylated H3K4, H3K36, and
H3K79 residues (Lachner et al. 2003; Sims
et al. 2003) and that are overall hyperacetylated.
The A. nidulans homolog of yeast Bre2 (called
CCLA) is part of a KMT2 (or Set1) protein
complex, called COMPASS (complex proteins
associated with Set1). KMT2 homologs are
found in all filamentous fungi, as H3K4 di- or
trimethylation is thought to be essential for
RNA Pol II binding and transcriptional activity
in development and differentiation (Eissenberg
and Shilatifard 2010). Mutants lacking CCLA

have reduced levels of H3K4me2 and -me3 as
well as reduced overall H3 acetylation, but
surprisingly, also reduced levels of both H3K9
di- and trimethylation (Bok et al. 2009). The
function of COMPASS and heterochromatic
marks seem to be conserved in regulating fun-
gal SM gene clusters, as deletion of the HP1
homolog hepA and cclA in F. graminearum
resulted in altered chemical profiles (Bok et al.
2009; Strauss and Reyes-Dominguez 2011), and
deletion of cclA in A. fumigatus resulted in
decrease of at least some SM gene cluster activ-
ity, although deletion of a histone demethylase
(hdmA) had no effect (Palmer et al. 2013a).
Coculture of A. nidulans with Streptomyces
rapamycinicus resulted in overproduction of
orsellinic acid, sterigmatocystin, terrequinone,
and penicillin, apparently caused by triggering
genome-wide hyperacetylation of H3K14 (and
cluster-wide hyperacetylation of H3K9/K14) by
the A. nidulans homologue of the yeast Gcn5
KAT (Nutzmann et al. 2011). Overexpression of
a different KAT gene, A. nidulans esaA, resulted
in increased H4K12ac and gene expression in
the same four SM gene clusters (Soukup et al.
2012). Taken together, these results do not fit
into a simple model where overexpression of
activating enzymes results in activation of all
SM gene clusters and inactivation of the same
enzymes results in silencing. Clearly, more
work is required to complete the networks of
interactions between activating and silencing
modifications at each gene cluster.

Crosstalk between histone modifications is
important, yet we know little about this in the
filamentous fungi. The role of H3S10 andH3K14
modifications in regulating Neurospora DIM-5
activity has been mentioned. Much more is
known from S. cerevisiae; for example, the
H4R3 arginine methyltransferase Hmt1 and
the KAT Gcn5 interact functionally (Lacoste
et al. 2002). H4K8ac is a preferred substrate for
Hmt1p (Kuo et al. 2009), and Gcn5 acetylates H3
and H4, which is required for activation of one
target gene, HIS3. Mutation of hmt1 suppresses
transcriptional defects of Gcn5 mutation, sug-
gesting potential antagonism between Gcn5 and
Hmt1 (Kuo et al. 2009). Thus, putative tran-
scriptional repression by Hmt1 is opposed via
transcriptional activation by Gcn5. We should
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expect that there are numerous similar systems
controlling the expression of SM gene clusters,
but so far information is lacking. A global anal-
ysis in yeast showed how this may be accom-
plished in a high-throughput fashion (Weiner
et al. 2012). The authors addressed a common
observation, namely, that deletion of important
chromatin regulators only affects a small num-
ber of genes. The effects of 83 histone mutants
and 119 chromatin gene deletionmutants on the
induction or repression of genes involved in the
yeast stress response were analyzed, separating
the importance of the genes studied for steady-
state levels of transcripts from their function
during actual induction or repression. Interest-
ingly, under stress conditions, an “activating”
modification (H3K4me3) was actually involved
in repression, specifically in promoters of genes
involved in ribosome biosynthesis (Weiner
et al. 2012).

Can we draw a complete model for how
facultative heterochromatin is generated in
fungi? Is there even a single pathway that applies
to all fungi? It seems that the situation is not
simple, as studies on histone methylation in the
yeasts, N. crassa, A. nidulans and F. grami-
nearum suggest. While some KMTs are con-
served in eukaryotes (e.g., KMT2/Set1, KMT3/
Set2, KMT4/Dot1), others are not found in all
taxa. KMT1 (Clr4/DIM-5), responsible for
H3K9me3, occurs in S. pombe and many other
fungal genomes analyzed so far, but it is absent
from S. cerevisiae and its relatives. Similarly,
KMT6, responsible for H3K27me3, occurs in N.
crassa and the fusaria, as well as many other taxa,
but it is absent from A. nidulans, Ustilago may-
dis, S. pombe, and S. cerevisiae. InDrosophila and
mammals, H3K27me3 and the presence of the
complex that generates this mark, polycomb
repressive complex 2, are responsible for the
inheritance of transcriptional states (Simon and
Kingston 2009; Margueron and Reinberg 2011).
This modification has been identified inN. crassa
(Smith et al. 2008; Jamieson et al. 2013) and
several Fusarium species (L.R. Connolly, K.M.
Smith, and M. Freitag, in 2013). Lack of H3K27
methylation in F. graminearum results in drastic
phenotypes (Connolly et al. 2013), but effects in
Neurospora are subtle (Smith et al. 2008; Jamie-
son et al. 2013). It seems that the aspergilli have

coopted the pathway used by many other fungi
to generate constitutive heterochromatin for the
formation of facultative heterochromatin, while
Neurospora and the fusaria maintain two sepa-
rate pathways. It will be interesting to see how
these two pathways interact.

VII. Concluding Remarks

What does the future hold? Improvements in
mass spectrometry (MS) will allow the analysis
of vanishingly small samples to detect all his-
tone modifications at a certain developmental
stage; so far, analyses have been limited to pre-
parations from vegetative cultures (Xiong et al.
2010; Xiong and Wang 2011). Further improve-
ments in “top-down” MS will yield analyses of
complete histone molecules, which will allow us
to address what modifications occur on one
nucleosome at a given time and within a spe-
cific chromosomal region. The role of a wide
variety of other histone modifications has not
been explored. Similarly, chromatin remodel-
ing factors, the large ATP-requiring machines
that move nucleosomes around, have not been
studied much in filamentous fungi. Currently,
the field is driven largely by research on two
filamentous fungi, N. crassa and A. nidulans.
While we can extract some general information
from what we have learned about these two
species, it seems that every group will need
to be examined to confirm previous results.
Happily, the improvements in genomic,
transcriptomic, and metabolomic tools enable
us to carry out these studies. The fungi will
still hold many surprises for us.

VIII. Useful URLs for Fungal Genomics
and Transcriptomics

AspGD: http://www.aspgd.org/
Broad Institute: http://www.broadinstitute.

org/scientific-community/science/projects/fun-
gal-genome-initiative/fungal-genome-initiative

FungiDB: http://fungidb.org/fungidb/
JGI MycoCosm: http://genome.jgi.doe.gov/

programs/fungi/index.jsf
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MIPS: http://mips.helmholtz-muenchen.
de/genre/proj/fungi/fungal_overview.html
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I. Introduction

Neurospora emerged as a durable model for
dissection of the mechanisms underlying circa-
dian regulation in the late 1950s (Pittendrigh
et al. 1959). What recommended this system to
those researchers, and to subsequent genera-
tions, have been the facts that it has a terrific
genetic system, it is easy to use for biochemical
follow-ups, and it is supported by a relatively
large and supportive community. These advan-
tages remain and keep Neurospora as a useful
and popular model. Although a great deal of
work on the photobiology of Neurospora
emerged independent of circadian research, it
is nonetheless true that a large impetus for
dissecting the photobiology of Neurospora
came from the fact that light is a major entrain-
ing agent for the circadian system. As a result,
much of what we know about the molecular
details of photobiology in fungi, nearly all of
what we know about circadian rhythms in
fungi, and even much of what we know about
circadian rhythms in animals (which share a
circadian mechanism similar to that of Neuros-
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pora) can be traced to work on this system. For
these historical reasons, and because the light-
sensing system and circadian system share
some components, it makes sense to cover
both of these in a single review.

We begin with the photobiology of fungi in
general and of Neurospora in particular, intro-
ducing the White Collar proteins that make up
the principle photoreceptor and other real and
potential photoreceptive proteins, and then
describe how light sensing works. This nicely
sets the stage for a discussion of the circadian
system, from input via light using the White
Collar photoreceptor, to the oscillator mecha-
nism using the same proteins as well as others,
to a discussion of how the circadian oscillator
acts to control the metabolism of cells.

II. Photobiology of Fungi

A. Why Do Fungi Sense Light?

Despite the fact that fungi can neither visualize
adjacent objects nor utilize electromagnetic
energy for photosynthesis, it has been estimated
that the majority of fungal species respond to
light in some form (Idnurm et al. 2010). An
intriguing question then arises: How does the
perception of light provide a competitive advan-
tage to a fungus? To understand this question,
one may first look to processes that are com-
monly light regulated in diverse fungal species,
principle among which is sporulation. One
obvious role for light is that it likely serves as a
positional marker for optimal spore dispersal
into the open air. This is strikingly illustrated
by the bending of sporangiophores of various
Mucormycotina species (e.g., Phycomyces and
Mucor) toward blue light and the phototropic
orientation of protoperithecial beaks of Neuros-
pora crassa (Linden et al. 1997; Corrochano and
Garre 2010). More generally, light frequently
serves as a signal to simply induce or repress
sporulation in various zygomycete, ascomycete,
and basidiomycete species and may even have
differential effects on which form of sporulation
takes place (Corrochano 2007; Bayram et al.
2010; Idnurm et al. 2010; Rodriguez-Romero
et al. 2010). In Phycomyces blakesleeanus, for

example, light promotes macrophorogenesis
while inhibiting microphorogenesis, both of
which are forms of asexual development (Cor-
rochano and Cerd-Olmedo 1992).

Ultraviolet (UV) radiation represents a
major source of genotoxic and oxidative stress
for the cell. As such, the first photosensitive
proteins to emerge in the prokaryotes were
likely the photolyases, which utilize light in
the blue/near-UV range to catalyze the repair
of DNA lesions (Hitomi et al. 2000). The
involvement of the light response in UV defense
is evident in numerous fungal species. For
example, various ascomycete, basidiomycete,
and zygomycete species demonstrate a light-
induced production of carotenoid or melanin
pigments, which can absorb UV photons and
convert the energy to heat (Chen and Loros
2009; Chen et al. 2009; Sano et al. 2009; Avalos
and Estrada 2010; Corrochano and Garre 2010;
Tisch and Schmoll 2010). In addition, light may
also induce the expression of numerous DNA
repair enzymes, including photolyases and UV
endonucleases. Indeed, the loss of certain pho-
toreceptor genes leads to hypersensitivity to
UV stress in numerous species (Idnurm and
Heitman 2005a; Bluhm and Dunkle 2008;
Ruiz-Roldan et al. 2008). Moreover, light serves
as a negative regulator of sexual development
in numerous species (e.g., Aspergillus nidulans,
P. blakesleeanus, C. neoformans) (Yamazaki
et al. 1996; Blumenstein et al. 2005; Idnurm
and Heitman 2005a); this may serve to
prevent UV-mediated damage of energetically
costly meiotic progeny, thereby providing an
evolutionary basis for the connection between
the regulation of development and genomic
protection in fungi.

Essentially all organisms experience pre-
dictable changes in their environment asso-
ciated with the day/night cycles of the rotating
Earth. As such, the perception of light each
morning may serve as an anticipatory signal
for daily rise in UV (as discussed), increasing
temperature and changes in nutrient availabil-
ity. In at least a few fungal species, the light
signal may entrain the circadian clock, which
allows an organism to anticipate these daily
changes, rather than simply respond to them
each day (Greene et al. 2003; Lombardi and
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Brody 2005; Bluhm et al. 2010; Baker et al.
2012). The molecular basis for circadian rhyth-
micity is discussed further in this chapter.

Taken together, these examples underscore
the generalized importance of light in promot-
ing fungal fitness. This then leads to the next
important question: How does a fungus per-
ceive light? As to be expected, the specific influ-
ence of light on an organism’s physiology (light
output) may vary markedly from species to
species; however, the biochemical basis for
photoperception (light input) is fundamentally
similar and is achieved through specialized and
conserved light-sensitive proteins.

B. Fungal Photoreceptors: Biochemistry
and Distribution

Fungi are capable of responding to light quali-
ties from the UV to far-red ends of the electro-
magnetic spectrum. This is accomplished
through a variety of wavelength-specific photo-
receptor proteins, some of which are highly
conserved across the Mycota, whereas others
are present in only discrete lineages (Table 6.1).
The common feature of all photosensory pro-
teins is that they interact with a light-absorbing
chromophore that undergoes physicochemical
and structural changes on photon absorption
(Losi and Gärtner 2011). The protein must then
respond to conformational changes in the
chromophore by altering its own structural or
biochemical properties. Although there are
proteins whose function is directly modulated
by light, such as photolyases and light-sensitive
ion channels, the term photoreceptor is reserved
for those that absorb light and initiate a
signaling cascade to downstream targets and
pathways.

1. Flavin-Based Blue Light Receptors

a) White Collar Orthologs
Strictly speaking, the first cloned fungal photo-
receptor was White Collar-1 (WC-1) of
N. crassa (Ballario et al. 1996; Losi and Gärtner
2011), although at the time it was cloned its
identity as a photoreceptor was unknown.
This was later established through proof that

WC-1 bound the flavin-adenine dinucleotide
(FAD) chromophore, and that the fluence
response for the biochemical and molecular
changes in the WC-1 protein in vitro matched
the in vivo responses (Froehlich et al. 2002).
The name white collar stems from the fact that
the mutants are defective for light-induced
carotenoid pigment production in their
hyphae; consequently, in contrast to the
completely orange appearance of light-exposed
wild-type Neurospora test-tube slants, wc-1
mutants display a nonpigmented mycelial bor-
der (a white collar) beneath the constitutively
pigmented conidia at the top of the slant. The
NeurosporaWC-1, along with its essential part-
ner WC-2 (so named because its mutants yield
the same phenotype as those of wc-1) (Linden
et al. 1997), is by far the most well-
characterized fungal photoreceptor in terms of
its biochemistry and molecular biology. The
description of the WCC that follows stems
from work done in Neurospora but is presumed
to apply to many White Collar orthologs found
in other species based on sequence conserva-
tion.

The WC-1 proteins are GATA-like
Zn-finger transcription factors that contain
three PAS (Per-Ant-Sim) domains. The N-ter-
minal-most PAS domain is of a special subclass,
called the LOV domain (for light, oxygen, and
voltage), which noncovalently binds a single
blue-light-absorbing chromophore, FAD.
Through its C-terminal-most PAS domain,
WC-1 interacts with the PAS domain of WC-
2 to form a heterodimer known as the White
Collar Complex (WCC) (Linden et al. 1997;
Cheng et al. 2002). WC-2 also contains a
Zn-finger domain, but lacks a LOV domain for
direct light sensing. A simple model for WCC
signaling proposes that when the FAD absorbs
blue light it forms a transient cysteinyl adduct
with theWC-1 LOV domain, thereby inducing a
conformational change that promotes the tran-
scriptional activity of the complex (Froehlich
et al. 2002; He et al. 2002; Zoltowski et al. 2007).
The WCC binds to specific sequences (called
light responsive elements, LREs) in the promo-
ters of its target genes, where it is primarily
described as a transcriptional activator; how-
ever, the downregulation of genes in response
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to signaling mediated by the WCC has been
reported in both A. nidulans and Trichoderma
atroviride (Rosales-Saavedra et al. 2006;
Purschwitz et al. 2008; see Chap. 10 in this
volume), although whether this is a direct
action of the WCC is unclear.

With orthologs present in the genomes of
essentially all fungal lineages, including two
species of the anciently diverged chytrids
(Spizellomyces punctatus and Allomyces macro-
gynus), the White Collars are the most well-

conserved fungal photoreceptors in terms of
evolutionary depth (Idnurm et al. 2010). There
are a few organisms that notably lack wc-1/
2 orthologs, including most of the Saccharomy-
cotina yeasts, which is likely a result of gene
loss in those lineages (Dunlap and Loros 2006).
This also includes numerous pathogenic
species, such as the ascomycete yeast Candida,
the basidiomycete yeasts Malassezia and
Microsporidia, and numerous dermatophytes
(Microsporum and Trichophyton spp.). As

Table 6.1. Conservation of photoreceptors and FRQ across the Mycota

WC-1 WC-2 VVD CRY OPS OPS-REL PHY FRQ

Ascomycetes
Saccharomyces cerevisiae 3
Candida albicans 2
Fusarium oxysporum 1 1 1 2 3 2 1 1
Magnaporthe oryzae 1 1 1 2 1 1 1
Neurospora crassa 1 1 1 1 1 1 2 1
Trichoderma atroviride 1 1 1 1 1 1 1
Trichoderma reesei 1 1 1 1 1 1
Botrytis cinerea 1 1 1 1 2 2 1
Sclerotinia sclerotiorum 1 1 1 1 2 3 1
Stagonospora nodorum 1 1 2 2 2 1
Histoplasma capsulatum 1 1 1
Coccidioides immitis 1
Paracoccidioides brasiliensis 1 1 1
Aspergillus nidulans 1 1 1a 1 1
Schizosaccharomyces pombe 1
Basidiomycetes
Phanerochaete chrysosporium 1 1 5 1
Coprinus cinerea 1 1 1
Cryptococcus neoformans 1 1 1 1
Malassezia globosa
Ustilago maydis 1 1 2 2 1 1
Sprobolomyces roseus 2 2 1 2 1
Puccinia graminis 1 1 5 1
Zygomycetes
Phycomyces blakesleeanus 3 4 1
Rhizopus oryzae 3 5 1
Mucor circinelloides 3 4 1
Encephalitozoon cuniculi
Chytrids
Batrachochytrium dendrobatidis
Spizelomyces punctatus 2 2 1

The distribution of photoreceptor orthologs in selected species from various fungal lineages is shown. The numbers in the chart

reflect the number of paralogs present within the organism’s genome, and the absence of a number reflects the absence of any
detectable ortholog. Orthologs of the Neurospora clock protein FREQUENCY (FRQ) are also shown, a discussion of which is

found in the section on circadian clocks. CRY chryptochrome, PHY phytochrome, OPS rhodopsin, OPS-REL opsin-related

protein, VVD vivid, WC-1 White Collar 1, WC-2 White Collar 2 (Information in this chart is integrated from several sources:
Idnurm et al. (2010), Dunlap and Loros (2006), and Salichos and Rokas 2010)
aFor the cryptochrome category, the CPD photolyase class is not included; the only exception is CryA of A. nidulans, which has a

demonstrated signaling function
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these organisms represent obligate pathogens
with a close association with their hosts, it is
possible that genomic reductions have led to
the loss of superfluous genes involved in
environmental light sensing. Conversely, other
fungal pathogens, including Aspergillus fumi-
gatus, Cryptococcus, Paraccocidioides, and
Histoplasma all have an environmental life
cycle as well as a wc-1 ortholog (Idnurm et al.
2010).

In contrast to the loss of wc-1 in some
lineages, sequence analysis of several Mucor-
mycotina has revealed multiple copies of the
wc-1 orthologs, a likely reflection of gene dupli-
cation events early in that lineage (Idnurm et al.
2010). Interestingly, the WC paralogs may dis-
play specialized roles in the light response, such
as in Mucor circinelloides, in which one copy,
mcwc-1a, regulates phototropism, and a second
copy, mcwc-1c, regulates the photoinduction of
carotenoids (Silva et al. 2006). Interestingly, a
third paralog, mcwc-1b, is an activator of car-
otenogenesis but a repressor of sporulation
(Silva et al. 2008).

Theoretically, WC-1 should function alone
as a photoreceptor, as it contains both light-
sensing (LOV) and DNA-binding (Zn-finger)
domains. In Neurospora, however, WC-2 is
essential for the light response because its Zn-
finger domain is required for binding of the
WCC to DNA (Collett et al. 2002; Froehlich
et al. 2002; Liu et al. 2003). This essential inter-
action seems to have occurred early in fungal
evolution, as a wc-2 ortholog has been found in
all species that contain wc-1. Indeed, many of
the WC-1 proteins of the basidiomycetes,
including C. neoformans, Ustilago maydis,
Phanerochaete chrysosporium, and Coprinus
cinereus, have lost their Zn-finger domains
altogether (Idnurm and Heitman 2005a).

b) Small LOV Domain Proteins: VIVID and
ENVOY

In addition to WC-1 homologs, several species
encode a small protein that is essentially a
single LOV domain with an N-terminal cap
(Zoltowski et al. 2007). The first identified
member of this family was the 186-amino-acid
protein in N. crassa and was named VIVID due
to the bright orange pigmentation phenotype of

vvd mutants grown in light (Heintzen et al.
2001). Like, WC-1, VIVID binds FAD as a chro-
mophore (Schwerdtfeger and Linden 2003).

VIVID homologs seem to be limited to the
genomes of a few ascomycetes. An apparent
ortholog is the 207-amino-acid protein,
ENVOY, in Hypocrea jecorina, which is
involved in regulation of cellulose in the dark
(Schwerdtfeger and Linden 2003). Despite the
fact that VIVID and ENVOY contain only a
LOV domain, the two genes do not cross com-
plement one another. Moreover, ENVOY seems
to play a role in up- and downregulating genes
in both the dark and the light (Schuster et al.
2007). Therefore, it is unclear how these small
proteins facilitate their downstream function,
but as will be discussed for N. crassa, likely
involves direct protein-protein interactions
with WC-1 via the LOV domain.

c) Cryptochromes
Photolyases and cryptochromes are members
of a family of blue/UV-A light receptors. Both
proteins contain an N-terminal domain
(photolyase-related [PHR] region) that binds
noncovalently to two chromophores, FAD and
5,10-methenyltetrahydrofolate (MTHF). Photo-
lyases are typically characterized by their
ability to use light energy to catalyze DNA
repair (e.g., pyrimidine dimers), whereas cryp-
tochromes have lost DNA repair capability and
instead serve as bona fide light-signaling pro-
teins (Losi 2007). Comparative genomics and
functional analyses can divide photolyase/
cryptochrome proteins into several family
members, which are sporadically distributed
among species in the ascomycetes, basidio-
mycetes, and zygomycetes (Mucormycotina).
In general, bona fide photolyase orthologs
(cyclobutane pyrimidine dimer, CPD, photo-
lyases) are found in essentially all species,
where they serve as light-activated DNA repair
enzymes (Idnurm et al. 2010). This discussion
focuses on those family members with a pro-
posed or demonstrated photosensory function,
the cryptochromes; however, as will be seen,
some proteins display both repair and signaling
capabilities.

The cryptochrome-Drosophila, Arabidopsis,
Synechocystis, human (CRY-DASH) family is
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believed to represent the earliest divergence of
cryptochromes from photolyases as it is the
only cryptochrome found in bacteria. Several
fungi have CRY-DASH members, including the
ascomycetes N. crassa, Sclerotinia sclerotiorum,
and Stagonospora nodorum and the basiodio-
mycete U. maydis. CRY-DASH proteins
display minimal to no photorepair activity for
double-stranded DNA (dsDNA) but do display
activity against cyclobutane adducts on single-
stranded DNA (ssDNA) (Selby and Sancar
2006). Their involvement in fungal light sensing
is poorly understood but has been described in
Sclerotinia sclerotium, in which it plays a small
role in both promoting sclerotium accumula-
tion and repressing hyphal pigmentation in
response to UV-A light (Veluchamy and Rollins
2008).

The corn gray leaf spot pathogen, Cercos-
pora zeae-maydis, encodes a class 1 CPD photo-
lyase, called CPD1, as well as a member of the
so-called 6-4 photolyases, called PHL1. Inter-
estingly, PHL1 not only plays a role in photo-
reactivation following UV treatment but also
regulates the light induction of CPD1 and
other DNA repair genes. In addition, phl1
regulates sporulation and cercosporin biosyn-
thesis. Therefore, PHL1 displays true photosen-
sory functions in the fungus (Bluhm and
Dunkle 2008).

Interestingly, several species of Aspergillus,
including A. nidulans, A. fumigatus, A. flavus,
A. terreus, and A. oryzae, each encode only a
single member of the photolyase/cryptochrome
family (Bayram et al. 2010). Their sequence
most closely resembles a class I CPD photo-
lyase; however, the ortholog of A. nidulans
demonstrates both photolyase activity and
developmental regulation in response to light
(Bayram et al. 2008a). It is unclear if the dual
function of this protein reflects a photolyase
that gained signaling function, or if it repre-
sents an ancestral form of photolyase/crypto-
chrome proteins that displayed both functions
before their divergence. Orthologs in other spe-
cies have not been characterized.

2. Red-Light-Sensing Phytochromes

Although blue light responses dominate the
fungal kingdom, many species overtly respond
to light above 600 nm (red light). Around
40 years ago, in fact, the ability of red light to
reverse the inhibitory effect of blue light on
conidiation was described in Alternaria solani
and Bortytis cinerea (Lukens 1965; Tan 1974).
Since then, the regulation of growth and devel-
opment by red light has been described in
A. nidulans (Bayram et al. 2010), T. atroviride
(Casas-Flores et al. 2004), Magnaporthe oryzae
(Lee et al. 2006), Puccinia graminis (Schneider
and Murray 1979), and A. fumigatus (K. Fuller
unpublished data), among others.

In both plants and bacteria, red light
responses are achieved through phytochromes,
which bind the linear tetrapyrrole bilin as a
chromophore. The phytochrome protein cov-
erts between two conformational states, the red
light absorbing Pr confirmation and the far-red
light absorbing Pfr confirmation, with the ratio
of the two states determining the signaling state
within the cell (Idnurm and Heitman 2005b).
All phytochromes, regardless of type, have a
modular architecture consisting of an N-
terminal photosensory module (GAF [cGMP-
specific phosphodiesterase, adenylyl cyclase,
FhlA] and PHY [phytochrome] domains),
which binds the bilin chromophore. The C-
terminal output domains can vary considerably
between species but will always contain a histi-
dine kinase as part of the regulatory output
(Blumenstein et al. 2005).

Phytochromes are also present in the gen-
omes of many fungi, and overall sequence ana-
lyses indicate they are most similar to bacterial
phytochromes, suggesting perhaps an evolu-
tionary origin (Blumenstein et al. 2005; Karniol
et al. 2005). Like the cryptochromes, the phyto-
chromes are found sporadically throughout the
Mycota. They are widely conserved among the
ascomycete and basidiomycete phyla, and a
putative ortholog was even identified in the
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chytridiomycete Spizelomyces punctatus
(Idnurm et al. 2010). However, despite the
described red light responses of several species
and the presence of phytochromes within their
genomes, only FphA of A. nidulans has known
regulatory functions (Idnurm and Heitman
2005b). Deletion of the phytochrome genes in
both C. neoformans and N. crassa does not lead
to obvious photobiological defects (Froehlich
et al. 2005; Idnurm and Heitman 2005a); how-
ever, neither species is overtly responsive to red
light. Molecular studies involving additional
red-light-sensing fungi will likely demonstrate
a conserved role for phytochrome in the fungal
red light response.

3. Rhodopsins and Opsin-Related Proteins

Opsins are a family of seven-transmembrane
receptors that bind retinal as a chromophore
via a Schiff base linkage to a conserved lysine
residue. Based on spectral analyses, opsins typ-
ically absorb light in the green to blue-green
portions of the spectrum and, on absorption,
can use the light signal to facilitate ion trans-
port or for downstream light signaling. Gener-
ally, rhodopsins are divided into two categories,
distinguished by highly divergent sequence
homology between the two. The first is the
type II rhodopsins, which include the G-pro-
tein-coupled receptors used primarily for
vision in the higher eukaryotes; these proteins
bind 11-cis-retinal as the chromophore (Brown
2004). A type II opsin has been reported in the
chytrid Allomyces reticulatus, and it is clearly
implicated in zoospore phototaxis toward
green light (Sharma and Foster 1997); however,
no orthologs of this type have been identified
outside chytrid fungi and may represent an
independent gene transfer after chytrid split
from the other fungi.

The second type is the type I rhodopsins,
which are found in the Archea, Bacteria, Fungi,
and other lower eukaryotes and have either a
transport or sensing role; these proteins bind
all-trans-retinal as a chromophore. Most fungal
rhodopsins are type I, and comparative genome
sequencing suggested a horizontal gene transfer
event from a haloarchea into an ancestor of the

ascomycete and basidiomycete fungi (Sharma
et al. 2006). The role for these proteins in light
signaling is poorly understood as their disrup-
tion in several organisms has not yielded a
robust photoresponsive defect, for example,
N. crassa (Bieszke et al. 1999, 2007), Gibberella
(Fusarium) fujikuroi (Estrada and Avalos 2009),
and C. neoformans (Idnurm and Heitman
2005a). Instead, these proteins may have a func-
tion in ion transport, such as that described in
Leptosphaeria maculans (Waschuk et al. 2005).

Understanding the evolutionary basis for
fungal opsins is complicated by the fact that
most species contain a family of opsin-related
proteins, which are distinguished based on
their absence of the conserved lysine residue
required for binding the retinal chromophore
(Brown 2004). These proteins display a wide
distribution and are even present in multiple
copies in the genomes of the Saccharomycotina
yeasts, which lack a light response or additional
photoreceptors (Idnurm et al. 2010).

4. Conclusions

Although the various photoreceptor families
were discussed separately for the sake of
exposition, it is important to consider that the
light response undoubtedly involves the inte-
gration of multiple light inputs via discrete
photosensory pathways. For example, the
aforementioned positive phototropism of
P. blakesleeanus sporangiophores is positive
for blue light but negative for UV light (Sharma
et al. 2006). This illustrates the complexity of
the phenotype, considering both wavelengths
are likely present at the same time. Moreover,
the relative spectral quality and light intensities
change over the course of the day, with blue/
near-UV peaks near midday and red/far-red
peaks at morning and dusk. Regardless, most
laboratory experiments are performed under
constant conditions. Therefore, photoreceptors
that have been reported as having no contri-
bution to an organism’s light response (e.g.,
rhodopsin in Cryptococcus) may indeed have
subtle, yet important, functions in a natural
light environment. Given this, we now discuss
what is known about light sensing in two

Photobiology and Circadian Clocks in Neurospora 127



organisms in which multiple photosensors have
been analyzed in some detail.

C. Photobiology of Neurospora crassa

1. The Light Response of Neurospora

The combination of genetic, physiologic, bio-
chemical, and molecular analyses have made
the ascomycete mold Neurospora crassa the
best-understood fungal system with regard to
photosensation. At the phenotypic level, a vari-
ety of processes are light regulated in Neuros-
pora, including the resetting of the circadian
clock, biosynthesis of carotenoid pigments,
conidiation, the formation of protoperithecia,
and the directionality of ascospore release from
perithecia (Lee et al. 2003; Chen and Loros
2009). In recent years, a variety of genome-
wide transcriptional analyses have provided
novel insight into the influence of light on Neu-
rospora beyond those readily observed (Lewis
et al. 2002; Chen et al. 2009). Using oligonucle-
otide arrays, for example, Chen et al. found that
approximately 5.6 % of detectable transcripts
were influenced by a white light stimulus.
Among the light-induced genes were those
involved in pigmentation, vitamins and pros-
thetic groups, secondary metabolism, DNA
processing, cell signaling, oxidation of fatty
acids, and oxygen detoxification (Chen et al.
2009).

The Neurospora genome encodes orthologs
to all the photoreceptor types described,
including the White Collar genes, a small LOV
domain protein, two phytochromes, a crypto-
chrome, and an archaeal rhodopsin. Interest-
ingly, then, essentially all light responses in N.
crassa, at both the phenotypic and transcrip-
tional levels, are ablated in either a wc-1 or wc-
2 mutant background. Indeed, screens for
mutants that are completely “blind” have
yielded over 30 mutants to date, all of which
have been alleles of either wc-1 or wc-2 (Bieszke
et al. 1999; Collett et al. 2002; Froehlich et al.
2005, 2010; Chen and Loros 2009). This sug-
gests the two genes are the only essential reg-
ulators of the light response in this fungus,

although other photoreceptors such as VVD
(vivid) may modify the response. The genetic
data agree with the fact that all aforementioned
photoreponses in N. crassa occur in response to
blue light, with the action spectrum peaking
at about 465 nm, the same as the absorption
spectrum of flavin chromophores. Since the
cloning of wc-1 and wc-2 in 1996 and 1997,
respectively and the proof of their identity as
light receptors in 2002, extensive analyses have
made the WCC the paradigm for light regula-
tion in fungi.

2. Molecular Basis for Signaling Through the
White Collar Complex

As previously described, WC-1 andWC-2 inter-
act to form a heterodimeric complex (WCC)
that binds to the LREs in the promoters of
light-regulated genes. However, various studies
have revealed that the WCC of Neurospora
actually exists in two forms (Froehlich et al.
2002; Cheng et al. 2003). The first is a simple
WC-1/2 heterodimer (small complex) that
binds to promoter elements most strongly in
the dark. It is this small WCC that drives
the circadian clock in the dark by promoting
the expression of frq, the protein of which in
turn inhibits WCC expression to form a free-
running negative feedback loop that cycles
every 22.5 h. The ability of the small WCC to
drive frq expression is independent of the LOV
domain of WC-1 and is thus independent of the
photosensing role of the WCC.

On light exposure, the small complex is
replaced on the DNA by a larger WCC, which
consists of the WC-1/2 heterodimer with the
addition of several more WC-1 proteins that
interact via their LOV domains. Thus, WC-1
and WC-2 interact to form both a light-
independent complex that drives the expres-
sion of the circadian clock and a light-
dependent complex that drives the photorore-
sponse. Although WC-2 is the limiting protein
in the light-induced WCC, its Zn-finger domain
is required for DNA binding; therefore, the
light-sensing function of WC-1 and the DNA-
binding function of WC-2 makes both proteins
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essential in the transmission of the light signal
(Linden and Macino 1997; Cheng et al. 2002;
Collett et al. 2002).

The induction of light-regulated genes also
involves chromatin modifications. For exam-
ple, histone H3-K14 at light-inducible promo-
ters is transiently acetylated by the histone
acetyltransferase (HAT) NGF-1 (Grimaldi
et al. 2006). Interestingly, acetylation of H3-
K14 is transiently decreased at the frq promoter
(Belden et al. 2007b). The NGF-1-mediated
acetylation seems essential for light regulation
and is dependent on a direct interaction with
WC-1 (Brenna et al. 2012). Interestingly, it was
shown that the WCC/NGF-1 complex occurs in
the dark. Therefore, the current model for the
light induction of target genes is as follows: (a)
The small WC-1/2 heterodimer, in complex
with NGF-1 via a WC-1 interaction, binds

LREs in the dark. (b) Flavin absorbs blue
light, which leads to the formation of a cysteine
adduct with the WC-1 LOV domain, thereby
changing its conformation and allowing for
the recruitment of additional WC-1 proteins
to the complex (large WCC). (c) The conforma-
tional change also enhances the HAT activity of
NGF-1 and perhaps changes in other HAT
activities, leading to (d) chromatin remodeling
and enhanced transcriptional activity of the
WC1/2 heterodimer, ultimately leading to the
induction of WCC target genes (summarized in
Fig. 6.1).

Not all light-induced genes are a direct target
of the WCC. Instead, the WCC regulates a subset
of genes known as the early-induced genes,
which demonstrate transcriptional induction as
early as 5 min (average peak at 30 min) post–
light transfer (Chen et al. 2009; Smith et al. 2010).

Fig. 6.1. Model for the light-induction of genes by the
White Collar Complex (WCC). Top In the dark, the
WC-1/2 heterodimer is preassembled on light-respon-
sive elements (LREs) along with NGF-1 and protein
kinase C (PKC) via their interaction with WC-1. In
this state, expression of light-regulated genes is low.
Bottom In the presence of light, flavin-adenine dinucle-
otide (FAD) absorbs a photon, which leads to confor-
mational changes in the LOV (light, oxygen, and
voltage) domain of WC-1. This conformational change
promotes LOV domain interactions with additional
WC-1 proteins and increases the acetyltrasferase activ-

ity of NGF-1. As a result, histone tails are transiently
acetylated, leading to chromatin remodeling and an
increase in transcriptional activity of the WCC. The
activity of the WCC is negatively regulated in two
ways: (1) WC-1 is rapidly phosphorylated, at first by
PKC and then subsequently by others, which leads to its
degradation. (2) vvd expression is induced by theWCC,
the protein of which is biochemically activated by light
and interrupts the activity of the WCC through a direct
LOV domain interaction with WC-1 (This model is
modified from a figure in Brenna et al. (2012))
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Included in the early-induced genes are addi-
tional transcription factors that regulate a second
group of late-light-induced genes that show
induction as between 45 and 90 min (average
peak at 60 min) post–light transfer. For example,
Sub-1 is a transcription factor that is directly
induced by the WCC, and its deletion results in
the loss of most late-light-induced genes (Chen
et al. 2009). Thus, the Neurospora light response
is facilitated by a hierarchy of transcriptional
regulatorsbut is entirely dependent on the initial
perception of light and early transcriptional
activity of the WCC.

3. Negative Regulation of the White Collar
Complex by Protein Kinases and VVD

Fungi must be able to attenuate the light
response to maintain sensitivity to increasing
light intensities. To illustrate, carotenoids pro-
tect cells from genotoxic and photooxidative
stress, but their continued synthesis may
represent an unnecessary energy expenditure
in low-light conditions; therefore, the amount
of carotenoids produced should correlate to
the light intensity. This process, termed photo-
adaptation, is obvious in N. crassa as the
steady-state transcript levels of light-induced
genes begin to decrease over time under
constant-light conditions (Chen et al. 2009). In
Neurospora, photoadaptation is achieved pri-
marily through direct inhibition of the WCC,
one mechanism of which is through hyperpho-
sphorylation, and ultimate turnover, of WC-1.
Protein kinase C (PKC), for example, directly
interacts with and phosphorylates WC-1 (Fran-
chi et al. 2005). The importance of this in the
attenuation of the light response is demon-
strated by the fact that PKC inhibition leads to
an increase in WC-1 levels and an increase in
albino-3 (involved in carotenogenesis) expres-
sion (Arpaia et al. 1999); however, PKC inter-
acts withWC-1 only in the dark, suggesting that
PKC can only be responsible for early WC-1
phosphorylation (Fig. 6.1). Therefore, addi-
tional kinases are likely involved in the hyper-
phosphorylation seen after 20 min post–light
exposure.

A major advance in understanding photo-
adaption came with the identification of the
small LOV domain protein VIVID (VVD). The
name stems from its loss-of-function mutants,
which display bright orange conidia when
grown in constant light, attributed to the per-
sistence activation of carotenoid pigments (i.e.,
loss of photoadaptation) (Heintzen et al. 2001).
It is a direct target of the WCC, and vvd tran-
script levels are robustly induced following illu-
mination. Various studies have now shown
that, on light reception by VVD, its LOV
domain interacts with the WC-1 LOV domain,
ultimately blocking the transcriptional activity
of the WCC (Fig. 6.1) (Chen et al. 2010; Hunt
et al. 2010; Malzahn et al. 2010). Ultimately, the
amount of WCC activity is dependent on the
amount of light-activated VVD present in the
system, which itself is a function of the WCC-
mediated light response.

4. Additional Photoreceptors in Neurospora:
All You Need Is LOV?

a) CRY
Neurospora contains a single ortholog to the
CRY-DASH family of cryptochromes, called
CRY. CRY can bind both FAD and MTHF as
chromophores and, interestingly, to both sin-
gle- and double-stranded DNA and RNA; how-
ever, it is not required for photoinduced DNA
repair. Similar to wc-1, both transcript and pro-
tein levels of CRY rapidly accumulate in aWC-1
dependent manner; however, the disruption of
the cry gene does not lead to any observable
photobiology phenotype or seem to interfere
with the normal light-regulated transcriptional
response. Interestingly, however, CRYmay play
a role in the circadian clock, as its deletion leads
to a small phase delay under light entrainment
regimens (Froehlich et al. 2010).

b) PHY-1/PHY-2
Although red light does not regulate the afore-
mentioned growth and developmental pro-
grams in Neurospora, a half-century ago it was
reported that far-red light potentiated X-ray-
induced genetic damage in this fungus.
Furthermore, this effect was indicative of a
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phytochrome response as it could be reversed
by exposure to red light following the far-red
light treatment (Klein and Klein 1962). Neuros-
pora encodes two putative phytochromes for
red light sensing, called PHY-1 and PHY-2.
The two proteins display similar domain archi-
tecture, including an N-terminal domain for
chromophore binding and a C-terminal histi-
dine kinase and response regulator motifs,
indicating that they may function as two-
component sensor kinases. In vitro studies of
PHY-2 have indeed shown that the protein can
bind bilin or phycocyanobilin, and the holopro-
tein displays both red and far-red absorption
spectra. Unlike cry-1, transcripts of neither phy-
1 nor phy-2 are light induced, and deletion of
either does not affect circadian phasing,
although the expression of phy-1 is regulated
in a circadian fashion (Froehlich et al. 2005).
Similar to CRY, however, the phytochromes
have no detectable light-signaling function, as
disruption of phy1/2 does not affect photoindu-
cible phenotypes or gene expression (Froehlich
et al. 2005; Chen et al. 2009).

c) Neurospora Opsin (NOP-1)
A single rhodopsin ortholog is present in the
Neurospora genome, called neurospora opsin
(NOP-1). Characteristic of archael rhodopsins,
NOP-1 has a seven-transmembrane topology
and has been shown to bind all-trans-retinal
in vitro. The expression of nop-1 is most
prominently induced by conditions that pro-
mote conidiation; however, the gene does
demonstrate a modest influence by light,
with more accumulation of messenger RNA
(mRNA) in light-grown cultures (Bieszke et al.
1999). Interestingly, the nop-1 deletion mutant
does display light-dependent morphological
differences (with respect to wild type) in the
presence of the mitochondrial ATPase inhibitor
oligomycin, suggesting it does have a biochem-
ical function as a light-dependent proton pump
(Bieszke et al. 1999). Similar to the cry and phy-
1/2 mutants, the role of NOP-1 as a light sensor
seems to be limited as the mutant displays
essentially normal patterns of development
(conidiation and catotenogenesis) and gene
induction in response to light (Bieszke et al.
1999; Chen et al. 2009).

d) A Role for the Secondary Photoreceptors in
Inhibition of the White Collar Complex?

Despite the evidence that all of the Neurospora
photoreceptors mentioned are expressed and
display chromophorebinding capability, their
involvement in the photoresponse has
remained elusive. However, a study has shown
that the gene con-10 is induced earlier and to a
greater extent in a cry, nop-1, or phy-2 deletion
background, compared to wild-type (WT)
(Olmedo et al. 2010). Therefore, while the
WCC is essential for driving the expression of
light-induced genes, the additional photo-
receptors may play a role in inhibiting WCC
activity, similar to VVD. A direct interaction of
these photoreceptors with the WCC has not
been shown, however, so their effect on the
WCC presumably requires an intermediary
inhibitory protein.

D. Photoperception in Aspergillus: Seeing the
Rainbow Through Multiple Photoreceptors

1. The Aspergillus nidulans Light Response

Aspergillus nidulans has served as a model
organism for several decades, but only in recent
years has its photobiology been the subject of
detailed investigation. Aspergillus nidulans dis-
tinguishes itself from Neurospora by being
overtly responsive to both blue and red por-
tions of the visible spectrum and, consequently,
having a light response that is mediated by
multiple photosensory pathways. Accordingly,
A. nidulans has quickly emerged as the pre-
dominant model for fungal red-light sensing
and photosensory cross-talk. The major recent
advances are highlighted.

In contrast to Neurospora, in which light
induces both the sexual and asexual cycle, the
two processes are differentially regulated by light
in A. nidulans. In the presence of white light,
asexual developmental genes are induced, and
conidiation represents the dominant form of
sporulation (Ruger-Herreros et al. 2011). Either
blue or red light alone is capable of inducing
conidiation, but only to about one third the
level of white light. However, the combination
of blue and red light fully restores conidiation,
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suggesting the two light qualities are sufficient
for the response and interact synergistically. In
contrast, cleistothecium formation (sexual devel-
opment) is repressed by both blue and red light,
although red light displays the most dominant
role in this response (Purschwitz et al. 2008).

Secondary metabolism, particularly the
production of the mycotoxin sterigmatocystin
(ST), is tightly linked with sexual development.
This may serve to protect sexual structures
from predation by competing microorganisms.
White light represses ST production, but inter-
estingly, blue and red light play opposing roles;
blue light represses ST production, whereas red
light induces (Purschwitz et al. 2008).

Microarray analysis has recently demon-
strated that light regulates approximately 5 %
of the A. nidulans genome (Ruger-Herreros
et al. 2011), similar to the figure described for
Neurospora. Beyond development, light was
shown to induce genes involved in carbon
metabolism and transport, redox reactions,
and stress response (Ruger-Herreros et al.
2011).

2. Genetic and Physical Interactions Between
the WCC and Phytochrome

With the exception of an archael rhodopsin, the
genome of A. nidulans contains essentially the
same complement of photoreceptors as Neuro-
spora. The orthologs to Neurospora WC-1/2 in
A. nidulans are called LreA and LreB (for Light
response), respectively; both have the predicted
domain architecture of their respective Neuro-
spora proteins, and they have been shown to
interact physically and genetically, suggesting
LreA/B also form a codependent heterodimer
(WCC) (Purschwitz et al. 2008). For red light
sensing, A. nidulans encodes for a single phyto-
chrome ortholog, called FphA. The protein
shows strong covalent interaction with the
tetrapyrrole biliverdin and displays red and
far-red absorption peaks typical of bacterial
and plant phytochromes. Moreover, the protein
displays weak autophosphorylation, thus
demonstrating a functional kinase domain
(Blumenstein et al. 2005).

Analysis of lreA, lreB, and fphA single-
deletion mutants has revealed that the WCC
and phytochrome have complimentary roles
in regulating development. For example, based
on levels of conidiation seen in the mutants
with respect to wild type, the WCC and FphA
serve as negative and positive regulators of
asexual development, respectively (Purschwitz
et al. 2008). However, only when fphA is deleted
along with lreA or lreB is a complete loss in
light induction observed, suggesting that the
activation of FphA and derepression of WCC
must be coordinated to achieve the proper
response. Interestingly, the respective roles for
the photoreceptors are reversed with regard
to regulating both the sexual cycle and ST
production. Notably, cleistothecium formation
is severely reduced in the dark in the DlreA and
DlreB mutants; therefore, the WCC seems to
serve as a transcriptional activator and
repressor (Purschwitz et al. 2008). Further
work will be required to determine if the WCC
of A. nidulans acts through intermediary
transcription factors, as is seen in Neurospora.

Strikingly, in addition to the genetic inter-
actions between the WCC and FphA, the two
photoreceptor systems also interact physically.
Through a combination of bimolecular fluore-
scence complementation and coimmunopreci-
pitation assays, it was shown that FphA binds
the WCC in the nucleus through a direct inter-
action with LreB. Within this complex, FphA
also interacts directly with a second protein
called VeA (Velvet A) (Purschwitz et al. 2008,
2009). VeA is a central regulator of develop-
ment in A. nidulans whose loss of function
abolishes the requirement of light for conidia-
tion (Mooney and Yager 1990). However, VeA
seems not to sense light directly but instead is
light regulated through its interaction with
FphA. In addition, it is a central regulator of
secondary metabolism and is required for ST
production (Bayram et al. 2008b). In this way,
the complex consisting of VeA/FphA/LreA/
LreB likely serves to balance both developmen-
tal programming and secondary metabolism
through the integration of multiple light
inputs.
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3. CryA of Aspergillus nidulans Functions as
Both a CPD Photolyase and a Light-Sensing
Cryptochrome

CryA is the only photolyase/cryptochrome fam-
ily member encoded by A. nidulans. This pro-
tein is most closely related to the class I CPD
photolyases based on sequence comparisons,
and it does indeed demonstrate photoactivated
DNA repair in vivo and when expressed in
Escherichia coli. Interestingly, CryA also seems
to function as a bona fide cryptochrome in A.
nidulans, as it represses sexual development in
response to blue light and UV-A irradiation.
This repressive action of CryA is, in part,
achieved by negatively regulating the expres-
sion of veA and other positive regulators of
the sexual cycle (Bayram et al. 2008a). From a
physiological standpoint, the combined action
of the WCC (blue) and CryA (UV-A) likely
imparts a broad action spectrum to which A.
nidulans can regulate development. Whether
the CryA protein interacts with the FphA/
WCC/VeA complex has yet to be established.

4. Summary

In summary, the photoresponse of A. nidulans
displays important parallels and differences
with the WCC-dominated system established
in Neurospora. While A. nidulans does indeed
respond to blue light through its WCC (LreA
and LreB), the fungus is equally responsive to
red light via a phytochrome and UV-A light via
a cryptochrome. Because these different light
qualities may differentially regulate certain
processes (e.g., mycotoxin production) and
because different light signals are likely
detected concurrently, the photosensory path-
ways must somehow communicate to integrate
the light signals in a meaningful way. If recent
breakthroughs are any indication, future stud-
ies will undoubtedly reveal a highly complex
system that is regulated at the transcriptional,
posttranscriptional, posttranslational, and epi-
genetic levels.

E. General Conclusions

Further investigations into how fungi perceive
light will undoubtedly have important implica-
tions in a variety of different fields. For exam-
ple, the use of photoreceptors (Christie et al.
2012) and light-inducible promoters (Hurley
et al. 2012) as tools to study cell biology in
heterologous systems has been an emerging
and exciting area of research. Intriguingly, in
two divergent fungal pathogens, C. neoformans
(Idnurm and Heitman 2005a) and Fusarium
oxysporum (Ruiz-Roldan et al. 2008), deletion
of the wc-1 ortholog leads to an attenuation of
virulence in their respective animal infection
models. It is, therefore, exciting to speculate
that the WCC, and potentially other photo-
sensory pathways, could be conservatively
linked to fungal pathogenesis and represent
novel targets for antifungal therapy. Recent
work has shown that the predominant mold
pathogen of immunocompromised patients,
A. fumigatus, also regulates many virulence-
associated pathways in response to light
(K. Fuller unpublished data), and research
into how this affects its pathogenic potential is
under way. Only time will tell to what extent
understanding fungal visual systems will help
researchers see the world in new and exciting
ways.

III. Circadian Rhythms and Fungi

Originally made famous by Beadle and Tatum’s
one enzyme/one gene work, Neurospora was a
premier organism in genetics until the use of
E. coli became common (Davis and Perkins
2002). Circadian rhythms were first documen-
ted in Neurospora in 1959 by Pittendrigh et al.
(1959). These rhythms fulfilled the criteria to be
defined as circadian: (a) They maintained a
sustained period (approximately 22.5 h under
constant conditions); (b) the phase was set by a
single transition from light to dark; (c) the
rhythms were entrainable; and (d) the period
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was not dependent on temperature. Since then,
Neurospora has become a highly tractable
genetic organism, with a full genome sequence,
transformation protocols with an extremely
high success rate, and near-complete knockout
library (Collopy et al. 2010; Colot et al. 2006;
Galagan et al. 2003).

A. What Is a Circadian Rhythm?

The origin of circadian studies started with Jean
Jacques Ortous de Mairan, a French scientist
who described daily leaf movements, noting
that the movements persisted when the plant
he was studying was in the dark as well as in the
light. More important, these movements per-
sisted with a regular period, leading him to
the conclusion that they were not a simple
response to the sun but in fact a more complex
system regulated by an internal mechanism.
The study of circadian rhythms in Neurospora
started with Colin Pittendrigh’s work in the
1950s looking at the rhythmic expression of
asexual conidia.

To distinguish a reactive response from a
clear circadian rhythm, there are four basic
tenants. First, the rhythm must persist in the
absence of exogenous cues, such as light/dark
cycles. This is a clear sign that there is an
internal timekeeping mechanism that is creat-
ing this cycle, and that the cycle is not just a
response to external cues.

Second, the duration of a true circadian
rhythm must have a cycle length, also called a
period, of approximately 24 h. This ensures
that the organism is at the same state at the
same time every day and builds flexibility into
the system so that it may be reset by external
cues. This allows for better control of the timing
of circadian responses.

A third characteristic of a true circadian
rhythm is the ability of the rhythm to be reset
(or entrained) to external time cues. This
entrainment allows the organism to adapt to
its local environment, as in resetting the clock
when crossing time zones. Without this adapt-
ability, a person could not thrive in an environ-
ment that did not have conditions that matched
their endogenous rhythm.

Finally, as is well established in chemistry,
different temperatures affect the kinetics of a
reaction. If a clock were to speed up in higher
temperatures and slow down in lower ones, it
would simply be a thermometer, not a clock. So,
a true circadian rhythm must maintain its peri-
odicity over a range of physiological tempera-
tures, a capability referred to as temperature
compensation.

Beyond these basic rules of circadian
rhythms, it is generally accepted that circadian
rhythms are nearly ubiquitous in nature, being
found in many organisms and biological pro-
cesses. They are also generated at the cellular
level, whether the organism is a unicellular
prokaryote or a multicellular, complex eukary-
ote.

B. Tracking Circadian Rhythms in Neurospora
crassa

Neurospora propagates both asexually and sex-
ually. Although both are circadianly regulated,
it is the asexual cycle that allowed for the first
clear insight into the circadian cycle (Bobro-
wicz et al. 2002; Dunlap and Loros 2004). In
the case of asexual spores, a developmental
switch leads to the production of conidia in
the subjective night. A common method to
assay this rhythmic development of conidia is
using a race tube, a long glass tube, bent at both
ends, holding agar medium onto which mycelia
or conidia are inoculated at one end (Fig. 6.2a).
The fungus grows toward the other end, and the
growth front is marked each day. Cellular
clocks are synchronized by germinating the
cultures in constant light for a day and then
transferring them to constant darkness.

Expression of the overt rhythm in sporula-
tion is not robust in wild-type cultures unless
there is gentle airflow over the culture. How-
ever, identification of the band (bd) strain in
the late 1960s alleviated this (Sargent et al.
1966). This strain exhibited rhythmic and
robust formation of asexual conidia in a man-
ner that fit the conditions of a true circadian
rhythm without the need to flow air through the
system (Belden et al. 2007a). The mutation in
the strain was identified as a mutation in ras-1,
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which increases the levels of reactive oxygen
species (ROS) in Neurospora. This in turn
leads to an increased expression of a subgroup
of genes known as the clock-controlled genes
(ccgs), in particular the conidial regulation pro-
tein, fluffy, which accounts for the bd pheno-
type (Belden et al. 2007a).

The bd strain has been used in almost all circadian
experiments in Neurospora since its isolation. However,
bd turns a subtle circadian regulation into a robust
phenotype by increasing transcripts whose gene pro-
ducts control asexual development, suggesting a link
between RAS signaling and ROS levels in promotion of
sporulation. This means that a subset of the genes and
pathways identified as ccgs may be RAS responsive
instead of circadianly regulated and be absent in analy-
sis of ccgs from a wild-type strain (Belden et al. 2007a).

In addition to this, rhythms have been
tracked when cultures are grown in liquid
medium as well, leading to the understanding
of the clock on a molecular level as opposed to
the overt rhythms followed in the bd strain

(Aronson et al. 1994; Loros et al. 1989). More
recently, in an effort to correct for this potential
problem, rhythms have been monitored on a
more direct level. An alternative method of
monitoring the output of the circadian clock
is by following the expression of the luciferase
gene from the firefly beetle Photinus pyralis,
codon optimized for Neurospora and driven
by the frq or ccg-2 promoter (Gooch et al.
2008; Morgan et al. 2003). Originally designed
as a method to follow the endogenous, core
rhythms of the Neurospora clock on the tran-
scriptional level, this method has been used to
understand temperature compensation as well
as translational activity in the core Neurospora
clock (Fig. 6.2b, c) (Gooch et al. 2008; Larrondo
et al. 2012).

C. Clock Conservation in Other Fungi

Beyond the well-studied pacemaker in Neuros-
pora, there is evidence of conservation of a

Fig. 6.2. Methods of circadian analysis in Neurospora.
(a) Neurospora growing along a race tube with an image
of an actual race tube beneath it. Marks represent the
growth front (demarcated in sidereal time and in circa-
dian time for the figure) (Unpublished data from
J. Hurley) (b) Western blot of FRQ (FREQUENCY)
protein tracked over 48 sidereal hours (time points
taken every 4 sidereal hours) and labeled in circadian

hours, highlighting the changes of phosphorylation
state of FRQ protein over time (Unpublished data
from J. Emerson) (c) Luciferase trace of frq mRNA
expression tracked over 144 sidereal hours and labeled
in circadian hours, highlighting the changes of expres-
sion levels of frq mRNA over time (Unpublished data
from J. Emerson)
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circadian circuit in other fungi (Table 6.1). At
the phenotypic level, rhythms have been
reported in conidiospore formation in the
Zygomycete Pilobolus (Bruce et al. 1960).
Some less-definite growth and developmental
rhythms exist in a variety of Ascomycetes
(reviewed in Dunlap and Loros 2006), although
sclerotia formation of A. flavus and enzyme
rhythms in A. nidulans have been demon-
strated to be truly circadianly regulated, with
validation of entrainment as well as
temperature compensation (Greene et al. 2003).

On the genotypic level, the identification of
conserved core clock components has been well
investigated. According to a review of 42
sequenced fungal genomes, while light-sensing
mechanisms (which typically work as circadian
positive-feedback elements; see Molecular
Mechanism of a Circadian Oscillator) are
widely conserved in the fungi, the clock-
exclusive protein FREQUENCY (FRQ) (the
negative-feedback element) is less conserved.
However, complete circadian feedback loops
are seen universally in the Sordariacea, suggest-
ing that many plant and animal pathogens have
a functional clock. As described previously,
WC-1 is conserved into Basidiomycetes as well
as Zygomycetes. Given that rhythms have been
reported in Aspergillus, which has no FRQ, it
may be that rhythms in these strains have a
different negative arm protein but still use the
positive arm WCC (Dunlap and Loros 2006).

In a more recent study using 64 fungal
genomes, it was determined that FRQ was
only seen in Sordariomycetes, Leotiomycetes,
and Dothideomycetes. Homologs of other
clock components such as the WCC, FRH
(frequency-interacting helicase), and FWD-1
(F-box and WD40 repeat-containing protein
1) (see FRQ Degradation) have been found in
a wider array of organisms, including Zygomy-
cetes, Basidiomycetes, and Ascomycetes. The
Saccharomycetes seem to have lost both the
WCC and FRQ in a genome size reduction and
have never been demonstrated to possess circa-
dian rhythms (Dunlap and Loros 2006; Salichos
and Rokas 2010).

D. Molecular Mechanism of a Circadian
Oscillator

The mechanism that drives circadian rhythms
is a transcriptional/translational feedback loop
that is strictly regulated by a series of proteins
that interact with a core clock complex. The
core complex is made up of two protein com-
plexes, the positive arm (known in Neurospora
as the WCC), which drives the expression of a
second component, the negative arm (known in
Neurospora as the FRQ/FRH complex or FFC).
The negative arm in turn acts to autoregulate its
expression on a time delay, which sets that
length of the period (Dunlap 1999).

The cycle begins late in the subjective night
(Fig. 6.3a–c), as the WCC binds to the promoter
of FRQ and induces expression of frq mRNA,
which reaches its maximum around early sub-
jective morning. About 4 h after the start of frq
expression, FRQ protein begins to appear; it
binds directly to FRH, enters the nucleus, and
begins to form homodimers (Dunlap and
Loros 2004; Merrow et al. 1997). New FRQ is
rapidly phosphorylated in the PEST-1 (a pro-
tein domain rich in proline, glutamic acid, ser-
ine and threonine) and FFD domains (sites of
FRQ/FRQ and FRQ/FRH interactions), with
phosphorylation events occurring via inter-
action with several kinases in the C-terminal
region shortly thereafter. These C-terminal
phosphorylations stabilize the protein
(reviewed in Baker et al. 2012; Heintzen and
Liu 2007).

On nuclear entry, FRQ represses frq tran-
scription by inhibiting the activity of the WCC
while simultaneously increasing the levels of
WC-1 (Dunlap and Loros 2004). This inhibition
is caused by a direct interaction between FRQ
and the WCC, which leads to the phosphoryla-
tion of the WCC, inactivating the WCC as well
as clearing it from the frq promoter (reviewed
in Brunner and Kaldi 2008; Liu and Bell-
Pedersen 2006). The WCC begins to exit the
nucleus at this point in the cycle, perhaps
reflecting its phosphorylation status, further
decreasing activation of the frq promoter
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(Hong et al. 2008). In the late afternoon, due to
the lack of WCC activation, frq expression
begins to decline, and in accordance, so does
FRQ synthesis (Merrow et al. 1997). FRQ is then
increasingly phosphorylated at the PEST

domain and the N-terminal domain, which
leads to FRQ being ubiquitinated by an SCF-
ubiquitin ligase complex containing the F-box
protein FWD-1 and targeted to the proteasome
for degradation (reviewed in Baker et al. 2012;

Fig. 6.3. Molecular underpinning of Neurospora circa-
dian rhythm. (a) In the late subjective night, the WCC
induces expression of frq mRNA, leading to high levels
of FRQ (FREQUENCY) translation. FRQ forms homo-
dimers and binds to FRH. FRQ is phosphorylated via
the interaction with several kinases. FRQ is autoregu-
latory, inhibiting the activity of the WCC by promoting
the phosphorylation of the WCC. Lack of WCC leads to
a decrease in FRQ synthesis, while old FRQ is increas-
ingly phosphorylated, which leads to ubiquitination
facilitated by FWD-1, leading to FRQ degradation.
(b) The output of the circadian clock. When FRQ levels
are low, WCC activity is high, and it subsequently binds

to the frq promoter as well as other ccg promoter and
increases expression at those loci. When FRQ is high, it
binds to the WCC, promoting its phosphorylation and
causing it to become inactive. As FRQ ages and is
degraded, phosphatases bind the WCC, dephosphory-
lating it and allowing it to become active again, leading
the WCC to bind to target promoters again. (c) Protein
levels of the core clock components. While FRH and
WC-2 remain constant, FRQ and WC-1 oscillate in
opposite phases to one another. Stars represent phos-
phorylation and lightning bolts represent ubiquitina-
tion
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Heintzen and Liu 2007). The mass of WC-1 that
was created and held in the inactive state by
FRQ is now released, and the cycle restarts, with
the WCC again binding to the frq promoter
(Dunlap and Loros 2004). The delays between
frq expression and FRQ synthesis (3–6 h) and
FRQ phosphorylation-directed degradation
(14–18 h) leads to the nearly 24-h rhythm in
Neurospora and is how the circuit keeps its
specific time (Merrow et al. 1997).

E. Core Clock components

1. The Negative Arm: FRQ and FRH

The use of Neurospora as a model for circadian
rhythms at the molecular level began with the
discovery of several mutants, each of which
directly affect the period of banding in Neuros-
pora. Eventually, these mutants were all
mapped to the frequency (frq) locus and dis-
played long, short, or arrhythmic periods; some
alleles also altered or disrupted temperature
compensation (Gardner and Feldman 1980;
Loros and Feldman 1986). frq was cloned, and
this began the molecular dissection of the core
clock of Neurospora and a greater understand-
ing of clocks in general (McClung et al. 1989).
In Neurospora, FRQ expression periodicity
matches the conidiation rhythm seen in the bd
mutant. Altering or inhibiting the FRQ rhythm
had a direct and equivalent effect on the clock,
demonstrating that FRQ is the driver of Neuros-
pora period (Aronson et al. 1994; Belden et al.
2007a; Garceau et al. 1997).

FRQ constitutes the one of two proteins
that make up the negative arm of the clock.
Full-length FRQ contains 989 amino acids and
self-associates via the coil-coil region near the
N0 terminus (Aronson et al. 1994; Cheng et al.
2001). frq message as well as FRQ protein are
rhythmically expressed in a 22.5-h cycle under
constant conditions with a phase difference of
approximately 4 h (Aronson et al. 1994;
Garceau et al. 1997), and it is this rhythmic
expression that sets the period of the clock.
FRQ is a highly transcriptionally, posttran-
scriptionally, translationally, and posttrans-
lationally controlled protein (see FRQ

Transcriptional and Posttranscriptional Regu-
lation) (Baker et al. 2012). FRQ is both nuclear
and cytoplasmic; however, the most under-
stood activity of FRQ is nuclear, where it
binds to the WCC and blocks the transcrip-
tional activity of the WCC (Liu et al. 2003).
FRQ is able to increase WC-1 levels; this prob-
ably is the result of inhibiting the activity of
WC-1, a protein believed to be unstable when it
is active (Shi et al. 2010; reviewed in Baker et al.
2012). FRQ also increases the abundance of
wc-2 through an unknown mechanism (Liu
et al. 2003).

a) FRQ Transcriptional and Posttranscriptional
Regulation

First, the rhythmic binding of the pertinent
transacting factors must occur to maintain a
functional circadian rhythm. Transcriptional
regulation at the frq promoter occurs through
binding of the WCC proteins to a pair of cis-
acting sequences termed the Clock box (C box)
and the proximal light-regulated element
(PLRE) (Froehlich et al. 2003). The C box is
required for rhythmic expression of frq and
overall clock function in continual darkness,
whereas the PLRE is necessary to establish the
proper phase when entrained by light. Both
elements are necessary for high levels of light-
induced frq expression via WCC influence on
the frq promoter, but each element acts differ-
entially as chromatin is remodeled during the
transcriptional activation and deactivation of
frq (Belden et al. 2007b).

The gene clockswitch (csw-1) is required for
normal frq expression and acts directly or indi-
rectly to negatively regulate WCC activity at frq
by altering chromatin structure, creating a
more compact chromatin structure at the C
box (Belden et al. 2007b). Chromodomain heli-
case DNA–binding (CHD-1) contributes to
changes in chromatin structure at frq and is
also needed for normal frq expression. DNA
methylation at frq, which is promoted by loss
of CHD-1, is transient and reversible and cata-
lyzed by the DNA methyltransferase DIM-2
(Defective in Methylation-2), which limits the
onset of circadian-regulated transcription via
regulation of methylation at the frq promoter
(Belden et al. 2007b, 2011).
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The frq mRNA regulation extends beyond
simple transcriptional regulation. Indeed, there
is alternative initiation of translation that
results in the production of two distinct FRQ
polypeptides, FRQ1–989 (L-FRQ) and FRQ100–989

(S-FRQ) (Garceau et al. 1997). While both
forms of FRQ are able to maintain rhythmicity
at 25 �C, the amplitude and robustness of the
rhythm are affected across a range of physio-
logical temperatures. Ratios of the two proteins
are known to vary with temperature, with more
L-FRQ being produced at higher temperatures
versus even amounts of long and short FRQ
protein at lower temperatures (Liu et al. 1997).
Phosphorylation sites on the 100 amino acids
on L-FRQ that are not present in S-FRQ have
been shown to decrease period length even in
the presence of S-FRQ. The ratio of FRQ poly-
peptides is believed to allow the clock to fine-
tune the period in response to environmental
cues while remaining a robust timekeeping
mechanism in their absence (Baker et al. 2009;
Diernfellner et al. 2007; Liu et al. 1997).

The selective transcription of either S- or
L-FRQ is determined by the temperature-
dependent, alternative splicing event of a
small intron encompassing the AUG of L-FRQ.
The retention of this intron results in the exclu-
sive use of the AUG from L-FRQ, whereas its
removal makes the AUG from S-FRQ the first
bona fide start codon. Strains unable to splice
this intron fail to produce S-FRQ (Colot et al.
2005; Diernfellner et al. 2005).

In addition to this splice site, there are alternative
splicing events farther upstream in the 50 UTR that
remove five upstream AUGs with four uORFs from all
major frq transcripts. Two AUGs remain, and these
uORFs may be differentially regulating S- and L-FRQ
at the translational level by targeting transcripts for
nonsense-mediated decay (NMD), either as a way to
remove improperly spliced transcripts or as a mecha-
nism for quantitative control of gene expression (Colot
et al. 2005; Diernfellner et al. 2005).

Another regulation of the fine-tuning of the
frq mechanism is an antisense transcript,
which comprises the entire length of the FRQ
open reading frame (ORF). Elimination of this
transcript causes a slight increase in period as
well as a loss of rhythmicity at low physiological

temperatures and an earlier phase setting on
light-to-dark transfer. It is postulated that this
antisense RNA may be an additional mecha-
nism to regulate frq posttranscriptionally or
posttranslationally to further insolate the
clock from environmental stresses (Kramer
et al. 2003).

b) FRQ Associations and Subcellular
Localization

FRQ is only half of the negative arm of the
clock. Frequency-interacting RNA helicase
(FRH) is a homolog of Mtr4p, a well-studied
cofactor of the Saccharomyces cerevisiae exo-
some (Cheng et al. 2005). Mtr4p is a known
member of the TRAMP complex and has been
suggested to play many roles in a variety of
cellular processes (LaCava et al. 2005). FRH is
so important to the clock complex that all FRQ
is bound to FRH. When FRH is removed from
the system via small interfering RNA (siRNA)
knockdown (frh is an essential gene in Neuros-
pora), the clock loses rhythmicity completely,
and the FRQ level decreases dramatically while
the inverse happens to the mRNA (Cheng et al.
2005).

It has been suggested that the role of FRH
in the clock is to regulate the levels of frq post-
transcriptionally, as when FRH is knocked
down, frq mRNA is stabilized (Guo et al.
2009). When taken in combination with the
demonstrated interaction between FRH and
components of the exosome complex in Neu-
rospora, the general theory is that FRH directs
frqmRNA to the TRAMP complex for degrada-
tion (Guo et al. 2009).

Beyond this, FRH is known to play a role in
the complex interaction between FRQ and the
WCC; FRH is integral to the interaction
between the FFC and the WCC and is also able
to interact with the WCC in the absence of FRQ
(Cheng et al. 2005; Guo et al. 2010; Shi et al.
2010). FRH is also implicated in the proper
methylation of frq (Belden et al. 2011), as well
as an essential interactor of VVD in suppres-
sion of FRQ expression via interaction with the
WCC (Hunt et al. 2010).

FRQ association with FRH is essential for
proper phosphorylation (discussed in FRQ
Phosphorylations and the Role of Kinases and
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Phosphatases in the Clock) as well as FRQ sta-
bility, and FRH plays a role in the proper local-
ization of FRQ protein (Cha et al. 2011; Guo
et al. 2010). FRQ nuclear localization is essen-
tial for its function in the circadian clock, and
the nuclear localization signal located down-
stream of the coiled-coil domain is sufficient
to direct the localization of FRQ protein (Luo
et al. 1998). However, a large portion of FRQ is
cytoplasmic, and the nuclear-cytoplasmic shut-
tling has been suggested to be dependent on the
phosphorylation state of FRQ (Diernfellner
et al. 2009). This model stands in contrast to
the idea that FRH is the key link to proper
subcellular localization of FRQ (Cha et al.
2011).

Independently of the pull-down assay used to identify
FRH originally, FRH was identified through a mutagen-
esis screen for negative-feedback loop mutants. This
screen identified a point mutation that was outside
the highly conserved helicase region of FRH. This
mutation eliminated the interaction of FRH with the
WCC but not with FRQ (Shi et al. 2010). This mutation
hints that the role of FRH that is specific to the clock
may be different from its role in the TRAMP/exosome
complex function that FRH plays for overall cell fitness.

c) FRQ Phosphorylations and the Role
of Kinases and Phosphatases in the Clock

FRQ undergoes dual molecular rhythms, in
both abundance (described previously) and
phosphorylation, both of which influence its
turnover kinetics (Garceau et al. 1997; Liu et al.
2000). FRQ is phosphorylated immediately after
synthesis and further phosphorylated in a
highly regulated manner throughout the
circadian day (Baker et al. 2009). FRQ is also
phosphorylated in constant light, although in a
less-specific and regulated manner (Baker et al.
2009; Tang et al. 2009).Mutations that reduce the
level of phosphorylated FRQ tend to increase its
stability, which in turn leads to increased period
lengths (Liu et al. 2000; Ruoff et al. 2005).

No specific phosphorylation event has a
role that is essential to protein turnover.
Instead, most phosphorylations occur in clus-
ters, added at different locations and times.
FRQ is unmodified after synthesis, and phos-
phorylation events occur in a strict sequence

throughout the day. At first, FRQ is rapidly
phosphorylated in the middle part of the pro-
tein between the PEST-1 and the FFD domain.
There has been no function assigned to these
events, and mutations at these sites did not alter
circadian rhythms. Phosphorylation at the C-
terminus is next in the sequence, and mutations
at specific sites in the C-terminal region result
in FRQ protein that is less stable and in a short-
period rhythm. Midday, the PEST-1 domain
shows a dramatic increase in phosphorylation.
Mutations of sites in this region showed an
increase in period and more stable FRQ, sug-
gesting that phosphorylation of these residues
is needed to promote turnover of FRQ. Further
phosphorylation of FRQ, predominantly in
residues specific to the long FRQ isoform,
occurs late in the cycle, and mutations in this
region result in a longer period, suggesting a
role in promoting turnover (Baker et al. 2009).

Beyond stability, FRQ structure is predicted
to be affected directly by the phosphorylation of
FRQ protein (Querfurth et al. 2011). Hyperpho-
sphorylation of FRQ at many sites causes a
conformational change caused by charge-
charge repulsion. In the hypophosphorylated
state, FRQ is in a closed conformation, which
opens on increasing phosphorylation, to reveal
a degradation signal in the middle portion of
FRQ. The key regulation site to this opening is
in the N-terminal domain of FRQ; new FRQ
adopts preferentially the closed conformation
with the positively charged N-terminal domain
interacting with the negatively charged remain-
der portion of the protein. The N-terminal
domain of FRQ is progressively phosphory-
lated, which lowers the pI of the domain,
increasing negative surface charge of the
N-terminal domain and weakening the interac-
tion with the negatively charged middle and
C-terminal domains (Querfurth et al. 2011).
While in some ways appealing, this model suf-
fers from the fact that N-terminal phosphoryla-
tions were previously shown to be among the
last modifications during the circadian cycle
rather than among the first (Baker et al. 2009).

Phosphorylation of a protein to this extent,
around 100 distinct modifications, needs a
complex network of kinases and phosphatases
for proper modification. Kinases known to play
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a role in the clock include casein kinases 1 and
2 (CK1a and CK2), a Neurospora homolog of
checkpoint kinase-2 (PRD-4), as well as CAMK-
1 and basophilic protein kinase A (Klengel et al.
2005); FRQ has been shown to have direct phys-
ical interaction with CK1a, CK2, and PRD-4
(Baker et al. 2012; Diernfellner and Schafmeier
2011). CK1a interacts with FRQ via two FRQ/
CK1a interacting domains (FCDs), and this
interaction not only catalyzes the phosphoryla-
tion of FRQ (as many as 41 times), leading to
FRQ degradation, but also may catalyze the
phosphorylation of the WCC (He et al. 2006;
Querfurth et al. 2011), leading to the hypothesis
that FRQ acts as a scaffold for major compo-
nents of the clock. The interaction between CK2
and FRQ is significantly weaker than that of
CK1a but plays a unique role in the clock in
that the phosphorylations that are attributed to
CK2 are involved in maintaining the tempera-
ture compensation function of the clock
(Mehra et al. 2009).

Several phosphatases are known to be
involved in the clock as well, including protein
phosphatase-1 (PP1), PP2a, and PP4. Phospha-
tases play a role in everything from regulating
FRQ stability to influencing frq transcription,
to phosphorylation of the WCC and affecting
WCC subcellular localization (Baker et al.
2012).

d) FRQ Degradation
As described previously, proper phosphoryla-
tion of FRQ has been shown to regulate the
degradation of FRQ as well as affect the
function of the clock. But, there are other
posttranslational modifications that affect the
degradation of FRQ, including ubiquitination
(He and Liu 2005). One gene that plays a role in
ubiquitination is the F-box/WD40 repeat-
containing protein FWD-1. FWD-1 has been
shown to directly interact with FRQ, particu-
larly the phosphorylated form, and is required
for the proper degradation of FRQ. It is pre-
dicted that phosphorylated FRQ is a substrate
for an FWD-1-containing SCF-type ubiquitin
ligase complex, and moreover, that the SCF
complex can recognize different phosphory-
lated motifs within FRQ. Increase in FRQ phos-
phorylation increases the number of potential

FWD-1-binding sites and its overall affinity
toward FWD-1 (He et al. 2003). Progressive
phosphorylation of FRQ may be a dynamic
process that fine-tunes the stability of FRQ
through its role in the ubiquitination of FRQ,
and this determines the period of the clock.
Beyond the FWD-1 role in ubiquitination, it is
believed that there may be other FRQ mechan-
isms of degradation (He et al. 2003).

2. The Positive Arm: The White Collar Complex

Although the WCC was extensively described
previously, it is also known to play a major role
in addition to its photoreceptor function in
Neurospora; the WCC is the positive arm of
the clock. Knockouts of either of the White
Collar genes eliminate clock function
(Crosthwaite et al. 1997). The WCC complex
binds directly to the frq promoter and induces
expression of frq mRNA (Froehlich et al. 2002).
WCC activity is then inhibited when a direct
interaction with the FFC causes the complex
constituents to be phosphorylated. Individu-
ally, WC-1 is necessary for the interaction
between the WCC and FRQ. The amount of
WC-1 protein also cycles, although this rhythm
is not necessary for the clock, and WC-1 is
stabilized by WC-2. WC-2 is also necessary for
interaction between the WCC and FRQ, shows
neither mRNA nor protein rhythms, and is both
positively regulated by FRQ and negatively
regulated by WC-1 (Liu et al. 2003). Interest-
ingly, WC-1 can be found at the FRQ promoter
throughout the day, even when it is inactivated,
whereas WC-2 binds cyclically (Belden et al.
2007b).

a) Rhythmic Phosphorylation of the
White Collar Complex

Like FRQ, both WC-1 and WC-2 are phos-
phorylated in a circadian manner, and this
phosphorylation regulates the activity of the
complex. Direct phosphorylation of WC-2 is
rhythmic through the circadian day, and this
phosphorylation regulates the binding of the
WCC to DNA. Only one site has been identified
on WC-2, but it has been suggested that there
are many more that could affect both the period
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and the stability of the protein (Sancar et al.
2009). WC-1 is also circadianly phosphory-
lated; phosphorylation of some sites near the
Zn-finger DNA binding domain is believed to
regulate the ability of WC-1 to activate tran-
scription (He et al. 2005), but otherwise the
role of WC-1 phosphorylation is not well
understood. What is known is that phosphory-
lation in the C-terminus of WC-1 is sequential
and FRQ dependent and is required for nega-
tive feedback (Baker et al. 2012).

F. Clock Inputs and Outputs

1. Inputs

The Neurospora clock is designed to be sensi-
tive to many environmental inputs. Light
induction by the WCC (described previously)
drives an increase in frq levels as well as
entrainment and phase resetting. This effect
on frq expression by light impacts the clock
differently depending on the time in the cycle
that the light is seen. At the time of low frq
expression in the morning, frq levels that
increase sharply in accordance with exposure
to light will advance the clock to the time
corresponding to the highest frq expression
(mid-to late morning), while increasing frq
levels during the time of declining frq (late
subjective afternoon and into evening) will
lead to phase delays as frq levels are forced to
return to their maximum midday levels after
light exposure (Crosthwaite et al. 1997).

Light input to the clock can be modified by
VVD (described previously), which itself is
clock regulated and is able to gate the light
response on the clock (Heintzen et al. 2001).
VVD inhibition of the WCC directs the clock to
take its principal cues from the dusk transition
as well as contributing to temperature compen-
sation (Elvin et al. 2005; Hunt et al. 2007).
Furthermore, VVD levels in the dark are able
to inactivate any WCC induced by moonlight
and keep the clock on pace in the brightest of
nights (Malzahn et al. 2010).

Temperature has a great effect on the clock,
both on entrainment and on period, and can be
a stronger resetting cue than light. Higher tem-

peratures induce higher levels of L-FRQ as well
as higher levels of FRQ overall (Garceau et al.
1997; Liu et al. 1997). When shifting to higher
temperatures, the FRQ levels at the shift are
lower than the lowest FRQ levels at the higher
temperature, so the clock will reset to subjective
morning, the time of day corresponding to low
FRQ (Liu et al. 1998). Finally, it has been
hypothesized that metabolism can play a role
in clock input via a feedback loop on the posi-
tive arm by CSP-1 (Sancar et al. 2012).

2. Outputs

The internal mechanism of the clock has to
have a method to provide rhythmic informa-
tion to regulate the cell. The primary output of
the clock is through a subset of rhythmically
expressed genes termed the clock-controlled
genes, or ccgs. Depending on the method of
experimentation, anywhere from 1 % to 15 %
of the genome is considered to be circadianly
regulated in Neurospora (Dong et al. 2008; Dun-
lap and Loros 2004). These genes are not all
expressed at the same time but are actually
staggered in their expression around the
clock, although late night to morning genes
are the most common. Not surprisingly, most
ccgs are WCC driven, and although most WCC-
driven/light-induced genes are also ccgs, there
are some distinct subsets of WCC-driven genes
in both the light and dark conditions, showing
that distinct from its role in light response
(described previously), the WCC can have a
different set of target genes in the dark (Dunlap
and Loros 2004).

Rhythmic gene regulation must occur via
either transcription or mRNA turnover, and
transcription seems to be the most common
mechanism of regulation. The promoter of the
well-studied CCG, ccg-2, has several regulatory
regions that individually confer light, develop-
mental, and circadian regulation. One such ele-
ment, termed the activating circadian element
(ACE), is sufficient to confer clock regulation
on these promoters and has been seen in other
clock promoters (Bell-Pedersen et al. 1996). The
core ACE sequence is distinct from the core
LRE sequence (discussed previously), and
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both of these elements mediate clock control as
they have been identified in some of the pro-
moters of ccgs identified using microarrays.
Some genes have neither element, suggesting
additional clock control elements and the pres-
ence of hierarchical control, in which the oscil-
lator directly regulates oscillator proximal
controllers, which in turn regulate more down-
stream genes, as has been noted for light-
responsive genes in Neurospora (Chen et al.
2009; Dunlap and Loros 2004).

In addition to transcriptional regulation of
ccgs, it has recently been hypothesized that
another level of regulation can occur when the
FRQ-FRH complex interacts with mRNA and
the exosome via an association with the
TRAMP complex. This mechanism would
allow for control of message stability rather
than production (Guo et al. 2009). Beyond
this, it has recently been shown that the
mitogen-activated protein kinase (MAPK)
pathways are regulated by the clock at the tran-
scriptional level by the WCC (Bennett et al.
2013; Lamb et al. 2011, 2012). In addition,
MAK-1 has been shown to be phosphorylated
in a circadian manner, and its targets are ccgs,
demonstrating the circadian clock signal can be
propagated outside WCC regulation (Bennett
et al. 2013).

G. Molecular Advancements in Neurospora

Although historically genetic manipulation of
filamentous fungi was difficult, within the past
decade methods have been developed to perfect
gene replacements and knockouts in Neuros-
pora. Wild-type Neurospora strains exhibit a
low frequency of homologous recombination
after transformation. However, Neurospora
recipient strains in which ectopic insertions
are virtually eliminated have been developed.
Mutations of either of two Neurospora genes
required for nonhomologous end-joining DNA
repair (mus-51 and mus-52) result in an
increase in homologous recombination (Nino-
miya et al. 2004). Homologous recombination
rates are around 90 % in strains that are
mutant at these loci. In addition to this
advancement, recombinational cloning in

yeast is used to anneal polymerase chain reac-
tion (PCR) fragments, which are synthesized
individually with short overlapping ends by
PCR and cotransformed into yeast for assembly
(Colot et al. 2006). These generated fragments
can then be transformed into Neurospora
strains that are mutant at either of the mus
loci, creating a streamlined and highly efficient
system for gene replacements and knockouts.

In addition to the targeted gene placement
system, the ability to insert single-copy DNA
sequences into a known locus is useful. In
Neurospora, integration into the his-3 gene
(replacing a nonfunctional mutant copy of
his-3 with the wild-type allele as well as the
DNA sequence of interest) is the most fre-
quently used method. A drawback, however,
is that the strain must be backcrossed to obtain
a homokaryon, thereby exposing duplicated
sequences to RIP. In addition, the his-3 mutant
is a potentially limiting genetic background. To
compensate for these limitations, a system has
been developed using csr-1 as a targetable
locus. csr-1 encodes cyclophilin, a gene that,
when mutated, confers resistance to cyclo-
sporin A, an antifungal agent (Bardiya and
Shiu 2007; Hurley et al. 2012). The advantages
of targeting to this locus are that there is a
scorable phenotype (resistance to cyclosporin
A) and that all transformants are homokaryotic
(untransformed csr-1+ nuclei are selected
against based on their abilities to produce
cyclosporin A–binding protein).
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I. Introduction

Fungal fruiting bodies are multicellular struc-
tures that are produced by filamentous ascomy-
cetes and basidiomycetes for the generation,
protection, and dispersal of sexual spores

(Pöggeler et al. 2006a; Wösten and Wessels
2006). Fruiting body formation involves the
spatiotemporal coordination of the differentia-
tion of specialized cell types, many of which are
exclusively found in fruiting bodies (Moore
1998; Bistis et al. 2003). These drastic morpho-
genetic changes, compared to the vegetative
mycelium, most likely depend on changes in
activity of a large number of genes, similar to
developmental processes in animals and plants
in which coordinated patterns of gene expres-
sion orchestrate the spatiotemporal sequence of
events that leads to embryonic or organ devel-
opment (Guitton and Berger 2005; Scheres
2007). However, as the last common ancestor
of fungi and animals was most likely unicellular
(Lang et al. 2002; King 2004), multicellular
development in fungi evolved independently
of other groups; therefore, regulatory genes
and networks that govern animal development
are not necessarily similar in fungi.

The genetic and molecular basis of fruiting
body development has been under investiga-
tion for several decades, and much of the prog-
ress in this area of research has been made
through the analysis of developmental mutants
and their corresponding individual genes
(Moore 1998; Pöggeler et al. 2006a; Wösten
andWessels 2006). However, in the last approx-
imately 15 years, a number of high-throughput
techniques, so-called -omics techniques, have
been established in quick succession, enabling
the increasingly detailed analysis of complete
genomes and their activity, especially at the
level of the transcriptome. These technologies
include, for example, EST (expressed sequence
tag) sequencing, SAGE (serial analysis of gene
expression), microarray hybridizations, and
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a multitude of applications made possible
through next-generation sequencing (NGS)
techniques (Velculescu et al. 1995; Churchill
2002; Nowrousian et al. 2004; Ehrenreich 2006;
Nowrousian 2007, 2010; Shendure and Li 2008).
These technologies have led to a rapid increase
in the number of sequenced fungal genomes,
as well as genome-wide expression studies to
analyze different aspects of fungal biology,
including fruiting body development. In addi-
tion, the generation of fungal strains with
reduced rates of nonhomologous end joining
has greatly facilitated targeted gene deletions
in many fungal species (Ninomiya et al. 2004;
Kück and Hoff 2010), thereby enabling large-
scale knockout projects ranging from deletions
of all genes from a gene family to genome-
wide knockout libraries (see Sect. II.B). Thus,
we are now at a point where, in principle,
high-throughput expression studies can rap-
idly identify candidate genes with interesting
expression patterns during fruiting body
development, and these genes can be charac-
terized in more detail through libraries of
deletion mutants. Mutants themselves can
also be used for expression studies, thereby
establishing molecular phenotypes to charac-
terize mutant strains at the molecular level
and to unravel the regulatory networks that
govern differentiation processes. While knock-
out libraries are currently available for only a
few model organisms, high-throughput
expression studies can be performed also in
nonmodel species (Nowrousian 2010). These
data can be used for comparative studies to
identify evolutionary conserved expression
patterns, which in turn are useful for choosing
candidate genes for downstream analysis
because evolutionary conservation of expres-
sion is a powerful criterion for functional sig-
nificance (Stuart et al. 2003). Thus, high-
throughput techniques have made possible
the characterization of select model organisms
at an unprecedented depth as well as the anal-
ysis of a much broader range of nonmodel
organisms, both on a genome-wide scale. In
this review, I give an overview of how geno-
mics and transcriptomics studies have
increased our understanding of fruiting body

development and point out some possible
future directions in this field.

II. From Genome to Function

Fungi have always been at the forefront of
genome-sequencing efforts, with the first
sequenced eukaryotic genome that of the yeast
Saccharomyces cerevisiae (Goffeau et al. 1996),
with the first genome sequence of a filamentous
fungus, namely that of Neurospora crassa,
following some years later (Galagan et al.
2003). Because fungal genomes are usually less
than 100 Mb in size and therefore smaller and
easier to sequence than genomes of many other
eukaryotes, fungi (together with animals) are
the eukaryotic group with the highest number
of sequenced genomes to date (Table 7.1). This
also applies to the current rise in the number of
genomes sequenced by NGS techniques, where
fungi were (again) among the first eukaryotes
whose genomes were assembled from NGS
sequence reads (DiGuistini et al. 2009; Now-
rousian et al. 2010).

The genome sequences of filamentous
fungi not only allow downstream analyses like
large-scale knockout studies and mutant
genome-sequencing projects that yield more
insights into fungal development (see Sects. II.
B and II.C) but also were the basis for efforts to
induce fruiting body formation in supposedly
asexual fungi as described in the next section.

A. Sexual Development in “Asexual” Fungi

For an estimated 20 % of described fungal
species, no sexual stage is known (Dyer and
O’Gorman 2011), and these species were histor-
ically grouped together as deuteromycetes.
First hints that supposedly asexual fungi
might have “cryptic” sexual development
came from a population genetic study of the
pathogenic ascomycete Coccidioides immitis
and from the isolation of a mating-type gene
from the asexual fungus Bipolaris sacchari
(Burt et al. 1996; Sharon et al. 1996); however,
it was not clear at that time whether these find-
ings were the exception or the rule. Therefore, it
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came as quite a surprise that virtually all
sequenced genomes from supposedly asexual
ascomycetes had a full complement of genes
known to be involved in sexual differentiation,
including mating-type genes that were shown
to be essential for sexual development in other
fungi. This includes, for example, Aspergillus
and Penicillium species (Pöggeler 2002; Gala-
gan et al. 2005; Paoletti et al. 2005; Pel et al.
2007; Hoff et al. 2008; van den Berg et al. 2008).
These results led to renewed efforts to induce
fruiting body formation in supposedly asexual
species or strains under laboratory conditions,
and the development of sexual structures could
be induced, for example, for Aspergillus fumi-
gatus, Aspergillus parasiticus, Penicillium chry-
sogenum, and the Trichoderma reesei strain
QM6a (Horn et al. 2009; O’Gorman et al. 2009;
Seidl et al. 2009; Böhm et al. 2013).

One key finding from genome sequencing was that the
mating-type loci of the sequenced asexual strains indi-
cated that the corresponding species might be hetero-
thallic, that is, not self-fertile. In heterothallic fungi,
sexual development can only take place when two
strains with different mating types interact (Pöggeler
et al. 2006a). Based on this information, researchers
screened natural isolates for their mating type and
combined strains with different mating types (Horn
et al. 2009; O’Gorman et al. 2009; Seidl et al. 2009;
Böhm et al. 2013).

The demonstration of sexual development
in former deuteromycetes is not only important
to increase our knowledge about fungal biology
but also can be used as a valuable tool for basic
and applied research with these fungi because
the ability to perform genetic crosses is a major
advantage for any organism under study.

This is especially interesting for species that
are used in industrial production because strain
improvement based on genetic recombination
offers a much wider scope than one based solely
on conventional mutagenesis or genetic engi-
neering.

B. Large-Scale Knockout Studies

One of the most powerful approaches to ana-
lyze gene functions is the inactivation of the
gene under investigation and the analysis of
the resulting phenotype. Targeted gene dele-
tions in fungi are usually accomplished by
homologous recombination of a knockout
construct containing sequences upstream and
downstream of the Open Reading Frame (ORF)
flanking a selection marker. The knockout con-
struct is transformed into the wild type or a
recipient strain deficient in nonhomologous
end joining, and transformants are screened
for those where the deletion cassette has
replaced the original gene sequence (Ninomiya
et al. 2004; Kück and Hoff 2010). The availabil-
ity of complete genome sequences allows such
forward genetic studies at a much greater scale
because the necessary sequence information to
generate gene deletion constructs is readily
available for all predicted genes of a sequenced
species. Saccharomyces cerevisiae was the first
eukaryote for which a knockout project for all
predicted genes was initiated (Winzeler et al.
1999), and the genome-wide knockout project
for the filamentous fungus N. crassa followed
shortly after its genome was sequenced (Colot
et al. 2006; Dunlap et al. 2007). Deletion strains
for most N. crassa genes are now available

Table 7.1. Genome assemblies in the National Center for Biotechnology Information (NCBI) Genome database

Group Chromosome assembliesa Contig/scaffold assembliesa Totala

Fungi 40 165 205
Animals 43 162 205
Plants 19 32 51
Protists 20 53 73
Others 6 0 6
Total 128 412 540

aThe number of genomes from different eukaryotic groups for which complete chromosomes or assembled contigs or scaffolds

are available was calculated from data from http://www.ncbi.nlm.nih.gov/genome/browse/ in October 2012. For each species,
only one sequenced genome was counted
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through the Fungal Genetics Stock Center
(FGSC) (McCluskey and Wiest 2011), and mor-
phological screens for basic characteristics,
including sexual development, are under way.
The results are made available through the Neu-
rospora crassa Database (http://www.broadin-
stitute.org/annotation/genome/ neurospora/
MultiHome.html). In a pilot study, knockout
strains for about 100 transcription factor genes
were generated and characterized, and 15
strains displayed phenotypes related to sexual
development (Colot et al. 2006). An even higher
fraction of serine-threonine protein kinase
mutants (32 of 77) had defects in sexual differ-
entiation in a study by Park et al. (2011).

Knockout screens of mutants for certain
classes of genes have also been performed
with Gibberella zeae (anamorph Fusarium gra-
minearum). Based on the genome sequence
(Cuomo et al. 2007), 15 polyketide synthase
genes were identified and disrupted (Gaffoor
et al. 2005). All of the mutants were still fertile;
however, one of them produced nonpigmented
fruiting bodies instead of the usual black ones.
A recent study of 657 deletion mutants for pre-
dicted transcription factor genes showed that
105 of them were involved in sexual develop-
ment (Son et al. 2011). Many of these mutants
also had other phenotypes, mainly influencing
growth, virulence, and toxin production. Gen-
erally, transcription factor genes associated
with sexual development tended to be con-
served throughout the fungal kingdom.

Mutants from such large-scale knockout
screens can now be used for detailed functional
characterization of the corresponding genes.
Furthermore, these strains are also available as
marker strains in genetic crosses e.g., to finely
map unknown mutations in strains that were
generated by classical mutagenesis (Hammond
et al. 2011). Such mapping strategies can be
used in combination with whole-genome
sequencing to identify mutated genes as
described in the next section.

C. Genome Sequencing to Identify Mutations

Prior to the possibility of generating knockout
strains, many mutagenesis efforts centered

around classical radiation or chemical mutagen-
esis, thereby generating random mutations. For
many species, largemutant collections are avail-
able, and often such mutants have phenotypes
different from knockout strains, when the func-
tion of the derived protein is not completely lost,
but modified. Thus, even in the days of large-
scale knockout projects, the identification of the
mutated genes in such strains is an important
tool for molecular and genetic analysis. The
most common ways to identify mutated genes
used to be genetic mapping, complementation
by transformation, or a combination of both.
However, these strategies are often laborious
and time consuming. In recent years, the advent
of NGS techniques has made the sequencing of
mutant genomes and the identification of muta-
tions by subsequent bioinformatics analysis a
viable alternative. In filamentous fungi, this
approach has been used to identify mutated
genes in classical mutants of the ascomycetes N.
crassa and Sordaria macrospora (McCluskey
et al. 2011; Pomraning et al. 2011; Nowrousian
et al. 2012).

Pomraning and coworkers (2011) crossed a mutant
with a wild type with different genetic background,
sequenced pools of DNA from individual progeny
from the cross, and identified a region where sequence
variants from the mutant background accumulated.
The mutation causing cell cycle defects could be nar-
rowed down to one of the genes in this genomic region.

In a study by McCluskey et al. (2011), 18
classical mutants for which the mutations had
previously been mapped to genomic regions
between 80 kb and 4 Mb were sequenced, and
candidate genes or regions were identified for 17
of these strains. Six of the mutants for which
mutated candidate genes were found are defec-
tive in sexual development as they were male
sterile (mb-2, mb-3), female sterile (ff-1, fs-n),
or producing underpigmented ascospores (ts,
perithecial-1). A similar study in S. macrospora
made use of pooled DNA from progeny of a
cross from a mutant with an isogenic wild
type, and in this case, causative mutations
could be identified from the sequence data with-
out prior genetic mapping (Nowrousian et al.
2012). The three mutants that were studied are
all defective in sexual development, with two of
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them unable to develop mature fruiting bodies,
while the third produces light-brown instead of
black ascospores. One of the sterile mutants is
allelic to the pro41mutant carrying a deletion of
a gene encoding an endoplasmic reticulum (ER)
membrane protein (Nowrousian et al. 2007a),
while the second sterile mutant contains a point
mutation in a transcription factor gene (pro44),
and the spore color mutant fus has a defective
melanin biosynthesis gene. Thus, mutant
sequencing is a quick and efficient method to
identify developmental genes from mutants
generated by classical mutagenesis.

III. Transcriptomics: The Genome
in Action

Asmentioned in the Introduction, the profound
morphogenetic changes that a mycelium under-
goes during fruiting body development depend
on corresponding changes in activity of large
numbers of genes, and many of these changes
are thought to be implemented at the level
of transcription. Therefore, transcriptomics
approaches (i.e., the analysis of transcript levels
for many or all genes in a genome under certain
conditions or in different cell types, organs, etc.)
are especially suited for the analysis of fruiting
body development. A range of transcriptomics
methods has been applied in a number of asco-
and basidiomycetes to study sexual differentia-
tion (Table 7.2). These approaches have the
advantage of allowing a bias-free insight into
transcriptional expression because they do not
access only a selected subset of genes, but rather
yield a global picture. On the other hand, they
also allow hypothesis-driven research, for
example, the analysis of epistatic relationships
or regulatory networks through comparing
molecular phenotypes of single and double
mutants. In the following sections, results from
transcriptomics analyses to study gene expres-
sion throughout development or to characterize
the molecular phenotype of developmental
mutants are summarized.

A. Transcriptomics to Identify Global
Spatiotemporal Expression Patterns
During Development

Transcriptomics started with EST analyses
(Adams et al. 1991) but soon afterward diversi-
fied through a number of sequencing- or
hybridization-based methods, including SAGE
(Velculescu et al. 1995), microarrays (Schena
et al. 1995; DeRisi et al. 1997; Breakspear and
Momany 2007), and RNA-seq (Nagalakshmi
et al. 2008; Wilhelm et al. 2008). All of these
methods have by now been applied to analyze
fruiting body development (Table 7.2). These
studies have not only improved our under-
standing of the processes that occur during
developmental transitions, but also were
instrumental in identifying a number of differ-
entially expressed genes whose functions
during fruiting body development were deter-
mined in subsequent studies.

1. Transcriptomics of Different
Developmental Stages

The first transcriptomics approach to learn more
about gene expression at different developmental
stages was an EST analysis of fruiting bodies
(perithecia), germinating asexual spores (coni-
dia), and vegetative mycelium from N. crassa
(Nelson et al. 1997). Nearly 60 % of the ESTs in
the mycelial and perithecial libraries showed no
match to proteins in public databases, whereas
for germinating conidia, this was true for less
than 40 %. One reason for this might be that
the ESTs from the conidial library contained
more genes with putative roles in protein biosyn-
thesis, and that this group of genes was already
well characterized, whereas not many genes
involved in fungal-specific activities like fruit-
ing body development were known at this time.
However, even 15 years later, it is a recurring
theme in many expression analyses that among
the genes expressed during sexual development
are relatively fewer involved in basic cellular
functions and metabolism than in nonrepro-
ductive mycelia, and that the genes expressed
during sexual development have more diverse
functions or no characterized function yet. This
was found in analyses of the ascomycetes
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Table 7.2. Transcriptomics analyses to study sexual development in filamentous ascomycetes and basidiomycetes

Species Analysisa Subject Referencesb

Ascomycetes
Pezizomycetes
Pyronema confluens E, D, R Vegetative mycelium and sexually developing mycelium [1, 2, 48]
Tuber borchii E, M Fruiting bodies versus vegetative mycelium [3, 34]
Tuber melanosporum E, M, R Fruiting bodies versus free-living or ectomycorrhizal mycelia [4, 5]

Eurotiomycetes
Aspergillus nidulans M Wild-type and sterile mutant, vegetative and sexual

development
[6]

Sordariomycetes
Cryphonectria
parasitica

M Virus infected versus noninfected [7]

M wild type versus sterile mutant [42]
Gibberella fujikuroi D, M Wild-type and mating-type gene mutant [8]

R Time course of perithecial development [9]
Gibberella zeae E Vegetative mycelium and perithecia [39]

M, R Time course of perithecial development [9–11]
D, M Wild-type and mating-type gene mutant [40]
M Wild-type versus sterile mutant [12, 13]

Hypocrea jecorina M Sexually potent versus impotent mycelia [14]
Neurospora crassa E Vegetative hyphae, conidia, and perithecia [15]

M Wild-type versus sterile mutants [41]
M Wild-type mat a and mat A mycelia under vegetative

conditions
[16]

M Time course of perithecial development on two media [17]
Neurospora intermedia E, M Vegetative and sexual mycelium [46]
Ophiostoma novo-ulmi D SSH of perithecia versus synnemata [18]
Podospora anserina M Wild-type mat+ and mat- mycelia, and mating-type gene

mutants
[19]

M Wild-type and developmental mutants during vegetative
growth

[45]

Sordaria macrospora M Wild-type versus sterile mutants [20]
M Wild-type versus mating type gene mutants [21, 22]
M Wild-type versus sterile mutants, and vegetative mycelium

versus sexually developing mycelium
[23]

R Protoperithecia of wild-type versus sterile mutant and
vegetative mycelium versus sexually developing mycelium

[24]

Basidiomycetes
Agaricomycetes
Agaricus bisporus E, M Different stages of fruiting body development [37, 44]
Coprinopsis cinerea S, M Fruiting bodies versus vegetative mycelium [47]
Ganoderma lucidum R Fruiting bodies versus vegetative mycelium [25]
Laccaria bicolor M Fruiting bodies, vegetative mycelium, mycorrhizal root tips [43]
Lentinula edodes D RDA of vegetative mycelium and stages of fruiting body

development
[26]

S Dikaryotic mycelium and fruiting body primordium [27]
D SSH of fresh versus harvested fruiting bodies [28]
R, S Fruiting bodies before and after sporulation [29]

Pleurotus ostreatus E Different stages of fruiting body development [30, 35, 36]

(continued)
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G. zeae, Gibberella fujikuroi, and Pyronema con-
fluens as well as in the basidiomycetes Agaricus
bisporus and Lentinula edodes (Ospina-Giraldo
et al. 2000; Trail et al. 2003; Miyazaki et al.
2005; Keszthelyi et al. 2006; Nowrousian and
Kück 2006; Qi et al. 2006; Gesing et al. 2013;
Morin et al. 2012; Sikhakolli et al. 2012). This
might indicate that during vegetative growth, a
set of well-characterized eukaryotic core genes is
active to maintain basic cellular functions,
whereas the higher morphological diversity that
is achieved during fruiting body development
requires the activity of a number of specialized,
perhaps less-conserved (or at least less-well-
characterized) or even lineage-specific genes.
This is consistent with a long-standing hypothe-
sis that the vegetative mycelium gathers and
stores nutrients until a stage of “competence” is
reached, and afterward the energetically costly
production of fruiting bodies is supported by
transfer of nutrients from the nonreproductive
mycelium (Wessels 1993; Pöggeler et al. 2006a).
It also fits with a hypothesis that sex-associated
genes evolve more rapidly than genes involved in
other functions. This has been shown in animals
and plants (Swanson and Vacquier 2002; Clark
et al. 2006; Brawand et al. 2011), and similar
findings have been made for mating-type and
pheromone signaling genes in filamentous asco-

mycetes (Pöggeler 1999; Karlsson et al. 2008). It
is also supported by a recent EST analysis of
Neurospora intermedia and comparison with
other Neurospora species (Nygren et al. 2012).
This study indicated that sex-associated genes
(i.e., those genes that are preferentially expressed
during sexual development) are also rapidly
evolving in fungi. Further support for this
hypothesis came from a transcriptomics analysis
of P. confluens (Traeger et al. 2013). The authors
showed at a genome-wide level that the highest
percentage of genes upregulated during sexual
development was found among the P. confluens
orphan genes, that is, genes without detectable
homolog in the public sequence databases.

Another, related finding is that transcrip-
tional profiles of nonreproductive mycelia in
many fungi are different from those of develop-
ing fruiting bodies. This was found, for exam-
ple, in Tuber borchii, for which an analysis of
two fruiting body stages and vegetative myce-
lium showed that the differences between the
two fruiting body stages were smaller than
between either stage of sexual development
and vegetative mycelium (Gabella et al. 2005).
Even an array of complementary DNAs
(cDNAs) derived from vegetative mycelium of
T. borchii showed large differences when hybri-
dized with targets from vegetative mycelium

Table 7.2. (continued)

Species Analysisa Subject Referencesb

Schizophyllum
commune

MP Time course of fruiting body development [31]

M Monokaryons and compatible and incompatible dikaryotic
interactions

[32]

R Wild-type versus developmental mutants [33, 38]

aType of analysis: E EST (expressed sequence tag) sequencing, D differential hybridization (including RDA representational

difference analysis and SSH suppression subtractive hybridization), M microarray analysis including cross-species array

hybridizations, MP massively parallel signature sequencing, R RNA-seq, S SAGE (serial analysis of gene expression)
bReferences are as follows: [1] Nowrousian and Kück (2006), [2] Gesing et al. (2013), [3] Gabella et al. (2005), [4] Martin et al.

(2010), [5] Tisserant et al. (2011), [6] Nahlik et al. (2010), [7] Allen et al. (2003), [8] Keszthelyi et al. (2006), [9] Sikhakolli et al.

(2012), [10] Qi et al. (2006), [11] Hallen et al. (2007), [12] Lee et al. (2010a), [13] Lysoe et al. (2011), [14] Chen et al. (2012a), [15]

Nelson et al. (1997), [16] Wang et al. (2012a), [17] Wang et al. (2012b), [18] Jacobi et al. (2010), [19] Bidard et al. (2011), [20]
Nowrousian et al. (2005), [21] Pöggeler et al. (2006b), [22] Klix et al. (2010), [23] Nowrousian et al. (2007a), [24] Teichert et al.

(2012), [25] Yu et al. (2012), [26] Miyazaki et al. (2005), [27] Chum et al. (2008), [28] Sakamoto et al. (2009), [29] Chum et al.

(2011), [30] Joh et al. (2007), [31] Ohm et al. (2010), [32] Erdmann et al. (2012), [33] Ohm et al. (2013), [34] Lacourt et al. (2002),
[35] Park et al. (2006), [36] Lee et al. (2002), [37] Ospina-Giraldo et al. (2000), [38] Ohm et al. (2011), [39] Trail et al. (2003), [40]

Lee et al. (2006), [41] Li et al. (2005), [42] Deng et al. (2007), [43] Martin et al. (2008), [44] Morin et al. (2012), [45] Bidard et al.

(2012), [46] Nygren et al. (2012), [47] Cheng et al. (2013), [48] Traeger et al. (2013)
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versus fruiting body, although strictly fruiting
body-specific genes would not even be repre-
sented on this array (Lacourt et al. 2002). Inter-
estingly, though, expression studies in Tuber
melanosporum, a close relative of T. borchii,
suggested that less than 10 % of all genes are
differentially expressed in fruiting bodies of
mycorrhizal tissue compared to free-living
mycelium (Martin et al. 2010). However, stud-
ies in other fungi rather support a hypothesis of
transcriptional reprogramming during sexual
development: Using a genome-wide microarray
to analyze a time course of G. zeae fruiting
body differentiation, Hallen and coworkers
found that 12 % of transcripts were specific to
sexual development (Hallen et al. 2007). In a
recent RNA-seq study of young fruiting bodies
of S. macrospora that were extracted from
surrounding nonreproductive hyphae by
laser microdissection, it was found that the
transcriptional profile of fruiting body
precursors was drastically different from that
of nonreproductive hyphae (Teichert et al.
2012), and similar results were obtained in
serial analysis of gene expression studies of
vegetative mycelium and fruiting body primor-
dia from the basidiomycete Coprinopsis cinerea
(Cheng et al. 2013).

In an analysis of fruiting body development
of N. crassa on two different media, Wang
and coworkers found that expression of
metabolism-related genes was different, as
expected, but that known development-specific
genes were expressed similarly independent of
the growth medium (Wang et al. 2012b). This
indicates that expression of developmental
genes is robust even in different environments.
Overall, the analyses described here already
offered first insights into the coordinated pat-
terns of gene expression that underlie develop-
mental transitions in time and space. Several of
the genes that are upregulated during sexual
development were already characterized in
more detail; these are described in Sect. III.C.

2. Comparative Transcriptomics to Identify
Evolutionary Conserved Expression Patterns

The rising number of expression studies con-
ducted with different fungal species not only
offers insights into the development of single
species, but also opens up the possibility of
comparing gene expression patterns between
species at similar developmental stages. This
is important not only to follow evolutionary
trajectories of gene expression but also as a
practical means to narrow down lists of differ-
entially expressed genes for promising candi-
dates for further studies. The necessity for
narrowing down such lists has become appar-
ent in the course of a number of expression
studies, in which it was found that genes
strongly upregulated during a condition of
interest are not necessarily involved in the pro-
cess under investigation (Nowrousian and
Cebula 2005; Nowrousian et al. 2007b). Com-
parative transcriptomics analyses can help
focus on genes with a higher likelihood of play-
ing a significant role in the analyzed biological
phenomenon because evolutionary conserva-
tion of expression is a strong indicator for
functional significance (Stuart et al. 2003).
This is especially the case if the species under
investigation are only distantly related because
comparing closely related species might give a
high number of false positives because there is
insufficient time for the divergence of expres-
sion patterns (Romero et al. 2012). Further-
more, comparative analyses can also be used
to identify species-specific expression patterns
that might help to explain morphological or
physiological differences between species (Bra-
wand et al. 2011; Romero et al. 2012).

Comparative expression analyses of fungal
development have been performed for several
ascomycetes. A small-scale pilot study was
based on ESTs from P. confluens, whose expres-
sion was compared to the corresponding
homologs from S. macrospora (Nowrousian
and Kück 2006). These two ascomycetes are
only distantly related, with P. confluens posi-
tioned at the base of the filamentous ascomy-
cetes, forming apothecia as fruiting bodies,
while S. macrospora is a derived ascomycete
and develops the more complex perithecia.
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Genes with conserved expression across the
large evolutionary distance between these two
species might therefore be among a set of core
genes for ascomycete fruiting body formation.
Even though this study encompassed only a few
genes, it already indicated that there might be a
significant amount of overlap in development-
specific expression even in distantly related
ascomycetes. These analyses were followed up
by a comparison of developmentally regulated
genes from P. confluens identified by suppres-
sion subtractive hybridization (SSH) with
homologs in S. macrospora and N. crassa (Ges-
ing et al. 2013). Interestingly, expression ten-
dencies were more conserved between S.
macrospora and P. confluens than between the
much more closely related S. macrospora and N.
crassa, both of which are members of the Sor-
dariomycetes and form perithecia. One reason
for this might be that N. crassa is heterothallic
(self-sterile), in contrast to the homothallic
(self-fertile) S. macrospora and P. confluens;
therefore, N. crassa requires an additional fer-
tilization step for fruiting body formation
(Claussen 1912; Davis and deSerres 1970;
Pöggeler et al. 2006a). Furthermore, N. crassa
produces two different types of asexual spores
(micro- and macroconidia) in addition to the
sexual ascospores that are produced in the
fruiting bodies, whereas neither S. macrospora
nor P. confluens produces any asexual spores.
Therefore, some differences in gene expression
patterns between N. crassa and the other two
species might be caused by additional differen-
tiation processes in N. crassa that occur in par-
allel to fruiting body formation (Gesing et al.
2013). The recent sequencing of the P. confluens
genome and several development-dependent
transriptomes enabled a genome-wide compar-
ison of transcriptome data between P. confluens
and S. macrospora (Traeger et al. 2013). Inter-
estingly, expression patterns in vegetative or
total mycelia in these two fungi were more
similar to each other than those of the
corresponding mycelia from S. macrospora to
expression patterns in young fruiting bodies
from this species. This suggests that similar
tissues or developmental stages in different spe-
cies are more similar in expression than differ-
ent tissues or stages from the same species.

Another case for which the differences out-
weigh the similarities of expression was found
in a comparison of genes that are differentially
expressed in mutants of mating-type genes
from Podospora anserina, S. macrospora, and
G. fujikuroi (Bidard et al. 2011). The authors
compared microarray hybridization results for
mutants in the mating-type genes FMR1
(MAT1-1-1) and FPR1 (MAT1-2-1) from P.
anserina with results from mutants in the
corresponding genes SmtA-1 (MAT1-1-1) and
Smta-1 (MAT1-2-1) of S. macrospora and with
results from the FRP1 homologMAT1-2-1 of G.
fujikuroi from previous studies (Keszthelyi
et al. 2006; Pöggeler et al. 2006b; Klix et al.
2010). They found between 16 and 57 ortholo-
gous gene pairs among the regulated genes, but
the direction of regulation showed little or no
correlation between the respective species
(Bidard et al. 2011). However, these findings
might have several explanations. One caveat
for the interpretation is the fact that, in
the case of S. macrospora, the microarray hybri-
dizations were performed using N. crassa
microarrays (cross-species microarray hybridi-
zations), which result in fewer genes yielding
significant hybridization results. Especially,
signals from weakly expressed genes might
have been lost in the background noise; there-
fore, the lists of differentially regulated genes
might not be complete (Pöggeler et al. 2006b;
Klix et al. 2010). This is also the case for
G. fujikuroi, for which cDNA macroarrays
were used for the analysis that did not cover
all potential genes of this fungus (Keszthelyi
et al. 2006). Other reasons for the observed
differences might be rooted in the biology of
the fungi because S. macrospora is homothallic,
G. fujikuroi is heterothallic, and P. anserina is
pseudohomothallic, but for the analysis by
Bidard et al., homokaryotic strains were used
that are effectively heterothallic. The mycelia
used for RNA extraction were from vegetative,
fertilization-competent mycelia in the case of
G. fujikuroi and P. anserina and from already
sexually differentiating mycelia in the case of
S. macrospora. Thus, the analysis for G. fuji-
kuroi and P. anserina focused on genes that
are influenced by the mating-type factors dur-
ing vegetative growth prior to fertilization
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(Keszthelyi et al. 2006; Bidard et al. 2011), while
in the case of S. macrospora, the role of mating-
type genes was studied during
sexual development (Pöggeler et al. 2006b; Klix
et al. 2010). Furthermore, an additional difference
between the three species is that S. macrospora
does not produce any asexual spores, P. anserina
produces spores that act only as male spermatia,
while G. fujikuroi produces asexual conidia in
parallel to sexual differentiation.

The previously described studies might
indicate that it is important to compare similar
stages of fruiting body development, if possible
without interference of unrelated differentia-
tion processes, to identify genes with conserved
expression patterns. This was done in RNA-seq
analyses of six stages of perithecial develop-
ment in G. zeae and G. fujikuroi (Sikhakolli
et al. 2012). The authors found large overall
similarities in expression patterns; for example,
a high number of genes encoding proteins
involved in transcription are strongly
expressed during the time of ascus formation.
Expression differences were largely explained
by morphological differences (e.g., the different
pigmentation of sexually developing cultures in
these two species). However, it has to be taken
into account that the two species that were
compared in this case were both from the
genus Gibberella and therefore closely related.
However, a comparison of gene expression pat-
terns during fruiting body development
between S. macrospora and G. zeae also
revealed a number of similarly regulated
genes, with functional categories of metabolism
and energy overrepresented among the down-
regulated genes, and transcription/RNA pro-
cessing; protein activity regulation; cell fate
(differentiation, apoptosis); and cell wall bio-
genesis overrepresented among the upregulated
genes in both species (Gesing et al. 2012). Thus,
expression patterns might be to some extent
conserved during similar morphological stages,
at least among filamentous ascomycetes.

In basidiomycetes, gene expression during
mushroom formation has been compared
between Schizophyllum commune and Laccaria
bicolor (Ohm et al. 2010) and later between
these two species and the button mushroom
A. bisporus (Morin et al. 2012). In the first

comparison, it was found that several groups
of genes (represented by the same gene ontol-
ogy terms or other classification methods) were
positively correlated with respect to their
expression during mushroom differentiation.
Among these groups were, for example, meta-
bolic pathways or transcriptional regulation by
transcription factors, indicating that regulatory
processes might be to some degree conserved
during basidiomycete fruiting body develop-
ment. In the second study, it was found that
only 22 and 35 genes were significantly upregu-
lated during development in both A. bisporus/S.
commune and A. bisporus/L. bicolor, respec-
tively. Further studies including more species,
and more distinct stages of development, will
be necessary to determine the extent of expres-
sion conservation versus species-specific
expression during fruiting body development.

B. Transcriptomics to Characterize
Developmental Genes and Mutants

While the analysis of overt morphological phe-
notypes of mutant strains is a valuable tool for
the identification of genes that are essential for
fruiting body development, this does not nec-
essarily give any information about the molec-
ular actions that the corresponding gene
product is performing to ensure the correct
progression of differentiation. To understand
the molecular mechanisms that are the basis
of fruiting body development, a more detailed
analysis of gene activities is necessary, and the
genome-wide gene expression patterns of a
mutant can serve as a molecular phenotype to
establish the position of the mutated gene in a
regulatory network. Furthermore, genes that
are deregulated in a mutant strain are directly
or indirectly dependent on the mutated gene
for correct expression; therefore, transcrip-
tomics studies of mutants are widely used to
identify target gene candidates of transcription
factors or regulatory factors.
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1. Transcriptomics to Analyze Mating-Type-
Dependent Gene Expression

Among the first genetic loci that were identified
as crucial for sexual development in fungi were
the mating-type loci. While the number of loci
per fungal genome and the number of genes per
locus varies between different fungal groups
and species, one common theme is the presence
of at least one transcription factor gene among
the mating-type genes in each mating system
analyzed so far (Casselton 2008; Lee et al.
2010b). The best-studied mating system is that
of the yeast S. cerevisiae, for which it was shown
that the mating-type-encoded transcription
factors activate or repress transcription of
developmental genes during different stages of
sexual differentiation (Galgoczy et al. 2004). In
filamentous fungi, several mating-type genes
were shown to be involved in fruiting body
development; in a number of species, transcrip-
tomics analyses were used to characterize mat-
ing-type-dependent gene expression. Most of
these studies were performed with Sordariomy-

cetes, but recently a study was carried out with
the basidiomycete S. commune (Table 7.2).

The earliest large-scale analyses of mating-
type-dependent gene expression in filamentous
fungi involved comparisons between the wild
type and mutants in the mating-type gene
MAT1-2-1 in G. zeae, G. fujikuroi, and
S. macrospora (Keszthelyi et al. 2006; Lee et al.
2006; Pöggeler et al. 2006b). In all three ana-
lyses, up- as well as downregulated genes were
found in the mating-type mutants, indicating
that the MAT1-2-1 gene acts both as repressor
and as activator, and similar results were found
later in the corresponding mutant of P. anser-
ina (Bidard et al. 2011). In the yeast S. cerevi-
siae, the mating-type proteins, either
individually or as dimers, directly regulate the
expression of only about 30 genes, most of
which are involved in sexual development
themselves (Galgoczy et al. 2004). The number
of differentially expressed genes in mating-type
mutants of filamentous ascomycetes is higher;
however, whether these effects are caused by
direct targeting of the respective genes by the

Fig. 7.1. Model for the regulation of fruiting body
development in S. macrospora as determined through
transcriptomics analyses. During vegetative growth, the
mycelium gathers nutrients until a stage of competence
is reached that allows fruiting body development. Mat-
uration of protoperithecia to perithecia requires the
action of several genes that act in a regulatory network
that was elucidated by microarray and RNA-seq analy-
sis of the corresponding mutants. Among others, the
transcription factors PRO1 and PRO44 are necessary

for the transition to perithecia, and the involvement of
the histone chaperone ASF1 indicates that, in addition
to gene-specific transcriptional changes, extensive
chromatin remodeling might play a role in develop-
ment. In later stages, nutrients are redistributed to the
developing fruiting bodies, and polyketides (e.g., mel-
anins) are necessary for timely differentiation of
mature perithecia and ascospores. For more informa-
tion, see text (Pictures of developmental stages are from
Kück et al. 2009)
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mating-type proteins remains to be elucidated,
as the transcriptomics analyses identify both
direct and indirect target genes. In the case of
S. macrospora, expression profiles of the
MAT1-2-1 mutant were also compared to
those of three other mutants with a block at
the same developmental stage, but where the
defective genes are not mating type related
(Pöggeler et al. 2006b). Interestingly, even
though all four mutants had similar pheno-
types, the transcription profile of the MAT1-2-
1 mutant was significantly different from those
of the other mutants, indicating that the
mating-type genes might regulate distinct
developmental pathways (Fig. 7.1). MAT1-1-1
mutants were also analyzed in S. macrospora
and P. anserina (Klix et al. 2010; Bidard et al.
2011); the comparative analysis was described
in previous Sect. III.A.2.

Mating-type genes not only influence sexual develop-
ment but also can have an effect during the asexual
growth phase, as was shown in a microarray hybridiza-
tion study of N. crassa (Wang et al. 2012a). In this
fungus, the mat A (MAT1-1) mating type had an overall
higher expression of many genes compared to the mat a
(MAT1-2) mating type. These differences might be cor-
related with mating-type-dependent efficiency in fruit-
ing body production (Dettman et al. 2003), possibly
because the vegetative growth phase prior to fertiliza-
tion is important for differentiation of fruiting body
precursors (protoperithecia).

While the known mating systems from asco-
mycetes are bipolar (i.e., there exists only one
mating-type locus per genome), many basidio-
mycetes possess tetrapolar mating systems with
two independent mating-type loci in a genome
(Casselton and Kües 1994; Kämper et al. 1994).
For compatible interactions that lead to fruiting
body formation in basidiomycetes with tetrapo-
lar mating systems, alleles at both mating-type
loci must be different in the mating partners.
Mating-type-dependent gene expression in basi-
diomycetes was first studied at a genome-wide
level in the plant-pathogenic Ustilago maydis
(Wahl et al. 2010); however, this fungus does
not produce fruiting bodies. The first mating-
type-dependent transcriptome of a mushroom-
forming basidiomycete was analyzed in S. com-
mune (Erdmann et al. 2012). Here, it was shown

that the mating-type loci, A and B, regulate the
expression of distinct sets of genes as well as
several genes that are under control of both
mating-type loci. Interestingly, more genes
are differentially regulated by the pheromone/
receptor system-encoding B mating-type locus
than the transcription factor-encoding A
mating-type locus. However, more studies with
basidiomycetes will be needed to determine
the extent of regulatory influence of different
mating-type loci, especially with respect to
spatiotemporal developmental effects.

2. Transcriptomics of Photoreceptor Mutants

Light has an effect on fruiting body develop-
ment in many asco- and basidiomycetes,
although the effects of light are species specific,
ranging from completely light-dependent
development to inhibition of fruiting body dif-
ferentiation in constant light (Claussen 1912;
Perkins 1969; Moore-Landecker 1979; Harding
and Melles 1983; Kües 2000; Pöggeler et al.
2006a; Fischer 2008; Chen et al. 2012a). Further-
more, the wavelengths that affect fruiting body
development can vary; for example, blue light
affects differentiation in the ascomycetes N.
crassa and Hypocrea jecorina, as well as the
basidiomycete S. commune, whereas red light
represses sexual development in the ascomy-
cete Aspergillus nidulans. These effects are
mediated by photoreceptors, in the case of
blue light by the White Collar Complex
(WCC) in N. crassa and its homologs in other
fungi and the phytochrome FphA for the red
light responses of A. nidulans (Oda and Hasu-
numa 1997; Froehlich et al. 2002; Blumenstein
et al. 2005; Chen et al. 2012a; Ohm et al. 2013).

The White Collar proteins WC-1 and WC-
2 that form the WCC are transcription factors as
well as photoreceptors (Ballario et al. 1996;
Crosthwaite et al. 1997; Linden and Macino 1997;
Talora et al. 1999), and transcriptomics analyses
have been performedwith several fungi to identify
genes that are dependent on the White Collar
genes for correct developmental expression.

In N. crassa, microarray analyses were performed to
identify light-responsive genes by comparing the wild
type with several photoreceptor mutants, among them
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wc-1 and wc-2 mutants (Chen et al. 2009). While the
conditions under which the mycelia were grown in this
case allowed only vegetative development, it is interest-
ing to note that one of the targets of the WCC that was
identified is the sub-1 gene. It encodes a GATA-type
transcription factor that is essential for fruiting body
development in N. crassa, and its orthologs are also
essential for sexual development in A. nidulans and S.
macrospora (Han et al. 2001; Colot et al. 2006; Now-
rousian et al. 2012). In N. crassa, sub-1 is required
for most late light responses (Chen et al. 2009), and
one might speculate that the light-dependent orienta-
tion of fruiting body necks in this fungus is mediated by
sub-1.

In H. jecorina, it was shown recently that
constant light inhibits fruiting body formation,
and this effect is mediated by the White Collar
homologs blr1 and blr2 (Chen et al. 2012a).
Light effects are dampened by the env1 gene, a
homolog to the N. crassa vvd gene that was
shown previously to be involved in modulating
light effects in this fungus (Heintzen et al.
2001). Microarray analyses of the wild type
and a Denv1 mutant grown under different
light regimes indicated that ENV1 might be
involved in balancing expression of genes
required for vegetative growth, asexual
conidiation, and sexual development (Chen
et al. 2012a).

White Collar homologs are also involved in
the regulation of sexual development in the
basidiomycete S. commune (Ohm et al. 2013).
In this fungus, fruiting body formation is light
dependent, and dikaryotic deletion strains of
wc-1 or wc-2 are unable to form fruiting bodies,
indicating that the White Collar proteins medi-
ate the light responses that are needed for sexual
development. RNA-seq analyses of the wild type
andaDwc-2Dwc-2dikaryon identified anumber
of genes that are differentially expressed in the
mutant. Among the genes downregulated in the
mutant were several hydrophobin genes and
two transcription factors that were shown pre-
viously to be involved in fruiting body forma-
tion (Ohm et al. 2011, 2013). So far,
transcriptomics data have shown that light
effects are integrated with developmental deci-
sions, and that at least to some extent this is
mediated at the level of transcription.

3. Transcriptomics of Other Developmental
Mutants

Over the last decades, many developmental
genes have been identified in several filamen-
tous fungi, among them, for example, genes
encoding transcription factors, signaling
proteins, and others. A number of the
corresponding mutant strains have been sub-
jected to transcriptomics analysis to character-
ize the molecular phenotype of the mutants on
a genome-wide basis. With a complex pheno-
type like multicellular differentiation, this
approach is especially useful to cover the
diverse effects of mutations in central develop-
mental genes.

Most of these studies have been performed
with Sordariomycetes (Table 7.2). In N. crassa,
a microarray analysis was conducted with
mutants inmak-2 and pp-1, encoding homologs
of the yeast mitogen-activated protein (MAP)
kinase Fus3p and transcription factor Ste12p,
respectively, both of which are part of a signal
transduction cascade that is essential for sexual
development in yeast (Li et al. 2005). Both
genes are essential for fruiting body formation
in N. crassa, and most genes that are differen-
tially expressed in the mutants compared to the
wild type show the same pattern of deregulation
in both mutants, confirming that the two genes
also might be part of the same signal transduc-
tion cascade in N. crassa. Interestingly, the
pheromone-like gene poi-2 that was identified
in a previous EST analysis (Nelson et al. 1997) is
downregulated in both mutants, while the true
pheromone gene ccg-4 is upregulated. Upregu-
lation of pheromone genes was also found in
microarray analyses of three different develop-
mental mutants from S. macrospora (Nowrou-
sian et al. 2005). It can be hypothesized that in
all these cases, the failure to progress through
certain developmental stages prevents downre-
gulation of genes like the pheromone genes,
something that would occur during normal
development in the wild type.

Gene expression patterns constitute molec-
ular phenotypes and can therefore be used to
determine the position of genes within regu-
latory networks by the analysis of transcrip-
tomes from single and double mutants. This
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was done, for example, for the Sordaria macro-
spora genes pro1 and pro41, which encode a
transcription factor and ER membrane protein,
respectively, both of which are required for
fruiting body formation (Masloff et al. 1999;
Nowrousian et al. 2007a). Microarray analysis
of single and double mutants and clustering of
the mutant strains according to their gene
expression patterns revealed that pro1 acts
upstream of pro41 in a genetic network of devel-
opment (Fig. 7.1). An even more detailed analy-
sis of gene expression in the mutant pro1 was
performed by combining laser microdissection
and RNA-seq to analyze the transcriptome spe-
cifically in young fruiting bodies (protoperithe-
cia) because the mutant is able to differentiate
these, but cannot progress beyond this step
(Teichert et al. 2012). On the one hand, these
analyses showed that gene expression in proto-
perithecia is drastically different from that in
nonreproductive hyphae; on the other hand, a
number of genes were identified that depend on
the transcription factor gene pro1 for correct
expression in young fruiting bodies. One exam-
ple is the transcription factor gene pro44 that is
essential for fruiting body development
(Nowrousian et al. 2012) and strongly expressed
in wild-type protoperithecia, but not in pro1
protoperithecia, and therefore probably acts
downstream of pro1 in a regulatory network
(Fig. 7.1).

The effect of a transcription factor mutation on the
transcriptome was also studied in the sterile mutant of
the FgStuA gene from G. zeae (Lysoe et al. 2011). How-
ever, the growth conditions used in these experiments
did not support sexual differentiation; therefore, con-
clusions on the role of FgStuA in sexual development
will require additional data.

In G. zeae, several microarray analyses were
conducted to analyze genes that might be
involved in signaling during development (Hal-
len and Trail 2008; Lee et al. 2010a). The cch1
gene encodes a calcium channel that is neces-
sary for ascospore discharge from mature peri-
thecia. Transcriptomes were recorded at three
developmental stages, and several hundred
genes were differentially regulated in the
mutant compared to the wild type at each

stage, with little overlap between stages (Hallen
and Trail 2008). This indicates that the calcium
channel CCH1 has a significant impact on the
physiological state of the mycelium, and that
this effect might be stage specific during devel-
opment. Microarray hybridizations were also
used to compare transcriptomes between the
wild type and a mutant of the G protein alpha
subunit gene gpa1 (Lee et al. 2010a). The
mutant is sterile, and it was found that several
hundred genes are up- or downregulated in the
mutant strain 3 days after induction of devel-
opment. Detailed investigation of 100 downre-
gulated genes showed that the majority of these
were also upregulated in the wild type during
sexual development compared to vegetative
growth. Deletion of 57 of these genes served to
identify 11 genes involved in sexual differentia-
tion because the corresponding mutants have
phenotypes ranging from sterility to delayed
fruiting body maturation. Thus, the signal
transduction cascade that contains gpa1 regu-
lates a number of genes that are necessary for
fruiting body formation themselves.

An interesting case is fruiting body development in the
chestnut blight fungus Cryphonectria parasitica. In this
fungus, sexual differentiation (among other traits) is
impaired in strains that are infected with certain hypo-
viruses (Dawe and Nuss 2001). Microarray analysis
showed that about 13 % of all genes represented on
the arrays were differentially expressed in hypovirus-
infected versus noninfected strains (Allen et al. 2003).
Thus, hypovirus infection causes a broad reprogram-
ming of the host transcriptome. Interestingly, one of
the genes that are downregulated during hypovirus
infection is CpST12, encoding a homolog of the yeast
transcription factor Ste12p. It was shown in subsequent
analyses that this gene is also essential for female fertil-
ity in C. parasitica (Deng et al. 2007).

While most transcriptomics analyses of
developmental mutants were conducted with
Sordariomycetes, there have also been some
reports from other fungal groups (Table 7.2).
In the Eurotiomycete A. nidulans, a combined
transcriptomics/proteomics/metabolomics
study was carried out to analyze the genome-
wide effects of the deletion of csnE, a gene
encoding a subunit of the COP9 signalosome
(Nahlik et al. 2010). The COP9 signalosome is a
multisubunit protein complex that regulates
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ubiquitin ligase activity and is conserved in
higher eukaryotes. Deletion of individual
subunits results in identical phenotypes in
A. nidulans because the complex can only be
assembled when all required subunits are pres-
ent (Busch et al. 2007). The multilevel gene
expression analysis of the csnE mutant showed
that during vegetative growth, the COP9 signa-
losome is involved in protection against oxida-
tive stress and the regulation of hormone levels,
whereas later during development, it activates
genes for secondary metabolism and cell wall
restructuring (Nahlik et al. 2010).

In basidiomycetes, not many developmen-
tal mutants have been characterized at the
molecular level yet; however, a transcriptome
analysis by RNA-seq was performed recently to
analyze the effect of transcription factor dele-
tions on gene expression during fruiting body
formation in S. commune (Ohm et al. 2011).
Mutants in the transcription factor genes fts4
and hom2 are blocked early during mushroom
development, and transcriptomes were ana-
lyzed for an early developmental stage in the
wild type and the two mutants. At this stage,
expression profiles of the mutants were more
similar to each other than to the wild type.
Interestingly, two other transcription factor
genes that are also involved in fruiting body
formation, hom1 and c2h2, were downregulated
in both mutants. hom1 regulates number and
size of mushrooms, with the mutant forming
more, but smaller fruiting bodies, while the
c2h2 mutant is arrested during development
(Ohm et al. 2011). The transcriptomics data
together with information about mutant phe-
notypes could thus be integrated in a model of
the transcription factor network that regulates
mushroom differentiation.

C. Detailed Analysis of Genes Differentially
Expressed During Fruiting Body
Development

Apart from establishing genome-wide tran-
scriptional patterns, gene expression data can
also be used to identify target genes for further
detailed analyses. By now, a number of genes
that are differentially expressed during fruiting

body development in one or more fungi have
already been analyzed in more detail to deter-
mine whether they play a role in this process.

As mentioned in Sect. III.A.1, one of the
first transcriptomics analyses in a filamentous
fungus was carried out in N. crassa (Nelson
et al. 1997), and two of the genes, poi-1 (mfa-
1) and poi-2, that were found to be strongly
expressed in starved mycelia and perithecia,
but not in conidia, were later shown to be
essential for correct fruiting body development
(Kim et al. 2002; Kim and Nelson 2005). While
poi-1 encodes a pheromone gene and was there-
fore later renamed mfa-1 (mating factor a-1),
poi-2 has some structural similarities to fungal
pheromones but seems to be involved in a mat-
ing response signaling pathway rather than act-
ing as a pheromone itself.

In S. macrospora, a number of genes that
are regulated differentially in developmental
mutants were analyzed in more detail. The
first two genes were tap1 and app, encoding a
putative lectin and a protein that turned out to
be among the most abundant in mature peri-
thecia, respectively (Nowrousian and Cebula
2005; Nowrousian et al. 2007b). Somewhat
surprisingly at that time, none of the
corresponding deletion mutants showed any
developmental phenotype, at least under labo-
ratory conditions. This led to the conclusion
that more stringent or specific criteria were
needed to identify promising candidate genes
from expression studies. Several criteria can
be envisioned, among them a comparative
approach in which candidate genes are selected
from those with evolutionary conserved
expression patterns (see also Sect. III.A.2) or a
selection of genes upregulated only in morpho-
logical structures that are specific to sexual
development. The latter criterion requires the
analysis of transcriptomes from fruiting body
stages only, in contrast to the analyses of
total mycelia containing fruiting bodies and
vegetative mycelia in varying proportions.
Both selection criteria were successfully used
in subsequent analyses. Comparative expres-
sion analysis of a cluster of differentially
regulated polyketide biosynthesis genes in
S. macrospora and N. crassa was the basis for
the identification of the fbm1 gene, which was
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shown to be required for timely fruiting body
maturation in both fungi (Nowrousian 2009)
(Fig. 7.1). Comparative analysis of microarray
data from S. macrospora and G. zeae identified
the histone chaperone gene asf1, and a deletion
mutant of the S. macrospora asf1 turned out to
be sterile (Gesing et al. 2012). The second strat-
egy for selection of candidate genes, namely,
from expression data for specific structures, is
also promising, as indicated by an RNA-seq
analysis of young fruiting bodies that were
isolated by laser microdissection from S.
macrospora (Teichert et al. 2012). Among the
genes that are strongly expressed or upregu-
lated in these structures are the pheromone
precursor genes ppg1 and ppg2 and the tran-
scription factor genes mcm1 and pro44, all of
which were shown previously to be involved in
fruiting body formation (Mayrhofer et al. 2006;
Nolting and Pöggeler 2006; Nowrousian et al.
2012). Microscopic analysis of ppg1 expression
using promoter-gfp fusion constructs con-
firmed the organ-specific expression of this
pheromone precursor gene and revealed a dis-
tinct expression pattern within hyphae of the
outer layer of developing fruiting bodies (Tei-
chert et al. 2012).

The identification of candidate genes can be
significantly improved by the availability of
large mutant collections (see Sect. II.B). The
collections can be used to quickly screen
mutants of differentially expressed genes for
interesting phenotypes (e.g., in the case of
genes with conserved expression patterns).
For example, the corresponding knockout
mutants from N. crassa were used to screen
for sterile phenotypes among homologs to
genes that were differentially regulated in
S. macrospora or P. confluens, identifying a
polyketide synthase and a putative transporter
required for fertility in N. crassa (Nowrousian
2009; Gesing et al. 2013). The ability to generate
and screen a large number of targeted deletion
mutants can also be used to overcome less-
than-stringent selection criteria for candidate
genes. For example, in an analysis of G. zeae,
deletion mutants were generated for 57 genes
downregulated in a sterile mutant, and of these,

11 showed a development-related phenotype
(Lee et al. 2010a).

IV. Other “-Omics” Approaches

Apart from transcriptomics, several other tech-
niques have been established to survey gene
expression across a large number of genes.
Among these are proteomics and metabolo-
mics, which analyze the protein content and
metabolite content, respectively. Because of
the chemical diversity of proteins and metabo-
lites, these methods can usually capture only
subsets of the complete proteome or metabo-
lome of a cell or organ, in contrast to transcrip-
tomics, by which, at least in principle, it is
possible to analyze more or less all transcripts
produced from a genome. Nevertheless, prote-
omics and metabolomics analyses can contrib-
ute valuable insights into genome activity
because transcript levels often, but not always,
correlate with protein levels, and when addi-
tional layers of regulation are in place, tran-
scriptomics approaches can miss them.
However, with respect to fruiting body forma-
tion, not many proteomics or metabolomics
approaches have been conducted. Examples
are the combined transcriptomics/proteo-
mics/metabolomics study of the csnE mutant
in A. nidulans described in Sect. III.B.3 (Nahlik
et al. 2010); proteomics analyses of fruiting
bodies from T. borchii, Sparassis crispa, and
Hericium erinaceum (Pierleoni et al. 2004;
Horie et al. 2008); and a study of cell wall
proteins from different developmental stages
of Pleurotus tuber-regium (Chen et al. 2012b).
However, further combined “-omics” studies of
different stages of fruiting body formation are
needed to integrate such data into models of
developmental regulation.

In addition to methods that measure gene
expression at different levels, a number of
techniques have been established that access
the chromatin state (e.g., for the analysis of
DNA binding sites of transcription factors and
other DNA binding proteins, distribution of
DNA modifications, or long-range interactions

164 M. Nowrousian



between different genomic regions) (Lieberman-
Aiden et al. 2009; Park 2009; Laird 2010;
Nowrousian 2010). In combination with
transcriptomics studies, these can be used, for
example, to differentiate between direct and
indirect targets of transcription factors by ana-
lyzing both the genome-wide transcript levels
and DNA binding sites. This approach was, for
example, applied to unravel the regulatory net-
work of light signaling in N. crassa (Chen et al.
2009; Smith et al. 2010); however, similar studies
have yet to be performed to analyze sexual devel-
opment in filamentous fungi.

V. Conclusions and Outlook

Since the first high-throughput studies of fungi
by the end of the 1990s, -omics in filamentous
fungi has come a long way. Milestones along the
way were the sequencing of fungal genomes
(Sect. II), EST sequencing and microarrays for
filamentous fungi (Sect. III), the development
of efficient gene deletion strategies (Sect. II),
and the application of NGS to address ques-
tions of fungal biology (Sects. II and III). All
these advances have already been used to learn
more about fruiting body differentiation, for
example, to identify genes that are involved in
this process and to understand the coordinated
patterns of gene expression that underlie devel-
opmental events. It has become clear that mor-
phological changes during development are
mediated by drastic changes in gene expression
patterns, and one of the future challenges will
be to refine these analyses by improving the
spatiotemporal resolution to analyze regulatory
principles that govern the transitions from veg-
etative mycelium to mature fruiting body. In
addition, it is important to study more species
from different branches of the phylogenetic tree
to establish both core developmental events as
well as species-specific aspects of regulation.
Currently, a 1,000-genome project for fungi is
under way (http://1000.fungalgenomes.org),
and among the sequenced genomes will be a
number from species that produce fruiting
bodies. A corresponding transcriptomics proj-
ect to survey transcriptomes from different

developmental stages for each species would
greatly increase our understanding of the evo-
lution of developmental transitions and the
diversity of fungal multicellular structures.
Thus, looking both deeper (in individual spe-
cies) and wider (across the phylogenetic spec-
trum) can lead to a unified theory that explains
common traits as well as differences in fruiting
body development.
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Casselton LA, Kües U (1994) Mating-type genes in
homobasidiomycetes. In: Wessels JGH, Meinhardt
F (eds) The Mycota I growth, differentiation and
sexuality. Springer, Berlin, pp 307–321

Chen CH, Ringelberg CS, Gross RH, Dunlap JC, Loros JJ
(2009) Genome-wide analysis of light-inducible
responses reveals hierarchical light signalling in
Neurospora. EMBO J 28:1029–1042

Chen CL, Kuo HC, Tung SY, Hsu PWC,Wang CL, Seibel
C, Schmoll M, Chen RS, Wang TF (2012a) Blue
light acts as a double-edged sword in regulating
sexual development in Hypocrea jecorina (Tricho-
derma reesei). PLoS One 7:e44969

Chen L, Zhang BB, Cheung PC (2012b) Comparative
proteomic analysis of mushroom cell wall proteins
among the different developmental stages of Pleur-
otus tuber-regium. J Agric Food Chem 60:6173–
6182

Cheng CK, Au CH, Wilke SK, Stajich JE, Zolan ME,
Pukkila PJ, Kwan HS (2013) 50-serial analysis of
gene expression studies reveal a transcriptomic
switch during fruiting body development in Copri-
nopsis cinerea. BMC Genomics 14:195

Chum WW, Ng KT, Shih RS, Au CH, Kwan HS (2008)
Gene expression studies of the dikaryotic myce-
lium and primordium of Lentinula edodes by
serial analysis of gene expression. Mycol Res
112:950–964

Chum WW, Kwan HS, Au CH, Kwok IS, Fung YW
(2011) Cataloging and profiling genes expressed
in Lentinula edodes fruiting body by massive
cDNA pyrosequencing and LongSAGE. Fungal
Genet Biol 48:359–369

Churchill GA (2002) Fundamentals of experimental
design for cDNA microarrays. Nat Genet 32
(suppl):490–495

Clark NL, Aagarard JE, SwansonWJ (2006) Evolution of
reproductive proteins from animals and plants.
Reproduction 131:11–22

Claussen P (1912) Zur Entwicklungsgeschichte der Asco-
myceten. Pyronema confluens Zeitschr f Bot 4:1–63

Colot HV, Park G, Turner GE, Ringelberg C, Crew CM,
Litvinkova L, Weiss RL, Borkovich KA, Dunlap JC
(2006) A high-throughput gene knockout proce-
dure for Neurospora reveals functions for multiple
transcription factors. Proc Natl Acad Sci U S A
103:10352–10357

Crosthwaite SC, Dunlap JC, Loros JJ (1997) Neurospora
wc-1 and wc-2: transcription, photoresponses, and
the origins of circadian rhythmicity. Science
276:763–769
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(2002) Isolation and characterization of differen-
tially expressed genes in the mycelium and fruit
body of Tuber borchii. Appl Environ Microbiol
68:4574–4582

Laird PW (2010) Principles and challenges of genome-
wide DNA methylation analysis. Nat Rev Genet
11:191–203

Lang BF, O’Kelly C, Nerad T, Gray MW, Burger G
(2002) The closest unicellular relatives of animals.
Curr Biol 12:1773–1778

Lee SH, Kim BG, Kim KJ, Lee JS, Yun DW, Hahn JH,
Kim GH, Lee KH, Suh DS, Kwon ST, Lee CS, Yoo
YB (2002) Comparative analysis of sequences
expressed during the liquid-cultured mycelia and
fruit body stages of Pleurotus ostreatus. Fungal
Genet Biol 35:115–134

Lee SH, Lee S, Choi D, Lee YW, Yun SH (2006) Identifi-
cation of the down-regulated genes in a mat1-2-
deleted strain of Gibberella zeae, using cDNA sub-
traction and microarray analysis. Fungal Genet
Biol 43:295–310

Lee J, Park C, Kim JC, Kim JE, Lee YW (2010a) Identifi-
cation and functional characterization of genes
involved in sexual reproduction of the ascomycete
fungus Gibberella zeae. Biochem Biophys Res
Commun 401:48–52

Lee SC, Ni M, Li W, Shertz C, Heitman J (2010b) The
evolution of sex: a perspective from the fungal
kingdom. Microbiol Mol Biol Rev 74:298–340

Li D, Bobrowicz P, Wilkinson HH, Ebbole DJ (2005) A
mitogen-activated protein kinase pathway essential
for mating and contributing to vegetative growth in
Neurospora crassa. Genetics 170:1091–1104

Lieberman-Aiden E, van Berkum NL, Williams L, Ima-
kaev M, Ragoczy T, Telling A, Amit I, Lajoie BR,
Sabo PJ, Dorschner MO, Sandstrom R, Bernstein
B, Bender MA, Groudine M, Gnirke A, Stama-
toyannopoulos J, Mirny LA, Lander ES, Dekker J
(2009) Comprehensive mapping of long-range
interactions reveals folding principles of the
human genome. Science 326:289–293

Linden H, Macino G (1997) White Collar 2, a partner in
blue-light signal transduction, controlling expres-
sion of light-regulated genes in Neurospora crassa.
EMBO J 16:98–109

168 M. Nowrousian



Lysoe E, Pasquali M, Breakspear A, Kistler HC (2011)
The transcription factor FgStuAp influences spore
development, pathogenicity, and secondary
metabolism in Fusarium graminearum. Mol Plant
Microbe Interact 24:54–67

Martin F, Aerts A, Ahren D, Brun A, Danchin EGJ,
Duchaussoy F, Gibon J, Kohler A, Lindquist E,
Pereda V, Salamov A, Shapiro HJ, Wuyts J, Blau-
dez D, Buee M, Brokstein P, Canback B, Cohen D,
Courty PE, Coutinho PM, Delaruelle C, Detter JC,
Deveau A, DiFazio S, Duplessis S, Fraissinet-
Tachet L, Lucic E, Frey-Klett P, Fourrey C, Feuss-
ner I, Gay G, Grimwood J, Hoegger PJ, Jain P,
Kilaru S, Labbe J, Lin YC, Legue V, Le Tacon F,
Marmeisse R, Melayah D, Montanini B, Muratet M,
Nehls U, Niculita-Hirzel H, Secq MPO-L, Peter M,
Quesneville H, Rajashekar B, Reich M, Rouhier N,
Schmutz J, Yin T, Chalot M, Henrissat B, Kues U,
Lucas S, Van de Peer Y, Podila GK, Polle A, Pukkila
PJ, Richardson PM, Rouze P, Sanders IR, Stajich
JE, Tunlid A, Tuskan G, Grigoriev IV (2008) The
genome of Laccaria bicolor provides insights into
mycorrhizal symbiosis. Nature 452:88–92

Martin F, Kohler A, Murat C, Balestrini R, Coutinho
PM, Jaillon O, Montanini B, Morin E, Noel B,
Percudani R, Porcel B, Rubini A, Amicucci A,
Amselem J, Anthouard V, Arcioni S, Artiguenave
F, Aury J-M, Ballario P, Bolchi A, Brenna A, Brun
A, Buee M, Cantarel B, Chevalier G, Couloux A, Da
Silva C, Denoeud F, Duplessis S, Ghignone S, Hil-
selberger B, Iotti M, Marcais B, Mello A, Miranda
M, Pacioni G, Quesneville H, Riccioni C, Ruotolo
R, Splivallo R, Stocchi V, Tisserant E, Viscomi AR,
Zambonelli A, Zampieri E, Henrissat B, Lebrun M-
H, Paolocci F, Bonfante P, Ottonello S, Wincker P
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Mayrhofer S, Weber JM, Pöggeler S (2006) Pheromones
and pheromone receptors are required for proper
sexual development in the homothallic ascomycete
Sordaria macrospora. Genetics 172:1521–1533

McCluskey K, Wiest A (2011) The Fungal Genetics
Stock Center in the context of a world wide com-
munity of ex situ fungal germplasm repositories.
Fungal Biol Rev 25:143–150

McCluskey K, Wiest AE, Grigoriev IV, Lipzen A, Martin
J, Schackwitz W, Baker SE (2011) Rediscovery by
whole genome sequencing: classical mutations and
genome polymorphisms in Neurospora crassa. G3
(Bethesda) 1:303–316

Miyazaki Y, Nakamura M, Babasaki K (2005) Molecular
cloning of developmentally specific genes by
representational difference analysis during the

fruiting body formation in the basidiomycete Len-
tinula edodes. Fungal Genet Biol 42:493–505

Moore D (1998) Fungal morphogenesis. Cambridge
University Press, Cambridge, UK

Moore-Landecker E (1979) Effect of light regimens and
intensities on morphogenesis of the discomycete
Pyronema domesticum. Mycologia 71:699–712

Morin E, Kohler A, Baker AR, Foulongne-Oriol M,
Lombard V, Nagy LG, Ohm RA, Patyshakuliyeva
A, Brun A, Aerts AL, Bailey AM, Billette C, Cou-
tinho PM, Deakin G, Doddapaneni H, Floudas D,
Grimwood J, Hildén K, Kües U, LaButti KM, Lapi-
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I. Introduction

Degradation of plant biomass has become one
of the focal points of the bio-based economy,
mainly because plant biomass is the most abun-
dant renewable biomass on Earth that already is
extensively used in agriculture and industry.
The challenges for the bio-based economy are
to use that part of plant biomass that is not used
for the production of food or other valuable
products and to convert these into biofuels,
biochemicals, and bio-based materials. A
major step in these processes is the depolymer-
ization of the polymeric components of the
plant cell wall, and for that, detailed under-
standing of the composition of plant biomass
is required.

A. Plant Biomass Composition

Plant biomass consistsmainly of polymeric com-
ponents, such as polysaccharides, the aromatic
polymer lignin, and proteins. In the polysaccha-
ride fraction, a distinction can be made between
cell wall polysaccharides (cellulose, hemicellu-
lose, pectin) and storage polysaccharides (starch,
inulin, different gums). Cell wall polysaccharides
form a tight network together with lignin that
provides strength for the plant, allowing it to
grow upright, and is also a major defense against
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microbial attack. The foundation of this network
is formed by the cellulose microfibrils, which are
long cables of parallel cellulose polymers. Hemi-
celluloses and pectin form noncovalent linkages
with the microfibrils, creating the structural
integrity required by the plant. Hemicelluloses
and pectin can be covalently linked to each
other by the formation of diferulic-ester bonds,
providing additional structure to the network.
This network is further strengthened by ester
linkages between hemicellulose and lignin, either
through ferulic acid or through (4-O-methyl-)
glucuronic acid.

B. Cellulose

Cellulose is a linear polymer of b-1,4-linked D-glu-
copyranose residues, which are noncovalently
organized into a cable-like structure called micro-
fibril (Kolpak and Blackwell 1976). These microfi-
brils contain crystalline (highly ordered) andmore
amorphous regions, the latter of which are more
susceptible to enzymatic attack. Degradation of
cellulose requires the combined action of at least
three types of enzymes: endoglucanases, cellobio-
hydrolases/exo-glucanases, and b-glucosidases
(Lynd et al. 2002). Different families of these
enzymes have been identified in fungi and other
organisms,whichare classified in theCarbohydrate
Active enZyme database (CAZy; www.cazy.org)
(Cantarel et al. 2009). CAZy families that contain
fungal cellulose-active enzymes can be found in
Table 8.1. In addition to the three main classes
mentioned, other enzymes are involved in efficient
cellulose degradation, such as the recently charac-
terized cellulose oxidases, which were originally
described as endoglucanases (GH61) (Quinlan
et al. 2011).

Cellulose is the most abundant polymer in
plant biomass and the most abundant organic
compound on Earth. It is already of major impor-
tance for several industries, such as paper andpulp,
but is currently of particular interest as a substrate
for biofuels and biochemicals (Wilson 2009).

C. Hemicelluloses

Three main types of hemicellulose are found in
plant cell walls: xylan, xyloglucan, and galacto-
mannan. These are briefly described next.

1. Xylan

Xylan is themost abundant hemicellulose and is
found in awide range of plant species. It consists
of a backbone of b-1,4-linked D-xylopyranose
units that can be decorated with a range of
different residues (de Vries and Visser 2001).
The most abundant residues attached to the
xylan backbone are L-arabinose and (4-O-
methyl-)D-glucuronic acid, but the relative
amount of these decorations differs strongly
depending on the source. In cereals and grasses,
L-arabinose is the most abundant decoration,
and up to 50%of the xylose residues can contain
an L-arabinose side group. These xylans are
therefore often referred to as arabinoxylans.
In contrast, in hardwood (4-O-methyl)-D-glucu-
ronic acid is the most abundant side group,
and these xylans are therefore often named
glucuronoxylans. Other side groups in xylan
are a- and b-linked D-galactose and acetyl
groups that are linked to the main-chain xylose
residues and feruloyl and p-coumaroyl residues
that are linked to the L-arabinose side groups
(deVries andVisser 2001). The high variation of
the xylan structure makes it a very challenging
substrate to degrade for fungi and requires a
much larger number of enzymes (Table 8.1)
(de Vries and Visser 2001). The main chain of
xylan is degraded by endoxylanases and b-xylo-
sidases, while the side groups are removed by
arabinoxylan arabinofuranohydrolases, a-ara-
binofuranosidases, a-glucuronidases, a- and b-
galactosidases, feruloyl esterases, and acetyl
xylan esterases.

2. Xyloglucan

The backbone of xyloglucan consists of b-1,4-
linked D-glucopyranose units, just like the back-
bone of cellulose.However, these glucose residues
can be decorated with a-1,4-linked D-xylose resi-
dues in two distinct repeating patterns –XXGGor
XXXG – in which two or three decorated glucose
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Table 8.1. Fungal enzymatic activities involved in plant polysaccharide degradation with enzymes alphabetically
based on the enzyme code

Enzyme Activity EC numbera Substrate CAZy families

ABF a-L-Arabinofuranosidase 3.2.1.55 Xyloglucan, xylan, pectin GH51,54
ABN Endoarabinanase 3.2.1.99 Pectin GH43
ABX Exoarabinanase 3.2.1.- Pectin GH93
AFC a-L-Fucosidase 3.2.1.51,

3.2.1.63
Xyloglucan GH29,95

AGD a-1,4-D-Glucosidase 3.2.1.20 Starch GH31
AGL a-1,4-D-Galactosidase 3.2.1.22 Xyloglucan, xylan,

galactomannan
GH27,36

AGU a-Glucuronidase 3.2.1.131,
3.2.1.139,
3.2.2.-

Xylan GH67,115

AMY a-Amylase 3.2.1.1 Starch GH13
AXE Acetyl xylan esterase 3.1.1.72 Xylan CE1
AXH Arabinoxylan arabinofuranohydrolase 3.2.1.55 Xylan GH62
AXL a-D-Xylosidase 3.2.1.177 Xyloglucan GH31
BGL b-1,4-D-Glucosidase 3.2.1.21 Cellulose, xyloglucan GH1,3,9
BXL b-1,4-D-Xylosidase 3.2.1.37 Xylan, pectin GH3,39,43
CBH Cellobiohydrolase 3.2.1.91 Cellulose, xyloglucan GH6,7,9
EGL b-1,4-D-Endoglucanase 3.2.1.4 Cellulose, xyloglucan GH5,7,9,12,44,45
FAE Feruloyl esterase 3.1.1.73 Xylan, pectin CE1
GAL b-1,4-Endogalactanase 3.2.1.89 Pectin GH53
GE Glucuronoyl esterase 3.1.1.- Xylan CE15
GLA Glucoamylase 3.2.1.3 Starch GH15
GLN b-1,6-Endogalactanase 3.2.1.164 Pectin GH5,30
GMAE Galactomannan acetyl esterase 3.1.1.- Galactomannan
INU Endo-inulinase 3.2.1.7 Inulin GH32
INX Exo-inulinase 3.2.1.80 Inulin GH32
LAC b-1,4-D-Galactosidase 3.2.1.23 Xyloglucan, xylan,

pectin,
galactomannan

GH2,35,42

MAN b-1,4-D-Endomannanase 3.2.1.78 Galactomannan GH5,26
MND b-1,4-D-Mannosidase 3.2.1.25 Galactomannan GH2
PAE Pectin acetyl esterase 3.2.1.- Pectin
PEL Pectin lyase 4.2.2.10 Pectin PL1
RGL Rhamnogalacturonan lyase 4.2.2.- Pectin PL4,11
PGA Endopolygalacturonase 3.2.1.15 Pectin GH28
PGX Exopolygalacturonase 3.2.1.82 Pectin GH28
PLY Pectate lyase 4.2.2.2 Pectin PL1,3,9
PME Pectin methyl esterase 3.1.1.11 Pectin CE8
RGAE Rhamnogalacturonan acetyl esterase 3.1.1.- Pectin CE12
RGX Rhamnogalacturonan

galaturonohydrolase/
exorhamnogalacturonase

3.2.1.- Pectin GH28

RHA a-Rhamnosidase/rhamnogalacturonan
rhamnohydrolase

3.2.1.40 Pectin GH78

RHG Rhamnogalacturonan hydrolase/
endorhamnogalacturonase

3.2.1.171 Pectin GH28

SUC Invertase/fructofuranosidase 3.2.1.26 Inulin GH32
UGH d-4,5 Unsaturated-glucuronyl hydrolase 3.2.1.- Pectin GH88
URH Unsaturated rhamnogalacturonan

hydrolase
3.2.1.172 Pectin GH105

XEG Xyloglucan-active b-1,4-D-endoglucanase 3.2.1.151 Xyloglucan GH12,74
XGAE Xyloglucan acetyl esterase 3.1.1.- Xyloglucan
XGH xylogalacturonan hydrolase 3.2.1.- Pectin GH28
XLN b-1,4-D-Endoxylanase 3.2.1.8 Xylan GH10,11
XTG b-1,3-Exogalactanase 3.2.1.145 Pectin GH43

Source: Modified from Coutinho et al. (2009)
aIf the last digit of the EC number is missing, this means that this enzyme does not have an EC number yet, but that based on its

activity, we can predict in which group it will be classified
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residues are separated by two or one undecorated
glucose residues, respectively (Vincken et al.
1997). The xylose residues can be further deco-
rated with L-arabinose, D-galactose, L-fucose, or
acetyl residues, creating a further level of varia-
tion in the xyloglucan structure (Hisamatsu et al.
1991, 1992; Maruyama et al. 1996; Hantus et al.
1997; Huisman et al. 2000). Degradation of the
backbone of xyloglucan requires similar activities
as cellulose, and some cellulose-active enzymes
are also active on xyloglucan (Table 8.1). How-
ever, xyloglucan-specific endoglucanases and
exoglucanases have also been described (Pauly
et al. 1999; Hasper et al. 2002; Master et al.
2008). The side groups are removed by a-xylosi-
dases (Matsushita et al. 1985, 1987; Yoshikawa
et al. 1993a, b), a-arabinofuranosidases (Saha
2000), b-galactosidases, a-fucosidases, and xylo-
glucan acetyl esterases (Table 8.1).

3. Galactomannan

Galactomannan is mainly found in the cell wall
of woody plants and is the most abundant
hemicellulose in softwood (Jacobs et al. 2002).
Galactomannan consists of a backbone of b-
1,4-linked D-mannose residues, which can be
decorated with a-1,4-linked D-galactose resi-
dues and acetyl groups (Sjöström 1993). In
some plants, the backbone is interrupted by D-
glucose residues, in which case the polysaccha-
ride is referred to as galactoglucomannan. Low
levels of b-1,4-linked D-galactose residues have
also been found attached to the mannose resi-
dues. The complete degradation of galacto
(gluco)mannan involves the action of endo-
mannases, b-mannosidases, a- and b-galacto-
sidases, b-glucosidases, and galactomannan
acetyl esterases (Gilbert et al. 2008) (Table 8.1).
Galactomannans are also found as storage poly-
saccharides, such as locust bean gum and guar
gum, but then do not contain glucose residues
in the backbone (Srivastava and Kapoor 2005).

D. Pectin

Pectin is a highly variable polysaccharide that
consists of four distinct substructures: homo-
galacturonan, xylogalacturonan, and rhamno-

galacturonan I and II (RG-1 and RG-2; Carpita
and Gibeaut 1993; Mohnen 1999; Ridley et al.
2001; Willats et al. 2001). Their characteristics
and the enzymes that act on them are briefly
discussed next.

1. Homogalacturonan and Xylogalacturonan

Homogalacturonan (also called the pectin
smooth region) is a linear polymer of a-1,4-
linked D-galacturonic acid residues, which can
be methylated or acetylated. Xylogalacturonan
is a modified form of homogalacturonan in
which some of the galacturonic acid residues
are decorated with b-1,3-linked D-xylose resi-
dues. The degradation of these polymers
involves the action of endo- and exo-
polygalacturonases, pectin and pectate lyases,
pectin acetyl and pectin methyl esterases, and
b-xylosidases (Table 8.1).

2. Rhamnogalacturonan I and II

Rhamnogalacturonan I consists of a backbone
of alternating D-galacturonic acid and L-rham-
nose residues that are linked through a-1,2-
and a-1,4-linkages, respectively. It is also
referred to as the hairy region of pectin because
the rhamnose residues can be decorated with
arabinan or arabinogalactan I side chains. The
arabinan side chains consist of a-1,5-linked L-
arabinose residues, which can be decorated
with a-1,2- and a-1,3-linked L-arabinose resi-
dues (Schols and Voragen 1996). Arabinogalac-
tan I consists of a b-1,4-linked D-galactose
backbone that is decorated with a-1,3-linked
L-arabinose residues (Mohnen 1999; Ridley
et al. 2001). Both arabinan and arabinogalactan
I can contain terminal feruloyl residues, and the
galacturonic acid residues of the RG-I back-
bone can be acetylated. The degradation of
RG-I requires the combined action of a large
set of enzymes, such as rhamnogalacturonan
hydrolases and lyases, a-rhamnosidases, endo-
and exo-arabinanases, a-arabinofuranosidases,
endogalactanases, b-galactosidases, feruloyl
esterases, and rhamnogalacturonan acetyl
esterases (Table 8.1).
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Rhamnogalacturonan II (RG-II) is a minor
component of pectin and consists of a modified
homogalacturonan that contains side chains
consisting of 11 uncommon sugars (O’Neill
et al. 1996; Vidal et al. 2000). Because of its
unusual structure, it is highly resistant to degra-
dation by common pectinolytic enzymes.

E. Lignin

Lignin is an aromatic, amorphous, and hetero-
genic polymer present in all layers of woody cell
walls. It strengthens the plant cell walls by adhe-
sion to the layers of cellulose microfibrils and
thereby also enhances water transport and pro-
vides resistance to microbial degradation
(Higuchi 1997; Boerjan et al. 2003). Lignin is
one of the most recalcitrant components of
plant biomass. It comprises a three-dimensional
network of phenylpropanoid precursors (i.e.,
coniferyl alcohol, sinapyl alcohol, and p-cou-
maryl alcohol), which are polymerized to
guaiacyl-, syringyl-, and hydroxyphenyl-type
lignin subunits by the action of laccases and
peroxidases (Higuchi 2006). The subunits are
joined together with a variety of bond types,
mainly carbon-carbon and ether bonds, the b-
aryl-ether (b-O-4) bonds being the most abun-
dant (Adler 1977). Heterogeneous ring struc-
tures such as the dibenzodioxocin ring also
occur (Brunow et al. 1998) (Fig. 8.1).

Lignin structure and composition vary sig-
nificantly between plant species; therefore, the
knowledge of the chemical structure of diverse
plant lignins is still incomplete. Lignin precur-
sors are phenolic compounds, but lignin is
mostly nonphenolic because of the high occur-
rence of ether linkages in the lignin polymer
(Ralph et al. 2004). In nonwoody plants, acety-
lated lignin structures are widespread (Martı́nez
et al. 2008). The lignin content of lignocellulose
differs depending on whether it is derived from
softwood (gymnosperm), hardwood (angio-
sperm), or grasses (nonwoody or herbaceous
plants). Softwood lignin (25–33 % of xylem dry
weight) comprises mainly of coniferyl alcohol
subunits, with the remainder mainly p-coumaryl
alcohol units. Hardwood lignin consists of vary-
ing ratios of coniferyl and sinapyl alcohol units

(Faix et al. 1985; Blanchette 1995; Burlat et al.
1997) and has a lower lignin content (20–25 %
of xylem dry weight) (Sjöström andWestermark
1998). Herbaceous plants contain all the three
monolignol subunits. The principal monomers
are coniferyl and sinapyl alcohols, with modest
amounts of p-coumaryl alcohol units (Buranov
and Mazza 2008; Chundawat et al. 2011), which
are attached to hemicelluloses via ester linkages
(Eriksson et al. 1990; Hatfield et al. 1999). The
lignin content in herbaceous plants varies
greatly: Grasses generally contain 5–10 % lignin
(van Soest 1982; Schaefer et al. 1985), whereas in
crop straw the lignin content can be up to 23 %
(Buranov and Mazza 2008).

Because of its complicated structure with
nonhydrolyzable intermonomeric bonds, the
biological degradation of lignin polymer requires
unspecific, extracellular oxidative enzymes or
low molecular weight chemical oxidizers, such
as activated oxygen species, metal cations, and
aromatic radicals (Evans et al. 1994). In addition,
fungal metabolites like organic acids were shown
tohave a crucial role in lignin decay (Mäkelä et al.
2010). Efficient depolymerization of lignin is
unique to the basidiomycete white-rot fungi,
and it has been termed “enzymatic combustion”
because the causative agents are oxidative extra-
cellular enzymes (Kirk and Farrell 1987). The
oxidoreductases generally recognized as lignin-
modifying enzymes are class II heme peroxi-
dases, that is, lignin peroxidases (LiPs), manga-
nese peroxidases (MnPs), and versatile
peroxidases (VPs), laccases, and H2O2-generat-
ing oxidases. In addition, enzymes responsible
for quinone redox cycling are implicated to
have a role in lignin degradation. Because of
this variety of enzymes, degradation involves
diverse biochemical reactions to release the
basic units from the lignin polymer.

As brown-rot fungi lack lignin-modifying
enzymes, they rapidly depolymerize cellulose in
plant biomass and cause modification,mainly by
demethoxylation, of the lignin fraction (Hatakka
andHammel 2010). As a result, the decayedwood
remains brown and has lost its strengthening
properties. In addition, the remaining modified
lignin residues are highly resistant to further
decay and thus contribute to the fixed carbon
pool in humic soils, playing an important role
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Fig. 8.1. Structural model of lignin (Brunow et al. 1998) (Reproduced with permission of the American Chemical Society)
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in terrestrial carbon sequestration. Brown-rot
decay of wood involves an initial nonenzymatic
attack on the wood cell wall by hydroxyl radicals
(�OH) generated extracellularly via a Fenton
reaction (Fe2+ + H2O2 + H+ ! Fe3+ + �OH +
H2O) (Hammel et al. 2002). Systems releasing
small molecular weight oxidants such as the free
�OH that randomly attack the substrate via
Fenton-type chemistry have been thought to act
in conjunction with common cellulases in ligno-
cellulose degradation (Kerem et al. 1999; Jensen
et al. 2001; Yelle et al. 2008).

II. Plant-Biomass-Modifying Enzymes
of Ascomycetes

A. Current Status of Ascomycete Genomes

Within the Ascomycota, many of the most com-
monly used industrial fungi aswell asmajor plant
and (opportunistic) human pathogens are found.
It is therefore not surprising that most of the
initial set of fungal genome sequences were
from ascomycete fungi.With the rapid reduction
in cost and improvement of sequencing technol-
ogies, genome sequences are now available for a
large set of fungi covering the entire fungal tree of
life, with many more in progress. Genome pro-
jects have also moved from detailed analysis of a
single genome to species comparisons as well as
more habitat-related studies. The major revela-
tion with respect to plant biomass degradation
unveiled with the first selection of fungal gen-
omes was that the gene sets related to this topic
were much larger than expected. Especially for
fungi likeAspergillusniger, forwhichmanygenes
and enzymes involved in plant biomass degrada-
tion were already known (de Vries and Visser
2001), the much higher number revealed by the
genome was surprising (Pel et al. 2007) and
demonstrated that mainly the genes encoding
highly produced enzymes under laboratory con-
ditions were identified. Many studies into the
CAZomes (subset of CAZy genes in a genome)
of fungi were performed, revealing strong varia-
tions between species. For A. niger, such studies
were taken to a deeper level by comparing
genome content with data available from litera-

ture concerning the structures of plant poly- and
oligosaccharides, which resulted in a graphical
overview of the potential of A. niger to degrade
these structures (Andersen et al. 2012). Using
comparative genomics, this graphical view
could be extended to other fungi, highlighting
the differences between fungal species for degra-
dation of specific plant biomass components.

In a recent study, the genomes of two spe-
cies of the plant pathogen Colletotrichum were
compared, and differences in CAZy content
that correlate with the composition of the cell
wall of their host plants were observed, such as
an expansion of the pectin-related genes in the
dicot-associated species (O’Connell et al. 2012).
A larger study in which genomes of 18 Dothi-
diomycetes were compared also revealed signif-
icant differences in CAZy numbers in
subgroups of these fungi, in particular for
CAZy families related to cellulose degradation
(Ohm et al. 2012). The expanded number of
cellulose-related genes in another Dothidomy-
cete, Macrophomina phaseolina (Islam et al.
2012), correlates well with its previously
reported high cellulase activity (Kaur et al.
2012). In contrast, Mycosphaerella graminicola
has a strongly reduced genome content related
to plant cell wall degradation, which is sup-
ported by its poor growth on cell wall polysac-
charides, such as xylan (Goodwin et al. 2011).
Correlations between growth and CAZy content
were also detected for two other plant patho-
gens, Botryotinia fuckeliana and Sclerotinia
sclerotiorum (Amselem et al. 2011). While over-
all these two fungi have a reduced number of
genes related to plant biomass degradation
compared to other plant pathogens, their num-
ber of pectin-related genes is similar to the
other species. Comparative growth analysis
confirmed good growth in particular on pectin
for these two species (Amselem et al. 2011).

Such correlations go even deeper, as
became obvious when the pectinolytic genome
content of several fungi was compared. The two
main classes of pectinases are pectin hydrolases
and pectin lyases (de Vries and Visser 2001).
Pectin hydrolases are mainly active at acidic
pH, while pectin lyases prefer neutral to alka-
line pH. It was observed that A. niger contains
higher numbers of pectin hydrolases in its
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genome than Aspergillus oryzae and Aspergillus
nidulans, and it was suggested that this was
because of the ability of A. niger to acidify its
local environment, favoring the action of
hydrolases over lyases (Pel et al. 2007).

More recently, a similar phenomenon was demon-
strated for two thermophilic fungi, Myceliophthora
thermophila and Thielavia terrestris. The T. terrestris
genome contains seven pectin hydrolases and two pec-
tin lyases; it is the opposite in the M. thermophila
genome (Berka et al. 2011). This difference correlates
perfectly with their ability to grow on pectin, which is
best for T. terrestris at acidic pH, while M. thermophila
grows better at alkaline pH (Berka et al. 2011).

Because of the complexity of the pectin struc-
ture, the differences in growth of fungi on this
substrate can be more easily compared to fungal
genome content. A recent study demonstrated
that the presence or absence of specific pectino-
lytic genes correlated with the ability of the fungi

to grow on pectin and to a lesser extent even on
substructures of pectin (Benoit et al. 2012).

A survey of ascomycete genomes currently
available and in progress resulted in the phylo-
genetic tree of Fig. 8.2. Although this will not
remain a complete list of the available genomes
as additional ones are continuously added, it
shows the genome coverage of the Ascomycota.
Behind the species, the lifestyle is indicated,
which reflects the relevance of the species for
genome sequencing. Many of the species are
industrially relevant saprobes, plant pathogens,
or human pathogens, althoughmore recently the
number of genomes from insect and nematode
pathogens, mycorrhizae, and saprobes without
industrial relevance are increasing. The tree also
demonstrates that some ascomycete subgroups
have highly conserved lifestyles, such as saprobes
in the Sordariales and plant pathogens in the
Glomerellales and Capnodiales.

Fig. 8.2. Ascomycete phylogenetic tree indicating the
current status of genomics. The number of species with
a published or in progress genome sequence is given in
parentheses. The number per lifestyle is indicated fol-

lowing this. E endophyte, PP plant pathogen, S saprobe,
INP insect or nematode pathogen, M mycorrhizae, L
lichen, HMP human or mammalian pathogen, Ma
marine, FP fungal pathogen, Sy symbiont
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The relevance of a species for industry or
society has been a major driver in the selection
of species for genome sequencing. However, the
recently granted 1,000 Fungal Genomes Project
(http://genome.jgi.doe.gov/pages/fungi-1000-pro-
jects-user-guidelines.jsf) aims to generate refer-
ence sequences for every clade in the Fungal Tree
of Life, which will reduce the heavy bias observed
in the fungal genomes sequenced at the time of
writing.

Because of the rapidly increasing number of
fungal genome sequences, several dedicated web
servers for genomeanalysis havebeendeveloped.
Some of these are hosted by the sequencing
institutes, such as MycoCosm of the Joint
Genome Institute (JGI) of the U.S. Department
of Energy (http://genome.jgi.doe.gov/programs/
fungi/index.jsf) and the Fungal Genome Initia-
tive of the Broad Institute (http://www.broad-
institute.org/scientific-community/science/projects/
fungal-genome-initiative/fungal-genome-initiative).
In addition, several other resources have been
developed, such as AspGD (http://www.aspgd.
org) for Aspergillus, and the yeast genome data-
base (http://www.yeastgenome.org/) and Fungi-
DB (http://fungidb.org/fungidb/) for a broader
range of fungi. These resources facilitate com-
parative genomics studies and are therefore of
major importance to the community. Tools at
these servers include multigenome BLAST
(Basic Local Alignment Search Tool), synteny
analysis, and others, which are often beyond
the reach of individual research groups.

B. Comparison of Saprobic and Human and
Plant Pathogenic Fungi and Yeasts

Studies into plant biomass degradation abilities
have mainly been performed using saprobic or
plant pathogenic species because of the relevance
of these enzymes to industry and agriculture.
Table 8.2 shows a comparison of the genome
content, with respect to plant biomass degrada-
tion, of seven filamentous saprobes, four filamen-
tous plant pathogens, three saprobic yeasts, and
three human pathogens. From this table, it is clear
that the potential for plant biomass degradation is
lowest in the saprobic yeasts Saccharomyces cere-

visiae and Schizosaccharomyces pompe and the
human pathogens Candida albicans and Cocci-
dioides immitis. A slightly higher potential is
found in the lignocellulosic yeast Pichia stipitis,
where the presence of an endoxylanase (GH10/11)
(Jeffries et al. 2007) and an a-glucuronidase
(GH67/115) (Ryabova et al. 2009) in particular
stand out.However, in comparison to the filamen-
tous saprobes and plant pathogens, the numbers
of plant-biomass-related genes are almost negligi-
ble. In contrast to C. albicans and C. immitis,
Aspergillus fumigatus has a broad range of genes
related to plant biomass degradation (Nierman
et al. 2005). This can be explained by the dual
lifestyle of A. fumigatus as a saprobe in nature
and as an opportunistic pathogen of humans.
A. fumigatus is therefore more similar in genome
content to other aspergilli rather than to the other
human pathogens.

A comparison of the filamentous saprobes
reveals large differences between these fungi.
A. niger, A. nidulans, and A. oryzae contain the
broadest set of genes related to plant biomass
degradation (Coutinho et al. 2009), while Penicil-
lium rubens (recently renamed from P. chryso-
genum; Houbraken et al. 2011) is somewhat
poorer in numbers. While Podospora anserina
has a similar total number of putative plant-bio-
mass-related genes as A. niger, its distribution is
more focused (Table 8.2). This correlates well with
the biotope of these two fungi. A. niger is found
globally in nearly all biotopes and is therefore
exposed to a wide range of plant biomass struc-
tures. In contrast, P. anserina only grows as a late
colonizer in herbivore dung, which means that it
is mainly exposed to lignocellulose (a mixture of
cellulose, xylan, and lignin). The genome of P.
anserina is enriched in cellulases and xylanases
(GH6/7, 10/11, 61, 67/115, CE1, 15) (and reduced
in other enzyme classes) compared to theA. niger
genome, which fits perfectly with its substrate.

Much lower numbers of putative plant-bio-
mass-related genes were detected in Tricho-
derma reesei and Neurospora crassa
(Table 8.2).T. reesei is a highly efficient cellulose
degrader that was originally isolated from army
tents in the Pacific (Schuster and Schmoll 2010;
see Chap. 10 in this volume). Its efficiency is not
caused by a large number of cellulases but by
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high production of a fairly limited set of
enzymes (Martinez et al. 2008). Although
T. reesei is often considered the model fungus
for cellulose degradation, the strategy by which
it achieves this is in fact highly unusual. A
comparative study of more than 80 fungi
revealed that, for nearly all fungi, efficient

degradation of a plant polysaccharide was
related to an increased number of related
enzymes (R.P. de Vries et al., unpublished
results). Few fungi seem to have a similar strat-
egy as T. reesei to produce high levels of a small
number of enzymes. The T. reesei genome is
poor in pectin- and inulin-related genes

Table 8.2. Comparison of CAZy numbers for 17 ascomycete fungi and yeasts

Saprobic filamentous fungi Plant pathogens Saprobic yeasts Human pathogens

CAZy AN An Ao Pr Pa Tr Nc Fg Bf Lm Mo Ps Sc Sp Ca Af Ci

GH1 3 3 3 3 1 2 1 3 3 3 2 0 0 0 0 5 0
GH2 10 6 7 6 7 7 5 10 2 6 6 2 0 0 1 6 1
GH3 20 17 23 17 11 13 9 22 16 13 19 5 1 0 3 18 5
GH5 15 10 13 13 15 11 7 15 15 15 13 4 3 5 5 13 2
GH6/7 5 4 4 3 10 3 8 3 3 6 9 0 0 0 0 5 0
GH10/11 5 5 8 4 14 5 6 8 5 5 10 1 0 0 0 7 0
GH12/74 3 5 4 3 3 3 2 5 4 3 4 0 0 0 0 6 0
GH13 13 18 17 16 9 5 10 8 10 7 10 5 13 9 4 16 5
GH15 2 2 3 3 3 2 2 3 4 3 2 1 2 1 1 5 1
GH26 3 1 1 1 1 0 1 0 2 1 0 0 0 0 0 0 0
GH27/36 7 7 6 3 3 10 1 5 6 6 6 0 1 0 0 8 1
GH28 9 21 21 5 0 4 2 6 18 6 3 0 0 1 0 14 0
GH29/95 3 3 3 1 0 4 0 3 2 2 5 0 0 0 0 2 0
GH31 10 7 10 11 5 3 5 8 4 8 5 3 4 1 3 6 2
GH32 2 6 4 7 0 0 1 5 1 2 5 0 2 1 0 5 0
GH35 4 5 7 2 1 1 2 3 4 4 0 0 0 0 0 5 0
GH43 15 10 20 14 10 2 7 17 4 11 19 0 0 0 0 18 1
GH45 1 0 0 0 2 1 1 1 2 0 1 0 0 0 0 1 0
GH51/54 3 5 4 4 1 2 2 3 4 3 4 0 0 0 0 3 0
GH53 1 2 1 1 1 0 1 1 2 1 1 0 0 0 0 1 0
GH61 9 7 8 4 33 3 14 15 9 20 17 0 0 0 0 7 0
GH62 2 1 2 1 2 1 0 1 1 1 3 0 0 0 0 2 0
GH67/115 2 1 5 1 4 2 2 3 1 3 1 1 0 0 0 2 0
GH78 8 8 9 5 1 1 0 7 8 1 1 0 0 0 0 6 0
GH88 2 1 3 0 0 0 0 1 1 1 1 0 0 0 0 2 0
GH93 2 0 3 2 3 0 2 2 1 2 1 0 0 0 0 3 0
GH105 3 2 4 2 0 1 1 3 1 3 3 0 0 0 0 2 0
PL1 8 6 12 5 4 0 1 9 6 9 2 0 0 0 0 6 0
PL3/9 6 0 4 1 2 0 1 8 2 6 1 0 0 0 0 4 0
PL4/11 5 2 4 3 1 0 1 3 0 4 1 0 0 0 0 4 0
CE1 3 3 5 2 14 3 7 5 3 3 10 1 0 1 1 5 1
CE8 3 3 5 2 1 0 1 6 5 3 1 0 0 0 0 6 0
CE12 2 2 4 2 1 0 1 3 3 3 2 0 0 0 0 3 0
CE15 0 0 0 1 3 1 1 0 0 2 1 0 0 0 0 1 0
Total 192 173 228 149 166 91 106 195 152 166 169 23 26 29 18 199 19

The enzymatic functions in the families are listed in Table 8.1

AN Aspergillus nidulans A4 (Coutinho et al. 2009), An Aspergillus niger CBS513.88 (Coutinho et al. 2009), Ao Aspergillus oryzae
RIB4 (Coutinho et al. 2009), Pr Penicillium rubensWisconsin 54-1255 (van den Berg et al. 2008), Pa Podospora anserina S mat+
(Espagne et al. 2008), Tr Trichoderma reesei/Hypocrea jecorina QM6A (Martinez et al. 2008), Nc Neurospora crassa OR74A

(Galagan et al. 2003), Fg Fusarium graminearum/Gibberella zeae PH-1 (Cuomo et al. 2007), Bf Botryotinia fuckeliana A4

(Amselem et al. 2011), Lm Leptosphaeria maculans V23.1.3 (Rouxel et al. 2011), Mo Magnaporthe oryzae 70-15 (Dean et al.

2005), Ps Pichia stipitis CBS6054 (Jeffries et al. 2007), Sc Saccharomyces cerevisiae S288C (Cherry et al. 1997), Sp Schizosaccharo-
myces pombe 972 h (Iben et al. 2011), Af Aspergillus fumigatus Af293 (Nierman et al. 2005), Ci Coccidioides immitis RS (Sharpton
et al. 2009)
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(Table 8.2), further supporting the specializa-
tion toward cellulose.

The low number of CAZyme-encoding genes
in the genome of N. crassa may be related to a
similar strategy as observed for T. reesei. In addi-
tion, the distribution of the genes resembles that
of P. anserina, suggesting a similar specialization
to lignocellulose. N. crassa is most commonly
found on burned wood, which is rich in lignocel-
lulose. This correlates well with its genome con-
tent, in particular with respect to the low number
of pectin-related genes and the higher number of
lignocellulose-related genes (Table 8.2). The
burning of the wood could even be considered a
pretreatment that weakens the cell wall structure,
allowing easier access for the fungus. Heat treat-
ments are also commonly used in industrial pre-
treatments of plant biomass before enzymatic
hydrolysis (Ruiz et al. 2008). The requirements
of this ecological nichemay thenalso explainwhy
N. crassa contains a lower diversity of enzymes
compared to saprobes such as Aspergillus, which
typically colonize raw plant material.

The filamentous plant pathogens have a simi-
lar number of putative plant-biomass-related
genes as the aspergilli, P. rubens, and P. anserina.
The distribution of the genes over the various
CAZy families differs significantly for the four
plant pathogenic fungi, and correlations with
their host plant can be observed. Magnaporthe
oryzae is a pathogen of rice and other cereals,
which contain cell walls consisting mainly of cel-
lulose and xylan. The genome of M. oryzae con-
tains an increased number of putative cellulases
(GH6/7) and xylanases (GH10/11, CE1) compared
to the other plant pathogens (Table 8.2). In con-
trast, B. fuckeliana, often found on fruits that
are rich in pectin, contains a significantly higher
number of putative pectinases from family GH28
and GH78, while it has a relatively lower number
of cellulases. Leptosphaeria maculans is a patho-
gen of rapeseed, which is also rich in pectin and
cellulose. In contrast to B. fuckeliana, L. maculans
doesnothave anelevatednumberofpectinhydro-
lases but does contain a higher number of pectin/
pectate lyases as well as higher numbers of cellu-
lases (GH6 and GH61). This could fit with the
previous observations and suggest that there is a
(local) area of high pH where these fungi grow.
Fusarium graminearum is mainly a cereal patho-

gen, but its genome appears less specialized to its
host plant than observed in the other plant patho-
gens, as it also contains a significant number of
pectinases. Whether this reflects a more recent
specialization toward cereal crops is not clear at
this point.

C. Transcriptomic and Proteomic Studies into
Plant Biomass Degradation by Ascomycete
Fungi

The availability of fungal genome sequences
opened the door to transcriptomic and proteomic
studies into the genes andenzymes related toplant
biomass degradation. While previous studies
already demonstrated that many of the genes
involved in plant biomass degradation are specifi-
cally induced in the presence of these substrates
(de Vries 2003), this could now be studied at the
genome level, taking into account themuch larger
set of relevant genes revealed by genome sequenc-
ing. Induction of plant-biomass-related genes in
the presence of plant biomass seems to be a uni-
versal phenomenon in ascomycete fungi, although
significant differences in the specific gene/enzyme
sets have been observed. Growth of B. fuckeliana
on pectin resulted in the production of 13 pectin-
related enzymes, while only 4 were detected dur-
ing growth on sucrose (Shah et al. 2009), demon-
strating that specific induction is the dominant
driver of gene expression. Proteomics of extracel-
lular samples from T. reesei grown on corn stover
revealed cellulases and xylanases as the major
enzymes produced (Nagendran et al. 2009), fitting
well with this species specialization for these two
polysaccharides.

Such a correlation between substrate and secreted
enzymes was also reported for Doratomyces stemonitis,
a coprophilous fungus isolated from koala feces.
Growth of this fungus on plant-biomass-related sub-
strates revealed secretion of enzymes related to cellu-
lose and xylan degradation and to a lesser extent to
mannan and pectin degradation, which matches the
polysaccharides that are not or only partly degraded
in the koala’s gut (Peterson et al. 2011).

In some cases, the presence of a small number
of highly dominant enzymes has been reported.
Quantitative proteomics of N. crassa on crystalline
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celluloseusing13 selectedproteins (9ofwhichwere
predicted cellulases) demonstrated that 53 % of
the total supernatant protein consisted of 2 pre-
dicted cellobiohydrolases (Phillips et al. 2011b).
This finding is similar to what has been previously
shown for T. reesei (Kolbe and Kubicek 1990) and
supports the suggestion that N. crassa may use a
similar strategy for plant biomass degradation asT.
reesei (see Sect. II.B). An even more specialized
enzyme set was observed for the beetle-symbiont
Grosmannia clavigera during growth on pine saw-
dust. While practically no enzymes involved in
lignocellulose degradation were produced, pectin-
related enzymes were enriched in the secreted
enzyme set (DiGuistini et al. 2011). Pectin degrada-
tion of the cell wall or the tracheid-bordered pit
membranes could be required for the fungus to
access the sapwood, in a similar manner as that
described for the basidiomycete Schizophyllum
commune (Ohm et al. 2010). In contrast, Fusarium
verticillioides produced enzymes acting on cellu-
lose, xylan, xyloglucan, and pectin during growth
on wheat straw (Ravalason et al. 2012), which is a
broader set than would be expected based on the
composition of wheat straw (mainly cellulose and
xylan). This suggests that the regulation of the
genes encoding these enzymes ismore coordinated
than in other fungi.

The influence of the nature of the plant biomass on gene
expression was particularly well illustrated for two ther-
mophilic fungi. During growth on barley straw, T. terres-
tris and M. thermophila both highly expressed genes
related to cellulose and xylan degradation, the two main
components of barley straw (Berka et al. 2011), while
pectinolytic genes were less expressed. However, this
correlation and similarity between the species was less
obvious for alfalfa straw. Relatively few xylan-related
transcripts were observed in both species, but only M.
thermophila showed high expression of pectin lyases
(Berka et al. 2011). This correlates with its lyase-focused
pectin-degrading strategy as mentioned previously
(Sect. II.A), suggesting a significantly different physiol-
ogy (in terms of pH) of these two species.

Differences in gene expression or enzyme
production on pure plant biomass components
and crude plant biomass have been described,
demonstrating the complexity of induction of
the plant-biomass-related genes. Extracellular
proteomics of A. niger on xylose resulted
mainly in xylan- and cellulose-related enzymes,

of which the encoding genes were previously
shown to be regulated by XlnR (see Section D)
(Lu et al. 2010). In contrast, during growth on
sugarcane bagasse, 58 % of the (hemi-)
cellulolytic genes from A. niger were expressed,
covering a much broader range of functions
(de Souza et al. 2011). A similar observation
was reported for Penicillium purpurogenum,
which produced mainly xylan-related enzymes
on acetylated xylan, while on sugar beet pulp,
enzymes related to cellulose and pectin were
detected (Navarrete et al. 2012). Transcriptome
analysis of Ascocoryne sarcoides on cellulose
and cellobiose revealed significant differences
between these conditions with respect to the
cellulolytic genes that were expressed, demon-
strating that even such similar carbon sources
can result in different enzyme sets (Gianoulis
et al. 2012).

Differences in enzyme production and gene
expression in time have also been reported,
demonstrating the plasticity of the plant-bio-
mass-degrading system of fungi. A time course
analysis of the extracellular proteome of A. nidu-
lans grown on sorghum stover revealed distinct
sets of plant-biomass-related enzymes at different
stages of cultivation (Saykhedkar et al. 2012), indi-
cating that the fungus modifies its extracellular
enzyme set to match the changes in the substrate
composition and structure during its degradation.
In the plant pathogen Colletotrichum orbiculare,
expression ofmany genes related to plant biomass
degradation was observed at 7 days past infection
(dpi), while a significantly lower number of these
genes were expressed at earlier time points (Gan
et al. 2012). This indicates that at later stages of
infection, a highdemand for thenutrients released
by plant biomass degradation occurs.

D. Regulation of Plant Biomass-Related Genes

To be able to respond to changes in the substrate,
fungi need to be able to change their gene expres-
sion rapidly, which is largely mediated by a set of
transcriptional regulators. Regulation of genes
encoding plant-biomass-degrading enzymes has
been mostly studied in three industrial species:
A. niger, A. oryzae, and T. reesei. In A. niger and
other aspergilli, transcriptional activators
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related to degradation of xylan and cellulose
(XlnR) (van Peij et al. 1998a, b), starch (AmyR)
(Petersen et al. 1999), xylan and arabinan (AraR)
(Battaglia et al. 2011a, b), pectin (RhaR) (Gruben
2012), andmannan (Ogawa et al. 2012) have been
identified. XlnR is ubiquitous in filamentous
ascomycetes, while the other regulators are less
broadly distributed (R.B. Todd and R.P. de Vries
unpublished results). T. reesei also contains an
XlnR homolog (Xyr1) as well as a second xylan-
and cellulose-related activator (ACEII) (Aro et al.
2001) and a xylanase/cellulase repressor (ACEI)
(Aro et al. 2003).

The carbon repressor protein CreA (Cre1) is
the major regulator repressing the expression of
plant-biomass-related genes in the presence of
sufficient amounts of monomeric carbon source
(Ruijter and Visser 1997; de Vries et al. 1999).
Homologs of this protein are found throughout
the fungal kingdom (R.B. Todd and R.P. de Vries
unpublished results). Recently, a N. crassa wild
type and cre-1mutant were compared on crystal-
line cellulose using proteomics, demonstrating
that the production of several cellulases and hemi-
cellulases had increased in the mutant (Sun and
Glass 2011). This study also revealed some novel
genes that are under control of CRE-1 and affect
cellulase activity. Recently, it was shown that a
subset of the genes related to plant biomass degra-
dation is expressed under starvation conditions
without the need for these positive regulators
(Delmas et al. 2012). The enzymes encoded by
these genes are likely responsible for the liberation
of the inducing compounds that results in activa-
tion of the specific regulators, which then results
in higher expression of the related gene sets.

Finally, a role for photoreceptors in cellulase
gene expression has been reported for T. reesei
(Schmoll et al. 2005) andN. crassa (Schmoll et al.
2012), suggesting an interplay between environ-
mental conditions and the presence of specific
substrates.

III. Plant-Biomass-Modifying Enzymes
of Basidiomycetes

A. Current Status of Basidiomycete Genomes

The genomes of over 60 species of basidiomycete
fungi have been completely sequenced, and several
hundred more are in progress. According to the
current information, the size of basidiomycetous
genomes varies from 9.8 to over 101Mb. Themost
compact basidiomycete genome is from the xero-
tolerant mold-like fungus Wallemia sebi (Padam-
see et al. 2012), whereas the largest genome is
found in the poplar leaf rust fungus Melampsora
laricis-populina (Duplessis et al. 2011).

Emphasizing the growing interest in plant
biomass degradation as an abundant renewable
material with vast biotechnological applicability,
the first published basidiomycete genome was
from Phanerochaete chrysosporium (Martinez
et al. 2004), which is the most intensively studied
model fungus for wood white-rot decay and lig-
nin degradation. The genome of P. chryso-
sporium revealed an extensive collection of
extracellular hydrolytic and oxidative enzymes,
such as class II heme peroxidases and H2O2-gen-
erating oxidases, which play a role in lignocellu-
lose degradation (Ruiz-Dueñas and Martı́nez
2009). The genome of Ceriporiopsis subverispora
represented the first selectively lignin-degrading
white-rot fungus with the ability to preferentially
degrade lignin and hemicelluloses, leaving cellu-
lose almost intact (Fernandez-Fueyo et al.
2012b). The other white-rot species sequenced
are Ganoderma lucidum (Liu et al. 2012), which
is one of the most famous medicinal fungi, and
the forest pathogen and wood decayerHeteroba-
sidion irregulare (Olson et al. 2012). Brown-rot
fungi represent a different strategy of wood
decay, being able to degrademost of the cellulose
and hemicelluloses, leaving demethylated lignin.
The first brown-rot basidiomycete sequenced
was Postia placenta (Martinez et al. 2009), fol-
lowed by Serpula lacrymans (Eastwood et al.
2011). Brown-rot species lack heme peroxidases
but employ several genes encoding methanol
oxidases (MOXs) that generate H2O2 required
for cellulose depolymerization via Fenton reac-
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tion (Daniel et al. 2007; Martinez et al. 2009).
Other notable landmarks among the plant-bio-
mass-degrading basidiomycetes have been the
release of the genomes of S. commune (Ohm
et al. 2010) and Coprinopsis cinerea (Stajich
et al. 2010), which represent model systems,
such as formating-type gene function, regulation
of multicellular development, and mushroom
formation studies. In the order Agaricales, Agar-
icus bisporus was the first species sequenced as a
model fungus for the adaptation, persistence, and
growth in the humic-rich environment (Morin
et al. 2012). Although the repertoire ofA. bisporus
lignin-modifying heme peroxidases was reduced
when compared to other sequenced white-rot
fungi, a significant expansion of heme-thiolate
peroxidase– (HTP-) and b-etherase-encoding
geneswas found, suggesting adaption for decom-
position of nonwoody plant biomass and humic
substances in soil.

Hydrolytic enzyme-encoding genes and their expres-
sion in A. bisporus are significantly different from the
taxonomically related ectomycorrhizal (ECM) basidio-
mycete Laccaria bicolor, which was the first symbiotic
fungus sequenced (Martin et al. 2008). In contrast to
saprobic fungi, genome analyses of ECM fungi have
reduced sets of genes encoding both hydrolytic and
oxidative plant-biomass-degrading enzymes (Martin
et al. 2008; Nagendran et al. 2009). However, the tran-
scriptome of the ECM fungus Paxillus involutus
revealed upregulated expression of the set of enzymes
involved in the oxidative degradation of wood by
brown-rot fungi, whereas only two plant cell-wall-
degrading CAZymes were upregulated (Rineau et al.
2012). The genetic potential of ECM as plant biomass
decomposers is still an intriguing question.

The genome of the corn smut Ustilago may-
dis, which is amodel organism in plant-microbe
interactions, showed only a few genes encoding
plant cell-wall-degrading enzymes, such as
polysaccharide hydrolases, polysaccharide
lyases, and pectin esterases, which is in contrast
to the genomes of the more aggressive patho-
genic fungi (Kämper et al. 2006). The minimal
set of hydrolytic enzymes found in U. maydis
correlates with its biotrophic lifestyle, in which
damage to the host should be minimized to
avoid plant defense responses. However, its
genome sequence revealed an unexpected set

of small genes with unknown function that
might play a role in U. maydis virulence.

B. Basidiomycete Enzymes Involved in Lignin
Modification

Fungal degradation of lignin is promoted by class
II heme peroxidases, which are classified into
three different groups: manganese peroxidases
(EC 1.11.1.13), lignin peroxidases (EC 1.11.1.14),
and versatile peroxidases (EC 1.11.1.16). In addi-
tion, lignin-degrading fungi secrete various oxi-
dases, which produce the H2O2 required by
peroxidases.

1. Class II Heme Peroxidases

The so-called lignin-modifying peroxidases (LiP,
MnP,VP) are exclusively found inwhite-rot fungi,
with the exception of the mushroom forming
S. commune, regarded as a white rotter, with a
limited lignin-degrading capacity and no lignin-
modifying peroxidases detected in its genome.
Trametes versicolor has the highest number of
lignin-modifying peroxidase-encoding genes of
any genome-sequenced basidiomycete so far.
According to the available basidiomycete genome
sequences, the duplication rate of class II
peroxidase-encoding genes is apparently more
rapid in white-rot fungi when compared to other
plant-biomass-converting fungal species (Floudas
et al. 2012). Supporting their different strategy to
degrade plant biomass, lignin-modifying peroxi-
dases are absent in the genomes of brown-rot
fungi, the coprophilic fungus C. cinerea, and the
EMC fungus L. bicolor (Table 8.3).

The crystal structures ofP. chrysosporiumMnP1(Sundar-
amoorthy et al. 1994) and LiP-H8 (Piontek et al. 1993;
Poulos et al. 1993), and Pleurotus eryngii VPL (Pérez-
Boada et al. 2005) have revealed functional differences
between the lignin-modifying peroxidases sharing a high
degree of primary sequence homology. BothMnP andVP
have three conserved acidic amino acid residues (Glu35,
Glu39, and Asp175 of P. chrysosporium MnP1), which
together with one of the heme propionates are involved
in Mn2+ binding (Sundaramoorthy et al. 1994; Kusters-
van Someren et al. 1995). The conserved tryptophan
residue (Trp171 of P. chrysosporium LiP-H8) is the most
important residue in veratryl alcohol oxidation in LiPs
and VPs (Piontek et al. 2001; Ruiz-Dueñas et al. 2009).
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MnPs demonstrate diverse substrate affinities
and biochemical properties as biocatalysts in the
degradation of wood constituents and synthetic
lignin by catalyzing the specific oxidation ofMn2+

to Mn3+ in the presence of H2O2 (Hammel and
Cullen 2008; Hatakka and Hammel 2010; Lundell
et al. 2010). Mn3+ ions are stabilized in chelated
form by dicarboxylic acids, such as oxalic acid to
perform oxidative reactions that yield organic
radicals from several phenolic substrates, carbo-
xylic acids, and unsaturated lipids. In addition,
MnP-mediated lipid peroxidation reactions
enable the oxidization of the more recalcitrant
nonphenolic lignin substructures that compose
the majority of the polymer (Jensen et al. 1996;
Kapich et al. 1999).

Based on gene structure,MnPs can be divided
into four groups by the length of their amino acid
sequence and the number of conserved Mn2+-
binding amino acid residues: short, long, extra-
long, and atypical MnPs (Floudas et al. 2012). All
typical MnPs harness experimentally confirmed
or putative Mn2+ oxidation sites formed by the
three conserved acidic amino acid residues but
lack the conserved tryptophan residue present in
LiPs and VPs. Short MnPs are widely distributed
among white-rot fungi (Table 8.3), whereas long
MnPs form a monophyletic clade and have pri-
marily been detected in the orders Polyporales,
Corticiales, and Hymenochaetales (Table 8.3)
(Hildén et al. 2005; Sakamoto et al. 2009). Genes
encoding extra-long MnPs, which have a polar C-
terminal metal-binding tail providing stability to
the enzyme, have so far only been found in C.
subvermispora,Dichomitus squalens, and Punctu-
laria strigoso zonata (Table 8.3) (Li et al. 2001).
MnPs, which have only one or two acidic amino
acids at the Mn2+ oxidation site, have been desig-
nated as atypical MnPs and the corresponding
gene models have been found in the genome of
Auricularia delicata, Fomitiporia mediterranea,
and Stereum hirsutum (Table 8.3). However, bio-
chemical data are currently lacking to confirm
their function as Mn2+-oxidizing enzymes.

LiP catalyzes oxidation of a variety of reducing
substrates, such as phenols, aromatic amines, aro-
matic ethers, and polycyclic aromatics (Kirk and
Cullen 1998; Hammel and Cullen 2008). Active LiP
isozymes andLiP-encoding genemodels have been
described fromonlya fewgeneraofwhite-rot fungi,

including Phanerochaete (Glenn et al. 1983; Tien
and Kirk 1984; Martinez et al. 2004; Sugiura et al.
2009);Phlebia (Niku-Paavola et al. 1988;Vares et al.
1995; Hildén et al. 2006); Trametes (Johansson and
Nyman 1996; Floudas et al. 2012); and Bjerkandera
(Kimura et al. 1991; Heinfling et al. 1998a; tenHave
et al. 1998). Comparative genomic analysis of two
Phanerochaete species has shown that P. carnosa
has only four LiP-encoding genes, while P. chryso-
sporium has ten. However, in both species LiP-
encoding genes are tightly clustered, suggesting
local gene duplication (Stewart and Cullen 1999;
Suzuki et al. 2012). In addition, two lip genemodels
for Pycnoporus cinnabarinus, one for Pleurotus
sapidus, and a putative lip gene for genera Gano-
derma have been reported (Chen et al. 2012).
According to the phylogenetic analyses and cata-
lytic properties of heterologously produced
enzymes, C. subvermispora has been suggested to
have two transition types of VP-LiP enzymes
(Fernandez-Fueyo et al. 2012b). A unique type of
LiP with catalytic tyrosine is present in Trametes
cervina (Miki et al. 2010).

VP combines the catalytic properties of both
MnP and LiP. Accordingly, all the knownVPs bear
the three conserved acidic amino acid residues
involved in Mn2+ binding together with the
solvent-exposed tryptophan residue (Ruiz-Dueñas
et al. 2009). The first VPs were characterized from
the genera Pleurotus and Bjerkandera (Martı́nez
et al. 1996; Heinfling et al. 1998b), while whole-
genome sequences have revealed their presence
also in the genomes ofD. squalens andT. versicolor
(Table 8.3).

In addition to the lignin-modifying peroxidases
described, multiple ECM taxa harbor class II peroxi-
dases (Bödeker et al. 2009) that phylogenetically cluster
with an L. bicolor peroxidase that lacks the conserved
Mn2+ oxidation site. The only ECM sequence that is
placed within one of the lignin-modifying peroxidase
groups with strong support is the partial sequence from
Gomphus clavatus (Morgenstern et al. 2010).

The growing number of basidiomycete gen-
omes has revealednovel peroxidase superfamilies,
for instance, dye-decolorizing peroxidases (DyPs;
EC 1.11.1.19) and heme-thiolate peroxidases that
were previously characterized from only a few
species (Sugano 2009; Hofrichter et al. 2010). It
has been suggested that DyPs have hydrolase or
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oxygenase catalytic activities as well as typical
peroxidase activities. However, there are only a
few studies reported on their structure and func-
tion. DyPs have been shown to degrade lignin
model compounds (Liers et al. 2010), and putative
genemodels are common in white-rot fungal spe-
cies but are absent in most brown-rot species
(Table 8.3). However, the brown-rot fungus P.
placenta, the coprophilic fungus C. cinerea, and
the EMC fungus L. bicolor harbor putative dyp
gene models in their genome.

The HTPs compose another new broadly
distributed peroxidase superfamily, including
chloroperoxidases (EC 1.11.1.10) and peroxy-
genases (EC 1.11.2.1), that are able to oxidize
aromatic and aliphatic compounds. So far, HTP
genemodels have beendetected in all the genomes
of plant-biomass-degrading basidiomycetes with
the largest number present in A. bisporus
(Table 8.3). Whether HTPs have a role in the
conversion of plant biomass is still ambiguous,
although Agrocybe aegerita HTP has been shown
to hydroxylate aromatic rings (Hofrichter and
Ullrich 2006).

2. Multicopper Oxidases

Laccases (EC 1.10.3.2, p-diphenol:oxygen oxido-
reductases) are four-copper-containing metallo-
enzymes that belong to the large and diverse
protein superfamily of multicopper oxidases
(MCOs) (Giardina et al. 2010; Kües and Rühl
2011). They catalyze the oxidation of a variety of
phenolic and low-redox potential compounds
with the concomitant reduction of molecular oxy-
gen towater. Laccases arewidespread in the fungal
kingdom, particularly in basidiomycetes, includ-
ing plant-biomass-degrading species (Table 8.3).
Laccase genes often occur in large families coding
for different isoenzymes, and paralogous laccase
genes can be differentially regulated (Piscitelli
et al. 2011). Laccase and MCO proteins display a
highly conserved structure with four well-
conserved amino acid motifs, which coordinate
the copper atoms crucial to activity and also resi-
dues essential for themaintenance of protein con-
formational fold (Hoegger et al. 2006; Kües and
Rühl 2011).

Despite their omnipresence, the role of lac-
cases in lignocellulose modification is still ambig-
uous. While numerous studies demonstrated
laccase-catalyzed oxidation of phenolic and non-
phenolic lignin model compounds, particularly in
the presence of low molecular weight mediators,
sensu stricto laccase-encoding genes are not pres-
ent in the genomes of the white-rot fungi P. chry-
sosporium (Martinez et al. 2004) or P. carnosa
(MacDonald et al. 2011), implicating that laccase
may not be essential for the white-rot decay of
wood. However, both species have several MCO-
encoding genes, and recent work with Phanero-
chaete flavido-alba has demonstrated that some
members of the ferroxidase/laccase group may
efficiently oxidize laccase substrates (Rodrı́guez-
Rincón et al. 2010). The MCOs have undergone
extensive gene duplication in the genomes of
C. cinerea, H. irregulare, and L. bicolor, and thus
gene expansions are associated not only with
white-rot species (Table 8.3).

3. H2O2-Generating Oxidoreductases

For complete decomposition and partial mineral-
ization of plant biomass, additional fungal
enzymes are required. H2O2 plays a central role
in lignocellulose degradation as the precursor of
highly reactive hydroxyl radicals (·OH), which are
able to depolymerize lignin and polysaccharides.
Within theH2O2-generating oxidoreductases, the
glucose-methanol-choline (GMC) superfamily
includes aryl alcohol oxidase (AAO; EC 1.1.3.7);
MOX (EC 1.1.3.13); pyranose-2-oxidase (POX; EC
1.1.3.10); and glucose oxidase (GOX; EC 1.1.3.4).
The copper radical oxidase (CRO) gene group
contains glyoxal oxidase (GLX; EC 1.2.3.-) and
other CROs.

AAO exhibits a broad substrate specificity
catalyzing the oxidation of lignin-derived com-
pounds, such as phenolic aromatic aldehydes
and acids (Kirk and Farrell 1987; Shimada and
Higuchi 1991), and other aromatic fungal meta-
bolites (Hernndez-Ortega et al. 2012) into their
corresponding aldehydes with the concomitant
reduction of O2 to H2O2 (Varela et al. 2001). In
Pleurotus and Bjerkandera species AAO has been
suggested to be the main peroxide-producing
enzyme acting synergistically with VP (Guillén
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et al. 1994). AAO has been found in all white-rot
genomes, and the number of the gene models
identified to date varies from one to ten copies
(Table 8.3). The only exceptions are A. delicata
and the limitedly lignin-degrading S. commune,
with no AAO gene models present. In contrast,
AAOs are rare in brown-rot genomes, with only
one to two gene copies in one species (Table 8.3).

MOX is a keymethanol-metabolizing enzyme
that oxidizesmethanol to formaldehyde andH2O2

(Ozimek et al. 2005). Brown-rot fungi, such as P.
placenta andG. trabeum, are suggested to employ
MOX in H2O2 generation by using demethoxy-
lated lignin as a substrate (Daniel et al. 2007;
Martinez et al. 2009). In fact, in brown-rot fungi,
MOX has been reported to be the main source of
H2O2 that is used in Fenton chemistry for cellulose
depolymerization, but its contribution to white-
rot fungi has been less documented. MOX has
been found in most white-rot and brown-rot gen-
omes (Floudas et al. 2012).

POX catalyzes the oxidation of a number of
common monosaccharides at C2 in the presence
of O2 to the corresponding 2-keto sugars, produc-
ingH2O2 as a by-product (Giffhorn 2000). As POX
can also use various other electron acceptors, it
has been suggested to play a role in the reduction
of quinones during lignin degradation. Phanero-
chaete chrysosporium POX was found to be
strongly upregulated when the fungus grew on
lignin, indicating its potential role as a source of
H2O2 (Manavalan et al. 2011). GOXs are only
rarely reported in basidiomycetes. Two GOX-
encoding genes have been reported in P. chryso-
sporium (Eriksson et al. 1986; Kelley and Reddy
1986). Gox1-corresponding peptides have been
identified inmedia containing crystalline cellulose
(Vanden Wymelenberg et al. 2005). However, the
function of gox1 and related genes is not known.
In C. subvermispora, two GMC oxidases were
automatically annotated as GOX-like GMCs
(Fernandez-Fueyo et al. 2012b).

GLX is a well-characterized CRO in wood-
rotting basidiomycetes. The broad substrate spec-
ificity of GLX comprises the oxidation of simple
aldehydes to the corresponding carboxylic acids
(Whittaker et al. 1996). In P. chrysosporium, GLX
is associated with lignin decay by generatingH2O2

forMnPandLiP. It is physiologically coupledwith
LiP (Kersten 1990), and glx transcripts coincide

with lip andmnpmRNAs in definedmedia (Stew-
art et al. 1992; Kersten and Cullen 1993), soil
(Bogan et al. 1996), and wood (Janse et al. 1998).
GLX-encoding genes are present inmostwhite-rot
genomes studied but are absent from brown-rot
genomes as well as from C. cinerea and L. bicolor.
GLX together with related enzymes (CRO1–6) are
the main candidates in H2O2 production in P.
chrysosporium. Sequence homology of other cro
genes to glx is relatively low, but copper-
coordinating residues and the constitutive radical
redox site are conserved (Whittaker 2002; Marti-
nez et al. 2004; VandenWymelenberg et al. 2006b)
as well as repeats of the highly conserved WSC
domain in cro3, cro4, and cro5, which is suggested
to be involved in carbohydrate binding. CRO1–6
encoding genes are widespread in the genomes
across Agaricomycotina (Table 8.3).

4. P450 Monooxygenases

Cytochrome P450monooxygenases are intracellu-
lar or membrane-bound enzymes belonging to a
superfamily of heme-thiolate proteins that catalyze
diverse reactions to transform xenobiotic chemi-
cals and a variety of endogenous compounds
(Sono et al. 1996; Bernhardt 2006; Isin and Guen-
gerich 2007). In general, fungal genomes carry vast
numbers of P450 genes, with up to 270 copies per
species, exceeded only by plant genomes (Suzuki
et al. 2012; Syed and Yadav 2012). In basidio-
mycetes, more expanded gene clans and families
are present than in ascomycetes and zygomycetes
(Floudas et al. 2012). While P450s were proposed
to be involved in further degradation of extra-
cellularly depolymerized lignin fragments, the
similar widespread pattern of P450s in white-rot
and brown-rot fungi as well as in ECM genomes
(Table 8.3) also supports other roles, such as con-
version of xenobiotic compounds and modifica-
tion of fungal secondary metabolites (Lundell et al.
2010). Comparison between two Phanerochaete
species revealed that P. carnosa has nearly twice
the amount of P450 genes compared to P. chryso-
sporium, which may indicate a larger substrate
range in P. carnosa (Suzuki et al. 2012). However,
transcriptome analyses in the model white- and
brown-rot fungi P. chrysosporium and P. placenta,
respectively, have demonstrated that P450 genes
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are differentially regulated in lignocellulose-
containing cultures (Martinez et al. 2009; Syed
and Yadav 2012).

5. Cellulose-Oxidizing Enzymes

In addition to lignin depolymerization, oxidative
enzymes, including cellobiose dehydrogenase
(CDH;EC1.1.99.18) andGH61enzymes, currently
described as copper-dependent polysaccharide
monooxygenases (PMOs) (Horn et al. 2012;
Žifčkov and Baldrian 2012), have recently been
shown to be important for enzymatic degradation
of cellulose and have been identified in multiple
transcriptomic andproteomic analyses (Tian et al.
2009; Vanden Wymelenberg et al. 2010; Berka
et al. 2011; Eastwood et al. 2011; MacDonald
et al. 2011). CDH is an extracellular enzyme that
oxidizes cellobiose to cellobiono-1,5-lactone and
is the only known example of a secreted flavo-
cytochrome (Zamocky et al. 2006). Typically,
only one copy of a CDH-encoding gene is found
in the genome of most wood-degrading basidio-
mycetes (Table 8.3). It is suggested tohave a role in
degradation and modification of wood polymers

via Fenton-type reaction by reducing Fe3+ to Fe2+

in thepresence ofH2O2 (Kremer andWood1992a,
b). Supporting this hypothesis, CDH has been
shown to be expressed during the growth of P.
chrysosporium on solid-state wood and cellulose
medium (VandenWymelenberg et al. 2006a; Sato
et al. 2009). Recently, synergistic action between
CDH and copper-dependent PMOs (GH61
enzymes) has been observed, indicating a role
for CDH as an external electron donor for PMOs
(Langston et al. 2011; Phillips et al. 2011a). PMOs
are present in most genomes of ascomycetes and
basidiomycetes, including white-rot and brown-
rot fungi, litter decomposers, mycorrhizal fungi,
and plant pathogens (Žifčkov and Baldrian 2012).
However, brown-rot species seem to harbor fewer
copies of GH61-encoding genes than white-rot
species (Table 8.4).

6. Oxalate-Catabolizing Enzymes

Oxalate is a common fungal metabolite that
plant-biomass-degrading basidiomycetes typi-
cally secrete to their environment in millimolar

Table 8.4. Number of putative gene models from selected CAZy families in the genomes of plant-biomass-
degrading basidiomycete fungi

White rot S Brown rot ECM
Pc Ab Cs Ad Ps Fm Ds Tv Sh Hi Sc Cc Pp Fp Cp Gt Sl Wc Dsp Lb

GHs
GH3 9 8 6 12 12 7 7 11 15 11 11 7 5 12 12 9 9 7 8 2
GH5 5 19 18 8 6 6 5 5 6 7 3 6 5 5 8 5 8 4 5 3
GH6 1 1 1 2 1 2 1 1 1 1 1 5 0 0 2 0 1 0 0 0
GH7 8 1 3 6 5 2 4 4 3 1 2 6 0 0 2 0 0 0 0 0
GH10 6 2 6 4 5 4 5 6 6 2 5 6 4 2 3 3 1 4 3 0
GH11 1 2 1 3 1 0 0 0 1 0 1 6 0 0 0 0 0 0 0 0
GH12 2 2 2 1 2 3 3 5 5 4 1 1 2 2 4 2 1 2 1 3
GH28 4 6 6 10 13 16 7 11 17 8 3 3 7 13 13 10 7 9 6 7
GH61 15 11 9 19 14 13 15 18 16 10 22 35 2 4 10 4 5 2 0 5
GH74 4 1 1 1 2 4 1 1 2 1 1 1 0 0 0 1 1 0 0 0
GH43 4 4 2 26 7 6 7 3 10 4 12 4 1 7 6 5 1 1 5 0

CEs
CE1 4 2 3 3 2 0 0 3 1 1 4 3 0 0 0 1 0 0 0 0
CE16 2 10 5 29 8 6 10 7 10 5 10 5 5 11 6 6 3 6 4 3
CE5 0 6 0 3 1 0 0 0 1 0 2 6 0 0 1 0 0 0 0 1
CE8 2 2 2 3 6 3 3 2 4 3 2 0 1 2 2 2 2 1 3 4
CE12 0 3 0 1 0 2 2 0 3 2 1 1 0 0 0 0 0 0 0 0
CE15 2 0 2 6 2 1 2 2 1 1 2 8 1 1 0 1 0 1 1 0

Based on Martin et al. (2008), Martinez et al. (2009), Ohm et al. (2010), Fernandez-Fueyo et al. (2012a), Floudas et al. (2012),

Morin et al. (2012), Olson et al. (2012)

For abbreviations, see the Table 8.3 footnote
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quantities.While oxalate apparently hasmultiple
roles in fungal nutritional strategies (Dutton and
Evans 1996), accumulating evidence suggests
that lignocellulose decay is promoted by the fun-
gal secretion of oxalic acid (Yelle et al. 2008;
Watanabe et al. 2010). A number of roles for
oxalate in plant biomass degradation have been
suggested, but functional studies are scarce. Evi-
dently, oxalate can adjust fungal extracellular pH
suitable for the activity of the plant-biomass-
modifying enzymes. In addition, it enhances the
performance of lignin-modifying peroxidases by
chelatingMn3+ ions andacts as a substrate for the
formation of H2O2 that has a central role in both
white- and brown-rot decay of wood (Shimada
et al. 1997; Urzúa et al. 1998; Varela and Tien
2003; Suzuki et al. 2006).

As oxalate is a toxic compound, regulation of
its intra- and extracellular concentration is
extremely crucial for fungi and for lignocellulose
degradation because high oxalate levels are shown
to inhibit the decomposition reactions. Therefore,
specific oxalate-converting intracellular enzymes
such as oxalate decarboxylase (ODC), oxalate oxi-
dase (OXO), and formate dehydrogenase (FDH)
are recognized as key enzymes in fungal ligno-
cellulose decay (Mäkelä et al. 2009, 2010). In addi-
tion, transcriptome and proteome studies of the
white-rot fungusP. chrysosporium and the brown-
rot fungus P. placenta showed the active role of
oxalate-degrading enzymes during fungal growth
on wood (VandenWymelenberg et al. 2006a; Sato
et al. 2007; Martinez et al. 2009).

ODC and OXO are evolutionarily closely
relatedmembers of the cupin protein superfamily,
sharing a common fold and structural motifs, but
showing different catalytic properties (decarbo-
xylase produces formate, while oxidase produces
H2O2). ODC seems to be prevalent in fungi, typi-
cally with multiple gene copies in one species,
whereas OXO is produced mainly in plants, with
only two reports on fungal OXO activity (Aguilar
et al. 1999; Grąz et al. 2009). The available genome
data also show that the primary structure of
basidiomycetous ODCs is a bicupin, thus predict-
ing that the gene models encode proteins with
decarboxylase activity. Typically, several copies
of fdh genes, although less than for odc, are also
present in one species (Mäkelä et al. unpublished
results). The reason for this gene redundancy is

not known but could point to differences in sub-
strate specificity, kinetic properties, or regulation.
In fact, the white-rot fungus D. squalens shows
differential regulation of odc and fdh genes when
grown on wood (Mäkelä et al. 2014).

C. Comparison of White-Rot and Brown-Rot
Fungi

Possibly the most striking difference between
white- and brown-rot fungi is the absence of
lignin-modifying class II heme peroxidases (LiPs,
MnPs, VPs) from the genomes of brown-rot fungi
(Table 8.3). The current data show that the com-
mon ancestor of the wood-decaying basidiomy-
cetes was a white-rot fungus from which, through
a loss of lignin-modifying enzyme-encoding
genes, the several lineages of brown-rot fungi
evolved (Eastwood et al. 2011; Floudas et al.
2012; Olson et al. 2012). In addition, some of the
basidiomycetes that have lost their lignin-
modifying peroxidases have evolved other life-
styles, like EMC symbiosis with the roots of vascu-
lar plants. Apparently, the lifestyles of plant
biomass-modifying basidiomycetes are overlap-
ping and constantly changing during evolution.

Obviously, distinct strategies for lignin decay
exist among the white-rot fungi. For instance, P.
chrysosporium has 15 lignin-modifying peroxi-
dases but no sensu stricto laccases, whereas S.
commune harbors two laccases but lacks lignin-
modifying peroxidase-encoding genes. In addi-
tion, the amount anddiversity of lignin-modifying
peroxidases varies within the different white-rot
fungal species, possibly reflecting, for example,
the selective and nonselective types of lignin
depolymerization.

Compared with the white-rot fungi, brown-
rot fungi have fewer hydrolytic CAZyme-
encoding genes. Particularly, the genomes of
brown-rot fungi almost totally lack the recalci-
trant crystalline cellulose-hydrolyzing cellobio-
hydrolases (GH6/7), with the only exceptions
being Coniophora puteana and S. lacrymans
with four and one putative genes, respectively
(Table 8.4). This further supports the nonenzy-
matic strategy of brown-rot fungi for cellulose
depolymerization. Similarly, the brown-rot gen-
omes display a reduced number of PMO- (GH61)
encoding genes when compared to white-rot
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fungi (Table 8.4; Eastwood et al. 2011), possibly
emphasizing the fundamental differences in cel-
lulose degradation between these fungi.

D. Transcriptomic and Proteomic Analyses of
Plant Biomass-Degrading Basidiomycetes

Because of the limited number of white- and
brown-rot fungal genome sequences, only
recently transcriptome and proteome studies
have given insights into the enzyme patterns
needed for plant biomass degradation by basidio-
mycetes. The first transcriptome and secretome
analyses have concentrated on the model wood-
decaying basidiomycete species, for instance, P.
chrysosporium (white rot) and P. placenta (brown
rot). More recently, a selective white-rot fungus,
C. subvermispora, was compared with P. chrysos-
porium (Fernandez-Fueyo et al. 2012b). Also,
studies with another representative of the genus
Phanerochaete, P. carnosa, have been conducted
(Mahajan andMaster 2010;MacDonald et al. 2011;
Suzuki et al. 2012). In addition to the wood-
decaying saprobes, the transcriptomes and secre-
tomes of the biotrophic plant pathogenic fungiM.
larici-populina, Puccinia graminis, and U. maydis
have been recently published (Duplessis et al.
2011; Couturier et al. 2012).

Transcriptomic and comparative genomic
studies of the first sequenced basidiomycete
species have complemented the existing bio-
chemical data on the fundamental differences
in the plant cell-wall-degrading mechanisms.
Systematic comparative studies with different
lignocellulosic substrates have shown fungal
adaptation to the carbon source by altering
transcript and secretome profiles (Vanden
Wymelenberg et al. 2011; Suzuki et al. 2012).

Comparative transcriptomic study of the
white-rot fungus P. chrysosporium and the
brown-rot fungus P. placenta have corroborated
the biochemical data that these two decay types
employ different approaches for the degradation of
plant biomass and have adapted to their specific
carbon source (Vanden Wymelenberg et al. 2011).
Intriguingly, the importance of H2O2 production
for both white- and brown-rot wood decay has
been emphasized by transcriptome and proteome
studies (Martinez et al. 2009; Sato et al. 2009; Van-

den Wymelenberg et al. 2009, 2010). The analyses
of P. placenta have pinpointed oxidases that puta-
tively generate extracellular Fe2+ and H2O2 to be
employed inFenton chemistry for cellulosedepoly-
merization, whereas the importance of glycoside
hydrolases (with and without carbohydrate-
binding modules) has been less pronounced com-
pared to the white-rot fungi characterized so far
(Martinez et al. 2009; Vanden Wymelenberg et al.
2010). However, upregulation of putative pecti-
nases (polygalacturonase and rhamnogalacturo-
nase from GH28 family) has been reported from
P. placentapine cultures, and high expression of an
endoglucanase (GH5) was detected with both
aspen and pine as carbon sources, thus suggesting
its participation in cellulose depolymerization
(Vanden Wymelenberg et al. 2011). In addition,
the demethylation of lignin by brown-rot fungi
has been reinforced by the studies, with P. placenta
showing the overexpression of MOX that possibly
uses the lignin-derived methanol to produce H2O2

(Martinez et al. 2009; Vanden Wymelenberg et al.
2010).

The comparison of different lignocelluloses
(i.e., aspen and pine) as carbon sources showed
significant induction of 13 GH-encoding genes of
P. chrysosporium during growth only on aspen
(Vanden Wymelenberg et al. 2011). Aspen as a
carbon source has also resulted in a significant
increase in the amount of transcripts and peptides
corresponding to both P. chrysosporium GHs and
oxidoreductases (Vanden Wymelenberg et al.
2010). P. chrysosporium has altogether nine
cellobiohydrolases (GH6/7) (Table 8.4) that are
expressed and produced differentially on various
carbon sources (Broda et al. 1995; Vallim et al.
1998; Vanden Wymelenberg et al. 2009; Suzuki
et al. 2010). Also, the cellulose-induced upregula-
tion of the genes encoding putative endogluca-
nases (GH5), cellobiohydrolases (GH6/7),
xylanases (GH10 and GH11), and GH61 proteins
has been detected for P. chrysosporium (Vanden
Wymelenberg et al. 2009). CDHhas been shown to
be secreted during the growth of P. chrysosporium
on solid-state wood (red oak) and cellulose
medium (Vanden Wymelenberg et al. 2005; Sato
et al. 2009), further supporting its role in wood
degradation. A recent study of the P. chryso-
sporium secretome showed that CDH and GH61
proteins are upregulated by xylan (Hori et al.
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2011), thus suggesting a role for these oxidative
enzymes also in the degradation of plant poly-
saccharides other than cellulose. Xylan promoted
the production of putative endoxylanase (GH10)
and glucuronoyl esterase (CE15) as well. In con-
trast, the addition of starch to the cellulose culture
of P. chrysosporium was shown to repress the
productionof cellulolytic andxylanolytic enzymes
(Hori et al. 2011).

Comparable patterns of extracellular GHs and
oxidative enzymes are produced by P. chryso-
sporium and a related species, P. carnosa, when
grown on spruce or cellulose (Mahajan andMaster
2010). However, at transcript level, CAZymes-
encoding genes were the most prevalent in P. chry-
sosporium wood cultures (Sato et al. 2009; Vanden
Wymelenberg et al. 2010), while lignin-modifying
peroxidase and H2O2-producing genes were most
abundantly expressed by P. carnosa (MacDonald
et al. 2011).

When the genome content of the selective
white-rot species C. subvermisporawas compared
to P. chrysosporium, which simultaneously decays
all the plant cell wall polymers, an increased num-
ber of MnP- and lipid metabolism-related genes
(desaturases) was observed in C. subvermispora.
That notion combined with the expression data
from hardwood (aspen) cultures highlighted the
importance of oxidoreductases and lipid peroxi-
dation together with reduced cellulolytic capacity
in selective lignin decay (Fernandez-Fueyo et al.
2012b).

When the secretome of a biotrophic maize pathogen U.
maydis from medium containing maize bran was ana-
lyzed, 27 % of the detected proteins were identified as
CAZymes targeting plant cell walls (Couturier et al.
2012). Compared to other pathogenic and biotrophic
fungi,M. larici-populina and P. graminis, the repertoire
of CAZymes in U. maydis was strikingly smaller
(Duplessis et al. 2011). One xylanase (GH10) and two
arabinofuranosidases (GH51 and GH62) were among
the most abundant proteins detected from U. maydis
cultures. Interestingly, 8 % of the secretome composed
of putative oxidoreductases with a potential role in
lignocellulose modification and two of the most abun-
dant proteins corresponded to putative GMC oxido-
reductases and two to GLX (Couturier et al. 2012).
In fact, U. maydis GLX has been shown to be essential
for successful maize infection (Leuthner et al. 2005).

The genome sequences of wood-decaying
basidiomycetes bear a large number of putative
extracellular oxidative enzyme-encoding genes,
some of which may also be connected to plant
biomass degradation. In addition, a set of
expressed genes and secreted proteins with
unknown function have been detected in
basidiomycete wood cultures (Sato et al. 2009;
Vanden Wymelenberg et al. 2009, 2011). These
data suggest that the whole complexity of plant
biomass degradation by basidiomycetes is yet
to be unraveled. Furthermore, detailed time
course analyses of basidiomycetes are needed
to show the possible differences in enzyme sets
between the early and later stages of plant bio-
mass degradation.

IV. Conclusions

While ascomycetes and basidiomycete fungi are
taxonomically distant, many similarities can be
observed in their approach to degrade plant bio-
mass. The type of plant polysaccharide-degrading
enzymes and the variation in the CAZyme set
encoded in their genomes is similar for asco-
mycetes and basidiomycetes and often correlates
with their biotopes. Expression of the genes
encoding plant polysaccharide-degrading
enzymes is induced by plant-biomass-related
compounds in both ascomycetes and basidio-
mycetes, and both coexpress genes related to the
same plant biomass component (see previous sec-
tions). However, significant differences are also
present, and the regulators that control this pro-
cess have been observed to be different. In asco-
mycetes, several regulators involved in plant
polysaccharide degradation have been identified
(see Sect. II.D), but homologs for these regulators
are absent in basidiomycete genomes, with the
exception of the general carbon catabolite repres-
sor CreA/CRE1 (R.B. Todd and R.P. de Vries,
unpublished results). This suggestsparallel evolu-
tion resulting in a similar regulatory system, but
based on other regulators. This hypothesis is fur-
ther strengthened by the observation that the
Zn2Cys6 class of regulators is the most dominant
class in ascomycetes (and includes all the known
plant polysaccharide-degrading activators), while
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theC2H2 regulators are themajor class in basidio-
mycetes.

A second difference is the ability to modify
lignin. White-rot basidiomycetes are particularly
efficient at this (see Sect. III), andmost studies into
lignin degradation have been performed with
these fungi. In contrast, few studies addressed
the ascomycete potential for lignin degradation,
and it is assumed that they are not able to do this
because of the absence of the lignin-modifying
peroxidases. Growth on lignin-rich carbon
sources has been observed for several ascomycete
fungi (deVries et al. unpublished results). In these
cultures, no significant lignin-modifying enzyme
activities could bemeasured, suggesting that there
may be a different mechanism for lignin modifi-
cation in these fungi.

With the availability of an increasing number
of fungal genome sequences covering the full
diversity of fungi and transcriptome and prote-
ome data sets related to plant biomass degrada-
tion, our insight in the various strategies for plant
biomass degradation by fungi and the key differ-
ences between these strategies will deepen signifi-
cantly over the coming years. This will result in
better understanding of the relation between fungi
and their biotope and aid in designing new or
improved industrial applications of fungi. Further
analysis of the genes in fungal genomes without a
characterized homolog is also likely to result in
new enzymes involved in plant biomass degrada-
tion. Recently, several new families have been
added to theCAZy system, such as a second family
of a-glucuronidases (GH115) (Chong et al. 2011)
and a family of glucuronoyl esterases (CE15) (Li
et al. 2007; Duranova et al. 2009), but more are
likely to be discovered.
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quist EA, Lucas SM, Mago R, Mauceli E, Morin E,
Murat C, Pangilinan JL, Park R, Pearson M, Quesne-
ville H, Rouhier N, Sakthikumar S, Salamov AA,
Schmutz J, Selles B, Shapiro H, Tanguay P, Tuskan
GA, Henrissat B, Van de Peer Y, Rouzé P, Ellis JG,
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K, Kües U, LaButti KM, Lapidus A, Lindquist EA,
Lucas SM,Murat C, Riley RW, Salamov AA, Schmutz
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Kües U, Lilly WW, Lindquist E, Lucas S, Magnuson
JK, Piumi F, Raudaskoski M, Salamov A, Schmutz J,
Schwarze FW, vanKuyk PA, Horton JS, Grigoriev IV,
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tion. FEBS Lett 315:119–124

Piontek K, Smith AT, Blodig W (2001) Lignin peroxi-
dase structure and function. Biochem Soc Trans
29:111–116

Piscitelli A, Giardina P, Lettera V, Pezzella C, Sannia G,
Faraco V (2011) Induction and transcriptional reg-
ulation of laccases in fungi. Curr Genomics 12:
104–112

Poulos T, Edwards S, Wariishi H, Gold M (1993)
Crystallographic refinement of lignin peroxidase
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Ruiz-Dueñas FJ, Martı́nez AT (2009) Microbial degra-
dation of lignin: how a bulky recalcitrant polymer
is efficiently recycled in nature and how we can
take advantage of this. Microb Biotechnol 2:
164–177
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I. Introduction

Filamentous fungi are of great economic
importance as a source of high-value products.
The volume and range of products include (a)
chemicals used as ingredients for the food
industry and as key building blocks for the
chemical industry; (b) secondary metabolites
such as antibiotics and statins for the pharma-
ceutical industry; (c) enzymes for large-scale
manufacturing processes, including paper and
pulp, food and feed, beverages, wine, deter-
gents, textiles, and biofuel production; and

(d) heterologous proteins, including pharma-
ceuticals for therapeutic use (Lubertozzi and
Keasling 2009; Meyer 2008). The main indus-
trial fungi include species of Aspergillus,
such as A. niger for the production of citric
acid, proteases, a-amylase and xylanase and
A. oryzae for the production of proteases,
tannases and lipases. Citric acid has been
produced by A. niger at an industrial scale
since 1923 and is now used as an ingredient
in beverages, food, cosmetics and pharmaceu-
ticals because of its acidity, flavour and chelat-
ing property (Ruijter et al. 2002). Trichoderma
reesei is a well-established host for the produc-
tion of hemicellulases and cellulases. The most
prominent industrial fungal host for secondary
metabolite production is Penicillium chryso-
genum, which has been used for production of
the b-lactam antibiotic penicillin since 1943
(Kardos and Demain 2011).

The key chalenge of the future is to
optimally and sustainably utilize industrial
fungi by maximizing production at minimal
cost, ensuring robustness and accelerating the
identification, engineering and development
of new products. In contrast to traditional
strain improvement programs comprising
repetitive cycles of mutagenesis and screening
for improved phenotypes, the postgenomic
era has now offered new concepts and tools
that facilitate knowledge-driven systematic
and targeted approaches for strain develop-
ment. Within the spectrum of -omics technol-
ogies, genome-wide transcriptional profiling
(transcriptomics) has been used most inten-
sively to investigate industrially important fila-
mentous fungi. The aim of the current chapter
is to give an overview of the recently published
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fungal transcriptomic studies by focusing on
the four main industrial cell factories: A. niger,
A. oryzae, P. chrysogenum and T. reesei. Sec-
tion II summarises the technological platforms
available for fungal transcript profiling and the
currently used approaches to cultivate filamen-
tous fungi under controlled or uncontrolled
conditions. Transcriptomics insights into the
general protein secretion machinery of filamen-
tous fungi are highlighted in Sect. III, whereas
the polymer-degrading enzymatic repertoire of
filamentous fungi and the underlying regu-
latory mechanisms are described in Sect. IV.
Section V focuses on transcriptomics studies,
analysing the metabolic versatility of filamen-
tous fungi by studying selected primary and
secondary metabolites. Section VI discusses
recent transcriptomic approaches dealing with
the identification of gene networks controlling
filamentous growth during submerged cultiva-
tion in bioreactors. Finally, Sect. VII discusses
the current status for fungal integrative data
analysis, aiming to combine all -omics levels
to reconstruct precise pictures of whole-cellular
processes.

II. Experimental Design for
Transcriptomics Analyses

A. Platforms for Transcript Profiling

The term transcriptomics describes the simul-
taneous analysis and comparison of expression
profiles of genome-wide or (very) large and
ideally unbiased gene sets. Basically, transcrip-
tomic studies can be considered as a multistep
approach divided into several steps: (a) formu-
lation of the major research question; (b)
design of the experiment by considering the
statistical power, which depends on the vari-
ance, the effect size (fold change in gene expres-
sion), and the number of replicates; (c)
conduction of the experiment followed by
rapid sampling and immediate quenching of
all cellular activity to obtain a reliable and
meaningful snapshot of the transcriptomic sta-
tus of the biological samples; (d) extraction and
analysis of RNA transcripts using an appropri-

ate platform; (e) data processing and statistical
analysis for the identification of differentially or
coexpressed gene sets; and (f) data interpreta-
tion and hypothesis generation followed by
experiments to prove or disprove the generated
hypothesis.

Although various sequencing approaches
have been developed for quantitative transcript
profiling, including serial analysis of gene
expression (SAGE), cap analysis of gene expres-
sion (CAGE), massively parallel signature
sequencing (MPSS) and RNA sequencing
(RNA-seq) using deep-sequencing technologies
(Wang et al. 2009), the vast majority of tran-
scriptomic studies in industrially important fil-
amentous fungi have relied so far on DNA
microarrays. Here, the complete set of messen-
ger RNA (mRNA) molecules present in a cell is
transcribed to complementary DNA (cDNA)
molecules, which are subsequently used for
hybridization with probes immobilized on the
surface of a microarray, which ideally repre-
sents all Open Reading Frames predicted for
the genome of interest. Basically, one can dis-
tinguish different DNA microarray platforms
based on two criteria relating to the length of
the probes and the labelling protocol (Ahmed
2006). Immobilized probes can either be oligo-
mers ranging from 25 to 60 nucleotides in
length (commercially available platforms, e.g.
Affymetrix, NimbleGen, Agilent) or spotted
cDNA molecules (usually academic platforms).
The second criterion, which is related to the
labelling and signal readout, has a strong
impact on the experimental design of the tran-
scriptomic study. In the case of two-colour
(two-channel) DNA microarray platforms, the
cDNAs prepared from two samples to be com-
pared are labelled with two different fluorescent
colours (e.g. Cy3 and Cy5). Both labelled cDNA
populations are mixed and then hybridized to a
single microarray. The relative fluorescence
intensities are then used to calculate ratio-
based intensities and to deduce gene up- or
downregulation. In one colour (one-channel)
DNA microarray platforms, however, each of
the cDNA populations is labelled with the
same molecule (e.g. biotin in the case of Affy-
metrx gene chips), and each microarray is
exposed to only one sample. Relative
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abundance-based data are then inferred and
used to calculate (differential) gene expression
levels. In addition to the fact that the one-
channel system needs twice as many microar-
rays when compared to the two-channel system
(not considering dye swap and dye switch
experimental designs), both microarray plat-
forms differ with respect to price, reproducibil-
ity, applicability and subsequent analysis, as
discussed by Ahmed (2006).

Table 9.1 summarises DNA microarray
platforms, which are currently established and
in use for transcriptomic studies of A. niger, A.
oryzae, P. chrysogenum and T. reesei. This com-
pilation implies that the individual research
groups have different preferences. Whereas
mainly the commercially available one-colour
Affymetrix platform has been used for A. niger
and P. chrysogenum, nine different platforms,
including commercial and academic ones, have
been applied for A. oryzae. In general, the deci-
sion to specifically exploit only a single one-
channel platform strongly facilitates the analy-
sis of different and independent experimental
data sets. It allows data reuse for reference
conditions (wild-type or standard growth con-
ditions) and considerably improves global nor-
malization and analysis of diverse experimental
data sets at a later time point. For example,
publically deposited microarray data have
been reused to improve the robust multiarray
analysis (RMA) preprocessing (Irizarry et al.
2003) for A. niger (Nitsche et al. 2012).

At the time of writing, the number of pub-
lished studies applying RNA-seq for transcrip-
tome profiling of industrial filamentous fungi
was limited (Delmas et al. 2012; Novodvorska
et al. 2013; Wang et al. 2010), probably because
of the high costs and the not-yet-established
pipelines for efficient data retrieval, storage
and analysis (Baginsky et al. 2010). However,
it can be expected that the number of published
RNA-seq studies will considerably increase in
the near future, as RNA-seq has several advan-
tages over microarray analyses: (a) It is not
limited to a priori DNA sequence knowledge;
(b) it has almost no background signals and no
saturation effects, thus allowing the quantifica-
tion of very low and very high abundant tran-
scripts; (c) it provides single-nucleotide

resolution, allowing the precise definition of
transcript borders and splice sites, as well as
the identification of single-nucleotide poly-
morphisms; and (d) it allows the quantification
of non-coding transcripts, even in the absence
of a reference genome (Wang et al. 2009).

An extended hybridization-based approach
for the identification of unknown or non-
coding transcripts are tiling arrays which are
designed to cover the whole-genome sequence,
including predicted coding and non-coding
regions using overlapping probes. Such tiling
arrays can also be applied for genomic hybridi-
zation analysis, for example, as shown for
(hemi-)cellulose production strains of T. reesei
(Vitikainen et al. 2010). This study has identi-
fied 44 previously uncharacterized genomic
alterations introduced by classical strain
improvement approaches. An alternative to
tiling arrays are so-called sparse arrays, which
have been described recently for T. reesei
(Arvas et al. 2010). Rather than using overlap-
ping probes to cover the complete genome, the
authors used a standard DNA microarray tar-
geting known coding transcripts and also
designed probes that scattered over predicted
intergenic regions with approximately 100
nucleotide gaps. Using this approach, 23
strongly expressed transcripts were identified,
which could represent novel genes not pre-
dicted by current gene prediction models.
This sparse array has also been used in a com-
binatorial study, which investigated the effect
of cell density and the specific growth rate on
protein production in T. reesei. Here, 16 novel
and differentially expressed genes were found
(Arvas et al. 2011).

B. Fungal Cultivation Protocols

Costs often limit the number of biological repli-
cates in transcriptome studies. This, however,
reduces the statistical power of an experiment
(1 � b; with b the false-negative rate), which is
the probability of avoiding false negatives and
hence refers to the sensitivity of an experiment.
The statistical power is inversely proportional
to the variance and directly proportional to the
sample size and the effect size, which, in the
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Table 9.1. Microarray platforms used for transcriptomic studies

Platform Specifications Reference strain References

A. niger
Affymetrix GeneChip ~14,000 probes CBS513.88 Carvalho et al. (2012)

De Bekker et al. (2011b)
Guillemette et al. (2007)
Jacobs et al. (2009)
Jørgensen et al. (2010)
Kwon et al. (2012)
Kwon et al. (2013)
MacKenzie et al. (2005)
Martens-Uzunova and Schaap (2008)
Martens-Uzunova et al. (2006)
Meyer et al. (2007)
Meyer et al. (2009)
Nitsche et al. (2012)
Pel et al. (2007)
Van de Vondervoort et al. (2007)
Van den Berg et al. (2010)
Van der Veen et al. (2009)
Yuan et al. (2007)
Yuan et al. (2008)

Agilent ~14,000 probes CBS513.88 De Souza et al. (2011)
Agilent n. i. n. i. Poulsen et al. (2012)
A. oryzae
NimbleGen ~12,000 probes RIB40 Kimura et al. (2008)

Terabayashi et al. (2012)
Affymetrix GeneChip n. i. n. i. Sakamoto et al. (2009)
Affymetrix GeneChip ~15,000 RIB40 Ohno et al. (2011)

Wada et al. (2012)
cDNA array ~2,000 probes n. i. Maeda et al. (2004)
cDNA array ~3,000 probes n. i. Masai et al. (2006)

Sakamoto et al. (2008)
cDNA array ~11,000 probes n. i. Noguchi et al. (2009)

Tamano et al. (2008)
cDNA array ~12,000 probes n. i. Imanaka et al. (2010)

Terabayashi et al. (2010)
Agilent n. i. n. i. Jin et al. (2010)
Agilent ~13,000 probes RIB40 Ogawa et al. (2010)

Ogawa et al. (2012)
A. niger, A. nidulans, A. oryzae
Affymetrix GeneChip ~44,000 probes ATCC 1015 Andersen et al. (2008b)

FGSC A4 Andersen et al. (2011)
RIB40 Andersen et al. (2009)

Coutinho et al. (2009)
Panagiotou et al. (2009)
Salazar et al. (2009)
Vongsangnak et al. (2009)
Vongsangnak et al. (2010)
Vongsangnak et al. (2011)

T. reesei
NimbleGen Sparse array n. i. Arvas et al. (2010)

Arvas et al. (2011)
Häkkinen et al. (2012)

NimbleGen ~9,000 probes n. i. Chen et al. (2012)
Karimi-Aghcheh et al. (2013)
Metz et al. (2011)
Seiboth et al. (2012)

(continued)
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case of comparative transcriptomics, is the fold
change. The multiple-hypothesis-testing prob-
lem (Sainani 2009) in transcriptome studies
and the commonly applied corrections to
adjust the false-positive rate a can result in
further reduction of the statistical power (Bour-
gon et al. 2010). Consequently, minimization of
variance is the remaining tuneable factor to
increase the power if the effect size is kept
constant. Variance is introduced during the
analytical procedures, including manufacturing
of the microarray, RNA extraction, synthesis of
labelled cDNA, hybridization and readout, as
well as during fungal cultivation and treatment.
Variance as part of the analytics (i.e. the tech-
nical variance) is largely platform dependent
and can be kept at low levels when reproducible
and standardized protocols are used by well-
trained staff. The biological variance is a sto-
chastic variation, which also can be kept at the
lowest level when the cells are cultivated under
reproducible and controlled conditions and
quick sampling protocols are used to immedi-
ately stop any metabolic activity of the cells.

Table 9.2 gives an overview of cultivation
protocols used for A. niger, A. oryzae, P. chry-
sogenum and T. reesei to obtain biomass for
transcriptomics analyses. Basically, surface
growth cultivations (solid-state fermentations

or agar plate cultures), simulating the natural
fungal habitat, and liquid cultivations
(submerged fermentations), reflecting the
majority of industrial production processes,
were used. Owing to its use as kōji-kin in tradi-
tional solid-state fermentations for the produc-
tion of Japanese food and ingredients thereof
(Murooka and Yamshita 2008), the majority of
studies applying surface growth conditions
were performed for A. oryzae. In agreement,
cultivation of A. oryzae under surface growth
conditions has been shown to result in higher
hydrolase activities when compared with
submerged cultivation (Imanaka et al. 2010).
In a similar study, Maeda et al. (2004) com-
pared gene expression profiles of A. oryzae
cultivated under submerged conditions in
glucose-rich and glucose-depleted media with
expression levels obtained for A. oryzae
cultivated under solid-state conditions with
industrial substrates such as wheat bran as
carbon sources. The data gained led to the
hypothesis that high expression of hydrolytic
genes under solid-state conditions is a conse-
quence of glucose limitation, which is causa-
tively linked to the low water activity of the
medium. Low diffusion rates of substrates
and enzymes and therefore slow release
of sugar monomers or dimers might lead to

Table 9.1. (continued)

Platform Specifications Reference strain References

Tisch et al. (2011)
cDNA array ~2,000 probes n. i. Bonaccorsi et al. (2006)
P. chrysogenum
Affymetrix GeneChip ~14,000 probes Wisconsin54-1255 Douma et al. (2011)

Gombert et al. (2011)
Harris et al. (2009a)
Harris et al. (2009b)
Hoff et al. (2010a)
Hoff et al. (2010b)
Koetsier et al. (2010)
Sigl et al. (2011)
Snoek et al. (2009)
Veiga et al. (2012a)
Veiga et al. (2012b)
Veiga et al. (2012c)

A. terreus
cDNA array ~5,000 probes NRRL1960 Li et al. (2011)
Genome fragment microarray n. i. Askenazi et al. (2003)

n. i. not indicated
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Table 9.2. Cultivation approaches

Species Research question Remarks Reference

Surface growth
A. oryzae Germination, stress tolerance Agar plate Sakamoto et al. (2009)
A. oryzae Chromosome minimization Agar plate Jin et al. (2010)
A. oryzae Sexual reproduction Agar plate Wada et al. (2012)
A. oryzae Development Agar plate Ogawa et al. (2010)
A. oryzae Secretion stress Agar plate Wang et al. (2010)
A. oryzae Spatial gene expression Agar plate (square) Masai et al. (2006)
A. oryzae Liquid vs. surface growth Agar plate and

membrane surface
Imanaka et al. (2010)

A. oryzae Stress tolerance Solid phase Sakamoto et al. (2008)
A. oryzae Non-syntenic block expression Solid phase Tamano et al. (2008)
A. oryzae Hydrolytic gene expression Solid phase Maeda et al. (2004)
A. niger Spatial gene expression Ring-plate Levin et al. (2007)
A. niger Hyphal heterogeneity Agar plate sandwich de Bekker et al. (2011a)
T. reesei Development Agar plate Metz et al. (2011)
T. reesei Development Agar plate Chen et al. (2012)
P. chrysogenum Development Agar plate Sigl et al. (2011)
P. chrysogenum NHEJ pathway Agar plate Hoff et al. (2010b)
P. chrysogenum Velvet complex Agar plate Hoff et al. (2010a)
A. niger Bacterial/fungal confrontation Agar plate Mela et al. (2011)
Shake flask
A. oryzae Proteases – Kimura et al. (2008)
A. oryzae Liquid vs. surface growth – Noguchi et al. (2009)
A. oryzae Secretion stress – Ohno et al. (2011)
A. oryzae Kojic acid production – Terabayashi et al. (2010)
A. oryzae Hypoxic stress – Terabayashi et al. (2012)
A. oryzae Secretion stress – Wang et al. (2010)
A. niger Cellulase and hemicellulase

expression
Mycelial transfer De Souza et al. (2011)

A. oryzae Carbon starvation Mycelial transfer Maeda et al. (2004)
A. oryzae XlnR regulon Mycelial transfer Noguchi et al. (2009)
A. oryzae ManR regulon Mycelial transfer Ogawa et al. (2012)
A. oryzae Liquid vs. surface growth Mycelial transfer Tamano et al. (2008)
A. niger Secretion stress – Guillemette et al. (2007)
A. niger Secretion stress – MacKenzie et al. (2005)
A. niger EST annotation – Semova et al. (2006)
A. niger Gene coexpression analysis – Van den Berg et al. (2010)
A. niger Pectin degradation Mycelial transfer Martens-Uzunova et al.

(2006)
A. niger InuR regulon Mycelial transfer Yuan et al. (2007)
A. niger Alpha-glucan active enzymes Mycelial transfer Yuan et al. (2008)
A. terreus Lovastatin production – Askenazi et al. (2003)
A. niger Plant biomass degradation – Delmas et al. (2012)
T. reesei Carbohydrate active enzymes – Häkkinen et al. (2012)
T. reesei LAE1 regulation – Karimi-Aghcheh et al. (2013)
T. reesei Light responsiveness – Tisch et al. (2011)
Bioreactor
A. niger pH response Batch Andersen et al. (2009)
A. niger Strain comparison Batch Andersen et al. (2011)
A. niger Secretion stress Batch Carvalho et al. (2012)
A. niger Morphology Batch Kwon et al. (2013)
A. niger Antifungals, morphology Batch Meyer et al. (2007)
A. niger Morphology Batch Meyer et al. (2009)
A. niger Carbon starvation Batch Nitsche et al. (2012)
A. niger pH response Batch and chemostat Poulsen et al. (2012)
A. niger Gene coexpression analysis Batch van den Berg et al. (2010)

(continued)
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derepression of hydrolase genes and therefore
high expression levels on solid medium.

Syntenic analysis of A. oryzae, A. nidulans
and A. fumigatus has shown the presence of
syntenic and non-syntenic blocks distributed
across the genome of A. oryzae (Machida et al.
2005). Interestingly, Tamano et al. (2008) have
demonstrated that A. oryzae genes present in
non-syntenic blocks (regions specific for A. ory-
zae), including those encoding secreted hydro-
lases, were specifically upregulated during solid-
state cultivations, whereas genes present in syn-
tenic blocks were not. As proposed by the
authors, such global transcriptional trends
could potentially hint at epigenetic regulatory
mechanisms, which might be important for
growth of A. oryzae on solid substrates.

Low diffusion rates in surface cultures
result in gradients, which in turn induce spatial
differentiation and zonal gene expression as
observed for A. oryzae (Masai et al. 2006) and
A. niger (Levin et al. 2007). It is assumed that
substrate depletion in the central part of the
mycelial colony in combination with exposure
of hyphae to air induces asexual development.
Conidiation has been studied by transcript
profiling of P. chrysogenum (Sigl et al. 2011),
A. oryzae (Ogawa et al. 2010), A. niger
(Jørgensen et al. 2010; Nitsche et al. 2012) and
T. reesei (Metz et al. 2011). The expression data
have provided additional evidence for the con-
servation of the central regulatory pathway,
which includes the transcription factor BrlA in
A. nidulans, P. chrysogenum, A. oryzae and

Table 9.2. (continued)

Species Research question Remarks Reference

A. niger Analysis of variance Batch van der Veen et al. (2009)
A. niger Secretion stress Chemostat Guillemette et al. (2007)
A. niger Secretion stress Chemostat Jørgensen et al. (2009)
A. niger Secretion stress Chemostat Kwon et al. (2012)
A. niger Protein production Fed batch Jacobs et al. (2009)
A. niger General gene expression Fed batch Pel et al. (2007)
A. niger Carbon starvation Retentostat Jørgensen et al. (2010)
A. niger, A. oryzae,

A. nidulans
Xylose utilization Batch Andersen et al. (2008b)

A. niger, A. oryzae,
A. nidulans

Glycerol utilization Batch Salazar et al. (2009)

A. oryzae, A. niger Plant polysaccharide degradation Batch Coutinho et al. (2009)
A. oryzae, A. niger Maltose utilization Batch Vongsangnak et al. (2009)
A. oryzae Secretion stress Batch Vongsangnak et al. (2011)
A. tereus Itaconic acid production Batch Li et al. (2011)
P. chrysogenum Degeneration of penicillin

production
Chemostat Douma et al. (2011)

P. chrysogenum Oxalacetase and oxalate formation Chemostat Gombert et al. (2011)
P. chrysogenum Phenylacetic acid metabolism Chemostat Harris et al. (2009a)
P. chrysogenum Adipic acid metabolism Chemostat Harris et al. (2009b)
P. chrysogenum Adipic acid activation Chemostat Koetsier et al. (2010)
P. chrysogenum NHEJ pathway Chemostat Snoek et al. (2009)
P. chrysogenum Phenylacetic acid metabolism Chemostat Van den Berg et al. (2008)
P. chrysogenum Engineering b-oxidation Chemostat Veiga et al. (2012a)
P. chrysogenum Velvet complex Chemostat Veiga et al. (2012b)
P. chrysogenum Phenylalanin metabolism Chemostat Veiga et al. (2012c)
T. reesei Secretion stress Batch and chemostat Arvas et al. (2006)
T. reesei Protein production Chemostat Arvas et al. (2011)
T. reesei Secretion stress Chemostat Arvas et al. (2010)
T. reesei Hypoxic stress Chemostat Bonaccorsi et al. (2006)
T. reesei Catabolite repression Chemostat Portnoy et al. (2011)
T. reesei Expression of hydrolases Fed batch Foreman et al. (2003)

NHEJ Non-homologous end-joining pathway
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A. niger. Furthermore, the transcriptional regu-
lator StuA has been shown to link conidiation
and asexual development in P. chrysogenum
(Sigl et al. 2011). Besides conidiation, nutrient
limitation generally induces transcription of
proteases and glycosyl hydrolases in A. niger
(Jørgensen et al. 2010; Nitsche et al. 2012), and
(hemi-)cellulases in T. reesei (Metz et al. 2011).

Submerged cultivation of filamentous
fungi can be realized in shake flasks or in
stirred-tank reactors. The latter are technically
sophisticated and allow precise control and
monitoring of the physiological state of the
cultures, including temperature, pH, dissolved
oxygen tension and off-gas composition.
Online analysis and control of physiological
data help to considerably improve the reliabil-
ity of replicate cultures, thus improving the
reproducibility of transcriptomics data. As
opposed to shake flasks, sampling can be syn-
chronized for replicate cultures based on phys-
iological parameters, including titrant addition,
dissolved oxygen or off-gas composition
(Hrdlicka et al. 2004; Nitsche et al. 2012). Still,
a considerable number of fungal cultivations
are performed in shake flasks (Table 9.2), prob-
ably due to the high investment cost for bior-
eactors, the requirement for trained staff and
the experimental complexity. Under certain cir-
cumstances, though, the lower reproducibility
of shake flask cultivations can be ignored for
transcriptomics analyses. For example, if one is
only interested in the identification of major
transcriptional trends, that is, the identification
of genes displaying large fold changes (effect
size) in their expression levels. Mycelial trans-
fer is an experimental design commonly
applied in many shake flask setups. It describes
the transfer of mycelial biomass harvested from
a preculture into new media containing, for
example, an alternative growth-limiting carbon
source.

Besides ensuring highly reproducible culti-
vation conditions, bioreactor technology
allows continuous cultivations of filamentous
fungi, including chemostat and retentostat pro-
tocols. With chemostat cultivations, the spe-
cific growth rate of different strains can be
controlled using the dilution rate, thereby

allowing the analysis of product formation
or stress responses at defined specific growth
rates (Table 9.2). Thus, direct physiological
responses related to the treatment itself can be
decoupled from global physiological responses
related to differences in the specific growth
rate. Furthermore, the steady-state condition
achieved during chemostat cultivation confers
time independence and allows repetitive har-
vesting of identical biological samples. Chemo-
stat cultivations have been used to elucidate the
effect of the cell density on the specific protein
production rate in T. reesei. Here, a combinato-
rial experimental design was followed that
included two specific growth rates (0.03 h�1

and 0.06 h�1) and two different substrate con-
centrations (10 and 40 gL�1) (Arvas et al. 2011).
Correlation analysis has shown that the expres-
sion of genes involved in major biosynthetic
functions correlated negatively with the specific
protein production rate. An efficient protein
production at low specific growth rates can be
explained by the fact that the energy is primar-
ily used for protein biosynthesis. The authors
have hypothesised that protein production is
regulated by the flux through upper glycolysis
or the citric acid cycle, which in turn is con-
trolled by growth rate and cell density.

Retentostat cultivations are carbon-limited
chemostat cultivations with cell retention and
lead to a biomass-specific carbon and energy
limitation over time that eventually adjust
extremely low specific growth rates approaching
nearly zero (Jørgensen et al. 2010). As shown for
A. niger, retentostat cultivations represent a well-
suited alternative for surface growth conditions
as they can be used to stimulate asexual devel-
opment under submerged conditions. Hence, the
underlying genetic network controlling spore
formation and its link to secondary metabolism
can for the first time be studied under defined
and reproducible conditions. It has further been
shown that retentostat cultivation might be an
interesting tool to specifically produce small
cysteine-rich secreted proteins, as the transcrip-
tomic data of A. niger cultivated under retento-
stat conditions indicated an adaptation of
A. niger and its secretion machinery to such
proteins (Jørgensen et al. 2011).
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III. Filamentous Fungi as Cell Factories
for Enzyme Production

Owing to their saprophytic lifestyle, filamen-
tous fungi like A. niger, A. oryzae, A. terreus
and T. reesei have high secretion capacities,
which is exploited for the production of indus-
trially important hydrolases. The classical
secretory route for extracellular proteins starts
with their translocation into the endoplasmic
reticulum (ER) via a transmembrane protein
complex, referred to as the translocon
(Römisch 1999). Inside the ER, folding of pro-
teins takes place with the help of chaperones
and foldases, including the protein disulfide
isomerase PdiA, the binding protein BipA and
calnexin (ClxA) (Määttänen et al. 2010). During
their traffic through the ER, most proteins
become glycosylated (van den Brink et al.
2006), whereby oligomeric sugars become
attached either to asparagine (N-glycosylation)
or to serine/threonine (O-glycosylation) resi-
dues. Proteins leave the ER in COPII-coated
vesicles and are transported to the Golgi com-
plex, where they undergo additional posttrans-
lational modifications before being packed into
vesicles that finally fuse with the cytoplasmic
membrane at the hyphal tip to release the pro-
teins into the medium (Taheri-talesh et al. 2008;
Wösten et al. 1991).

A. Secretion Stress

The expression of heterologous proteins or
overexpression of homologous proteins can
lead to an overload of the ER and an accumula-
tion of misfolded proteins. To counteract this
and to prevent cell death, two conserved
mechanisms have been evolved in eukaryotes,
which have been excellently reviewed by Määt-
tänen et al. (2010). In brief, the unfolded pro-
tein response (UPR) induces expression of
foldases and chaperones to facilitate proper
protein folding, whereas the ER-associated deg-
radation (ERAD) pathway targets misfolded
proteins to the cytosol for proteasome-
mediated degradation. An additional cellular
strategy has been recently suggested for

A. niger and T. reesei based on the observation
that expression levels of certain endogenous
secretory proteins decrease under secretion
stress conditions. This phenomenon is referred
to as repression under secretion stress (RESS)
and has been first described for T. reesei
(Pakula et al. 2003; Saloheimo and Pakula
2012) and similarly proposed for A. niger
(Carvalho et al. 2012; Kwon et al. 2012). Based
on the transcriptomic signatures obtained
for A. niger forced to overexpress proteins
or stressed with compounds inhibiting the
function of ER-resident proteins, it has been
speculated that A. niger attempts to avoid
overload of the secretory machinery by tran-
scriptionally downregulating those genes whose
function is less important for growth and
survival under a given circumstance (Carvalho
et al. 2012; Kwon et al. 2012).

Several approaches have been followed
to induce and study secretion stress in fila-
mentous fungi, including treatment with
ER-specific stress agents, the introduction
of specific mutations or overexpression of
homologous and heterologous proteins. Stress
agents that have commonly been used to pro-
voke secretion stress in filamentous fungi
include dithiothreitol (DTT), a reducing com-
pound that prevents the formation of disulfide
bridges, and tunicamycin, which inhibits
N-glycosylation of secretory proteins. One such
example is the study by Guillemette et al. (2007),
who treated A. niger with DTT and tunicamycin
in shake flask cultures to uncover its genome-
wide transcriptional responses to secretion
stress. Among the strongly induced genes were
genes predicted to encode proteins functioning
in the secretory route such as foldases (e.g.
PdiA) and chaperones (e.g. BipA). In parallel,
expression levels of several secreted proteins
were downregulated, hinting at the RESS phe-
nomenon. In a similar study, Wang et al. (2010)
used DTT to induce and investigate ER stress in
A. oryzae when cultivated under submerse and
solid-state conditions. The transcriptomic
response of A. oryzae was captured using RNA-
seq, which revealed that more UPR target genes
were upregulated by DTT when A. oryzae was
cultivated under solid-state conditions in com-
parison to submerged cultivation. It was pro-
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posed that the UPR is more efficient under sur-
face growth than during submerged cultivation,
suggesting that the UPR of A. oryzae
constitutes a culture-condition-dependent bio-
logical process. Considering the generally
increased hydrolase expression and activities
under surface growth conditions of A. oryzae
(Imanaka et al. 2010; Maeda et al. 2004), these
observations suggest the UPR can be considered
as a homeostatic cellular mechanism that allows
the fungus to adapt the capacity of its secretory
route to the environmental condition. In agree-
ment, chemostat-based cultivation of A. niger
at identical growth rates but on two different
carbon sources (maltose and xylose) revealed
that about 90 secretory pathway genes, including
UPR and ERAD genes, were expressed more
when maltose was used as a carbon source,
resulting in a three times higher biomass-
specific protein production rate (Jørgensen
et al. 2009). Overall, these observations suggest
that filamentous fungi are able to flexibly adapt
the protein flux to the actual present capacity of
their secretory machinery, thereby preventing
protein overload and potential detrimental
effects risking cell survival.

An integrative systems biology approach
has been followed to identify possible limiting
steps for a-amylase production by a global
transcriptomic comparison of bioreactor batch
cultures of A. oryzae wild-type and a-amylase
overproduction strains. The transcriptomic data
have been integrated with putative (orthology-
based) protein-protein interactions, metabolic
networks and flux calculations, leading to the
identification of reporter metabolites and targets
in gene expression regulation. Besides identi-
fication of the UPR-specific transcriptional fac-
tor HacA as an important regulatory protein
in response to the a-amylase overexpression,
amino acid starvation and Gcn2p/CpcC-
mediated cross-pathway control of amino acid
biosynthesis have also been suggested to be
important for improved a-amylase production.
For A. niger, Kwon et al. (2012) determined the
transcriptomic fingerprint of glycoamylase over-
expression in a chemostat setting where the ref-
erence and the overproducing strain were
cultivated at identical specific growth rates. The
physiologically well-defined steady-state condi-

tions allowed the identification of about 1,500
differentially expressed genes by applying
an extremely strict cutoff for the statistical sig-
nificance (false discovery rate, FDR <0.005).
FetGOat (Fisher’s exact text Gene Ontology
annotation tool; http://www.broadinstitute.org/
fetgoat/index.html; Nitsche et al. 2011) was
used for enrichment analyses of Gene Ontology
terms (Ashburner et al. 2000) and identified four
higher-order categories that were upregulated in
the glucoamylase overexpressing strain: ER
translocation, protein glycosylation, vesicle
transport and ion homeostasis. In total, 130
genes were predicted to directly function in pro-
tein secretion.

A common strategy to overcome bottle-
necks in heterologous protein secretion and
to improve the production of heterologous pro-
teins is their fusion to a homologous secreted
carrier protein (Gouka et al. 1997; Tsuchiya and
Nagashima 1994). In A. oryzae, a comparative
transcriptomic study has been conducted com-
paring the gene expression profiles of strains
expressing carrier-fused and non-carrier-fused
bovine chymosin to a non-expressing control
strain. Concomitantly with a twofold increase
of extracellular chymosin compared to the non-
carrier-fused protein, the carrier-fused protein
accumulated intracellularly and significantly
induced transcription of UPR genes. Expres-
sion of the non-carrier-fused chymosin, how-
ever, only slightly induced UPR genes (Ohno
et al. 2011). A search for lead genes most impor-
tant for strengthened protein production has
been followed for A. niger (Jacobs et al. 2009).
The authors assumed that genes being coregu-
lated at both the transcriptome and the prote-
ome levels constitute key candidates for strain
improvements. Furthermore, the authors made
a distinction between overexpression of homol-
ogous and heterologous proteins. Although
both challenge the folding capacity of the secre-
tion machinery, it is more likely a quantitative
challenge in the case of homologous proteins
but a quantitative and qualitative one in the
case of heterologous proteins. Coregulation on
the transcriptome and proteome levels has been
shown for genes/proteins involved in protein
folding and responses to reactive oxygen spe-
cies. A b-glucuronidase reporter strain has
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been applied to validate two leads, demonstrat-
ing that doaA deletion in combination with
sstC overexpression can indeed increase
b-glucuronidase production (Jacobs et al.
2009).

The regulatory mechanisms controlling
UPR induction are well conserved in eukar-
yotes, and the central role of the transcription
factor HacA is well established in yeast
(Sidrauski and Walter 1997), filamentous
fungi (Guillemette et al. 2007; Mulder et al.
2006; Ohno et al. 2011; Valkonen 2004) and
mammalian cells (Calfon et al. 2002). Activa-
tion of HacA is mediated by splicing of a small
unconventional intron from the hacA mRNA,
which normally prevents its own translation.
Carvalho et al. (2012) applied this knowledge
to generate a defined A. niger mutant that car-
ried a hacA gene at its endogenous locus that
lacked the intron sequence thus being constitu-
tively expressed. Bioreactor-based comparative
transcriptomics clearly demonstrated a con-
certed induction of HacA target genes and of
genes predicted to function in protein glycosyl-
ation, phospholipid biosynthesis, protein trans-
port and exocytosis in the constitutively active
HacA strain. Most interestingly, this activation
was paralleled by downregulation of genes
belonging to the AmyR regulon, providing an
additional hint to the RESS phenomenon. For a
condition-independent view of how A. niger
ensures high-level secretion on the transcrip-
tional level, Kwon et al. (2012) compared the
transcriptomic data set of several independent
studies performed with A. niger: (a) the GlaA
overexpression transcriptome (Kwon et al.
2012), (b) the maltose versus xylose chemostat
transcriptome (Jørgensen et al. 2009), (c) the
constitutively active HacA transcriptome
reflecting permanent activation of UPR (Car-
valho et al. 2012), and (d) three UPR stress
transcriptomes obtained from A. niger when
stressed with DTT or tunicamycin or forced to
express a heterologous protein (Guillemette
et al. 2007). This comparative transcriptomic
analysis uncovered a core set of 40 genes
whose expression is crucial for A. niger to
cope with secretion stress. This gene set
includes ER chaperones and foldases (prpA,
clxA, lhs1, pdiA, bipA, tigA); genes important

for translocation of secretory proteins into the
ER (sec63, sec11, sss1, spc3, sec71); and genes
important for protein glycosylation and COPII-
based vesicle trafficking (Kwon et al. 2012).

B. Proteolysis

The efficient proteolytic machinery of filamen-
tous fungi may be considered as advantageous
or disadvantageous, depending on the context.
Secreted proteases themselves are commer-
cially attractive products that are industrially
produced by filamentous fungi for food appli-
cations or as biocatalysts; however, their activ-
ities seriously limit the yield of homologous or
heterologous proteins because of product deg-
radation (Archer and Peberdy 1997). Extracel-
lular proteases account for approximately 1 %
of the predicted genes of A. oryzae (Machida
et al. 2005), and their expression often coin-
cides with nutrient limitations as shown for A.
niger (Nitsche et al. 2012). Knowledge of the
transcriptomic or proteomic profiles of
nutrient-limited growth phases is extremely
valuable for the identification of proteases
whose deletions might result in improved prod-
uct yields. For example, transcriptomic
profiling of 132 predicted proteases of A. oryzae
helped to identify the nptB gene encoding a
neutral protease II as a potential target. Its
deletion indeed improved human lysozyme
production in A. oryzae (Kimura et al. 2008).
This transcriptomic data set was further
exploited for the prediction of meaningful dele-
tions of protease genes. Eventually, a quintuple
protease disruption strain of A. oryzae was
generated that displayed 30 % improved lyso-
zyme production (Yoon et al. 2009). In addition
to the extracellular proteases, cytoplasmic and
vacuolar protein degradation has been sug-
gested to be a bottleneck for secreted enzyme
production (Jacobs et al. 2009); however, this
has not been proven experimentally so far.

C. Hyphal Heterogeneity

Heterogeneity of mycelial cultures is a well-
known phenomenon. Fluorescently labelled
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reporter strains have demonstrated the existence
of two hyphal subpopulations in the context of
protein secretion. One subpopulation is actively
secreting proteins, while the other is not (Vinck
et al. 2005, 2011). It is thus conceivable that the
productivity of a certain process could be
improved by increasing the fraction of actively
secreting hyphae. Interestingly, heterogeneity
within isogenic microbial populations has been
discussed as an evolvable trait contributing to
the survival of environmental stress conditions
(Veening et al. 2008). However, because of tech-
nical challenges (i.e. the availability of single-cell
analytics), respective single-cell transcriptome
studies of microbes have not been published so
far. Still, the recently published method for
single-cell transcriptomics by de Bekker et al. is
an important milestone towards understanding
heterogeneity of hyphal gene expression (de
Bekker et al. 2011a).

IV. Filamentous Fungi and Plant
Biopolymer Degradation

In their natural habitats, filamentous fungi are
confronted with homopolymeric (e.g. starch and
cellulose) or heteropolymeric (e.g. pectin, hemi-
cellulose and lignin) carbon sources of plant
origin. The versatile spectrum of secreted hydro-
lases required for breakdown of these plant bio-
polymers constitutes a valuable collection of
industrially exploitable enzymes for the food
industry (e.g. amylases and pectinases) and bio-
fuel production (e.g. lignocellulolytic enzymes).
Unlike starch-based first-generation feedstocks,
second-generation feedstocks (i.e. waste plant
biomass) do not compete with food or feed sup-
ply, are cheaper, and contribute to environmen-
tally friendlier bioprocesses (Rumbold et al.
2009). For example, bioethanol production in
Brazil relies so far exclusively on first-generation
sugarcane feedstocks (sucrose extracted from
sugarcane), and it has been calculated that the
use of sugarcane waste for bioethanol produc-
tion would reduce the required agricultural land
by up to 38 % (de Souza et al. 2011).

Transcriptional regulation of fungal plant
cell-wall-degrading enzymes has been reviewed

comprehensively by Aro et al. (2005). In brief,
expression of genes encoding secreted hydro-
lases is either subjected to CreA-mediated car-
bon catabolite repression or is induced by
carbon-specific transcription factors, including
AmyR (activator of amylolytic genes) and XlnR
(activator of [hemi-]cellulolytic genes) (Tsuka-
goshi et al. 2001). Carbon catabolite repression
in T. reesei has been studied by genome-wide
transcriptional profiling applying a chemostat-
based combinatorial design (Portnoy et al.
2011). CreA wild-type and deletion strains
have been propagated at high (0.07 h�1; repres-
sing) and low (0.0025 h�1; non-repressing) spe-
cific growth rates, leading to the identification
of 250 differentially expressed genes. Clustering
defined gene sets repressed (47 %) and induced
(29 %) by CreA as well as those regulated inde-
pendently of CreA (17 %). This study showed
that carbon catabolite repression predomi-
nantly affected the uptake of (nitrogenous) sub-
strates into the cell. Only a minority of the
carbohydrate active enzymes were induced in
the DcreA strain, indicating that CreA affects
their induction rather than their basal expres-
sion levels (Portnoy et al. 2011).

XlnR-mediated regulation is partly con-
served in filamentous fungi, as demonstrated
by a trispecies microarray analysis for A. nidu-
lans, A. niger and A. oryzae (Andersen et al.
2008b). A set of 23 xylose-responsive genes is
conserved across these aspergilli and in situ
promoter analysis uncovered a conserved XlnR
motif for 22 of the induced genes. These data
provided evidence that xylose is sensed as an
inducer molecule for the presence of (hemi-)
cellulose in the environment (Andersen et al.
2008b). The regulatory role of XlnR was also
investigated in A. oryzae by comparative
genome-wide expression profiling of strains
overexpressing or lacking XlnR (Noguchi et al.
2009). XlnR overexpression led to an increase of
extracellular xylanolytic and cellulolytic activ-
ities and enhanced transcription of 75 genes
when compared with the xlnR deletion strain.

The three-species microarray approach has
also been used to study conserved transcrip-
tional responses of A. niger and A. oryzae
when subjected to maltose, the inducer mole-
cule of AmyR and amylolytic gene expression
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(Vongsangnak et al. 2009). This study showed
differences in the response to maltose between
the two species. For A. oryzae, 16 differentially
expressed genes were identified, whereas for
A. niger, no gene showed statistically significant
differential expression.

Maltose utilization in A. oryzae has been
suggested to involve the MAL gene cluster,
which encodes a maltose permease, a maltase
and a cluster-specific transcription factor. For
A. niger, however, no such MAL gene cluster is
present in its genome, suggesting that maltose
utilization in A. niger depends on extracellular
cleavage of maltose and subsequent uptake of its
glucose monomers, instead of intracellular malt-
ose degradation as proposed for A. oryzae. Fur-
ther insights into the physiology of A. niger
during maltose and xylose utilization has been
provided by a chemostat-based transcriptomic
study by Jørgensen et al. (2009). Here, the tran-
scriptomic fingerprint clearly demonstrated
induced expression of AmyR-dependent amylo-
lytic genes and XlnR-dependent genes, respec-
tively. Microarray-based transcriptional
profiling in combination with functional geno-
mics studies also helped to identify InuR as a
transcriptional activator of inulinolytic genes in
A. niger and ManR as a transcriptional activator
of genes important for b-mannan utilization in
A. oryzae (Ogawa et al. 2012; Yuan et al. 2007).

The genomes of T. reesei and A. niger have
been screened for the presence of predicted
putative carbohydrate active enzymes. Overall,
228 and 281 enzymes belonging to more than 60
different families as defined by the Carbohy-
drate Active Enyzme database have been anno-
tated in both fungi (Cantarel et al. 2009; Delmas
et al. 2012; Häkkinen et al. 2012). Which of
those predicted hydrolases function in
response to complex lignocellulose-related sub-
strates is largely unknown. To obtain a glimpse
of the polymer-degrading potential of A. niger,
De Souza et al. (2011) performed mycelial
transfer experiments to uncover genes impor-
tant for the degradation of sugarcane bagasse.
Using microarrays in combination with a secre-
tome analysis, it was demonstrated that more
than half of the predicted cellulases and hemi-
cellulases were highly expressed during growth
on sugarcane bagasse. The lignocellulose-

degrading potential of A. niger has been studied
using RNA-seq by Delmas et al. (2012). Mycelia
of A. niger were transferred from glucose
medium to wheat straw, to which additional
glucose was added after some time of cultiva-
tion. Comparative RNA-seq profiles determined
prior to the transfer and before and after glucose
addition allowed the identification of genes
under general starvation control, substrate-
specific regulation and CreA-mediated carbon
catabolite repression, respectively. This study
led to two interesting findings. Firstly, about
20 % of the total mRNA of A. niger was encoding
known or predicted plant cell-wall-degrading
enzymes when the fungus was cultivated on
wheat straw, demonstrating not only the power
but also the investment cost of A. niger to utilize
complex plant polymers. Secondly, A. niger
secretes a broad spectrum of different hydrolytic
enzymes into the environment when encounter-
ing carbon starvation. These enzymes suppo-
sedly act as scouts testing for the presence of
polysaccharides in the environment. By liberat-
ing inducing sugars, the subsequent induction of
the majority of hydrolases becomes triggered
(Delmas et al. 2012).

The lignocellulolytic degradation potential
of T. reesei has also been analysed using
microarray-based transcriptomics. In doing
so, T. reesei was cultivated on bagasse, wheat
straw, spruce, xylan and cellulose (Häkkinen
et al. 2012). Of the 228 predicted carbohydrate
active enzymes, 179 were induced by at least
one of the substrates tested. Hemicellulosic
substrates induced the largest fraction of
hydrolases, in contrast to cellulosic substrates.

An example demonstrating how transcrip-
tomics can be used to predict the functions
of genes has been given by Yuan et al. (2008).
The authors extended the collection of pre-
dicted a-glucan active enzymes (which belong
to the same glycosyl hydrolase families as those
required for starch breakdown) using a hidden
Markov model and predicted their functions
by phylogenetic clustering and microarray
analysis of wild-type and DamyR strains
grown on xylose and maltose. Interestingly,
most of the 17 newly presumptive a-glucan
active enzymes were not predicted to function
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in starch degradation but rather in fungal cell
wall remodelling or protein glycosylation.

Pectin is another heterogeneous and abun-
dant plant polymer (~30 % of total cell wall)
that can be used as a carbon source during
fungal fermentation. Its degradation requires a
diverse set of enzymes, many of which are
industrially produced by A. niger. Genome
sequencing uncovered the inventory of its pec-
tinolytic system, and mycelial transfer experi-
ments combined with microarray-based
transcriptomics were used to study the pectin
degradation network of A. niger. Based on its
transcriptomic fingerprint when cultivated on
sugar-beet pectin, on its main monomeric
(galacturonic acid, rhamnose, xylose) and poly-
meric (polygalacturonic acid) constituents or
on non-repressing (sorbitol) and repressing
(fructose) carbon sources (Martens-Uzunova
and Schaap 2009; Martens-Uzunova et al.
2006; Pel et al. 2007), a conserved galacturonic
acid catabolic pathway and a phylogenetically
conserved promoter motif were identified, sug-
gesting the existence of a specific pectinolytic
regulator in A. niger (Martens-Uzunova and
Schaap 2008).

V. Filamentous Fungi as Hosts
for Metabolite Production

Filamentous fungi are not only extraordinary
producers of secreted proteins but also are
exploited in biotechnology as efficient cell fac-
tories for the production of primary and sec-
ondary metabolites such as citric acid (using A.
niger) and penicillin (using P. chrysogenum).
Genome-wide metabolic models have been
shown to be an excellent tool to improve
metabolite production, and a few examples are
discussed in this section. These models can be
used to calculate maximal theoretical yields,
identify putative bottlenecks and generally
facilitate the interpretation of transcriptomic
data to identify targets for strain engineering
(Andersen et al. 2008a). Besides, genome-wide
metabolic models and flux calculations can also
be used to study protein expression, as exem-
plarily shown for glucoamylase in A. oryzae,

where it was predicted that its overexpression
results in cellular shortage of four amino acids
(Vongsangnak et al. 2011).

A. Primary Metabolites

Industrial citric acid production with A. niger is
an extremely efficient process, yielding up to
95 g citric acid per 100 g sugar (Karaffa and
Kubicek 2003). Although such yields can only
be achieved with highly optimized production
strains under optimal conditions, they are
based on the naturally high capacity of
A. niger to produce organic acids such as oxalic
acid, gluconic acid and citric acid. A. niger can
grow over a wide range of ambient pH (<2 and
>8), whereby different pH values affect its
organic acid profile of A. niger (Andersen
et al. 2009; Hesse et al. 2002). To gain insights
into the molecular basis of this regulatory
mechanism, Andersen et al. (2009) conducted
an integrative transcriptomic study by compar-
ing expression profiles of A. niger when
cultivated at three different pH values (2.5, 4.5
and 6). Clustering of genes with similar expres-
sion profiles led to the prediction of several
putative transcription factor binding sites,
among which was the A. nidulans PacC consen-
sus sequence. In addition, genome-scale meta-
bolic modelling provided evidence that citric
acid and oxalic acid production have evolved
as efficient acidification traits, while gluconic
acid production has not. In a follow-up study
by Poulsen et al. (2012), a set of knockout
strains of putative pH-responsive transcription
factors was generated, which helped to identify
the oxalic acid repression factor OafA. Deletion
of oafA led to an 87 % increase of oxalic acid,
and a chemostat-based comparative transcrip-
tomic analysis of the deletion strain and its
isogenic wild-type identified 241 differentially
expressed genes at pH 5. Altogether, the inte-
gration of transcriptomic and physiological
data indicated that reuse of gluconic acid
resulted in an increased flux through the glyco-
lytic but not through the pentose phosphate
pathway, thus explaining enhanced oxalic acid
production by A. niger when depleted for OafA
(Poulsen et al. 2012).
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Itaconic acid is a multifunctional organic
acid that is exploited by the chemical industry
as a building block for the production of plastics
and synthetic fibres. It is currently produced by
A. terreus at suboptimal yields, reaching only
about 40 % of its theoretical maximum (Li
et al. 2011). Interestingly, citric acid is a precur-
sor for itaconic acid, which is not naturally pro-
duced by A. niger. Li and coworkers (2011) thus
aimed to engineer A. niger as producer of itaco-
nic acid by modification of its citric acid biosyn-
thetic pathway. The authors used cDNA
microarrays to identify A. terreus genes impor-
tant for low and high itaconic acid levels and
used the deduced gene set to predict candidate
genes potentially involved in itaconic acid
metabolism of A. niger. Constitutive expression
of a candidate gene of A. terreus (cis-aconitate
decarboxylase) in A. niger resulted indeed in
itaconic acid production – although only at low
levels, but demonstrating a proof of concept of
this approach.

B. Secondary Metabolites

Only three enzymes are required for the synthe-
sis of a secondary metabolite that has revolu-
tionized medicine: penicillin G (Fleming 1929).
Classical strain improvement and metabolic
engineering of P. chrysogenum considerably
increased the yields of penicillin and its deriva-
tive cephalosporin (Thykaer and Nielsen 2003).
Shortly after publication of the P. chrysogenum
genome sequence (Berg et al. 2008), a number
of chemostat-based transcriptomic studies
were published aiming to understand the
molecular basis of penicillin production. Two
independent chemostat-based studies were per-
formed to identify genes important for high-
level b-lactam biosynthesis and to understand
the cellular fate of the fed side chains phenyla-
cetic acid (PAA) and adipic acid (ADA) (Harris
et al. 2009a, b). Basically, fed side chains can
either become incorporated into the b-lactam
intermediate or become catabolized by P. chry-
sogenum for energy generation. Penicillin-
producing strains and non-producing control
strains were cultivated in chemostats, in both
the presence or the absence of the respective

side chain. PAA feeding resulted in transcrip-
tional induction of the homogentisate pathway,
which is thus a likely candidate route for PAA
catabolism. The expression data also suggested
that the amino acid pools drain during penicil-
lin G production (Harris et al. 2009a). Similarly,
the transcriptomic data suggested that most of
the fed ADA becomes catabolised via b-oxida-
tion instead of being used for cephalosporin
synthesis (Harris et al. 2009b). Veiga et al.
(2012a) have therefore deleted two genes of
the b-oxidation pathway (a mitochondrial
acyl-CoA [coenzyme A] oxidase and a peroxi-
somal acyl-CoA dehydrogenase) and could
thereby improve cephalosporin yields by a fac-
tor of 1.6 and 3.7, respectively. In another
study, the importance of an acyl-CoA ligase
for incorporation of ADA into the b-lactam
ring was demonstrated. The respective gene
was identified through comparative transcrip-
tomics of P. chrysogenum chemostat cultures,
which were fed with different side chains (ADA,
PAA and without). Deletion of the predicted
candidate gene caused a significant drop in
ADA consumption and cephalosporin produc-
tion but did not affect penicillin production
(Koetsier et al. 2010).

VeA and LaeA are proteins of the hetero-
meric velvet complex and function as global
regulators of secondary metabolism in Asper-
gillus and Penicillium (Bayram et al. 2008;
Brakhage and Schroeckh 2011; Hoff et al.
2010a). Interestingly, conflicting results have
been reported for their regulatory roles in pen-
icillin production. During surface growth and
in submerged batch cultures, penicillin titres
were strongly reduced in veA or laeA deletion
strains in agreement with a transcriptional
downregulation of two genes belonging to the
penicillin cluster (Hoff et al. 2010a). However,
in glucose-limited chemostat cultures, neither a
transcriptional downregulation of penicillin
cluster genes nor a significant decrease of peni-
cillin titres has been observed for both strains
when compared with the wild-type strain
(Veiga et al. 2012b). This suggests that the reg-
ulatory role of both LeaA and VeA differs
depending on the growth conditions, a conclu-
sion supported by the observation that the
number of transcripts affected by deletion of
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veA is about ten times larger during surface
growth when compared with glucose-limited
chemostat cultures. Interestingly, further evi-
dence for such context-dependent regulatory
roles of LaeA comes from microarray studies
investigating LaeA deletion and overexpression
strains of T. reesei. The studies showed that
besides positively regulating nonribosomal
peptide synthethases and polyketide synthases
(Karimi-Aghcheh et al. 2013), LaeA is essential
for cellulase expression in T. reesei (Karimi-
Aghcheh et al. 2013).

Another commercially exploited fungal sec-
ondary metabolite is kojic acid. This compound
is used in Asia as a skin lightener and as an
additive to prevent browning of food. Kojic
acid was discovered in the beginning of the
twentieth century and is industrially produced
by A. oryzae, although the knowledge about its
biosynthesis was limited for a long time (Ter-
abayashi et al. 2010). Comparative transcrip-
tomics of kojic acid producing and non-
producing conditions suggested nine candidate
genes with unknown function. Disruption of
two candidate genes resulted in a loss of kojic
acid production. Interestingly, both genes are
located close to each other in the genome, hint-
ing at the existence of a kojic acid gene cluster.
An early publication using genome-wide tran-
script profiling of A. terreus described an asso-
ciation study of transcript and metabolite
profiles providing mechanistic insight into lov-
astatin biosynthesis and identifying promoters
for use in reporter strains to improve selection
of mutants with enhanced production levels
(Askenazi et al. 2003).

In general, many more secondary metabo-
lites can be potentially produced by filamen-
tous fungi and commercially exploited. As
secondary metabolite genes are often asso-
ciated in gene clusters, their expression can
easily be induced (Brakhage 2013). In addition,
the number of putative secondary metabolite
clusters exceeds by far the number of known
secondary metabolites as the vast majority of
these gene clusters are silent under laboratory
conditions (Brakhage and Schroeckh 2011).
One of the strategies to activate such cryptic
secondary metabolite clusters is the one-
strain-many-compounds (OSMAC) approach,

which tries to activate silent genes by varying
cultivation conditions, including pH, nutrient
source and nutrient concentration (Bode et al.
2002; Brakhage and Schroeckh 2011). For
example, transient induction of the putative A.
niger fumonisin gene cluster was uncovered by
transcriptomics when the strains encountered
carbon limitation (Jørgensen et al. 2010;
Nitsche et al. 2012). Similarly, the expression
of six putative secondary metabolite clusters
has been shown to be pH dependent in A.
niger (Andersen et al. 2009).

VI. Fungal Morphology
and Productivity

Polarised growth is a defining attribute of fila-
mentous fungi because phases of apolar growth
are restricted to sporulation and spore swelling.
Immediately after spore swelling, a polarity axis
becomes established and maintained, leading to
the outgrowth and elongation of a germ tube.
Apical and subapical branches are formed
through splitting of the existing polarity axis
at hyphal tips and the initiation of new polarity
axes at lateral regions, respectively. The
branching frequency directly correlates with
the number of hyphal tips and is an important
factor defining the micromorphology of fila-
mentous fungi. It in turn influences the macro-
morphology of filamentous fungi during
submerged cultivation, which can be pelleted
or dispersed as the two extremes. Together,
micro- and macromorphologies have substan-
tial impact on submerged fungal fermentations
by affecting the rheology and productivity
(Meyer et al. 2009; Papagianni 2004; Papagianni
and Mattey 2006).

To improve fungal morphology for indus-
trial bioprocesses, the underlying genetic net-
work was investigated in A. niger using
comparative transcriptomics approaches. Dif-
ferent strategies were followed to induce hyper-
branching phenotypes. For example, antifungal
compounds (caspofungin and fenpropimorph)
were applied at sublethal concentrations, which
increased the branching frequency of germlings
(Meyer et al. 2007). The transcriptomic finger-
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print deduced suggested that, besides antifungal-
specific responses, the TOR signalling pathway
and the cell wall integrity (CWI) pathway were
involved in the formation of new branches.

In another approach, the transcriptome of
the dichotomous branching mutant ramosa-1
was compared with its respective wild-type
strain (Meyer et al. 2009). Bioreactor-based
gene expression profiling revealed 136 differen-
tially expressed genes, and a model for polarity
control and apical branching was recon-
structed, predicting that at least four signalling
cascades are part of the underlying genetic net-
work in A. niger: TOR signalling, CWI signal-
ling, calcium signalling and phospholipid
signalling.

Additional support for the involvement of
these pathways was gained by a recently pub-
lished comparative transcriptomic study in A.
niger (Kwon et al. 2013). First, Kwon et al.
rationally induced a hyperbranching and an
apolar growing phenotype by targeting RacA,
the major Rho GTPase controlling actin
dynamics in A. niger. Loss of RacA function
provoked hyperbranching, whereas dominant
activation of RacA caused loss of polarised
growth in A. niger (Kwon et al. 2011). The
transcriptomic signatures of these mutants
were compared with the transcriptomic finger-
print of the dichotomous branching mutant
ramosa-1 (Kwon et al. 2013). This analysis con-
firmed the hypothesis that polar tip growth in
A. niger is most likely orchestrated by the activ-
ities of several signalling pathways, including
phospholipid signalling, TOR signalling, cal-
cium signalling and CWI signalling.

VII. What More Is to Come?

The -omics technologies have revolutionized
biological sciences. The vast amount and diver-
sity of accumulating data constitutes a chal-
lenge but offers even greater possibilities.
Multidisciplinary collaborations linking biolo-

gists, mathematicians, chemists and engineers
have brought forward interesting studies that
have deepened our understanding of fungal
biology and physiology. Functional annotations
as applied in many of the cited publications
can be considered a prerequisite for effective
and unbiased analysis of -omics data. Systems-
level investigations of microbial cell factories
are facilitated by the integration of different
-omics data types, for example, as demon-
strated by the use of genome-wide metabolic
models for transcriptome data analysis (Ander-
sen et al. 2008a; Vongsangnak et al. 2011).
Other promising approaches are association
studies that integrate transcript profiles with
metabolome profiles (Askenazi et al. 2003),
transcript profiles with proteomics data (Jacobs
et al. 2009) or coregulation studies and physical
association studies of genes for the identifica-
tion of putative gene and metabolite clusters
(Andersen et al. 2009).

Furthermore, the prediction of biologically
relevant modules within gene coexpression net-
works and the search for enriched putative
transcription factor binding sites constitutes a
reasonable approach for understanding higher-
order regulatory structures (van den Berg et al.
2010; Meyer et al. 2009). In addition, mapping
of putative transcription factors to such mod-
ules might be considered a promising approach
to predict. Their functions, as exemplarily
shown in Fig. 9.1. Construction of gene coex-
pression networks is especially interesting
because of accumulating transcriptomic data
that can easily be combined and screened for
underlying networks, without the need to con-
duct wet experiments. Even inferring putative
genome-wide interactome networks has
become feasible and has been proven to be of
value for identifying putative regulatory key
players (Vongsangnak et al. 2011). Hence, an
exciting period of fungal systems biology
research is awaiting us that will considerably
improve our understanding of fungal physiol-
ogy and lead to new concepts for rational
improvement of fungal cell factories.
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I. Introduction

Trichoderma is a genus with diverse habitats
in diverse climate zones (Jaklitsch 2009, 2011).
Key features include rapid growth, bright green
or white conidial pigments, and a repetitively
branched conidiophore structure (Gams and Bis-
sett 1998). Trichoderma spp. are especially suc-
cessful in their habitats because of their diverse
metabolic capabilities and their aggressively com-
petitive nature (Gams and Bissett 1998).

The genus Trichoderma has a long history
of investigation and application since its
first occurrence in literature as early as 1794
(Persoon 1794). Trichoderma spp. are fre-
quently isolated from soil, dead wood, or spor-
ocarps of other fungi, which reflects their
biological relevance as important contributors
to the carbon cycle as well as mycoparasites.
However, also such unexpected habitats as
indoor environments or marine invertebrates
are colonized by these fungi. Their role in vari-
ous ecosystems also includes interactions with
plants such as rhizosphere colonization or
endophytism. Trichoderma spp. are even able
to tolerate a number of toxic organic chemicals
(Argumedo-Delira et al. 2012) and degrade fun-
gicides (Ahlawat et al. 2010). Together with
their capability to accumulate heavy metals
(Joshi et al. 2011), Trichoderma spp. are
promising candidates for bioremediation of
contaminated soils and wastewater. Although
the majority of species of this genus are versa-
tile resources for application from agriculture
to industry, some are opportunistic pathogens
on animals and humans (Hatvani et al. 2013;
Kredics et al. 2003).
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Because of their various applications, differ-
ent Trichoderma species have become model
organisms for a broad spectrumof physiological
phenomena, such as plant cell wall degradation
and enzyme production (Kubicek et al. 2009),
mycoparasitism and biocontrol (Hermosa et al.
2012), as well as light response (Schmoll et al.
2010a).

Plant cell wall degradation by fungi is cur-
rently a major focus of research, as sustainable
technologies and protection of the environment
become increasingly important in our society.
The use of cellulases produced by Trichoderma
reesei for degradation of cellulosic waste mate-
rial to simple sugars and subsequent biosynthe-
sis of ethanol by yeast has boosted research
with T. reesei. Although the production of
second-generation biofuels represents the
most immediate application of fungal enzymes,
additional uses in production of chemicals or
modification of industrial processes currently
done by organic chemistry provide promising
perspectives as well.

Trichoderma reesei is a paradigm for the
industrial production of enzymes, and these
applied aspects were also the driving forces for
basic research on the genes and their
corresponding enzymes. Over the past decades,
different aspects of the regulation of their forma-
tion have been described, including many differ-
ent regulatory components and some of their
interactions. However, these data cannot offer a
convincing explanation why this fungus is today
one of the most successful hosts for plant-cell-
wall-degrading enzyme production. With the
sequencing and annotation of the T. reesei
genome (Martinez et al. 2008), a fundament
was established for a more holistic or systems
biology approach to understand this question.

At the same time, Trichoderma spp. are also
of importance for biological protection of
plants in agriculture; hence, this application
complements industrial enzyme production.
Consequently, Trichoderma spp. provide a
toolbox from plant protection to biofuel pro-
duction, and the increasing number of species

sequenced will help reveal step by step the
molecular basis for the specific characteristics
of diverse Trichoderma strains. Sequencing of
several genomes of Trichoderma spp. has
already significantly increased our under-
standing of the evolution of this genus, and
first steps toward connections between pheno-
type and genotype have already been made
(Kubicek et al. 2011).

The industrial application of fungi and their
enzymes, however, also influenced the way
research is done on this topic. In nature, fungi
mostly grow on solid substrates, and for those
specialized in plant cell wall degradation, this
substrate mainly consists of cellulosic material
resulting from plant growth. Conditions applied
to grow fungi in industry are considerably dif-
ferent from these natural environments, as are
the artificial conditions used for research with
fungi in the lab, where liquid cultures in fermen-
tors or shake flasks are common.

Nevertheless, the vigorous growth and
development of filamentous fungi under artifi-
cial conditions indicate that their evolutionary
heritage provides them with the capabilities to
thrive given use of appropriate substrate condi-
tions. Signal transduction mechanisms as well as
their output pathways are still at work and allow
the fungus to cope with its man-made environ-
ment. The necessity to use defined, constant
parameters for investigation of fungal physiol-
ogy stands in contrast to the desire to explain
their behavior in nature. Hence, for interpreta-
tion of the situation of a fungus in its natural
habitat, the differences compared to an artificial
environment are to be considered and can be
exploited for strain improvement.

In this review, we summarize current
knowledge on the genomic inventory of differ-
ent Trichoderma spp. and provide an overview
of genome-wide analyses. Discussion of results
from a diverse array of species with different
characteristics of the genus Trichoderma is
intended to stimulate investigation of novel
hypotheses inspired by various perspectives
on this genus.
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II. Trichoderma Genomes and
Their Characteristics

A. General Characteristics

Trichoderma reesei QM6a, then ancestor of all
currently used cellulase-producing mutants,
was the first Trichoderma species whose
genome was sequenced (Martinez et al. 2008).
Three years later, the genomes of two other
Trichoderma spp. that are vigorous mycopara-
sites – Trichoderma virens and Trichoderma
atroviride – were also published (Kubicek
et al. 2011). The genomes of two further strong
mycoparasites, Trichoderma harzianum sensu
stricto and Trichoderma asperellum, and the
two facultative human pathogens Trichoderma
longibrachiatum and Trichoderma citrinoviride
have also been sequenced, and analysis is cur-
rently in progress.

The genome of T. reesei approximates the
fungal average in size (34.1 Mbp) and is com-
prised of 9,129 genes. At least a further 23
putative genes are encoded in the genome as
detected using sparse arrays. All of these genes
are orphans, unique to T. reesei or at least only
found within the genomes of close relatives.
Interestingly, many of them are located
next to genes encoding regulators such as the
transmembrane serine/threonine kinase inosi-
tol requiring protein 1 (IRE1) involved in the
unfolded protein response (UPR) or the carbon
catabolite repressor (CRE1) (Arvas et al. 2010).

The genomes of the other Trichoderma spp. sequenced
so far are in the same range (36.1 and 38.8 Mbp, for T.
atroviride and T. virens), giving rise to 11,000–12,000
genes in asexual and about 9,000 in sexually reprodu-
cing taxa. A similar small genome size was also detected
for T. citrinoviride (unpublished data), which in tem-
perate climates is also frequently found in the form of
its teleomorph Hypocrea schweinitzii (Jaklitsch 2009).

The analysis of the T. reesei genome
sequence further revealed that only a limited
number of paralogues are present, and that
mobile elements contain multiple in-frame stop
codons and are apparently inactive. This suggests
that, similar to Neurospora crassa, a mechanism
such as repeat induced point mutation (RIP)

is active, which detects duplicated DNA
sequences in the genome. RIP mutation is a
homology-based defense mechanism that
actively eliminates duplicated sequences, leading
to an accumulation of G:C-to-A:T transitions
often accompanied by epigenetic silencing of
the mutated sequences through DNA
methylation (Galagan and Selker 2004). All
genes known to be necessary for operation of
RIP are available in T. reesei (Kubicek et al.
2011). RIP occurs during the sexual phase of
the life cycle in haploid nuclei, and although
T. reesei QM6a has no full sexual cycle (Seidl
et al. 2009a), newly isolated T. reesei strains are
all able to propagate sexually (Druzhinina
et al. 2010a).

Trichoderma reesei has seven chromosomes (Carter
et al. 1992; Mäntylä et al. 1992). Herrera-Estrella et al.
(1993) reported the presence of six chromosomes in T.
atroviride (which was at that time mistaken as T. har-
zianum), but this smaller number is likely the result of
overlooking a doublet chromosomal band because it
has been similarly overlooked in T. reesei. No chromo-
some numbers are yet available for T. virens. Genome
mapping has not been performed yet because Tricho-
derma spp. do not generally mate in vitro except for T.
reesei, as recently shown by Seidl et al. (2009a).

The vast majority of the genes occur in all
three Trichoderma species. Yet, T. virens and T.
atroviride contain about 2,215 and 1,856 genes,
respectively, that have no T. reesei ortholog,
whereas T. reesei has only three unique genes.
Trichoderma atroviride and T. virens share
1,873 orthologs that are not present in T. reesei,
which could thus be the factors that make T.
atroviride and T. virens strong environmental
opportunists and successful mycoparasites
(Kubicek et al. 2011).

A comparison of the genomic organization
of T. atroviride, T. virens, and T. reesei showed
that most of the genes are in synteny: Only 1 %
of the genes of T. reesei and 5.5 % and 8.5 % of
the genes of T. virens and T. atroviride, respec-
tively, are located in areas containing breaks in
synteny by a series of three or more genes. They
also display extensive rearrangements, mostly
represented by small inversions, as also
observed between genomes of other fungi,
and their size distribution correlates with the
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operation of a random breakage model (Kubicek
et al. 2011; Nadeau and Taylor 1984). The
sequence similarity between orthologous and
syntenic proteins, representative of the evolu-
tionary distance between the three Trichoderma
spp., is around 70 % (Kubicek et al. 2011), which
is in the same range, for example, as between
Aspergillus fumigatus versus Aspergillus niger
(69 %) and Aspergillus nidulans (68 %) and
resembles the evolutionary relationship between
fish and humans (Fedorova et al. 2008).

The genomes of the three Trichoderma spp.
also contain sequences with significant similar-
ity to known transposable elements from other
eukaryotes, which however were fragmented
and are highly divergent from one another,
indicating rather ancient events (Kubicek et al.
2011). Apparently, Trichoderma spp. are only
occasionally subject to infection or invasion by
transposable elements, which are rapidly ren-
dered unable to replicate and rapidly accumu-
late mutations. More recently, a mutator-like
element was detected in an L-xylulose reductase
paralogue gene of two natural isolates of T.
reesei (M. Flipphi and L. Atanasova, personal
communication).

B. Gene Families

The gene families that are present in Tricho-
derma in the highest number of members com-
prise the Pfam groups for fungal specific Zn
(2)Cys(6) transcription factors (PF00172,
PF04082); solute transporters of themajor facil-
itator superfamily (PF07690, PF00083); and
enzymes potentially involved in the synthesis
and modification of secondary metabolites (oxi-
doreductases, monooxygenases, AMP activation
of acids, phosphopantetheine attachment, syn-
thesis of isoquinoline alkaloids; Kubicek et al.
2011). However, these Pfam groups are also
among the largest gene families in several other
Pezizomycotina. A Markov cluster analysis
(MCL) that identifies ortholog groups in gen-
omes made for the three Trichoderma species,
together with 44 Pezizomycotina genomes,
showed that T. virens and T. atroviride have a
unique genome inventory among all Peziziomy-
cotina by harboring the highest number of genes

that encode proteins with ankyrin and hetero-
karyon incompatibility (HET)/ankyrin/NACHT
domains among all other fungi (Druzhinina and
Kubicek, unpublished).

The ankyrin repeat has been shown to play important
roles in microbial pathogenesis in bacteria, including
endosymbiosis (Walker et al. 2007). Genes encoding
proteins with HET/NACHT domains are part of the
genetic systems that lead to recognition of and response
to nonself during cell fusion between different indivi-
duals belonging to the same species but may also rep-
resent a niche adaptation for reaction to stimuli
associated with defense against pathogens, self/nonself
recognition, or differentiation (Fedorova et al. 2008;
Paoletti and Saupe 2009).

The abundance of these two gene fami-
lies in Trichoderma and their even higher
amplification in strongly mycoparasitic species
(T. atroviride, T. virens, T. harzianum, T. asper-
ellum; Druzhinina and Kubicek, unpublished)
suggest that they may contribute to the myco-
trophic and opportunistic lifestyle.

III. Tools for Genome-wide
Investigation and Beyond

Research with Trichoderma spp. has a long
tradition; consequently, the development of
genome-wide analysis methods also is reflected
in the literature published. Early approaches
involved investigation of different cDNA (com-
plementary DNA) libraries from various
growth conditions or strains and their sequenc-
ing (Chambergo et al. 2002; Foreman et al. 2003;
Vizcaino et al. 2006), which was cost intensive,
and expression levels of individual genes could
hardly be assessed directly. However, availabil-
ity of such sets of cDNA libraries enabled con-
struction of microarrays, which then allowed
for investigation of at least a subset of several
thousand genes to be studied simultaneously
(Rosales-Saavedra et al. 2006). Alternatively,
prior to the availability of fully sequenced gen-
omes, methods for genome-wide cDNA sub-
traction and analysis were applied. Although
these analyses only yielded a small number of
regulated genes compared to microarrays, they
nevertheless revealed involvement of novel
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genes (Mukherjee et al. 2007; Schmoll and
Kubicek 2005; Schmoll et al. 2004; Schuster
et al. 2011). A medium-scale approach for tran-
script analysis in multiple samples was
provided by the TRAC (transcript analysis
with the aid of affinity capture) system, which
allows for simultaneous analysis of 96 samples
for around 30 genes (Kataja et al. 2006; Rautio
et al. 2006, 2007). After publication of the fully
sequenced genome of T. reesei (Martinez et al.
2008) and later also of other Trichoderma spp.,
construction of full-genome microarrays
became possible (Arvas et al. 2011; Häkkinen
et al. 2012; Tisch et al. 2011b), followed by
large-scale sequencing and transcriptome anal-
ysis, which is a standard technique today.
Besides genomic and transcriptomic studies, a
few proteomic (Adav et al. 2012; Herpoel-
Gimbert et al. 2008; Jun et al. 2011) and meta-
bolomic investigations were reported, although
these tools are far less frequently applied.

The plethora of novel regulators and targets
as revealed by genome-wide analysis of Tricho-
derma spp. also necessitated more efficient
tools for genome manipulation to evaluate the
numerous hypotheses raised by these studies.
Although some of these genes encode proteins
with well-characterized orthologs in other
fungi, which at least allows a functional predic-
tion, their physiological relevance still needs to
be evaluated. However, many of the newly dis-
covered genes are annotated as “hypothetical
proteins” or even orphans, which makes it
impossible to predict any function. A key tech-
nique to assess gene functions and to alter the
characteristics of fungal strains is the inactiva-
tion of genes by targeted deletion or knockout.
Functional genetic studies on a large-scale basis
depend on the construction of well-defined
gene deletion strains with an efficient gene-
targeting system. Therefore, it was necessary
to adapt the existing methods for gene manip-
ulation of Trichoderma in a way that they are
compatible to high-throughput methods.

A major obstacle for functional genetic
studies is the general low frequency of homolo-
gous recombination (HR) of filamentous fungi
in comparison, for example, to the yeast Sac-
charomyces cerevisiae. On average, only 1–10 %
of the transformants show an integration of the

knockout cassette at the homologous locus.
Integration of DNA fragments in the genome
requires the action of double-strand repair
mechanisms and is mediated by two main path-
ways: the HR pathway and the nonhomologous
end-joining pathway (NHEJ). Consequently,
different approaches were developed to either
improve HR or prevent the NHEJ pathway
(Krappmann 2007). Construction of a T. reesei
strain defective in the NHEJ pathway represents
a milestone toward high-throughput gene dele-
tion (Guangtao et al. 2009), and later such a
strain became available also for T. virens (Cat-
alano et al. 2011). The strongly increased effi-
ciency of homologous integration paved the
way to construction of a knockout library as
already available for N. crassa (Park et al. 2011).
This approach can be further refined by adding
recombination-mediated marker reuse systems
(Hartl and Seiboth 2005; Steiger et al. 2011).

For T. reesei, discovery of sexual develop-
ment was another milestone in research with
Trichoderma spp. (Seidl et al. 2009a). Crossing
of strains bearing different characteristics or
mutations is now possible. With this new tool
in hand, a tool kit for streamlined high-
throughput gene deletion was developed that
also includes a primer database for construc-
tion of gene deletion vectors using three differ-
ent markers (Schuster et al. 2012b). Also, T.
reesei can serve as a blueprint for attempts to
achieve sexual development under laboratory
conditions in other species of the genus.

IV. Environmental Regulation of Gene
Expression

The habitats where Trichoderma spp. are found
are diverse. Some of these ecological niches will
represent preferred habitats, but others will
require considerable adaptation for survival.
This reaction is accomplished after sensing the
environment by transmission and interpreta-
tion of signals, which result in an adjustment
of resource management and hence regulation
of growth and primary and secondary meta-
bolism as well as secretion of metabolites
and hydrolytic enzymes (Fig. 10.1). Thereby,
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considerable cross talk among transmission
systems of environmental signals occurs,
which determines the response of a fungus to
its environment (Bahn et al. 2007). The signal
transduction machinery of Trichoderma spp. is
well studied with respect to both its influence
on enzyme production and interaction with
other fungi (Carreras-Villasenor et al. 2012;
Schmoll 2008).

A. Light Response

Light is an important environmental cue for
fungi in general (Schmoll 2011), and virtually
every metabolic pathway is influenced by light
(Tisch and Schmoll 2010). Trichoderma spp.
were among the first fungi to be studied in
detail for their response to light and were
used as model organisms to study photo-
conidiation and morphological alterations on
illumination (Schmoll et al. 2010a). In Tricho-
derma, light initiates asexual reproduction,
causes decreased mycelial growth, alters carbon
metabolism, and influences gene expression
(Herrera-Estrella and Horwitz 2007). Consider-
able cross talk was observed between nutrient
and light signaling (Schmoll et al. 2010a).

As in other fungi, blue light is sensed in
Trichoderma by photoreceptors that comprise
the PAS/LOV (Per-Arndt-Sim domains of the

light-oxygen-voltage type) domains as well as
GATA-type zinc fingers, which enable them to
act as transcription factors (Casas-Flores et al.
2004; Castellanos et al. 2010; Schmoll et al. 2005;
see Chap. 6 in this volume).

The photoreceptor blue light regulator
(BLR1) is conserved in all three Trichoderma
spp. characterized so far at the genomic level
and contains three PAS domains, with the first
ones a PAS/LOV domain and a GATA-type zinc
finger DNA-binding domain. However, these
genes lack the transcriptional activation
domain described for N. crassa WC-1. The
BLR2 proteins of Trichoderma are character-
ized by one PAS domain and a GATA-type
zinc finger DNA-binding domain (Schmoll
et al. 2010a) and are assumed to be a limiting
factor in blue light perception (Esquivel-
Naranjo and Herrera-Estrella 2007). The puta-
tive third photoreceptor, the light regulatory
protein ENVOY1 (ENV1), contains one PAS/
LOV domain and is involved in photoadapta-
tion (Castellanos et al. 2010; Schmoll et al. 2005;
Schuster et al. 2007). BLR1 and BLR2 are
involved in regulation of cellulase gene expres-
sion (Castellanos et al. 2010), development
(Casas-Flores et al. 2004; Chen et al. 2012; Seibel
et al. 2012b), and peptaibol production
(Komon-Zelazowska et al. 2007; Sanchez-
Arreguin et al. 2012) in Trichoderma spp.

Fig. 10.1. Gene regulation mechanisms in Trichoderma. Names of regulators represent the orthologs of all
relevant species if data are available
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BLR1 and BLR2 were found to be active in
darkness as well and exert their functions at
both the transcript and protein levels. Thereby,
they act individually and as a complex
(Sanchez-Arreguin et al. 2012).

Candidates for additional transmitters of
light signals are the microbial opsins, which
are assumed to sense green light (Spudich and
Jung 2005). However, only one putative micro-
bial opsin has been found in T. atroviride, but
not in T. reesei or T. virens (Schmoll et al.
2010a). The Trichoderma genomes also com-
prise cyclobutane pyrimidine dimer (CPD)
photolyases, cry-dash cryptochromes, and
cryptochrome/6-2 photolyases. Interestingly,
the cry-dash cryptochromes of Trichoderma
show unusually long COOH termini, suggesting
that novel or additional functions might have
developed for these proteins. Moreover, phyto-
chromes have been detected (Schmoll 2008),
which indicates a sensitivity to red and far-red
light as observed previously (Rosales-Saavedra
et al. 2006).

In addition, genomes of T. reesei, T. atro-
viride, and T. virens comprise of homologs of
the major components of the network govern-
ing light response and circadian rhythms
(Brunner and Kaldi 2008), such as frequency
(FRQ1), F-box/WD-40 repeat containing pro-
tein (FWD1), blue light induced 1 (BLI1),
SHAGGY, or TIMELESS (Schmoll et al. 2010a).

In T. atroviride and T. reesei, around 3 % of
the genome are regulated by light (Rosales-
Saavedra et al. 2006; Tisch et al. 2011b). In
contrast to the situation in N. crassa (Chen
et al. 2009), also genes repressed by light have
been observed in Trichoderma. Accordingly,
the photoreceptors BLR1 and BLR2 as well as
ENV1 positively and negatively regulate gene
expression (Rosales-Saavedra et al. 2006;
Schuster et al. 2007). However, for ENV1 and
BLR2, it was shown that despite overexpression
in darkness, light was required for its regu-
latory effect (Esquivel-Naranjo and Herrera-
Estrella 2007; Schuster et al. 2007).

Genes involved in carbohydrate metabolic
processes were found to be significantly
enriched in the transcriptome sampled on
growth in light in T. reesei, as were those
responsible for regulation of oxidoreductase

activity and sulfate transport (Tisch et al.
2011b). Recently, components of the oxidative
stress pathway were reported to be responsive
to light in T. atroviride (Carreras-Villasenor
et al. 2012), hence supporting the hypothesis
that oxidative stress response correlates with
photostimulation, which is dependent on
BLR1 (Friedl et al. 2008).

The recent genome-wide studies on T. reesei revealed
an unexpected phenomenon: Lack of photoreceptors,
components of the heterotrimeric G-protein pathway,
or the cAMP pathway increased the number of genes
differentially expressed between light and darkness as
well as the extent of differential expression (Schuster
et al. 2012a; Tisch et al. 2011b; M. Schmoll, unpublished
results). Hence, light responsiveness of T. reesei physi-
ology seems to be enhanced if modulating factors are
missing. The physiological relevance of this phenome-
non warrants further investigation.

Trichoderma spp. also have an ortholog of
VELVET, a light-dependent regulator of mor-
phogenesis, development, and secondary
metabolism (Carreras-Villasenor et al. 2012;
Schmoll 2008), which was mainly studied in
Aspergillus spp. (Bayram and Braus 2012).
Deletion of vel1 results in a total loss of con-
idiation and loss of gliotoxin production in
T. virens (Mukherjee and Kenerley 2010).

B. Heterotrimeric G-Protein Signaling

As one of the crucial signal reception and trans-
mission pathways, the heterotrimeric G-protein
pathway has also been studied extensively
in Trichoderma spp. Thereby, the signal
perceived by the seven-transmembrane domain
G-protein-coupled receptors (GPCRs) is
transmitted by G-protein alpha, beta, and
gamma subunits, which form a heterotrimer
in their inactive state. On activation by a ligand
binding to the GPCR, they dissociate, and the
individual subunits exert their regulatory
functions on downstream output pathways
(Cabrera-Vera et al. 2003). Trichoderma spp.
have 3 G-protein alpha subunits and 1
G-protein beta and gamma subunit each, as
well as more than 50 GPCRs (Brunner et al.
2008; Schmoll 2008).
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Trichoderma atroviride G-alpha subunit
TGA1 is essential for mycoparasitism and effi-
cient production of secondary metabolites
(Reithner et al. 2005). TGA1 was further
reported to influence cyclic AMP (cAMP)
levels, although the results in the literature do
not allow for consistent interpretation, and an
involvement of the G-protein beta and gamma
subunits could not be excluded (Reithner et al.
2005; Rocha-Ramirez et al. 2002).

In contrast, however, the deletion of tgaA
(tga1) in T. virens resulted only in a somewhat
reduced mycoparasitic activity on Sclerotium
rolfsii (Mukherjee et al. 2004). These differences
are in accordance with the different modes of
mycotrophy between T. atroviride and T.
virens, in which the induction (and thus signal-
ing) of a mycoparasitic response is much less
important for T. virens because of constitutive
transcription of the necessary genes (Atanasova
et al. 2013)

In T. reesei, the G-alpha subunit GNA1 is
involved in light-dependent regulation of cellu-
lase and hydrophobin gene expression (Seibel
et al. 2009). In contrast to many fungi studied,
including T. atroviride, deletion of T. virens
TGAA (Mukherjee et al. 2004) or T. reesei
GNA1 (Seibel et al. 2009) only has a minor or
no effect on growth and sporulation.

Also, the T. atroviride G-alpha subunit
TGA3 has an impact on conidiation, growth,
and intracellular cAMP levels as well as myco-
parasitism (Mukherjee et al. 2004; Zeilinger
et al. 2005) and is involved in regulation of
peptaibol production (Komon-Zelazowska
et al. 2007). Similarly, the defects observed on
deletion of T. atroviride TGA3 (Zeilinger et al.
2005) do not occur in T. reesei (Schmoll et al.
2009; Schuster et al. 2012b). Consequently, it
seems that, despite comparable genomic equip-
ment with respect to heterotrimeric G-protein
signaling, the downstream targets of this path-
way differ even in closely related Trichoderma
spp.

Trichoderma reesei GNA3, like GNA1, reg-
ulates cellulase gene expression but exerts its
function specifically in light (Schmoll et al.
2009). Light-dependent regulation of heterotri-
meric G-protein signaling is at least in part
mediated by ENV1, which downregulates tran-

scription of gna3 and is essential for positive-
feedback regulation of gna1 (Tisch et al. 2011a).
For the genes related to N. crassa gna2, no
function could be determined yet because the
phenotypes of deletion mutants are comparable
to the wild type (Mukherjee et al. 2004; Schuster
et al. 2012b).

Functions of the G-protein beta and gamma
subunits as well as their putative cochaperone
PhLP1, a class I phosducin-like protein, have
been studied in T. reesei. Gnb1, gng1, and phlp1
were found to be light induced and to regulate
more than 600 genes, including 21 glycoside
hydrolases (GHs) in light (Tisch et al. 2011b).
GPCRs were mostly found to be involved in
mycoparasitism in Trichoderma spp. (Brunner
et al. 2008; Omann and Zeilinger 2010).

C. The cAMP Pathway

Major factors of the cAMP pathway are adeny-
late cyclase, which synthesizes cAMP, phospho-
diesterases, which degrade cAMP as well as
catalytic and regulatory subunits of protein
kinase A (D’Souza and Heitman 2001). In addi-
tion to these components, the genome of T.
reesei also contains an adenylate-cyclase-asso-
ciated protein (Schmoll 2008). In mammalian
systems, adenylate cyclases are assumed to rep-
resent molecular coincidence detectors inte-
grating various signals to a defined output
(Anholt 1994). Also, the data available on Tri-
choderma spp. support such a role because of
the involvement of the cAMP pathways in phys-
iological functions from growth, enzyme pro-
duction, conidiation, to secondary metabolite
production as well as the regulatory effect of
upstream signaling pathways.

In all Trichoderma spp. tested, lack of ade-
nylate cyclase caused strongly reduced growth
on solid media (but not liquid media) and
enhanced conidiation. Despite the crucial func-
tion of adenylate cyclase in biosynthesis of
cAMP, amendment of the medium with cAMP
could not restore the severe phenotype of these
mutants (Mukherjee et al. 2007; Schuster et al.
2012a). Hence, the function of adenylate cyclase
in regulation of growth in Trichoderma spp.
likely goes beyond production of this second-
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ary messenger. Involvement of cAMP in regu-
lation of cellulases in T. reesei has been known
for quite some time (Sestak and Farkas 1993),
and its function in light response was shown
even earlier (Farkas et al. 1990). However, only
recently molecular data supporting these find-
ings were provided. Protein kinase A plays an
important role in the regulation of light
responses (Casas-Flores et al. 2006), and ade-
nylate cyclase regulates cellulase gene expres-
sion in a light-dependent manner in T. reesei
(Schuster et al. 2012a).

Subtractive hybridization revealed that adenylate
cyclase positively regulates at least nine genes involved
in secondary metabolism, including several cyto-
chrome P450 genes (Mukherjee et al. 2007).

D. Signaling by Mitogen-Activated Protein
Kinases

Mitogen-activated protein (MAP) kinase cas-
cades are composed of three serine/threonine
protein kinase cascades that act in series (Chen
and Thorner 2007). Trichoderma spp. have all
three of the classes common in filamentous
fungi: the pheromone/pathogenicity pathway,
the cell integrity pathway, and the stress
response pathway (Carreras-Villasenor et al.
2012; Schmoll 2008).

Deletion of the pheromone/pathogenicity
pathway MAP kinase tmkA (tvk1) in a “P”
strain of T. virens resulted in a loss of mycopar-
asitism and biocontrol against S. rolfsii, but not
Rhizochtonia solani (Mukherjee et al. 2003;
Viterbo et al. 2005). On the contrary, deletion
of tmkA in a “Q” strain of T. virens resulted in
improved biocontrol against both R. solani and
Pythium ultimum (Mendoza-Mendoza et al.
2003). Deletion of the this gene in T. virens
further caused a growth phenotype with
severely reduced hydrophobicity of conidia in
liquid and solid media. Subtractive hybridiza-
tion revealed differential regulation of not only
several hydrophobin genes but also one clock-
controlled gene. Hence, TVK1 regulates mor-
phology and cell wall composition during
development (Mendoza-Mendoza et al. 2007).

Loss of TMKA in T. virens caused decreased
colonization and lysis of host hyphae and
reduced antagonistic properties. Moreover,
TMKA is responsible for repression of conidia-
tion in the dark (Mukherjee et al. 2003). In
addition, induction of systemic resistance in
plants by T. virens and T. asperellum is depen-
dent on the presence of TMKA/TIPK (Shoresh
et al. 2006; Viterbo et al. 2005). Similar to the T.
virens “Q strains,” the deletion of TMK1 in T.
atroviride resulted in improved biocontrol
against R. solani, paralleled by mycoparasit-
ism-related morphogenetic events, and
increased production of chitinase activity and
antifungal compounds (Reithner et al. 2007).

The role of the two other MAP kinases is less well
understood because mutants in them are also charac-
terized by poor growth that precludes successful antag-
onism; consequently, T. virens mutants in the cell-
integrity kinase TmkB were also defective in mycopar-
asitism on S. rolfsii (Kumar et al. 2010), and the HOG1
MAPK in T. atroviride that is involved in osmotic and
oxidative stress tolerance was also necessary for its
mycoparasitic ability (Delgado-Jarana et al. 2006).

Interestingly, the T. reesei homolog of
this MAP kinase, TMK3, was found to be
located in close vicinity to the genes encoding
the G-protein alpha subunit GNA3 and the gly-
cogen phosphorylase GPH1, called the MGG
cluster (Schmoll et al. 2009). The expression of
glycogen phosphorylase is regulated by the
HOG-MAP kinase pathway (Sunnarborg et al.
2001), and its activity is triggered by cAMP-
mediated phosphorylation in yeast (Lin et al.
1995). As GNA3 positively influences cAMP
levels and this cluster is present in several asco-
mycetes, functional relevance of this gene order
is predicted (Schmoll et al. 2009).

V. Enzyme Production

A. The Genomic Inventory for Substrate
Degradation

The most interesting results for the T. reesei
community are naturally related to plant cell
wall degradation (see also Chap. 8 in this vol-
ume). Enzymes that degrade cellulose are
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formed on diverse carbon sources, albeit in
slightly different proportions and total
amounts (Dashtban et al. 2011; Margolles-
Clark et al. 1997). Analysis of the genome pro-
duced at least two surprises (Martinez et al.
2008): First, the annotated sequence contains a
comparatively small number (200) of glycoside
hydrolases, which is comparable to N. crassa,
but more surprising was that also the group of
genes related to plant cell wall degradation,
including cellulases, hemicellulases, and pecti-
nases, was reduced. The second surprise was
that a considerable number of these GH genes
are organized in distinct clusters.

Martinez et al. (2008) identified only seven
cellulases, including cellobiohydrolases and
endoglucanases and three GH61 family mem-
bers. The latter family contains lytic polysac-
charide monooxygenases (PMOs), which
promote cellulose breakdown by acting on the
surfaces of the insoluble substrate, introducing
chain breaks in the cellulose chains. Beside
cellulases, the group of hemicellulases (16
genes) and pectinases (5 genes) are strongly
reduced. Although T. reesei has four pectin
hydrolases that attack the main chain, it misses,
for example, lyases and arabinases, which act
on the pectin side chains (Akel et al. 2009).
Many of these GHs involved in plant polysac-
charide depolymerization carry an additional
carbohydrate-binding module (CBM), which
promotes the binding of the catalytic domain
GHs domain to the target polysaccharide. Simi-
lar to the trend found for plant-cell-wall-
degrading enzymes, the number of CBM-
encoding proteins is reduced in T. reesei. It
seems that T. reesei has lost several enzymes
that degrade plant cell walls during its evolu-
tion to a saprotrophic organism because T.
virens and T. atroviride, which evolved earlier
than T. reesei (Kubicek 2013; Kubicek et al.
2011), have a considerably higher number of
GHs (260 and 257, respectively), and their num-
ber of these enzymes is higher.

Since T. reesei has specialized toward saprotrophism on
predecayed wood (Druzhinina et al. 2011), it can be
concluded that these additional genes are not needed
for efficient breakdown of the predigested lignocellu-
loses found in its habitat. Support for the hypothesis

that already a small set of enzymes is sufficient for the
breakdown of certain substrates came from Banerjee
et al. (2010). They developed an optimized mixture of
six “core” enzymes, defined as cellobiohydrolase 1,
cellobiohydrolase 2, endo-b-1,4-glucanase 1, b-glucosi-
dase 1, endo-b-1,4-xylanase 3, and b-xylosidase for the
hydrolysis of pretreated biomass. The hydrolytic effi-
ciency of this core set could be significantly improved
by the addition of other “accessory” enzymes to match
the efficiency of contemporary commercial enzyme
mixtures (Accellerase 1000 or Spezyme CP).

The annotation of the T. reesei CAZyme
genes was recently updated (Häkkinen et al.
2012). In total, 201 GH genes, 22 CE (carbohy-
drate esterase) genes, and 5 PL (polysaccharide
lyase) genes were found. With regard to plant
cell wall degradation, the members discussed
next can be identified (Häkkinen et al. 2012;
Martinez et al. 2008).

Cellulases are found within several GH
families: The main cellobiohydrolase CBH1/
CEL7A is found within the GH7 family together
with the endoglucanase EGL1/CEL7B. The
other cellobiohydrolase CBHII/CEL6A is
assigned to the GH6 family. Other endogluca-
nases are found in the families GH5, GH12, and
GH45. Besides EGLII/CEL5A, GH5 includes the
putative membrane-bound endoglucanase
CEL5B and an additional endoglucanase candi-
date. The GH12 family includes the character-
ized EGLIII/CEL12A together with another
endoglucanase. EGV and xyloglucanase
CEL74A are found in families GH45 and
GH74, respectively. PMOs were originally clas-
sified to family GH61 because of the erroneous
determination of some hydrolytic activity. Häk-
kinen et al. (2012) assigned five members to this
group, two more than previously reported
(Martinez et al. 2008). Eleven b-glycosidases
have been identified, including the major extra-
cellular BGLI and an intracellular BGLII and
nine further candidate b-glycosidases. They
are found in family GH1 (two genes) and GH3
(nine genes).

Because of the high degree of substrate
diversification, hemicellulases are naturally
more diverse than cellulases. Xylanases are
found in several families, including GH10
(XYN3), GH11 (XYN1, XYN2, XYN5), and
GH30 (XYN4). A putative fifth member is
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found in GH30. Within the GH3 family, two b-
xylosidases (including BXL1) are found. Further,
GH3 b-xylosidases are found in family GH39,
and two b-xylosidase/a-L-arabinofuranosidases
are found in GH4. Arabinofuranosidases ABFI
and ABFIII are found in family GH54 and ABFII
in family GH62.

With two members of the GH30 family of
glucuronyl-xylanases, Trichoderma spp. are
among those fungi with the highest number of
these enzymes, which reflects specialization
toward efficient hydrolysis of certain hemicel-
lulose side chains (Kubicek 2013). Interestingly,
both genes are targets of the heterotrimeric
G-protein pathway, and in the respective
mutants, their transcript abundance decreases
in light (Tisch et al. 2011b).

Carbohydrate esterase families CE3 and
CE5 contain acetyl xylan esterases. CE5
includes, beside the acetyl xylan esterases, cuti-
nases. Further hemicellulases are present in
families GH2 and GH27. The family GH2
includes five candidate b-mannosidases, candi-
date exo-b-D-glucosaminidase, and b-galacto-
sidase/b-glucuronidase. Six putative a-
galactosidases are found in family GH27. Fam-
ily CE16 contains an additional member
besides the characterized acetyl esterase AES1
(Häkkinen et al. 2012). Also, a class of PLs,
PL20, has a second enzyme related to the glu-
curonan hydrolase TRGL.

In addition to the known GH67 a-glucuron-
idase (GLRI), a GH115 type of a-glucuronidase
[a-1,2- or a-(4-O-methyl)-glucuronidase] was
found. Four GH79 b-glucuronidases probably
involved in proteoglycan hydrolysis are pres-
ent. Only four proteins are found that encode
putative petinases (GH28), including an endo-
polygalacturonase (PGA1), exopolygalacturo-
nase (PGX1), exorhamnogalacturonase
(RGX1), and endoxylogalacturonase (XGA1).
Two members of the GH105 family are putative
rhamnogalacturonylhydrolases. The GH5 fam-
ily includes, besides cellulases, a b-mannanase
(MANI) and a candidate b-1,3-mannanase/
endo-b-1,4-mannosidase, glucan b-1,3-glucosi-
dase, endo-b-1,6-glucanase, and a b-glycosi-
dase.

The comparison of the enzyme content of
T. reesei to other fungal species revealed several

interesting details (Häkkinen et al. 2012; Kubi-
cek 2013; Martinez et al. 2008). Despite the
rather small number of GH in T. reesei, some
families are enriched, such as GH 18 chitinases,
GH27 a-galactosidases, including AGLIII and
four further candidate a-galactosidases unique
to T. reesei, GH64 b-1,3-glucanase, GH30
endoxylanase (glucuronoxylan xylanohydro-
lases) and GH54 a-L-arabinofuranosidases/b-
xylosidases, and GH79 b-glucuronidases,
GH89 N-aceytlglucosaminidase, and GH95 a-
fucosidases. One of the two clusters that con-
tain genes encoding members of family GH43 is
significantly reduced in T. reesei compared to
other Pezizomycotina species; reduction is also
visible in members from the family GH61.

These expansions and reductions are often
found in other Trichoderma spp. as well and
indicate that Trichoderma has apparently
specialized toward efficient hydrolysis of some
hemicelluloses and other carbohydrate side
chains. Some of these enzymes are encoded by
genes that have no homologs in other fungi but
in bacteria and may have been obtained by
horizontal gene transfer (Akel et al. 2009; Häk-
kinen et al. 2012).

Among these enriched GH families, GH
family 18, which contains all fungal chitinases,
is the largest family of carbohydrate-active
enzymes in mycoparasitic Trichoderma species.
Thereby, functions in mycoparasitic attack of
other fungi and remodeling of the fungus’ own
cell wall appear to overlap. The recognition
between self and nonself functions is suggested
to be achieved by protection in healthy hyphae
versus deprotection during mycoparasitic
attack, hyphal aging, or autolysis (Gruber and
Seidl-Seiboth 2012).

As for the hydrolysis of the prey’s cell wall
upon a mycoparasitic attack, the respective
enzymes must be able to preferentially hydro-
lyze chitin, b-1,3-, and a-1,3/1,4-glucans that
make up most of it (Latge 2007). The excellent
ability of Trichoderma spp. to degrade the car-
bohydrate armor of the prey hyphae is reflected
in the findings that T. atroviride and T. virens
have the highest number of chitinases of all
ascomycetes (29 and 36, respectively). Chiti-
nases belong to GH family 18 and can be cate-
gorized into subgroups A, B, and C based on the

Genomics Analysis of Biocontrol Species and Industrial Enzyme Producers from the Genus 243



amino acid sequences of their GH 18 modules
(Seidl et al. 2005). The proteins of the respective
subgroups differ in their substrate binding
geometry: Subgroup A and C proteins have
tunnel-shaped substrate-binding clefts (typical
for exoactivity), whereas subgroup B proteins
have more shallow and open binding clefts,
typical for endoactivity (Horn et al. 2006). The
chitinases from the three subgroups also have
different modular structures (Seidl et al. 2005):
Many subgroup B chitinases have CBMs at their
C-terminal ends. The CBMs of subgroup B chit-
inases from Trichoderma spp. belong exclu-
sively to the CBM family 1 (CBM1) and
possess cellulose- and chitin-binding proper-
ties. Subgroup C chitinases contain both CBM
18 (chitin-binding) as well CBM 50 (“LysM”)
modules. CBMs are completely lacking from
subgroup A. CBMs enable the chitinases to
bind more tightly to insoluble substrates,
which may be a limiting factor in chitin hydro-
lysis, and cleave it in a processive way (Eijsink
et al. 2008). In fact, addition of a CBM to
CHI18-15 resulted in both enhanced chitinase
activity and biocontrol ability of the respective
recombinant strain of T. harzianum (Limon
et al. 1999). The expansion of chitinase genes
in Trichoderma is observed only with
subgroups B and C, while the numbers of sub-
group A chitinases have remained rather con-
stant (Karlsson and Stenlid 2008), indicating
that these fungi have an improved ability to
attack insoluble chitinous substrates. Interest-
ingly, gene expression patterns of subgroup C
chitinase indicate individual and complex
regulatory responses (Gruber et al. 2011),
suggesting that they are involved in many
different physiological events. Ihrmark et al.
(2010) showed that CHI18-13 (subgroup B)
and CHI18-15 (which does not belong to
groups A–C because it has been acquired by
horizontal gene transfer from soil bacteria
(Karlsson and Stenlid 2009), evolved under
positive selection typical of a coevolutionary
arms race between plant host and fungal
pathogen, which also underlines the role of
chitinases in antagonism and mycotrophy.

Another GH family that is expanded in Trichoderma and
that is likely involved in the degradation of chitinous
carbohydrates is the GH75 family chitosanases. Chitosan
is the partially deacetlyated form of chitin and can also
be found in fungal cell walls, where it is formed by the
action of chitin deacetylases (CE family 4).

The second most abundant polymer in fun-
gal cell walls is b-1,3-glucan (Latge 2007) with
b-1,6-branches; b-1,3-glucanases can be found
in GH families 55, 64, and 81. For all of these
families, the mycoparasitic Trichoderma spp.
again have the highest number of members.
The b-1,6-glucanase Tvbgn3 (Djonovic et al.
2006a) was shown to be important for the
mycoparasitism of T. virens on P. ultimum,
which does not contain chitin but solely glucans
as the main structural cell wall components. A
role in biocontrol has been suggested for lytic
enzymes (Seidl et al. 2006b; Viterbo et al. 2002).

B. CAZyme Gene Clusters in T. reesei

Although the overall number of genes involved
in plant cell wall degradation is lower in T.
reesei compared to other fungi, this might be
compensated by a higher order of organization
within the genome. Genes involved in a com-
mon pathway or function are frequently found
near each other on bacterial chromosomes, but
usually such clusters are less frequently found
in eukaryotes (Keller and Hohn 1997). How-
ever, natural selection may favor such gene
clusters through a variety of mechanisms,
such as increased efficiency of coregulation.
Of the 316 total CAZymes genes, 130 (41 %)
are found in 25 clusters ranging from 14 to
275 kb (roughly 2.4 Mb, or 7 % of the genome).
On average, the CAZymes are fivefold enriched
in these clusters, and 73 % of them occur in
gaps between syntenic blocks (Martinez et al.
2008). This means that in these gaps the pre-
served co-localization of genes on chromo-
somes is different for closely related species.
Of the 95 CAZyme genes in these clusters, 68
have orthologs in Fusarium graminearum, but
only 16 orthologs are in synteny with F. grami-

244 M. Schmoll et al.



nearum. This indicates that these clusters
emerge from gene movement rather than by
gene duplications as only a few CAZyme para-
logues are located in the clusters. The dominant
CAZyme genes in these clusters encode GHs
and make up 46 % of all GH genes present in
the genome. Their majority is related to plant
biomass degradation, including, for example,
the two major cellobiohydrolases, CBH1 and
CBH2. Also, all genes that encode a CBM1,
implicated in cellulose binding, are exclusively
found in these syntenic gaps. Glycosyltrans-
ferases found in CAZyme clusters are believed
to be involved in synthesizing fungal cell walls.

Genome-wide transcript analysis con-
firmed that these clusters are coregulated. Of
49 CAZyme genes that were confirmed by geno-
mic cluster analysis to be clustered in the T.
reesei genome, 13 were more than twofold upre-
gulated during growth on cellulose, and 6 were
upregulated during growth on lactose (Kubicek
2013). Most of these clusters occur near the end
of the respective T. reesei scaffolds, which indi-
cates that these regions are next to either the
telomeric regions of the chromosomes or long
repetitive sequences found in dynamic regions
of the genome.

Several of the regions of high CAZyme gene
density also contain genes encoding proteins
involved in secondary metabolism, including
polyketide synthase (PKS) or nonribosomal pep-
tide synthase (NRPS) gene (Martinez et al. 2008).
Coregulation of the formation of such antagonis-
tic metabolites with plant-cell-wall-degrading
enzymes could be a further strategy of T. reesei
to compete with other organisms in its habitat. A
number of genes involved in secondary meta-
bolite synthesis, particularly in Aspergillus spp.,
are regulated by the putative protein-
methyltransferase LaeA (Bok and Keller 2004).
Although the exact mechanism of LaeA function
is still unknown, it is assumed that LaeA is
involved in the reversion of gene repression at
the heterochromatin level (Reyes-Dominguez
et al. 2010). In T. reesei, its ortholog LAE1 is
reported to be essential for cellulase and hemi-
cellulase formation inT. reesei and regulates only
a minor number of genes involved in secondary
metabolism (Karimi-Aghcheh et al. 2013). How-
ever, an examination of the histone methylation

pattern around the cellulase genes showed that
the promoters of these genes are still accessible
for regulatory proteins (Seiboth et al. 2012).
The mechanism of how LAE1 controls expres-
sion of these plant-cell-wall-degrading enzymes
therefore seems to be more complex than it
would be anticipated from the data obtained
with Aspergillus spp.

C. Regulators of Enzyme Production

The regulation of plant-cell-wall-degrading
enzymes in T. reesei (Fig. 10.1) was studied for
decades and detailed reviews are available (Aro
et al. 2005; Kubicek et al. 2009). Production of
extracellular enzymes is a process that con-
sumes a high amount of energy; therefore, dif-
ferent sensing and signaling networks
communicate the presence of the substrates in
the fungal environment to ensure an economic
production of the enzymes. Cellulase and
related genes are therefore not produced con-
stitutively but depend on specific induction and
are usually regulated in a coordinated way
(Foreman et al. 2003; Häkkinen et al. 2012).
The major antagonistic control circuit to induc-
tion is general carbon catabolite repression
(CCR). Usually, repression is connected to glu-
cose, although other carbon sources are able to
provoke CCR. In T. reesei, most CAZymes
related to plant cell wall degradation are
repressed by the presence of fast metabolizable
monomeric carbon sources. With respect to
their regulation, at least three transcriptional
activators, including XYR1, ACE2, and the
HAP2/3/5 complex, as well as the two repres-
sors CRE1 and ACE1 are involved in cellulase
and hemicellulase regulation. XYR1 is clearly
the major activator of cellulolytic and xylano-
lytic enzymes, and its absence eliminates their
expression by all known inducers (Herold et al.
2013; Stricker et al. 2006). XYR1 is also neces-
sary to activate the multifunctional aldose
reductase XYL1 necessary for the catabolism
of D-xylose, L-arabinose, and lactose (Akel
et al. 2009; Seiboth et al. 2007). Although neces-
sary for both cellulase and xylanase, induction
it is not clear how XYR1 is able to selectively
induce either cellulases or xylanases in
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response to different inducers. Intriguingly,
while regulation of both cellulases and xyla-
nases by an XYR1 homolog is conserved in
Aspergillus spp., this is not the case in Fusarium
or Neurospora, for which only xylanases are
XYR1 targets (Znameroski and Glass 2013).
Further important regulators of GHs are the
photoreceptors BLR1, BLR2, and ENV1, of
which BLR1 and BLR2 are supposed to form a
transcription factor complex (Castellanos et al.
2010). Light-dependent regulation of cellulases
and GHs is at least in part achieved by cross talk
of the light-signaling pathway (BLR1, BLR1,
and ENV1) with other signaling pathways
(Schmoll et al. 2010a).

A large-scale screening for further genes of
impact on cellulase gene expression (Pakula
et al. 2011a, b, c) recently revealed 15 genes
whose overexpression or deletion increased cel-
lulase and hemicellulase production in T. reesei
QM6a. Most of them make up Zn2Cys6 tran-
scription factors, but two other GCN5-related
acetyltransferases are included. The function of
these genes within the regulatory network of
plant cell wall degradation remains to be stud-
ied.

D. Tracing Hypercellulase Production

The extensive use of T. reesei in biotechnology
is accompanied by extensive efforts for strain
improvement using diverse strategies (Seidl
and Seiboth 2010). One approach to better
understand the biology underlying cellulase
expression and its hyperproduction is the anal-
ysis of improved producer strains derived from
classical mutagenesis programs. It is reported
that improved industrial strains secrete today
more than 100 g of cellulases per liter in indus-
trial fermentations (Cherry and Fidantsef
2003). With the annotated genome sequence
of the ancestor strain QM6a and the develop-
ment of high-throughput methods such as mas-
sively parallel DNA sequencing and
comparative genomic hybridization (CGH), it
is now possible to trace the genomic changes
that occurred during the different mutation
steps.

These mutation programs yielded strains
with considerable genome rearrangements,
single-nucleotide variants (SNVs), insertions,
and losses of genomic regions of more than
85 kb in case of RutC30, an early high-
producing mutant (Le Crom et al. 2009; Seidl
et al. 2008; Vitikainen et al. 2010).

Interestingly, with the exception of CRE1,
none of the known transcriptional regulators of
cellulase expression were affected in these
strain lines by the different rounds of mutagen-
esis (Vitikainen et al. 2010). These results not
only highlight additional mechanisms that can
be of importance for cellulase hyperproduction
but also underscore the complexity of the prob-
lem to find out which mutations are detrimen-
tal, neutral, or beneficial for cellulase
production. Interestingly, three genes mutated
in the early cellulase-enhanced mutant QM
9414 (81136, 124295, and 108540) encode puta-
tive cell wall or plasma membrane proteins. It is
possible that an altered cell wall/membrane
structure may have been beneficial for spore
survival and germination during mutagenesis,
but it cannot be ruled out that these genes are
also relevant for improved cellulase produc-
tion. Such an assumption would be supported
by two other mutated genes involved in cyto-
skeleton function (2439 encoding a ARP2/3
complex protein and 35386 encoding actin-
interacting protein 3) and suggest that the
improvement of cellulase production in QM
9414 is caused by mutations in cellulase traf-
ficking and secretion.

The genome of one cellulase-negative T. reesei mutant
(QM 9136) revealed a frameshift mutation in the gene
encoding the transcriptional activator of cellulase and
hemicellulase gene expression, xyr1 in one strain (B.
Seiboth et al., unpublished data).

E. Genome-wide Analysis of Enzyme
Regulation

Transcriptomic investigations with T. reesei
focused on the response of plant-cell-wall-
degrading enzymes to different inducing car-
bon sources (cellulose, xylan, and derivatives)
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and recombinant protein production. Hence,
the most detailed data on regulation of GHs
and enzyme expression are from this fungus.

Comparative transcriptomic studies of
induced, noninduced, and repressed T. reesei
cultures not only provide valuable insights in
the regulation of already characterized genes
but are well suited to identify novel genes
whose expression correlates with cellulase and
hemicellulase gene expression and are therefore
likely to be involved in plant cell wall degrada-
tion. Before the availability of the T. reeseiQM6a
genome sequence, Foreman et al. (2003)
sequenced different T. reesei cDNA clones from
cultures growing on the cellulase inducer lactose
and identified 12 previously unknown enzymes
related to biomass degradation. Their analysis
revealed numerous coregulated genes under dif-
ferent cellulase-inducing conditions (growth on
lactose, induction by sophorose) in the wild-
type QM6a and the RL-P37 cellulase hyperpro-
ducer. Genes involved in protein processing and
secretion were not significantly enriched among
the genes regulated under cellulase-inducing
conditions (Foreman et al. 2003).

Interestingly, recent studies showed that
coregulation of cellulases is not reflected in
secretome analysis of T. reesei hyperproducers
(Herpoel-Gimbert et al. 2008; Jun et al. 2011).
The most obvious reason for this finding could
be that the regulatory machinery in the mutants
used might have been altered because of
repeated mutagenesis; alternatively, proteolysis
may influence the result and interfere with syn-
ergy in the enzymatic mixture.

However, there is also support for the
hypothesis that posttranslational regulation
might occur. A study on the function of a
novel dehydrogenase revealed discrepancies
between regulation of cellulase transcription,
abundance of CBH1 in the culture medium,
and activity (Schuster et al. 2011). Studies inves-
tigating the effect of photoreceptors on cellulase
gene expression in T. reesei (Gyalai-Korpos et al.
2010) and N. crassa (Schmoll et al. 2012) indi-
cated that at least with respect to light response,
posttranslational regulation of cellulase gene
expression is a conserved phenomenon.

Today, a number of whole-genome micro-
array analyses are available. Häkkinen et al.
(2012) used oligonucleotide microarrays to
study the transcriptomic response to different
substrates in the hypercellulolytic T. reesei
strain RutC30. The largest set of induced
genes was detected in the cultures with the
hemicellulosic material (68–124 genes in
39–47 CAZy families), whereas cultivation in
the presence of pure cellulosic or cellulose-
derived materials, including the inducer
sophorose, resulted in a clearly smaller number
of genes induced (43–58 genes in 28–36
families). A common set of genes was defined
that is usually expressed in the presence of the
lignocellulose substrates. It included GH6 cel-
lobiohydrolase CEL6A; GH5 endoglucanase;
xylanases of families GH10, GH11, and GH30;
GH5 b-mannanase; GH3 family b-glucosidases
and b-xylosidases; GH27 a-galactosidases; GH2
b-mannosidases; acetyl xylan esterases of
families CE3 and CE5; glucuronoyl and acetyl
esterases of families CE15 and CE16; GH31 a-
glucosidases/a-xylosidases; GH54 and GH43 a-
L-arabinofuranosidases (or b-xylosidase/a-L-
arabinofuranosidases); GH61 lytic PMOs;
GH55 b-1,3-glucanases; GH67 a-glucuronidase;
GH79 b-glucuronidase; GH105 rhamnogalac-
turonylhydrolase; GH95 a-L-fucosidase; GH89
a-N-acetylglucosaminidase; and chitinases of
family GH18 and b-N-actetylhexosaminidases
of GH20. Cluster analysis also provided a
more refined pattern of coexpressed genes on
various substrates. Interestingly, with T. har-
zianum, the major hydrolytic enzymes secreted
on growth on cellulosic medium were chiti-
nases, although also cellulases were detected
(Do Vale et al. 2012).

Oxidative pathways were found to participate in plant
cell wall degradation in fungi (Beeson et al. 2012; Harris
et al. 2010). However, this process is not studied in
detail in Trichoderma. Expression of a heterologous
laccase in T. reesei caused downregulation of the native
cellulases in continuous culture (Rautio et al. 2006).
However, because lactose was used as a carbon source
in this study, it remains to be elucidated whether there
is indeed a mechanism that governs hydrolytic versus
oxidative degradation of cellulosic material.
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Among the GHs, the group of chitinases
was investigated in detail as well (Hartl et al.
2012). Chitinases of subgroups A and B and the
new subgroup C were found to be upregulated
before or on contact with Fusarium spp. by an
efficient biocontrol isolate of Trichoderma
gamsii (Matarese et al. 2012). However, consid-
erable differences in regulation of these genes
were observed on contact with a host or in the
presence of different nutrients in T. virens and
T. atroviride even if they are orthologs in the
two fungi (Gruber et al. 2011).

In addition to regulation in response to
different carbon sources and inducers, GHs,
including cellulases, are regulated by light and
the photoreceptors BLR1, BLR2, and ENV1
(Castellanos et al. 2010; Schmoll et al. 2005).
This effect is also conserved in N. crassa
(Schmoll et al. 2012), hence indicating a general
regulation of extracellular polysaccharide deg-
radation by light in fungi, which is also sup-
ported by earlier findings in fungi in general
(Tisch and Schmoll 2010). The connection of
light response to nutrient signaling is at least in
part established by cross talk with the hetero-
trimeric G-protein pathway. Light-dependent
regulation of cellulase gene expression was
observed for the two G-protein alpha subunits
GNA1 and GNA3 (Schmoll et al. 2009; Seibel
et al. 2009). The G-protein beta and gamma
subunits GNB1 and GNG1 as well as their puta-
tive cochaperone, the phosducin-like protein
PhLP1, have an impact on light-dependent reg-
ulation of up to 51 GHs. In summary, 99 GHs
were found to be potentially regulated by light
in the wild type or on deletion of a signaling
factor (up to 34-fold up or down), which indi-
cates condition-dependent light regulation of
substrate degradation in T. reesei (Tisch et al.
2011b). Also, for the cAMP pathway, which acts
downstream of the heterotrimeric G-protein
pathway, a light-dependent function in regula-
tion of cellulase gene expression was detected.
While adenylate cyclase has a consistently pos-
itive effect on cellulase gene expression, protein
kinase A acts positively in light but negatively
in darkness (Schuster et al. 2012a). This effect
can in part be explained with the putative func-

tion of protein kinase A as a priming kinase for
regulation of the photoreceptor complex as
shown in N. crassa (Huang et al. 2007), which
in turn regulates cellulases. For the components
of the heterotrimeric G-protein pathway as well
as the cAMP pathway, a dampening effect on
light responsiveness of cellulase gene expres-
sion was detected (Schuster et al. 2012a; Tisch
et al. 2011b).

VI. Physiology

Detailed knowledge on the physiology of a
fungus is crucial for its application in bio-
technology. For Trichoderma spp., the main
focus of most studies was growth and enzyme
production on diverse substrates. However,
response to stress, carbon concentration,
injury, or low levels of oxygen were also studied
at a genome-wide level.

Trichoderma spp. are adapted to a
natural habitat with predominantly plant cell
wall material as substrate. Glucose-dependent
regulation of gene transcription in T. reesei
differs considerably from S. cerevisiae. Hence,
adaptation to an environment dominated by
recalcitrant substrates such as cellulose and
hemicellulose is suggested to correlate with a
shift of ATP-producing pathways from fermen-
tation to respiration (Chambergo et al. 2002).

Interestingly, conditions of low growth
rates in carbon-limited chemostat cultivations
correlate with high specific enzyme production,
which reflects response of T. reesei to carbon
limitation on a cellulase-inducing substrate
(lactose). At the same time, an enrichment of
GCN5-related genes among those upregulated
under these conditions occurs (Arvas et al.
2011). Consequently, chromatin rearrangement
is likely to be involved in regulation of enzyme
production for carbon acquisition, which is in
accordance with studies on correlation of cellu-
lase regulation and epigenetic events (Seiboth
et al. 2012; Zeilinger et al. 2003). In addition,
two GCN5-related N-acetyltransferases were
found to positively influence cellulase gene
expression (summarized in Kubicek 2013).
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A significant nonrandom distribution of signif-
icantly expressed genes in the genome was
observed, which agrees with the clustering of
CAZyme expression (summarized in Kubicek
2013). Based on the presence of GCN5-related
acetyltransferase genes, these specific chromo-
somal regions might be regulated by histone
acetylation. Histone modifications could there-
fore be a major factor that determines the
accessibility of the genome to more specific
transcription factors. This would also explain
why XYR1 dependent on the inducer can selec-
tively activate cellulases or xylanases (Kubicek
et al. 2009).

The expression of many genes encoding
secreted proteins and such involved in second-
ary metabolism, as well as various lineage-
specific, mostly orphans and unknown, genes,
is positively correlated with the specific extra-
cellular protein production rate, which in turn
was highest at the lowest growth rate (0.03 h�1).
The major biosynthetic activities, in contrast,
were negatively correlated with extracellular
protein production. Transcriptomic and pro-
teomic analysis suggested that the growth rate
and the cell density strongly influenced the flux
through the upper part of glycolysis or the TCA
(tricarboxylic acid) cycle. At low specific
growth rates, this results in a low flux to bio-
mass, which could be the fundamental deter-
mining factor of protein production, by
induction of lineage-specific genes and regu-
latory factors required for this condition
(Arvas et al. 2011).

Portnoy et al. (2011) studied the role of the
specific growth rate on CCR in T. reesei. Using
chemostat cultures with glucose as a carbon
source and a recombinant strain in which the
carbon catabolite repressor gene cre1 was
removed, a complex interplay between CCR
and the growth rate occurred. A CRE1-
independent repression of gene expression by
high specific growth rates was observed, which
most strongly affected genes involved in C1 and
carbohydrate metabolism. In this regard, it is
important to stress that the results obtained by
Arvas et al. (2011) were obtained with strain
RUTC30, which harbors a truncated cre1 gene;
therefore, the effects of the specific growth
rates on the transcriptome must be viewed

with caution. Interestingly, none of the cellu-
lase genes was significantly (>log 1.5-fold)
expressed on glucose in the cre1 deletion strain
and at low growth rates, indicating that induc-
tion is essential for their expression (Portnoy
et al. 2011).

Protein production at high levels, produc-
tion of heterologous proteins, or addition of
different oxidizing chemicals stimulates the
unfolded protein response, a mechanism that
enables the cell to activate the production of
molecular chaperones involved in protein fold-
ing. Investigation of secretion stress in fermen-
tations with T. reesei revealed 457 genes that are
assumed to be involved in this process. Of these
genes, 20 were found to be UPR-specifically
regulated. Among the genes upregulated under
secretion stress are different histone genes
(encoding H2A and H4) as well as the cross-
pathway controller cpc1 (the S. cerevisiae GCN4
ortholog), which is activated on amino acid
deprivation. Accordingly, also the homolog of
a transcriptional coactivator of S. cerevisiae
Gcn4p, MBF1, was enhanced under UPR con-
ditions. Hence, CPC1 seems to induce genes
involved in glutathione biosynthesis to alleviate
the lack of reducing power. The cellulases cbh1
and egl1 are repressed under DTT treatment
and in tissue plasminogen activator (tPA) pro-
ducing culture (Arvas et al. 2006).

Investigation of physiological processes in
T. reesei revealed a delicate regulation of tran-
scription during chemostat cultivations. Even
small perturbations that did not cause measur-
able changes in biomass or product concentra-
tions were detectable as changes in transcript
levels (Rautio et al. 2006). In addition, the ratio
between polyA RNA and biomass as well as that
between polyA RNA and total RNA was found
to be growth phase dependent in batch cultures
(Rautio et al. 2007).

Although the response to mechanical
injury, which triggers conidiation in T. atrovir-
ide (Casas-Flores et al. 2004), was not studied in
a biotechnological setting, it should be kept in
mind that in a fermentor, mycelial injury is
likely to occur. In T. atroviride, injury stimu-
lates reactive oxygen species (ROS) formation
by the NADPH oxidase NOX1. Early after
injury, genes involved in calcium signaling
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and transport, redox balance, stress responses,
cell cycle, and cell death as well as transcription
factors are upregulated, while metabolic genes
and those involved in ROS scavenging are
downregulated. Later, induced genes comprise
those involved in DNA damage response and
cell cycle as well as several genes encoding
proteins with oxidoreductase activity. Again,
at later stages after injury, metabolic genes
are downregulated (Hernandez-Onate et al.
2012). Hence, on injury, expression of genes
for control of damage is enhanced at the
expense of metabolism.

VII. Development

Development in fungi occurs in response to
environmental conditions (Fig. 10.1) and is bal-
anced between vegetative growth, production
of chlamydospores or conidia (asexual devel-
opment), and induction of sexual development.
All these stages of development have been
found in nature for Trichoderma spp. but are
often not easily reproduced under laboratory
conditions. As a primary means of dissemina-
tion, sexual and asexual spores serve as inocu-
lum causing fungal diseases as well as plant
protection by fungi.

A. Asexual Development

The induction of conidiation (i.e. asexual devel-
opment) occurs as a response to a multitude of
environmental conditions, such as light, injury,
availability and type of carbon and nitrogen
source, pH, calcium concentration, and circa-
dian rhythms (Carreras-Villasenor et al. 2012).

Blue light represents one of the major envi-
ronmental cues to induce sporulation. The blue
light photoreceptors BLR1 and BLR2 are essen-
tial for light-induced conidiation in T. atrovir-
ide (Casas-Flores et al. 2004) and in T. reesei
(Castellanos et al. 2010). Lack of the light regu-
latory protein ENV1, however, causes not only
strongly reduced conidiation in light but also a
severe growth defect in T. reesei wild-type and

cellulase-enhanced mutant strains (Schmoll
et al. 2005; Seibel et al. 2012b).

In T. atroviride, more than 200 genes
showed a specific response to blue light, with
enrichment in functions in metabolism, stress,
cellular transport, cell cycle, and DNA proces-
sing (Carreras-Villasenor et al. 2012). Among
these genes, also more than ten transcription
factors were detected, which supports a flat
hierarchy of gene regulation in response to
light as observed in N. crassa (Smith et al.
2010) also for Trichoderma spp.

Conidiation is also dependent on the carbon
source (Chovanec et al. 2001), and light
enhances the extent of conidiation in many,
but not all, cases (Friedl et al. 2008). In accor-
dance with the response of metabolic genes to
blue light, an increased abundance of genes
encoding glycosyl hydrolases, especially of cel-
lulases, was observed during conidiation. In
addition, genes involved in secondary metabo-
lism were found to be enriched among the genes
upregulated during conidiation (Metz et al.
2011). The spore surface of T. reesei was found
to be covered with cellulolytic enzymes (Kubicek
et al. 1988), which explains the enhanced pro-
duction of cellulases at this stage. The strong
presence of different CAZymes might, however,
be a peculiarity of T. reesei because, during con-
idiation of other fungi (i.e., N. crassa or A. fumi-
gatus), no upregulation of cellulases or
hemicellulase genes was detected (Greenwald
et al. 2010; Lamarre et al. 2008).

Although light represents an important cue
for initiation of conidiation and BLR1 and
BLR2 are necessary for conidiation when
induced by glucose deprivation, hence indicat-
ing cross talk between light response and car-
bon utilization, the photoreceptors were found
not to be required for conidiation after injury
(Casas-Flores et al. 2004). Investigation of the
mechanism underlying the induction of coni-
diation by injury revealed a dependence of this
response on NADPH oxidases (NOXs), espe-
cially NOX1, while production of ROS was
found to be transient. However, NOX mutants
are not defective in light-induced conidiation;
hence, the effect of NOX1 on injury-induced
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conidiation is not generally targeted to this
process (Hernandez-Onate et al. 2012). Dele-
tion of the regulatory gene noxR targeted oxy-
lipin biosynthesis (Hernandez-Onate et al.
2012), which regulates conidiation in A. nidu-
lans and Penicillium chrysogenum (Hegedus
et al. 2011). Hence, oxylipins are likely to play
an important role in injury response in T. atro-
viride through the formation of lipoperoxides
on injury.

B. Sexual Development

Already in 1865, asexual Trichoderma spp. were
linked to the sexual state of Hypocrea spp.
(Tulasne and Tulasne 1865). Nevertheless, it
took more than 100 years until sexual develop-
ment, as it obviously occurs frequently in
nature, could be reproduced in the lab (Seidl
et al. 2009a). Investigation of sexual develop-
ment in Trichoderma is still in its beginnings
(for a detailed review, see Schmoll 2013). Tri-
choderma reesei was found to be heterothallic
because of the presence of two different idio-
morphs at the mating-type locus, which is also
true for all other Trichoderma spp. for which
the genome sequence has been published (M.
Schmoll, unpublished). Besides an alpha type
peptide pheromone precursor gene (ppg1), the
pheromone system of T. reesei also comprises a
novel type of peptide pheromone precursors
belonging to the h-type, hpp1, which assumes
a-type function (Schmoll et al. 2010b). Two
pheromone receptors, HPR1 and HPR2, are
responsible for reception of the pheromone
signal and crucial for fruiting body formation
in their cognate mating type (Seibel et al.
2012a). Along with several other genes assumed
to be involved in sexual development, also hpp1
is upregulated in response to light and regu-
lated by the phosducin-like protein PhLP1 as
well as the G-protein alpha and beta subunits
GNB1 and GNG1 (Tisch et al. 2011b), which is
in agreement with the preferential occurrence
of sexual development in light in T. reesei (Seidl
et al. 2009a). Accordingly, also the photorecep-
tors BLR1 and BLR2 as well as ENV1 are
involved in regulation of sexual development
(Seibel et al. 2012b). Investigating different light

conditions and photoreceptor mutants, Chen
et al. (2012) found a correlation between upre-
gulation of plant-cell-wall-degrading enzymes
and conditions enabling sexual development.

A major drawback with sexual development
in T. reesei is that it can only undergo sexual
development with fertile wild-type strains
because QM6a and all its derivatives were
found to be female sterile (Seidl et al. 2009a).
Although lack of pheromone precursors as well
as lack of env1 in light cause female sterility in
T. reesei, these mutations are not responsible
for female sterility of QM6a (Seibel et al. 2012a, b).
While numerous mutations are known to cause
this defect in fungi, the molecular basis of female
sterility of QM6a has not been elucidated so far
and is still under investigation.

VIII. Interactions of Trichoderma spp.
with Fungi and Plants

The best-known biotrophic interaction of Tri-
choderma is its ability to antagonize or even
parasitize and kill other fungi (a form of preda-
tion or necrotrophic hyperparasitism conven-
tionally called mycoparasitism). This ability is
today widely used in agriculture to combat
phytopathogenic fungi in biological control of
plant pests (“biocontrol”) (Benitez et al. 2004;
Lorito et al. 2010; Mukherjee et al. 2013). How-
ever, more recently it became clear that some
soil Trichoderma species also have direct posi-
tive effects on the plants either by stimulating
their self-defense against the pathogenic fungi
or by stimulating their growth and tolerance to
environmental stresses (Harman et al. 2004).

A. Mycoparasitism

Mycoparasitism is the innate property of the
genus Trichoderma (Druzhinina et al. 2011). It
consists of several phases: recognition of the
prey; defending against its action; attachment
to it; and finally killing and feeding on the prey.
Recent transcriptome analyses revealed com-
mon and species-specific changes during the
precontact phase of antagonism, when recogni-
tion is assumed to take place. Moreover, it has
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been shown that individual species can use
different strategies for mycotrophy: Tricho-
derma virens and T. atroviride display
completely different transcriptomic responses
when confronted with Rhizoctonia solani. Tri-
choderma virens only overexpressed 78 genes
(1 % of the total expressed genes), of which
those involved in formation of gliotoxin bio-
synthesis and its precursor metabolites
accounted for the largest group, whereas T.
atroviride, in contrast, overexpressed 400
genes (about 5 % of all expressed genes), and
almost no orthologs were shared between both
species. As T. atroviride resembles a more
ancestral state of Trichoderma than T. virens
(Kubicek et al. 2011), this dissimilarity in
mycotrophic strategies suggests that T. atrovir-
ide follows the “traditional” way of parasitism,
characterized by “weak” predation and by
delaying the death of the host organism. Tri-
choderma virens, in contrast, is more
specialized and aims at true predation and kill-
ing of its prey.

However, there were also general responses
shared between T. virens and T. atroviridewhen
confronted with R. solani, suggesting that they
may represent general features of mycotrophy
and antagonism: one was the overexpression of
a high number of genes for proteolytic enzymes
and oligopeptide transporters. Most of these
proteases belonged to the subtilisin-like serine
protease group, which is expanded in Tricho-
derma (Kubicek et al. 2011). These data are also
consistent with an analysis of ESTs accumulat-
ing during the onset of contact between T. atro-
viride and R. solani and Sclerotinia
sclerotiorum (Seidl et al. 2009b) and genetic
proof for the involvement of one of these pro-
teases from T. atroviride (prb1) in mycoparasit-
ism (Flores et al. 1997). Seidl et al. (2009b)
hypothesized that the arising oligopeptides are
bound by receptors, which sense the nitrogen
status of the medium, a mechanism reminiscent
of nematophagous fungi, where trapping of the
prey is induced by oligopeptides from the
nematodes (Dijksterhuis et al. 1994). This so-
far-unknown nitrogen sensor could be a mem-
ber of the class IV nitrogen sensors of the
nine groups of GPCRs present in T. atroviride
(Seidl et al. 2009b). Candidates for this function

are available in the genomes of Trichoderma
spp. In addition, T. atroviride GPR1
(Triat2:160995), which belongs to the class of
cAMP receptor-like proteins, is required for
antagonism (Brunner et al. 2008).

Another event, common to both T. virens
and T. atroviride, was the induction of genes of
the heat shock response such as HSP23, HSP70,
HSP90, and HSP104; genes of oxidative stress
response (cytochrome C peroxidase, proline
oxidase, and ER-bound glutathione-S-trans-
ferases); and genes for detoxification processes
(ABC efflux transporters, the pleiotropic drug
resistance [PDR] transporters, and the multi-
drug resistance MDR-type transporters).
Accordingly, an ABC transporter from T. atro-
viride (TAABC2) is involved in the biocontrol
of R. solani (Ruocco et al. 2009).

Rhizochtonia solani has been shown to use
radical oxygen species as signaling molecules
during sclerotia formation (Papapostolou and
Georgiou 2010) and to excrete antifungal com-
ponents (Aliferis and Jabaji 2010), both of
which may have elicited this response. This
illustrates that the prey pose considerable
defense toward the mycoparasite. Production
of ROS represents a common defense response
in fungi (Silar 2005). Besides positively affect-
ing genes encoding hydrolytic enzymes such as
proteases, cellulases, or chitinases, the NADPH
oxidase NOX1 contributes to efficient biocon-
trol of P. ultimum (Montero-Barrientos et al.
2011). The relevance of genes involved in meta-
bolic functions was also confirmed by investi-
gation of T. atroviride in the presence of
different fungal hosts, with proteases, acetyl
xylan esterase 1 (axe1), and swollenin (swo1)
(Reithner et al. 2011).

The actual final killing of the prey is
brought about by the synergistic action of anti-
mycotic secondary metabolites and cell wall
hydrolytic enzymes. Their importance to the
lifestyle of Trichoderma is also reflected in the
amplification of the respective genes in Tricho-
derma (Kubicek et al. 2011). Peptaibols have
been shown to inhibit the growth of prey
fungi in synergism with cell wall lytic enzymes
(Schirmböck et al. 1994), which has been
explained by an inhibition of resynthesis of
the cell wall polymers by the respective
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membrane-bound synthases (Lorito et al.
1996). However, with the exception of gliotoxin,
no other nonribosomal peptides – including the
peptaibols – or polyketide has been shown by
reverse genetics to be functionally involved in
killing of the prey.

B. Trichoderma-Plant Interactions

Trichoderma spp. have been known for decades
to be “rhizosphere competent,” that is, to grow
and develop within the plant rhizosphere with-
out causing diseases but eventually antagoniz-
ing other pathogenic microorganisms (Lewis
and Papavizas 1984). However, metagenomic
analyses showed that Trichoderma spp. are
rather infrequent in soils and the rhizosphere
(Buee et al. 2009; Lim et al. 2010). Friedl and
Druzhinina (2012) demonstrated low in situ
diversity of Trichoderma in temperate soil and
proposed that soil is not an original habitat of
these fungi. It is likely that Trichoderma spp. in
soil are those that developed high environmen-
tal opportunistic abilities and may also develop
in several other habitats or those species that
followed their prey (other fungi) into the soil
(Druzhinina et al. 2011). Nevertheless, several
Trichoderma spp. can trigger an induced sys-
temic resistance (ISR) in the plants whose
roots they meet in the rhizosphere. This induc-
tion starts with the recognition of microbe-
associated molecular patterns by a pattern rec-
ognition receptor of the plant, which subse-
quently activates a primary defense response in
the plant. Trichodermamolecules that have been
shown to trigger ISR include secreted xylanases,
cellulases, and the cellulose-binding protein
swollenin (for review, see Shoresh et al. 2010);
small cysteine-rich secreted proteins (Djonovic
et al. 2006b; Seidl et al. 2006a); peptaibols (Leit-
geb et al. 2007; Viterbo et al. 2007); and an
unknown PKS-NRPS product (Mukherjee et al.
2012b). In all these cases, knockout in the
respective genes did not impair the ability of
Trichoderma to colonize the roots, although the
induction of ISR was abolished in most cases.
Thus, Trichoderma does not seem to benefit
from the plant’s response on first glance.

Harman et al. (2004) advocated the interpretation that
Trichoderma spp. are plant symbionts, but based on
available data, this hypothesis can neither be proved
nor rejected (Druzhinina et al. 2011). However, some
Trichoderma taxa (including several novel species)
have been reported to live inside the plants as
endophytes and thereby contribute to the health of the
plants by promoting plant growth and delaying onset of
drought stress and inhibition of pathogens (Bae et al.
2009; Hanada et al. 2008, 2010; Moy et al. 2002; Samuels
1996; Tejesvi et al. 2006). Druzhinina et al. (2011)
speculated that mycotrophs may have become
endophytes by entering the plant roots by parasitism
of the mycorrhizae of the plant as described by de
Jaeger et al. (2010).

Trichoderma association with roots can
also result in a promotion of plant growth. For
example, T. virens has been shown to increase
Arabidopsis biomass production and lateral
root growth, and plant mutants in the auxin-
mediated response pathways are reduced in
these effects (Contreras-Cornejo et al. 2009).
As for the molecules mediating this effect, best
evidence is available for the plant hormone
ethylene. It is formed in the plant from S-ade-
nosyl-L-methionine and then converted to 1-
aminocyclopropane-1-carboxylic-acid (ACC)
by the enzyme ACC synthase before being con-
verted to ethylene by ACC-oxidase (Wang et al.
2002). Viterbo et al. (2010) showed that T203
(reidentified as T. asperelloides; Samuels et al.
2010) expresses an a-1-aminocyclopropane-1-
carboxylate (acc1) deaminase gene during
interaction with roots of Brassica napus
(canola). A knockout in this gene, whose
enzyme product cleaves ACC and thereby low-
ers the level of ethylene, reduced the ability of
the fungus to promote root elongation. A tran-
sient high concentration of ethylene is required
to break seed dormancy, but following germi-
nation, a sustained high level of ethylene inhi-
bits root elongation. Thus, T. asperellum, like
plant growth-promoting bacteria that contain
the enzyme ACC deaminase (Glick 2005), pos-
sesses a mechanism for ensuring that the ethyl-
ene level in the plant does not become elevated
to the point at which root growth is impaired
and thus facilitates the formation of longer
roots, thus positively influencing its own habi-
tat.
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IX. Secondary Metabolism

Numerous secondary metabolites from various
Trichoderma spp. have been reported (for
review, see Mukherjee et al. 2012a; Vinale
et al. 2012), but because of a high level of
uncertainty about the species identity of the
producing organisms (most Trichoderma
strains were until recently only identified by
insufficient morphological characters), their
production by T. reesei, T. virens, and T. atro-
viride cannot be deduced. Also, the genes for
synthesis of most metabolites have not yet been
identified. However, genes encoding nonribo-
somal peptide synthetases (NRPS) and the
PKSs can be predicted in silico because of
their unique protein structure. Trichoderma
reesei, T. atroviride, and T. virens contain 11,
18, and 18 PKS and 10, 16, and 28 NRPS genes,
respectively. While the numbers for PKS are
average within fungi, the NRPS genes of Tricho-
derma, particularly of T. virens, are among the
highest of all fungi. Kubicek et al. (2011) sug-
gested that this is apparently because of recent
duplications of cyclodipeptide synthases, cyclo-
sporin/enniatin synthase-like proteins, and
NRPS-hybrid proteins. Half of the NRPS genes
present in T. atroviride or T. virens are unique
for the respective species and occur within non-
syntenic islands of the genome, indicating their
origin by recent genome rearrangements,
which is also reflected in a higher nucleotide
dissimilarity (about 30 %) than the average of
genes between the three Trichoderma spp.

A unique feature of Trichoderma and close
relatives from such families as Hypocreaceae,
Clavicipitaceae, and Bionectriaceae is the pres-
ence of two NRPSs that synthesize modified
peptides, termed peptaibols; these are small
(500–2,000 Da) linear peptides containing a
high number of nonproteinogenic, a,a0-dialky-
lated a-amino acids like isovaline and a-ami-
noisobutyric acid (Aib). In addition, their N-
terminal amino acid is acetylated, and the C-
terminus is reduced to an amino alcohol,
mostly phenylalaninol. These properties have
given rise to the name peptaibol (peptide, Aib,
and amino alcohol). Peptaibols form a helical
structure with the hydrophobic side chains

exposed to the surface, which allows them to
interact with natural and artificial bilayers and
form pores or voltage-dependent ion channels,
increasing membrane permeability (Duclohier
2007). Trichoderma spp. secrete a broad spec-
trum of peptaibols, which can be summarized
as heterogeneous peaks falling into three size
categories (11, 14, and 18–20 kDa). One of the
two synthases thereby synthesizes both small
peptaibols (Degenkolb et al. 2012; Mukherjee
et al. 2011), probably by performing module
skipping (Degenkolb et al. 2012). The larger
enzyme synthesizes a single peptaibol only.
Further kinetic regulation by, for example, pre-
cursor supply then gives rise to the multitude of
peptides produced by these two enzymes. Stop-
pacher et al. (2008), using LC/MS, detected 20
trichorzianes and 15 trichoatrokontins (repre-
senting the large and the two smaller peptai-
bols, respectively) in culture filtrates of T.
atroviride.

Two other NRPS-encoding genes are pres-
ent in T. virens (and one of them in T. reesei)
but not in T. atroviride. They synthesize the
epipolythiodioxopiperazine-type peptides glio-
toxin and gliovirin (Patron et al. 2007). In T.
virens, the former is exclusively produced by
so-called P strains, whereas the latter is pro-
duced only by the Q strains (Mukherjee et al.
2012b). The gliotoxin synthase and its auxiliary
biosynthetic enzymes are located in a cluster
containing eight genes that are closely similar
to those of A. fumigatus (Patron et al. 2007).
Gliotoxin has a fungistatic action but is also
known from other fungi, including the oppor-
tunistic human pathogen A. fumigatus, where it
acts as a virulence factor (Dagenais and Keller
2009). Its toxicity is due to the presence of a
disulfide bridge in the molecule, which can
inactivate proteins via reaction with thiol
groups and generate ROS by redox cycling
(Gardiner and Howlett 2005).

Two further NRPSs of Trichoderma have
been identified to encode genes for siderophore
biosynthesis. Despite the presence of only
2 genes, Lehner et al. (2013) reported that Tri-
choderma spp. produced 12–14 siderophores,
with 6 common to all species tested. The
production of diverse products by a single
NRPS synthase therefore seems to be a general
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property of these enzymes. None of the other
TrichodermaNRPSs have as yet been character-
ized; consequently, their products are
unknown.

As for PKS-encoding genes, 29 of a total of
47 in the three sequenced Trichoderma spp. fall
into a single orthologous group (Baker et al.
2012). The loci of these PKSs are frequently
flanked by cytochrome P450 monooxygenases,
FAD-dependent monooxygenases, short-chain
dehydrogenases/reductases, or epimerases next
to PKS-encoding genes, stressing the previous
suggestion that these are auxiliary components
in the biosynthesis of the respective metabo-
lites. The T. reesei PKS gene Trire2:82208 has
been shown by gene deletion to be responsible
for the green color of the conidia but, interest-
ingly, also is involved in protection against
other fungi but less in the direct attack on
them (Atanasova et al. 2013). The genomes of
the three Trichoderma spp. also harbor genes
encoding PKS-NRPS hybrids (two, four, and
four in T. reesei, T. atroviride, and T. virens,
respectively).

Apart from NRPS and PKS, fungi also syn-
thesize isoprenoid secondary metabolites. The
genomes of T. reesei, and T. atroviride do not
contain genes that can obviously be related to
these activities. However, Mukherjee et al.
(2006) identified a cluster in the genome of T.
virens that includes three cytochrome P450
genes and one terpene cylase. Because these
genes are underexpressed in the mutant that is
unable to produce viridin and viridiol, they
proposed that this cluster could be responsible
for the production of viridin.

Trichothecenes belong to the more promi-
nent isoprenoid-derived secondary metabolites
claimed to be synthesized by Trichoderma .
These are compounds that have a family of
over 200 secondary metabolites with a common
cyclic 12,13-epoxytrichothec-9-ene (EPT) struc-
ture. They bear a characteristic internal disulfide
bridge, which is responsible for all known toxic
effects of these molecules, such as induction of
apoptosis, inhibition of the proteasome, or inhi-
bition angiogenesis. Exposure to trichothecenes
can cause a number of symptoms, from feed
refusal, immunological problems, vomiting,
and skin dermatitis to immunosuppressive

effects and neurotoxicity (Ueno 1985). The rep-
utation of T. reesei as a trichothecene producer is
because of the problems with Trichoderma spe-
cies identification (Druzhinina and Kubicek,
unpublished) and eventually strain mixup
(Watts et al. 1988). In any case, the genome
sequence of T. reesei lacks the necessary tri5
ortholog encoding the trichothecene synthase
and is thus principally unable to initiate tricho-
thecene biosynthesis. Nielsen et al. (2005)
showed that species from Trichoderma brevi-
compactum (now defined as a clade, including
T. brevicompactum, T. arundinaceum, T. turrial-
bense, and T. protrudens) are in fact the only
trichothecene producers of the genus Tricho-
derma.

X. Conclusions and Outlook

Environmental problems as well as the antici-
pated shortage of fossil fuels have initiated
efforts to increase sustainability in virtually all
aspects of life and enhance green economy.
Trichoderma spp. can support this movement
with environmentally friendly applications
from production of second-generation biofuels
to bioremediation and biological control of
plant diseases.

Because of their broad applicability, inves-
tigation of Trichoderma species will benefit
multiple research fields and represents a key
research area for a sustainable future. With
the huge amount of genome-wide data gener-
ated in recent years, we are now facing the
challenge of interpreting them in a broader
context. In many cases, the respective studies
showed genes relevant under biotechnological
conditions also were crucial for plant protec-
tion or mycoparasitism and vice versa. Consid-
ering the natural environment of Trichoderma
spp., these findings reflect the need of Tricho-
derma to combat its competitors and kill basi-
diomycetes when feeding on the wood
predegraded by them and should now stimulate
enhanced networking between researchers
focused on biocontrol and biotechnology.

One crucial aim in research with Tricho-
derma is the construction of a whole-genome
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knockout library, as already available for
N. crassa. It will take a community effort and
collaboration between several labs working on
different species and a contribution of industry
to coordinate this important milestone.

In this respect, it will also be of importance to
investigate the conditions for sexual development
in other species of Trichoderma, which have
been shown to display a sexually recombining
history (e.g. see Druzhinina et al. 2010b, 2012) as
crossing of strains with different characteristics
has proven to be a versatile tool for both research
and industrial strain improvement.

However, with increasing application of
plant-protecting strains in the environment,
the consequences of large-scale application of
a single fungal species in nature should be con-
sidered, and potential production of secondary
metabolites by these fungi should not be
neglected. Accordingly, common and potential
biocontrol agents should be rigorously tested
for potential ability as opportunistic human
pathogens to make sure that these environmen-
tally friendly applications are also safe for the
people applying them.
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I. Introduction

The year 2013 marked the tenth anniversary
of the public release of the genome sequence
of Fusarium graminearum on the Broad Insti-
tute website (http://www.broadinstitute.org/
annotation/genome/fusarium_group/MultiHome.
html; Cuomo et al. 2007). The Fusarium
graminearum sequence was the first Fusarium
genome sequence to be released and the third

publically available genome from a filamentous
fungus, following the release of Neurospora
crassa and Magnaporthe oryzae (formerly M.
grisea) genomes (Dean et al. 2005; Galagan
et al. 2003). The F. graminearum genome
sequence was followed in 2006 with the release
of the F. verticillioides genome sequence (Ma
et al. 2010) and in 2007 with that of F. oxy-
sporum f. sp. lycopersici (Ma et al. 2010) and F.
solani f. sp. pisi (formerly known as Nectria
haematococca MP VI) in 2009 (Coleman et al.
2009). Each of these genome sequences was
generated with traditional Sanger sequencing
and used optical or genetic maps to scaffold
the assemblies into nearly complete chromo-
somes. Next-generation technologies are now
generating genomes at a fraction of the cost
and in much shorter periods of time than
these first releases. Genome sequences for F.
pseudograminearum and F. oxysporum strain
5176 (isolated from Brassica oleracea) based
entirely on next-generation technologies have
been published (Gardiner et al. 2012; Thatcher
et al. 2012). These technologies have also been
used to fill gaps in the Sanger-derived sequences
(Cavinder and Trail 2012). However, the value
of these four founding genome sequences can-
not be overstated, and these genomes will con-
tinue to drive our understanding of the biology
of this genus.

The F. graminearum genome sequence, as
one of the first fungal genomes, stimulated
researchers all over the world to concentrate
research efforts on this species. The F. grami-
nearum release had the most dramatic effect of
any filamentous fungal genome in the litera-
ture. By 2005, the number of publications list-
ing F. graminearum in the title had more than
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doubled over publications in previous years,
and the publication rate continues to increase
(Fig. 11.1). Similarly, the number of publica-
tions with F. verticillioides in the title had
increased by 2008, 2 years after the release of
the genome, and continues to increase, but the
effect has not been as great. The F. grami-
nearum genome release served as a beacon for
those interested in Fusarium diseases, particu-
larly those working on mycotoxin contamina-
tion in agricultural crops. The genome
sequence, together with the U.S. Department
of Agriculture (USDA) Wheat and Barley Scab
Initiative, which has been funding research on
F. graminearum since 1997 (http://www.sca-
busa.org; McMullen et al. 2012), encouraged
U.S. researchers in particular to focus on this
species, and our current knowledge and under-
standing of this species compared to the other
fusaria reflects this.

Availability of the genome sequence accel-
erates research progress and greatly increases
the kinds of questions that can be investigated.
The progress before and after the F. grami-
nearum genome release is an example of the
power of this technology. In 2002, researchers
had identified a few pathogenicity genes, includ-
ing the trichothecene biosynthesis gene TRI5

(Proctor et al. 1995) and mitogen-activated
kinase gene MGV1 (Hou et al. 2002; Jencz-
mionka et al. 2003; Urban et al. 2003), mainly
by knowing their functions in other pathogens,
particularly in M. oryzae. Without mutants or
knowledge of homologs, gene identification was
challenging. For example, the trichodiene syn-
thetase gene had been identified by screening an
expression library with antibodies to the puri-
fied protein from F. sporotrichioides (Hohn and
Beremand 1989). The trichothecene gene cluster
was then identified through the complementa-
tion of several trichothecene mutants across the
pathway by overlapping cosmids (Hohn et al.
1993). Knockout technology was available, but
knockouts were laborious, as genetic sequences
were not known, so cloning and sequencing of
individual genes was essential to design knock-
out vectors. Thus, our knowledge of the genome
and genomic potential was fragmentary.

The release of the Fusarium spp. genome
sequences provides a catalogue of genes and a
map showing how they are physically orga-
nised. In addition, because the genome
sequence provides genetic sequences flanking
each gene, gene knockouts are fairly easily
obtained in several species, permitting large-
scale knockout projects. Instead of the handful

Fig. 11.1. Annual number of publications with ‘Fusarium graminearum’ in the title. In 2003, the genome sequence
was publicly released (Data from the Web of Science; accessed January 13, 2013 http://www.wokinfo.com)
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of gene knockouts we obtained in 2002, we now
have about 2,000 among the fusaria with
sequenced genomes. Large-scale knockout pro-
jects can focus on gene families, resulting in
information on how related genes are used for
diverse purposes. In addition, with the great
reduction in price of genome sequencing (by
1,000-fold since 2000), multiple isolates of some
species have been sequenced, providing impor-
tant information on population genetics and
diversity. This has also been improved by the
availability of high-throughput transcrip-
tomics. Transcriptomics has allowed us to iden-
tify the genes expressed at a particular stage or
condition. It allows us to identify genes and
processes involved in a life-cycle stage. Fusar-
ium researchers are also beginning to apply
other -omics techniques to understand these
important pathogens.

The Fusarium species have a wide range of
life history characteristics, and those that now
have genome sequences available are represen-
tative of that diversity. Fusarium graminearum,
F. pseudograminarum and F. verticillioides are
pathogens of grains. These three species pro-
duce mycotoxins that contaminate harvested
grain and cause economic and health problems
worldwide (CAST Report 2003). Fusarium gra-
minearum causes head blight of wheat, barley
and other small-grain cereals as well as stalk
and ear rot of maize, and the species complex
was recently divided into several species
endemic to regions of the world (O’Donnell
et al. 2000). Fusarium verticillioides causes
grain molds primarily in corn and sorghum
and is seed transmitted as an endophyte
(Marin et al. 2004). Whereas F. graminearum
is common in more temperate regions of the
world, F. verticillioides affects plants stressed
by heat and drought. Recent studies suggest
warming trends in Europe will increase the
occurrence of this species there (Doohan et al.
2003). In Australia and other arid areas of the
world, F. pseudograminearum is the primary
causal agent of wheat and barley crown and
root rots (Burgess et al. 2001). Both F. solani
and F. oxysporum are species complexes that
have historically been broadly defined. Fusar-
ium oxysporum is a wilt pathogen with a wide
host range but is subdivided into formae spe-

ciales that have prominent host specialization
(Armstrong and Armstrong 1981; Michielse
and Rep 2009). Similarly, F. solani causes stem
base infections of a wide variety of hosts. Both
F. oxysporum and F. solani are known to cause
opportunistic diseases in humans (Alastruey-
Izquierdo et al. 2008). The diversity of life
cycles of these species on a hypothetical plant
is represented in Fig. 11.2.

Mycotoxins are fungal secondary metabo-
lites that are toxic to humans and animals, and
filamentous ascomycetes produce a large and
diverse array of these metabolites. The myco-
toxins of major concern to human health are
the aflatoxins, trichothecenes, fumonisins,
zearalenone, ochratoxins and ergot alkaloids
(CAST Report 2003). Fusarium species produce
the trichothecenes, fumonisins and zearale-
none. In many first-world countries, strict reg-
ulations and risk-based monitoring systems for
mycotoxin contamination of grain are in place,
but in poorer regions of the world, such as parts
of Africa, mycotoxin contamination is a major
problem, particularly fumonisins in contami-
nated maize, given the importance of maize as
a major dietary component (Siame and Nawa
2008; Dutton 2009; Kpodo and Bankole 2008).

The genes important for biosynthesis of sec-
ondary metabolites are often clustered in the
genome and can be recognized by the presence
of three classes of proteins that are typically
involved in their biosynthesis: terpene synthe-
tases (TSs); polyketide synthetases (PKSs); and
non-ribosomal peptide synthetases (NPSs). Anal-
ysis of genes for these enzymes in the F. grami-
nearum genome has revealed the potential to
produce an estimated 50 different secondary
metabolites (Cuomo et al. 2007), and F. grami-
nearum has one of the best-studied mycotoxin
arsenals of any of the filamentous fungi. A recent
publication has summarized what is known about
the PKS and NPS genes and their products from
Fusarium species with sequenced genomes (Han-
sen et al. 2012). The Fusaria sequenced to date
each contain between 13 and 15 PKS genes and
between 13 and 19 NPS genes (Hansen et al.
2012). The numbers of unique PKS, NPS and TS
genes compared to the known metabolites sug-
gests we understand only a small proportion of
the compounds that these species produce. The
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role of mycotoxins in virulence and the develop-
mental process are discussed in the relevant sec-
tions that follow.

II. Comparative Genomics

For the four founding Fusarium genomes with
higher-order assemblies, the chromosome num-
ber and genome size vary considerably among
species. The F. graminearum genome has 4
chromosomes and is 36 Mb; that of F. verticil-
lioides is 42 Mb arranged in 11 chromosomes.
Fusarium solani f. sp. pisi has 17 chromosomes
covering 54 Mb, and the F. oxysporum f. sp.
lycopersici genome is 60 Mb distributed among
15 chromosomes (Cuomo et al. 2007; Coleman
et al. 2009; Ma et al. 2010). The variable size of
the genomes can be attributed predominantly to
the rich repeat content in F. oxysporum f. sp.
lycopersici and F. solani f. sp. pisi. In addition,
the F. solani f. sp. pisi and F. oxysporum f. sp.

lycopersici chromosome complement includes
dispensable chromosomes that are variably
present in different isolates and encode many
host-specific pathogenicity factors.

One striking feature of the Fusarium gen-
omes is themacrosynteny observed between gen-
omes, despite the genus being more than 90
million years old (O’Donnell et al. 2013). Pairwise
alignment between the four first-generation
Fusarium genomes is represented in Fig. 11.3,
and with the exception of the dispensable chro-
mosomes in F. oxysporum f. sp. lycopersici and F.
solani f. sp. pisi, large regions of colinearity can be
observed. Although there is variation in chromo-
some number, these alignments have been used
to infer that F. graminearum chromosomes were
formed by fusion between the smaller chromo-
somes in an ancient lineage (Cuomo et al. 2007).
For example, in Fig. 11.3, F. graminearum chro-
mosome 1 can be seen to align with F. verticil-
lioides chromosomes 1 and 5. In addition, much
of the repeat content of each of the genomes

Fig. 11.2. Life cycle of the five core Fusarium species with sequenced genomes on a hypothetical plant
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seems to be species specific, represented by
significant alignments detected away from the
diagonals in the self-comparisons, suggesting
repeat expansions in these genomes occurred
postseparation of the four lineages (particularly
in F. oxysporum f. sp. lycopersici and F. solani f.
sp. pisi; Fig. 11.3). Furthermore, this repeat con-
tent is higher in the dispensable chromosomes (3,
6, 14, and 15 for F. oxysporum f. sp. lycopersici

and 14, 15, and 17 for F. solani f. sp. pisi). The
synteny that is observed between distantly related
fusaria can be applied to the assembly of other
Fusarium genomes (Fig. 11.3). For example,
Fusarium genomes generated using next-
generation technologies with no higher-order
assembly can be aligned to their nearest Fusarium
cousin to facilitate assembly of pseudochromoso-
mal sequences. The synteny between Fusarium

Fig. 11.3. Syntenic conservation between four Fusar-
ium spp. Black and grey colours represent alignment
between the sequences in forward and reverse direc-
tions, respectively. Chromosome boundaries for each
species are marked by horizontal and vertical lines on

each of the plots, with unscaffolded sequences appear-
ing at the extreme right and top of each plot. The
syntenic conservation observed between species has
been used to infer the fusion of chromosome in the
F. graminearum lineage (Cuomo et al. 2007)
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species has also been used to define the core and
dispensable chromosomes in F. oxysporum f. sp.
lycopersici and F. solani f. sp. pisi (Coleman et al.
2009; Ma et al. 2010).

Analysis of the additional F. oxysporum genome
sequences generated using Illumina technology avail-
able on the Broad website and that of an Arabidopsis
pathogen F. oxysporum isolate 5176 generated with 454
data (Thatcher et al. 2012) will draw heavily on this
founding F. oxysporum f. sp. lycopersici genome to
define the dispensable chromosomes from each of
these additional isolates.

Despite the differing genome sizes and chro-
mosomal organization, a common feature of all
Fusarium genomes to date is the subdivision of
the genome into two (conceptual) compartments:
one encodes many basic fungal functions (basal
genome) and another adaptive genome that con-
sists of genes that encode attributes such as viru-
lence towards particular specific hosts or
mechanisms of niche-specific survival. This orga-
nization provides a suggestion of how the Fusar-
ium genomes have evolved. Indeed, there are
specific characteristics of the two regions that
suggest differing evolutionary constraints on the
genes that reside in each. In these fungi, the basal
genome, in contrast to the adaptive genome, is
characterized by reduced numbers of polymorph-
isms among isolates of the same species, fewer
repetitive sequences, and a relatively low density
of genes for secreted proteins (Cuomo et al.
2007). In the sexually recombining F. grami-
nearum, these regions are also low in genetic
recombination rate per unit length of the genome
(Gale et al. 2005), and it is likely that this will hold
for the other sexually recombining species, such
as F. solani and F. verticillioides, but the concept
has yet to be demonstrated. Between-species
comparisons have demonstrated high levels of
synteny in these regions, which also supports
the hypothesis that the small number of chromo-
somes in the F. graminearum lineage is due to
chromosomal fusions (discussed previously;
Cuomo et al. 2007).

The adaptive genome of the Fusarium species
contrasts greatly with the basal genome. The
adaptive regions feature increased levels of poly-
morphisms among isolates, higher representation
of secreted protein-encoding genes, lower repre-

sentation of between-species gene orthologs,
higher genetic recombination rates in the sexually
recombining species, and in F. oxysporum f. sp.
lycopersici and F. solani f. sp. pisi, higher transpo-
son density. In F. oxysporum f. sp. lycopersici and
F. solani f. sp. pisi, these regions are predomi-
nantly contained on the dispensable chromo-
somes that are transferred horizontally between
isolates and impart pathogenicity on specific
hosts (Han et al. 2001; Ma et al. 2010; Rodriguez-
Carres et al. 2008; Temporini and VanEtten 2004).
In F. graminearum, the adaptive genome is
located in subtelomeric regions and the ancient
subtelomeric regions, now located internally in
the chromosomes because of chromosomal
fusion that is likely to have occurred in this line-
age (Cuomo et al. 2007). Alignment between the
relatively closely related species F. graminearum
and F. pseudograminearum highlighted the highly
variable nature of these regions. In this compari-
son, approximately 6 % of the F. graminearum
genome was not found in F. pseudograminearum,
and the gaps in the alignment were almost exclu-
sively found in the terminal areas of each chro-
mosome or in regions of ancient chromosome
fusion (Gardiner et al. 2012). The subtelomeric
arrangement of genome variable regions is a fea-
ture shared with other fungi, including the asper-
gilli (Fedorova et al. 2008).

Whole-genome comparisons between spe-
cies have identified the adaptive genome com-
ponent in individual species, and genes
important for niche or host specialization/pref-
erence have been demonstrated to be contained
within these regions. For example, all 19 non-
ribosomal peptide synthetase genes in F. gra-
minearum except NPS2 and NPS13 are located
in regions of high polymorphism or high
genetic recombination rates. NPS2 encodes a
siderophore for intracellular sequestration of
iron, which can be considered a fundamental
function in fungi (Tobiasen et al. 2007).

Another example of specialization functions present in
the adaptive genome component is the pea pathogenicity
gene cluster and genes for pea rhizosphere colonization,
which are on a dispensable chromosome of F. solani f.
sp. pisi (Han et al. 2001; Rodriguez-Carres et al. 2008).

272 F. Trail and D.M. Gardiner



However, for nearly all genes in the adaptive
genome, biological roles are yet to be defined,
and this represents a major challenge in under-
standing the unique biology of individual Fusar-
ium species. An emerging trend in the literature
is that these hypervariable or adaptive genome
components contain many genes with unex-
pected evolutionary histories, suggesting that
these regions may also be hosting places for
genes acquired by horizontal transfer. Examples
of genes important for virulence that have been
shown to be horizontally transferred into or out
of Fusarium spp., many of which are found in
the adaptive component of the genomes, are
presented in Table 11.1 with their chromosomal
locations, if known.

III. Genomic Contribution to
Understanding Fusaria as Plant
Pathogens

Fusarium species are important agricultural
crop pathogens worldwide. Genomics in the
Fusarium genus is beginning to shed light on
mechanisms of pathogenicity and of the variety
of plant-Fusarium interactions (Fig. 11.2).
From a whole-system point of view, the global
gene expression analysis in the pathogen has
driven our understanding of the processes
occurring during infection. This is best charac-
terized in F. graminearum, for which well-
annotated Affymetrix microarrays have been
developed (Güldener et al. 2006), including a
multispecies microarray with probe sets for
genes from each of the four founding Fusarium
genomes (Jonkers et al. 2012a, b). In F. grami-
nearum, experiments that have profiled the
global expression during infection on wheat
and barley heads and wheat stem bases have
been undertaken (Güldener et al. 2006; Lysøe
et al. 2011a; Stephens et al. 2008; Zhang et al.
2012). Through these reports, it is clear that
processes of carbohydrate metabolism, degra-
dation of host tissues for nutrient acquisition
and utilization, and secondary metabolism are
important to the infection process. A common
feature of these analyses is that for genes spe-
cific to in planta activities, those with unknown

function are overrepresented compared to the
genome as a whole, suggesting that our under-
standing of infection processes is far from com-
plete. For example, F. graminearum genes
expressed specifically in wheat (but not barley
and axenic culture) are preferentially encoded
by the adaptive genome (Lysøe et al. 2011a).

In an elegant set of experiments, a highly
detailed analysis of the infection processes in
wheat coleoptiles was undertaken (Zhang et al.
2012). These authors described stage-specific
infection of initial intercellular growth with
minimal hyphal branching, followed by more
invasive and intracellular growth with
increased branching, which further increased
over time to ultimately result in full intracellu-
lar ramification. Using laser microdissection
microscopy, gene expression profiles at each
of these infection stages were analyzed, reveal-
ing highly coordinated gene expression pro-
grams corresponding to differing cell-wall-
degrading enzymes, secreted proteins and reac-
tive oxygen species scavenging and production.
The cell-wall-degrading enzyme expression
profiles were related to the tissue invasion pat-
terns at each infection stage. Likewise, extracel-
lular reactive oxygen species scavenging was
suggested to be occurring during initial infec-
tion followed by the active extracellular reactive
oxygen species production later in the infection
to kill the plant cells. The genome sequence
availability and annotation have been instru-
mental in providing the gene expression analy-
sis tools for studies such as these that transform
our understanding of the interaction with the
host. Extending these analyses to the other
Fusarium spp. will undoubtedly inform these
systems in a similar manner.

Detailed individual gene functional analysis
via the generation of gene knockouts has also
been fundamental to enhancing our under-
standing of pathogenicity processes, and the
genome availability has greatly enhanced our
ability to undertake these experiments. Recent
species-specific reviews provide an overview of
genes known to be involved in pathogenicity in
Fusarium spp. (Michielse and Rep 2009; Walter
et al. 2010; Kazan et al. 2012). A core group of
common pathogenicity factors has been identi-
fied in several Fusarium species. In general,
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these are central cell-signalling components
that often have pleiotropic effects on the fitness
of the organism. A number of signalling path-
ways have been demonstrated as important for
virulence. The importance of these genes for
pathogenicity was identified before most gen-
omes were available using homologs identified
in other species. Specific mitogen-activated
protein kinase (MAPK) signalling pathways
(Di Pietro et al. 2001; Hou et al. 2002; Jencz-
mionka et al. 2003; Urban et al. 2003) and other
components that may interact with MAPK
pathways such as the Ras GTPase RAS2
(Bluhm et al. 2007) have been shown to be
important for virulence in multiple fusaria by
multiple research teams. G-protein signalling
components and downstream pathways are
important for virulence, although the impor-
tance of specific components may differ from
species to species (Jain et al. 2002, 2003, 2005;
Sagaram and Shim 2007; Yu et al. 2008; Park
et al. 2012). For example, the b subunit, which
is typically a single gene in fungi, is necessary
for virulence in F. oxysporum but not F. verti-
cillioides (Jain et al. 2003; Sagaram and Shim
2007). Recently, the velvet complex, known to
regulate key developmental steps and myco-
toxin production in aspergilli through chroma-
tin structure modification (Bayram et al. 2008),
has been shown to be important for virulence in
pathogenic fusaria, including the rice pathogen
F. fujikuroi, F. oxysporum and F. graminearum
(Merhej et al. 2012; Wiemann et al. 2010; Lee
et al. 2012; López-Berges et al. 2013). The genes
for many of these common pathogenicity fac-
tors are found in the basal genome (Beacham
et al. 2009). Interactions between these signal-
ling pathways are beginning to be teased out
through large knockout projects of gene
families (Wang et al. 2011) and will be aided
by studies of transcriptional profiling of indi-
vidual mutants. In addition, transcriptional
networks built from profiling transcription fac-
tor mutants (Son et al. 2011) will link genes
together.

The pleiotropic effects observed in many
signalling pathway mutants make it difficult to
dissect out the functional mechanisms that are
controlled by these pathways. However, these
mutants have been useful in characterizing the

key control points in plant invasion and the
downstream genes that are regulated by them.
For example in F. graminearum, mutation of
the BDM1 phosphotransducin-encoding gene
(downstream component of G-protein signal-
ling pathways) results in impaired colonization
of maize silks but normal kernel infection,
demonstrating different infection programs in
these two tissue types, which are presumably
mediated by distinct downstream functional
pathway outputs (Horevaj and Bluhm 2012).
Likewise, deletion of the F. verticillioides VeA
gene (a velvet complex component) has devel-
opmental consequences, such as growth habit
and cell wall defects in culture (Li et al. 2006),
but in maize, asymptomatic colonization stages
are unaffected, whereas pathogenicity and
fumonisin production are abolished (Myung
et al. 2012). Mutants such as these, which alter
the interaction of the fungus with the host
plant, will be crucial for understanding key
differences between asymptomatic and patho-
genic interactions. Such interactions are partic-
ularly important in F. verticillioides, which acts
as both an endophyte and a pathogen of maize.

Signalling components important in plant
diseases caused by fusaria have also been
demonstrated to be important in mammalian
mycoses, such as the Fmk1 MAP kinase and G-
protein b-subunit, which act in concert in mice
infection by F. oxysporum (Prados-Rosales
et al. 2006). Understanding the commonalities
and differences in pathogenicity of plant versus
animal hosts will also allow us to distinguish
genes in common with parasitizing both hosts
and those unique to the environment in each
host. Dissecting the differences and similarities
of infection in different hosts has been particu-
larly enlightening in bacterial pathogens (Stas-
kawicz et al. 2001).

Fusaria possess a variety of cell-wall-
degrading and other hydrolytic enzymes
undoubtedly used during infection and coloni-
zation of other substrates to facilitate extraction
of nutrients. Zhang et al. (2012) recently
showed that a cellulose b-cellobiosidase and
an endo-b-glucanase contribute to virulence
on wheat in a coleoptile infection assay, but
not on inoculated heads. The secreted lipase
FGL1 of F. graminearum is another hydrolytic
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enzyme required for pathogenicity. Mutants of
FGL1 are severely reduced in pathogenicity
towards wheat, barley and maize (Voigt et al.
2005; Ilgen et al. 2008). When expressed consti-
tutively, FGL1 partially restores virulence to the
apathogenic mitogen-activated kinase 1 mutant
(Dgpmk1) (Salomon et al. 2012), which is
known to regulate the expression of a variety
of cell-wall-degrading enzymes (Jenczmionka
and Schäfer 2005). In addition, restoration of
conidiation in the Dgpmk1 mutant by constitu-
tive FGL1 expression indicates a role for lipase
activity in developmental processes as well as
pathogenicity (Salomon et al. 2012).

A. Specialized Virulence Strategies: Genome
Innovation to Access a Specific Niche

Genes underlying species-specific virulence
strategies often reside in the adaptive genome.
The expression of these virulence components
that act in a host- or pathogen-specific manner
are often regulated by central signalling path-
ways. However, in many Fusarium-host inter-
actions, these outputs quantitatively contribute
to virulence, making them somewhat difficult
to functionally characterize. Examples include
mycotoxin production, mechanisms to detoxify
host defences, and the use of host molecule
mimicry to induce susceptibility. Progress in
these areas is discussed next.

1. Mycotoxins in Virulence

The trichothecenes are produced by F. grami-
nearum and related species and not only are
toxic to humans and animals but also remain
the mycotoxin most clearly shown to be a viru-
lence factor in plant-fungal interactions (Des-
jardins et al. 1992; Proctor et al. 1995; Bai et al.
2002; Ilgen et al. 2008; Jansen et al. 2005). Tri-
chothecenes are inhibitors of the protein trans-
lational apparatus (Pestka 2007) and have
elicitor-like activity in stimulating plant
defences and cell death (Desmond et al. 2008;
Nishiuchi et al. 2006). Delineation of the tricho-
thecene biosynthetic gene cluster was accom-
plished before fungal genome availability
through mutant analysis in F. sporotrichioides

(Hohn et al. 1993), first with the identification
of TRI5, the trichodiene synthetase gene (Hohn
and Beremand 1989). All the genes involved
in trichothecene biosynthesis and regulation
are given a ‘TRI’ designator followed by a
numeral.

Trichothecene-producing Fusarium spe-
cies, and different strains within a species,
vary in the patterns of oxygenation and acety-
lation (chemotypes) produced, and the differ-
ential patterns of decoration are reflected in the
genes present in the organism. Of the trichothe-
cenes produced by Fusarium species, DON
(deoxynivalenol) and NIV (nivalenol) and the
DON acetylated derivatives (3-
acetylaldeoxynivalenol, 3-ADON; 15-
acetyldeoxynivalenol, 15-ADON) are the most
important. TRI13 and TRI7 determine the pro-
duction of ADON- or NIV-based trichothe-
cenes (Lee et al. 2002). Recently, variants in
TRI8 were found to determine the production
of 3-ADON or 15-ADON (Alexander et al.
2011). These two chemotypes, and their com-
parison to NIV-producing strains have been the
basis for tracking population shifts worldwide
(Miedaner et al. 2008; Starkey et al. 2007; Xu
and Nicholson 2009; Ward et al. 2008; Suga
et al. 2008; Yang et al. 2008; Zhang et al. 2010;
Waalwijk et al. 2003).

Since the availability of genome sequences,
comparative analyses within the fusaria and to
other trichothecene-producing species has led
to a thorough understanding of how these clus-
ters have evolved and how genetics affects vari-
ation in trichothecene mycotoxins produced
(Proctor et al. 2009; Cardoza et al. 2011). From
a genome evolution perspective, trichothecene
biosynthetic genes provide a good example of
how other parts of the Fusarium genomes may
evolve. The genes for biosynthesis in F. sporo-
trichioides are arranged in three genomic loca-
tions: one described as the core cluster
containing most of the necessary genes (TRI3
through TRI14) and two other loci containing
either one gene (TRI101) or two genes (TRI16
and TRI1). This arrangement is retained in F.
graminearum, but the TRI16 is non-functional
and is not required for DON and NIV chemo-
types produced by F. graminearum (Peplow
et al. 2003; McCormick et al. 2004). In the F.
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graminearum genome, the core cluster is
located centrally on chromosome 2 near what
appears to be an ancient chromosome fusion
site. TRI7 and TRI13 are also pseudogenes in
strains that produce 3-ADON and 15-ADON
but are functional in strains that produce NIV
(Lee et al. 2002). Polymorphisms within the
cluster genes (e.g. TRI7 and TRI13) are also
observed in other trichothecene-producing
species, indicating that the alleles of these
genes evolved prior to speciation (Ward et al.
2002). In F. equiseti, TRI1 and TRI101 are
located within the main cluster, and evolution-
ary analysis suggests that the genes were trans-
ferred into the cluster in this lineage (Proctor
et al. 2009). Presumably similar genetic changes
and genomic rearrangement mechanisms act
on other genes in Fusarium spp. with important
implications for the evolution of pathogenesis.

Fumonisins are polyketide-derived myco-
toxins produced by F. verticillioides. They are
sphingolipid analogs that may interfere with
regular biosynthesis of these molecules in
exposed cells by inhibiting ceramide synthetase
(Abbas et al. 1994). The role of fumonisins in
disease has been addressed with non-producing
mutant strains of F. verticillioides with mixed
results that may be dependent on the host
maturity and tissue type. Neither deletion of
the FUM1 gene, encoding the PKS involved in
fumonisin biosynthesis, nor mutations in key
fumonisin biosynthesis genes affect maize ear
rot (Desjardins and Plattner 2000; Desjardins
et al. 2002). However, for disease in seedlings,
the ability to produce fumonisins seems to be
important (Desjardins et al. 1995). When the
entire fumonisin gene cluster was introduced
into a fumonisin non-producing F. verticil-
lioides strain, which was apathogenic on
maize, both disease and stunting were observed
when the transformed strain was inoculated
onto maize plants, strongly suggesting a role
for fumonisin in host colonization (Glenn
et al. 2008). The equivocal evidence for the
role of fumonisins in the interaction with
maize may be because of their activity as both
a pathogenicity factor and an elicitor of host
responses. It has been suggested that the bal-
ance between these two properties determines
the interaction outcome (Arias et al. 2012).

The fumonisin biosynthetic gene cluster,
consisting of 15 genes, has been identified and
resides 800 Kb from the chromosome 1 termi-
nus in F. verticillioides (Proctor et al. 1999,
2003). In two other fumonisin-producing spe-
cies, F. oxysporum isolate O-1890 and F. prolif-
eratum, the gene orders in the clusters are
conserved with the order in F. verticillioides,
but the flanking genes in all three species are
different (Waalwijk et al. 2004; Proctor et al.
2008), suggesting the cluster may be derived
by horizontal transfer. Whether this cluster
resides in an adaptive genome region remains
to be determined, and determining the evolu-
tionary origin of the fumonisin cluster will
greatly enhance our understanding of the evo-
lution and role of these clusters in Fusarium
biology.

The depsipeptide beauvericin is produced
by some strains of F. oxysporum, has cytotoxic
activity towards mammalian cells and insecti-
cidal properties, and may act via interference
ion homeostasis (Bryden et al. 2001; Wang and
Xu 2012). Beauvericin has recently been identi-
fied as a virulence factor for F. oxysporum
towards both tomato and mammalian hosts
(López-Berges et al. 2013). In F. oxysporum,
the beauvericin biosynthetic apparatus is
located about 330 Kb from the end of chromo-
some 10.

Beauvericin is biochemically related to the enniatins
from F. avenaceum, which are occasionally associated
with diseases of small-grain cereals (Bottalico and Per-
rone 2002) and are known to contribute to disease
towards potato (Herrmann et al. 1996). Genomic com-
parisons between F. oxysporum, F. avenaceum and
other depsipeptide producers will undoubtedly reveal
how the biosynthesis of these molecules evolved.

Other mycotoxins produced by the fusaria
have also been identified and the clusters for
their production characterized at the genomic
level, including the gibberellins, fusaric acid,
fusarin C and zearalenone (Tudzynski and Höl-
ter 1998; Gaffoor et al. 2005; Brown et al. 2012a;
Gaffoor and Trail 2006). Roles for fusarin C and
zearalenone in pathogenicity were not found
(Gaffoor et al. 2005). A role for fusaric acid in
plant disease is yet to be explored; however, the
phytotoxicity of fusaric acid would strongly
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suggest an important role (Löffler and Mouris
1992). Gibberellins are discussed in the section
on host susceptibility. An unknown metabolite
is also involved in virulence towards wheat
coleoptiles based on the mutation of the NPS9
gene in F. graminearum, but the metabolite is
unknown (Zhang et al. 2012). Given the diverse
potential of any one Fusarium sp. to produce
mycotoxins, dissecting the roles for every com-
pound in disease processes and pathogen fit-
ness will be challenging.

2. Detoxifying the Host Environment

A major component of the host response to
pathogen invasion is the production of meta-
bolites that have evolved to inhibit pathogen
growth. Some of the almost-universal compo-
nents of this response include reactive oxygen
species and simple phenolic compounds (e.g.
ferulic acid), and mechanisms to overcome or
avoid these responses are likely to be universal
to pathogens. For example, F. oxysporum f. sp.
lycopersici uses the b-ketoadipate pathway to
degrade plant-derived phenolics to allow inva-
sion of the host (Michielse et al. 2012); this
observation, based on the conservation of this
pathway, is expected to be important in other
interactions. The production of phytoalexins is
common in nearly all plants in response to
pathogen attack, but the chemical nature of
phytoalexins is usually specific to the host spe-
cies. Therefore, to be a pathogen on a particular
host one must be able to overcome these spe-
cific antimicrobial compounds. One of the best-
studied examples of this is the ability of F.
solani f. sp. pisi to detoxify the pea phytoalexin
pisatin. F. solani f. sp. pisi does this using a
combination of a cytochrome P450 monooxy-
genase (pisatin demethylase, PDA) and an
ATP-binding cassette (NhABC1) transporter
protein, which both quantitatively contribute
to pisatin tolerance and virulence (Wassman
and VanEtten 1996; Coleman et al. 2011). PDA
is located on chromosome 14, one of the dis-
pensable chromosomes in F. solani f. sp. pisi,
and is located within a cluster of at least three
genes shown to be important for virulence on
pea (Han et al. 2001). Other isolates of F. solani

detoxify the related phytoalexin maackiain, the
genes for which are also likely to be located on a
dispensable chromosome (Miao and VanEtten
1992). An ABC transporter in F. sambucinum,
homologous to NhABC1, is also involved in
tolerance to an unrelated phytoalexin produced
by potato, rishitin, where mutation of the trans-
porter results in reduced pathogenicity towards
potato (Fleißner et al. 2002). Homologs of these
transporters are also present in other Fusarium
spp., suggesting that a conserved mechanism
for dealing with phytoalexins may be present,
and functional characterization of these ABC
transporter genes in Fusarium pathogens of
other hosts may reveal the importance of phy-
toalexins in these interactions, which, particu-
larly in the monocot hosts, are largely
unknown.

Another example of phytoalexin detoxification contri-
buting to virulence in the fusaria is the degradation of
the tomato saponin a-tomatine by the tomatinase pro-
duced by F. oxysporum f. sp. lycopersici (Pareja-Jaime
et al. 2008). The chromosomal location of the tomati-
nase gene (tom1) is unknown as this sequence is in the
unpositioned scaffolds of the F. oxysporum f. sp. lyco-
persici genome.

Genomic studies have also begun to dissect
the detoxification pathway in F. verticillioides
for the benzoxazolinones (BOA and MBOA),
preformed antimicrobials from maize. Using
subtractive hybridization, a cluster of genes
highly expressed in response to BOA exposure
was identified (Glenn and Bacon 2009). A gene
in this cluster encodes an acetyltransferase
involved in the biochemical transformation of
BOA. An adjacent gene, encoding a transcrip-
tion factor, was proposed to regulate the
expression at this locus; indeed, transformants
harbouring a mutation in this gene were par-
tially reduced in the ability to detoxify BOA.
This two-gene cluster for one step of BOA
detoxification is located in the subtelomeric
region of chromosome 10, within a few genes
of the FvDLH1-FvAMD1 gene cluster, which is
likely to be horizontally transferred between
species (Table 11.1) (Gardiner et al. 2012).
However, the ability to detoxify BOA is not
necessary for virulence towards maize in seed-
ling assays or in endophytic colonization assays
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(Glenn et al. 2002). Benzoxazolinones are also
produced by wheat and rye (Niemeyer 1988),
and fusaria that cause disease on these hosts,
such as F. culmorum, are known to effectively
metabolize them (Friebe et al. 1998). However,
the mechanism of degradation of these toxins
by F. culmorum and the role in virulence are yet
to be elucidated. Comparative genomics
between genomes of strains of F. culmorum,
which are in progress, and F. verticillioides
will be interesting (Scherm et al. 2013).

3. Inducing Host Susceptibility

A common feature of many Fusarium-host
interactions is the manipulation of the host
via the endogenous hormone-signalling path-
ways. Although the pathways and mechanisms
differ between Fusarium spp., there are a num-
ber of key examples that highlight the exquisite
hijacking of endogenous host processes to facil-
itate disease, including the auxin, jasmonate
and gibberellin.

The most striking manipulation of the host
via phytohormone production is that of the
gibberellins by F. fujikuroi mating population
C (MP-C), the causal agent of bakanae disease
of rice (also known as foolish seedling disease).
The fungal-produced gibberellins act on the
endogenous host gibberellin receptors and
pathway to induce a hyperextension phenotype.
Indeed, the gibberellin hormones take their
name from the (historical) teleomorph epithet
of F. fujikuroi, Gibberella fujikuroi, and this
fungus has been instrumental in the discovery
and understanding of the role of gibberellins in
normal plant development (Bömke and Tud-
zynski 2009 and references therein). The bio-
synthetic pathway and underlying genes for
gibberellin biosynthesis in F. fujikuroi have
been elucidated and shown to be different
from the pathway in plants (Bömke and Tud-
zynski 2009). The genes are clustered in the
genome, resembling a secondary metabolite
gene cluster (Tudzynski and Hölter 1998).
Comparative analysis of the other members of
the species complex in which F. fujikuroiMP-C
resides identified the presence of the complete
gene cluster within nearly all species, but only

F. fujikuroi MP-C actually synthesizes gibber-
ellins (Malonek et al. 2005).

Specific isolates of F. oxysporum are known
to produce jasmonates (Miersch et al. 1999),
which presumably trigger responses of this
pathway in the host. How production of these
molecules is encoded in the host genome is
unknown, but a secondary metabolite biosyn-
thetic gene cluster that includes a PKS gene
would be one possibility. Indeed, in the F. oxy-
sporum-Arabidopsis interaction, mutations in
key regulators of the jasmonate response in
the host alter the outcome of the interaction.
Mutations in the jasmonate receptor gene COI1
abolish jasmonate defence responses and ren-
der the host resistant, although colonization by
the pathogen still occurs (Thatcher et al. 2009).
The transcription factor MYC2, which differen-
tially regulates outputs of the jasmonate
response pathway in Arabidopsis (Dombrecht
et al. 2007), is also an important susceptibility
factor for interactions with F. oxysporum
(Anderson et al. 2004). In contrast, host biosyn-
thesis of jasmonate is not required for suscep-
tibility (Thatcher et al. 2009). Taking these
findings together, Thatcher et al. (2009) postu-
lated that the pathogen produces a jasmonate
mimic to trigger jasmonate-mediated senes-
cence responses in the host, which leads to
susceptibility.

The salicylic acid, cytokinin, and abscisic acid
responses have not been described to date as targets
of Fusarium pathogens, but pathogens from other
genera are known to manipulate these pathways, so it
is possible that specific fusaria may also do so (e.g., see
Djamei et al. 2011; Bruce et al. 2011). Likewise, ethylene
perception is required for susceptibility to F. oxy-
sporum f. sp. lycopersici in tomato (Lund et al. 1998),
and auxin signalling and transport perturbations
impart increased resistance to F. oxysporum infection
in Arabidopsis (Kidd et al. 2011), although whether
there is a specific manipulation of these pathways by
the pathogen remains to be elucidated.

Some fusaria synthesize auxins with the
genes encoded in a biosynthetic cluster
acquired from bacteria (Tsavkelova et al.
2012). In F. verticillioides, which produces
small amounts of auxin, the biosynthetic
genes for auxin production are located 90 Kb
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from the terminus of chromosome 3, which is
presumably a component of the adaptive
genome. With the examples described previ-
ously, it seems modulation of phytohormone
signalling by fusaria is a common theme of
pathogenesis.

4. Secreted Proteins in the Interaction Between
Fusaria and Host Plants

Among the fusaria, only F. oxysporum isolates
are known to interact with their host plants in a
gene-for-gene manner. That is, specific host
resistance genes are known to interact geneti-
cally with specific pathogen avirulence genes,
resulting in resistance to the pathogen.
Recently, genes encoding SIX (Secreted in
Xylem) proteins in F. oxysporum have been
shown to be avirulence genes. Three proteins –
Avr3 (SIX1), Avr2 (SIX3) and Avr1 (SIX4) –
identified by their presence in the xylem of
infected tomato plants via proteomic studies,
have been shown to be the products of aviru-
lence genes in F. oxysporum f. sp. lycopersici,
where they interact with cognate resistance
genes in the host; however, in tomato this does
not seem to result in a hypersensitive response
(Rep et al. 2004; Houterman et al. 2008, 2009).
Despite being identified by their production in
xylem, the avirulence proteins are likely to have
their effect in the xylem parenchyma (Houter-
man et al. 2009). Each of these genes also has
virulence functions based on mutant studies.
Avr1 inhibits resistance initiated by recognition
of the Avr2 and Avr3 determinants (Houterman
et al. 2008), but the mechanisms of virulence for
Avr2 and Avr3 are yet to be identified (Rep et al.
2005). Through whole-genome sequencing, an
almost-identical copy of Avr1 was identified in
the Arabidopsis-infecting F. oxysporum strain
Fo5176, where it contributes to virulence. How-
ever, resistance inArabidopsis seems to be quan-
titative and not mediated by classical resistance
genes (Thatcher et al. 2012). Thus, the mecha-
nism of virulence in tomato and Arabidopsis
may be different for Avr1. In addition to the
three avirulence proteins described, F. oxy-
sporum f. sp. lycopersici secretes a number of
other small proteins into the xylem vessels,

which are presumed also to have roles in infec-
tion. Most of these seem to be encoded on the
dispensable chromosomes of F. oxysporum f. sp.
lycopersici (Houterman et al. 2007).

Secreted protein effectors that act inside the
host cell have yet to be identified in other
Fusarium spp. However, it is difficult to con-
ceive that secreted proteins would not be
involved, as in many fungal-plant interactions
secreted proteins are known to be important as
toxic proteins or proteins that manipulate host
responses. Paper et al. (2007) isolated 120 pro-
teins secreted during F. graminearum infection
by isolating apoplastic fluid of infected wheat
heads. Functional analysis of 37 genes identi-
fied in that study showed no change in viru-
lence for 35 of the genes, with the remaining
2 showing slight reduction in virulence (Paper
2011). Recently, the predicted secretome of F.
graminearum was re-analysed (Brown et al.
2012b), and previous observations of the con-
centration of secreted proteins encoding genes
in genomic regions that are undergoing higher
rates of genetic change were confirmed (Cuomo
et al. 2007). Brown et al. (2012b) hypothesized,
based on the infection patterns of and host
responses to various F. graminearum mutants,
that factors other than the mycotoxin DON are
clearly involved in the interaction and host
recognition of this fungus. The expression of
secreted proteins during infection, some of
them exclusively during infection, strongly sug-
gests a role for them in virulence (Lysøe et al.
2011a; Zhang et al. 2012). Two different studies
examining different tissue showed that more
than 40 % of the proteins described as exclu-
sively expressed in planta are predicted to be
secreted, compared to the genome as a whole,
for which only 13 % of proteins have signal
peptides (Lysøe et al. 2011a; Zhang et al.
2012). One of the potential problems in under-
standing how secreted proteinaceous effectors
are involved in an interaction is the possibility
that each individual effector may only have a
small quantitative contribution to virulence,
which is difficult to detect using loss-of-func-
tion mutants. However, quantitative reduction
in an isolate’s ability to invade a plant will
undoubtedly be selected against over genera-
tions in the field.
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Recent publications from other pathosys-
tems are now redefining what an effector of
virulence might look like. Historically, small
cysteine-rich secreted proteins have been
thought of as prime candidates, and indeed
they have been. However, a number of lines of
evidence suggest an expanded view of effectors
is necessary. First, alternative mechanisms for
secretion of proteins, independent of a signal
peptide, are likely to exist (Yang et al. 2012);
Paper et al. (2007) identified F. graminearum
proteins in the apoplast of infected wheat heads
that were not predicted to contain standard
secretion signals. Second, effectors from both
bacterial and fungal pathogens are known to
include relatively large proteins with enzymatic
activities (e.g. see Djamei et al. 2011; Feng et al.
2012).

IV. From Pathogen to Saprotroph:
Overwinter Survival

All known Fusarium species that cause disease
on plants can be described as facultative patho-
gens. Most species survive on crop residue
remaining in the field after harvest or present
in the soil from previous years. The two alter-
nating stages of the life cycle, a pathogenic stage
on the host and a dormant or saprobic stage,
are linked by dispersal to the new host, and
selection likely occurs during both stages. Rel-
atively little is known about the molecular
mechanisms of Fusarium spp. survival and
competition against other microbes in these
dormant or saprobic stages, but this may be a
key component of pathogen fitness. However,
we are beginning to understand the processes
involved in the development and differentia-
tion of the spores and other structures Fusar-
ium spp. uses both as inoculum and to survive
adverse conditions.

Fusarium species can produce potentially
four types of spores: macroconidia, microconidia,
chlamydospores and the sexual ascospores.
Spores are the primary inoculum source for
Fusarium diseases, being formed on the colonized
residues of the previous crop. The macroconidia

and microconidia are relatively short-lived and
probably serve to link the pathogen from crop
to crop. Thick-walled chlamydospores are likely
to survive well in the soil. Further investigations
are needed to determine their relative contribu-
tion to disease initiation in species that produce
them. Unlike the fruiting bodies of many ascomy-
cetous fungi, those of Fusarium species are
ephemeral and do not serve as the overwintering
stage. In F. graminearum, it has been shown that
lipid-filled perithecium initials overwinter in sub-
stomatal cavities in wheat straw and develop peri-
thecia in warmer temperatures (Guenther and
Trail 2005). Ascospores seem to provide the
main inoculum source for head blight in many
areas of the world. These airborne spores are
dispersed more broadly than the limited range
of macroconidia. However, in Australia, where
head blight is less common than crown rot,
macroconidia are the main airborne inoculum
source, and isolates of F. graminearum do not
produce the copious numbers of perithecia that
are common in isolates from other parts of the
world (Mitter et al. 2006). The limited dispersal of
macroconidia may be partially responsible for the
less-prominent presence of F. graminearum and
head blight in Australia (Chakraborty et al. 2006).
In the next sections, the contribution of genomics
to understanding sporulation and sexual develop-
ment in the fusaria and how this relates to the
overall fitness of the pathogens are discussed.

V. Genomics of Sporulation

A. Asexual Sporulation

As with most fungi, sporulation is the most
important means of dispersal in Fusarium spp.
Asexual sporulation (conidial formation) is
always present in these species, but sexual sporu-
lation is known only in some species. Asexual
cycles can consist of microconidia and macro-
conidia or just macroconidia. For fungi without
prominent sexual cycles, conidia are the primary
agents of dispersal and the major infective agents
(Dahlberg and Van Etten 1982). In Fusarium spe-
cies, macroconidia are formed in phialides, flask-
shaped conidiogenous cells. The macroconidia
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are canoe shaped and are held together in a slimy
matrix within the sporodochia, a cluster of phia-
lides and the conidia they produce. The shape of
these spores, as well as the slimy matrix, helps
these spores disperse by rain (Deacon 2006).
Microconidia are also produced by phialides
and generally accumulate in small spheres of
spores called false heads, although in F. verticil-
lioides, they also appear in chains emerging from
the phialides (Leslie and Summerell 2006). Micro-
conidia have roles as spermatia, for fertilizing
female structures, but can also serve as germinat-
ing spores. Microconidia are produced by F. oxy-
sporum and F. verticillioides. Germination can be
slow or unreliable if they serve primarily as sper-
matia, but in the Fusarium spp., microconidia
seem to be reliable germinators. Chlamydospores
are prominent in F. oxysporum and are produced
distinct from the conidia, intercalated in the
hyphae. In F. graminearum, chlamydospores are
produced from enlarged individual cells within
the macroconidia. Identification of genes that
affect production of one or both types of conidia
or production of chlamydospores could be used
to study the importance of spore types in the
disease cycle and pathogen survival. In addition,
the availability of genomes of multiple Fusarium
species offers a way to study the evolution of
conidiogenesis, including mechanisms that result
in the absence of a spore type or morphological
variations among spores of different species.

The role of microconidia has traditionally
been regarded as one of fertilization (Dodge
1930; Maheshwari 1999); however, the species
of Fusarium that produce microconidia, includ-
ing F. verticillioides, F. oxysporum and F. solani,
produce microconidia that germinate and can
thus function in dispersal, similar to the macro-
conidia. Furthermore, there is no known sexual
stage for F. oxysporum, so the role of microco-
nidia in this species is likely not limited to fertil-
ization. We are not aware of any studies that
focused on different roles of macro- and micro-
conidia in the field. However, all Fusarium
strains pathogenic to humans produce microco-
nidia, and many are associated with the forma-
tion of biofilms in plumbing drains (Short et al.
2011). The majority of clinical isolates (78 %) fall
into the F. solani and F. oxysporum species com-
plexes (Short et al. 2011).

The study of the roles of micro- and macroconidia in
Neurospora intermedia, which is found in burnt sugar-
cane fields, found that they were produced at different
stages of the life cycle (Pandit andMaheshwari 1996). In
the early stages of colonization of crop residues, when
the substrate was rich in nitrogen and sugars, macro-
conidia dominated. In the depleted, desiccated tissue,
several weeks after macroconidia had ceased to be pro-
duced and the substrate was moistened by rain, the
microconidia predominated. At this time, perithecia
began to form as well, suggesting a role in fertilization.

Aspergillus and Neurospora have long
served as model systems for the genetics of
conidiation (see reviews by Park and Yu 2012;
Etxebeste et al. 2010). The con genes are a group
of genes originally identified by their expres-
sion during macroconidiation (Springer and
Yanofsky 1992). They are also associated with
microconidia formation. Studies of conidiation
in the Fusarium species have been initiated to
understand how the pathways differ from these
models. Because of the current availability of
genome sequences, however, these studies have
begun to move beyond identification of ortho-
logs to studies of transcriptional regulation in
the Fusarium species. Transcription factors
MedA and StuA modulate gene regulation
across development. In F. oxysporum, REN1
has high similarity to MedA of Aspergillus,
which is a transcriptional regulator of conidio-
genesis (Ohara et al. 2004). The REN1 mutants
lack conidiophores and phialides and form
conidia-like cells that are rod shaped instead
of canoe shaped and are formed directly on the
hyphae. Production of the microconidia is also
affected in the REN1 mutants. The nitrite
reductase gene in F. oxysporum (FoNIIA) is
regulated by REN1 (Iida et al. 2008). Mutants
of FoNIIA produce morphologically normal
micro- and macroconidia but produce signifi-
cantly fewer microconidia than the wild type.
The role of FoNIIA in conidiation is not clear,
but direct nutritional roles were eliminated
using reduced nitrogen sources in the experi-
ments. In F. graminearum, the transcription
factor FgStuA was shown to affect conidiation,
with mutants lacking spores and phialides. This
mutant also did not produce perithecia. As was
shown in studies of the ortholog in Aspergillus
nidulans (Clutterbuck 1969), StuA is a global
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regulator, affecting expression of thousands of
genes (Lysøe et al. 2011b). In F. oxysporum,
deletion of the FoSTUA ortholog increased
chlamydospore production but reduced macro-
conidium production. In these mutants, phia-
lide and conidiophore formation were affected
for macroconidia, but microconidial formation
was not altered. Originally identified inMagna-
porthe grisea, the transcription factor Htf1, a
homeodomain protein, has been found to be
essential for phialide development and conidio-
genesis in F. graminearum, F. verticillioides and
F. oxysporum (Zheng et al. 2012). The mutants
produced clusters of aberrant phialides that did
not give rise to conidia but produced aberrant
conidia directly on the tips of vegetative
hyphae. It would be interesting to pursue the
role of this gene in other genera, perhaps to
reveal how phialide function has evolved.

Light is an integral part of sporulation for
many fungi. Red-to-yellow Light wavelengths
increased conidiation at high intensity, but the
greatest conidiation was observed under short-
wave blue light in F. verticillioides (Fanelli et al.
2012). The White Collar protein (Wc-1), first
studied in N. crassa, is known to be involved in
light-sensing mechanisms in filamentous fungi.
Functional studies of the Wc-1 homolog in
F. fujikuroi (wco-1) has demonstrated its
importance in conidiation rates, although this
is likely not caused by an interaction with light,
as light does not seem to affect conidiation
(Estrada and Avalos 2007). The velvet gene
VeA has been well studied in A. nidulans,
where it integrates developmental responses
to light, along with VelB and LaeA, inhibiting
sexual development (Bayram et al. 2008). In
F. verticillioides, deletion of Ve1 affected colony
development, including formation of aerial
mycelia, increased macroconidium formation,
resulted in fewer microconidia, and eliminated
the formation of microconidia in chains (Li
et al. 2006). The addition of osmotic stabilizers
to the medium restored the wild-type pheno-
type. VeA has also been studied in F. grami-
nearum (Jiang et al. 2011a), for which mutants
exhibited an increase in conidial production
but delayed germination. Interestingly, conidia
of the mutants accumulated a higher number of
lipid droplets, potentially resulting from a

higher basal level of glycerol than the wild-
type parent. A large number of fatty acid bio-
synthesis genes were upregulated in the
mutant. Mutants of the type 2C protein phos-
phatase gene were also reported to result in
large lipid droplets in conidia of F. grami-
nearum (Jiang et al. 2011b).

Analysis of gene expression during conidia-
tion has been done in several species. Seong
et al. (2008) measured gene expression during
F. graminearum conidial germination at conid-
ial swelling, germ tube emergence, hyphal elon-
gation and branching. This comprehensive
analysis of gene expression, done using Affy-
metrix GeneChips, revealed the processes
involved in each stage of conidial development.
In F. oxysporum, a study of comparisons
between gene expression in vegetative hyphae
versus conidiating cultures using expressed
sequence tags, revealed genes that were specific
to conidiation (Iida et al. 2006). Changes in
gene expression patterns in REN1 and FoSTUA
mutants enabled the authors to identify genes
regulated by these transcription factors (Iida
et al. 2007). These two studies resulted in the
identification of the nitrite reductase gene as
involved in macroconidium formation (see
Section VA). FoNIIA is positively regulated by
REN1, and transcripts accumulate to much
higher levels in conidiating cultures (Iida et al.
2008). With the increasing power of high-
throughput sequencing, comparative expres-
sion studies during conidiation are needed for
all of these species and for all spore types to
understand transcriptional changes that have
resulted in evolution of these distinct morphol-
ogies and life cycles. In addition, the recent
identification of differentiated infection struc-
tures in F. graminearum on hosts wheat and
Brachypodium (Peraldi et al. 2011; Boenisch
and Schaefer 2011) indicates the potential for
comparisons of prepenetration differentiation
among species growing on different hosts.

B. Sexual Development

The availability of the Fusarium genome
sequences from species across a spectrum of
life histories provides an opportunity to under-
stand the genetics and evolution of reproductive
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processes. Of the species with fully sequenced
genomes, sexual cycles are present in F. grami-
nearum, F. verticillioides, F. pseudogrami-
nearum and F. solani. Fusarium graminearum
is homothallic, meaning that it is self-
compatible; thus, a single strain can produce
fruiting bodies. Fusarium solani, F. pseudogra-
minearum and F. verticillioides are heterothal-
lic, meaning that two strains, harbouring
different mating-type genes, are required to pro-
duce fertile fruiting bodies. Of the four fertile
species, the sexual stage seems to play a promi-
nent role in the disease cycle of F. graminearum,
for which ascospores are major dispersal agents
(Shaner 2003; Desjardins et al. 2006), and some
formae speciales of F. solani. For example, in F.
solani on pepper, perithecia have been shown to
form on vines and be a major source of inocu-
lum (Ikeda 2010). In F. verticillioides, perithecia
are seen occasionally on crop residues or in
stored contaminated material (Marin et al.
2004). There is evidence of recombination in F.
pseudograminearum, as indicated by the pres-
ence of both mating types in similar frequencies
(Bentley et al. 2008). Fusarium graminearum has
become a model for understanding development
of perithecia in the ascomycetes, and there are
now many studies of the roles of individual
genes involved in sexual development.

Many individual genes that have been func-
tionally characterized in F. graminearum have
been determined to affect sexual development.
A comprehensive review of these genes and
their roles in development is published else-
where (Trail 2013). Genomics has been most
useful in identifying gene families, on which
functional studies can be performed on the
members. Prior to the availability of genome
sequences, genes identified as involved in peri-
thecium development were mainly those that
arrested sexual development entirely. Since
the availability of methods to perform large-
scale functional studies, more genes have been
identified that are involved in the intermediate
stages of perithecium development (Trail
2013). Studies of gene families in multiple spe-
cies offer insight into the evolution of func-
tional changes during speciation. In addition,
gene expression studies can be performed to
identify potentially important processes,

which can then be used for further investiga-
tion.

Genes that control mating compatibility
(MAT genes) have been intensively studied in
fungi (reviewed in Heitman et al. 2007). The
MAT1 locus may harbour idiomorphs MAT1-
1 or MAT1-2, determinants of mating type
(Glass et al. 1988). The term idiomorph is used
because MAT1-1 and MAT1-2 are not alleles.
The MAT1-1 locus consists of three genes
(MAT1-1-1, MAT1-1-2, MAT1-1-3), and
MAT1-2 consists of one gene,MAT1-2-1 (Butler
2007). These genes regulate expression of mat-
ing-type-specific functions. Strains with differ-
ent idiomorphs are compatible. In homothallic
species, the presence of both idiomorphs allows
sexual development to progress in a single
strain. The genome of F. graminearum har-
bours both the MAT1-1 and the MAT1-2 loci,
rendering it homothallic. Replacement of the
MAT1 locus in F. graminearum with either
idiomorph results in strains that are function-
ally self-incompatible and will outcross (Lee
et al. 2003). This strategy has been used to
generate strains for genetic analyses (Metzen-
berg and Glass 1990).

Strains of F. verticilliodes, F. pseudogrami-
nearum and F. solani are heterothallic and har-
bour either the MAT1-1 genes or the MAT1-2
gene, and strains with different MAT genes are
sexually compatible (Arie et al. 2000; Bentley
et al. 2008). Fusarium oxysporum strains also
harbour either MAT1-1 or MAT1-2 (Yun et al.
2000; Arie et al. 2000), indicating the presence
of a sexual cycle, but the sexual stage of
F. oxysporum has not been reported. Expres-
sion studies of genes under regulation of the
MAT genes have been performed in F. grami-
nearum (Lee et al. 2006). Transcriptomic ana-
lyses of F. graminearum and F. verticillioides
during mating and fruiting body development
revealed surprising patterns of expression of
the MAT1 genes (Sikhakolli et al. 2012).

In F. graminearum, all four MAT1 genes
showed high expression levels through perithe-
cium maturation. In contrast, MAT1-2 showed
detectable expression only during the mating/
early development period in F. verticillioides,
whereas the MAT1-1 genes showed similar
expression to those of F. graminearum. These
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results indicate a broader role for MAT1 genes
during fruiting body development, and may
indicate a role for MAT1-2 in maintaining
nuclear identity in homothallic species during
sexual development. Furthermore, MAT genes
may have more extensive roles during sexual
development. More work in this area, among
both the Fusarium species and a broader range
of fungi, will enhance our understanding of the
evolution and role of MAT genes in regulating
mating and sexual development.

The functional studies of gene families have
focused on regulatory genes, including tran-
scription factors, G-proteins, G-protein regula-
tors and kinases. G-proteins are important
signal-transducing proteins that often relay sig-
nals from membrane-bound receptors to cyto-
plasmic proteins. G-proteins comprise three
subunits: a, b, and g. A functional study of
G-proteins in F. graminearum revealed three
Ga proteins (GPA1, 2, and 3), one Gb protein,
and one GpGg gene called GpG1 (Yu et al.
2008). Interestingly, the study revealed that
the Ga- and Gb-proteins regulated either sexual
development or pathogenicity, but there was no
crossover regulation across both processes by a
single protein. GPA1 regulates female fertility,
and none of the other G-proteins shows a func-
tional relationship to sexual development when
deleted. A study of GBB1, a G-protein B-subunit
gene in F. verticillioides, revealed that it also
was not involved in sexual development
(Mukherjee et al. 2011). Regulators of G-protein
signalling (RGSs) proteins control heterotri-
meric G-protein signalling by specifically inter-
acting with the Ga subunit, usually by turning
off activated G-proteins through enhancing the
GTPase activity of the subunit. In F. grami-
nearum, seven RGS genes were identified and
functionally characterized (Park et al. 2012).
Deletion mutants of FgFlbA, FgRgsB and
FgRgsC were affected in sexual development.
Single strains of the FgFlbA mutant did not
develop perithecia and were not successful as
female parents. Mutants of FgRgsB developed
perithecia that matured at a slower rate, and
mutants of FgRgsC produced abnormal ascos-
pores, although perithecia seemed normal.
FgFlbA also seemed to regulate the ratio
between sexual and asexual development.

Thus, the Ga subunit has a global effect on
sexual reproduction, and the regulators have
narrower effects.

Kinases are the middlemen in the signal
transduction system, relaying signals coming
in from G-proteins through protein phosphor-
ylation. Functional analysis of the kinome, the
complete set of kinases, in F. graminearum has
been completed (Wang et al. 2011). Some
groups of kinases are closely linked on the
chromosomes and retain synteny with F. oxy-
sporum and F. verticillioides. Of 117 kinases
identified in the genome, 20 protein kinases
yielded mutants that no longer underwent sex-
ual development, mutants of 6 asci no longer
produced, mutants of 13 resulted in defective
ascospore development, and mutants of
another 6 no longer forcibly discharged spores.
These results indicate that a large proportion of
the 117 are in some way involved in sexual
development, reflecting both the complexity of
the developmental process and the importance
of this process in F. graminearum. It would be
interesting to compare these functions to other
species within the genus and outside.

A large-scale functional analysis was per-
formed of all predicted transcription factors in
the genome of F. graminearum (Son et al.
2011), with 657 predicted transcription factor
genes characterized for 17 phenotypes. Effects
on perithecium development and function were
shown by 170 transcription factors. The
authors categorized the mutants of 107 genes
as having effects on sexual development:
Mutants of 44 did not initiate the sexual cycle,
4 produced larger numbers of perithecia, 12
were arrested early in development, and 23
produced fewer numbers of normal perithecia.
Several additional mutants produced fewer
perithecia and had other abnormalities also:
Mutants of 9 had abnormal ascospore shape,
and 19 were arrested in ascospore formation.
For those that produced normal perithecium
abundance, mutants of five genes formed peri-
thecia containing abnormal spores, and
mutants of an additional gene did not produce
spores. Of the 657 genes examined, only 4 of the
transcription factors affected conidiation spe-
cifically. In contrast, 13 affected sexual develop-
ment specifically. This comprehensive study
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reflected both the complexity of regulation of
the sexual cycle and the importance to the biol-
ogy of F. graminearum.

Network analyses done on the regulatory pathways in F.
graminearum (Son et al. 2011; Wang et al. 2011) were
based on extending the protein-protein interactions in
yeast to the orthologs in F. graminearum. More work
on these interactions in filamentous fungi directly is
essential, as regulatory pathway gene families have
greatly expanded in these organisms.

Several global expression studies have been
done over six stages of perithecium develop-
ment in F. graminearum and F. verticillioides.
A study using the Affymetrix Fusarium Gene-
Chip across five stages of development revealed
about 2,000 genes that were expressed uniquely
in sexual development (Hallen et al. 2007). A
second study examined the same stages of sex-
ual development of F. graminearum on infected
wheat stalks (Guenther et al. 2009). Together,
these studies support the model that lipids
accumulate early in substrate colonization,
and that these lipid stores are depleted during
development of perithecia. The ephemeral
nature of perithecia in this species suggests
that the lipid-filled hyphae function as the over-
wintering stage for F. graminearum. The tran-
scriptional shifts across the same five stages of
perithecium development were examined in
both F. graminearum and F. verticillioides
using Illumina-based RNA sequencing, reveal-
ing that the majority of genes expressed during
sexual development fell into the category
‘unclassified proteins’, reflecting our poor
understanding of these important structures
and the need for functional genomics studies
of these genes to understand their roles (Sikha-
kolli et al. 2012). More cross-species and cross-
genera comparisons of gene expression in sex-
ual development not only will yield important
information on the genes involved but also will
reveal the evolutionary processes that are
reflected in their diverse morphologies.

1. Secondary Metabolism and Sporulation

Several secondary metabolites have been asso-
ciated with sporulation in Fusarium species. The
most striking are the polyketides that produce

pigments, associated with different stages of
Fusarium life cycles. The availability of several
Fusarium genomes has enabled identification
and characterization of these pigments, as well
as the study of their evolutionary relatedness.
The characterization of these pigments was one
of the first outcomes of the release of the F.
graminearum genome. The black perithecium
wall pigment in F. graminearum, F. verticil-
lioides and F. fujikuoi is synthesized by a PKS
encoded by PGL1 (Gaffoor et al. 2005; Brown
et al. 2012a; Proctor et al. 2007; Studt et al.
2012). The structure of that pigment was
recently determined to be a naphthoquinone
called fusarubin (Studt et al. 2012). In contrast,
F. solani produces reddish perithecia, and the
pigment, produced by the polyketide synthetase
PKSN, is closely related to the reddish mycelial
pigments of many Fusarium species (Graziani
et al. 2004; Studt et al. 2012). Although F. solani
has a PGL1 homolog, the lack of black pigmen-
tation together with the results from the study of
PKSN indicate that this gene either is non-
functional or produces a different pigment not
yet recognized (Proctor et al. 2007; Studt et al.
2012). The function of the black perithecial pig-
ment is not known, but its colour suggests pro-
tection of the developing meiospores from light,
particularly UV (ultraviolet) rays, and reactive
oxygen species (Graziani et al. 2004).

The most recognizable feature of Fusarium-
infected corn and wheat straw is the appearance
of pink regions associated with mycelia. Fusar-
ium verticillioides, F. fukijuroi and F. oxy-
sporum produce a related reddish pigment,
the polyketide bikaverin (Hansen et al. 2012;
Wiemann et al. 2009; Tatum et al. 1987). In F.
graminearum, the reddish pigment is produced
by PKS12 (Aur1), which is unique to F. grami-
nearum, and is associated with the polyketide
aurofusarin and its dimer rubrofusarin (Gaf-
foor et al. 2005; Kim et al. 2005a; Malz et al.
2005). Aur1 and PKSN of F. solani are closely
related and more distant from the genes for
bikaverin (Studt et al. 2012). Knockout strains
for PGL1 in F. graminearum produce perithecia
that are pale but have a reddish hue, whereas
knockouts of the aurofusarin PKS gene (PKS12)
have a flat, black appearance (Gaffoor et al.
2005). Therefore, the purplish-blue colour
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characteristic of the F. graminearum perithecia
is caused by the combination of both of these
pigments (Gaffoor et al. 2005). The PGL1
knockouts of F. fujikuroi are colourless (Studt
et al. 2012), indicating that the fusarubin con-
tributes the entire perithecium pigmentation in
that species.

Although pathogenic hyphae in host plants
must protect themselves from host responses,
the fruiting bodies and overwintering hyphae
and spores in the crop residues and soil are
susceptible to predation by other microbes,
insects, animals, and the environment. The
arsenal of secondary metabolites can function
to protect the vulnerable resting stages, and
there is some indirect evidence that this occurs.
The antimicrobial activity of aurofusarin
(Medentsev et al. 1993), combined with its pro-
duction on colonized straw, suggests it may be
used as a protective mechanism for overwinter-
ing perithecium initials and hyphae. Previ-
ously, production of zearalenone Mycotoxins
had been hypothesized to stimulate sexual
development in F. graminearum (Wolf and
Mirocha 1973) and in other ascomycetes (Nel-
son 1971). Gene deletion experiments have
resulted in identification of two PKS genes
(PKS4 and PKS13) that are essential for produc-
tion of zearalenone (Kim et al. 2005b; Gaffoor
and Trail 2006; Lysøe et al. 2006). The absence
of zearalenone in these knockout strains did
not affect perithecium production. The ability
of zearalenone to initiate sexual development in
other species could be potentially beneficial if it
resulted in dormancy for the target species,
thus allowing Fusarium to continue to colonize
the shared substrate. An understanding of how
microbes interact in association with hosts will
come from elucidation of the host micro-
biomes. As has been demonstrated by recent
studies of the human microbiome (Lepage
et al. 2013; Morgan et al. 2013), our understand-
ing of microbes associated with host plants is
essential to our understanding of crop health.

In relation to the polyketides, the charac-
terization, genetics and biosynthesis of non-
ribosomal peptides and terpenes have been
relatively unexplored in fungi, although there
is also a great diversity of biosynthetic genes for
these compounds. NPSs have been shown to

have a role in sporulation. Fusarium grami-
nearum has the most unique NPS genes of the
sequenced Fusarium species and has a total of
19 NPS genes (Cuomo et al. 2007; Hansen et al.
2012). Several NPS genes have been shown to
function as siderophores (Oide et al. 2007;
Tobiasen et al. 2007), and one of them is essen-
tial for conidium germination (Bushley et al.
2008). Of the 39 different NPS genes identified
in Fusarium genome sequences, only 4 have
known products (Hansen et al. 2012). This fam-
ily, and its possible role in other aspects of
Fusarium biology, is ripe for exploration.

VI. Future Prospects

A number of genomic tools, such as association
and comparative genomics, population-scale
whole-genome sequencing, network analysis
and large-scale gene knockout collections are
now becoming available that will provide new
routes for investigating the biology of these
important pathogens. The potential applica-
tions of these are discussed next.

Association and comparative genomics are
promising routes for identifying virulence gene
candidates. Association genomics (within spe-
cies), in which genetic variants (usually single-
nucleotide polymorphisms, SNPs) within many
sequenced individuals are used to identify genes
associated with a particular variant, was recently
used to identify the avirulence gene product
Ave1 and its homolog in F. oxysporum f. sp.
lycopersici (de Jonge et al. 2012). This strategy
is likely to become an important tool as genome
sequencing costs decrease and tools for genome
analysis improve. Comparative genomics stud-
ies (between species) rely on the central hypoth-
esis that if a gene (or virulence strategy) is
shared among organisms with a common
biological feature (e.g. lifestyle or host) and is
absent from species where the feature is absent,
that gene or virulence strategy is likely to be
involved in that biological process. Two recent
studies that were either Fusarium focused or
included fusaria successfully used comparative
genomics to identify completely novel virulence
factors that were proven via gene knockouts
(Gardiner et al. 2012; Klosterman et al. 2011).
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In the analysis of the F. pseudograminearum
genome, an amidohydrolase (FpAH1) and a
two-gene cluster encoding an amidase
(FpAMD1) and a dienelactone hydrolase
(FpDLH1) were identified as only present in
other cereal pathogens and absent from all
non-cereal pathogens in a collection of 27 fungal
genomes (Gardiner et al. 2012). Likewise, in the
analysis of wilt-causing pathogens, presence of a
glucan glucosyltransferase (FOXG_02706) in the
wild pathogens and absence of this gene from
non-wilt-causing fungi was used to identify this
gene as important for wilt diseases, at least on
some hosts (Klosterman et al. 2011).

Both of these studies used BLASTp comparisons to
establish homology between species. Other approaches
that use clustering of homologous proteins or query
tools that are more adept at detecting remote homo-
logies will allow more robust analysis of shared viru-
lence genes or sporulation processes between species.
Extending comparative analyses to species that are
closely related to pathogenic fusaria, but may act as
saprotrophs or endophytes, will also increase the
power of such approaches.

The comparative genomic analyses con-
ducted across diverse species (Gardiner et al.
2012; Klosterman et al. 2011) both identified bac-
teria as likely sources of virulence genes in the
fusaria. Indeed, 16 additional genes in F. pseudo-
graminearum were identified that had some sup-
port for being of bacterial origin. For example, a
gene encoding an aminotransferase present in
only F. graminearum, F. pseudograminearum
and F. verticillioides, but no other fungi, was
75 % identical to a protein from a plant endo-
phytic bacterium. These analyses suggested bac-
teria are a rich source for ‘new’ genes in the fungi,
and these may have shaped the evolution of viru-
lence in this genus. To understand the biological
species that may have acted as donors for these
genes, metagenome analyses of host-associated
microbes will be important.

Network analyses and coregulation also
offer an opportunity to better predict genes
with roles in virulence and developmental pro-
grams. Particularly in F. graminearum, ever-
expanding gene expression data in the public
sphere (including the Plant Expression Data-
base, http://plexdb.org) can be mined to identify

sets of genes that are coregulated or anticoregu-
lated to predict genes that might share roles in
similar processes. Recently, a network of tran-
scription factor expression in F. graminearum
was built as part of a larger study (Son et al.
2011), and expanding this network to all genes in
the genome may associate more genes to known
biological processes. Higher-resolution time
courses of many biological processes, including
development, growth on various substrates and
infection, will increase the power of these net-
work analyses.

Coregulation of genes induced when myco-
toxin biosynthesis was high was used to identify
two genes in F. graminearum that, when
mutated, result in strains with higher virulence
that could be attributed to increased trichothe-
cene biosynthesis (Gardiner et al. 2009). The
mechanism at play occurred most likely via
alterations in substrate availability, as one of
the genes was later shown to be involved in
biosynthesis of culmorin, another terpenoid
secondary metabolite (McCormick et al. 2010).
Coregulation of these genes by the TRI6 tran-
scriptional regulator was confirmed using
mutants of TRI6 in independent studies (Gar-
diner et al. 2009; Seong et al. 2009).

Analysis of the gene expression alterations
in the transcription factor mutants will also be a
fruitful method to understand the downstream
regulons of every one of these transcription fac-
tors. Mutants in nearly every F. graminearum
transcription factor are now available (Son et al.
2011). Indeed, such an analysis of the two reg-
ulators of trichothecene biosynthesis, TRI6 and
TRI10, revealed an extensive network of genes
outside the trichothecene biosynthesis pathway
that were also under the control of these tran-
scription factors (Seong et al. 2009). This study
also revealed an interesting example of genome
adaptation; the promoters of genes for primary
metabolite pathways that feed into trichothecene
biosynthesis were regulated by (and contained
binding sites for) the TRI6 transcription factor,
and these binding sites were absent in non-
trichothecene-producing fusaria. Similar ana-
lyses have been undertaken to understand how
the Wor1-like transcription factor regulates
trichothecene production, virulence, morpho-
logical changes and both asexual and sexual
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reproduction (Jonkers et al. 2012a). Similarly
analyses of other transcription factor mutants
will undoubtedly reveal their downstream regu-
lons, and this approach is being applied to other
genes and many aspects of pathogen biology
(Lysøe et al. 2011b; Iida et al. 2007).

Next-generation genome sequencing of
whole populations of mutated isolates is now
feasible. These types of approaches will facili-
tate an increased ability to ascribe roles for
candidate genes in mechanisms of virulence/
pathogenicity, developmental processes or any
other biological phenomenon for that matter.
However, mutant population-based screens will
need to utilize multiple alleles of the same gene
and be coupled with follow-up experiments,
such as complementation or genetic purifica-
tion of mutations. For these studies, there will
clearly be a continuing need for improved
methods for large-scale functional analysis,
such as streamlined knockout procedures (Paz
et al. 2011) and improved phenotyping meth-
ods (Son et al. 2011).

Most of our understanding of Fusarium
(molecular) biology to date has been via reduc-
tionist approaches using forward or reverse
genetics. However, in many simple systems,
the understanding of organism biology has
moved to much larger functional genomics
approaches, which can capture higher-
resolution quantitative information about the
role of every gene in a particular aspect of
biology. For example, in yeast, genome-wide
deletion sets of strains individually barcoded
can be used to understand both simple traits
like growth rate (Winzeler et al. 1999) or more
complex traits like the genes that are important
for tolerance to particular xenobiotics (Hillen-
meyer et al. 2008). Deploying a similar
approach in any Fusarium spp. will be
extremely challenging but has the potential to
massively expand our understanding of a vari-
ety of biological processes.

With the recent publication of the wheat,
barley and tomato genomes (Brenchley et al.
2012; Barley Genome Consortium 2012;
Tomato Genome Consortium 2012) along with
the maize genome (Schnable et al. 2009), we
now have corresponding host gene catalogues
for every published Fusarium genome except

F. solani f. sp. pisi (Smýkal et al. 2012). In
addition, Arabidopsis thaliana has been used
in numerous studies as a model host, particu-
larly in the study of host resistance mechanisms
(e.g. Kidd et al. 2011; Thatcher et al. 2009;
Arabidopsis Genome Initiative 2000). Brachy-
podium has recently been shown to be a model
host for study of pathogen ingress by F. grami-
nearum (Peraldi et al. 2011). Availability of this
grass model system is particularly important
because the barley and maize genomes are
large, and the wheat genome is so complex
because of its hexaploid nature. Studies of
host pathogen systems from both sides of the
interaction will greatly enhance our ability to
decode diverse interaction outcomes. This
knowledge will lead to the most promising
applications of fungal genomics: the use of
transgenics and manipulation of the micro-
biome to control these diseases.

Although much work has been done to
understand the biology of these core Fusarium
species, they remain a challenge for agriculture
worldwide. Shifts in weather patterns caused by
global warming will cause changes in species
and mycotoxin accumulation because these
species are quite adaptable. The use of triazoles
for control of head blight has greatly expanded
in recent years, resulting in the challenge of
managing fungicide resistance. The potential
for increased aggressiveness and shifts in
mycotoxin chemotype frequencies is real and
threatening, particularly with the common use
of moderately resistant and susceptible culti-
vars. A recent study by Foroud et al. (2012)
compared traditional and emergent popula-
tions of F. graminearum on different wheat
lines of varying resistance and susceptibility.
Although highly resistant lines were resistant
to all strains, moderately resistant lines were
susceptible to emergent 15-ADON and NIV
populations, which were more aggressive and
accumulated higher levels of trichothecenes.
The presence of actively changing populations
in a changing environment highlights the need
for continued and enhanced efforts to develop
more effective and diverse control strategies,
and understanding the basic biology of these
organisms is critical to delivering informed
control strategies.
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In a recent review, McMullen et al. (2012)
stated: ‘When the U.S. Wheat and Barley Scab
Initiative was created in 1997, breeders
assumed that it was just a matter of time until
resistant cultivars would solve the problem of
FHB. This has proved not to be the case.’
Indeed, neither traditional breeding nor the
study of fungal genomics has yet provided a
durable solution to these diseases. Throughout
the last decade, fungal genomics has provided
the first systematic approaches to discovery of
genes and processes essential for all stages of
the fungal life cycle: spores, toxins, pathogenic-
ity, host-pathogen interactions. Without the
genome sequence, we would not have nearly
the insight into these pathogens that we now
have. We must now apply our knowledge in
creative ways to resolve these challenges over
the next decade.
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Sikhakolli UR, López-Girldez F, Li N, Common R,
Townsend JP, Trail F (2012) Transcriptome ana-
lyses during fruiting body formation in Fusarium
graminearum and F. verticillioides reflect species

298 F. Trail and D.M. Gardiner



life history and ecology. Fungal Genet Biol 49:663–
673
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I. Introduction

Since 2004, improvements in DNA-sequencing
technology have resulted in a 40,000-fold
increase in sequencing throughput capacities.
As a consequence, the overall costs of DNA
sequencing have been dramatically reduced
(Mardis 2006; Stahl and Lundeberg 2012).
Many laboratories now have the means to
carry out high-throughput genome sequencing
of their organism of choice. In phytopathology,
this revolution has produced a plethora of

sequenced fungal genomes with the aim of
attaining a deeper understanding of phyto-
pathogenicity at the biochemical level (Egan
and Talbot 2008; Schmidt and Panstruga
2011). Prior to the genome era, the identifica-
tion of genes for phytopathogenicity studies was
a comparatively laborious process that relied on
the generation of transcript data (Talbot et al.
1993), cross-species gene homology (Solomon
et al. 2004) and random mutagenesis (Sweigard
et al. 1998). The availability of genome data has
greatly assisted in the identification of candi-
date genes for large-scale pathogenicity studies
(Wang et al. 2011a). Furthermore, the availabil-
ity of sequenced genomes has opened the
door for the dissection of phytopathogenicity
via systems biology using sophisticated high-
throughput technologies. Genome microarrays
are a popular platform commonly used to pro-
vide a physiological overview of a biological
system by measuring the transcript abundance
of annotated genes (Güldener et al. 2006; Ipcho
et al. 2012). However, a number of studies have
observed that the correlation between transcript
and protein abundances is poor (Gygi et al.
1999; Tan et al. 2008). This may be attributed
to translational lag, protein/transcript stability
and posttranscriptional processing (Mann and
Jensen 2003; Kozak 2005).

The availability of genome data has also
enabled high-throughput analysis of the prote-
ome, which can be defined as the protein com-
plement within a biological system (Wasinger
et al. 1995; Zhu et al. 2003). Proteomics is a field
that attempts to understand the proteome. Out-
puts from proteomic studies can provide key
metabolic information, such as posttransla-
tional modifications (PTMs; Mann and Jensen
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2003) and subcellular localisation of proteins in
fungal pathogens (Tan et al. 2008, 2009a). Meta-
bolites are intermediates or products of meta-
bolic reactions. Metabolomics is a field that
attempts to identify and quantify the comple-
ment of low molecular weight metabolites, or
metabolome, present in a biological system
(Oliver et al. 1998). The metabolome is directly
related to the phenotype of the fungus as it is
the end product of gene expression. When used
in a complementary fashion, these ‘-omics’
techniques can provide a detailed biochemical
snapshot of fungal phytopathogens and assist
in identifying pathogenicity genes (Van De
Wouw and Howlett 2011). In 2009, we pre-
sented a comprehensive review on the impact
of -omics technology on phytopathogenicity
(Tan et al. 2009b). This chapter presents an
update of recent literature that significantly
contributed to the current impact and future
outlook of proteomics and metabolomics on
fungal phytopathology.

II. Proteomics

A. Proteomic Methodologies

Two-dimensional gel electrophoresis (2D-E)
has long been a method of choice for separating
complex protein mixtures because of its high
resolving power. A typical 2D-E procedure
involves the separation of a complex protein
mixture by isoelectric focusing in the first
dimension followed by molecular mass in the
second. Following this, proteins within the gel
are visualised using stains such as Coomassie,
silver and SYPRO Ruby. Quantification and
comparative analysis of protein spots between
treatments are performed with commercially
available densitometry analysis software such
as Progenesis and PDQuest. However, 2D-E
has been limited by its ability to separate pro-
teins of extreme pI/molecular mass (Issaq and
Veenstra 2008). Furthermore, limitations in
current staining technology meant that low-
abundant proteins are rarely seen on gel (Her-
bert et al. 2001).

Proteomics based on two-dimensional gel-
free liquid chromatography (2D-LC) was

developed to overcome limitations that are
associated with the gel-based method and to
provide an unbiased approach in proteome-
wide profiling (Washburn et al. 2001). 2D-LC
involves the separation of peptides derived
from a crude digested protein mixture with
strong cation exchange, followed by reverse-
phase chromatography prior to mass spectro-
metric (MS) analysis (Washburn et al. 2001). In
addition to proteome profiling, quantitative
proteomics can be performed using 2D-LC via
isobaric labelling strategies, such as isobaric
tag for relative and absolute quantification
(iTRAQ) (Ross et al. 2004). With iTRAQ,
trypsin-digested peptides of different treat-
ments or samples are derivatised with amine-
based isotope-coded tags. Individual labelled
samples are then pooled and subjected to
2D-LC prior to MS. The generation of reporter
ions from attached tags via tandem MS
(MS/MS) facilitates peptide identification and
quantification. Matrix-assisted laser desorp-
tion/ionisation (MALDI) and LC coupled to
electrospray MS or MS/MS are commonly
used peptide analytical platforms. Gene identi-
fication through pattern matching of the mass
spectra to a translated protein database is facili-
tated by specialised pattern-matching software
such as Mascot and Sequest. Alternatively, pep-
tides can be directly mapped onto the genome
for gene annotation purposes using tools such
as Cdsmapper (https://sourceforge.net/pro-
jects/cdsmapper/files/) (Bringans et al. 2009).
Protein identification for 2D-E follows a similar
workflow. Target protein spots are excised from
the gel, subjected to in-gel digestion, and iden-
tification is usually achieved by MS as
described previously. Detailed experimental
protocols for 2D-E, 2D-LC and fungal subpro-
teome extractions are available (Pitarch et al.
2008; Vincent et al. 2009, 2012b). These will
provide an excellent reference source in carry-
ing out fungal proteomics.

B. Identification of Signalling Pathway Targets

The role of signal transduction in fungal phy-
topathogenicity has been the subject of intense
investigations in the last decade, for example,
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mitogen-activated protein kinase (MAPK),
cyclic AMP (cAMP) and two-component sig-
nalling pathways. In most cases, perturbation
of these pathways resulted in a wide range of
phenotypic responses, such as sporulation,
development, mating, host penetration, myco-
toxin production and virulence on the host
plant. A key question arising is what these path-
ways regulate that is so critical in fungal devel-
opment and virulence.

Stagonospora nodorum is a major cereal
pathogen and causes S. nodorum blotch of
wheat. Genome sequencing has identified com-
ponents of the cAMP pathway, such as the het-
erotrimeric G-proteins (Hane et al. 2007). Of
these, Gna1 has been shown to play a key role
in S. nodorum virulence (Solomon et al. 2004).
Gna1 encodes a Ga inhibitory class subunit and
is required for sporulation, development and
pathogenicity (Solomon et al. 2004). 2D-E was
previously used to identify intracellular targets
of cAMP signalling. Six differentially abundant
protein spots were identified from 475 unique
protein spots. One of these targets is Sch1
involved in sporulation and mycotoxin produc-
tion (Tan et al. 2008, 2009a, 2009c). Casey et al.
(2010) complemented the 2D-E study with a 2D-
LC MALDI-time-of-flight (TOF) MS/MS com-
parative analysis of wild-type and gna1 intracel-
lular proteomes via ITRAQ labelling. The study
identified 1,336 proteins common to both
strains. Of these, 49 showed significant changes
in abundance, including Sch1. Analysis of these
differentially abundant proteins revealed that
the pentose phosphate and mannitol metabo-
lism pathways were perturbed in gna1. In addi-
tion, the study identified short-chain
dehydrogenase, Sch3, downregulated in gna1 to
play a role in asexual sporulation.

C. Response to Nutrition and Plant Elicitors

Fungi will encounter a dynamic environment
during infection when nutrient sources will
vary greatly (Solomon et al. 2003). Nutritional
status can influence the expression of key fun-
gal pathogenicity determinants (Brito et al.
2006; Thomma et al. 2005). The explosion of
fungal genome sequences and the refinement of

proteomic tools provide a comprehensive
opportunity to understand biochemical path-
ways that regulate how pathogenic fungi
respond to their environment and are critical
in developing strategies to combat plant dis-
eases.

Much research has focussed on the identifi-
cation of effectors - pathogen molecules that
produce a specific effect on the host and affect
the outcome of the interaction. Botrytis cinerea
causes grey mould disease on a broad range of
agricultural crops. The fungus is a versatile
necrotroph that utilises secreted depolymerases
such as polygalacturonase (Bcpg1) and endo-b-
1,4-xylanase (Xyn11A) for pathogenicity (ten
Have et al. 1998; Brito et al. 2006). Botrytis
cinerea possesses a sequenced genome and
hence is an attractive system for the identifica-
tion of secreted pathogenicity factors through
the use of proteomics. 2D-E MALDI-TOF MS/
MS was used to profile the secreted proteome
of B. cinerea from growth on a variety of carbon
sources commonly found during infection
(Fernandez-Acero et al. 2010). A number of
hydrolases, such as pectin methyl esterases,
xylanases and proteases, were identified. Some
of these molecules were previously implicated
in fungal virulence. The secreted proteome of B.
cinerea was also examined in detail using 1D-
SDS-PAGE after growth on pectin. MS analysis
of protein bands identified nine pectin-induced
pectinases that included polygalacturonases,
pectate lyases and methylesterases. These pro-
teins were not observed after growth on sucrose
(Shah et al. 2009b).

It is likely that B. cinerea will encounter a
hydrophobic cutin layer on the host surface
prior to penetration. To mimic this condition
for secreted proteomics, Shah et al. (2009a)
grew B. cinerea on a hydrophobic cellophane
membrane-placed media containing straw-
berry, tomato or Arabidopsis extracts. The
secreted proteome was trypsinated and directly
analysed by LC-MS/MS, leading to the identifi-
cation of 89 proteins. Of these, only seven were
common to all nutritional treatments. These
included two pectin methyl esterases, b-gluca-
nase, glycosidate, ceratoplatanin and two
unknown proteins. Spectral count analysis
indicated differential protein abundance across
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all growth conditions. In a similar study,
Espino et al. (2010) exposed B. cinerea to glu-
cose and plant elicitors (tomato and kiwifruit
extracts) and collected the secreted proteome
after 16 h of growth to reflect the beginning of
plant infection. The secreted proteome was
subjected to 2D-E MALDI-MS and 1D-E LC-
MS/MS analyses. There were 105 proteins iden-
tified via the B. cinerea genome from all treat-
ments. When supplemented with glucose,
proteins that are associated with pectin degra-
dation and proteolysis accounted for 7 % and
38 % abundances, respectively. These abun-
dances were significantly larger when supple-
mented with plant elicitors. Proteins that are
associated with hemicellulose degradation
were only identified from B. cinerea supple-
mented with tomato extracts.

The soluble mycelial proteome of B. cinerea
was also profiled from growth on cellulose via
2D-E MALDI-TOF MS/MS, which identified
303 unique proteins from 276 protein spots
(Fernandez-Acero et al. 2009). Protein analysis
through evolutionary relationships (PANTHER)
classification revealed that proteins associated
with carbohydrate, protein and amino acid
metabolism made up 45 % of the unique identi-
fications.

Different plant tissues differ greatly in pH (Manteau
et al. 2003). Recently, Li et al. (2012) examined the effect
of pH on the secreted proteome profile of B. cinerea
using 2D-E MALDI-TOF MS/MS. At acidic pH, proteo-
lytic enzymes predominated, whereas under near-
neutral pH conditions, cell-wall-degrading enzyme pre-
dominated. Transcript analysis suggested that these
genes are regulated at the transcriptional level.

Thielaviopsis basicola is a host-specific
pathogen that causes black root rot disease in
cotton. To identify metabolic components asso-
ciated with host specificity, the fungus was
grown on extracts from susceptible host and
non-host plants to study the mycelial proteome
(Coumans et al. 2010). There were 50 differen-
tially abundant protein spots identified from
750 protein spots. Despite not possessing a
sequenced genome, cross-species database
searching and de novo sequencing positively
identified 41 protein spots. The majority of the
identified proteins are associated with primary
metabolism. Interestingly, several proteins

associated with vitamin B synthesis were more
abundant in the presence of the non-host
extract. The biological reason behind this is
unclear.

The rice blast fungus Magnaporthe oryzae
(syn. grisea) uses appressoria to penetrate the
host plant and establish infection. It is highly
likely that the fungus encounters a nutrient-
deprived environment prior to host entry.
Nitrogen is a key nutrient source that is
required for many key metabolic processes.
Microarray analysis of the M. oryzae transcrip-
tome showed massive changes in the gene
expression profile during nitrogen starvation
(Donofrio et al. 2006). To mimic the prepene-
tration phase of M. oryzae, Wang et al. (2011b)
examined the secreted proteome of the fungus
in response to nitrogen starvation using 2D-E
MALDI-TOF MS/MS and LC-MS/MS. The study
identified 89 differently abundant proteins
spots. Interestingly, the majority of these pro-
tein spots were more abundant during nitrogen
starvation. Proteins that are associated with
reactive oxygen species (ROS) detoxification,
cell wall modification, proteo- and lipidolysis
were predominantly identified in upregulated
protein spots. Analysis of the M. oryzae secre-
tome produced under in vitro conditions that
mimicked early infection, such as germination
on glass, polyvinylidene fluoride (PVDF) mem-
brane and liquid medium, have yielded a simi-
lar finding (Jung et al. 2012).

Mycotoxins are toxic secondary metabo-
lites produced by fungi that can potentially
contaminate food sources. This poses a signifi-
cant safety risk and a health threat. The produc-
tion of mycotoxins is a process tightly regulated
by nutritional factors such as nitrogen avail-
ability (Yu and Keller 2005). The maize patho-
gen Fusarium verticilloides is a renowned
producer of fumonisin B1, a carcinogenic
polyketide-based mycotoxin. The biosynthesis
of fumonisin B1 is subjected to nitrogen catab-
olite repression; however, the regulatory mech-
anism involved in its synthesis is complex and
not fully deciphered. 2D-E was used to examine
the intracellular proteome of Gibberella moni-
liformis under a nitrogen-limiting condition
(Choi et al. 2012). MS analysis identified seven
differentially abundant proteins, such as a puta-
tive nitroreductase that was implicated as a
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negative regulator of fatty acid metabolism.
Acetyl-CoA (coenzyme A) is a derivative of
fatty acid metabolism and is a substrate for
the biosynthesis of polyketide-based com-
pounds.

Fusarium graminearum is a serious patho-
gen that causes fusarium head blight of cereals
and is notoriously known as a producer of the
trichothecene mycotoxin deoxynivalenol
(DON). DON production is induced by a num-
ber of nutritional factors, including nitrogen
starvation. It has been shown that phosphory-
lation events are linked to the activation of the
DON biosynthesis pathway (Rampitsch et al.
2010). However, detailed knowledge of signal-
ling events that govern this is limited. Ram-
pitsch et al. (2010) examined the soluble
mycelial phosphoproteome of F. graminearum
grown in nitrogen-poor media using a combi-
nation of 2D-E Pro-Q Diamond phospho stain-
ing, sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and gel-free 1D
SCX LC-MS analyses of TiO2/immobilised
metal affinity chromatography (IMAC)
enriched phosphoproteins. In combination, a
total of 301 putative phosphopeptides from
241 proteins were identified. Quantification
via 2D-E identified nine protein spots that
were altered in abundance during prolonged
growth under nitrogen starvation. In a later
study, the phosphoproteome of F. grami-
nearum was profiled under non-limiting
in vitro conditions using enriched phosphopro-
teins via gel-free 2D-LC Orbitrap MS/MS (Ram-
pitsch et al. 2012). Analysis of the F.
graminearum genome protein database with
the resulting mass spectra identified 2,902 puta-
tive phosphopeptides from 1,496 proteins.
Functional analysis of these proteins via Gene
Ontology revealed that nuclear and intracellu-
lar proteins associated with ATP and nucleotide
binding predominated.

The proteome of F. graminearum-infected
barley was investigated in a series of studies by
Yang et al. (2010a, b). 2D-E analysis of infected
barley spikelets heavily contaminated with F.
graminearum identified fungal superoxide dis-
mutases, xylulose reductase, peptidyl-prolyl
cis-trans isomerase, triosephosphate isomerase
and proteins of unknown function. Following

this, the extracellular proteome of F. grami-
nearum was examined in detail using 2D-E
MALDI-TOF MS/MS. The fungus was grown
on barley and wheat flour as the sole nutrient
source to mimic the nutritional condition dur-
ing infection. The study was able to resolve
170 protein spots. Of these, 72 protein spots
were differentially abundant between growth
on barley and wheat flour. Most of these
proteins were associated with putative fungal
cell wall remodelling and plant-cell-degrading
enzymes (Yang et al. 2012). To complement the
in vitro study, selected genes associated with
trichothecene biosynthesis, plant cell wall deg-
radation, cell wall remodelling and oxidative
stress were monitored for expression during
infection. In all cases, differential gene expres-
sion patterns were observed.

D. Development of Infection Structures
and Virulence

Attachment of the fungal spore to the host is the
first step towards establishing infection. Gokce
et al. (2012) performed an in-depth investiga-
tion into the conidial proteome diversity of M.
oryzae using rapid filter-aided sample prepara-
tion and anion fractionation using a StageTip
format that was developed in the Mann labora-
tory (Wisniewski et al. 2009). The fractionated
peptides were then subjected to MS analysis via
an LTQ Orbitrap. Matches against the M. ory-
zae predicted protein database identified 2,912
conidial proteins. Interestingly, proteins asso-
ciated with translation, energy and metabolism
were overrepresented when compared to the
whole-genome protein prediction. On host pen-
etration,M. oryzae resides within the apoplastic
space of the host before initiating a necro-
trophic phase. To address this, the intercellular
proteome of rice infected with M. oryzae was
extracted for 2D-E LC-MS/MS analysis (Shen-
ton et al. 2012). Several proteins that changed in
abundance between compatible and incompat-
ible pathogen interactions were identified. This
included a cyclophilin (Cyp1), which was pre-
viously identified as a pathogenicity factor in
M. oryzae (Viaud et al. 2002). Cyp1 was previ-
ously implicated in appressorium turgor gener-
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ation, lipid biosynthesis and the development
of asexual spores. However, the role of Cyp1 as
a secreted product in the host apoplast is
unknown at this stage.

A similar study to examine the proteomic
composition of the apoplastic space during M.
oryzae infection was recently performed by
Kim et al. (2012b) using 2D-E difference gel
electrophoresis (DIGE) and multidimensional
protein identification technology (MuDPIT).
There were 732 unique proteins identified, pre-
dominantly through gel-free MuDPIT. Of these,
291 proteins were plant derived and were pre-
dominantly implicated in stress response, ROS
and energy metabolism. Furthermore, 441
pathogen-derived proteins were predominantly
associated with plant cell wall degradation. RT-
PCR (Reverse transcription polymerase chain
reaction) analysis on selected plant cell-wall-
degrading enzyme-encoding genes revealed
evidence of increased expression during nutri-
ent starvation and compatible host interaction.
In addition, the study identified Cyp1 from the
apoplast proteome derived from the compatible
interaction.

The fungal cell wall protects the organism
from a variety of environmental stresses (De
Groot et al. 2005). As an exterior part of the
fungus, the cell wall also mediates interaction
with the host. Efforts to decipher the protein
diversity through proteomics have been ham-
pered by the difficulty in extracting proteins
that are covalently attached to the b-1,6-glucan
and chitin cell wall matrix. Using trypsin to
liberate exposed peptides from purified cell
walls of the vascular wilt pathogen Fusarium
oxysporum, Prados-Rosales et al. (2009) were
able to identify 174 proteins. Of these, 19 pro-
teins possessed a predicted signal peptide. Of
these 19, there were 10 with a predicted
glycosylphosphatidyl-inositol motif that is
associated with cell wall attachment. Two pro-
teins with a cysteine-rich CFEM domain were
identified. Similarly, two proteins with a
carbohydrate-binding WSC domain were iden-
tified. In addition, a tyrosinase-like protein was
identified with a probable role in the formation
of melanin. Melanin has been linked to toler-
ance to environmental stress and virulence
(Perpetua et al. 1996).

The white mould fungus Sclerotinia sclero-
tiorum possesses a broad host range and causes
significant crop loss. Through hyphal aggrega-
tion, the pathogen produces highly melanised
structures called sclerotia. These structures
permit the pathogen to survive environmental
and biotic stresses and function as a disease
inoculum. Liang et al. (2010a) compared the
proteome of sclerotia from early development
until maturity using 2D-E. The study identified
719 unique proteins. Of these, 88 showed dif-
ferential abundance throughout development.
LC-MS/MS followed by Mascot was used to
identify these proteins through matches with
the National Centre for Biotechnology Informa-
tion (NCBI) non-redundant database, which
includes the S. sclerotiorum genome. Most
proteins implicated in amino acid, lipid and
secondary metabolism decreased in abundance
during the course of sclerotia development.
Not surprisingly, proteins that have implicated
functions in dihydroxynapththalene (DHN)
melanin biosynthesis (scytalone dehydratase
and trihydroxynapththalene [THN] reductase)
increased in abundance during maturation.

During maturity, the sclerotium produces an exudate.
However, little is known about the composition of
the sclerotial exudate. Gel-based proteomic analyses
identified 56 unique proteins. Most identified proteins
from the exudate proteome were implicated in lipid/
secondary and carbohydrate metabolism (plant cell
wall degradation) (Liang et al. 2010b).

Mycosphaerella graminicola (anamorph
Septoria tritici) is the causal agent of Septoria
tritici blotch of wheat.Mycosphaerella gramini-
cola exhibits dimorphism and forms hyphae
from yeast-like structures to facilitate infection.
Motteram et al. (2011) were able to disrupt the
yeast-to-hyphae transition through the dele-
tion of a gene that encodes an a-1,2-mannosyl-
transferase (MgAlg2). Mutants defective in
MgAlg2 cannot form hyphae and failed to
establish infection. Analysis of the proteome
with ProQ-Emerald glycoprotein-specific stain-
ing of 1D-E identified major alterations in the
glycoproteome of mgalg2 mutants. Two pro-
teins with a molecular mass of 75 and 77 kDa
stained strongly in mgalg2. In yeast, Alg2 is
associated with N-glycosylation. Treatment of
mgalg2 mutants with Peptide -N-Glycosidase F
(PNGaseF), an enzyme that removes N-glycans,
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did not affect the staining intensity of both
proteins. Although these alterations have not
been identified specifically, the study has
demonstrated the use of proteomics for the
analysis of PTMs in fungal dimorphism.

The soilborne fungus Verticillium dahliae
causes vascular wilting on a wide range of
plants worldwide. The pathogen is a necrotroph
with a high variability in aggressiveness. El-
Bebany et al. (2010) used 2D-E LC MS/MS to
compare the mycelial proteome of two isolates
that differ in virulence. There were 25 protein
spots consistently different between both iso-
lates. Proteins that were more abundant in the
highly virulent isolate included a THN reduc-
tase that is associated with DHN melanin bio-
synthesis, a thioredoxin putatively involved in
oxidative stress protection and an isochorisma-
tase hydrolase that may function as a plant
defence suppressor.

Biotrophic fungi are notoriously difficult to
study in isolation because of their host-
dependent lifestyle. Once host penetration is
achieved, the pathogen seeks to acquire nutri-
ents from the host while causing minimal dam-
age. These fungi establish cell membrane
invaginated biotrophic feeding structures called
haustoria that direct nutrients away from the
host and into the pathogen (Mendgen and Hahn
2002). Recently, proteomics has been used to
profile the haustorial proteome of two econom-
ically important biotrophic fungal pathogens of
cereals (Godfrey et al. 2009; Song et al. 2011).
Haustoria of the barley powdery mildew patho-
gen Blumeria graminis were extracted from
heavily infected barley via gradient centrifuga-
tion. Proteins from the enriched haustoria were
subjected to SDS extraction. Proteins were tryp-
sin digested and directly analysed with LC-MS/
MS. As the B. graminis annotated genome was
not available at the time of study, ESTs
(expressed sequence tags) and the NCBI non-
redundant (NR) database were used for protein
identification (Godfrey et al. 2009). The major-
ity of the proteins identified were implicated in
protein metabolism and folding. Interestingly,
pyruvate decarboxylase (PDC) was observed in
neither the protein fraction nor the preliminary
B. graminis genome sequence. PDC is involved
in alcohol fermentation and found throughout

the fungal taxa. This indicates that B. graminis
is not subjected to significant hypoxia during
infection. In addition, the study was unable to
find membrane-bound carbohydrate transpor-
ters that are critical for nutrient acquisition
despite using a protein extraction method that
targets hydrophobic membrane proteins.
Despite this, a plasma membrane H+-ATPase
was identified.

Haustoria of the wheat leaf rust fungus Puccinia triti-
cina were extracted in a similar fashion, and the prote-
ome was profiled using gel-based fractionation and LC-
MS/MS (Song et al. 2011). There were 260 proteins
collectively identified through ESTs and a partially
annotated P. triticina genome. As expected, most iden-
tified proteins are implicated in general metabolism,
energy, transport and translation. However, the study
identified 6 potential effectors with no functional
homology match, consisting of a predicted signal pep-
tide and less than 300 amino acids. Genes that code for
these proteins are highly expressed during advanced
infection that coincides with haustoria development.

A proteome map of the urediniospores
from the soybean rust fungus Phakopsora
pachyrhizi was established by Luster et al.
(2010) using 2D-E MALDI-TOF MS/MS. Whilst
the organism lacked a sequenced genome, 117
proteins were identified through a non-
redundant database search with high confi-
dence. Of these, 101 proteins matched to P.
pachyrhizi ESTs. As expected, the majority of
the proteins identified are involved in primary
metabolism, energy transduction, stress, cellu-
lar regulation and signalling. Only 35 identified
proteins were common to an earlier shotgun
proteomic study by Cooper et al. (2006) on
ungerminated urediniospores of a related rust
pathogen Uromyces appendiculatis. This is not
surprising considering that both studies were
performed with different proteomic analytical
platforms.

E. Biocontrol

Cryphonectria parasitica is a serious fungal
pathogen of chestnuts (Kim et al. 2012a). How-
ever, the pathogen is susceptible to a family of
double-stranded RNA viruses named Hypovir-
idae. Cryphonectria hypovirus 1 (CHV1) is a
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member of this family that causes hypoviru-
lence as well as perturbation in sporulation,
fertility and pigmentation. The mechanism of
hypovirulence in C. parasitica is a subject of
intense investigations with molecular genetics
(Dawe and Nuss 2001) and transcriptomics
with cDNA arrays (Allen et al. 2003; Dawe
et al. 2004). The recent availability of a
sequenced genome allows a global and high-
throughput analysis of virulence using proteo-
mics. Using 2D-E LC MS/MS, Kim et al. (2012a)
compared the intracellular proteome of a virus-
free strain (EP155/2) and a CHV1-harbouring
hypovirulent strain (UEP1) supplemented with
tannic acid (TA), which is present in the bark of
chestnut trees and was used in the analysis to
mimic host contact. The study identified 30
proteins from 704 protein spots that were dif-
ferentially abundant under TA-inducing and
hypovirus-infected conditions. Proteins impli-
cated in stress response, signalling, structure
and metabolism were observed in differently
abundant protein spots.

F. Proteomics to Assist Genome Annotation

Most modern proteomic studies are performed
by matching spectral data against one or more
genome-derived protein data sets of the organ-
ism of interest. However, this approach is not
without its drawbacks. Genes are often anno-
tated using homology-based methods or ab
initio prediction using sophisticated software
with little experimental support (Wall et al.
2011). Such an approach can often lead to
gene prediction errors, such as false-positive/-
negative genes and incorrect Open Reading
Frames. Proteogenomics uses peptide-derived
spectral data generated from MS to verify gene
annotations as well as identify new genes or
errors (Jaffe et al. 2004). This is an emerging
high-throughput technique that is a direct ‘to-
genome’ mapping technique by which the mass
spectra from protein analyses are mapped to
current translated genome annotation and
‘stop-codon-to-stop-codon’ Open Reading
Frame frame translations of the genome
sequence in all six frames (Fig. 12.1). In con-
junction with transcriptomics, proteogenomics

can be used to verify and to identify new genes.
In addition, proteogenomics offers advantages
over transcript data as it allows the determina-
tion of subcellular protein localisations and
provides accurate information on the correct
Open Reading Frame of a gene. The use of
proteomic data for genome annotation was
first demonstrated on the budding yeast Sac-
charomyces cerevisiae by the Mann laboratory
in the mid-1990s (Shevchenko et al. 1996).
Using 2D-E combined with MALDI-MS and
LC-MS, the study was able to verify 128 pro-
teins from 150 protein spots via 2D-E. In addi-
tion, de novo peptide sequencing of protein
spots resulted in the identification at least 32
new proteins from uncharacterised Open
Reading Frames (Shevchenko et al. 1996).

The decline in the cost of genome sequenc-
ing has resulted in the genomes of many fungal
pathogens being sequence over since 2007.
This has led to the need for high-throughput
and accurate experimental methods to assist in
genome annotation. Several publications in
phytopathology have recently emerged demon-
strating the full potential of proteogenomics in
genome annotation. A draft genome sequence
of S. nodorum was published in 2007 (Hane
et al. 2007). Gene prediction based on EST-
supported gene training resulted in a confident
prediction of 10,762 version 2 genes, in addition
to 5,345 less-reliably predicted version 1 genes
that lacked experimental verification (Hane
et al. 2007). A large-scale proteomic study
using an offline 2D-LC MALDI-TOF MS/MS
analysis of the S. nodorum intracellular prote-
ome has resulted in the verification of 2,134
genes, including 188 version 1 genes (Bringans
et al. 2009). Furthermore, interrogation of the
mass spectra against a six-frame whole-genome
translation yielded evidence of 68 genes with
frameshift errors and 604 genes requiring
untranslated region (UTR)/exon extensions.
Also, 47 potential new genes were identified.
We anticipate that this study can be comple-
mented with future proteogenomic data gener-
ated from the analysis of other S. nodorum
subproteomes.

The sequencing of the 120-Mb B. graminis
genome resulted in the identification of 5,848
manually curated genes (Spanu et al. 2010).
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With the aim of validating these genes,
Bindschedler et al. (2009) performed proteoge-
nomics on mycelial proteins derived from the
haustoria, conidia and sporulating hyphae. LC-
MS/MS was used to analyse the resulting tryptic
peptides from excised 1D SDS-PAGE gel slices.
The resulting mass spectra were matched
against the predicted protein data set and an
extensive collection of 17,869 ESTs. As a result,
a total of 827 proteins were identified. Surpris-
ingly, 24 of these proteins were only observed
in the EST collection and not in the annotated
gene set. This indicates that the B. graminis
genome possesses gaps within the genome
assembly where genes are split between contigs
(Bindschedler et al. 2009). In addition,
haustorial-specific proteins that may play a
specific role in the pathogen interaction with
the host were identified and structurally mod-
elled in a later study (Bindschedler et al. 2011).

III. Metabolomics

A. Metabolomic Methodologies

Metabolites are often obtained from cell-free
supernatant or from fungal mycelia. Polar
organic solvents such as methanol, acetonitrile
and acetone are commonly used to extract
hydrophilic metabolites, whereas chloroform
is used to extract non-polar metabolites. Gas
chromatography (GC)-MS, LC-MS, flow-injec-

tion/direct-infusion electrospray ionisation
(ESI)-MS and nuclear magnetic resonance
(NMR) spectroscopy are major analytical plat-
forms commonly used for metabolomics in
fungal phytopaththology. Of these, GC-MS is
perhaps the most widely used technique for
fungal metabolomics because of low running
cost, high sensitivity and reproducibility. It is
particularly suited for the analysis of volatile
and thermally stable metabolites (Watson and
Sparkman 2007). Furthermore, an extensive
collection of GC-MS databases is available that
can facilitate metabolite identification. How-
ever, GC-MS is limited in its capacity to analyse
large and non-volatile metabolites.

LC-MS is a versatile technique that can be
used to separate metabolites with a wide range
of polarity and requires minimal sample prepa-
ration. However, LC-MS possesses some inher-
ent disadvantages, such as that the detection of
different metabolite classes is column depen-
dent and can suffer from retention time drifts.
With ESI-MS, complex metabolite samples are
resolved through direct injection without any
forms of chromatographic separations (Koul-
man et al. 2007). It has a short run time and
requires little sample preparation.

NMR uses a different detection method
compared to MS-based platforms. It is a spec-
troscopic technique that analyses the spin
properties of the nucleus of atoms (Moco et al.
2007). NMR is a non-destructive and non-
biased platform that requires minimal sample

Fig. 12.1. Proteogenomic gene annotation using a six-
frame ‘stop-codon-to-stop-codon’ whole-genome trans-
lation (+1 to �3). Spectral data generated from tryptic
peptides are matched to the six-frame database. This

method allows the identification of A UTR extension,
B false intron and C frameshift on predicted genes or
the discovery of D potential new genes
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preparation. Furthermore, NMR can provide
structural information. NMR suffers from rela-
tively low sensitivity and requires a large sam-
ple size. However, the introduction of powerful
field magnets and cryoprobes has addressed
some of the sensitivity issues (Wishart 2008).
It should be noted that other analytical plat-
forms, such as capillary electrophoresis-MS
and high-resolution Fourier transform (FT)-
MS have been used with some success in medi-
cal sciences but have seen limited usage in
fungal phytopathology because of high costs
and technically demanding setups. Detailed
experimental protocols for induction, extrac-
tion, quantification of fungal metabolites and
the use of MS/spectroscopic analytical plat-
forms are available (Nielsen and Smedsgaard
2003; Forseth and Schroeder 2012; Frisvad
2012; Gummer et al. 2012). These provide an
excellent reference source for carrying out fun-
gal metabolomics.

B. Mycotoxin Discovery

Stagonospora nodorum was considered a clas-
sical necrotrophic fungal pathogen with no
known postharvest capabilities until recently.
This changed with the analysis of a deletion
mutant of Sch1 that resulted in severely reduced
asexual sporulation (Tan et al. 2008). A non-
targeted metabolomic approach used for analy-
sis of the sch1mutant metabolome resolved 223
metabolites. One metabolite eluting at a reten-
tion time of 45.57 min accumulated 200-fold
higher in the mutant than in the wild type
(Tan et al. 2009c). Purification of the metabolite
via LC followed by a component match from
the National Institute of Standards and Tech-
nology (NIST) database identified the com-
pound as the carcinogenic mycotoxin
alternariol (AOH). AOH was previously asso-
ciated with the closely related Alternaria spp.
(Scott 2001), and its presence in S. nodorum
came as a surprise. In a later study, the putative
ASPES transcriptional factor gene SnStu1 was
inactivated through gene deletion in S.
nodorum. The resulting mutants were non-
sporulating. GC-MS analysis of the hyphal
metabolome revealed that the AOH level in all

snstu1 mutants was significantly reduced
(IpCho et al. 2010). It is unlikely that AOH
production is linked to sporulation in S.
nodorum. With the identification of AOH in S.
nodorum, the pathogen can now be considered
a potential human threat.

Alternaria spp. are avid producers of post-
harvest mycotoxins and phytotoxins (Magan
et al. 1984; Wolpert et al. 2002). Alternaria
brassicicola is the causal agent of dark leaf
spot on Brassicaceae. Transcriptome analysis
of A. brassicicola-Brassica interaction identified
several genes associated with the biosynthesis
of phytotoxins. To investigate this further,
Pedras et al. (2009) fractionated the secreted
metabolome of phytotoxic A. brassicicola cul-
ture filtrate using flash column chromatogra-
phy followed by structural determination via
NMR. The study identified nine secondary
metabolites. Among these, brassicicolin A was
obtained from a highly phytotoxic fraction.
Brassicicolin A displays host-specific effector
activity as leaves from highly susceptible
Brassica juncea treated with the metabolite
underwent necrosis. This was not observed for
other Brassicaceae species, including a resistant
cultivar of Sinapis alba.

In F. verticillioides, enzymes that are
involved in the biosynthesis of fumonisins are
located within a biosynthetic Fum gene cluster.
The pathway is well characterised, and most
pathway intermediates were identified. How-
ever, intermediates leading to the formation of
fumonisin-like precursors have not been
observed. Fum6 is predicted to play an early
role in fuminosin biosynthesis. Uhlig et al.
(2012) analysed the metabolome of fum6
mutants via LC-MS for accumulated metabo-
lites followed by structural verification via
NMR. This led to the identification of the
fumonisin-like metabolite 2-amino-12, 16-
dimethylicosane-3, 10-diol. Subsequent feeding
assay experiments with the upstream Fum1
polyketide synthase mutant converted the
novel metabolite into fuminosin B1 through
C14 and C15 hydroxylation. Hence, it is likely
that Fum6 encodes a hydroxylase.

In addition to being a pathogen, F. verticil-
lioides can exist within the host as an endo-
phyte. Endophytic F. verticillioides possesses
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antagonistic properties and can reduce the
severity of Ustilago maydis infection on maize
(Lee et al. 2009). However, not much is
known about the physiology of the interaction.
To elucidate this, U. maydis and F. verticil-
lioides colonies were co-cultured in vitro. Meta-
bolites were extracted from agar plugs that were
derived from single cultures and the interaction
zone between the two species (Rodriguez
Estrada et al. 2011; Jonkers et al. 2012). LC-MS
analysis of the extracted metabolites identified
ustilagic acids, mannosylerythritol lipid and a
number of unknown compounds derived from
U. maydis. Fumonisins, bikaverin, fusaric acid
(FA) and two unknown compounds were
observed from F. verticillioides. FA accumu-
lated significantly when cocultivated with U.
maydis. Upregulation of FA biosynthesis was
further confirmed via RT-PCR analysis of puta-
tive FA biosynthetic genes. FA seems to func-
tion as an antibiotic as it inhibits the growth of
U. maydis in vitro (Jonkers et al. 2012).

The Tri5 gene of F. graminearum encodes a
trichodiene synthase, the first key enzyme in
the biosynthesis of trichothecene mycotoxins
(Proctor et al. 1995). Inactivation of this gene
abolishes the production of trichothecenes and
reduces pathogenicity (Proctor et al. 1995).
Chen et al. (2011) performed a comprehensive
non-targeted metabolomic analysis of the tri5
mutant using 600-MHz NMR equipped with a
cryoprobe. When combined with gene expres-
sion analysis via qunatitative RT-PCR, it was
observed that tri5 deletion caused extensive
alterations in primary metabolic pathways,
such as the TCA (tricarboxylic acid) cycle,
amino acid biosynthesis and lipid metabolism.
It was previously thought that trichothecene
biosynthesis contributes to the pathogenicity
of F. gramimearum (Proctor et al. 1995). It is
possible that alterations in primary metabolism
may also be a factor that contributes to the
reduction of pathogenic fitness. In addition to
the trichothecene mycotoxin DON, F. grami-
neaum possesses the genetic machineries to
produce polyketide-based metabolites such as
the estrogenic mycotoxin zearalenone (Kim
et al. 2005). The fungus possesses 15 putative

polyketide synthase (PKS) genes, with 10 of
these not linked to a product. These include
the Fls1 polyketide synthase gene, which is
located within a putative gene cluster. To iden-
tify the Fsl1 product, Sorensen et al. (2012)
constitutively activated genes within the cluster
through the overexpression of the activating
transcription factor gene Fsl7. A combination
of LC-MS followed by NMR identified three
novel metabolites that belong to the fusarielin
family. The deletion of Fsl1 abolished fusarielin
production. Furthermore, these novel fusarielin
inhibited the growth of mammalian cell lines.
Whether these metabolites are produced under
agricultural settings remains to be determined.
However, findings from this study have further
enhanced the notoriety of F. graminearum as a
postharvest threat.

C. Profiling the Fungal Metabolome

Metabolomics is a powerful tool that can be
used to generate a metabolome map. Lowe
et al. (2010) elegantly demonstrated this by
utilising a combination of NMR and ESI-MS
to screen the basal metabolism of various iso-
lates of DON-producing Fusarium spp. in vitro.
A common metabolic response to DON-
inducive conditions includes an increased
abundance of mannitol, trehalose, g-aminobu-
tyric acid, glycerol and glycine-betaine. Fur-
thermore, principal components analysis was
able to differentiate between different Fusarium
spp. as well as strains of the same species, thus
highlighting metabolomics as a potential tool
that can be used for fungal genotyping.

Rhizoctonia solani is an important soil-
borne pathogen of a large number of economi-
cally important crops. The pathogen forms
sclerotia under adverse environmental condi-
tions. Exudates produced by sclerotia possess
phytotoxic and antifungal activities (Aliferis
and Jabaji 2010). The metabolite composition
of sclerotial exudates was recently elucidated
using a multitude of analytical platforms that
include GC-MS, NMR and FT-MS (Aliferis and
Jabaji 2010). More than 90 metabolites were
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identified; predominant among these were car-
boxylic acids and phenolic metabolites. Pheny-
lacetic acid and ferulic acid are two of the most
abundant metabolites of the carboxylic acids
and phenolics, respectively. Both metabolites
possess phytotoxic properties.

D. Defining the Role of Sugar Alcohol
Metabolism in Fungal Phytopathogens

Sugar alcohols are widely distributed in fungi.
Sugar alcohols possess a multitude of physiolog-
ical roles in fungi that include stress tolerance
(Son et al. 2012), signalling (White et al. 1991)
and carbohydrate storage (Jennings 1995). In S.
nodorum, a combination of functional genomics
and metabolomics identified a role formannitol
in the development of asexual spores (Solomon
et al. 2005, 2006). Further metabolomic profiling
S. nodorum via GC-MS revealed the accumula-
tion of arabitol and glycerol under osmotic
stress (Lowe et al. 2008). Subsequent inactiva-
tion of the arabitol pathway via targeted gene
deletion resulted in mutants that showed
reduced tolerance to high salt. Intriguingly,
these mutants retained the ability to synthesise
arabitol under osmotic stress, albeit at a signifi-
cantly lower abundance than the wild type. It
was hypothesised that S. nodorum possesses a
secondary pathway for arabitol biosynthesis.
Furthermore, glycerol was accumulated under
osmotic stress and may function to compensate
for arabitol reduction.

E. Metabolomics in Plant-Fungal Interactions

For a successful infection to occur, fungal phy-
topathogens must possess the mechanism to
either cope or manipulate the host defence in
its favour. An example of this is Cmu1, which
encodes a secreted chorismate mutase in U.
maydis. Cmu1 enters the plant cell and has
been shown to function as an effector. Meta-
bolic profiling via LC/UPLC (ultra-performance
liquid chromatography) TOF-MS demonstrated
that Cmu1 manipulates the host metabolome
by suppressing the biosynthesis of salicylic
acid, phenylpropanoid and lignin biosynthesis
metabolites. Consequently, U. maydis deleted

in Cmu1 showed a significant reduction in
tumour formation (Djamei et al. 2011). It was
proposed that Cmu1 functions to deplete chor-
ismate from the host plastid, thereby reducing
substrate availability for the biosynthesis of
plant defense-related compounds.

Magnaporthe oryzae is capable of living
within the host as a biotroph prior to establish-
ing the rice blast disease. However, the mecha-
nism that governs this hemibiotrophic lifestyle
is poorly understood. Parker et al. (2009) exam-
ined the metabolome of susceptible host plant
species via ESI-MS and GC-MS to identify a
common pattern of metabolite regulation.
Prior to symptom development, accumulation
of the TCA intermediates, polyamines, quinate,
phenylalanine and non-polymerised lignin pre-
cursors was observed. Magnaporthe oryzae
seems to suppress the host defence by manip-
ulating the metabolite content of the phenyl-
propanoid pathway and restricting the
production of lignin in the susceptible host.
Accumulation of photosynthates and amino
acids was observed around the site of infection
during the rice blast. The fungus assimilated
the photosynthate as indicated by rapid manni-
tol and glycerol accumulation. This provides a
clear indication that the fungus has established
a nutritional sink at the site of infection.

Manipulation of the host carbon metabolism was also
observed in sunflower infected with S. sclerotiorum.
GC-MS analysis revealed that several TCA intermedi-
ates were less abundant in susceptible sunflower com-
pared to the resistant genotype undergoing fungal
infection (Peluffo et al. 2010).

Stagonospora nodorum uses proteinaceous
necrotrophic effectors to disable the host dur-
ing infection. ToxA is one of three major effec-
tors identified in S. nodorum. ToxA is a
virulence factor that causes necrosis on wheat
carrying the dominant susceptibility gene Tsn1.
ToxA is also present in the tan (syn. yellow)
spot fungus Pyrenophora tritici-repentis. Exper-
imental evidence suggests that PtrToxA may
have been acquired from S. nodorum via hori-
zontal gene transfer (Friesen et al. 2006). Like
SnToxA, PtrToxA also causes necrosis in a Tsn1
background. The wheat response to SnToxA

312 K.-C. Tan and R.P. Oliver



was recently investigated at the proteome and
metalome levels by Vincent et al. (2012a). Anal-
ysis of SnToxA-treated Tsn1-wheat via 2D-E
proteomics and GC-MS metabolomics revealed
substantial reprogramming of the host TCA
cycle and the collapse of photosynthesis. This
is expected as PtrToxA was previously shown to
uncouple photosystems I and II (Manning et al.
2009). In addition, pathogenesis-related pro-
teins were more abundant, possibly from oxi-
dative stress generated from the increased
abundance of proteins implicated in ROS pro-
duction. Furthermore, findings from this study
strongly correlated with a number of transcrip-
tomic studies on PtrToxA-exposed wheat
(Adhikari et al. 2009; Pandelova et al. 2009).
This study demonstrated a clear role of SnToxA
in tailoring the host metabolism for necro-
trophic infection.

Verticillium longisporum causes vascular
wilt in canola and other Brassicaceae. The fun-
gus infects the host through the root system
and subsequently colonises the xylem (Eynck
et al. 2007). It is likely that the pathogen
acquires most of its nutrients within the
xylem, thereby exerting its detrimental influ-
ence on other parts of the plant. Floerl et al.
(2012) undertook a 2D-E approach to analyse
the apoplastic proteome of Arabidopsis thali-
ana infected with V. longisporum. Six plant-
derived proteins implicated in defense, cell
wall modifications and development were
increased during infection, whereas a lectin-
like protein implicated in plant-fungal interac-
tion was reduced. Furthermore, LC-MS meta-
bolomics revealed an increased abundance of
defense-related compounds such as jasmonic
and salicylic acids in the apoplast metabolome,
thus indicating an attempt by the host to mount
a defense response.

A similar approach to identify potential metabolite
markers that are associated with a fusarium head blight
resistance in barley was performed using a highly sen-
sitive LC-LTQ (linear trap quadrupole) Orbitrap-MS
platform (Bollina et al. 2010, 2011; Kumaraswamy
et al. 2011). Metabolites associated with the phenylpro-
panoid, fatty acid and flavonoid pathways were consis-
tently more abundant in resistant than in susceptible
barley varieties.

Botrytis cinerea is responsible for grey rot
in grapes, which leads to a reduction wine qual-
ity. Metabolomics have been used extensively
to investigate the influence of B. cinerea on
volatile aromatic compounds in wine (Sarrazin
et al. 2007); however, the effect on primary
metabolism is poorly understood. NMR
profiling revealed a substantial reduction in
fermentative products generated from alcohol
fermentation, such as succinate, glycerol, 2,3-
butanediol, tyrosine and valine (Hong et al.
2011).

IV. Outlook on Proteomics and
Metabolomics in Phytopathology

We have performed a comprehensive review of
recent publications that demonstrated the con-
tribution of proteomics and metabolomics in
phytopathology since Tan et al. (2009b). It is
immediately apparent that fungal proteomics
have greatly benefited from the recent influx of
sequenced fungal genomes in comparison to
pre-2009 studies (Tan et al. 2009b). Refinement
of gene annotation will greatly assist obtaining
accurate protein identification. In addition, we
have observed several laboratories applying pro-
teogenomics to accurately refine in silico gene
prediction. We anticipate that proteogenomics
will be applied to an increasing number of fungal
genomes as peptide mapping tools are now read-
ily available (Bringans et al. 2009). This
approach is complementary to transcript-based
gene validation methods such as microarrays
and RNA-seq (RNA sequencing).

Proteome-wide analysis of posttransla-
tional modifications in fungal virulence via
proteomics has seen limited application in phy-
topathology. PTMs in higher eukaryotes are
complex as there over 200 known covalent
modifications (Walsh 2005). Many of these
modifications are labile and may be lost during
processing or require enrichment prior to
detection. The Rampitsch laboratory (Ram-
pitsch et al. 2010, 2012) has demonstrated that
it is possible to apply phosphosproteomics in a
fungal phytopathogen. Thus, we anticipate that
phosphoproteomics will be increasingly used to
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dissect fungal virulence, such as phosphoryla-
tion in key fungal signalling pathways that are
associated with virulence.

The discovery of fungal effectors is a key
topic of research in phytopathology. Identifica-
tion of these effectors often requires purifica-
tion through chromatographic techniques and
quantitative trait loci mapping of resistance/
susceptibility genes in the host. To complement
this approach, the availability of genome
sequences allows computational proteomics to
screen genes and their predicted polypeptide
sequences for effector hallmarks, such as the
presence of secretory signals, cysteine patterns
and localisation in genome ‘hot spots’ (Mueller
et al. 2008; Brown et al. 2012; Morais do Amaral
et al. 2012). Application of this predictive
approach in effector discovery has led to the
identification of the Tox1 effector in S.
nodorum (Liu et al. 2012).

The distribution of small molecules during
fungal infection is of particular interest.
MALDI-MS imaging is an emerging technique
that is used to monitor the spatial distribution
of small molecules in a biological system in situ
(Fournier et al. 2008; Lee et al. 2012). To our
knowledge, there are no published reports on
the use of MALDI-MS imaging in phytopathol-
ogy. However, it has been used to monitor
metabolite exchange in microorganisms (Gon-
zalez et al. 2012) and for protein profiling of
barley grain (Kaspar et al. 2011). The adapta-
tion of MALDI-MS imaging in phytopathology
can be a revolutionary step towards monitoring
the spatial distribution of small molecules in
infected plant tissues.
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I. Introduction: Functional Genomics
and Opportunistic Fungal Pathogens

More than 60 years after the structure of the
DNA helix was published, functional genomics
became an everyday tool for scientists. In the
beginning of the 2000s, revolutions in sequenc-
ing technologies and other high-throughput
applications paved the way toward experimen-

tal approaches that seemed futuristic even a few
years ago.

Under the term functional genomics, all the
state-of-the-art high-throughput and “-omics”
technologies, such as genomics, transcrip-
tomics, proteomics, and metabolomics, are
combined with bioinformatic analyses. Func-
tional genomics not only aims at assigning a
function to pieces of DNA but also includes the
elucidation of the organization and control of
genetic pathways that together determine the
physiology of an organism (Fig. 13.1). An
appropriate definition for functional genomics
was given by the European Bioinformatics
Institute (EBI): “Functional genomics is a field
of molecular biology that enables you to
explore genes, protein functions and interac-
tions on a global scale. Functional genomic
experiments typically utilize large-scale assays
to measure and track many genes or proteins in
parallel under different environmental condi-
tions. This approach allows the DNA function
to be discovered by combining information
from genes, transcripts and proteins” (http://
www.ebi.ac.uk). All the high-throughput tech-
nologies connected to functional genomics are
under constant development, ensuring the
long-term relevance of this approach.

At the time the human genome sequence
was published, in an editorial introduction into
the “Functional Genomics” issue of Nature
Insights (Patterson and Dant 2000), it was
claimed that “An inventory of genes will impact
molecular medicine the greatest, leading to
improved diagnosis of disease and eventually
to custom-made drugs tailored to the individ-
ual.” However, this concept proved to be too
simple for humans and human diseases, which
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are often associated with several gene defects.
Nevertheless, the concept of a functional geno-
mics approach can be transferred to other
organisms, especially to (pathogenic) microor-
ganisms. Knowledge of the DNA sequence of
microorganisms and the application of func-
tional genomics is a promising tool for under-
standing the interplay between pathogens and
host cells, improving diagnosis, identifying new
drug targets, and developing tailor-made drugs.

Although in the last decades infections with
pathogenic fungi, resulting in considerable
morbidity and mortality, remarkably increased,
human-pathogenic fungi are still an “underes-
timated” problem (Brown et al. 2012). Today, it
is generally accepted that the total number of
fungal species amounts to more than 1.5 mil-
lion. Although the vast majority still await dis-
covery, not to mention characterization,
currently only a minority of about 100 fungal
species are regarded as human pathogenic.
Fungal pathogens cause a wide range of dis-
eases, from allergies and superficial infections
to life-threatening invasive mycoses. Often, the
outcome of a fungal infection depends on the
immune status of the host organism. Espe-
cially, humans with a compromised immune
system represent a high-risk group for develop-
ing a fatal fungal infection. The continuous
progress in medicine (e.g., in chemotherapy
and organ or bone marrow transplantation)
contributes to the ongoing increasing number
of patients with impaired immune status.

The most important causes of life-
threatening invasive mycoses are infections
caused by the yeast Candida albicans (see also
Chap. 14 in this volume) and the filamentous

fungus Aspergillus fumigatus. Besides A. fumi-
gatus, only a few other members of the genus
Aspergillus, which has more than 200 species,
are considered opportunistic human pathogens;
among them are, for example, A. terreus, A.
flavus, and A. niger (Brakhage 2005). Among
the Candida species, C. albicans prevails in
more than 50 % of all clinical Candida samples,
followed by infections with C. glabrata.
Other pathogenic Candida species, such as C.
tropicalis,C. dubliniensis, C. krusei, andC. para-
psilosis, cause far fewer infections (Pfaller and
Diekema 2007). Themost common fungal infec-
tion among AIDS patients, cryptococcal meni-
ngitis, is caused by the basidiomycete
Cryptococcus neoformans, which represents
another opportunistic human-pathogenic fun-
gus of clinical relevance (La Hoz and Pappas
2013). Furthermore, other fungal species, such
as Zygomycetes and Fusarium species, recently
emerged as causal agents of invasive mycoses
(Park et al. 2011).

To date, neither reliable diagnostic tools
nor effective treatment options are available,
resulting in unacceptably high mortality rates
of patients suffering from invasive fungal infec-
tions. In general, research on pathogenic fungi
includes the following aims:

1. Identification of virulence determinants for
each pathogen

2. Elucidation of the role of components of the
host’s immune system (epithelial barriers,
innate immunity, adaptive immunity)

3. Identification of immune evasion strategies
4. Deciphering the complex mechanisms of

the infection process

Fig. 13.1. Flowchart for a functional genomics approach
onhow informationderived fromseveral high-throughput
experiments canbe combined to gainknowledgeof impact

of both single genes and global biological processes on
fungal pathogenicity
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5. Identification of common principles of fun-
gal pathogenesis

The following mainly focuses on infections
caused by A. fumigatus as this is to date the
number one airborne fungal pathogen. We will,
of course, also include other common fungal
pathogens to show how functional genomics
approaches can aid achieving these aims and
help find new therapeutic options.

II. Genomics

Afirst global approach of functional genomics is
genome sequencing. Next-generation sequenc-
ing (NGS) now allows sequencing the genomes
of many fungi, including a remarkable number
of pathogenic fungi. This broad approach gives
insight into the genomic basis underlying the
diverse mechanisms by which pathogenic fungi
infect their host. NGS provides large amounts of
sequence data in a fast and affordable manner.
The resulting genomes can be screened for
virulence-associated genes by various
approaches. For example, genomes of members
of a group of fungi that can cause disease can be
compared to nonpathogenic representatives. By
this comparative approach, genes can be identi-
fied that contribute to host or disease specificity,
whereas other genes are attributed as of key
importance for general virulence functions.
With regard to the aspergilli, the results of com-
parative genomics are discussed in detail next.

A. Comparative Genomics of Aspergilli

Among all systemic Aspergillus infections, A.
fumigatus causes 90 %, indicating that this spe-
cies produces virulence determinants in favor
of becoming an opportunistic human pathogen.
From the year 2005 to date, a total of 15 Asper-
gillus genomes were sequenced and made pub-
licly available via Internet-based resources,
such as the Central Aspergillus Data Repository
(CADRE; http://www.cadre-genomes.org.uk)
(Mabey et al. 2004) or the Aspergillus
Genome Database (AspGD) (Arnaud et al.
2010). In the past few years, the AspGD

(http://www.aspergillusgenome.org) developed
the most comprehensive data collection. Among
sequenced aspergilli are the model organism
A. nidulans, the industrially important A. niger
andA. oryzae, and the pathogenic fungiA. flavus,
A. terreus, and of course, A. fumigatus. Similar to
other genome databases (yeast genome database,
Candida genome database, etc.), AspGD not only
contains genome sequences but also all available
information on genes (e.g., exon-intron struc-
ture) and proteins (deduced function, cellular
localization, links to relevant literature). The
online browser tool Sybil (accessible via http://
www.aspgd.org) allowsmultispecies comparative
genomics to determine orthology and synteny
across multiple sequenced Aspergillus species.

The first comparative study of the A. fumi-
gatus genome with the genomes of its distant
relatives A. nidulans and A. oryzae showed an
unexpected genetic variability of these species
that is reflected most notably by a broad re-
organization of the genome structure (Galagan
et al. 2005). An average amino acid identity of
less than 70 % between each species pair
implies that these species are evolutionarily as
distant from each other as mammals and fish,
which diverged 450 million years ago.

In another study, two clinical isolates of A.
fumigatus, Af293 and A1183, were compared
with their close relatives Neosartorya fischeri
andA. clavatus (Fedorova et al. 2008). The geno-
mic comparison of the twoA. fumigatus isolates
revealed that 98 % of the genomes can be
aligned. The nucleotide sequence is nearly iden-
tical in the shared regions. However, 143 and
218 genes were assigned to be isolate specific for
Af293 and A1163, respectively (Fedorova et al.
2008). These isolate-specific genes were prefer-
entially located within 300 kb from chromo-
some ends, and many of these species-specific
genes are clustered in highly variable segments
containing repeat elements and pseudogenes
(Fedorova et al. 2008). It is hypothesized that
species-specific genes represent, at least in part,
the underlying cause for isolate-specific differ-
ences in antifungal susceptibility.

For more than 800 A. fumigatus genes, no
orthologs were identifiable in A. clavatus and
N. fischeri, therefore representing species-
specific genes. Remarkably, these genes, which
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are predominantly located in subtelomeric
regions, have only bacterial or archaeal homo-
logs and may contribute to the adaptation of
the fungus to environmental niches, such as the
human lung (Fedorova et al. 2008). It is
intriguing to speculate that the subtelomeric
diversity constitutes the potential driving
force in the evolution of pathogenicity in A.
fumigatus. This hypothesis is corroborated by
the finding that transcription of one third of the
A. fumigatus subtelomeric and species-specific
genes is induced during initiation of invasive
aspergillosis (McDonagh et al. 2008).

A good example for conservation of genes between
aspergilli is given by those genes encoding components
of signal transduction cascades. The cell wall integrity
regulating mitogen-activated protein kinase MpkA
proved to be highly conserved (Valiante et al. 2008,
2009; Rispail et al. 2009). The same applies to cyclic
AMP (cAMP) signaling components, such as adenylyl
cyclase and protein kinase A catalytic subunit (Lieb-
mann et al. 2003), as well as genes involved in calcium
signaling via calcineurin (Steinbach et al. 2006; da Silva
Ferreira et al. 2007).

In addition to the comprehensive analysis of
the genomes of different aspergilli, there is an an
increasing number of comparative genomics
approaches to other opportunistic pathogenic
fungi, such as C. neoformans and Candida spp.
Cryptococcus neoformans is an opportunistic
pathogen of the immunosuppressed host; it can
infect the central nervous system, leading to fatal
meningitis if untreated. In AIDS patients, C. neo-
formans is a clinically relevant cause ofmortality.
The fungus is especially known to cause relapse
in patients surviving an initial cryptococcal
meningoencephalitis. Comparative genomics of
serial isolates of C. neoformanswas performed to
unravel the underlying mechanisms, especially
the impact of in-host microevolution on persis-
tence (Ormerod et al. 2013). Sequencing the
whole genome of these serial isolates allowed
deducing the phenotypical differences observed
with regard to metabolic profiles, nutrient acqui-
sition, and virulence in a murine model to only a
few genomic differences. Two identified key
mutations, loss of an interaction domain protein
and changes in the copy number of the arms of
chromosome 12, apparently explain the pheno-

type of the relapse isolate, which is hypothesized
to have evolved in-host where antifungal treat-
ment selected for the ability to persist (Ormerod
et al. 2013).

B. Genomic Mining to Identify Secondary
Metabolite Gene Clusters

Fungi produce a remarkable variety of second-
ary metabolites. These natural products com-
prise a broad range of effective drugs (i.e.,
antibiotics and immunosuppressive agents).
However, several secondary metabolites also
display strong toxic activities. For the majority
of all known secondary metabolites, their func-
tion in the producing organism is not known
yet (Brakhage 2013). As biologically active
compounds, they might protect the fungus
against other (micro-)organisms in the same
habitat and may also contribute to weaken the
host’s immune system (Askew 2008; Brakhage
et al. 2008, 2009). Consistently, several fungal
secondary metabolites (e.g., some toxins and
pigments) contribute to pathogenicity.

As genes for biosynthesis of secondary
metabolites are usually organized in clusters,
the availability of complete fungal genome
sequences allows screening for the presence of
such clusters. Besides characteristic core genes
(nonribosomal peptide synthetases, NRPSs;
polyketide synthases, PKSs; hybrid PKS/NRPS;
dimethylallyl tryptophan synthases, DMATs)
relevant for metabolite production, these clus-
ters often contain genes with a putative role in
self-resistance and metabolite tailoring (Brakh-
age 2013). Often, genes involved in transcrip-
tional regulation are also part of the gene
cluster. For genome mining and the prediction
of putative secondary metabolite gene clusters,
web-based tools are available, such as SMURF
(Secondary Metabolite Unique Regions Finder;
http://jcvi.org/smurf) (Khaldi et al. 2010). For
example, SMURF predicts an overall number of
30 secondary metabolite gene clusters in A.
fumigatus Af293. For the model organism A.
nidulans, a gene expression compendium was
developed by applying a newly designed DNA
expression array in combination with previ-
ously collected data, thereby allowing accurate
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determination of secondary metabolite gene
cluster members. As this approach is based on
-omics information (annotated genome
sequences and a catalog of gene expression)
that are easily available, it is also applicable to
other fungi (Andersen et al. 2013).

One of the best-studied secondary metabo-
lites produced by A. fumigatus is gliotoxin.
This infamous virulence determinant belongs
to the class of epipolythiodioxopiperazine
(ETP) toxins (Gardiner and Howlett 2005).
Putative ETP toxin biosynthesis clusters are
widely distributed in ascomycete fungi (Patron
et al. 2007). Gliotoxin is produced during the
infection process and exerts immune modula-
tory functions and cell-damaging activity
(Scharf et al. 2012). Gliotoxin also is highly
toxic to human immune cells. Identification of
the gliotoxin biosynthesis gene cluster was pos-
sible because the genome of A. fumigatus was
available. Recently, based on the genome
sequence, the biosynthesis of gliotoxin was elu-
cidated in detail (Scharf et al. 2010, 2011, 2012;
Schrettl et al. 2010; Davis et al. 2011; Gallagher
et al. 2012). Remarkably, the fungus was found
to be self-protected against gliotoxin by func-
tion of a specific gliotoxin oxidase, GliT, and by
production of a gliotoxin transporter. These
proteins might represent targets for new drugs
to render the fungus sensitive against its own
toxin.

Another secondary metabolite decisive for
virulence of A. fumigatus is the conidial gray-
green pigment dihydroxynaphthalene (DHN)
melanin. The key enzyme of DHN melanin bio-
synthesis is the polyketide synthase PksP. PksP-
deficient mutants producing white conidia are
attenuated in virulence (Langfelder et al. 1998).
Expression of the gene occurs predominantly
during conidiogenesis but was also found in
hyphae isolated from infected mice lung tissue
(Langfelder et al. 2001). DHN melanin protects
A. fumigatus against host-derived reactive oxygen
intermediates (ROIs) (Jahn et al. 2000; Langfelder
et al. 2003) and was recently identified as crucial
for inhibition of acidification of phagolysosomes
of phagocytes and thereby killing of A. fumigatus
conidia (Thywißen et al. 2011). Melanin is also
responsible for interfering with macrophage apo-
ptosis (Volling et al. 2011). Therefore, melanin

provides the fungus a universal tool to survive
the residual host immune response to enable a
fatal infection.

In general, the repertoire of secondary
metabolite biosynthesis gene clusters differs
remarkably from species to species. Many clus-
ters were found that are unique to only one
Aspergillus species. Although they are evolution-
arily closely related, A. fumigatus shares only 14
orthologous clusters with N. fischeri (including
the gliotoxin cluster) and 5 with A. clavatus.

To date, a wide variety of structurally dif-
ferent secondary metabolites has been isolated
from different fungi. However, the actual
assignment of a specific metabolite to its bio-
synthesis gene cluster is still the exception. This
also applies to the detailed analysis of the
metabolite biosynthesis steps and the role of
each enzyme predicted to be part of the cluster.
To close this gap, that is, to assign gene clusters
to their corresponding metabolite, several stra-
tegies were implemented only recently (Chiang
et al. 2009; Brakhage 2013). Simple knockout
strategies and subsequent metabolite analysis
turned out to be hardly successful as, under
normal laboratory cultivation conditions, the
vast majority of secondary metabolite gene
cluster genes are silent per se; that is, no detect-
able amounts of transcripts are produced
(Bergmann et al. 2007; Brakhage 2013). How-
ever, as genes encoding transcription factors
often are part of the predicted gene cluster, an
efficient approach was developed by (induc-
ible) overproduction of the respective tran-
scription factor and thereby induced
transcription of all genes of the cluster (Berg-
mann et al. 2007). Only recently, genome
mining-based genetic modification of aspergilli
resulted in the identification of new secondary
metabolites, pheofungins and neosartoricins
(Scherlach et al. 2011; Chooi et al. 2013). Acti-
vation of the originally silent gene cluster
enabled elucidation of the structure and bio-
synthesis of these polyketides.

A more global strategy to interfere with the
activity of many secondary metabolite gene
clusters is based on the coregulation at the
chromatin level. Therefore, another approach
to activate silent gene clusters is the reorgani-
zation of eu- or heterochromatin regions (Bok
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and Keller 2004; Lee et al. 2009; Brakhage 2013).
Albeit mostly analyzed in A. nidulans, an
impact of chromatin regulation on secondary
metabolite cluster gene expression has been
highlighted in several studies directly investi-
gating secondary metabolite regulation in
aspergilli (Palmer and Keller 2010; Nutzmann
et al. 2011; Gacek and Strauss 2012; Brakhage
2013). Normally in a repressed state, several of
such clusters become derepressed under partic-
ular, often poorly defined, culturing conditions.
Many cluster genes are, for instance, expressed
in A. fumigatus under infectious conditions in a
mouse infection model (McDonagh et al. 2008),
suggesting their impact on virulence. Interest-
ingly, for studied examples, the neighboring
genes remained unaffected on activation of
normally silenced cluster genes, which imposes
the suggestion of cluster arrangements into
functionally confined chromatin domain enti-
ties. Investigating A. fumigatus deletion
mutants of genes encoding the histone deace-
tylase HdaA or a subunit (CclA) of the H3K4
methylating Set1/COMPASS complex revealed
in both cases deregulation of a couple of sec-
ondary metabolite cluster genes, which could
also be demonstrated for the respective
mutants in A. nidulans (Shwab et al. 2007; Bok
et al. 2009; Lee et al. 2009; Palmer et al. 2013). In
addition, the effector protein HepA and the
histone methyl transferase ClrD have been
shown to be important factors for silencing of
several secondary metabolite clusters in A.
nidulans (Reyes-Dominguez et al. 2010). In
line with the general suggestion that many his-
tone deacetylases enforce the repression of
genes because of the removal of acetyl moieties
on lysines, treatment of growing fungal cultures
with histone deacetylase inhibitors caused
derepression of several secondary metabolite
cluster genes (Cichewicz 2010).

Positive effects on cluster gene regulation
could be adjudged to the A. nidulans histone
acetyl transferase EsaA as part of the NuA4
complex and corresponding acetylation sites
on histone H4 (Soukup et al. 2012). Likewise,
two members of the well-conserved SAGA/Ada
acetylation complex, the histone acetyl trans-
ferase GcnE (Gcn5 in other organisms) and its
complex partner AdaB were shown to be

responsible for expression of a gene cluster
required for orsellinic acid production as well
as further gene clusters under induction condi-
tions (Nutzmann et al. 2011). In a mutant
screen, DgcnEwas identified as the sole deletion
from a library of all viable potential histone
acetyl transferase mutants in A. nidulans (36
of 40) to be essential for orsellinic acid produc-
tion on coincubation with Streptomyces rapa-
mycinicus (Nutzmann et al. 2011). Further, the
authors showed GcnE-dependent increased
acetylation levels of H3K14 on coincubation
with the streptomycete at all tested promoter
regions but an increase of H3K9ac restricted to
promoter regions of induced cluster genes.
Again for A. nidulans, Shimizu et al. observed
elevated H4K16ac levels at selected secondary
metabolite gene promoters concurrent with
derepression of the corresponding genes
under hypoxia. This phenotype might be
explained by a low cellular NAD+ level under
hypoxia and inhibition of NAD+-dependent
histone deacetylase activity of the A. nidulans
Sir2 homolog SirA (Shimizu et al. 2012).

These findings in the nonpathogenic model
organism A. nidulans are currently the basis for
further investigation of the role of epigenetics
in regulating secondary metabolite production
and the impact on pathogenicity of A. fumiga-
tus and other pathogenic fungi.

III. Generation of Fungal Mutant
Strains to Study Gene Function

The basal approach in genetics to validate gene
functions in general and to study pathogenesis
in particular is the analysis of mutants. Today,
genomic technologies facilitate, on the one
hand, the identification of the mutated locus
for mutants that were generated by random
mutagenesis. On the other hand, based on the
available genome sequence, targeted gene dele-
tion is now a straightforward approach to cre-
ate mutant strains of a gene of interest. A
general approach is random mutagenesis by
treating the fungus with DNA-mutagenic agents
(UV [ultraviolet] irradiation, chemicals).
Another possibility is insertional mutagenesis,
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in which a DNA fragment is inserted randomly
into the genome. A more sophisticated
approach is signature-tagged mutagenesis by
random insertion of a DNA fragment, harbor-
ing a 40-bp unique sequence tag. Such tagged
mutants can be pooled and analyzed for patho-
genicity in animal studies. The identification of
mutations in genes essential for virulence is
done by recovering the mutants from the host
and quantifying the amount of each sequence
tag. Underrepresented tags represent mutations
in virulence-associated genes. Using sequence-
tagged mutant pools therefore offers the possi-
bility for an in vivo virulence screen. For A.
fumigatus, this method was successfully
adopted, and by screening a pool of 4,648
strains in a mouse model of invasive pulmonary
aspergillosis, the pabaA gene was identified as
essential for pathogenicity (Brown et al. 2000).
Therefore, the folate biosynthesis pathway in
which the pabaA-encoded para-amino-benzoic
acid synthetase is involved is of importance for
in vivo survival of the fungus during infection.

For the yeast pathogen C. glabrata, a pool of 4,800
sequence-tagged mutants was screened in vitro for
their ability to adhere to human epithelial cells (Cor-
mack et al. 1999). Several mutants were identified
because of their reduction or loss in adherence; in
most cases, insertion into the EPA1 gene, encoding a
cell surface protein, was found. However, although the
EPA1 mutant was nonadherent in vitro, it was fully
virulent in mice, suggesting that in vivo additional
proteins mediate adhesion (Cormack et al. 1999).

Screening a library of 18,350 C. glabrata
Tn7 insertion mutants for their interaction
with human THP-1 macrophages, 56 genes
were identified that were essential for survival
(Rai et al. 2012). In a functional genomics
approach, the authors characterized chromatin
remodeling as a central mechanism for regulat-
ing survival strategies of phagozytosed C. glab-
rata. In a response to exposure to the
intracellular milieu of the macrophage, yeast
cells thereby facilitate a reprogramming of cel-
lular energy metabolism and provide protec-
tion against DNA damage.

In contrast to random mutagenesis strate-
gies, targeted gene deletion by homologues
recombination allows a more systematic

approach to construct mutants or even compre-
hensive mutant libraries. However, targeted
gene deletion in fungi is often hampered by
their tendency to integrate foreign DNA ectopi-
cally into the genome. Even with flanking
regions comprising more than 1 kb when A.
fumigatus protoplasts are transformed, the
rate of homologues integration of the trans-
ferred construct is often below 5 % of all trans-
formed strains. This frequency can be increased
by using a bipartite marker approach by which
the selection marker is split into two separately
nonfunctional fragments that recombine after
transformation via homologues recombination
(Nielsen et al. 2006). Employing only polymer-
ase chain reaction (PCR) for generation of such
bipartite gene deletion substrates further
enhances efficacy as no time-consuming clon-
ing steps are required.

The largest leap forward in increasing tar-
geted gene deletion frequency was made by
generation of mutants deficient for nonhomo-
logues end-joining DNA repair of A. fumigatus
(da Silva Ferreira et al. 2006; Krappmann et al.
2006), facilitating the generation of targeted
gene deletion mutants in up to 100 % of all
transformants obtained.

Worth mentioning is that for many fungi
only a limited repertoire of dominant selection
markers is available. This is a limitation with
regard to generation of multiple knockout
mutants. To overcome this problem, several
strategies based on marker recycling cassettes
have been developed. For example, employing
the beta-rec/six site-specific recombination sys-
tem to generate a self-excising selection marker
cassette (Hartmann et al. 2010), an A. fumigatus
octuple deletion mutant of genes encoding oli-
gopeptide transporters was generated (Hart-
mann et al. 2011).

The improvements mentioned allowed sig-
nificantly speeding up the generation of
mutants for pathogenic fungi. Where a decade
ago only a few mutants were under investiga-
tion, today there are several hundreds of
mutants for A. fumigatus, C. albicans, and
other human pathogenic fungi available. Even
the generation of comprehensive gene deletion
libraries is now a realistic option. Such whole-
genome gene deletion libraries already exist for
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Saccharomyces cerevisiae and Neurospora
crassa, just to name two prominent examples
of model organisms (Winzeler et al. 1999; Colot
et al. 2006). For at least some pathogenic fungi,
gene deletion libraries are on the way; for
example, for C. albicans a library in which 165
transcription factors were deleted is available
for the Candida community (Homann et al.
2009). And, a C. albicans collection with 674
gene deletions was already successfully
screened for virulence in mice and for morpho-
genic switching (Noble et al. 2010).

Taken together, gene deletion libraries offer
an immense opportunity to screen for
virulence-related phenotypes and thereby to
unveil mechanisms of pathogenesis.

IV. Transcriptomics

Genome sequencing can easily highlight differ-
ences among different organisms or related
species. However, to identify the dynamics of
genes inside a distinct organism, analysis of
differentially regulated genes still remains the
most powerful tool. Transcriptomics is largely
used to study growth phases, developmental
stages, stress responses, mutagenesis effects,
and every physiological variation that can be
found in an organism. Since 1977, scientists
have had the possibility to study gene expres-
sion using Northern blot analysis (Alwine et al.
1977). This simple technique introduced the
possibility to detect gene expression in certain
conditions. Of course, the biggest limitation
was to repeat the experiment for every single
gene studied. However, at this time, scientists
flirted with the idea of investigating total gene
expression changes.

After the introduction of the PCR (Mullis
et al. 1986), new techniques were developed.
Differential display was introduced in 1992
(Liang and Pardee 1992). This methodology
was based on hybridization using DNA probes.
Even if this produced a high rate of false posi-
tives, for the first time it was possible to inves-
tigate differentially expressed genes in a
hundreds scale. The first real transcriptomics
approach was given by the introduction of

sequencing of expressed sequence tags (ESTs)
(Adams et al. 1993). cDNA fragments were
cloned randomly and then sequenced. Even if
this technique was more qualitative than quan-
titative, this approach introduced the possibil-
ity of discovering a high number of genes
related to defined physiological stages and to
analyze differentially expressed genes in the
thousands scale.

The first genome-wide transcriptomics
approach based on microarrays was described
in 1995 (Schena et al. 1995). This chip-based
technology gave for the first time the possibility
to study whole-transcriptome changes in a sin-
gle experimental approach. Furthermore, the
possibility of using customized supports gave
the chance to increase the number of analyzed
samples. At this stage, bioinformaticians joined
lab scientists, starting a bond that becomes
increasingly stronger. Analysis of different
experimental conditions (several cultivation
conditions, time course experiments, etc.)
became routine, and computational biology
provided major contributions. Because of the
availability of fungal genome data, it was possi-
ble to design microarrays for genome-wide
expression analysis for many pathogenic
fungi, making transcriptomics a prevailing
tool in infection biology studies. In the begin-
ning of the 2000s, different microarrays were
developed for the major pathogenic fungi, such
as A. fumigatus, C. albicans, and C. neoformans
(De Backer et al. 2001; Kraus et al. 2004; Nier-
man et al. 2005). Transcriptomics was mainly
used to investigate antifungal stress responses.
In particular, microarrays have been largely
used to study the mode of action of orphan
molecules, which potentially can be used for
clinical interventions. However, the possibility
to genetically manipulate all these species also
contributed to the expansion of this technique,
promoting high investments in the realization
of platforms to have a powerful tool that could
be used to discover genes differentially regu-
lated in mutant strains.

Candida spp. represent a group of well-
studied pathogens. For over a decade, data on
different transcriptome studies of the commen-
sal pathogen C. albicans have been publicly
accessible. The majority of these experiments
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focused on studying gene expression in
response to antifungal agents (e.g., azole deri-
vatives, amphotericin B, echinocandins; De
Backer et al. 2001; Barker et al. 2004; Liu et al.
2005) or were focused on studying different
developmental stages and physiological changes
such as biofilm formation (Doedt et al. 2004;
Murillo et al. 2005). The high number of avail-
able transcriptomics data for C. albicans were
already used for a comparative gene expression
analysis; many of the published data were
pooled together and normalized to have a wide
expression analysis for this organism (Ihmels
et al. 2005). Using a differential clustering
approach, the authors were able to compare
almost 250 arrays, obtaining regulatory infor-
mation about individual C. albicans Open
Reading Frames (ORFs). Within this study, it
was possible to check differential expression of a
single gene or a group of genes in response to
different stimuli. Moreover, they compared this
data set with available data sets created to study
model organisms such as S. cerevisiae and Schi-
zosaccharomyces pombe (Alter et al. 2003; Chen
et al. 2003). Differential expression of common
orthologous genes was analyzed. These kinds of
studies are extremely useful because they can
highlight important genes that can be used as
targets for therapeutic intervention, in particu-
lar genes that are conserved and seem to be
fundamental for fungal growth.

A. Microarray Versus RNA Sequencing

All studies on functional genomics apply an -
omics approach. Most of these studies start
from a broader analysis and then turn to a
less-complex level. The produced data sets rep-
resent just a small part of the biological system.
The difficulty is to have a smaller group or pool
of genes that can be used to develop a broad
theory that could be representative for the sys-
tem. The standardization of data that need to be
applied prior to the comparison still remains a
limiting factor. The first problem encountered
for data integration concerns the differences
among methods. We have access to various
protocols that have been created and adapted
for different purposes, which contain many

variations, such as media composition, used
strains or isolates, or incubation temperature.
All these differences create barriers that com-
plicate a direct comparison. In addition, there
are many manufacturing-derived differences in
the employed technology (e.g., microarray
chips), which decreases the comparability
between the analyzed experiments. One exam-
ple is given by the different microarray plat-
forms developed to date. Even for the same
organism, several microarray platforms made
using different probe sequences might exist;
that is, different platforms could eventually
give different outputs for the same experimen-
tal setting.

Transcriptomics studies of A. fumigatus are
a typical example of the difficulty with the com-
parison and normalization of different studies.
The first A. fumigatus transcriptome analysis
was published together with the release of the
genome sequence (Nierman et al. 2005). In the
last few years, several transcriptome studies
were performed that focused on iron starvation,
biofilm formation, and response to antifungals
(da Silva Ferreira et al. 2006; Schrettl et al. 2008;
Bruns et al. 2010; Jain et al. 2011). Many of the
published studies used different microarray
platforms, which were developed indepen-
dently using different sets of oligonucleotides.
A recent work demonstrated that the results of
whole-genome transcriptome analyses based
on microarrays were highly dependent on the
platform used (Muller et al. 2012). The low
consistency of microarray gene expression
data can have multiple reasons, such as plat-
form effects, different media, RNA extraction
protocols, or biological variability of the strain
used. Hybridization seems to have the most
significant impact. Hybridization strongly
depends on the probes that were used to
develop the microarrays. However, the hybridi-
zation bias seems to be highly conserved within
the same platform. One solution would be to
have standardized conditions among different
experiments, although it seems highly ambi-
tious to commit the research community to
only one array platform and to adopt a stan-
dardized operation procedure.

However, these discussions have become
(more or less) obsolete, as all efforts to develop
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and improve microarray technology have been
overtaken already by the rise of alternative
techniques based on deep RNA sequencing
(RNA-seq). RNA-seq is based on reverse tran-
scription of RNA in cDNA, subsequent amplifi-
cation using customized primers as adapters,
and sequencing of the obtained libraries (Bent-
ley et al. 2008). Every sequenced fragment,
named “read” (normally ranging between 50
and 200 nucleotides), can be subsequently
mapped to a reference genome. The number
of reads spanning a single gene determines its
expression level. For comparative analyses, all
the reads are normalized before calculating the
fold change. Statistic tests are then used to
determine the validity of the analysis (Wang
et al. 2009).

There are several advantages of this new
sequencing technology. As this technology is
not based on hybridization, the comparability
among different experiments is easier. The only
critical point remains the gene expression nor-
malization, but running protocols can be used
for this purpose. Moreover, by applying a high-
coverage setup, it is possible to identify lowly
expressed transcripts that could not be detected
using microarrays or even quantitative real
time (qRT)-PCR. One of the biggest advantages
of this new technique is that it potentially can
be used to study pathogens during infection.
Host-pathogen interaction studies using micro-
array analyses were always limited. The separa-
tion of organism-specific RNA prior to
hybridization was hard to achieve, and the
number of genes that could be analyzed was
restricted. The simultaneous analysis of both
interaction partners is becoming more feasible
with the recent innovations of RNA-seq ana-
lyses and single-cell measurements (Wester-
mann et al. 2012).

During host-pathogen interaction, the
easiest would be to extract total RNA from the
samples that include both organisms. The total
RNA from different species can be analyzed as a
pool. The data obtained can be subsequently
separated during the analysis by aligning raw
sequence data to each genome in separate steps.
This approach is possible because the programs
that map RNAs-eq reads can flag sequences that
do not match with the reference genome. The

RNA-seq technique could potentially provide
the possibility of monitoring gene expression
profiles from the pathogen and the host simul-
taneously.

However, even if this approach looks promising, it also
shows some technical limitations. One of the most impor-
tant parameters to be considered during an RNA-seq
experiment is the applied coverage. To have good statisti-
cal analysis of the differentially regulated genes, it is
important to choose the length and the number of reads
suitable for the analyzed genome. Studies of the number
of reads required for a specific genome were performed in
Caenorhabditis elegans (Hillier et al. 2009), but a general
formula is still lacking.

Deep RNA sequencing is going to be a lead-
ing approach in transcriptomics profiling.
Recently, first studies investigating fungal
pathogens with the help of RNA-seq data have
been published. Gibbons and colleagues stud-
ied differentially expressed genes obtained by
planktonic and biofilm growth in A. fumigatus
(Gibbons et al. 2012). However, in addition to
the characterization of genes putatively
involved in biofilm formation, it was interesting
to notice that the authors were able to identify
differentially regulated gene clusters, which are
commonly difficult to analyze in a transcrip-
tomics approach.

Another example was given by Muller and
coworkers, who investigated the regulatory role
of the mitogen-activated protein kinase A
encoded by the mpkA gene with the help of
knockout mutants (Muller et al. 2012). In this
study, the data sets obtained were compared
with that obtained by Gibbons et al. (2012).
Global comparison of transcriptomics data,
which included also microarray data, demon-
strated a higher correlation between the two
RNA-seq data sets. Surprisingly, the authors
found that the correlation between these two
distinct data sets, which were obtained using
two different experimental approaches, was
higher than the correlation observed by com-
paring transcriptomics data obtained by differ-
ent techniques (microarray vs. RNA-seq)
applied to the same experiment. This finding
demonstrates that RNA-seq provides the high-
est level of comparability in terms of gene
expression levels in A. fumigatus, and that the
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possibility of data integration will grow in the
future.

V. Proteomics

Proteomic approaches are important tools in
several aspects of fungal research. Indeed,
occurrence and level of proteins within a cell
are to some extent correlated with their
corresponding transcript levels, which can be
measured by transcriptome analysis, but other
dependencies are given (e.g., by protein turn-
over or translational control). Further empha-
sizing proteomic approaches, protein
localization, or posttranslational modifications
cannot be detected on the messenger RNA
(mRNA) level.

Two main technologies were established in
proteomic research: gel-based and gel-free pro-
teomics. Provided the genome information is
available, both routes can be routinely used for
mapping and identifying large parts of a micro-
organism’s proteome, which is defined as the
complete complement of proteins present
within a cell at a given time point and condition
(Wilkins et al. 1996). Depending on the ques-
tion, respective subproteomes can also be ana-
lyzed.

Notably, comparative proteomics is often
applied. Such studies are used to obtain first
insights into factors and potential regulatory
interconnections of proteins important for cel-
lular/organismal integrity, function, or adapta-
tion with respect to a particular developmental
state, morphotype, or culturing condition. In
addition, proteomes of particular deletion or
overexpression mutants are analyzed for iden-
tification of redundant proteins, regulation cir-
cuits, or (alternative) regulation pathways. In a
smaller scale, proteomics is, for instance, exe-
cuted to identify protein complex and interac-
tion partners or particular posttranslational
modifications on proteins.

A. Gel-Based Proteomics

During two-dimensional gel electrophoresis
(2D-E), complex protein mixtures become

resolved by separation of the proteome using
two successional electrophoresis steps. For the
first dimension, proteins are separated accord-
ing to their intrinsic isoelectric point (pI) by
isoelectric focusing (IEF), generally using
acrylamide-based gel strips with embedded
immobilized pH gradient (IPG). Protein extract
is loaded onto the strips either during rehydra-
tion of dry strips or during the process of IEF.
IEF is achieved by applying strong electric cur-
rent, forcing proteins to move within the IPG in
the direction of either the cathode or the anode
as a function of their net charge, which is
directly dependent on protein sequence and
environmental pH. Once the proteins reach a
position within the IPG that equals their pI,
they stop migrating because of loss of net
charge (Rabilloud and Lelong 2011). Following
focusing and in preparation of the second
dimension, strips are equilibrated in buffer
containing sodium dodecyl sulfate (SDS).

The second dimension consists of a stan-
dard SDS-PAGE (polyacrylamide gel electro-
phoresis) for separation of proteins according
to their molecular weight. To preserve the
information of the first dimension, the strip is
positioned full length on top of a polyacryl-
amide SDS gel. The protein pattern on such
gels is made visible by protein-sensitive stain-
ing; general analysis and comparison of distinct
proteomes on gels with respect to presence or
absence or relative amount of particular pro-
tein spots is accomplished using corresponding
computer software packages for assistance
(e.g., Delta 2-D, DeCyder, Melanie).

Colloidal Coomassie blue is commonly
used for staining of gels because of its high
linear dynamic range and reproducibility, but
variants of silver-staining protocols that are
compatible with downstream mass spectromet-
ric (MS) analysis are also applied. Next to visi-
ble stains, fluorescent dyes like SYPRO ruby are
popular alternatives (Miller et al. 2006).

In recent years, difference gel electropho-
resis (DIGE) has been developed (Unlu et al.
1997). Here, protein samples are covalently
labeled before 2D-E with the highly sensitive
fluorescent dyes Cy2, Cy3, or Cy5. For direct
comparison of spot patterns, two differently
labeled samples (Cy3 and Cy5, respectively)
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and an internal standard (equal mixture of both
samples that is labeled by Cy2) are processed
together on one gel (Viswanathan et al. 2006).

In general, protein identification is carried
out usingmatrix-assisted laser desorption/ion-
ization (MALDI) time-of-flight (TOF) MS.
Before MS analysis, selected protein spots
have to be excised from gels and enzymatically
cleaved into peptides. Then, each peptide sam-
ple has to be cocrystallized together with a
special light-absorbing matrix solution. Irradi-
ation by a laser beam causes desorption not
only of matrix but also of peptides that become
protonated and ionized by this procedure. Such
ions are accelerated and transferred to a TOF
MS analyzer. Depending on the time the pep-
tide ions need to reach the detector, their
masses (in daltons, Da) are calculated by the
analyzer. These masses are generally recorded
as a mass-to-charge (m/z) ratio in relation to
signal intensity. Often, for instance when using
tandem TOF instruments (TOF-TOF), selected
peptide ions (precursor ion) can be further
fragmented into several product ions by
collision-induced dissociation (CID). Then,
the fragments are analyzed by a second MS
step that gives MS spectra from which the pep-
tide sequence can be deduced (MS/MS). The
obtained MS and MS/MS spectra are used for
protein identification by matching of these
experimentally obtained data with calculated
data from theoretical peptides deduced from
protein databases (e.g., National Center for Bio-
technology Information, NCBI) using search
algorithms like Mascot, Sequest, or Peptide-
Search (Steen and Mann 2004).

Depending on length and size of gels of the
first and second dimension, resolution of pro-
tein spots on gels can vary. Higher resolution is
also obtained by using IPGs with differing but
narrow pH ranges on multiple gel runs.
Although reproducibility in 2D-E has been
improved, especially by the use of IPG strips,
gel-to-gel variations should be balanced by run-
ning of gels in parallel and by analyzing and
comparing a number of technical replicates for
each biological replicate.

When performing 2D-E, sample preparation
is of particular importance. Because of the high
heterogeneity of protein characteristics and their

large dynamic range within a cell, it is in general
and for all proteomic workflows a challenging
and virtually impossible task to prepare protein
extracts qualitatively and quantitatively repre-
senting the entire proteome of interest. All the
more important are simple protocols ensuring
high reproducibility. Further, 2D-E demands
special considerations in sample preparation
(Rabilloud and Lelong 2011). To prevent dis-
turbing the IEF step, proteins have to be dena-
tured and kept from precipitation without
changing a protein’s charge, and high ionic
strengths have to be avoided. Further, densely
charged molecules like nucleic acids or polysac-
charides and other disturbing compounds have
to be removed from extracts. Next to general
protocols, extract preparation should be adapted
and optimized in consideration of the organism
of interest and the purpose of the study. For
example, optimization of sample preparation
for 2D-E of mycelial A. fumigatus protein
extracts was depicted by Kniemeyer et al.
(2006). Further, particular subsets of proteins
are inappropriate for resolution by 2D-E, like
hydrophobic proteins that especially tend to
precipitate during IEF or either very big or
small proteins and proteins with very low or
high pI (Garbis et al. 2005). When interpreting
proteome data in general but notably in 2D-E-
based proteomics, it is crucial to consider that
the most highly abundant proteins within a pro-
teome will consist of most of the detectable pro-
tein spots, whereas a majority of proteins will
remain undetected.

B. Gel-Free Proteomics

Gel-free proteomics is in most cases conducted
by bottom-up approaches, meaning that no
intact proteins are analyzed, but instead their
complement of peptides is. Therefore, protein
extracts that have been prepared considering
high quality and reproducibility attributes
have to be enzymatically digested into peptides
before proceeding with analysis. For digestion,
the protease trypsin is used in most cases
because of its high efficiency and specificity of
cleavage site (peptide bonds C-terminal to
lysine or arginine). Digestion of total protein
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extract into peptides will result in a sample of
much higher complexity. But, next to advan-
tages like enhanced mass accuracy and feasibil-
ity of sequencing in later MS steps, bottom-up
approaches are especially suitable for proteins
that resist analysis by other methods (Steen and
Mann 2004). For instance, solubility problems
of hydrophobic proteins are generally solved
when such proteins are cleaved into shorter
fragments.

One main principle in gel-free proteomics
is that the complex peptide mixtures become
resolved by high-performance liquid chroma-
tography (HPLC) prior to protein identification
by MS analysis (liquid chromatography [LC]-
MS).

As one exception, complex protein mixtures can even-
tually be separated by SDS-PAGE (one dimensional,
1D) in preparation of the gel-free proteomic procedure.
To reduce complexity and hence achieve higher resolu-
tion in subsequent analysis, such a complete gel lane is
cut into several slices. After in-gel digestion, peptide
pools are provided that can be processed individually
(GeLC-MS).

Usually, a reversed phase (RP)-HPLC in
nanoscale capillary format is set upstream of
MS analysis. In RP-HPLC, peptides interact
with the stationary phase to various extents
according to their hydrophobicity and become
eluted by increasing degrees of organic solvent
within the mobile phase (Steen and Mann 2004).

When performing a MudPIT (multidimen-
sional protein identification technology)
approach, more chromatographic steps with
different separation modes like a strong cation
exchange LC (SCX) are included (Liu et al.
2002). Although it is possible to analyze eluted
LC fractions by MALDI-TOF MS, the LC steps
are generally directly connected with an MS
instrument. These instruments use the tech-
nique of electron spray ionization (ESI) in
high electric fields for successive liquid evapo-
ration and ionization of enclosed peptides
while the peptides elute from RP-HPLC. Once
ionized, the peptides are kept in a vacuum and
guided into a mass analyzer (Steen and Mann
2004).

Several types of mass analyzers and combina-
tions thereof, functioning by different principles

of operation and with differing performances, do
exist (e.g., TOF, quadrupole [Q], ion trap [IT],
Orbitrap) (Domon and Aebersold 2006; Yates
et al. 2009). As output, all instruments will gener-
ate mass spectra as depicted for TOF-MS. In
proteomics, all systems used are competent for
MS/MS using CID or another fragmentation tech-
nique.

An important limitation of LC-MS is the
fact that definitely not all peptides will be
detected. Because of the high number of pep-
tides within such an analysis and because some
peptides do not ionize well, a number of pep-
tides become lost for analysis. Also, MS/MS is
often only measured for the most abundant
peptide ions within a given time window.
These constraints result in limitations in
sequence coverage of proteins and reduction
in reproducibility of technical replicates
because selected peptides must not be the
same between different runs. Because of miss-
ing peptides, isoforms or posttranslational
modifications of proteins might not be distin-
guished or identified.

One predominant scope of application in
proteomics is not only the identification of a
great many proteins of a particular proteome,
but also the identification and quantification of
proteins that are differently regulated within
two or more different proteomes (e.g., extracts
from cells cultured under different conditions
or from cells at varying developmental stages).
Because of the mentioned limitations in MS
analysis, direct comparison of standard MS
results is not an easy task for reliable quantita-
tive evaluation of proteins from two different
samples. One applied quantification method
using standard MS is, for instance, based on
counting MS spectra of peptides belonging to
a particular protein (spectral counting) (Ishi-
hama et al. 2005; Ong and Mann 2005).

In recent times, more definite quantitative
MS methodologies became an important field
in gel-free proteomics (Ong and Mann 2005;
Nikolov et al. 2012). Indeed, absolute protein
quantification can be performed for preselected
proteins if standards are available, but relative
quantification methods are sufficient in most
cases. In preparation of relative quantification,
protein complements to be analyzed have to be
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labeled differently by implementation of dis-
similar stable isotopes. Implementation can
occur either metabolically by feeding cells of
one condition exclusively with “heavy” lysines
or arginines (13C or 15N labeled) and with the
“light” counterparts in the other condition dur-
ing culturing (stable isotope labeling with
amino acid in cell culture, SILAC) or by chemi-
cal ligation of extracted proteins to isotopically
labeled molecules (isotope-coded affinity tag,
ICAT). Alternatively, labeling can be performed
on a peptide level using a strategy called iTRAQ
(isobaric tag for relative and absolute quantifi-
cation). Independent of labeling strategy, all
samples have to be mixed in equal proportions
as early in the workflow as possible. Subse-
quently, they are processed simultaneously.
Because differently labeled peptides will behave
identically in the same MS run, their signal
intensity ratio can be directly quantified. Com-
parison is made possible by the introduced
distinct mass shift between incorporated
heavy and light isotopes.

C. Proteome Analysis of Opportunistic Fungi

Although opportunistic fungi form a rather
heterogeneous group, they have in common
the capacity to colonize human tissues followed
by tissue invasion or dissemination of the
human body. While some fungal species (e.g.,
C. albicans) are typically found in distinct
human tissues (e.g., gastrointestinal tract,
mucous membranes, skin) as commensals, a
number of other species naturally inhabit
completely different environments (e.g., decay-
ing organic matter). Albeit immunosuppressed
individuals are in many cases the only cohort of
individuals that can be severely infected by
particular opportunistic fungi, these fungi
have to nonetheless withstand adverse living
conditions on infection (e.g., high temperature,
nutrient and trace element limitation, residual
immune response, hypoxia). To elucidate fun-
gal survival and adaptation mechanisms on
human infection, proteomic approaches are
used complementary with transcriptomics. For
such large-scale analyses, particular aspects of
infection conditions are typically simulated

in vitro. Recently reviewed by Kroll, Knie-
meyer, and colleagues and depicted in some
examples that follow, such analyses are consid-
ered to provide first insights into the compre-
hension of fungal adaptation and virulence
mechanisms (Kniemeyer et al. 2011; Kroll
et al. 2013). With these kinds of -omic
approaches, protein interaction networks can
be deduced using bioinformatics. Besides
defining relations between factors, one general
way of analyzing these data is the classification
of identified factors into distinct functional
groups (e.g., particular metabolic pathways).
Further, after identification of interesting fac-
tors, these large-scale methodologies can serve
as starting points for small-scale functional
characterization of potentially relevant and
virulence-determining proteins.

An initial starting point of proteomic
approaches is the generation of reference pro-
teome maps of the fungal species of interest,
such as A. fumigatus (Vodisch et al. 2009;
Teutschbein et al. 2010), A. flavus (Pechanova
et al. 2013), and C. albicans (Hernandez et al.
2004; Kusch et al. 2008). Such maps reflect
major functional characteristics of respective
fungi at a distinct developmental or morpho-
logical state under defined culturing condi-
tions. Generally, proteins participating in
primary metabolism, respiration, translation,
or stress response are highly represented on
such maps (Kniemeyer et al. 2011).

1. Cell Wall Proteome

Next to total cell proteome analysis, the possi-
bility to focus on certain subproteomes is one
strong point of proteomic approaches over
transcriptomics. Cell wall proteomics has the
capacity to reveal protein candidates that act
at the fungus-host interface.

For identification of covalently bound cell
wall proteins from various opportunistic fungi,
harsh extraction conditions (high salt, SDS, b-
mercaptoethanol, high temperature) have been
applied in a number of studies to isolate the cell
walls and to remove noncovalently bound pro-
teins and intracellular protein contaminants.
Cell wall proteins can be directly digested with
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trypsin in preparation for LC-MS analysis
(Sosinska et al. 2008; Heilmann et al. 2011;
Sosinska et al. 2011). Alternatively, cell walls
have been treated with hydrogen fluoride
(HF)-pyridine or b-1,6-glucanase to specifically
solubilize glycosylphosphatidylinositol (GPI)-
anchored proteins (de Groot et al. 2004; Weig
et al. 2004; Castillo et al. 2008; Heddergott et al.
2012). Alternatively, alkali treatment has been
used to liberate covalently bound proteins with
no GPI anchor, or b-1,3-glucanase treatment
was conducted for overall release of cell wall
proteins (de Groot et al. 2004; Weig et al. 2004).
In gentler approaches, cell surface proteomes
have been analyzed by direct trypsin digestion
of proteins from intact cells, followed by RP-
HPLC and MS (Hernaez et al. 2010), or by slight
alkali treatment in combination with 1,3-b-glu-
canase digestion omitting the cell wall isolation
step (Asif et al. 2006).

2. Secretome

As one important (sub)proteome, secreted pro-
teins (secretomes) should not be neglected
(Sorgo et al. 2013). A fungal secretome has the
capacity to alter extensively depending on cul-
ture conditions (Schwienbacher et al. 2005;
Sorgo et al. 2010; Wartenberg et al. 2011). One
major task of secreted proteins is the processing
of complex nutrient sources like polysacchar-
ides (C sources), lipids (C sources), or proteins
(N and C sources) into smaller entities that can
be assimilated by the fungus. Wartenberg and
coworkers identified several enzymes potentially
involved in nutrient acquisition when they gen-
erated secretome maps for A. fumigatus using
2D-E (Wartenberg et al. 2011). Further, com-
pared to the secretome obtained after standard
cultivation in AMM (Aspergillus minimal
medium, containing NaNO3 and glucose as sole
N and C source, respectively), the proportion of
particular proteases was strongly elevated in the
secretome when culturing of A. fumigatus was
performed using media with elastin, collagen, or
keratin as the major N and C source. Interest-
ingly, a number of proteins associated with cell
rescue and defense mechanisms can be found in
the secretome of A. fumigatus. Next to proteins

that contain a signal peptide for conventional
secretion using the route of endoplasmic reticu-
lum and Golgi, several more proteins have been
found in secretomes (Wartenberg et al. 2011).
Their secretion cannot be deduced by DNA
sequence analysis. One of the alternative routes
for their secretion is their packaging into
extracellular vesicles (EVs). Proteome analysis
(LC-MS) of EVs from a number of fungi
(C. neoformans, Histoplasma capsulatum,
S. cerevisiae, C. albicans, Paracoccidioides brasi-
liensis) revealed sets of proteins belonging to
diverse categories (Albuquerque et al. 2008;
Rodrigues et al. 2008, 2013; Vallejo et al. 2012).
Because such EVs have been shown to harbor a
number of virulence-associated factors, one
attributed function of such vesicles might be to
serve as “virulence bags” (Rodrigues et al. 2013).
For example, the moonlight protein Enolase was
identified from isolated EV fractions of all tested
species (Rodrigues et al. 2013). In C. albicans,
this protein has been shown to interact with
human plasminogen (Jong et al. 2003).

3. Adaptation to Host Niches

a) Morphotypes and Growth Forms
Both the yeast and the hyphal form of C. albi-
cans are relevant for invasive infections, as each
morphotype seems to be adapted to appropri-
ate virulence-associated functions and host
niches (Jacobsen et al. 2012). Functional het-
erogeneity is also reflected by proteins differ-
ently regulated in both morphotypes, and it is
beyond question that morphotype switching
necessitates major cellular remodeling. A num-
ber of triggers for yeast-to-hyphae transition
have been identified (e.g., serum, nitrogen lim-
itation, N-acetylglucosamine, ambient pH, high
temperature) and have been used for in vitro
cultivation of both states. Few comparative pro-
teome studies regarding intracellular proteins
of both morphotypes have been conducted
(Monteoliva et al. 2011; Kamthan et al. 2012).
Generally, identified proteins indicate global
metabolic and cellular differences between the
two states. Using quantitative gel-free proteo-
mics, Heilmann and colleagues analyzed the
cell wall fractions of C. albicans after culturing
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under various hypha-induction conditions.
Importantly, they could identify a common pat-
tern of cell wall proteins that showed good
consistency between the different hypha-
induction conditions. Further, clear distinc-
tions were detected between the proteomes of
yeast or hyphal cell walls (Heilmann et al.
2011).

Realized as a clinically relevant growth
form, fungal biofilms have come into the
focus of research (Seneviratne et al. 2008).
Next to transcriptome analysis, proteome anal-
ysis has been conducted on C. albicans and A.
fumgatus biofilms (Thomas et al. 2006; Senevir-
atne et al. 2008; Bruns et al. 2010; Muszkieta
et al. 2013). Interestingly, it has been shown by
Bruns et al. that among a number of differently
regulated proteins, proteins involved in glio-
toxin (mycotoxin) biosynthesis became
enriched during biofilm maturation (Bruns
et al. 2010).

b) Nutrient and Iron Limitation
During an infection and dissemination process,
opportunistic fungi are capable of adapting to
several microenvironments. While nutrient
acquisition within such host niches is in general
seen to be far from optimal, available food
supply also varies between microenvironments.

In vitro testing of a number of potentially
infection-relevant N and C sources for their
usability as a nutrient source, and the eventual
nutrient-conditioned reprogramming of the
fungus is one important task that can be inves-
tigated using proteomics. Intriguingly, it has
been shown by LC-MS proteomics (quantifica-
tion via spectral counts) that cultivation of C.
albicans on lactate as the sole C source has a
significant impact on cell wall and secretome
composition (Ene et al. 2012). Such remodeling
resulted in increased stress resistance and
increased adherence but less antifungal drug
susceptibility.

Besides nutrient uptake, the acquisition of
iron is a demanding task in environments with
poor availability of this metal, like the human
body. Accordingly, tight regulation of iron
acquisition and consumption pathways have
been shown to be crucial for adaptation to
high- or low-iron environments (Haas 2012).

Adaptation to low-iron availability has also
been analyzed using proteomics (Hortschansky
et al. 2007). By combining MudPIT (quantifica-
tion via spectral counts) and 2D-E, Crestani
et al. analyzed, for instance, how C. gatii
(VGIIa subtype) handled iron deficiency on a
proteome level (Crestani et al. 2012).

c) Hypoxia, pH, and Temperature
Next to the challenges mentioned, surviving in
host tissues takes competence to adapt to low
oxygen levels (hypoxia), as oxygen concentra-
tion is supposed to be rather low in tissues but
especially low at inflammatory and necrotic
sites (Grahl et al. 2012). In two proteomic stud-
ies (2D-E), the short-term response and long-
term adaptation to low oxygen (0.2 %) have
been analyzed for A. fumigatus (Vodisch et al.
2011; Barker et al. 2012). Next to variations in
up- and downregulated proteins between these
studies that are probably reflected by the differ-
ing length of hypoxia treatment (up to 24 h vs.
10 days) and by some other divergences
between cultivation conditions (e.g., glucose
availability), it is noticeable that factors
involved in not only glycolysis but also respira-
tion were upregulated under both conditions.
By contrast, ethanol fermentation could only be
detected as a short-term response to hypoxia,
and the production of the secondary metabolite
pseurotin A was detectable only after long-term
hypoxic cultivation.

Further host-specific environmental condi-
tions for an opportunistic fungus during (sys-
temic) infection are temperatures of 37 �C or
higher (fever) and an alkaline pH environment.

Temperature-dependent protein up- and
downregulation have been investigated for A.
flavus using a SILAC geLC-MS approach (Collier
et al. 2008; Georgianna et al. 2008). Culturing
medium was supplemented with isotopically
labeled arginine. After culturing at 28 �C or
37 �C, protein extracts were generated, and
both the 13C6-arginine-labeled (28 �C) and
12C6-arginine-labeled samples (37 �C) were pro-
cessed together. Direct comparison of both con-
ditions revealed a temperature-dependent
downregulation of proteins involved in aflatoxin
production at higher temperature. In total, 49
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proteins showed differing abundancies between
the growth conditions.

While proteome changes were only small between A.
fumigatus cellular extracts after cultivation at 30 �C or
37 �C, a clear heat shock response was recognizable
when the culturing temperature was further shifted to
48 �C (compared to 30 �C). DIGE could recognize 64
proteins as differing in abundance, including many
chaperones. Also, proteins belonging to other func-
tional groups, like the oxidative stress response, were
differentially regulated (Albrecht et al. 2010).

Regarding pH tolerance, in a geLC-MS
approach, it has been shown that A. fumigatus
has the capability to secrete different sets of
proteolytic enzymes depending on the pH of
the culture, indicating an adaptation mechanism
by which such enzymes tend to be secreted if
their intrinsic pH optimum matches a given
environmental pH (Sriranganadane et al. 2010).
For C. albicans, it has been elucidated that the
composition of the cell wall proteome is pH
dependent. Of 22 identifiable cell wall proteins,
16 showed significant differences in abundance
when C. albicans was cultivated either at pH 4 or
at pH 7 under conditions that were established
to mimic mucosal surface colonization
(Sosinska et al. 2011). In this study, quantitative
MS has been conducted by including isotypically
15N-labeled reference cultures in the analysis,
which were obtained by cultivation with [15N]
ammonium sulfate as the sole N source. Inter-
estingly, it turned out that six of the identified
proteins, three adhesion molecules (Als1, Als3,
Hyr1) and three further proteins (Phr1, Hwp1,
Sod5), could exclusively be found in the cell wall
proteome of the pH 7 culture, and the transglu-
cosidase Phr2 was extremely upregulated in the
pH 4 protein sample.

d) Reactive Oxygen and Nitrogen Species
One challenge during infection of human hosts is
to resist the attacks of phagocytes (macrophages,
neutrophils) (Seider et al. 2010). Besides other
defense mechanisms, immune cells produce reac-
tive oxygen intermediates. Therefore, under-
standing the mechanisms by which
opportunistic fungi can cope with elevated levels
of ROIs in their environment will give insights
into whether ROIs contribute to killing.

In A. fumigatus, 28 mycelial proteins were
detected by 2D-E to be differently regulated after
exposure to 2 mM H2O2 for 15 or 45 min. Here,
stress-associated proteins involved in detoxifica-
tion of ROIs were among the highest upregu-
lated ones: The Cu/Zn superoxide dismutase
SOD, the peroxiredoxin Prx1, a cytochrome c
peroxidase, and the putative thioredoxin reduc-
tase AspF3 (Lessing et al. 2007).

Similarly, a number of enzymes function-
ally classified as ROI detoxification proteins
and oxidoreductases were shown to be upregu-
lated in C. albicans yeast cells because of incu-
bation with H2O2 (1 mM) or the thiol-oxidizing
agent diamide (5 mM) (Kusch et al. 2007). Sev-
eral chaperones appeared in the list of upregu-
lated proteins in this study. The experimental
procedure used was sequential pulse labeling of
fungal cultures at several time points by 35S-
methionine, followed by 2D-E and phosphosc-
reen detection; this enabled Kusch et al. to fix
the main level of protein up- or downregulation
to take place in a time window of 5–30 min after
initial contact with the stressing reagent. This
time-dependent protein regulation could be
one reason why only a little overlap of regulated
factors was detected with a proteome study
using C. albicans harvested after 1 h of incuba-
tion in 5 mM H2O2 (Yin et al. 2009).

Also, fungi have to cope with reactive nitro-
gen intermediates (RNIs), when confronted
with phagocytic cells. Like ROIs, RNIs are
highly reactive, causing serious damage on pro-
teins, DNA, and lipids (Missall et al. 2004). On a
proteomic level (2D-E), cellular response to
nitric oxide has been investigated in C. neofor-
mans (Missall et al. 2006). Similar to a stress
response on treatment with ROIs, the authors
showed several enzymes with antioxidant activ-
ity were upregulated by NO stress.

VI. Functional Genomics
and Bioinformatics

Today, high-throughput data can be obtained
with reasonable efforts and costs. The bottleneck
for these new techniques remains the analysis of
the generated amounts of data. Analysis of high-
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throughput data can be described by the opera-
tional protocol of data-driven systems biology.
Different steps make up this protocol: experi-
mental design, data preprocessing, feature selec-
tion, computational modeling, and biological
evaluation. The goal of the analysis is to obtain
models and, if these models are still incomplete,
to obtain variables and parameters that can be
used to generate new hypotheses for further
experiments. Currently, the real challenge is to
integrate all the different levels of -omics data,
considering multiple molecular levels, and the
integration of different technologies. Analysis of
data can be only carried out using a holistic
approach combining life sciences (e.g., biology,
medicine, biochemistry); mathematics; infor-
matics; and engineering sciences, thus bridging
the gap between computational modeling tech-
niques and biomolecular experimental techni-
ques. This approach is termed systems biology.

Every functional genomics approach is
facilitated when the genome sequence of the
object of study is available. If host-pathogen
interaction is considered, the genomic informa-
tion from the host and the pathogen forms the
basis for all further molecular and computa-
tional analyses. Currently, there is access to
about 45 genomes corresponding to pathogenic
fungi (Horn et al. 2012). Recent technical
advances drastically decreased the costs for
DNA sequencing, increasing the number of
sequenced fungal species. There are actually
about 100 genome projects in progress, such
as the sequencing of several C. albicans strains
to evaluate Candida genome plasticity. More-
over, the 1000 Fungal Genomes Project (1KFG)
was initiated at the Department of Energy
(DOE) Joint Genome Institute (JGI), which
will provide broad genome coverage of many
different fungal species (http://1000.fungal-
genomes.org).

After genome sequencing, the second step
would be to have fairly good prediction of
potentially expressed genes. Gene prediction
provides information concerning genes, includ-
ing alternative splicing variants, localization of
proteins, and putative interaction partners.
Many methodologies have been developed to
improve the quality of predicted genes. One of
these proposed using block motifs from

reviewed protein sequences to help intron/
exon prediction (Keller et al. 2011). Another
way to predict splicing signatures is by integrat-
ing genome-sequencing data with RNA-
sequencing data. This approach was success-
fully used to predict new misannotated tran-
scripts in the A. fumigatus genome (Muller
et al. 2012).

The genomic sequences and their respec-
tive annotations are normally provided through
genome portals, such as NCBI (http://www.
ncbi.nlm.nih.gov) and Ensembl (http://www.
ensembl.org); by the sequencing institution,
such as the Broad institute (http://www.broad-
institute.org/) and JGI (http://genome.jgi-psf.
org); or by community data portals, such as
AspGD (http://www.aspergillusgenome.org),
CGD (Candida Genome Database; http://www.
candidagenome.org), and FungiDB (http://fun-
gidb.org). Besides deepening taxonomic knowl-
edge, the availability of many released genome
sequences allowed the extensive use of compar-
ative genome studies.

Using this information, it was possible to
establish in silico analyses of regulatory path-
ways. The investigation of gene regulatory net-
works is crucial for functional genomic studies
because it can suggest possible interactions
with partner molecules. In this regard, several
tools have been developed to understand pre-
dicted gene function of protein families. The
tools mainly applied are Gene Ontology (GO;
Ashburner et al. 2000), the Functional Cata-
logue (FunCat; Ruepp et al. 2004), and the
Kyoto Encyclopedia of Genes and Genomes
(KEGG; Kanehisa and Goto 2000). However,
all these analyses are based on predicted pro-
tein signatures, which suggest the category or
family to which the predicted genes belong. The
categorization is based on empirical knowledge
obtained by bibliography (i.e., the better a path-
way is already studied, the better it is recog-
nized and predicted).

The generation of experimental data in
molecular biology is no longer considered a limi-
tation. Now, the number of available data sets
is exponentially increasing, and a big challenge
is the storage of the data produced. However,
accumulating data do not necessarily mean that
new biological insight is gained. Sometimes, the
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increase of information enlarges the model but
does not make it more precise. This is basically
because of a small community managing the
experimental setup, while the analysis of data is
subsequently given to a third party.

The experimental setup is important for
providing high-quality data that can easily be
analyzed and integrated. The first stage is the
experimental design, by which the most appro-
priate technology is chosen, and the experiment
is defined in terms of the number of replicates
and time points. During this stage, it also
important to analyze prior knowledge. After
carrying out the experiments, the data need to
be preprocessed to remove systematic biases
introduced by the technology or the experi-
mental design. In extreme cases, the quality of
the measurements obtained may lead to a com-
plete rejection of the data set and replanning
the experiment. The next step is to choose
which features should be applied to highlight
the results obtained and to have sufficient
information to build a theory. If the quality of
the data was high and the experimental design
arranged accordingly, a mathematical modeling
stage would be subsequently applied. The main
goals of modeling are to describe the observed
experimental data dynamically, to further pri-
oritize candidates, or to predict new, so-far-
unknown interactions within the data. Models
are used to describe the system at the molecu-
lar, the cell, the tissue, the organ, the systemic,
or the population levels (Horn et al. 2012).
Concerning infection biology, there are many
studies using modeling techniques on the
human host side, mainly focused on viruses
and bacteria (Vodovotz et al. 2010). Concerning
the molecular mechanisms of fungal pathoge-
nicity, there are some studies that applied mod-
eling techniques to the fungal perspective of an
infection (Altwasser et al. 2012; Linde et al.
2012). These reported studies were basically
focused on the elucidation of key virulence
traits and their molecular characterization.

The last step of the analysis should be the
building of possible network models. Network
modeling attempts to describe biological sys-
tems and their interactions with the help of a
graph. In this graph, the nodes usually corre-
spond to molecular entities (e.g., genes or pro-

teins), and the edges between them depict a
causal relationship (e.g., regulation). These
types of networks help to understand the
biological system and to put the biological
information into a unique context. One goal of
systems biology is to infer such networks. Net-
working can be applied to different levels,
which include gene regulatory networks
(nodes represent genes, and edges represent
an interaction between them); protein interac-
tion networks (nodes represent proteins,
whereas the edges between represent an inter-
action, which may directly imply a possible
binding between two proteins); signaling net-
works (nodes indicate proteins, which may
have a certain activation level); and metabolic
networks (nodes represent which metabolites
are consumed and produced during one reac-
tion) (Hecker et al. 2009).

At the end of the analysis and the modeling,
all hypotheses made should be experimentally
validated. At this stage, wet lab practices are
commonly applied using classical experimental
technologies such as Western blotting, chroma-
tin immunoprecipitation, flow cytometry,
enzyme-linked immunosorbent assay, immuno-
histochemistry, small-interfering RNA (siRNA),
quantitative real time PCR (qRT-PCR) qRT-
PCR, and eventually the generation and analysis
of gene knockout mutants that can validate the
driving hypothesis. This stage not only confirms
the aforementioned stages in data-driven sys-
tems biology but also helps to assess the quality
of applied computational methods and their
according parameter settings. Ideally, the results
obtained are transferred from the in vivo confir-
mation and, in the infection biology field, to
clinical applications.

VII. Conclusions

The tremendous advances inNGS and other high-
throughput -omics technologies related to func-
tional genomics taken together with the rapidly
advancing computational resources offer enor-
mous possibilities to unravel the mechanisms by
which opportunistic fungal pathogens infect their
host.

Functional Genomics to Characterize Opportunistic Pathogens 339



To further speed up deciphering the genetic
and molecular basis of pathogenicity, current
efforts focus on the development of automated
phenotype screens. As many mutations do not
result in a tractable phenotype using standard
tests, multiwell tests are desirable to address the
challenge of detecting phenotypical changes in
mutants. Finally, in-depth analysis of candidate
genes identified in high-throughput screens will
enable breakthroughs in decoding the mechan-
isms underlying pathogenicity of opportunistic
fungal pathogens.
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I. Introduction

Candida albicans is a major systemic pathogen
of humans (Odds 1988; Calderone 2002; Calder-
one and Clancy 2011). This fungus exists as a
relatively harmless commensal organism in the

gut, urogenital tract and skin of at least half of all
individuals. When host immune defences
become compromised or when there is an imbal-
ance of the competing bacterial microflora,
C. albicans can cause mucocutaneous infections
such as oral or vaginal candidiasis. About 75 %
of women suffer at least one vaginal Candida
infection in their lifetime, and a significant pro-
portion of these infections are recurrent (Kim
and Sudbery 2011). In severely immunocompro-
mised individuals, C. albicans can establish
deep-seated systemic infections. For example,
in patients undergoing chemotherapy or organ
transplant surgery, the fungus is able to dissemi-
nate via the bloodstream and colonise internal
organs. Systemic candidiasis is currently the
third most common cause of nosocomial blood-
stream infections and is fatal in over half of these
cases (Perlroth et al. 2007). Disseminated candi-
diasis may affect the kidneys, liver, spleen, brain,
eyes, heart and other tissues (Pfaller and
Diekema 2007; Calderone and Clancy 2011).

Risk factors that are thought to predispose
patients to candidemia include protracted neu-
tropenia (reflecting the importance of neutro-
phils in host defences); diabetes; the use of
broad-spectrum antibiotics (which eliminate
the endogenous bacterial flora); iatrogenic pro-
cedures such as surgery; and the application of
indwelling intravenous devices (e.g. catheters)
(Harris et al. 1999; Koh et al. 2008; Calderone
and Clancy 2011). The significance of catheters
relates to the ability of C. albicans to form bio-
films on the surfaces of these devices (Blanken-
ship and Mitchell 2006), with the biofilms
becoming a source of recurrent infection. Fur-
thermore, cells in these microbial communities
exhibit phenotypes that are distinct from those
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of free-living cells and that often make them
drug resistant (Tobudic et al. 2012). Hence,
biofilms represent another medically relevant
microenvironment in which C. albicans can
thrive. Of particular relevance to this review is
the observation that the fungus adjusts its meta-
bolic activities during growth in biofilms
(Garcia-Sanchez et al. 2004; Zhu et al. 2012),
and that inappropriate regulation of blood glu-
cose levels in patients predisposes them to can-
didiasis (Harris et al. 1999).

Several factors are thought to promote the
virulence of C. albicans (Calderone and Clancy
2011; Gow et al. 2011). Yeast-hypha morphogen-
esis is thought to promote fungal dissemination
and tissue invasion by active penetration and by
inducing endocytosis by the host cells (Phan
et al. 2007; Brand 2012). Adhesins are thought
to promote adherence to host tissue, biofilm
formation and colonisation (Hoyer et al. 2008;
Nobile et al. 2008). Secreted aspartyl proteinases
and lipases may promote invasion, counteract
host defences, and provide nutrients (Naglik
et al. 2004). High-frequency switching between
different phenotypic forms probably helps the
fungus to evade host defences and colonise cer-
tain anatomical niches (Lachke et al. 2003; Lohse
and Johnson 2008). These virulence attributes
are thought to be required to differing extents
during disease establishment and progression
(Brown and Gow 1999; Huang 2012).

Some years ago, we predicted that the regu-
lation of metabolism and virulence might be
mechanistically linked in C. albicans (Brown
and Gow 1999; Brown et al. 2000). We reasoned
that these links might allow this pathogen to
adjust its metabolic programme in parallel with
its portfolio of virulence attributes in response
to the new microenvironments it encounters
during disease establishment and progression.
In this chapter, we review recent studies that
address this prediction. Our theme is the inte-
gration of metabolic regulation and virulence,
rather than simply the assimilation of nutrients.
Therefore, for information on the assimilation
of essential micronutrients such as iron and
zinc, we refer readers elsewhere (Almeida
et al. 2009; Citiulo et al. 2012).

It is worth noting that an improvedmolecular
toolbox has had a significant impact on our
understanding of this field because C. albicans

was considered to be an experimentally
intransigent fungus. In particular, genomics has
uncovered unexpected links between metabolism
and virulence inC. albicans that were not exposed
by pregenomic experimentation. One of the
greatest advances has been the development of
theC. albicans postgenomics era, which has facili-
tated global examinations of the roles of specific
genes and proteins in a relatively unbiased fash-
ion. As described in the following material, this
led to the finding that the regulation of metabolic
and virulence functions seems to be integrated in
this pathogen. It is apparent that we are just
beginning to understand host-pathogen interac-
tions and the importance of metabolic pathways
during pathogenesis.

II. Overview of Metabolism in Candida
albicans

The ability of pathogenic microbes to assimilate
and utilise essential nutrients from their host
niches is a fundamental aspect of infection.
Pathogens such as C. albicans, which thrive
within diverse niches such as the skin, mucosal
surfaces, blood, and internal organs and in bio-
films (Calderone and Clancy 2011), must dis-
play sufficient metabolic flexibility to assimilate
and utilise the available nutrients in these con-
trasting niches.

Investigations of C. albicans metabolism
began over half a century ago (Van Neil and
Cohen 1942), and enzymes of central carbon
metabolism were characterised as long ago as
1960 by Rao et al. (1960). In general, studies of
C. albicans metabolism have focused either
directly or indirectly on virulence attributes or
the mode of action of antifungal drugs (Odds
1988). For example, considerable attention has
been paid to the pathways involved in ergosterol
biosynthesis and cell wall biogenesis, both of
which are antifungal targets (Sanglard et al.
2003; Shapiro et al. 2011). Pathways of central
and amino acid metabolism have been high-
lighted as potential antifungal targets by large-
scale gene deletion studies in C. albicans (Roe-
mer et al. 2003) and by transcript-profiling stud-
ies (Lorenz and Fink 2001, 2002).With respect to
antifungal therapy, the priority is to kill the
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fungus rather than to inhibit its virulence.
Hence, metabolic functions that are essential
for growth and survival in the host represent
potential antifungal targets (Brock 2009). Of
course, the validity of such targets and the effi-
cacy of drugs that hit these targets will depend
on the degree of cross-reactivity with the host.
However, C. albicans also requires considerable
metabolic flexibility to adapt to the differential
nutritional availabilities in diverse host micro-
environments. Therefore, an increased under-
standing of C. albicans metabolism in such
niches should facilitate the improvement of
existing therapies and possibly the development
of new therapeutic approaches. Indeed, over the
last decade, considerable efforts have been made
to understand the metabolic requirements of C.
albicans during infection. However, additional
studies are required to appreciate the broad
metabolic toolbox that contributes to the fitness
of this pathogen and the extent to which meta-
bolic adaptation is coordinated with the regula-
tion of virulence attributes. Even now, C.
albicans metabolism is not addressed directly
in the latest definitive text on Candida and can-
didiasis (Calderone and Clancy 2011).

To date, Saccharomyces cerevisiae has
provided a reasonable metabolic paradigm for
C. albicans. The pathways of central carbon
metabolism are conserved in this fungus, includ-
ing the glycolytic, gluconeogenic and pentose
phosphate pathways and the tricarboxylic and
glyoxylate cycles (Odds 1988; Jones et al. 2004).
Pathways for the generation of storage and cell
wall carbohydrates are conserved, while path-
ways of amino acid, lipid and nucleotide assimi-
lation and anabolism also seem to be conserved.
However, significant metabolic differences do
exist between C. albicans and S. cerevisiae, the
most obvious of which relates to their patterns of
sugar utilisation (Askew et al. 2009; Brown et al.
2009). Indeed, differences in the patterns of car-
bohydrate assimilation are used routinely to dis-
tinguish C. albicans from other microbes in the
clinical setting (Williamson et al. 1986).

A whole-genome comparison between S.
cerevisiae and C. albicans has revealed further
differences in their central carbon metabolism
(Jones et al. 2004). Unlike S. cerevisiae, C. albi-
cans possesses both mitochondrial- and

nuclear-encoded subunits of electron transport
complex I, a pyruvate dehydrogenase kinase
(which regulates the flow from glycolysis into
the TCA [tricarboxylic acid] cycle), a large
lipase gene family and additional enzymes
involved in fatty acid and amino acid catabo-
lism. On this basis, the authors proposed an
increased role for respiration and oxidative
metabolism in C. albicans (Jones et al. 2004).
This view is consistent with the observation
that C. albicans converts a lower proportion of
glucose to ethanol in comparison to S. cerevi-
siae (Bertram et al. 1996).

With regard to the regulation of metabolism,
the S. cerevisiae paradigm is less robust (Brown
2005; Sabina and Brown 2009). This is hardly
surprising given that the pathogen C. albicans
and the relatively benign S. cerevisiae have
evolved in fundamentally different niches. In
S. cerevisiae, the balance between fermentation
and respiratory metabolism is modulated by
glucose concentration, oxygen availability and
growth rate (Gancedo 1998). S. cerevisiae pre-
dominantly ferments sugars to ethanol even
under aerobic conditions instead of using respi-
ration (Johnston 1999), a phenomenon known
as crabtree effect. When fermentable carbon
sources become depleted, S. cerevisiae switches
to respiration during the diauxic shift. A set of
transcriptional repressors, including Mig1, Rgt1
and Snf1, control the glucose repression cir-
cuitry in this yeast (Johnston 1999). Candida
albicans also ferments glucose to ethanol and
displays glucose repression at the transcriptional
level (Lorenz et al. 2004; Rodaki et al. 2009).
However, C. albicans has been classified as a
glucose-negative yeast because it retains respi-
ratory activity even in the presence of glucose,
and carbon source metabolism occurs in
response to oxygen availability (Johnston 1999;
Niimi et al. 1988).

In C. albicans, at least some glucose-
repressible functions seem to be regulated by the
transcriptional repressor Mig1 in a fashion analo-
gous to that of S. cerevisiae (Murad et al. 2001a, b).
Furthermore,C. albicans contains a homolog of S.
cerevisiae Snf1 (Petter et al. 1997), which is
required for the derepression of glucose-
repressed genes in budding yeast. However,
C. albicans Mig1 displays several differences
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vis-à-vis S. cerevisiaeMig1, including the lack of a
putative Snf1 phosphorylation site (Zaragoza et al.
2000). Also, S. cerevisiae snf1 mutants are viable,
whereas Snf1 seems to be essential for viability in
C. albicans (Petter et al. 1997), suggesting that
Snf1 might execute additional functions in this
yeast. Therefore, although many of the main
players are conserved in C. albicans and S. cerevi-
siae, significant differences exist between these
yeasts with respect to glucose repressionmechan-
isms (Sabina and Brown 2009).

The differences extend to the regulation of
hypoxic gene expression in C. albicans and S.
cerevisiae. For example, in S. cerevisiae, the tran-
scriptional regulator Rox1 controls hypoxic gene
expression in conjunction with the Ssn6/Tup1
general repression complex and in a haem-
dependent fashion (Kastaniotis and Zitomer
2000). In contrast, its ortholog in C. albicans,
Rfg1, controls filamentous growth and virulence
but not hypoxic gene expression (Khalaf and
Zitomer 2001; Kadosh and Johnson 2001).

Bioinformatic analyses of microarray data
sets have provided global perspectives of meta-
bolic regulation and suggested significant differ-
ences between S. cerevisiae and C. albicans
(Ihmels et al. 2005; Martchenko et al. 2007; Lor-
enz et al. 2004). The ability to grow anaerobically
in yeast has been associated with global tran-
scriptional rewiring, involving changes in pro-
moter regions and loss of regulatory motifs
(Ihmels et al. 2005). Ihmels and coworkers
reported that the expression of MRP (mitochon-
drial ribosomal protein) genes correlated
strongly with the expression of ribosome assem-
bly genes in C. albicans, but not in S. cerevisiae,
and pointed out that this correlation reflects the
respective physiologies of these divergent yeasts
(Ihmels et al. 2005). Indeed, recent work has
emphasized that significant transcriptional
rewiring and divergence have occurred among
these ascomycetes, and that the regulatory cir-
cuits controlling central carbon metabolism are
distinct between these two species, some of these
findings supporting the connection between
pathogenicity and metabolism (Martchenko
et al. 2007; Askew et al. 2009; Lavoie et al.
2009). For instance, Leloir pathway genes
(GAL), which encode galactose utilisation
enzymes, are syntenically arranged in both
yeasts. However, their upstream regulator

regions are completely distinct (Martchenko
et al. 2007). This is significant because dietary
galactose is thought to be an important source of
carbon for C. albicans (Sabina and Brown 2009).
C. albicans also lacks homologs for GCR1 and
GCR2, which are the main regulators of glycoly-
sis in S. cerevisiae (Askew et al. 2009). Instead, in
C. albicans, Tye7 and Gal4 are the key regulators
in a fundamentally distinct glycolytic transcrip-
tional circuit and are required for full virulence
in the host (Askew et al. 2009).

Recent work has revealed that this regulatory
rewiring extends to posttranscriptional circuitry.
The rewiring of ubiquitination targets amongst
central metabolic enzymes (Leach et al. 2011;
Sandai et al. 2012) has led to dramatic differences
between C. albicans and S. cerevisiae with regard
to the stability of the glyoxylate cycle and gluco-
neogenic enzymes following exposure to glucose.
Whilst these enzymes are rapidly degraded in S.
cerevisiae cells following glucose exposure, they
are retained by C. albicans (Sandai et al. 2012).
As a result, when glucose becomes available,
S. cerevisiae rapidly switches from carbon anab-
olism to fermentation. In contrast, C. albicans
can simultaneously assimilate glucose and alter-
native carbon sources (Sandai et al. 2012), which
probably contributes to its fitness in complex
host niches (Sect. IV).

To summarise, whilst many metabolic path-
ways are conserved between S. cerevisiae and
C. albicans, these organisms display significant
differences in their metabolic programmes. It is
likely that the high level of plasticity in the regu-
latory circuits that control the metabolic
machinery reflects the evolutionary adaptation
of yeasts to their respective niches and, in the
case of C. albicans, to the diverse microenviron-
ments it encounters in the host during colonisa-
tion and disease progression.

III. Integration of Amino Acid
Metabolism with Virulence

A. Amino Acid Starvation and Virulence

Amino acids represent an important source of
both carbon and nitrogen. In S. cerevisiae,
starvation for a single amino acid triggers the
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expression of almost all amino acid biosynthetic
pathways, and this is termed general amino acid
control or the GCN response (Hinnebusch 1988).
The GCN response has been well characterised at
the molecular level in S. cerevisiae and relies on
the key regulators Gcn4 and Gcn2 (Hinnebusch
1988; Natarajan et al. 2001; Hinnebusch and
Natarajan 2002). Briefly, amino acid starvation
leads to the intracellular accumulation of
uncharged transfer RNAs (tRNAs), which bind
to the histidyl tRNA synthetase-like domain of
Gcn2 (Wek et al. 1995). This activates the protein
kinase activity of Gcn2, which then phosphory-
lates the a-subunit of the translation initiation
factor eIF2 (Dever et al. 1992). eIF2a phosphory-
lation increases the affinity of eIF2 for eIF2B, its
guanine nucleotide exchange factor, and inhibits
the regeneration of recharged eIF2-GTP required
for translation initiation (Krishnamoorthy et al.
2001). This leads not only to a decrease in the
overall rate of translation initiation in the yeast
cell but also to an increase in the translation of the
GCN4messenger RNA (mRNA).

The translation of the GCN4 mRNA is regu-
lated by four short upstream Open Reading
Frames (uORFs), which lie in its unusually long
50-leader region (Mueller and Hinnebusch 1986).
Essentially, this 50-leader normally acts to
repress the translation of the main Gcn4-
encoding ORF on the GCN4 mRNA under non-
starvation conditions. However, in response to
amino acid starvation, this repression is released
when eIF2-GTP levels are reduced (Mueller and
Hinnebusch 1986). The resultant increase in
GCN4 mRNA translation leads to an elevation
in the abundance of the Gcn4 protein. The tran-
scription factor Gcn4 binds as a dimer to GCRE
elements [50-TGA(C/G)TCA] located in the pro-
moters of target genes and activates their tran-
scription (Oliphant et al. 1989; Ellenberger et al.
1992). These target genes include amino acid
biosynthetic enzymes on all amino acid biosyn-
thetic pathways, with the exception of the cyste-
ine pathway (Natarajan et al. 2001). Therefore,
amino acid biosynthesis is induced in response
to amino acid starvation via a signalling pathway
involving the key regulators Gcn2 and Gcn4.

Transcript profiling of amino acid starva-
tion in S. cerevisiae has revealed that the GCN
response is much broader than was initially
expected (Natarajan et al. 2001). In these

experiments, the histidine analog 3-
aminotriazole (3AT) was used to activate the
GCN response. Exposure to 3AT, which causes
histidine starvation, is a classic means of acti-
vating the GCN response (Hinnebusch 1988).
The transcript-profiling experiments showed
that, in addition to inducing the expression of
amino acid biosynthetic genes, Gcn4 induces
the expression of aminoacyl tRNA synthetases,
amino acid transporters, vitamin biosynthetic
pathways and glycogen biosynthetic functions
and represses the expression of ribosomal pro-
teins (Natarajan et al. 2001). The transcript
profiling also confirmed the earlier observation
that Gcn4 regulates purine biosynthetic func-
tions (ADE genes; Rolfes and Hinnebusch
1993), while controlling the expression of
numerous transcription factors, including
Arg80, Leu3, Lys14, Met4, Met28, Bas1, Gln3,
Rtg3, Pip2, Gat1, Uga3, Mal13, Cup9 and
Rim101. This led Natarajan et al. (2001) to
propose Gcn4 as a master regulator of gene
expression in S. cerevisiae.

Gcn4-like proteins are conserved in other
fungi (Paluh et al. 1988; Wanke et al. 1997;
Hoffmann et al. 2001; Tripathi et al. 2002;
Tournu et al. 2005). Furthermore, the mRNAs
encoding these proteins carry unusually long
50-leader regions with multiple short uORFs.
This suggested that these mRNAs might be
regulated at the translational level, like the
S. cerevisiae GCN4 mRNA. Saccharomyces cer-
evisiae Gcn4 levels are also regulated at the
transcriptional level and via accelerated pro-
tein turnover (Kornitzer et al. 1994; Albrecht
et al. 1998), but most control seems to be
executed at the translational level (Hinne-
busch and Natarajan 2002). The expression of
GCN4-like genes in C. albicans and Aspergillus
nidulans seems to be regulated primarily at the
transcriptional level (Hoffmann et al. 2001;
Tournu et al. 2005). Therefore, subtle differ-
ences do exist between fungi with respect to
the regulation of their GCN responses.
Transcript-profiling and proteomic studies
have revealed that the global GCN response
itself, as defined in S. cerevisiae, has been con-
served in C. albicans, but that some significant
differences have emerged during evolution
(Natarajan et al. 2001; Tripathi et al. 2002;
Yin et al. 2004; Tournu et al. 2005).
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A significant proportion of the S. cerevisiae
proteome (11 %) responds to 3AT (Yin et al.
2004), which is roughly analogous to the
corresponding S. cerevisiae transcriptome
(Natarajan et al. 2001). Forty-five percent of the
Gcn4-dependent changes identified in the prote-
ome correspond to amino acid biosynthetic
enzymes on the arginine, asparagine, cysteine,
chorismate, glutamine, glycine, histidine,
isoleucine-valine, leucine, lysine, methionine,
serine, threonine and tryptophan pathways
(Yin et al. 2004), confirming that histidine star-
vation (using 3AT) invokes a broad response
across most (if not all) amino acid biosynthetic
pathways. In addition, S. cerevisiae purine bio-
synthetic enzymes (Ade proteins), vitamin and
cofactor biosynthetic enzymes, and proteins
involved in carbon metabolism and energy gen-
eration are induced by 3AT in a Gcn4-dependent
fashion. Similarly, about 30 % of 3AT-induced
changes in the C. albicans proteome correspond
to amino acid biosynthetic enzymes on the argi-
nine, chorismate, isoleucine-valine, leucine,
lysine, methionine and serine pathways (Yin
et al. 2004). Candida albicans proteins involved
in carbon metabolism and energy generation are
also elevated by 3AT in a Gcn4-dependent fash-
ion. Therefore, the C. albicans and S. cerevisiae
GCN proteomes display a high degree of similar-
ity. However, in C. albicans ADE genes and pro-
teins are not induced in response to 3AT, unlike
S. cerevisiae (Yin et al. 2004; Tournu et al. 2005).

Molecular studies have revealed another sig-
nificant difference between the GCN responses
of S. cerevisiae and C. albicans. Amino acid star-
vation induces cellular morphogenesis in the
pathogenic fungus via interaction of the master
regulator Gcn4 but does not do so in S. cerevisiae
(Tripathi et al. 2002). The exact molecular mech-
anism by which Gcn4 stimulates morphogenesis
in C. albicans is not known. However, Gcn4 is
known to activate morphogenesis specifically via
the Ras-cAMP signalling pathway (Tripathi et al.
2002). Mutations on the mitogen-activated pro-
tein kinase (MAPK) pathway do not prevent the
ability of ectopically expressed Gcn4 to stimulate
morphogenesis, but the inactivation of Efg1
blocks this response. This indicates that the for-
mation of C. albicans pseudohyphae in response
to amino acid starvation is regulated by the

transcriptional activator Gcn4 in an Efg1-
dependent fashion. Hence, Gcn4 seems to coor-
dinate morphogenesis with amino acid metabo-
lism by connecting specific signalling pathways.

Is the GCN response required for the viru-
lence of C. albicans? The inactivation of Gcn4
does not attenuate the virulence of this fungus in
the mouse model of systemic candidiasis (Brand
et al. 2004). However, Gcn4 is required for
C. albicans to form normal biofilms (Garcia-
Sanchez et al. 2004). Hence, the GCN response
does seem to be required for survival in at least
one medically important niche. It remains to be
seen whether C. albicans depends on the GCN
response in other infection sites, for example,
during oral candidiasis, vaginitis or during com-
mensalism.

B. Amino Acid Metabolism and Virulence

As described in Sect. III.A, a detailed examina-
tion of the GCN response in C. albicans has
revealed a well-defined molecular link between
a morphogenetic and metabolic response
(Tripathi et al. 2002). Amino acid starvation in
C. albicans stimulates pseudohyphal develop-
ment as well as the induction of amino acid
biosynthetic genes and other metabolic func-
tions. Both of these responses depend on the
transcription factor Gcn4 (Tripathi et al. 2002).
Hence, through Gcn4, the regulation of a viru-
lence attribute is integrated with the control of
amino acid metabolism in C. albicans. This
section reviews further experimental observa-
tions that lend weight to the view that the con-
trol of virulence and metabolism is integrated
in this pathogen.

Further mechanistic links between mor-
phogenesis and amino acid metabolism involve
an amino acid sensor (Csy1) and an ammo-
nium transporter (Mep2). Csy1 is thought to
be the main amino acid sensor in C. albicans.
Its inactivation blocks the transcriptional
induction of amino acid permease genes in
response to the presence of amino acids in the
growth medium (Brega et al. 2004). Candida
albicans csy1 mutants display morphogenetic
defects in response to serum and pH induction.
However, the molecular mechanisms by which
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Csy1 links amino acid sensing with cellular
morphogenesis remain to be defined. It is
attractive to speculate that, like Gcn4, Csy1
might mediate its morphogenetic effects via
the Ras-cAMP pathway. In addition, Mep2
mediates ammonium uptake, and its expres-
sion is downregulated at high ammonium con-
centrations (Biswas and Morschhauser 2005).
When nitrogen sources limit growth, the
ammonium permeases Mep1 and Mep2 are
responsible for uptake of ammonium and its
utilization as a nitrogen source. Of these trans-
porters, only Mep2 is also required for the
induction of filamentous growth (Biswas and
Morschhauser 2005). Its function is similar to
that of its S. cerevisiae ortholog (Boeckstaens
et al. 2007). Both the Cph1 MAPK pathway and
the cAMP-PKA pathway are required for fila-
mentous growth under nitrogen starvation, and
Mep2 stimulates both, possibly via Ras1. How-
ever, the mechanisms and the regulation of the
signalling activity of Mep2 are not fully under-
stood.

Expression profiling of C. albicans cells
growing in biofilms has revealed another unex-
pected link between amino acid metabolism and
virulence (Garcia-Sanchez et al. 2004). In this
study, cells growing in biofilms were compared
with those in planktonic cultures under a variety
of different growth conditions. Amino acid bio-
synthetic genes were amongst those that were
consistently upregulated in biofilm cells, com-
pared to planktonic cells. These included ARO,
CYS, HIS, ILV, MET, SER and TRP genes, sug-
gesting that many amino acid biosynthetic path-
ways are induced during biofilm formation.
Furthermore,C. albicans gcn4mutants displayed
defects in biofilm formation (Garcia-Sanchez
et al. 2004), suggesting that the GCN response
is required for efficient biofilm formation. The
activation of sulphur–amino acid biosynthesis,
in particular, is a feature of C. albicans biofilms
(Garcia-Sanchez et al. 2004).

As described in Sect. I, C. albicans biofilms
that form on the catheters of hospital patients
seem to be a relatively frequent source of blood-
stream infections in these patients. The regula-
tion of amino acid metabolism still seems to be
important whenC. albicans cells enter the blood-
stream. This view was supported by a global

study of fungal gene expression during phagocy-
tosis by human neutrophils (Rubin-Bejerano
et al. 2003). Neutrophils represent an important
weapon in the host’s defences against
disseminated candidiasis. Following phagocyto-
sis by neutrophils, C. albicans cells remain in the
yeast form and are killed. However, on phagocy-
tosis by cultured macrophages, the fungus can
form hyphae inside the macrophage and escape
from these cells (Lo et al. 1997; Rubin-Bejerano
et al. 2003). The transcript-profiling study of
Rubin-Bejerano et al. (2003) showed that methi-
onine and arginine biosynthetic genes are
induced when C. albicans is exposed to human
neutrophils. Candida albicans genes on other
amino acid biosynthetic pathways were generally
not affected (Rubin-Bejerano et al. 2003), sug-
gesting that the neutrophil response is distinct
from the GCN response described previously.
This might explain why blocking the GCN
response does not inhibit disseminated candidi-
asis (Brand et al. 2004). Instead, the neutrophil
response seems more reminiscent of stress
responses, which also induce the expression of
genes on the methionine and arginine biosyn-
thetic pathways (supplementary data in Enjal-
bert et al. 2003). This view was reinforced by a
more recent analysis of fungal phagocytosis
(Jiménez-López et al. 2013). These authors
showed that arginine biosynthesis is induced
specifically in cells that are phagocytosed by
macrophages, and this induction is driven by
exposure to reactive oxygen species (ROS).
This induction was not observed in macro-
phages deficient in the gp91 (phox) subunit of
the phagocyte oxidase, thereby underlining the
dependence of this response on ROS exposure.
This response may be critical for hypha forma-
tion because C. albicans arginine pathway
mutants display defects in germ tube and
hypha formation (Jiménez-López et al. 2013).
Taken together, these studies highlight mechan-
isms by which metabolic regulation might con-
tribute to the fitness and virulence of C. albicans
cells during their interactions with cells of the
immune system.

Further links between amino acid metabo-
lism and virulence have been highlighted by a
recent study by Vylkova et al. (2011). The
authors demonstrated that C. albicans utilises

Integration of Metabolism with Virulence in Candida albicans 355



amino acids as a carbon source when glucose is
limiting, excreting the excess nitrogen in the
form of ammonia, thereby causing alkalinisa-
tion of the local environment (Fig. 14.1). This
alkalinisation of the microenvironment is suffi-
cient to promote the morphogenetic switch
from yeast to hyphal growth. This phenomenon
is dependent on Stp2 (a transcription factor
that regulates amino acid permeases) and
Ato5 (a putative ammonia transporter) and
involves Dur1,2 (urea amidolyase).

Consistent with the importance of this
mechanism in pathogenesis, a related function
encoded by DUR31 is required for morphogen-
esis, epithelial damage, survival against neutro-
phil attack and virulence in vivo, having been
termed a multistage pathogenicity factor
(Mayer et al. 2012).

Hence, C. albicans can modulate its local
microenvironment through its metabolic activ-
ity, thereby influencing the expression of spe-
cific virulence traits (Vylkova et al. 2011). This
study provides an elegant example of the dyna-

mism of fungus-host interactions during dis-
ease progression, and the integral part that
fungal metabolism plays in these interactions.

IV. Integration of Carbon Metabolism
with Virulence

Carbon assimilation is essential for the genera-
tion of new biomass (i.e. growth). Therefore, the
rapid growth of C. albicans in the immunocom-
promised host depends on the efficient assimila-
tion of available carbon sources in vivo.
Furthermore, as described in Sect. III.B, the fun-
gus must adjust its metabolic programme as it
encounters new microenvironments in the host.
Various studies have indicated that the regula-
tion of carbon metabolism, like amino acid
metabolism, is intimately linked to the control
of virulence in C. albicans. This section focuses
mainly on pathways of central carbon metabo-
lism: glycolysis, gluconeogenesis and the TCA
and glyoxylate cycles.

The levels of glycolytic mRNAs change dur-
ing yeast-hypha morphogenesis in C. albicans
(Swoboda et al. 1994). The observed changes in
PYK1, ADH1, PGK1 and GPM1 mRNA levels
reflected the underlying physiological changes
that accompany yeast-hypha morphogenesis
rather than bone fide morphogenetic regulation
of these genes (Swoboda et al. 1994). While a
strict definition of morphogenetic regulation
was helpful at the time, in terms of identifying
hypha-specific genes (Bailey et al. 1996), this
shifted attention away from potentially inter-
esting links between C. albicans physiology and
development. For example, subsequent reports
showed that yeast-hypha morphogenesis is
influenced by glucose and amino acids (Hud-
son et al. 2004; Maidan et al. 2005; Vylkova et al.
2011). Attention only returned to these links
following the publication of several transcript-
profiling studies that reinforced and extended
these observations.

Nantel et al. (2002) published a transcript-
profiling study of C. albicans morphogenesis in
which the behaviour of wild-type and mutant
cells was compared during serum-induced
morphogenesis. The article focussed to a large

Fig. 14.1. Through amino acid metabolism, Candida
albicans alkalinises the ambient pH of its microenvi-
ronment, thereby promoting hyphal development. As
described by Vylkova et al. (2011), in the absence of
glucose, C. albicans can assimilate amino acids by
importing them via amino acid permeases (AAPs)
that are induced by the transcription factor Stp2.
After import, the amino acids are deaminated by
Dur1/2. The carbon skeletons are utilised via carbon
metabolism, and the excess nitrogen is excreted in the
form of ammonia (NH3) via the Ato transporters. The
accumulation of ammonia outside the cell leads to an
increase in the ambient pH of the microenvironment,
and this promotes hyphal development (Vylkova et al.
2011), which is a well-known virulence factor
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extent on the behaviour of hypha-specific and
signalling genes, and as expected, hypha-specific
genes such as ECE1, HWP1, RBT1 and SAP4,5,6
were induced during hyphal development. How-
ever, numerous genes encoding glycolytic
enzymes were also regulated during hyphal devel-
opment, including ENO1, FBA1, PYK1 (CDC19),
TPI1 and PGI1 (Nantel et al. 2002). Clearly, the
regulation of these genes might be indirect, as
implied in the early study by Swoboda et al.
(1994), and these genes do seem to respond to
physiological stimuli, such as ambient growth
temperature (Nantel et al. 2002). However, Nantel
and coworkers also showed that these glycolytic
genes respond to the central morphogenetic reg-
ulator Efg1. This observation was confirmed by
an independent transcript profiling study (Doedt
et al. 2004). Efg1 not only regulates morphogene-
sis, but also induces glycolytic genes while repres-
sing genes for oxidative metabolism (Doedt et al.
2004). Hence, the link between morphogenetic
and glycolytic regulation might be more direct
than was originally anticipated.

Ernst and coworkers first identified Efg1 as
an important regulator of yeast-hypha morpho-
genesis in C. albicans (Stoldt et al. 1997). The
inactivation or depletion of Efg1 attenuates
hyphal development (Lo et al. 1997; Stoldt
et al. 1997). In addition, Efg1 controls chla-
mydospore formation and regulates phenotypic
switching (Stoldt et al. 1997; Sonneborn et al.
1999a, b; Srikantha et al. 2000). Efg1 controls
the expression of adhesin genes such as ALS3
and HWP1 (Sharkey et al. 1999; Lane et al. 2001;
Leng et al. 2001; Nantel et al. 2002). Hence, Efg1
is a key developmental regulator that regulates
the expression of virulence attributes in C. albi-
cans, including yeast-hypha morphogenesis,
phenotypic switching and adhesins. The inacti-
vation of Efg1 (albeit in combination with a
cph1 mutation) attenuates the virulence of
C. albicans in the mouse model of systemic
infection, reduces invasion in epithelial infec-
tion models, and inhibits biofilm formation (Lo
et al. 1997; Gow et al. 2003; Korting et al. 2003;
Garcia-Sanchez et al. 2004).

Efg1 acts in concert with the structurally and
functionally related b-helix loop helix domain
(bHLH) factor Efh1 (Doedt et al. 2004). Whereas
Efh1 is a transcriptional activator, Efg1 seems to

act mechanistically as a transcriptional repressor
in C. albicans (Tebarth et al. 2003; Doedt et al.
2004). A detailed analysis of the Efg1 and Efh1
regulons in C. albicans (Doedt et al. 2004)
showed that central metabolic pathways are
regulated mainly by Efg1 and, to a lesser extent,
by Efh1. The glycolytic genesGLK1,HXK2, PGI1,
PFK1,2, FBA1, TPI1, GAP1, PGK1, GPM1 and
ENO1 were all upregulated by Efg1. In contrast,
gluconeogenic (FBP1), TCA cycle (CIT1, MDH1,
FUM12, SDH12, KGD1) and respiratory func-
tions (ATP1, ATP17, PET9) were downregulated.
Therefore, Efg1 stimulates fermentative metabo-
lism and represses respiratory metabolism. It is
not clear whether Efg1 regulates these metabolic
genes by acting directly at their promoters or
indirectly by controlling the activities of other
regulatory factors. Nevertheless, this metabolic
regulation by Efg1 is physiologically significant
because efg1 cells are more sensitive to the respi-
ratory inhibitor antimycin A (Doedt et al. 2004).
Hence, Efg1 regulates metabolism as well as vir-
ulence attributes.

The link between central carbon metabolism
and virulence attributes in C. albicans is further
strengthened by another transcript profiling
study, the focus of which was phenotypic switch-
ing (Lan et al. 2002). Candida albicans strain
WO1 switches at high frequency between white
and opaque forms. White cells are slightly ellip-
soidal, and their cell walls have a relatively
smooth surface when examined by scanning
electron microscopy. In contrast, opaque cells
are larger than white cells, are more elongated,
contain a large vacuole and display pimples on
their cell surface (Calderone and Clancy 2011).
Significantly, clinical isolates of C. albicans from
diseased patients undergo phenotypic switching
at higher rates than do commensal strains
(Hellstein et al. 1993). The white-opaque switch
is thought to play an important role in host-
pathogen interactions (Lohse and Johnson
2009). While white cells are better adapted for
systemic infection, opaque cells are more stable
at low temperatures, favouring skin colonisation
(Lachke et al. 2003). White and opaque cells also
differ in their interactions with the host immune
system, as opaque cells are less susceptible
to phagocytosis by macrophages (Lohse and
Johnson 2008). Thus, phenotypic switching
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favours C. albicans adaptation to specific host
sites while avoiding detection by the innate
immune system; therefore, it is closely asso-
ciated with C. albicans virulence.

Lan et al. (2002) compared the global expres-
sion patterns of white and opaque cells. Well-
defined sets of genes were found to be up- or
downregulated in opaque cells, compared with
white cells during growth on rich or defined
media. Adhesion, stress response, drug resis-
tance and signalling genes were regulated with
cell type. Interestingly, about one third of the
regulated genes encoded metabolic functions.
Glycolytic genes were downregulated in opaque
cells (HXT3, HXT4, HXK1, PFK2 and PYK1
(CDC19)), whereas TCA genes were upregulated
(IDP2, MDH1, MLS1). Also, genes involved in
fatty acid b-oxidation were upregulated in
opaque cells (FAA2, POX1, ECI1, FOX2, FOX3).
Therefore, white and opaque cells seem to
express different metabolic programmes (Lan
et al. 2002), which are presumably associated
with their preference for different anatomical
niches in the host. White cells favour fermenta-
tive metabolism, whereas opaque cells favour
respiratory metabolism.

The findings of Lan et al. (2002) relate closely
to those of Doedt et al. (2004). The inactivation
of Efg1 leads to the generation of opaque cells,
and EFG1 is expressed at low levels in opaque
cells. As described previously, fermentative
metabolism is downregulated and oxidative
metabolism is upregulated in efg1 and opaque
cells. The opposite is true in EFG1 overexpres-
sing cells and in white cells. Hence, Efg1 seems to
link mechanistically central carbon metabolism
with phenotypic switching, as well as with yeast-
hypha morphogenesis. Efg1 activity is regulated
by the Ras-cAMP signalling pathway (Bockmuhl
and Ernst 2001). In S. cerevisiae, the Ras-cAMP
pathway is known to regulate growth and carbon
metabolism (Thevelein and deWinde 1999; Roll-
and et al. 2001).

A recent report highlighted the significant
influence of Efg1 during gastrointestinal (GI)
colonisation (Pierce et al. 2013). The authors
compared C. albicans gene expression during
colonization of the different organs in the GI
tract, showing that efg1 cells, rather than
wild-type C. albicans cells, induced metabolic

pathways that promoted the hypercolonisation
of mice. Genes involved in lipid catabolism, car-
nitine biosynthesis and carnitine utilisation were
upregulated in efg1 cells colonising the GI tract,
thereby promoting fatty acid metabolism and
potentially increasing fitness. Efg1 was also
shown to regulate expression of SOD5, a super-
oxide dismutase with protective roles against
oxidative stress (Martchenko et al. 2004; Pierce
et al. 2013).

Global analyses of another regulator, Tup1,
further reinforced the view that the regulation
of carbon metabolism and virulence attributes
is mechanistically linked in C. albicans. Tup1
represses hyphal development in C. albicans
and influences white-opaque phenotypic
switching (Braun and Johnson 1997; Zhao
et al. 2002), and tup1 mutants display attenu-
ated virulence (Murad et al. 2001a). Like its
S. cerevisiae homolog (Smith and Johnson
2000), C. albicans Tup1 operates as a global
transcriptional repressor that is targeted to spe-
cific promoters via interactions with specific
DNA-binding proteins, one of which is Nrg1.
Nrg1 interacts with Nrg1 response elements
(NREs) in the promoters of hyphal genes to
repress their transcription in a Tup1-dependent
fashion (Braun et al. 2001; Murad et al. 2001b;
Russell and Brown 2005). Transcript profiling
confirmed that Tup1 and Nrg1 combine to
represses hypha-specific genes such as ECE1
and the adhesin genes ALS3 and HWP1
(Murad et al. 2001a; Kadosh and Johnson
2005; Garcı́a-Snchez et al. 2005). These experi-
ments also revealed that Tup1 represses numer-
ous additional functions, including pathways of
central and peripheral carbon metabolism. Glu-
coneogenic genes (PCK1, FBP1), TCA and
glyoxylate cycle genes (IDP2, MDH11, ICL1)
and genes required for the catabolism of non-
fermentative carbon sources were derepressed
in tup1 cells (GAL1,10, ADH3,4,5, POX4). Tup1-
mediated regulation of at least some of these
metabolic functions might operate via the
repressors Mig1 and possibly Mig2 (Murad
et al. 2001a; Sabina and Brown 2009). There-
fore, like Efg1, Tup1 provides another mecha-
nistic link between carbon metabolism and
morphogenesis and phenotypic switching.

358 I.V. Ene and A.J.P. Brown



The importance of carbon metabolism for
fungal pathogenicity has been further emphasised
by expression profiling of fungal cells in infection
models. The first such observation arose through
microarray analyses of S. cerevisiae cells following
phagocytosis by macrophages (Lorenz and Fink
2001) (Fig. 14.2). The glyoxylate cycle genes CIT2,
ICL1, MDH2 and MLS1 were amongst the most
strongly induced genes, but the TCA cycle genes
FUM1, IDH1, KGD1, and SDH1,2,3,4 were also
induced. Lorenz and Fink (2001, 2002) noted
that glyoxylate cycle genes are required for the
virulence of other microbial pathogens; hence,
they tested whether this was the case for
C. albicans. They confirmed that ICL1 inactiva-
tion attenuates the virulence of C. albicans
(Lorenz and Fink 2001), highlighting the impor-
tance of central metabolic pathways for the sur-
vival of this pathogenic fungus in vivo. This work
was confirmed and extended by Barelle and cow-
orkers, who showed that glycolytic (Pyk1) and
gluconeogenic functions (Pck1) are also required
for full virulence (Barelle et al. 2006).

These observations were then reinforced by
transcriptional profiling of C. albicans cells
exposed to macrophages (Lorenz et al. 2004).
This confirmed that in C. albicans, glycoxylate
cycle genes are induced following phagocytosis,
and it revealed that fatty acid b-oxidation genes
are also induced (FOX2, POX1, POX2)
(Fig. 14.2). The inactivation of fatty acid b-oxi-
dation does not block the development of sys-
temic candidiasis, but this pathway does
contribute to the full virulence of C. albicans
(Piekarska et al. 2006; Ramirez and Lorenz
2007). On internalisation, C. albicans cells dis-
play a starvation response, triggering gluconeo-
genesis and fatty acid degradation (Lorenz et al.
2004). At later stages, filamentation promotes
escape from macrophages, and C. albicans cells
quickly resume glycolysis. The authors sug-
gested that, following phagocytosis by macro-
phages, C. albicans reprograms its metabolism
to generate glucose via lipid catabolism, the
glyoxylate cycle and gluconeogenesis (Lorenz
et al. 2004). This transcriptional reprogram-
ming is not observed in the benign
yeast S. cerevisiae (Lorenz and Fink 2001),
suggesting that C. albicans has undergone

evolutionary adaptation to survive phagocytic
attack by macrophages and thrive as a
pathogen.

Additional microarray studies have been
performed on C. albicans cells exposed to neu-
trophils (Rubin-Bejerano et al. 2003), human
blood and blood fractions (Fradin et al. 2003,
2005) (Fig. 14.2). These studies provided
important clues about the regulation of numer-
ous virulence attributes during the early stages
of disseminated candidiasis and revealed that,
of the various blood fractions studied,
granulocytes impose the greatest effects on the
fungal transcriptome. Intriguingly, both
glycolytic (PGI1, PFK2, FBA1, GAP1, PGK1,
ENO1, PYK1) and glyoxylate cycle genes
(ICL1, MLS1, MDH1, ACS1) were induced in
C. albicans populations exposed to human
blood (Fradin et al. 2003, 2005). Yet, in both
C. albicans and S. cerevisiae, glycolytic and glu-
coneogenic mRNAs display opposing
regulation. Indeed, in both yeasts gluconeo-
genic and glyoxylate cycle genes are exquisitely
sensitive to glucose, being repressed at concen-
trations as low as 0.01 % (i.e. well below the
glucose concentrations encountered in the
bloodstream: 4 mM, 0.072 %) (Yin et al. 2003;
Rodaki et al. 2009). Yet, as discussed, the
glyoxylate cycle is required for the full develop-
ment of systemic candidiasis (Lorenz and
Fink 2001).

This conundrum – the simultaneous activa-
tion of competing pathways of central metabo-
lism – was often compounded by further
transcript profiling of C. albicans cells isolated
from other infection models. These include
cells from the ex vivo reconstituted human
oral epithelium model of mucosal infection
(Zakikhany et al. 2007), from intraperitoneal
infections (Thewes et al. 2007), and from the
kidneys of mice and rabbits suffering systemic
candidiasis (Andes et al. 2005; Walker et al.
2009) (Fig. 14.2). For example, both glycolytic
and gluconeogenic or TCA cycle genes were
upregulated in the mucosal and intraperitoneal
infection models (Thewes et al. 2007; Wilson
et al. 2009; Zakikhany et al. 2007). The simulta-
neous induction of glycolytic plus gluconeo-
genic and glyoxylate cycle functions might

Integration of Metabolism with Virulence in Candida albicans 359



seem metabolically counterintuitive. However,
the probable explanation is that these experi-
ments examined heterogeneous populations of
fungal cells that were derived from different

microenvironments (Brown et al. 2007; Wilson
et al. 2009). For example, in the ex vivo blood
models, glyoxylate cycle genes were presum-
ably induced in phagocytosed C. albicans cells,

Fig. 14.2. Central carbon metabolism in Candida albi-
cans cells occupying different host niches. The right
side of the figure indicates central carbon metabolism,
with the main pathways highlighted. Glycolysis and
glucose are highlighted in blue. Gluconeogenesis, the
glyoxylate and tricarboxylic acid (TCA) cycles, and
fatty acid b-oxidation are highlighted in red, as are
the alternative carbon sources lactate, amino acids
and fatty acids. A small number of key enzymes that
characterise glycolysis (Pfk1/2, Pyk1), gluconeogenesis
(Pck1, Fbp1) and the glyoxylate cycle (Icl1, Mls1) are

also highlighted because these are targets of single-cell
profiling experiments described in the text. The left side
of the figure summarises the main central metabolic
activities of C. albicans cells in blood plasma (Fradin
et al. 2005), macrophages (Barelle et al. 2006), neutro-
phils (Barelle et al. 2006), mucosal infection (Zakikhany
et al. 2007), and kidney infection (Barelle et al. 2006);
the tissues are colour coded according to their main
metabolic activities: blue, mainly glycolytic; red, mainly
gluconeogenic; purple, heterogeneous population of
glycolytic and gluconeogenic cells
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whereas glycolytic genes were probably
induced in those fungal cells remaining in the
plasma and with access to glucose.

Single-cell profiling has been adopted to
address this apparent paradox. Green fluores-
cent protein (GFP) fusions were constructed for
diagnostic metabolic genes in C. albicans: two
glycolysis-specific genes PFK2 and PYK1; the
gluconeogenic-specific gene PCK1; and the
glyoxylate cycle genes ICL1 and MLS1 (Barelle
et al. 2006; Miramon et al. 2012). By examining
the green fluorescence emitted by individual
cells, it was confirmed that before phagocytosis
by macrophages or neutrophils, C. albicans
cells express glycolytic functions, whereas they
switch to the glyoxylate cycle and gluconeogen-
esis following phagocytosis. Also, as predicted,
a heterogeneous population of C. albicans cells
was observed in the complex microenviron-
ment of the mammalian kidney, some cells
expressing gluconeogenic and glyoxylate cycle
genes and others showing no detectable expres-
sion (Barelle et al. 2006) (Fig. 14.2). As men-
tioned, all three pathways contribute to the
virulence of C. albicans in a murine model of
systemic infection (Lorenz and Fink 2001; Bare-
lle et al. 2006). These observations highlight the
importance of central carbon metabolism for
the establishment of C. albicans infections, the
metabolic flexibility of C. albicans, and the
complexity of the niches that this pathogen
occupies.

These single-cell profiling studies raised a
further paradox. About one third to a half of
C. albicans cells infecting the kidney expressed
gluconeogenic and glyoxylate cycle genes, and
over 80 % of cells expressed glycolytic genes,
suggesting that some C. albicans cells might be
expressing both catabolic and anabolic path-
ways (Barelle et al. 2006). There were feasible
technical explanations for this apparent para-
dox, based on the stability of the GFP reporter.
However, recent data have indeed confirmed
that C. albicans can express glycolytic, gluco-
neogenic and glyoxylate cycle enzymes at the
same time, allowing them to assimilate glucose
and alternative carbon sources simultaneously
(Sandai et al. 2012) (Fig. 14.3). In S. cerevisiae,
glucose triggers the rapid degradation of Icl1

and Pck1, but in C. albicans, these glyoxylate
cycle and gluconeogenic enzymes remain sta-
ble and are retained by the cell (Sandai et al.
2012). The differential stability of the S. cere-
visiae and C. albicans Icl1 and ScPck1 enzymes
relates to the evolutionary rewiring of ubiqui-
tination targets in these yeasts. For example,
the lack of ubiquitination sites in C. albicans
Icl1 prevents this enzyme from being targeted
for glucose-accelerated degradation (Sandai
et al. 2012). This allows C. albicans cells grow-
ing on alternative carbon sources to continue
to assimilate these nutrients even if glucose
becomes available (Sandai et al. 2012)
(Fig. 14.3). This is particularly relevant in vivo
because host niches are complex; in some
cases, sugar availability might be limited or
transient.

In some niches, alternative carbon sources
are essential for fungal growth (Piekarska et al.
2006; Ueno et al. 2011). For example, lactate
assimilation is essential for the proliferation of
Candida glabrata in the mouse intestine (Ueno
et al. 2011). Growth on lactate rather than glu-
cose modulates the architecture of the cell wall,
the expression of cell wall and secreted pro-
teins, and hence host recognition (Ene et al.
2012a, b, 2013). This cell wall remodelling also
has an impact on adherence, biofilm formation,
sensitivity to stress, and resistance to antifungal
drugs (Ene et al. 2012a). For C. albicans cells
growing on lactate, exposure to sugars leads to
increased resistance to ROS and to an azole
antifungal agent (Rodaki et al. 2009). Hence,
changes in carbon source can have dramatic
effects on the virulence of C. albicans (Ene
et al. 2012a) and the susceptibility of this path-
ogen to therapeutic intervention. Taken
together, the available data suggest that C. albi-
cans has evolved such that the regulation of
central carbon metabolism and virulence are
intimately linked. This presents significant clin-
ical and experimental challenges given the met-
abolic heterogeneity of C. albicans cell
populations during colonisation and disease
progression (described previously). This high-
lights the importance of developing technolo-
gies that allow one to analyse the molecular
behaviour of individual fungal cells within the
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complex populations that occupy host micro-
environments (Barelle et al. 2004, 2006; Mira-
mon et al. 2012).

V. Coevolution of Virulence
and Fitness

Candida albicans is an opportunistic pathogen
(Odds 1988; Calderone 2002; Calderone and
Clancy 2011). The fungus causes systemic infec-
tions relatively rarely, and the development of
such infections is probably more dependent on
the immune status of the host than on the viru-
lence status of the fungus. Hence, it could be
argued that the evolutionary pressures exerted
on C. albicans have been directed towards its
survival as a commensal or mucocutaneous
pathogen rather than as a systemic pathogen.

Many C. albicans genes, including those
encoding metabolic enzymes, are required for
virulence (reviewed by Navarro-Garcia et al.

2001). This sparked debate in the field about
the definition of a virulence gene. Virulence
genes are now defined as those that encode
factors that interact directly with host compo-
nents, such as adhesins or secreted aspartyl
proteinases (Odds et al. 2003; Klis et al. 2009;
Calderone and Clancy 2011). Factors such as
Efg1 and Tup1 that control the expression of
virulence genes are termed virulence regula-
tors. Functions that are required for microbial
growth but do not interact directly with the
host should not be termed virulence factors
even though they might be required for viru-
lence (Navarro-Garcia et al. 2001; Roemer et al.
2003). These functions should be called fitness
attributes.

There is now considerable evidence for the
evolution of fitness attributes in C. albicans. For
example, this pathogen has evolved specialised
stress responses that differ significantly from
stress responses in S. cerevisiae and Schizosac-
charomyces pombe (Enjalbert et al. 2003;

Fig. 14.3. Carbon catabolite repression is relaxed in
Candida albicans. In Saccharomyces cerevisiae, the
addition of glucose to cells growing on alternative car-
bon sources such as lactate or fatty acids triggers rapid
transcriptional repression of genes involved in the
assimilation of these alternative carbon sources, accel-
erated degradation of the corresponding mRNAs, and
rapid degradation of the corresponding enzymes. As a
result, the assimilation of alternative carbon sources is
rapidly downregulated. Saccharomyces cerevisiae then
utilises the glucose, exploiting the alternative carbon
sources only once the glucose is exhausted. As

described by Sandai et al. (2012), there has been evolu-
tionary rewiring of ubiquitination targets in C. albicans
such that key enzymes involved in the assimilation of
alternative carbon sources are not subject to ubiquitin-
dependent, glucose-accelerated degradation. These
enzymes are stable, and the pathways remain active,
allowing C. albicans to continue assimilating alternative
carbon sources simultaneously with glucose. However,
the glucose triggers transcriptional repression and
rapid degradation of the corresponding genes and
mRNAs, leading to the downregulation of these path-
ways in the long term (Sandai et al. 2012)
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Nicholls et al. 2004; Smith et al. 2004; Rodaki
et al. 2009; Brown et al. 2011). These specialised
stress responses seem to reflect the rapid and
relatively recent evolutionary adaptation of
C. albicans to its host (Nikolaou et al. 2009).
Unlike budding and fission yeast, C. albicans
does not seem to recognise an ambient tempera-
ture of 37 �C as a stress, and this fungus is
relatively resistant to the oxidative stresses it
encounters following phagocytosis (Smith et al.
2004; Nikolaou et al. 2009). The inactivation of
Hog1, which is required to activate oxidative
stress responses, attenuates the virulence of
C. albicans (Alonso-Monge et al. 1999). Glucose
enhances oxidative stress resistance in C. albi-
cans, whereas it attenuates stress resistance on
S. cerevisiae (Rodaki et al. 2009). Metabolic genes
and pathways seem to have evolved to allow this
fungus to assimilate those nutrients that are
available to it within the various microenviron-
ments it encounters during host colonisation
and disease progression (Lorenz and Fink 2002;
Barelle et al. 2006; Ramirez and Lorenz 2007;
Vylkova et al. 2011; Sandai et al. 2012). Hence,
fitness attributes seem to have evolved alongside
virulence attributes in C. albicans.

Not only have fitness and virulence attri-
butes themselves been evolving, but also the
mechanisms that regulate their activity seem
to have been evolving in C. albicans. As
described, there is considerable evidence for
niche-specific changes in virulence factors,
metabolic functions and stress genes in
C. albicans (e.g. Fradin et al. 2003, 2005;
Rubin-Bejerano et al. 2003; Lorenz et al. 2004;
Andes et al. 2005; Barelle et al. 2006; Enjalbert
et al. 2007; Thewes et al. 2007; Wilson et al.
2009; Zakikhany et al. 2007; Rodaki et al. 2009;
Walker et al. 2009; Miramon et al. 2012). There-
fore, virulence and fitness attributes seem to be
regulated in such a manner that it ensures they
are expressed appropriately in particular
microenvironments. This review has high-
lighted just some examples that indicate that
metabolic reprogramming is mechanistically
linked to the control of virulence via specific
regulators (e.g. Efg1, Tup1 and Gcn4) (Sects. III
and IV; Lan et al. 2002; Tripathi et al. 2002;
Doedt et al. 2004; Garcı́a-Snchez et al. 2005;
Kadosh and Johnson 2005). Hence, C. albicans

seems to have evolved specific signalling
mechanisms that facilitate the coordinated reg-
ulation of the virulence and fitness attributes
that it requires for survival in the host.

VI. Conclusions and Future
Perspectives

In this chapter, we have argued that metabolism
is intimately linked with virulence in C. albi-
cans. We have also highlighted the critical role
of C. albicans genomics in revealing these links.
Unexpected links between metabolism and vir-
ulence have been revealed by global exploration
via transcript profiling, and further links
remain to be discovered. This task will be
greatly facilitated by the availability of large
mutant collections such as the GRACE collec-
tion (Roemer et al. 2003); the transposon inser-
tion mutants generated by the Mitchell and
Johnson groups (Nobile et al. 2003; Uhl et al.
2003); the library of null mutants created by
Noble, Johnson, and coworkers (Noble et al.
2010); and the development of the C. albicans
ORFeome (Chauvel et al. 2012). Antisense-
based screens provide an alternative approach
towards the identification of such pleiotropic
factors (De Backer et al. 2001; Sellam et al.
2010). However, the next major goal will be
the molecular dissection of the specific
mechanisms that coordinate metabolic adapta-
tion with the regulation of virulence factors.
The work of Vylkova and coworkers, linking
amino acid assimilation and pH modulation
to morphogenesis (Vylkova et al. 2011), pro-
vides an elegant illustration of what is required.

It is becoming increasingly apparent that
metabolic regulation is also intimately linked
to stress adaptation, and this also contributes to
the pathogenicity of C. albicans (Ene et al.
2012a). Cell wall remodelling has been shown
to contribute significantly to these effects (Ene
et al. 2012a, b). However, additional factors are
almost certainly involved in the coordination of
virulence and fitness attributes, and these
remain to be identified.

How does C. albicans tune its fitness and
virulence attributes within specific host micro-
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environments? Addressing this important ques-
tion is critical to our understanding of
C. albicans pathogenicity. Obviously, transcript
profiling of in vivo samples will help to address
this question. However, this technology has
been applied mainly to in vitro samples. There
is only limited coverage of ex vivo infection
models, and data on in vivo infections is sparse
(Fradin et al. 2003, 2005; Rubin-Bejerano et al.
2003; Lorenz et al. 2004; Andes et al. 2005;
Thewes et al. 2007; Wilson et al. 2009; Zaki-
khany et al. 2007; Walker et al. 2009; Nailis
et al. 2010). Furthermore, increased sensitivity
and spatial resolution is required to address the
complexity and heterogeneity of fungal popula-
tions within host niches (Sect. IV). Advances in
sensitivity will soon allow RNA-sequencing
technologies to be applied to minute, spatially
distinct tissue samples generated by laser cap-
ture dissection microscopy, for example. Also,
this type of genomic exploration will have to be
followed by detailed molecular dissection of the
regulatory mechanisms that drive the observed
expression patterns in host niches. This will
involve a combination of in vitro dissection
and in vivo validation (e.g. by single-cell
profiling: Barelle et al. 2006; Enjalbert et al.
2007; Miramon et al. 2012). Only in this way
will we be able to determine how C. albicans
cells integrate metabolic regulation with other
virulence-related functions during colonisation
and disease progression.

What happens to metabolic reprogram-
ming when fungal cells respond and adapt to
antifungal drugs? Genomic studies of C. albi-
cans cells as they acquire drug resistance have
suggested that metabolism is affected (Cowen
et al. 2002; Bruneau et al. 2003; Rogers and
Barker 2003; Shapiro et al. 2011). These metab-
olism changes are not restricted to the antifun-
gal targets themselves. For example, they are
not limited to ergosterol biosynthesis follow-
ing exposure to an azole antifungal. Is this
metabolic reprogramming required for drug
adaptation, or is it an indirect by-product of
exposure to the antifungal agent?

What relevance has the issue of C. albicans
fitness and virulence to the patient suffering
from a Candida infection? To date, the aca-
demic community has focussed primarily on

C. albicans virulence attributes and has paid
relatively little attention to metabolism. Ironi-
cally, most virulence attributes may be poor
targets for antifungal therapy because most are
polygenic and not essential for survival in vivo.
In contrast, most successful antifungal drug
screens have focussed on the fitness of C. albi-
cans, and many central metabolic functions
are essential for fitness in vivo (Lorenz and
Fink 2001; Roemer et al. 2003; Rodaki et al.
2006; Brock 2009). Clearly, a complete under-
standing of C. albicans pathogenicity is depen-
dent on a characterisation of fitness as well as
virulence attributes.
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