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Perspective

Genomics of the fungal kingdom: Insights into

eukaryotic biology

James E. Galagan,' Matthew R. Henn, Li-Jun Ma, Christina A. Cuomo, and

Bruce Birren

The Broad Institute of Massachusetts Institute of Technology and Harvard, Cambridge, Massachusetts 02141, USA

The last decade has witnessed a revolution in the genomics of the fungal kingdom. Since the sequencing of the first
fungus in 1996, the number of available fungal genome sequences has increased by an order of magnitude. Over 40
complete fungal genomes have been publicly released with an equal number currently being
sequenced—representing the widest sampling of genomes from any eukaryotic kingdom. Moreover, many of these
sequenced species form clusters of related organisms designed to enable comparative studies. These data provide an
unparalleled opportunity to study the biology and evolution of this medically, industrially, and environmentally
important kingdom. In addition, fungi also serve as model organisms for all eukaryotes. The available fungal
genomic resource, coupled with the experimental tractability of the fungi, is accelerating research into the
fundamental aspects of eukaryotic biology. We provide here an overview of available fungal genomes and highlight
some of the biological insights that have been derived through their analysis. We also discuss insights into the
fundamental cellular biology shared between fungi and other eukaryotic organisms.

[Supplemental material is available online at www.genome.org. The following individuals kindly provided reagents,

samples, or unpublished information as indicated in the paper: J. Stajich.]

The over 1.5 million members of the Fungal Kingdom (Hawks-
worth 1991) impact nearly all other forms of life as either friend
or foe. Fungi play a critical role in the environment through the
decomposition of organic material and through symbiotic rela-
tionships with prokaryotes, plants (including algae), and ani-
mals. In particular, fungi share a long history with human civi-
lization. References in Greek literature, mushroom stones from
Mesoamerica dating to 1000-300 BC (Lowy 1971), and dried
mushrooms of Piptoporus betulinus found in a pouch around a
Stone Age man’s neck in the Alps (Rensberger 1992) all attest to
this long relationship. The relationship can be beneficial, as in
the case of biotransformations such as fermentation and the pro-
duction of antibiotics or extremely detrimental, as demonstrated
by the devastating impacts of mycoses, plant diseases, and my-
cotoxins (Moss 1987).

Found within the 900 million years (Myr) of evolutionary
history of the fungi is an enormous biological diversity (Fig. 1).
This diversity encompasses four major groups of fungal organ-
ism, i.e., ascomycetes, basidiomycetes, zygomycetes, and
chytrids. Fungal cellular physiology and genetics share key com-
ponents with animal and plant cells, including multicellularity,
cytoskeletal structures, development and differentiation, sexual
reproduction, cell cycle, intercellular signaling, circadian
rhythms, DNA methylation, and chromatin modification. The
shared origins of the genes responsible for these fundamental
biological functions between humans and fungi continue to
make the understanding of these fungal genes of vital interest to
human biology. In addition, their genomes are more easily se-
quenced and annotated relative to most metazoans and their
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experimental tractability makes fungi among the most useful
model systems in cell biology.

Despite the importance and utility of fungi, until quite re-
cently what was known about their genomes was primarily de-
rived from the sequence of the yeast Saccharomyces cerevisiae. But
in the last 5 yr, however, there has been an explosion in fungal
genomics that has greatly expanded our view of the genetic and
physiological diversity of these organisms. We provide here an
overview of available fungal genomes and highlight some of the
biological insights that have been derived through their analysis.
We also discuss insights into the fundamental cellular biology
shared between fungi and other eukaryotic organisms. These
highlights are not intended to be comprehensive. Specifically,
we focus on results derived from whole-genome analysis of fungi
other than yeasts, as the genomics of S. cerevisiae and related
organisms is covered elsewhere in this issue.

Fungal genomics’ history and resources

The era of fungal genomics—and indeed eukaryotic genomics—
was ushered in by the sequencing of the complete genome of the
yeast S. cereviseae, reported in 1996 (Goffeau et al. 1996). This
milestone revolutionized work in yeast and enabled the first glo-
bal studies of eukaryotic gene function and expression. However,
the yeast genome sequence provided only a limited glimpse of
the biological diversity of the fungal kingdom. The subsequent
completion of Schizosaccharomyces pombe (Wood et al. 2002) and
Neurospora crassa (Galagan et al. 2003) revealed the limits of yeast
as a proxy for all other fungi. In particular, the genome of N.
crassa—the first filamentous fungus to be sequenced—possessed
nearly twice as many genes as S. cerevisiae and S. pombe and
lacked homologs to known proteins for over 40% of these genes.

Despite evident need, progress in sequencing fungal ge-
nomes was initially slow. To accelerate the pace of fungal genom-
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and their approximate dating (bottom), captured by fungal genomes sequenced in or in progress.

ics, in 2000, a consortium of mycologists in collaboration with
scientists from the Whitehead Institute/MIT Center for Genome
Research—now the Broad Institute—launched the Fungal
Genome Initiative (FGI—http://www.broad.mit.edu/
annotation/fgi/). The goal of the FGI is to sequence the genomes
of fungi from throughout the kingdom. Importantly, the fungi to
be sequenced are not selected one at a time without consider-
ation of each other. Rather, they form groups of organisms that
maximize their combined value for comparative genomics,
evolutionary studies, eukaryotic biology, and medical studies.
When the FGI was launched, two fungal genomes were avail-
able. Since that time, 23 different fungal genomes have been
released (Table 1) through the FGI. These genomes have been
matched by a roughly equal number from other centers and
projects including the Joint Genome Institute (JGI), the Wash-
ington University Genome Sequencing Center, Génolevures,
TIGR, the Sanger Institute, the Marine Biological Laboratories
(MBL), the Stanford Genome Technology Center, the Duke
Center for Genome Research, and the University of British
Columbia. These data have been generated through the support
of numerous funding agencies, including the National Human
Genome Research Institute, the National Science Foundation,
the National Institute of Allergy and Infectious Disease, and
the US Department of Agriculture and the Department of Energy.
Of particular note is the growing partnership between academia
and industry, which has resulted in the release of several pri-
vately held fungal genome sequences from companies including

Monsanto, Syngenta, Biozentrum, Bayer CropScience AG, and
Exelixis.

In total, over 40 fungal genomes sequences are currently
publicly available with over 40 additional projects underway
(Tables 1, 2). These genomes represent important human patho-
gens, plant pathogens, saprophytes, and model organisms. They
also encompass fungi that grow as yeasts, form mycelium or
pseudo-hyphae, or are capable of dimorphic (or polymorphic)
growth. In addition, they include representatives of all four ma-
jor fungal groups. i.e., ascomycetes, basidiomycetes, zygomy-
cetes, and chytrids. Importantly, the majority of available fungal
genomes fall into clusters of related genomes that enable com-
parative analysis across a range of evolutionary distances (Fig. 2).
These clusters also include related organisms that differ in terms
of specific physiological traits (i.e., pathogenicity), thus allowing
these traits to be explored through comparison.

Access to these fungal genomic data is available through a
growing number of online resources. These resources include the
Broad Institute Fungal Genome Initiative Web site (http://
www.broad.mit.edu/FGI/), the JGI Integrated Microbial Resource
database (http://img.jgi.doe.gov/pub/main.cgi/), the TIGR fun-
gal database (www.tigr.org.tbd/fungal), NCBI Entrez (http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=genomeprj),
the Munich Information Center for Protein Sequences
(MIPS—http://mips.gsf.de/projects/fungi/), MetaDB (http://
www.neurotransmitter.net/metadb/), and the Genomes Online
database (http://www.genomesonline.org/). Particularly useful

Genome Research 1621

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on March 22, 2009 - Published by Cold Spring Harbor Laboratory Press

Galagan et al.

Table 1. Complete fungal and Oomycete genomes®

Genus/species

Taxonomy

Sequencing center(s)

Ashbya gossypii < (aka Eremothecium)
Aspergillus fumigatus®

Aspergillus nidulans®

Aspergillus terreus

Botrytis cinerea

Candida albicans~®

Candida glabrata®

Candida guilliermondii (anamorph of Pichia)

Candida lusitaniae (aka Clavispora)

Candida tropicalis®

Chaetomium globosum

Coprinus cinereus

Coccidiodes immitis® <<

Coccidioides posadasii®

Coprinus cinereus

Cryptococcus neoformans (anamorph of
Filobasidiella)®<

Debaryomyces hansenii
Encephalitozoon cuniculi

Fusarium graminearum® (aka Gibberella zeae)

Kluyveromyces lactis®
Magnaporthe grisea®
Neurospora crassa“
Phanerochaete chrysosporium®
Phytophthora ramorum
Phytophthora sojae
Podospora anserina

Rhizopus oryzae“
Saccharomyces bayanus®

Saccharomyces castellii
Saccharomyces cerevisiae®©

Saccharomyces kluyveri

Saccharomyces kudriazevii
Saccharomyces mikatae®

Saccharomyces paradoxus®

Schizosaccharomyces pombe

Sclerotinia sclerotiorum

Stagonospora nodorummS© (anamorph of
Phaeosphaeria)

Uncinocarpus reesei

Ustilago maydis©

Yarrowia lipolytica®

Zygosaccharomyces rouxii

Saccharomycetes
Eurotiomycetes
Eurotiomycetes
Eurotiomycetes
Leotiomycetes
Saccharomycetes

Saccharomycetes
Saccharomycetes
Saccharomycetes
Saccharomycetes
Sordariomycetes

Homobasidiomycetes

Eurotiomycetes
Eurotiomycetes

Homobasidiomycetes
Homobasidiomycetes

Saccharomycetes
Microsporidia

Sordariomycetes
Saccharomycetes
Sordariomycetes
Sordariomycetes

Homobasidiomycota

Oomycete
Oomycete
Sordariomycete
Zygomycota
Saccharomycetes

Saccharomycetes
Saccharomycetes

Saccharomycetes

Saccharomycetes
Saccharomycetes

Saccharomycetes

Schizosaccharomycetes

Leotiomycetes
Dothideomycetes

Eurotiomycetes

Ustilaginomycota
Saccharomycetes
Saccharomycetes

Biozentrum an Snygenta AG

Sanger Institute & TIGR

Broad Institute & Monsanto

Broad Institute

Broad Institute & Syngenta AG; Genoscope

Stanford Genome Technology Center, Sanger Institute,
& Broad Institute

Génolevures

Broad Institute

Broad Institute

Broad Institute & Génolevures

Broad Institute

Broad Institute

Broad Institute

TIGR & Broad Institute

Broad Institute

Broad Institute, Genome Sciences Center Canada, Duke Center
for Genome Research, Stanford Genome Technology
Center, & TIGR

Génolevures

Genescope

Broad Institute

Génolevures

Broad Institute

Broad Institute

Joint Genome Institute

Joint Genome Institute

Joint Genome Institute

CNRS & Genoscope

Broad Institute

Washington University Genome Sequencing Center, Broad
Institute, Génolevures

Washington University Genome Sequencing Center

Stanford Genome Technology Center, Sanger Institute,
& Broad Institute

Washington University Genome Sequencing Center
& Génolevures

Washington University Genome Sequencing Center

Broad Institute & Washington University Genome Sequencing
Center

Broad Institute

Sanger Institute

Broad Institute

Broad Institute & International Stagonospora nodorum
Genomics Consortium

Broad Institute

Broad Institute, Bayer CropScience AG, & Exelixis

Génolevures

Génolevures

Status as of September 10, 2005.
PMultiple Strains.

“Annotated

dSome strains/species still in progress.

A table including URLs is included in Supplemental material.

species-specific fungal databases include the Saccharomyces Ge-
nome Database (SGD—http://www.yeastgenome.org/) and Cadi-
daDB (http://genolist.pasteur.fr/CandidaDB/). Of note is the
Fungal Genetics Stock Center (FGSC http://www.fgsc.net/),
which provides access to clones and other experimental resources
in conjunction with several fungal genome projects. A more
complete list of online resources is presented in the Supplemen-
tal material.

Fungal genome sequencing

The revolution in fungal genomics has been driven by the evo-
lution of genome sequencing technology. Current whole ge-

nome shotgun (WGS) sequencing and assembly technologies
produce fungal genome sequences with unparalleled accuracy
and long-range contiguity at ever-reduced cost. These methods
represent an advance over the clone-by-clone approaches used to
sequence the first eukaryotic genomes. The clone-by-clone ap-
proach relied on labor-intensive clone-restriction mapping to
pick sequencing templates, and required separate shotgun librar-
ies for each clone to be prepared, tested, sequenced, and as-
sembled. Ultimately, these maps were not sufficient to protect
against both unnecessary overlap and errors originating both
with the maps and sequencing. The adoption of more efficient
high-throughput sequencing methods coupled with the simplic-
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Table 2. Fungal and Oomycete genome projects in progress®

Genus/species

Taxonomy

Sequencing Center(s)

Alternaria brassicicola

Aspergillus clavatus

Aspergillus fischerianus

Aspergillus flavus

Aspergillus niger

Aspergillus parasiticus

Batrachochytrium dendrobatidis®

Blastomyces dermatitidis (anamorph
ofAjellomyces)

Candida dubliniensis

Candida parapsilosis

Fusarium oxysporum

Fusarium verticillioides

Glomus intraradices

Histoplasma capsulatum (anamorph of
Ajellomyces)®

Kluyveromyces marxianus

Kluyveromyces thermotolarans

Kluyveromyces waltii

Laccaria bicolor

Lodderomyces elongisporus

Melampsora larici-populina

Mycosphaerella fijiensis

Nectria haematococca

Nosema locustae“ (aka Anionospora)

Peronospora parasitica

Phakopsora meibomiae

Phakopsora pachyrhizi

Phytophthora capsici

Phytophthora infestans

Pichia angusta

Pichia farinose

Piromyces sp.

Pneumocystis carinii®

Puccinia graminis

Pyrenophora tritici-repentis

Saccharomyces exiguus

Saccharomyces servazzii

Schizosaccharomyces japonicus

Schizosaccharomyces octosporus

Trichoderma reesei (anamorph of Hypocrea

Jjecorina)
Trichoderma virens
Xanthoria parietina

Dothideomycetes
Eurotiomycetes
Eurotiomycetes
Eurotiomycetes
Eurotiomycetes
Eurotiomycetes
Chytridiomycete
Eurotiomycetes

Saccharomycetes
Saccharomycetes
Sordariomycetes
Sordariomycetes
Glomeromycetes
Eurotiomycetes

Saccharomycetes
Saccharomycetes
Saccharomycetes
Homobasidiomycetes
Saccharomycetes
Urediniomycetes
Dothideomycetes
Sordariomycetes
Microsporidia
Oomycetes
Urediniomycetes
Urediniomycetes
Oomycete

Oomycete
Saccharomycetes
Saccharomycetes
Chytridiomycete
Pneumocystidomycetes
Urediniomycetes
Dothidcemycetes
Saccharomycetes
Saccharomycetes
Schizosaccharomycetes
Schizosaccharomycetes
Sordariomycetes

Sordariomycetes
Lecanoromycetes

Washington University Genome Sequencing Center
TIGR

TIGR

TIGR

Joint Genome Institute

University of Oklahoma

Broad Institute & Joint Genome Institute
Washington University Genome Sequencing Center

Sanger Institute

Sanger Institute

Broad Institute

Broad Institute & Syngenta AG

Joint Genome Institute

Broad Institute & Washington University Genome
Sequencing Center

Génolevures

Génolevures

Broad Institute

Joint Genome Institute

Broad Institute

Joint Genome Institute

Joint Genome Institute

Joint Genome Institute

Marine Biological Laboratory

Washington University Genome Sequencing Center

Joint Genome Institute

Joint Genome Institute

Joint Genome Institute

Broad Institute & Sanger Institute

Génolevures

Génolevures

Joint Genome Institute

Broad Institute & University of Cincinnati

Broad Institute

Broad Institute

Génolevures

Génolevures

Broad Institute

Broad Institute

Joint Genome Institute

Joint Genome Institute
Joint Genome Institute

#Status as of September 10, 2005.
PMultiple Strains.
“Annotated.

A table including URLs is included in Supplemental material.

ity of WGS strategies has greatly accelerated the pace of genome
sequencing while dramatically reducing costs. Advances in as-
sembly algorithms (Myers et al. 2000; Aparicio et al. 2002; Bat-
zoglou et al. 2002; Jaffe et al. 2003; Mullikin and Ning 2003) and
the inclusion of end sequences from large insert clones (e.g.,
Fosmids or BACs) routinely yield assemblies with high-sequence
quality and continuity. For example, within the draft assembly of
Fusarium graminearum an average base falls in a scaffold 5.4 Mb in
length, while many scaffolds approach the length of intact chro-
mosomes. Moreover, >99% of the individual bases in this assem-
bly have consensus quality scores equivalent to that of a manu-
ally finished sequence.

Despite these advances, a number of challenges remain. Re-
petitive sequences present the single biggest difficulty in assem-
bling WGS sequence data. The modest level of repetitive se-
quence ameliorates this problem in most fungi. However, the
high identity repeats associated with telomeres, centromeres,

and rDNA arrays remain difficult. Often these regions are not
cloned in bacterial libraries, while in other cases these regions are
cloned and sequenced but not correctly assembled. Although fol-
low up analyses (Farman and Leong 1995; Li et al. 2005) can
accurately reconstruct telomeres, more robust automated meth-
ods are needed, as are independent mapping methods for assess-
ing the size and position of these difficult to sequence regions.
A special case of repeated sequences are diploid genomes. In
diploids, the extent of heterozygosity can vary dramatically
across chromosomal regions. Regions of low polymorphism will
be incorrectly merged during assembly, while highly polymor-
phic regions are separated. Consequently, allelic differences are
difficult to distinguish from distinct paralogs. When possible,
these complications have been avoided by sequencing a haploid
form of the organism, or minimized by sequencing a closely re-
lated haploid as an aid. But in many cases, such as with Candida
ablicans, sequencing a diploid is unavoidable (Jones et al. 2004;
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25 genes; asterisk indicates bootstrap values of >80 using PHYML with JTT model. Phylogeny was generated by Jason Stajich and modified with

permission (http://fungal.genome.duke.edu/).

Braun et al. 2005). New assembly algorithms are being developed
to more accurately assemble whole-genome sequence data from
diploid data sources (Vinson et al. 200S5).

The challenges facing fungal genome sequencing are being
met by new mapping and sequencing technologies. At least
two different mapping approaches offer independent valida-
tion of genome assemblies without cloning, i.e., HAPPY mapping
and optical mapping. HAPPY mapping is an established
technique that determines the proximity of DNA markers
through PCR assays using multiple pools of diluted, randomly
broken genomic DNA (Dear and Cook 1989, 1993). This
methodology is technically simple and does not produce large
clone libraries. Optical mapping is a technology that has been
newly applied to genome assembly (Zhou et al. 2004). The
method produces genome-wide restriction maps based on images
of single DNA molecules of megabase length. Comparing the
order and distance between restriction sites to in silico digests of
genome assemblies provides an independent assembly valida-
tion. Both HAPPY and optical mapping do not involve cloning
and thus provide access to regions not present in WGS libraries.
Both also allow sequences to be assigned to chromosomal loca-
tions.

Ongoing advances in sequencing technology also promise
to further revolutionize fungal genomics. Although much work is
still needed to optimize and fully validate these new approaches,
their value is already apparent. For example, pyrosequencing
methods implemented by 454 Life Sciences, have successfully
generated sequence from N. crassa that could not be acquired
through conventional sequencing methods. These sequences
were found to be AT rich, which likely precluded efficient clon-
ing in bacterial libraries. New instruments also provide the ability

to inexpensively produce amounts of data, albeit consisting of
short reads—tens to hundreds of base pairs per read compared
with 500-1000 for conventional Sanger. The potential cost re-
duction enables 5-100 X more strains or species to be sequenced
for the current cost of producing a single genome. While early
efforts have focused on producing high-quality reference se-
quences for individual strains or species, these new technologies
will propel us to more fully describe the molecular diversity
within related strains.

Fungal gene annotation

Gene prediction in fungi

Gene annotation in the fungi is aided by the comparatively
streamlined gene structures in these organisms. Fungal genomes
display coding densities ranging from 37% to 61% and, as with
other sequenced eukaryotes, gene density is inversely correlated
with genome size. Coding sequence lengths average between 1.3
and 1.9 kb. Relative to metazoans, fungal genes are interrupted
by few introns, although the fungi display a striking diversity of
gene structures. Intron densities in fungi range from 5-6 introns
per gene in basidiomycetes such as Cryptococcus neoformans (Lof-
tus et al. 2005), to one to two introns per gene on average for
many recently sequenced ascomycetes (e.g., Neurospora, Mag-
naporthe) (Galagan et al. 2003; Borkovich et al. 2004; Dean et al.
2005) to <300 introns in total in the hemiascomycete yeast S.
cerevisae (Goffeau et al. 1996). Introns are typically short in fungi,
averaging between 80 and 150 bp in many ascomycetes. The
basidiomycete C. neoformans is exceptional with regard to intron
size, with an average intron length of 68 bp and possessing many
introns as short as 35 bp. As described below, the structural di-
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versity of introns in fungi provides a unique opportunity to study
their evolution.

The relatively simple gene structures of most fungi facilitate
accurate gene prediction. However, the majority of fungal species
lack significant EST data. As a consequence, gene prediction in
fungi relies heavily on de novo gene prediction. Given the sig-
nificant differences in the characteristics of exons and introns
between fungi, the training of gene prediction tools on organ-
ism-specific data is paramount. A growing number of de novo
gene predictors provide this capability. These include GenelD
(Guigo et al. 1992; Parra et al. 2000), FGenesh and FGenesh+
(Salamov and Solovyev 2000), SNAP (Korf 2004), Augustus
(Stanke and Waack 2003; Stanke et al. 2004; Stanke and Morgen-
stern 2005), and GlimmerM (Salzberg et al. 1999). In addition to
these tools, the programs GeneWise (http://www.ebi.ac.uk/
Wise2/index.html) and Exonerate (Slater and Birney 2005) en-
able gene prediction based solely on the alignment of homolo-
gous protein or coding sequences.

Comparative gene prediction is a particularly attractive
strategy for fungi, given clusters of related genomes. The utility of
comparative gene prediction for fungi has been demonstrated
through the comparative annotation of related Saccharomyces
species (Kellis et al. 2003) and the adaptation of the program
TWINSCAN for use with C. neoformans (Tenney et al. 2004). The
latter program is a pairwise de novo gene prediction algorithm
that utilizes homology from an informant genome to make pre-
dictions on a reference genome (Korf et al. 2001). TWINSCAN
was trained on C. neoformans Serotype D (Loftus et al. 2005) and
gene predictions were made using C. neoformans Serotype A
(http://www.broad.mit.edu/) as the informant genome. Verifica-
tion using known genes or RT-PCR indicated that 60%-72% of
the predictions were exactly correct. Given the relative complex-
ity of the C. neoformans genome as compared with other fungi,
these results are encouraging. A challenge for the future will be to
enable training of TWINSCAN and other comparative gene-
prediction algorithms for the growing number of fungal genome
clusters.

Alternative splicing in fungi

As with many other eukaryotes, a factor complicating gene an-
notation in fungi is the occurrence of alternative splicing. Ex-
amples of fungal genes with multiple alternative transcripts have
been previously reported, but large-scale EST sequencing coupled
with complete genome sequences is providing a more compre-
hensive view (Ebbole et al. 2004; Nelson 2004). Perhaps the most
extensive genome-wide survey on alternative splicing in a fungus
comes from the Basidiomycete C. neoformans Serotype D (Loftus
et al. 20095). For this project, a high coverage of EST sequence was
generated, resulting in alignments between at least one EST for
the majority of predicted genes. These data revealed evidence of
alternative splicing for 277 genes or 4.2% of the total. Although
fungi appear to use alternative splicing less frequently than meta-
zoans (estimates in human range from 40% of genes with alter-
native splicing to more than 80%) (Modrek and Lee 2002;
Johnson et al. 2003; Kampa et al. 2004), these data represent the
largest fraction of genes with alternative transcripts reported for
any fungus so far, and likely represents a lower bound. Futher-
more, the authors identified a variety of alternative splicing
mechanisms including exon skipping and truncation, and exten-
sions of both the 5" and 3’ ends. The results for C. neoformans are
noteworthy, as previous data from S. cerevisiae (Davis et al. 2000;

Grate and Ares Jr. 2002; Barrass and Beggs 2003) and S. pombe
(Romfo et al. 2000) suggested that alternative splicing might only
be prevalent in multicellular eukaryotes (Ast 2004). In addition,
the few examples of alternative splicing in ascomycete yeasts
(Romfo et al. 2000), as well as from other fungi (Ebbole et al.
2004), primarily involve intron retention. The results from C.
neoformans, a basidiomycetous yeast, indicate that alternative
splicing is likely more prevalent and richer than expected, even
in single-celled organisms.

Genome evolution

One noteworthy observation coming from the comparison of
multiple genome sequences is how divergent fungi are at the
genome level, despite apparent morphological and physiological
similarities. For example, comparisons of the genomes of Mag-
naporthe grisea and N. crassa, related ascomycetes thought to have
shared a common ancestor as recently as 200 million years ago
(Mya) (Taylor et al. 1999; Berbee and Taylor 2000; Heckman et al.
2001), revealed an average amino acid identity of only 47% and
virtually no conserved synteny (Dean et al. 2005). Only 113 re-
gions were identified containing four or more genes in conserved
colinearity. More generally, analyses of available complete fungal
genomes reveal a rapid breakdown of conserved synteny over a
relatively short evolutionary time span (data not shown). Even
members of the same genus can display a remarkable divergence
at the genomic level. A comparison of three species of Aspergil-
lus—A. nidulans, A. fumigatus, and A. oryzae—revealed only 68%
average amino acid identity between any pair of species (Galagan
et al. 2005), an evolutionary distance comparable to that be-
tween human and fish (Dujon et al. 2004). At this distance,
roughly 70% of A. nidulans could be mapped to a syntenic block
with either A. fumigatus or A. orzyae, with roughly 50% of A.
nidulans in conserved synteny across all three species (Galagan et
al. 2005). Within these blocks of synteny, numerous microrear-
rangements were evident. These included many small inversions
that have been shown to be a common pattern of rearrangement
in eukaryotes (Seoighe et al. 2000; Aparicio et al. 2002; Kellis et al.
2003). But other patterns of breakage were equally prevalent,
including translocations and segmental insertions, deletions,
and duplications. Duplications and translocations in particular
have been shown to be a common response of yeast undergoing
experimental evolution (Dunham et al. 2002; Koszul et al. 2004)
and thus are expected to contribute to the long-term evolution of
fungal genomes. Moreover, a whole-genome duplication in yeast
followed by massive gene loss, first predicted by Wolfe and col-
leagues (Wolfe and Shields 1997), has been confirmed by com-
parative analysis (Dujon et al. 2004; Kellis et al. 2004) and shown
to have had a significant impact on yeast fermentation from
carbon sources. Comparisons of fungi have also confirmed spa-
tial patterns of rearrangement observed in other eukaryotes,
namely, that rearrangements are far more common near telo-
meres and are frequently associated with repetitive sequence el-
ements (Huynen et al. 2001; Carlton et al. 2002; Coghlan and
Wolfe 2002; Kellis et al. 2003; Galagan et al. 2005; Lephart et al.
2005).

Together, these studies indicate that fungal genomes in par-
ticular, and eukaryotic genomes in general, are remarkably dy-
namic. In addition, studies in fungi are allowing us to investigate
specific aspects of genome evolution in greater depth, and in
some cases, connect genome evolutionary events with specific
aspects of physiology. We review here two specific areas that
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have received considerable recent attention and for which the
availability of genome sequence has led to new insights, i.e.,
intron evolution and genome defense. Owing to space, many
other topics could not be considered, although several have been
reviewed elsewhere (Archer and Dyer 2004; Borkovich et al. 2004;
Fraser and Heitman 2004; Odds et al. 2004; Ryan and Smith
2004; Bell-Pedersen et al. 2005; Veneault-Fourrey and Talbot
2005; Yu and Keller 2005).

Intron evolution

Although introns have been the object of intense study since
their discovery over a quarter of a century ago (Sambrook 1977;
Gilbert 1978), numerous questions remain concerning their ori-
gins, role, and evolutionary dynamics (for a review, see Lynch
and Richardson 2002). Fungal genomes are particularly tractable
for the study of introns for a number of reasons. First, the fun-
damental aspects of intron biology are shared between fungi and
other eukaryotes, and thus, lessons learned from fungi are likely
to have wide relevance. Second, as described above, fungal ge-
nomes are gene dense with relatively simple gene structures, fa-
cilitating the accurate prediction of intron boundaries. Finally, as
described above, the fungi display a wider diversity of average
intron density. This architectural diversity, coupled with the
availability of fungal genomes spanning the kingdom, provides
an opportunity to investigate intron dynamics. Several recent
studies illustrate the utility of fungi for intron studies, and have
provided new insight into the patterns and mechanisms of in-
tron evolution.

In a study by Nielsen and colleagues (Nielsen et al. 2004),
patterns of intron evolution were investigated in four Euascomy-
cete fungal genomes (A. nidulans, F. graminearum, M. grisea, and
N. crassa) spanning roughly 330 Myr. The conservation of pre-
dicted orthologous intron positions was determined in three of
the fungi (using the fourth as an outgroup), and a probabilistic
model was used to estimate the most likely rate of intron gain
and loss giving rise to these observed conservation patterns. One
immediate conclusion stemming from this work was the clear
importance of intron gain within this group of Euascomycetes.
All three non-outgroup lineages displayed significant numbers of
predicted intron gains. In addition, even within this small set of
organisms, differences in the pattern of intron dynamics were
apparent, with the numbers of gained and lost introns approxi-
mately balanced in M. grisea and F. graminearum, but with
roughly twice as many losses as gains in N. crassa. Rates of intron
gain also varied substantially between gene families.

The subsequent sequencing of additional fungal genomes
provided the opportunity to study intron dynamics over a wider
evolutionary distance. With these additional data, Stajich and
colleagues (J.E. Stajich, S.W. Roy, and F.S. Dietrich, in prep.) stud-
ied the patterns of intron gain and loss across 24 fungi spanning
nearly the fungal kingdom. With Homo sapiens and Arabidopsis
thaliana as outgroups, the authors developed a maximum likeli-
hood approach to estimate intron loss and gain events and
thereby calculate intron densities at various nodes in the fungal
tree. Based on a set of more than 700 orthologous protein coding
genes, the authors found numerous intron positions shared
among plants, animal, and fungi, and they concluded both that
these introns were common and present at the origin of the
eukaryotic crown. Since the fungal last common ancestor, nearly
all lineages were predicted to have suffered substantial intron loss,
with particularly significant loss occurring at deeper branches and

at the outset of the Hemiascomycete lineage. Interestingly, these
authors also find intron gain to be as significant as intron loss in
several recent lineages including the Euascomycetes (consistent
with Nielsen et al. 2004) and the lineage leading to C. neoformans.

One intriguing characteristic of introns is the correlation
between intron density and positional bias that has been ob-
served in all eukaryotes sequenced to date (Mourier and Jeffares
2003). According to this 5' positional bias, introns are evenly
distributed within the coding sequence of genes in intron-rich
organisms, but are biased toward the 5’ ends of genes in intron-
poor organisms. It has been proposed that this bias may have
arisen by intron loss through a mechanism of homologous re-
combination of spliced messages reverse transcribed from the 3’
polyadenylated tail (Fink 1987; Mourier and Jeffares 2003; Roy
and Gilbert 2005b). The plausibility of such a recombination-
based mechanism has been demonstrated in experiments with
intron-containing Ty elements in yeast (Boeke et al. 1985). How-
ever, this hypothesis predicts that loss will be biased to introns in
the 3’ portions of coding sequences. The pattern of intron loss
reported by Nielsen et al. (2004) did not reveal such a 3’ bias.
Instead, the rate of intron loss was lowest at the 3’ end, while the
highest rates of intron loss occurred in the middles of genes.

A similar pattern of positional intron loss was revealed by
more recent work by Stajich and colleagues (J. Stajich and F.S.
Dietrich, in prep.). In this analysis, recent intron loss was inves-
tigated in the genomes of four closely related Cryptococcus species
(which diverged <37 Mya [Xu et al. 2000]). The authors identified
several loci where multiple intron losses appear to have occurred
from a single event. As these loci lacked close paralogs, these
losses cannot be explained by gene conversion and suggest in-
tron loss through recombination with RNA. Interestingly, these
events all occur in the middle of genes, leaving introns intact at
the 3’ end. As with the results of Nielsen et al. (2004), these data
suggest that intron loss alone, at least within the recent evolu-
tionary history of the Cryptococci and the Euascomycetes, is not
sufficient to explain the observed intron 5' positional bias in
these species.

These and other data (Bon et al. 2003) have revealed fungal
introns to be remarkably dynamic. Current gene architectures
appear to reflect an interplay between intron gain and loss, with
the balance between the two processes varying over evolutionary
time. Based on existing data, intron loss appears to dominate in
certain fungal clades. This is consistent with the results of an
analysis of eight genomes—spanning plants, animals, protests,
and including two fungi, S. cerevisiae and S. pombe (Roy and Gil-
bert 2005a)—that reported massive and net intron loss in six of
the lineages examined. The role of loss appears diminished in
more recent fungal evolution with certain lineages gaining
nearly as many introns as lost. The mechanism by which introns
are gained in any organism remains to be conclusively estab-
lished, although several theories have been proposed (Logsdon
Jr. et al. 1998; Coghlan and Wolfe 2002; Lynch and Richardson
2002; Fedorov et al. 2003). As additional fungal genomes are
sequenced, these and other mysteries surrounding intron evolu-
tion may eventually be solved.

Genome defense: Repeats, RIP, and RNAi

Repeat sequences are ubiquitous components of fungal genomes.
In most genomes analyzed to date the majority of repeat se-
quences are associated with mobile genetic elements. Copies or
remnants of both Class I (retroposons) or Class II (DNA trans-
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posons) have been identified, and the number of distinct families
of mobile elements continues to grow (for review, see Kempken
and Kuck 1998; see also Dean et al. 2005). Microsatellite repeats
(Toth et al. 2000) and low-complexity sequence, as well as cen-
tromere and telomere associated repeats (Schechtman 1990) are
also common. Fungal genomes contain varying amounts of re-
peat sequence, with “typical” repeat content ranging from be-
tween 3% (e.g., A. nidulans, A. fumgatus, and A. oryzae) to 10%
(e.g., Neurospora, Magnaporthe). However, species outside of this
range at either extreme have also been identified. Although re-
peat sequences may play a beneficial role in generating genetic
diversity, their presence can also be detrimental, particularly in
terms of genome stability. As a result, many organisms have de-
veloped “genome defense” systems that repress the activity of
transposable elements. Two different genome defense mecha-
nisms in fungi have received particular recent attention as a con-
sequence of genomics—Repeat Induced Point Mutation and RNA
silencing.

The first eukaryotic genome defense system described, dis-
covered in the fungus N. crassa, is a process called Repeat Induced
Point Mutation (RIP) (Selker 1990, 2002; Davis et al. 2000; Gala-
gan and Selker 2004). RIP is a homology-based process that mu-
tates repetitive DNA and frequently leads to epigenetic silencing
through DNA methylation. Importantly, RIP has been shown to
act on all duplicated sequence, including long segmental dupli-
cations, mobile element duplications, and gene duplications. The
properties of RIP immediately suggest an impact on genome evo-
lution, and the completion of the N. crassa genome sequence
allowed the full extent of this impact to be determined (Galagan
et al. 2003). Consistent with a role as a defense against mobile
elements, the analysis of the N. crassa genome revealed a com-
plete absence of intact transposons. However, this defense was
shown to come at a price: Essentially, all paralogs in N. crassa
appear to predate RIP, and since the emergence of RIP gene evo-
lution through gene duplication has been arrested. Gene dupli-
cation is widely considered to be essential for the generation of
new function. RIP thus illustrates the extent to which genomes
can go to defend against mobile elements, and the impact this
defense can have on genome structure and evolution. This im-
pact has wide relevance in the fungi, RIP—albeit in a less severe
form—has been observed in a growing number of other fungi
(Galagan and Selker 2004).

The genome defenses of N. crassa are additionally fortified
by two different RNA silencing mechanisms, quelling and mei-
otic silencing by unpaired DNA (MSUD). RNA silencing is a term
that encompasses a range of phenomena found in many eukary-
otic organisms. Fundamentally, these phenomena involve the
repression of sequences with similarity to short RNA molecules.
RNA silencing was originally described as “quelling” in the fun-
gus N. crassa (Cogoni et al. 1996) and “cosuppression” in plants
(Napoli et al. 1990). RNA silencing was subsequently described in
Caenorhabditis elegans and other metazoans, where it is called
RNA interference (RNAi) (Fire et al. 1998; Ketting and Plasterk
2000). The core machinery for RNA silencing—Argonautes,
Dicers, and helicases—appears conserved across species (Hutvag-
ner and Zamore 2002) and was first studied as part of the quelling
pathway in Neurospora. More recently, it was shown that N.
crassa possesses a second RNA silencing pathway called MSUD
(Aramayo and Metzenberg 1996; Shiu et al. 2001; Shiu and Met-
zenberg 2002). The analysis of the genome sequence revealed
that quelling and MSUD appear to be paralogous pathways de-
rived through the duplication of a core set of genes (Galagan et

al. 2003; Borkovich et al. 2004). These two pathways have
evolved to operate during different parts of the Neurospora life
cycle. Quelling acts during vegetative growth while MSUD acts
during the meiosis phases of sexual reproduction. Together with
RIP, which acts during sexual reproduction but premeiotically,
these pathways effectively silence genes in abberant copy num-
ber—and thus protect against genome instability—throughout
the entire life cycle of N. crassa (Borkovich et al. 2004).

As in Metazoans, in fungi RNA silencing has emerged as a
powerful experimental tool for manipulating gene expression. As
described above, RNA silencing has been utilized in C. albicans to
identify essential genes, and RNA-silencing experimental proto-
cols have been developed for a host of other non-yeast fungi.
Curiously, no endogenous microRNAs have yet been reported in
fungi, although there is some evidence for antisense transcripts
(Loftus et al. 2005). It has been suggested that these antisense
transcripts may regulate gene expression through the RNAi path-
way. But the extent, if at all, to which RNA silencing plays a gene
regulatory role in fungi remains unknown.

Plant pathogenesis and environment

Fungi are central to the health of terrestrial ecosystems, and they
have played a foundational role in the evolution of life on land.
The colonization of land by eukaryotes is thought to have been
established through the symbiosis of a fungus and a photosyn-
thesizing organism (Gehrig et al. 1996; Heckman et al. 2001). The
symbiosis between fungi and plants plays a crucial role in pro-
tecting plants from disease and facilitating nutrient uptake; 95%
of all plant families have associated mycorrhizal fungi (Trappe
1987). Fungi also play a central role in degrading organic mate-
rial. They are the dominant organisms in aerated soils (Frey et al.
1999), typically accounting for 10%-60% of the biomass in forest
litter (Newell 1992; Metting 1993). In contrast to these beneficial
roles, fungal plant pathogens have a devastating impact on agri-
culture. Fungi infect all major crop plants (Strange and Scott
2005) and lead to food contamination through the production of
mycotoxins. In the United States alone, each year they are esti-
mated to cause $33 billion dollars in damages (Madden and
Wheelis 2003) and invoke expenditures of over $600 million on
fungicides. Fungal pathogens have had a significant impact on
human history. The dominance of tea over coffee in the British
Empire can be traced to the failure of coffee in British Ceylon in
the 1870s due to infection with leaf blight, caused by the fungus
Hemileia vastatrix. These fields were planted instead with tea. Ac-
cess to genome sequence promises to advance our knowledge of
the underlying biology of fungal infection and the interaction of
pathogen and host, as well as of the mechanisms by which fungi
reproduce and persist in the environment. The reports on the
genomes for Phanerochaete chrysosporium (Martinez et al. 2004)
and M. grisea (Dean et al. 2005) illustrate this potential.

Lignin is a major component of plant cell walls and the
second most abundant natural polymer (Martinez et al. 2004).
Only a small group of fungi—termed white rot fungi—are able to
degrade lignin, and as a consequence, these fungi play an im-
portant role in the global carbon cycle. The genome sequence of
one white rot fungus, P. chrysosporium, has been generated and a
preliminary analysis published (Martinez et al. 2004). The ge-
nome contains an extensive and highly redundant array of genes
predicted to be involved in lignin degradation. Consistent with
the ecosystem role of white rot, enzymes for carbohydrate ca-
tabolism outnumbered those for anabolism, the opposite of the
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pattern seen in other sequenced eukaryotes. The genome also
revealed an extensive array of secondary metabolite gene clus-
ters. The authors suggest that these genes may be attractive tar-
gets for bioprocess engineering. Functional studies that utilize
the genome sequence may reveal the underlying cellular net-
works responsible for the important ecological role of white rot
fungi.

M. grisea causes the most destructive disease of rice and has
emerged as a central model organism for the study of fungal
plant diseases. Rice blast, the disease caused by M. grisea is esti-
mated to destroy enough rice annually to feed 60 million people
(Zeigler et al. 1994). The generation and preliminary analysis of
the M. grisea genome sequence has provided insight into the
molecular basis of fungal plant pathogenicity (Dean et al. 2005).
In particular, the genome revealed an expanded family of G-
protein-coupled receptors (GPCRs), including a subfamily, one
member of which had been previously shown to be required for
pathogenesis. The other novel members of this subfamily were
shown to be expressed during infection, with two genes specifi-
cally up-regulated during the development of a specialized infec-
tion structure called the appressorium. The genome also sug-
gested significant diversity among different M. grisea strains. Of
the seven known M. grisea avirulence genes, only four were found
in the strain sequenced. With additional sequences, we will bet-
ter understand this diversity and the role it may play in plant
disease. Ultimately, these efforts may lead to improved methods
for pathogen control and higher yields of staple foodstuffs world-
wide.

Mycoses and medicine

Fungal infections are the third most common hospital-acquired
infection, and have emerged as a growing threat to human
health (Beck-Sague and Jarvis 1993; Swartz 1994). They have le-
thal consequences for the growing population of patients immu-
nocompromised with AIDS and leukemias or therapeutically im-
munosuppressed. The two most common fungal pathogens are
Candida and Aspergillus species: Candidiasis is the most common
HIV-related fungal infection with mortality reaching 49% (Gud-
laugsson et al. 2003) while Aspergillosis has caused up to 10,000
hospitalizations per year with mortality as high as 20% (Dasbach
et al. 2000). Emerging fungal infections represent an equally se-
rious threat to healthy human populations. For example, in
2002, an outbreak of C. neoformans occurred on the east coast of
Vancouver Island, British Columbia affecting at least 59, mostly
immunocompetent, individuals and causing at least two deaths
(Hoang et al. 2004). The incidence of Valley Fever caused by the
dimorphic Coccidioides is increasing with more than 100,000
cases occurring each year in the United States alone (Chiller et al.
2003). Developing effective therapies against fungi has been
more difficult than for bacterial pathogens, given the eukaryotic
biology they share with humans; as a result, few effective anti-
fungals are currently available. Most of the existing drugs have
serious side effects, and resistance to these compounds is an in-
creasing problem (Georgopapadakou 1998).

The analysis of the genomes of medically important fungi
holds the potential to address these clinical issues. In particular,
given the complete gene set for a pathogenic fungus, it becomes
possible to predict genes necessary for fungal growth that lack
human homologs. These may represent targets for antifungal
drugs with fewer toxic side effects. This approach has been uti-
lized to identify potential drug targets for C. albicans (Jones et al.

2004). Based on the human-curated gene set (see above), 228
genes were identified in the C. albicans genome sequence that
were conserved in five other fully sequenced fungal genomes but
that lacked significant sequence similarity in the human or
mouse genomes (Braun et al. 2005). The authors suggested that,
based on their predicted functions and localizations, these genes
represent potential targets for small molecule inhibition.

The availability of complete genome sequence also facili-
tates genome-wide functional screens for drug targets. For ex-
ample, De Backer and colleagues (De Backer et al. 2001) devel-
oped a method combining antisense RNA inhibition (see below)
and promoter interference to identify genes critical for the
growth of C. albicans, and subsequently used these genes as tar-
gets to identify new antifungals in a drug screen. The availability
of an annotated genome sequence enabled the rapid identifica-
tion of inhibited genes. Intriguingly, a significant fraction of C.
albicans essential genes lacked homologs in S. cerevisiae, again
highlighting the diversity of the fungal kingdom and the need
for sequenced fungi beyond just a few models.

The growing complement of fungal genome sequences en-
ables other strategies for investigating fungal infection. Compar-
ing genomes from nonpathogenic species to related pathogenic
organisms can identify genetic differences that contribute to in-
fection and disease, while the comparison between strains with
different host specificity may help clarify the genomic basis for
differences in virulence and host interactions. Comparative
analyses of these sorts are an exciting possibility arising from the
sequencing of clusters of related genomes (as described above),
often centering on a pathogenic fungus, but including related
nonpathogenic fungi as in the case of Coccidioides spp. and Un-
cinocarpus reesii.

In addition to their role as pathogens, fungi also play a criti-
cal beneficial role in the development and production of phar-
maceuticals through the production of secondary metabolites in-
cluding Lovestatin and antibiotics such as penicillin, cephalo-
sporins, and cyclosporine. The genomes of filamentous fungi
have revealed an extensive—and occasionally unexpected—
repertoire of secondary metabolites (Galagan et al. 2003; Kroken
et al. 2003; Borkovich et al. 2004; Dean et al. 2005; Yu and Keller
2005). The burgeoning genomic resource available for fungi
promises many further insights and discoveries into the friend
and foe relationship between fungi and man.

The future of fungal genomics

The growing number of complete fungal genomes provides an
unprecedented opportunity to study the biology and evolution
of an entire eukaryotic kingdom. However, sequence is only the
tip of the iceberg for fungal genomics. The availability of genome
sequence has catalyzed the development of genome-wide func-
tional studies for a growing number of fungal species. In particu-
lar, microarrays—both public and commercial—are available for
numerous fungi, enabling not only expression studies, but also
cross-genome hybridization, the identification of transcription-
factor binding sites and chromatin modifications, and popula-
tion genotyping. High-throughput proteomic methods are also
increasingly being applied, providing insight into the protein
modification and translational control. In addition, as high-
lighted above, comprehensive gene knock-out or knock-down
projects are underway for several species. Ultimately, these data
will enable a true systems biological approach to understanding
fungal biology and evolution, and in particular the biology un-
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derlying the widespread medical, agricultural, and environmen-
tal impact of fungi.
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