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Complete and partial genome sequence information is
underway in several parasitic and symbiotic fungi that infect
humans, other animals and plants. Comparative analyses of
these sequences will provide new insights into the genomic
plasticity and evolution of parasitism and mutualism in fungi.
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Abbreviations
AM arbuscular mycorrhiza 
BAC bacterial artificial chromosome
EST expressed sequence tag
HGT horizontal gene transfer
mC methylated cytosine

Introduction
Approximately 100,000 species of fungi have been
described so far, and approximately 10% of these obtain
nutrients by living in close association with other organisms,
such as plants and animals, including humans. Many fungal
infections are parasitic and can lead to severe diseases.
Other infections are mutualistic symbioses that are beneficial
to the host organism. This group includes infections caused
by the mycorrhizal fungi that infect the roots of many
important crops and forest trees. These fungi improve the
growth of the host plants by facilitating the uptake of
nutrients such as nitrogen and phosphate from the soil.

Our understanding of how parasitic and symbiotic fungi infect
their hosts, including the mechanisms of host recognition,
development of infection structures, control of host defense
reactions, and penetration and colonization of the host tissues,
is limited. However, it can be expected that this situation will
change rapidly in the coming years, because a large amount of
information from the genome sequences of fungal pathogens
and symbionts will shortly become available. Over the past
five years, a corresponding flow of information about prokary-
otes has had a major impact on the research of bacterial
pathogenesis and symbiosis [1,2]. Comparative genomics of
strains and species of bacteria has also provided new insights
into the evolution of virulence and host adaptations. The con-
current development of post-genomic methods to determine
gene function has transformed research into bacteria–host
interactions from a piecemeal study of individual genes and
proteins to a more systematic analysis of the entire gene and
protein complements of microbial pathogens.

Since completion of the Saccharomyces cerevisiae genome in
1996 [3], progress on the sequencing of other fungal
genomes has been limited. However, early this year, the
annotated genome of the fission yeast Schizosaccharomyces
pombe was published [4], and genome sequencing of several
fungal species is nearing completion. These species
include the filamentous fungus Neurospora crassa
(http://www-genome.wi.mit.edu/annotation/fungi/
neurospora/), the human pathogens Candida albicans and
Cryptococcus neoformans, and the phytopathogen Magnaporthe
grisea (the causal agent of rice blast). Genome sequence
information and expressed sequence tag (EST) collections
from several other parasitic and symbiotic fungi that infect
humans, other animals and plants are also becoming more
widespread (Table 1). In this review, we discuss the recent
achievements in fungal genomic analyses and how such
data can provide new insights into genomic plasticity and
the evolution of parasitic and mutualistic life styles.

Genome diversity of parasitic and
symbiotic fungi
Compared with the genome sizes of other eukaryotes such
as animals and plants, the genome sizes of fungi are small.
S. cerevisiae and S. pombe have genome sizes of 13.7 Mb and
13.8 Mb, respectively [3,4]. Except for the filamentous
ascomycete Ashbya gossypii, which has a genome size of
8.9 Mb, other filamentous ascomycetes and basidio-
mycetes have genome sizes between 13–42 Mb [5,6].
Thus, the genome sizes of fungi are approximately one-
third of those of Caenorhabditis elegans and Arabidopsis
thaliana, and are an order of magnitude smaller than the
genome of rice (Oryza sativa). Furthermore, fungal
genomes have a high gene density, and a low proportion of
repetitive sequences. For example, S. cerevisiae contains 
a gene approximately every 2 kb [3], whereas the larger
genome of N. crassa contains a gene every 4 kb
(http://www-genome.wi.edu/annotation/fungi/neurospora).
The gene density in M. grisiae is estimated to be approximately
one gene every 4.2 kb [7], and for the ectomycorrhizal fungus
Paxillus involutus, one gene every 2.8 kb [8].

The genomes of the arbuscular mycorrhizal (AM) fungi
have unusual sizes and structures. AM fungi are obligate
symbionts and are all found in the order Glomales. The
genome sizes of these fungi have been estimated to be
100–1000 Mb, which is significantly larger than those of
ascomycetes and basidiomycetes [9]. The GC (guanine
and cytosine) content of AM fungi is also significantly
lower (30–35%) than the range of 40–56% reported for
other fungi [6,10]. Compared with other fungi, the
genomes of glomalean fungi have a higher proportion of
methylated cytosine (mC), a fact that offers some explana-
tion for the evolution of the large, adenine and thymine
(AT)-rich genomes of AM fungi [9,10]. Mutation of mC 
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to T requires only C-4 deamination. Such random
mC→T transitions will induce rapid divergence in mC-rich
repeated sequences and, thus, increase the AT content of
the genome. Furthermore, nucleotide divergence may
reduce recombination events between repeats and, thus,
lead to the accumulation of non-coding DNA in the
genomes of AM fungi.

Another unique feature of AM fungi is the presence of
large, vegetative, unicellular spores containing several
hundreds or thousands of nuclei [9]. AM fungi appear to
have been asexual for at least 400 million years. In the
absence of recombination, it has therefore been hypothe-
sized that individual AM fungi evolved to harbor many

genetically divergent genomes. By using fluorescent
DNA–DNA in situ hybridization (FISH) on nuclei from
spores of the AM fungus Scutellospora castanea, Kuhn et al.
[11••] recently demonstrated that AM fungi are multi-
genomic — a population of genetically different nuclei
co-exists within an individual fungus. Furthermore, by
using phylogenetic analysis, it was shown that the genetic
variation that occurs within an individual AM fungus has
evolved through accumulation of mutations in an essentially
clonal genome with some infrequent recombination events.

The list of currently ongoing genome sequencing projects
in Table 1 includes human, animal and plant pathogens, as
well as mutualistic species. Although the majority of these
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Table 1

Sequencing projects on fungal pathogens and symbionts.

Species Source URL and/or Reference Status (June 2002)

Human pathogens
Candida albicans http://www-sequence.stanford.edu/group/candida [22��] 10.4x genome coverage (shotgun)
  (Opportunistic infections) http://www.sanger.ac.uk/projects/C_albicans/ 7 cosmids
Aspergillus fumigatus http://www.sanger.ac.uk/projects/A_fumigatus/ 7 BAC, 5548 BAC end sequences
  (Pulmonary pathogen) http://tigrblast.tigr.org/ufmg/ 3 × genome coverage (shotgun)
Cryptococcus neoformans http://www.genome.ou.edu/cneo.html 4000 ESTs
  (Causing meningitis) http://www-sequence.stanford.edu/group/C.neoformans/ 156 genomic DNA contigs, 17.1 Mb

http://tigrblast.tigr.org/ufmg/ Shotgun sequencing complete;
  closure of gaps under way

http://rcweb.bcgsc.bc.ca/cgi-bin/cryptococcus/cn.pl 4867 BAC end sequences
Pneumocystis carinii http://biology.uky.edu/Pc 3896 ESTs
  (Opportunistic infections, pneumonia) http://www.sanger.ac.uk/projects/P_carinii/
Plant pathogens
Blumeria graminis f.sp hordei http://cogeme.ex.ac.uk/ [46] 2701 unisequences (ESTs)
  (Barley powdery mildew)
Botrytis cinerae http://www.genoscope.cns.fr 2858 unisequences (ESTs)
  (Grey mold) http://cogeme.ex.ac.uk
Cladosporium fulvum http://www.ncbi.nlm.nih.gov/dbEST 595 ESTs
  (Tomato leaf mould)
Fusarium graminearium http://cogeme.ex.ac.uk [47] 2831 unisequences (ESTs)
  (Fusarium head blight)
Fusarium sporotrichioides http://www.genome.ou.edu/fsporo.html 7495 ESTs
  (Fusarium head blight)
Magnaporthe grisae http://cogeme.ex.ac.uk 5142 unisequences (ESTs)
  (Rice blast) http://www.ncbi.nlm.nih.gov/dbEST 13 008 ESTs

http://www.fungalgenomics.ncsu.edu [48,49] 619 ESTs
[7] 1 BAC

Mycosphaerella graminicola http://cogeme.ex.ac.uk 2926 ESTs
  (Wheat leaf blotch) http://www.ncbi.nlm.nih.gov/dbEST [50]
Phytophthora infestans http://www.ncbi.nlm.nih.gov/dbEST [51] 2139 ESTs
  (Late blight on potato and tomato)
Phytophthora sojae http://www.ncbi.nlm.nih.gov/dbEST [52] 2004 ESTs
  (Stem and root rot on soybean)
Other pathogens
Metarhizium anisopliae http://www.ncbi.nlm.nih.gov/dbEST 1693 ESTs
  (Entomopathogen)
Dactylaria candida Anders Tunlid [53] 2006 unisequences (ESTs)
  (Nematode-trapping fungus)
Symbiotic fungi
Paxillus involutus Tomas Johansson* 6000 ESTs
  (ectomycorrhiza) [8] 1 cosmid
Pisolithus http://www.ncbi.nlm.nih.gov/dbEST 379 ESTs
  (ectomycorrhiza) http://mycor.nancy.inra.fr/pages/DNAdatabases/ 850 ESTs

  ectomycorrhizaDB.html/ [37�]
Glomus intraradices http://www.ncbi.nlm.nih.gov/dbEST [54] 2963 ESTs
  (AM, endomycorrhiza)
*e-mail:Tomas.Johansson@mvbioekol.lu.se. AM, arbuscular mycorrhiza; BAC, bacterial artificial chromosome; EST, expressed sequence tag.



projects are publicly supported, there are numerous
genome sequences present in databases belonging to 
companies, with severe limitations imposed on access. For
example, the genome sequence of the corn smut fungus
Ustilago maydis is currently held in two private databases
belonging to Bayer Ag (Leverkusen, Germany) and
Exelixis (San Francisco, CA, USA). In the next few years,
numerous fungal genomes are scheduled to be sequenced,
owing largely to the Fungal Genome Initiative at the
Whitehead Institute (Cambridge, MA, USA), which
promises to sequence up to 15 fungal genomes selected on
the basis of economic, taxonomic and academic criteria.
This initiative should provide a platform for elaborate
comparative genomic analysis across the fungal taxa,
including an effective comparison of saprotrophic, patho-
genic and mutualistic species.

In the current absence of fully sequenced genomes, the
genome diversity of several fungal pathogens and 
symbionts has been explored by generating collections of
ESTs (see Table 1). ESTs are single-pass, partial
sequences of either the 5′ or 3′ ends of cDNA clones.
Because the sequences are derived from genes expressed
at a specific stage or in a certain tissue of the fungi, EST
sequencing also generates some information on expression
levels of genes. However, a large dataset needs to be
analysed before any statistically significant differences in
expression level can be inferred from frequencies of EST
sequences [12]. EST sequences are often clustered into a
set of non-redundant sequences (unisequences or contigs),
in which each assembled contig represents a putative
unique gene in the genome of the organism. Methods for
obtaining EST sequences, including clustering, annota-
tions and data mining, related to studies of gene diversity
in fungal plant pathogens have been recently reviewed by
Skinner et al. [13].

Comparative and evolutionary genomics
A striking observation from comparisons of available
genome sequences from fungi and other organisms is that
a significant proportion of the sequences exhibits no 
similarity to protein or DNA sequences present in data-
bases. For example, 40–60% of the unisequences of ESTs
from fungal plant pathogens display no or little similarity
to proteins of known function [13]. Such genes have been
called orphans (open reading frames [ORFs] of no known
function) and are also commonly found in the genomes of
eukaryotic model organisms. For example, it has been esti-
mated that about one-third of all predicted protein-coding
regions in S. cerevisiae are orphans [14]. The function of
these orphans needs to be determined by genetic or bio-
chemical approaches and is one of the major challenges for
functional genomics. Although orphans most probably 
represent the limits of current empirical investigations of
cellular function, from an evolutionary standpoint, there
are two alternative major and mutually non-exclusive
explanations for the high proportion of orphans in the
genome of an organism. First, they may represent genes

whose phylogenetic distribution is restricted to certain
evolutionary lineages. Second, orphan genes might represent
genes that rapidly diverge between closely related species.
Proteins encoded by such genes can be unconstrained in
sequence evolution or subjected to directional selection,
whereas their structure and function might be conserved
even between distantly related organisms [15].

In a large-scale comparative study of fungal genome and
EST sequences, Braun and colleagues [16•] presented evi-
dence to show that there is a higher proportion of orphans
in N. crassa than in S. cerevisiae. Some of these orphans 
represent genes that are not present in S. cerevisiae, which
may reflect the acquisition or maintenance of novel genes
and is consistent with the larger genome size and morpho-
logical complexity of N. crassa. Whether or not the orphans
in N. crassa also include rapidly evolving genes — a second
explanation — has to be investigated by comparing the
genomes of more closely related species than S. cerevisiae.
Comparisons of sequences from closely related species
has, for example, revealed the presence of fast-evolving
genes in budding yeast [17] and in other eukaryotes,
including Drosophila [15].

The order and transcriptional orientation of genes along a
chromosome can change during evolution by DNA 
inversions, transpositions and by chromosomal translocations.
Comparison of genome sequences between C. albicans and
S. cerevisiae demonstrated that inversions of small segments
of DNA, less than 10 genes long, has been the major cause
of gene rearrangement [18•]. It was estimated that
1100 single-gene inversions occurred since the divergence
(140 million–330 million years ago) between the two
species. Furthermore, it was calculated that gene order has
been broken as frequently by local rearrangements as by
chromosomal translocations or long-distance transpositions.
The proportion of local gene inversions has also been 
estimated by comparing data from a low-coverage random
sequencing project of 13 species of hemiascomycetes
(http://cbi.labri.u-bordeaux.fr/genoleuvures). According to
the analysis of these sequences, the impact of gene inver-
sions is limited between closely related species (within the
genus Saccharomyces), whereas small-size inversions are a
major cause of genomic reorganisation between distantly
related species (such as S. cerevisiae and C. albicans) [19].
Recently, it has been proposed that local gene inversions
result from a mechanism of gene duplication, but in an
inverted orientation followed by loss of the original copy
[20•]. Gene loss was mainly caused by the accumulation of
mutations in one of the two copies rather than by DNA
deletion. Overall, the rate of genome shuffling appears to
be higher in eukaryotes than in prokaryotes, but appears to
take place on a more local scale that often involves only
single genes. Gross chromosomal rearrangements like
translocations may therefore be more rare in fungi than in
bacteria [21]. There are examples of conservation of gene
order between distantly related fungi. Synteny between a
53 kb region of a sequenced bacterial artificial chromosome
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(BAC) clone of M. grisea and a portion of the N. crassa
genome has, for example, recently been demonstrated [7],
but this has not been observed with any gene regions of
S. cerevisiae and C. albicans.

Comparative genomics has recently been used to examine
the possibility of a sexual life cycle in C. albicans [22••].
C. albicans is a diploid fungal pathogen with no known 
sexual stage and studies have indicated that naturally
occurring populations are predominantly clonal [23].
Comparative genomic analysis showed that C. albicans
possesses many homologues of genes that are found in 
sexual pathways of other eukaryotes, including S. cerevisiae,
which indicate that C. albicans may have the genetic capacity
to carry out a sexual cycle in nature [22••]. However, some
of the genes known to be involved in meiosis in S. cerevisiae
were lacking in C. albicans, whereas other meiotic gene
homologues present in filamentous fungi and other
eukaryotes were found in the C. albicans genome.

Molecular phylogeny has shown that parasitic and symbiotic
fungi are found in many taxonomical groups, which suggests
that these life styles have evolved repeatedly within the
fungal kingdom. On the genomic level, there are basically
three compatible mechanisms that can account for the
multiple emergence and adaptations to parasitic and sym-
biotic growth in fungi. They are as follows: first, parasitism
and symbiosis are associated with the presence of novel
genes. Such genes may have a specific role during host
infection and could be acquired by gene duplication or
horizontal gene transfer (HGT). Second, adaptations to the
parasitic and symbiotic habits may result from differences
in the regulation of gene expression. Third, parasitism and
symbiosis are associated with gene loss and deletions.

There are several studies that have demonstrated that 
parasitic fungi have unique pathogenicity factors. Among
the best examples are the so-called host-specific toxins
produced by several species of plant pathogens. Each of
these molecules is produced by only one genotype of one
fungal species, and is required for pathogenesis by that
genotype [24]. The alternative explanation, in which 
parasitism/symbiosis is due to differential gene expression,
can be exemplified by the presence of conserved elements
of signaling pathways for infection-related development in
diverse pathogenic species. The MAP kinase PMK1, for
example, is related to the pheromone response MAPK
FUS3 from S. cerevisiae, whereas in the phytopathogen
M. grisea, it is required for appressorium development and
invasive growth [25]. Significantly, PMK1 has functional
homologues in a variety of other pathogenic species, many
of which exhibit diverse morphology and infection habits.
In each case, so far, the MAP kinase homologue has been
shown to be essential for virulence [25]. There is also
increasing evidence that gene loss or genome degradation
has been of importance during the evolution of parasitism
and symbiosis in bacteria [26]. There is a consistent corre-
lation between genome size and the obligate associations

with the host cell. Genome reduction in these organisms
does not appear to be an adaptation for living inside the
host, but seems merely to be due to a lack of selection for
maintaining genes in these specialised microorganisms.
Whether or not similar mechanisms occur in obligate 
fungal pathogens and symbionts is not yet known.

Analyses of genome sequences in bacteria have demon-
strated that many of the genes required for virulence are
restricted to pathogenic organisms and that they have been
introduced into the genomes by HGT [2]. There is 
evidence for HGT in fungi [27]. In bacteria, HGT often
involves transfer of a whole cassette of genes, ranging in
size from 5 to 100 kb. If these gene cassettes contribute to
virulence, they have been called ‘pathogenicity islands’
[2]. Notably, a similar type of island, called a ‘symbiosis
island’, that contains a type III secretion system has
recently been identified in an insect endosymbiont [28].
Pathogenicity islands are further defined by their genetic
instability, restricted phylogenetic distribution, proximity
to mobile genetic elements, atypical GC content relative
to the rest of the genome, and affiliated repeated
sequences. Several pathogenicity genes are known to be
clustered in plant pathogenic fungi, including genes
encoding plant growth regulators, toxins and secondary
metabolites [27]. Some of these clusters, such as the pea
pathogenicity (PEP) genes of Nectria haematococca [29] and
the Tox1 locus in Cochliobolus heterostrophus [30], have 
features shared by prokaryotic pathogenicity islands,
including differences in codon usage and GC content from
other positions of the genome and the presence of highly
repetitive DNA. The potential mechanisms by which
transfer of such islands may occur in fungi are not known.
The PEP cluster is located on a supernumerary chromo-
some and such chromosomes have been shown to have the
capacity for transfer between genetically isolated individuals
of a plant pathogenic fungus [31].

Other suspected cases of HGT in fungi invoke non-infective
selfish genetic elements such as plasmids, introns and
transposons. In addition, gene transfer through mecha-
nisms similar to DNA transformation have been reported
to take place in culture and in sterile soil [27]. The under-
lying basis of most studies to date is to identify features
indicating that the evolutionary history of a gene differs
from that of ancestral (vertically transmitted) genes.
However, in many cases alternative explanations may also
be consistent with the observations made [27].

Functional genomics of parasitic and
symbiotic fungi
The acquisition and analysis of complete genome
sequences is, of course, merely a starting point for generating
new hypotheses on the mechanisms of pathogenesis and
symbiosis. Results inferred by DNA and/or protein 
similarities provide, in most cases, only a small clue to
putative function, and the avalanche of genome sequence
data has to be combined with genome-wide experimental
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approaches to determine gene function. Several methods
have been developed, such as large-scale mutagenesis,
nucleic acid hybridisation technologies and protein chem-
istry. Some of these methods have been adopted for the
analyses of fungal pathogens and symbionts [32].

The large-scale gene disruption strategies developed in
S. cerevisiae are not yet applicable to most filamentous
fungi because of their larger genomes and significantly
lower rates of targeted integration during transformation.
An elegant method for genome-wide mutagenesis studies
in filamentous fungi based on in vitro transposition into
cosmid libraries has, however, recently been described
[33••]. The transposon carries a selectable marker for
expression in the fungus (hygromycin resistance) and the
transposon insertion sites can be determined by DNA
sequencing. Thus, a library of insertional mutagenesis vectors
can be generated and used as a means of both rapidly
sequencing a fungal genome and simultaneously providing
vectors for gene disruption studies. In an industrial setting,
this provides a rapid means of identifying genes that are
essential for pathogenesis and defining effective fungicide
targets. An alternative strategy for altering gene expression
is to use artificial gene suppression. Post-transcriptional
gene silencing has been observed in several fungi [32] 
but, recently, De Backer et al. [34] showed that such an
approach could be used to alter gene expression on a
genome-wide scale in C. albicans. Gene suppression was
achieved by combining antisense RNA inhibition and
promoter interference.

The availability of genome sequences has made it possible to
construct DNA microarrays for the simultaneous analysis of
expression levels of large sets of genes in several species of
fungal pathogens and symbionts. An array based on the
C. albicans genome sequence data [22••] has recently been
used to identify new cellular targets of several transcriptional
regulators that play a central role in the control of metabolism
and yeast→hypha morphogenesis in C. albicans [35].
De Backer et al. [36] used a C. albicans Gene Expression
Microarray from Incyte Genomics, Inc. (Palo Alto, CA, USA)
to identify possible targets in the fungus to itraconazole treat-
ment. In the study of mutualistic associations, microarray
analysis identified several novel symbiosis-regulated genes
in the Eucalyptus globulus–Pisolithus tinctorius ectomycorrhiza
[37•]. Comparisons of signals from free-living partners and
symbiotic tissues revealed that 17% of the analysed genes
were differentially regulated in the mycorrhizal root tissue.

Proteome analysis offers the possibility to directly identify
the abundance of proteins, their localisation, interactions
and post-translational modifications. Bestel-Corre et al.
[38] followed the expression of proteins during the inter-
action between the model plant Medicago truncatula and
the AM fungus Glomus mossae, and found that approxi-
mately 500 proteins could be resolved on two-dimensional
(2-D) gels with 24 proteins that showed abundance differ-
ences or modifications during the development of the

mycorrhiza. Proteome analyses have also recently been
used for analysing the expression of proteins in cell walls
of parasitic fungi [39–41].

Conclusions
Genome sequence information is currently being generated
from several parasitic and mutualistic fungi that infect
humans, other animals and plants. Analysis of this wealth
of information is certain to provide unique insight into
infection biology, host adaptation and the evolution of 
fungal pathogens and symbionts. Genome-wide comparisons
have, however, to be combined with experimental
approaches to assess individual gene function in a detailed
manner. Several recent papers have shown that such 
methods can be adopted for large-scale analyses of gene
function in parasitic and symbiotic fungi, and that several
of these methods can precede the generation of a complete
genome sequence. For example, a DNA array of randomly
picked cDNA clones can identify sets of genes that are
uniquely expressed during infection or, alternatively, are
unique to certain strains or species of fungi that represent
avariants in terms of host specificity or development. 

A current bottleneck that limits the progress in the 
analysis of fungal genomes is the insufficiency of bioinfor-
matics tools to analyse genome sequence data and
genome-wide expression data [42]. The utility of the yeast
genome has been aided enormously by custom-designed
databases, such as the yeast proteome database
(http://www.incyte.com/sequence/proteome/index.shtml)
and the Stanford genome database (http://genome-
www.stanford.edu/Saccharomyces). Soanes et al. [42] have
developed a relational database for comparative analyses of
EST sequences of phytopathogenic fungi. The database
has been constructed as a part of the Consortium for the
Genomes of Microbial Eukaryotes (COGEME) project
(http://cogeme.man.ac.uk) and will be incorporated with the
Genome Information Management System (GIMS) developed
at the University of Manchester (http://www.cs.man.ac.uk/
~norm/gims) [43]. The COGEME database allows rapid
gene identification from six different phytopathogenic
species and advanced querying to explore the conservation
of putative gene functions among these pathogens. More
specific databases have also been constructed for genome
analyses of the plant pathogens M. grisea and Phytophthora
spp [44,45].

Finally, it should be emphasised that genome sequences
are available for several of the hosts of important plant
pathogens and symbionts, including human, rice, poplar
and legumes. These data can enable analysis of the
dynamic and complex interactions between fungi and their
hosts, providing further information for the development
of novel methods to control fungal infections on humans,
animals and plants. It is clear that the key challenge ahead
will be to harness the power of genomic approaches to
address the fundamental question in host–microbe interactions
that has remained elusive to experimental study, namely,
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what determinants are required to allow a fungus to grow
and proliferate within another living organism.
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