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A renaissance in fungal genetics: progress and research at 
the Fungal Genetics Stock Center 
 
Kevin McCluskey*, Sheera Walker, Rachel Yedlin, Mike Plamann 
 
Fungal Genetics Stock Center, School of Biological Sciences, University of 
Missouri- Kansas City 
 
Being at the FGSC gives us opportunities to conduct studies that rely heavily on 
the resources in the collection. One such project is an attempt to associate open 
reading frames with otherwise anonymous genetic markers in Neurospora. Since 
temperature sensitive alleles are unlikely to result from the deletion 
mutagenesis project being carried out by the Neurospora Functional Genomics 
Program Project we determined to identify ORFs of TS strains in Neurospora. 
Nearly 50 such markers exist in Neurpospora crassa and they are known as 
"unknown" strains. 
We have complemented two such markers using cosmid walking from linked 
markers.  
 
In 2005 the FGSC distributed nearly two times as many strains as ever before. 
We sent out 2125 fungal strains to 138 different recipients in thirty-one different 
countries. Not including KO strains, we added 406 new strains to the collection. 
277 of these were Neurospora strains. Six were other organisms that have been 
sequenced or will be soon.  We have also added a number of new resources to 
the FGSC web-site including all back issues of the Aspergillus newsletter. We 
also built an interface that allows us to link between online methods and existing 
indices. Overall, the resources at the FGSC are being used by investigators all 
over the world for a variety of purposes.  
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The MIPS fungal resources focus on manually curated genome data sets as well 
as on genomes analyzed with automated systems only. Beside the CYGD 
(Comprehensive Yeast Genome Database) we set up and maintain manually 
annotated databases on three filamentous fungi: Neurospora crassa (MNCDB), 
Fusarium graminearum (FGDB) and the basidiomycete Ustilago maydis 
(MUMDB). For analysis of the protein data we use the PEDANT system as well as 
the newly developed SIMAP resource; both provide similarity data as well as 
protein domain information and structural analysis and include the analysis of 
additional 36 yeasts and further filamentous species. The InterPro data is used 
for a first inter-species comparative view.The data are organized in the well 
established MIPS catalogs (e.g. FunCat) and novel query techniques are 
available to search any field in the databases. The query interface is similar to 
the Entrez service at NCBI and will be further developed to enable comparative 
queries across species. As a special repository for protein interaction data, the 
MIPS Protein interaction database (MPact) was developed, which currently holds 
the yeast interaction data, also used for mapping of this data to other species 
(interologs). The created resources establish the basis for comparative research 
to explore the pathogenic factors in the plethora of plant and animal fungal 
pathogens, as well as targets of biotechnological interest. 
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Alicia Greenhill1 
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Sclerotinia sclerotiorum is a devastating pathogen that causes stem rot of many 
plants, including major crop species. We are utilising the genome database for 
S. sclerotiorum. (Broad Institute) to identify genes likely to be involved in 
infection and survival of this fungus. Combimatrix oligonucleotide microarrays, 
with 12,000 probes, are being designed to analyse S. sclerotiorum gene 
expression during early stages of infection of Brassica napus (canola). 
Quantitative RT-PCR will be used to verify expression for genes of interest. Our 
research focus is on secreted proteins (effector candidates) and enzymes 
involved in biosynthetic pathways that are up-regulated specifically during host 
penetration/infection. Selected genes will then be targeted for genetic analysis 
using gene silencing and gene disruption.  
 
Gene silencing has been demonstrated to be an efficient tool for gene analysis in 
a related fungus, B. cinerea, however it has not been reported for S. 
sclerotiorum. Both fungi often have multiple nuclei and multiple copies of genes 
which can make gene disruption (by homologous integration) difficult. Gene 
silencing (RNA interference) overcomes this problem by targeting transcripts 
rather than the genomic copy of the gene itself. A biosynthetic gene for the 
pigment, melanin, is being targeted. S. sclerotiorum produces a vegetative 
survival structure (a sclerotium) that is protected against degradation in the soil 
by a tough, pigmented (melanised) coat. The sclerotia are an important source 
of inoculum and they survive in soil for many years. We are producing a 
construct, with a hairpin targeted to the THN (tetrahydroxynaphthalene) gene in 
a Gateway vector. Our overall aim is to establish whether gene silencing has 
utility for high-throughput genetic analysis of S. sclerotiorum genes. 
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Comparative genomics of fungal genomes for analysis and 
validation of predicted genes from high-throughput genome 
annotation 
 
Igor Grigoriev*, Andrea Aerts, Alan Kuo and Asaf Salamov 
 
 US DOE Joint Genome Institute, Walnut Creek, CA, USA 
 
We annotated genomes of Phanerochaete chrysosporium, Tricoderma reesei, 
Laccaria bicolor, Nectria haematococca, and several other fungi that had been 
recently sequenced at the US DOE Joint Genome Institute. JGI Annotation 
pipeline that we developed and used for annotation of these genomes integrates 
gene prediction, annotation, and analysis methods and is targeted to annotation 
of a diverse set of genomes in high-throughput but genome-specific manner. 
Quality of predicted gene models in each genome was evaluated on basis of 
homology to proteins from other organisms and available experimental evidence 
such as ESTs/cDNAs and proteomics. This traditional genome-centric approach 
allowed us to validate most of predicted genes and eliminate potential over-
predicted gene models (mostly ab initio models with no additional evidence). In 
addition, we employed a comparative genomics approach to identify a ‘core’ set 
of functions and pathways conserved among fungi and find missed genes in each 
of the annotated genomes. We compared domain composition, analyzed clusters 
of orthologs and metabolic pathways. The results demonstrate that comparative 
genomic analysis made more efficient both annotation QC to find missed genes 
and genome analysis to discover genome-specifics gene sets.  
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Stagonospora (syn. Septoria) nodorum is a heterothallic ascomycete and a 
major foliar pathogen of wheat and other cereals (Wiese, 1987). In collaboration 
with the Broad Institute in Boston, the genome sequence of strain SN15 has 
been sequenced, assembled and auto-annotated 
(http://www.broad.mit.edu/annotation/fungi/stagonospora_nodorum). The 
sequence was acquired using a random shotgun cloning approach. 
Approximately 320,000 plasmid end reads and 50000 fosmid end reads were 
obtained. Some 380,000,000 bp of sequence data was obtained representing 
10× coverage. Assembly of the genome gave 496 contigs averaging 74.7 Kb 
(range 2.0 - 562.0 Kb). Contigs were linked via paired fosmid reads into 109 
supercontigs (scaffolds) with an average length of 341.6 Kb (range 2.0 Kb - 2.5 
Mb). The assembled sequenced totalled 37.1Mbp, very similar to other published 
filamentous fungal genome sequences. Analysis of the genome sequence thus 
far has uncovered many interesting features including strong evidence of RIP. 
These results and other notable features uncovered thus far will be presented.  
 
This is the first publicly available genome sequence representing the 
Dothideomycete, an taxon including some of the most important pathogens of 
cereals, canola and legumes worldwide (eg. Pyrenophora, Cochliobolus, 
Leptosphaeria, Alternaria and Ascochyta spp.). Further analysis of the genome is 
hoped to shed light on the potent mechanisms of pathogenicity that these fungi 
possess.  
 
Wiese, M.V. (1987) Compendium Of Wheat Diseases. St. Paul.: American Phytopathological Society. 
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W Denning 
 
The University of Manchester, Manchester, M13 9PT, U.K. 
 
CADRE (http://www.cadre.man.ac.uk ) has been established to house publicly 
available genomic data for all Aspergillus species. Using a Web browser, the user 
can view annotation and utilise sequence data from assembled contigs. 
Information that can be displayed includes the position on contigs of mapped 
features, such as protein-coding genes and RNA-coding genes. For each feature, 
links are provided to allow the user to retrieve further data. For protein-coding 
genes, such data include: chromosomal co-ordinates; a description of the 
encoded protein’s function; similarity matches; and displays of transcript and 
protein structures. Using their own sequences, the user can also initiate a BLAST 
search to find matches within one or several genome(s). A summary of all 
matches is displayed on completion of the search. For each match, contig and 
chromosomal coordinates are provided, along with an ideogram indicating its 
chromosomal location. Hyperlinks are also displayed that enable the user to 
view the actual sequence alignment and the position of the match relative to a 
contig. Two finished Aspergillus genomes are currently available on the Website. 
The A. nidulans genomic sequence and annotation has been provided by the 
Broad Institute and consists of 28.6Mb of DNA with 9520 predicted protein-
coding genes. The sequence consists of 248 contigs assembled into 8 linkage 
groups. The A. fumigatus sequence was determined by The Institute for 
Genomic Research (TIGR) and the Sanger Institute. Annotation was generated 
automatically and reviewed manually by TIGR. The genome consists of 28.8Mb 
of DNA with 9926 predicted protein-coding genes and has been assembled into 8 
chromosomes. The annotation of both genomes is currently being updated and 
will be displayed within CADRE when made publicly available. CADRE will also 
display genomic sequence and annotation for another seven genomes: A. 
oryzae, A. clavatus, A. flavus, A. terreus, A. niger and Neosartorya fischeri, as 
well as another strain of A. fumigatus. Using a comparative pipeline, syntenic 
blocks will be identified between species pairs and will be displayed within 
CADRE at the chromosomal and contig levels.  
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The genome of Aspergillus fumigatus, a life-threatening human pathogen, 
represents an important fungus of the ubiquitous but diverse Aspergillus group 
spanning over 200 million years of evolution. The publication of the A. fumigatus 
Af293 genome sequence along with the phylogenetically distant genomes of A. 
oryzae and A. nidulans was an important milestone, providing insights into 
aspects of cellular physiology, genome evolution and gene regulation in these 
fungi. In order to further extend our knowledge of A. fumigatus, NIAID has 
funded the sequencing and annotation of three more closely related genomes: 
N. fischeri (A. fischerianus), A. clavatus and A. terreus. 
 
Comparative genomic analysis at the level of these more closely related 
Aspergilli should enable improved annotation of A. fumigatus and may shed light 
on the evolution of pathogenicity in this species. We have performed  
preliminary analysis of genome structure which supports the previously 
determined phylogeny of these species, with N. fischeri the most related to A. 
fumigatus, with the longest, uninterrupted syntenic blocks; A. clavatus 
intermediate, with numerous local rearrangements and inversions; and A. 
terreus the most distant, with inter-chromosomal breaks common.  A. terreus 
and N. fischeri are capable of causing disease in human patients, while A. 
clavatus cannot survive at body temperature, and is therefore not a viable 
pathogen.  A. clavatus is a frequent causative agent in mycotoxin contamination 
of cattle feed. 
 
Based on our improved annotation of two strains of A. fumigatus and 
comparative analysis between these genomes, we will present the predicted 
gene complements of A. clavatus and N. fischeri. Our preliminary annotation 
data shows differences in gene content. We will examine the species-specific 
genes of each of these genomes, polymorphisms and differential gene 
regulation. The comparative analysis of these species is expected to help 
understanding of the mechanisms of virulence, environmental adaptation and 
resistance to antifungal treatments. 
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The recent sequencing efforts of a number of fungal genomes have revealed that 
they contain many genes with little or no homology to known genes (20 % - 40 
% of CDS with no hits in Interpro, www.ebi.ac.uk/interpro/index.html ). 
Comparisons to other fungal genomes can add power to the genomic analysis by 
providing the evolutionary context of genes. Our goal is to compare the protein 
coding gene contents of fungal genomes and relate the differences to the 
physiological differences between species and taxonomic groups. However, no 
single repository currently provides consistent gene annotations of all sequenced 
fungi. We have produced consistent Interpro annotations and Tribe-MCL ( 
www.ebi.ac.uk/research/cgg/tribe/ ) clustering of protein coding sequences of 
16 sequenced fungal genomes. Use of clustering allows us to systematically 
explore undescribed protein families and find members of protein families not 
yet recognised by Interpro. 
 
Our computational system is based on BioPerl (bio.perl.org) scripts, BioSQL 
schema for storing the sequences and annotations in a relational database and 
GBrowse ( www.gmod.org ) genome browser for visualising genomes, genes and 
gene clusters. By combining these data sources and technology we can carry out 
comparative genome analysis and offer a local comparative genome browser for 
experimental biologists.  
 
We have discovered that the number of genes belonging to protein clusters 
having members from all fungal species studied is negatively correlated with 
genome size, e.g. larger fungal genomes are likely to have more specialized 
functions not present in species with smaller genomes. In contrast based on 
protein clustering euascomycota and hemiascomycota seem to differ in their 
level of paralogy. In hemiascomycota average level of paralogy is positively 
correlated to the size of the genome. In euascomycota, possibly due to Repeat 
Induced Point mutations, no clear correlation exists. We have also studied in 
detail differences of protein coding gene content of Trichoderma reesei in 
comparison to other filamentous fungi. T. reesei seems to lack many genes 
related to plant biomass degradation and plant pathogenicity 
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Transposable elements (TEs) are known to be major contributors to genome 
evolution. Genome wide studies have shown that in fungi, TEs are usually 
confined to distinct clusters within the genome. To better understand the role of 
TEs in mediating genome rearrangement, gene duplication, and gene evolution, 
we performed an in depth study of chromosome 7 of the rice blast fungus 
Magnaporthe oryzae. Using chromosome 7 as a reference sequence, we 
identified 21 statistically significant blocks of conserved synteny in Neurospora 
crassa, 17 in Fusarium graminearum, and 2 in Aspergillus nidulans. In general, 
the blocks were roughly co-linear and interspersed with intervening, non-
syntenic genes. TEs are predominantly restricted to three clusters located in 
regions that lack conserved synteny. In contradiction to popular evolutionary 
models as well as observations from other model organism genomes, we found a 
positive correlation between recombination rate and the distribution of TE 
clusters on chromosome 7. We grouped chromosome 7 genes into gene families 
and identified orthologous genes in N. crassa and F. graminearum. We found 
that the chromosomal regions defined by the TE clusters have more frequent 
gene duplications and genes within the clusters are evolving at a faster rate. 
Together, these data suggest that TEs have a profound impact on the M. oryzae 
genome by creating localized segments with increased rates of chromosomal 
rearrangements, gene duplications and gene evolution. 
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Genoscope (National Sequencing Centre), the French sequencing agency has 
been involved in large-scale sequencing of the genome of the Dothideomycete 
Leptosphaeria maculans since 2000. The first two collaborative projects between 
INRA and Genoscope consisted in precise sequencing, assembly and finishing of 
a 1.1 Mb genomic region in isolate v23.1.3, along with less precise sequencing 
of the corresponding region in two other isolates (see L. Gout et al. comm.). 
These data enabled us to characterize the first known retrotransposons and 
avirulence genes in L. maculans (see I. Fudal et al., comm.). They also 
suggested a particular organisation for the genome of L. maculans, 
encompassing alternating regions of isochores, i.e., of long A+T-rich regions 
reminiscent of higher Eukaryote heterochromatin, and of G+C-equilibrated, 
gene-rich regions (see L. Gout et al. comm.). With this preliminary snapshot of 
the genome as a basis, complete shot-gun genome sequencing strategy has 
been initiated in December 2005. Its goal is to release an annotated assembly 
with 10-x genome sequence coverage (600 000 reads) for L. maculans isolate 
v23.1.3. Additional sequencing of BAC-ends for physical mapping and ESTs from 
mycelia grown under three different conditions will also be performed (total of 
50 000 reads). The current status of the sequencing project and first data from 
it will be presented. 
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Botrytis cinereais a fungal plant pathogen (leotiomycete) that provokes grey 
mould on more than 200 dicotyledonous plant species including grapevine. In 
2005, the French national sequencing center (Genoscope) has started the 
genome sequencing of grapevine, Vitis viniferaand two of its pathogens: Stolbur 
phytoplasm and B. cinerea. The genome of B. cinereaT4 strain (40 Mb) was 
sequenced with a 10.5 x coverage (about 600 000 reads) and 50.000 ESTs are 
underway. Genomic sequences (3, 10 and 50 kb inserts) were assembled in 
2210 contigs and 107 supercontigs. Structural annotation will be based on 
automatic gene prediction using ab initio(FgenesH) and similarity (genome/cDNA 
and genome/known proteins comparisons) softwares. Automatic gene prediction 
will be validated by a manual annotation process involving an international 
consortium of 20 research groups. In 2005, the Broad Institute released the 
assembly of a 4-5 x genomic sequence from B. cinereastrain B05-10 
(TMRI/Syngenta) as well as the 7-8 x genomic sequence of the closely related 
necrotrophic fungus Sclerotinia sclerotiorum(Broad Institute/NFS). Preliminary 
results on the comparison on their genome organization will be presented. 
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The genome of Pichia stipitis is estimated to be approximately 15 million base 
pairs contained in 8 chromosomes. The genome assembly was annotated using 
the JGI Annotation Pipeline, which combines various gene prediction, annotation, 
and analysis tools. Gene models and associated transcripts/proteins are 
predicted based on cDNA, protein homology and ab initio methods. A gene 
catalog set is chosen from candidate models based on homology and EST 
support for intron/exon boundary structure, ORFs and presence of UTR. Finally, 
each predicted model is analyzed for domain content/structure and functionally 
annotated. The release v2.0 includes a total of 5841 gene models supported by 
available EST and cDNA evidence and protein homology. Average gene, 
transcript and CDS lengths are 1.6kb, 1.5kb and 493 a.a., respectively. Average 
gene density is 56% with 4204 single exon genes. The genome size, number of 
genes and CDS lengths are comparable to the numbers found in other 
sequenced yeast genomes.  
 
A set of 19,635 ESTs was sequenced and clustered at the JGI. 3839 (94%) of 
the EST clusters mapped to the genome. 2252 (40%) genes are supported by 
ESTs. An absolute majority of predicted genes are supported by protein 
homology including 4879 (84%) with strong homology in other fungi (alignment 
score > 1000). 4083 (70%) of all predicted genes have a predicted protein 
domain. Manual curation of this genome is on going using the JGI Genome 
Portal Tools. 2593 genes have been manually curated and there appears to be 
major differences between P. stipitis and other yeasts in oxidative 
phosphorylation, fatty acid metabolism and fatty acid synthesis. 
    Pichia stipitis is of fundamental biological interest and important from an 
applied perspective because it has the highest native capacity for xylose 
fermentation of any known microbe. We have compared the gene set of P. 
stipitis with the gene sets of five yeasts whose genomes have also been 
sequenced and assembled. Using comparative methods we have determined a 
core set of genes common to the six yeasts, as well as the set unique to P. 
stipitis. The results of this comparison attempt to shed light on the metabolic 
and regulatory networks in native xylose fermenting yeasts in order to make 
progress in this area. 
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Aspergillus flavus and A. oryzae are closely related fungi that inhabit very 
different ecological niches. A. flavus is plant and animal pathogen that also 
produces the toxic and carcinogenic secondary metabolite, aflatoxin. In contrast, 
A. oryzae is the major fungus used in food fermentation and is generally 
regarded as safe (GRAS). Whole genome sequences are now available for both 
of these fungi, which allows for a careful comparison of the two species. Overall, 
these two fungi are very similar in genome size, gene organization and 
nucleotide identity. The A. oryzae genome has been assembled into 
chromosomes using optical mapping, the high correspondence between the two 
genomes allowed alignment of the A. flavus genomic scaffolds to the A. oryzae 
chromosomes. The 16 largest genomic scaffolds from A. flavus essentially 
correspond to the 16 arms of the 8 predicted chromosomes for A. oryzae. 
However our initial studies show small differences in genome organization due to 
small-scale insertion-deletion events and transversions, as well as evidence of a 
translocation event in A. flavus between chromosomes II and VI. The 
translocation break sites and many of the indels are associated with families of 
uncharacterized repeat elements. Analysis of these repeat elements is ongoing, 
but amongst those studied to date three putative types of transposable element 
have been predicted. These transposable elements appear to be present in 
larger copy numbers in A. oryzae than in A. flavus. Interestingly, each species 
has approximately 350 genes unique to that species. Most of the genes are of 
unknown function, but within this group are genes for secondary metabolism, 
including polyketide synthases and non-ribosomal peptide synthases. 
Examination of several of these unique PKS and NRPS genes shows that they are 
commonly associated with regions of the genome where indels have occurred. 
This may indicate that there is evolutionary pressure on genes involved in 
secondary metabolism due to the different ecologies of these fungi. Further 
analysis of the unique gene sets and comparison of their expression profile will 
help to identify genes responsible for aflatoxin production and pathogenicity. 
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Analysis of an individual fungal genome can be greatly enhanced by comparison to 
genomes of related species. Comparative genomics highlights sequences conserved 
between species and can inform such basic questions as how genomes evolve, what genes 
make a species unique, and what genes and noncoding sequences are shared among 
species. Two fungal comparative genomics projects under the Broad’s Fungal Genome 
Initiative focus on groups of related fungal pathogens: comparison of the necrotrophic 
pathogens Sclerotinia sclerotiorum and two strains of Botrytis cinerea, and the comparison 
of Candida species. S. sclerotiorum is an economically devastating fungal pathogen with a 
broad host range of more than 400 plant species. The 8X assembly, which is 38Mb, was 
automatically annotated, producing 14,522 predicted genes. We have also generated more 
than 58,000 EST sequences from three different cDNA libraries representing different 
developmental stages. A 5X assembly of the Syngenta AG sequence of B.cinerea from 
strain B05.10, which is 39Mb, was subjected to similar automated annotation, producing 
16,448 genes. S. sclerotiorum andB.cinerea share conserved gene order across large 
regions, and proteins share an average of 79% amino acid identity. A collaborative project 
is underway to analyze these two genomes and that of the T4 strain of B. cinerea. We 
have also sequenced five related Candida species: C. albicans (strain WO-1), C. tropicalis, 
Lodderomyces elongisporus, C. guilliermondii, and C. lusitaniae. For the two haploid 
species, C. guilliermondii and C. lusitaniae, we have used existing assembly algorithms to 
generate whole genome draft assemblies. A major challenge in sequencing the other three 
Candida genomes is the difficulty in correctly assembling shotgun sequence from diploid 
organisms. By modifying our assembly process to represent only one of the two 
haplotypes in highly polymorphic regions, we released an improved C. tropicalis assembly. 
We have identified preliminary gene sets for each genome assembly, and are refining 
these by evaluating gene conservation within regions of conserved gene order between 
species. As part of this process, we are generating comparative genomic resources 
including whole genome alignments, protein families, species specific genes, and Candida 
specific genes. These resources are being utilized by a community-based comparative 
analysis project. The growing set of Candida genome sequences allows comparisons across 
a range of evolutionary distances, enabling many different approaches to study the 
conservation of genes and regulatory elements as well as the evolution of these elements 
and genomic architecture within Candida species.
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For decades the filamentous fungus, Aspergillus nidulans, has served as a model 
organism for numerous industrially and medically significant Aspergilli. One of 
the main advantages of A. nidulans compared to most other Aspergillus species 
is that it has a sexual cycle, allowing mutant strains to be crossed. The release 
of the genome sequences for several important Aspergilli has created potential 
for systematic genome-wide modifications such as gene deletion, promoter 
replacements, fluorescent protein tags and allele replacements. We have 
recently developed an efficient PCR based genome manipulation system for A. 
nidulans, which improves targeted integration of exogenous DNA while reducing 
ectopic integration. Inspired by the success of the gene deletion library from 
Saccharomyces cerevisiae, we intend to use this technology to initiate a 
genome-wide mutation library in A. nidulans. We here present our progress in 
the improvement and scale up of our current gene targeting capabilities, with 
the aim of providing a high-throughput genome-wide manipulation system that 
will be transferable to other fungal species.  
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Pleurotus ostreatus is an industrially cultivated basidiomycete with nutritional 
and environmental applications. Its genome contains 35 Mbp organized in 11 
chromosomes. There is currently available a genetic linkage map based 
predominantly on anonymous molecular markers complemented with the 
mapping of QTLs controlling growth rate and industrial productivity. In order to 
increase the saturation of the existing linkage maps, we have identified and 
mapped 82 genes expressed in the lamellae. Their manual annotation revealed 
that 34.1 % of the lamellae-expressed and 71.5 % of the lamellae-specific 
genes correspond to previously unknown sequences or to hypothetical proteins 
without a clearly established function. Furthermore, the expression pattern of 
some genes provides an experimental basis for studying gene regulation during 
the change from vegetative to reproductive growth. Finally, the identification of 
various differentially regulated genes involved in protein metabolism suggests 
the relevance of these processes in fruit body formation and maturation.




