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The availability of the genome sequences of multiple Aspergillus spp. presents the

research community with an unprecedented opportunity for discovery. The

genomes of Neosartorya fischeri and Aspergillus clavatus have been sequenced in

order to extend our knowledge of Aspergillus fumigatus, the primary cause of

invasive aspergillosis. Through comparative genomic analysis, we hope to elucidate

both obvious and subtle differences between genomes, developing new hypotheses

that can be tested in the laboratory. A preliminary examination of the genomes and

their predicted proteomes reveals extensive conservation between protein sequences

and significant synteny, or conserved gene order. Comparative genomic analysis at

the level of these closely related aspergilli should provide important insight into the

evolutionary forces at play and their effect on gene content, regulation and

expression.
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Introduction

The publication of the genomes of Aspergillus fumiga-

tus, a human pathogen, Aspergillus oryzae, important

in food production, and Aspergillus nidulans, a genetic

model organism, represents a milestone for the Asper-

gillus research community, expanding knowledge of

fungal physiology and mechanisms of gene regulation

[1�3]. Although members of the same genus, phyloge-

netic analysis of these species revealed that the three

aspergilli differ considerably in their genome sequences.

Predicted orthologs shared by all three species display

an average of only 68% amino acid identity, compar-

able to that between mammals and fish. The three

species also differ considerably in genome size and

show extensive structural reorganization [3].

Given the large evolutionary distance between the

sequenced aspergilli, three additional genome projects

are being funded by the National Institute of Allergy

and Infectious Disease, National Institutes of Health

(NIAID, USA) with the goal of better elucidating the

genome of pathogenic A. fumigatus : Neosartorya

fischeri (Aspergillus fischerianus ), Aspergillus clavatus

and Aspergillus terreus. The objectives in sequencing

these three genomes are to use comparative genomics

to improve annotation in the sequenced Aspergillus

genomes, to provide new targets for experimental

studies, to identify differences in gene content and/or

regulatory elements that might contribute to patho-

genicity, and to facilitate vaccine component selection

with the ultimate goal of preventing invasive aspergil-

losis. The genomes of N. fischeri and A. clavatus are

being sequenced by The Institute for Genomic Re-

search (TIGR) and A. terreus is being sequenced by the

Broad Institute.

Previous phylogenetic studies have identified N.

fischeri (the teleomorph of A. fischerianus ) as the

most closely related species to A. fumigatus apart

from the occoltum clade, A. fumigatus var ellipticus

[4�6]. Neosartorya fischeri , while ubiquitously present

in nature, is best known as a food-borne fungus. Its

thermoresistant ascospores allow it to survive heat

processing and cause spoilage of processed fruits and

juices [7]. Neosartorya fischeri has only rarely been

identified as a pathogen, although there is recent data

suggesting that it may be more prevalent than believed

due to misidentification in the laboratory [8].
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Aspergillus clavatus is also a very rare human

pathogen, with only one medical case, of post-surgery
endocarditis, reported [9]. It has been suggested that its

lack of virulence may be due to its slower growth rate at

37 8C than A. fumigatus and its larger spore size, which

may prevent lung penetration [10]. Although not a

common pathogen, it is an allergen and has been shown

to be the cause of an extrinsic allergic alveolitis known

as malt worker’s lung [11]. Aspergillus clavatus pro-

duces a number of mycotoxins including patulin, kojic
acid, cytochalasins and tremorgenic mycotoxins and

causes neurotoxicosis in sheep and cattle fed infected

grain [12,13].

The assembled genomic sequences of N. fischeri and

A. clavatus are now available to the public and a first

round of automated annotation has allowed the

investigation of the genome structure and gene content

of these species in comparison to the published A.

fumigatus Af293. The genome sequence of a second A.

fumigatus strain (CEA10) was made available by Merck

& Co (Rahway, NJ, USA) and is also included in this

preliminary work.

Comparative analysis of closely related
Aspergilli

The genomes of N. fischeri NRRL 181 and A. clavatus

NRRL 1 were sequenced by the whole genome random
shotgun method, assembled using Celera assembler,

and run through an automated annotation pipeline as

described for A. fumigatus [1]. The assembled genome

sizes are similar, as seen in Table 1, with N. fischeri

approximately 10% larger. Gene numbers are approx-

imate, as they reflect the raw output of the automated

pipeline without manual review and modification, with

the exception of A. fumigatus which was manually
improved prior to publication. Due to known issues

with missing and merged gene predictions, we expect

that the gene number for A. clavatus, in particular, will

increase.

The predicted proteomes of the four analyzed

genomes, A. fumigatus Af293, A. fumigatus CEA10,

N. fischeri and A. clavatus were clustered into ortholog

groups using a mutual best hit algorithm based on all

vs. all BLAST results [SV Angiuoli, personal commu-

nication]. Using this method, we identified 9845

ortholog clusters, of which 7076 represent all analyzed

genomes (6862 containing a single member from each

proteome). The average protein identity between A.

fumigatus and N. fischeri orthologs is 94%, while that

between A. fumigatus and A. clavatus is 80%, support-

ing the published phylogeny of these genomes [14]. As

previously described, the average protein identity

between A. fumigatus and A. oryzae is 70%, and that

between A. fumigatus and A. nidulans is 66% [3]. A set

of 1000 orthologs between these five species was used to

generate an inclusive phylogeny (Fig. 1).

Previously identified genes associated with patho-

genicity [1, Table S1] are well conserved between A.

fumigatus, N. fischeri and A. clavatus, suggesting that

most have a critical role in cell growth and main-

tenance. Putative species-specific genes include those

that encode extracellular proteins, transporters, tran-

scription factors, secondary metabolic enzymes and

proteins with no identifiable function.

Despite the apparent asexuality of A. fumigatus and

A. clavatus, their genomes possess a full set of sexual

Table 1 Genome statistics

AFU

Af293

AFU

CEA10

NFA ACLA

Size (Mb) 28.8 29.2 32.0 27.7

Supercontigs�/2kb 19 32 256 28

GC content 49.8 49.4 49.6 49.2

Genes 9854 10 099 10 929 8653

Mean gene length (bp) 1461.8 1425.2 1434.3 1436.8

With introns (%) 78.4 78.4 78.2 83

Mean exons per gene 2.9 2.8 2.9 3.0

Genes in ortholog clusters 8769 8874 9021 7672

Proteome (%) 89 88 83 89

Fig. 1 Phylogenetic tree of five Aspergillus spp. A set of 1000

ortholog clusters containing a single representative from each of the

genomes analyzed with consistent protein lengths was used to

generate a phylogenetic tree. The blastP bit scores were converted

to a distance metric, and the Phylip package was used to create the

tree using the UPGMA method.
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development genes, which is consistent with a recent

loss of sexuality or a hidden sexual stage. As has been
shown previously, A. fumigatus isolates contain either

an HMG or an alpha box mating-type (MAT1-1 or

MAT1-2), but never intact copies of both, suggesting

that it is a heterothallic species [1,15].

Comparative analysis of the mating loci shows that

A. fumigatus Af293 and CEA10 belong to the opposing

mating types. Their mating type genes are not true

idiomorphs, as they occupy adjacent positions on the
chromosome. CEA10 encodes an alpha box mating-

type (MAT1) protein, while the adjacent locus contains

a truncated copy of the HMG-box gene. This same

configuration is seen in the strain of A. clavatus

analyzed. In contrast, the Af293 mating locus encodes

an HMG box mating-type protein (MAT2), adjacent to

a hypothetical protein that is distinct from the MAT1

protein. Neosartorya fischeri , which is homothallic,
contains two mating locus regions, one of each mating

type described. Notably, the locus containing the intact

HMG-box gene contains a truncated DNA lyase and is

surrounded by several types of transposable elements,

suggesting a possible translocation event. A similar

pattern was observed in the A. nidulans genome where

the second mating locus also encoding the MAT1

mating-type protein was located in a non-syntenic
region [3].

Conserved synteny and genome structure

Ortholog groups were used to determine syntenic

regions between genomes, by correlating ortholog

matches with their genomic locations and relative
gene order. As expected, A. fumigatus shares larger

syntenic regions with N. fischeri and A. clavatus,

covering a significantly larger percentage of each

genome, than with the more evolutionarily distant

A. oryzae and A. nidulans. Looking at A. fumigatus

chromosome 1 and its synteny with N. fischeri and

A. clavatus (Fig. 2) illustrates the colinearity common

between these genomes, with small insertions/deletions
and inversions visible and less conservation at the

subtelomeric ends. Transposon-related sequences, dis-

played as triangles, are commonly associated with

interruptions in synteny. There is evidence of genome

translocations at syntenic breakpoints, even between

these closely related genomes, most notably between

A. fumigatus chromosomes 2 and 5 in comparison with

N. fischeri , and between A. fumigatus chromosomes 2
and 6 in comparison with A. clavatus. Examination of

the ortholog cluster data integrated with the genomic

context will allow us to improve the annotation of these

genomes, and identify real differences in genome

structure and gene content.
Even within the single species, A. fumigatus isolates

display variation in their genome structure, with small-

scale insertions/deletions and rearrangements. Careful

inspection of the Af293 and CEA10 genomes revealed

a number of unique, strain-specific genes (2%), located

predominantly in non-syntenic subtelomeric blocks. A

few strain-specific regions contain putative gene clus-

ters involved in secondary metabolism, osmotolerance,
or arsenic resistance, highlighting the potential role

of the subtelomeric regions in maintaining species

variability.

Annotation consistency affects analysis

Despite our best efforts at creating customized annota-
tion pipelines for the Aspergillus genomes, utilizing

state-of-the-art gene prediction programs and lever-

aging the wealth of fungal genome data available, there

are problems and inconsistencies in the data sets that

need to be addressed before a complete comparative

analysis can be accurately accomplished (Fig. 3).

There is very little cDNA or EST data available for

these genomes, so gene finding programs were trained on
small data sets of manually curated gene models based

on protein homology to public databases. The prevalence

of introns in these species, at an average of 2 per gene,

further complicates gene identification. Common anno-

tation problems include missed or incorrect 5? exons,

and the inappropriate merging of neighboring genes into

single, erroneous gene structures. An examination of

the protein alignments of the 7076 four-way ortholog
clusters reveals that only 5738 (82%) have an average

sequence coverage of 90% or higher, suggesting that

merged or truncated protein sequences are prevalent.

Identification of species-specific genes requires accu-

rate ortholog associations, investigation of regulatory

regions depends on accurate 5? exons, and evolutionary

studies depend on the concordance of gene structure

annotation between orthologous genes. Therefore,
correcting annotation errors in these, and other pub-

lished fungal genomes, should be a priority. Inaccurate

or missing gene models submitted to public databases

present an enormous problem for many areas of

contemporary biology including expression studies,

functional genomics, phylogenetic analysis, and crystal-

lography. These genomes would still benefit from the

generation of additional ESTs and/or the validation of
annotation through reverse transcription-polymerase

chain reaction. There is also a need for more algorithm

development to fully leverage comparative genomics
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data into new and improved gene models, to decrease
the need for manual intervention.

Conclusion

An initial examination of the genome sequences

and predicted proteomes of A. fumigatus, N. fischeri

and A. clavatus reveals extensive conservation of gene

content and order and supports the previously deter-

mined phylogeny. The core chromosome regions en-

code predominantly highly conserved housekeeping

genes, whereas strain- and lineage-specific genes are

found in subtelomeric regions. Breaks in synteny

between these genomes are often flanked by repeats

and transposable elements.
Further characterization of strain and species-speci-

fic genes, polymorphisms and differential regulation

should foster our understanding of mechanisms of

pathogenicity, environmental adaptation and resistance
to anti-fungal treatments.
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