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Abstract

Aspergillus fumigatus is the most ubiquitous opportunistic filamentous fungal pathogen of human. As an initial step toward
sequencing the entire genome of A. fumigatus, which is estimated to be ~30 Mb in size, we have sequenced a 922 kb region, con-
tained within 16 overlapping bacterial artificial chromosome (BAC) clones. Fifty-four percent of the DNA is predicted to be coding
with 341 putative protein coding genes. Functional classification of the proteins showed the presence of a higher proportion of
enzymes and membrane transporters when compared to those of Saccharomyces cerevisiae. In addition to the nitrate assimilation
gene cluster, the quinate utilisation gene cluster is also present on this 922 kb genomic sequence. We observed large scale synteny
between A. fumigatus and Aspergillus nidulans by comparing this sequence to the A. nidulans genetic map of linkage group VIII.

© 2003 Published by Elsevier Inc.
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1. Introduction

Aspergillus is a remarkably diverse genus of filamen-
tous fungi, representing 182 recognised species (Pitt
et al., 2000). Aspergillus fumigatus is among the most
common of human and animal opportunistic fungal
pathogens and is recognised as a major fungal sapro-
phyte, playing an essential role in recycling carbon and
nitrogen (Pitt, 1994). It is a ubiquitous thermophilic
species, found in decaying vegetation, in the air, in
hospital water systems and in human dwellings world-
wide (Anaissie et al., 2002; Latge, 1999).
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This filamentous fungus has a simple life-cycle: it re-
produces asexually, generating abundant haploid conidia
from aerial conidiophores, and has no known sexual
cycle. The innate immune mechanisms (particularly
macrophage phagocytosis) efficiently eliminate the coni-
dia in the immunocompetent host after inhalation, with
no pulmonary disease symptoms. However, the status of
A. fumigatus as a relatively harmless saprophytic fungus
has changed dramatically over the last two decades (Marr
et al., 2002). A. fumigatus now represents the most pre-
valent air-borne opportunistic fungal pathogen in devel-
oped countries, causing severe and often fatal invasive
infection in immunocompromised people (Anderson
et al., 2003; Marr et al., 2002). The frequency of invasive
aspergillosis (IA) has increased many folds over the past
20 years. About 4% of patients dying in European
teaching hospitals suffer from IA and it is the leading
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infectious cause of death in leukaemia and bone marrow
transplant patients (Groll et al., 1996; Vogeser et al.,
1997). In addition, allergic bronchopulmonary aspergil-
losis occurs in asthmatic and cystic fibrosis patients (Marr
et al., 2002).

Until 2001, only two licensed antifungal drugs were
available to treat aspergillosis: amphotericin B and itr-
aconazole (Marr et al., 2002). In that year, two additional
agents were licensed—voriconazole and caspofungin
(Johnson and Kauffman, 2003; Johnson and Perfect,
2003). The latter represents the first of a new generation of
drugs for invasive fungal infections, the candins which
inhibit the glucan synthase enzyme complex in the cell
wall. However response rates to these agents are still only
~50%. Thus, there is an immediate need to identify bio-
chemical pathways that are critical for the pathogenicity
and survival of A. fumigatus, which would act as potential
targets for new antifungal compounds.

The pathogenicity of A. fumigatusis poorly understood
and there is a limited knowledge of the basic biology of the
organism (Anderson et al., 2003; Latge, 2001). A. fumig-
atus (AF293 strain) has a haploid nuclear genome of
~30 Mb, distributed over an estimated 8 chromosomes,
ranging from 1.7 to ~5.3 Mb in size (Anderson et al.,
2003). The sequences of only ~40 genes were available in
the public databases before the start of this project, rep-
resenting 0.4% of the 10-12,000 estimated total number of
A. fumigatus genes.

In 2001, a whole genome shotgun approach was
adopted by an international consortium to sequence the
genome of A. fumigatus with The Wellcome Trust Sanger
Institute (UK), The Institute for Genomic Research
(USA), Universities of Manchester (UK), Salamanca
(Spain) and Complutense (Spain), Centro de Investigaci-
ones Biologicas (Spain), and the Pasteur Institute (France)
as the collaborating centres (Denning et al., 2002).

Ahead of the inception of the whole genome sequenc-
ing project, the Wellcome Trust Sanger Institute, in col-
laboration with the University of Manchester, undertook
a pilot project to construct a genomic Bacterial Artificial
Chromosome (BAC) library from the DNA of a clinical
isolate of A. fumigatus and to fingerprint the clones to
obtain a physical map. A physically linked group of BAC
clones were sequenced, and here we report the analysis of
the resulting 922 kb contig. This represents the first large-
scale analysis of the genomic content of this opportunistic
pathogen and provides a snapshot of the genome, before
the whole genome sequence becomes available.

2. Materials and methods
2.1. Characterisation of an A. fumigatus clinical isolate

The strain chosen for constructing the BAC library is
AF293, a clinical isolate of A4. fumigatus. It was isolated

by the Public Health Laboratory of The Royal
Shrewsbury Hospital, Shrewsbury, UK, in 1993 from
lung tissue taken at autopsy from a patient who had
developed a low white cell count after gold therapy for
rheumatoid arthritis. The isolate was confirmed to be A.
Sfumigatus Fresenius by the National Collection of
Pathogenic Fungi (NCPF 7367) at the Mycology Ref-
erence Laboratory, Bristol, UK and by the Centraal
Bureau voor Schimmelcultures (CBS 101355), Baarn,
The Netherlands. Minimum inhibitory concentrations
were determined for the following antifungal drugs:
amphotericin B 0.25 mg/L; itraconazole, 0.50 mg/L, and
voriconazole 1.0 mg/L. Four subcultures were obtained
from single spores of the clinical isolate. Nucleic acids
were extracted from a culture grown after one sub-
culture from our oldest frozen stock and from the four
subcultures obtained from the single spores. These cul-
tures were typed using microsatellite length polymor-
phisms (Bart-Delabesse et al., 1998) and they were
shown to be identical. Single-spore culture 1 (deposited
at the Fungal Genetics Stock Center as A1100) was used
as the source of nucleic acids in all subsequent experi-
ments. The DNA sequence of the asp 212 and rodA12
regions from this culture were confirmed to be typical
for A. fumigatus (Geiser et al., 1998).

2.2. Preparation of chromosomal DNA in agarose plugs

Chromosomal DNA in agarose plugs was prepared
following a modified protocol (Tobin et al., 1997). In
short, AF293 conidia (4 x 10%/ml) were inoculated into
Sabouraud liquid medium (Oxoid, Basingstoke, UK) at
37°C, shaking at 225 rpm, for 16 h. The mycelium was
harvested by vacuum filtration and resuspended in PB
buffer (1 M NaCl; 0.01 M MgCl,; pH 5.8) to give 40 mg/
ml wet weight. Novozyme 234 (InterSpex Products, San
Mateo, CA, USA) was added to a final concentration of
3.5mg/ml and the preparation was incubated at 37°C
for 2h. After filtration through household J-Cloth, the
protoplasts were collected by centrifugation at 800g for
10 min, washed once in PB buffer, and resuspended in
0.9 M sorbitol; 0.125M EDTA; 0.01 M Tris—Cl, pH 7.5,
containing 0.5% InCert agarose (Cambrex Bio Science
Wokingham, UK) to a final concentration of approxi-
mately 5 x 108/ml. The mixture was added to disposable
plug moulds (Bio-Rad Laboratories, Hemel Hempstead,
UK) and allowed to set at 4°C. The plugs were incu-
bated for 24 h at 50°C in 0.5M EDTA; 0.01 M Tris-Cl,
pH 8.0; 2% Sarkosyl; 2mg/ml proteinase K with one
change of the solution and washed in 0.5M EDTA.

2.3. BAC library construction and identification of nia
D-positive clones

The BAC library construction was based primarily on
a previously described method (Osoegawa et al., 1998).
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Agarose plugs were partially digested with Sau3Al and
the fragments were separated by pulsed-field gel electro-
phoresis. Fragments running at 100-150 kb were eluted
and cloned into pBACe3.6 (Frengen et al., 1999). A li-
brary of approximately 30-fold coverage resulted with an
average insert size of 75 kb. Random clones were picked
for end-sequencing, PstI fingerprinting and gridding onto
nylon membranes. The nylon membranes were probed
with the niaD gene to identify positive clones, which were
used as the starting point for contig-building. The niaD
probe was prepared from a PCR product obtained from
A. fumigatus genomic DNA with the primer pair 5'-ATG
TACTGGTCCGTTCCGTTCTCGG-3' and 5-TCGG
GTTCTGCCAATATCTC-3', using optimised PCR
conditions. Vector preparation, ligation, transformation,
colony picking, filter membrane gridding, and hybridi-
sations were otherwise carried out either according to the
manufacturer’s instructions or as previously described
(Sambrook et al., 1989).

2.4. Sequencing and contig assembly

BAC sequencing and assembly were essentially done
as previously described (Harris and Murphy, 2001). The
niaD-positive clones were skimmed (shotgun sequenced
to 2-4-fold coverage); clone AfASC11 was sequenced to
8-fold coverage and finished. The sequence of AfA5C11
was compared against the BAC end-sequences and
overlapping clones (AfA8DS5 and AfA6E3) were identi-
fied for sequencing. By further rounds of this walking
strategy, a BAC contig of ~922kb consisting of 16
overlapping clones, was produced.

2.5. Sequence analysis and annotation

Annotation was performed using Artemis software
(Rutherford et al., 2000). Genes were identified by
manual curation of the output of the gene finding soft-
ware. Gene finding software used included Genefinder
(P. Green, unpublished work) and GlimmerM (Majoros
et al., 2003; Salzberg et al., 1999) trained for A. fumig-
atus (unpublished). The final set of genes was assigned
unique identifiers and these identifiers have been used to
denote specific gene(s) in the rest of this paper. Func-
tional assignments were based on assessment of BLAST
and FASTA searches against public databases and for
domain predictions, searches such as InterPro (Apweiler
et al., 2000); TMHMMv2.0 (Krogh et al., 2001); Sig-
nalPv2.0 (Nielsen et al., 1999); and t-RNA scans (Lowe
and Eddy, 1997) were carried out. Gene Ontology terms
(Ashburner et al., 2000) were manually assigned to all
predicted gene products where possible. First, candidate
GO terms were selected by sequence similarity-searching
in a database of protein sequences and their previously
assigned GO terms, drawn from the following data-
bases: Flybase (http://flybase.bio.indiana.edu/), Mouse

Genome Informatics (http://www.informatics.jax.org/),
Saccharomyces Genome Database (http://genome-
www.stanford.edu/Saccharomyces/), Swiss-Prot (http://
www.ebi.ac.uk/swissprot/), and the Arabidopsis Infor-
mation Resource (http://www.arabidopsis.org/). After
inspection of sequence alignments, suitable terms were
either assigned directly from the candidate list or alter-
natively, higher or lower granularity terms were selected
directly from the ontology. When previously character-
ised genes were identified, terms were selected as above,
but alternative experimental evidence codes were used to
reflect the fact that the inferences were no longer based
on sequence similarity. The comparison of the quinate
utilisation gene cluster regions between A. fumigatus,
Aspergillus nidulans, Neurospora crassa, and Podospora
anserina was carried out using BLAST comparisons
viewed with the Artemis Comparison Tool (K. Ruth-
erford, unpublished). The sequence and the annotation
described here have been submitted to EMBL with the
following Accession No. BX649216.

3. Results and discussion

3.1. Assembly of a 922 kb chromosomal DNA contig by
end-sequence walking

Sixteen BAC clones were shotgun sequenced to 8-fold
coverage and finished. A further 12 clones were
skimmed to examine the quality of the BAC library. The
total length of the assembled contig was 921,536 bp. The
assembled contig mapped to the largest genomic se-
quence scaffold (representing part of the 5.3 Mb largest
chromosome of A. fumigatus) in the data available to
date from the A4. fumigatus whole genome sequencing
project. Comparison of the sequences of the BAC clones
to the whole genome shotgun sequence data reveals two
small deletions in some of the BAC clones. There is a
65bp sequence in the overlap region between clones
AfA28D1 and AfA14El1, which is not present in
AfA28D1. This sequence is present in the assembled
contig between basepair positions 246,313 and 246,377.
There is an exact 5Sbp sequence (GATCC) just before
and after the deletion. In addition, there is a 123 bp se-
quence not present in AfA35G10 but present in the ge-
nome shotgun sequence data. The sequence is between
basepair positions 708,124 and 708,125 in the contig.
The situation is very similar to the 65 bp deletion in that
there is an exact 6 bp sequence (TGATCT) just before
and after the deletion.

3.2. Overview of the annotation
The overall GC-percentage of the DNA is 50.6 with a

coding percentage of 54.0. We have predicted a total of
341 putative protein-coding genes and 8 t-RNA genes
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Fig. 1. Colour-coded annotation of the assembled contig of A. fumigatus, showing location of the putative genes. The genes, coloured red, indicate
orthologues of those genes that have been previously identified in one or more Aspergillus species. The genes, coloured yellow, indicate genes whose
function has been putatively assigned on the basis on a significant protein or domain hit. The orange and green coloured genes indicate conserved
hypothetical and hypothetical genes, respectively. The unique gene ids for each gene are also shown. The location of A. fumigatus qut gene cluster and
the niaD-niiA-crnA gene clusters are shown by the red and blue boxes, respectively.

(Fig. 1). The details of our analysis are given in Table 1.
The average gene density is 0.37/kb (which is equivalent
to 1 gene every 2.7 kb) of sequence with an average of 3
exons per gene and a mean gene length (excluding the
introns) of 1461 bp, which is comparable to Saccharo-
myces cerevisiae (1424bp) (Goffeau et al., 1996) and
Dictyostelium discoideum (1626 bp) (Glockner et al.,
2002). Introns were predicted in 80% of genes, a pro-
portion roughly similar to that of Arabidopsis thaliana
(79%) but higher than that observed in N. crassa (72%),
D. discoideum (68%), Plasmodium falciparum (54%),
Schizosaccharomyces pombe (43%), and much higher
than S. cerevisiae (5%). In addition, we have predicted 8
t-RNA genes, 5 of which are in an array and all of which
contain a single intron. We did not find any r-RNA gene
arrays or transposable elements in the chromosomal
region that we sequenced, although we have predicted 1
gene, coding for a putative transposase (AfA35G10.17).
The region of the genome discussed in this report does
not contain telomeric or centromeric sequences.

Only 16% of the 341 annotated genes are previously
known in the Aspergilli and about one-third of the
proteins appear not to have an orthologue in N. crassa

(Table 2). A function could not be inferred for 38% of
the predicted proteins; however, quarter of these pro-
teins have homologues in one or more organism(s) and
therefore were annotated as conserved hypothetical
proteins. About 21% of the total predicted proteins have
1 or more transmembrane domain(s) and a similar
percentage (20.5%) are predicted to contain a putative
signal peptide or signal anchor. Analysis of top five
significant FASTA hits to the functionally annotated
proteins (i.e., proteins with a predicted function) and the
conserved hypothetical proteins revealed that, in several
cases, corresponding homologues are present only in
bacteria or in plants.

3.3. Functional classification of predicted gene products

A total of 187 Pfam (protein families of alignments and
HMMs) domains (Bateman et al., 2002) in 153 predicted
proteins were identified. Zinc-finger domains were the
most abundant Pfam domain and we have identified
eight proteins either with fungal Zn(2)-Cys(6) binuclear
cluster domains (PF00172) or C2H2 type Zn-finger do-
mains (PF00096) (Table 3). Enzyme Classification (E.C.)
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Fig. 2. Gene Ontology (GO) classification of predicted gene products of 4. fumigatus and comparison with similar GO assignments in predicted gene
products of budding yeast S. cerevisiae, represented as SGD_GO_SLIM (%); worm C. elegans, represented as WB_GO_SLIM (%), and a plant A.
thaliana, represented as TAIR_GO_SLIM(%). The values indicate the percentages and the data for yeast, worm and Arabidopsis came from Sa-
charomyces Genome Database (SGD), Worm Base (WB), and The Arabidopsis Information Resource (TAIR), respectively. The genes predicted to
code for hypothetical proteins have been excluded from these calculations.

numbers were assigned to 74 putative enzymes identified We observed a slightly higher proportion of functionally
on the contig, representing 22% of the total predicted annotated genes in A. fumigatus that are predicted to
proteins. function as enzymes (39%) or transporters (13%). For

We have also classified the predicted proteins accord- example, in budding yeast (S. cerevisiae) and worm
ing to the Gene Ontology (GO) terms for biological (C. elegans), the percentage of proteins annotated as en-
function, biological process, and cellular compartment. zymes is 36 and 30%, respectively; the same trend is ob-
The GO system is a controlled vocabulary that describes served in the total number of membrane transporters (8%
the role(s) of gene products in organisms (Ashburner of proteins annotated as transporters in both organisms)
et al., 2000). GO terms were assigned manually to 177 (Fig. 2). In addition, the proportion of proteins involved
(52%) of the gene products and the comparison of in secondary metabolism was higher (18%) in 4. fumiga-
GO term assignments with higher level (i.e., less granular) tus when compared to S. cerevisiae (13%) (Fig. 2). How-
GO terms in yeast (S. cerevisiae), worm (Caenorhabditis ever, the higher proportions of the classes of protein

elegans) and a plant (A. thaliana) is shown in Fig. 2. described here may simply reflect the fact that this contig
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Table 1

Summary of genetic features and annotation of the 922 kb chromosomal region containing the nitrate assimilation gene cluster (niaD-niiA-crnA) of A.
fumigatus (A.f.) and comparison with the whole nuclear genomes of budding and fission yeasts [(Saccharomyces cerevisiae ‘S.c.” and Schizosac-
charomyces pombe ‘S.p.’, respectively)], a filamentous fungus (Neurospora crassa, *N.c.’) and the social slime mould (Dictyostelium discoideum, ‘D.d.’)

Feature Values
A.f. N.c. S.c. S.p. D.d.
Size of the contig (bp) 921,536
(G +C) content (%) 50.6 50.0 38.3 36.0 22.2
No. of predicted genes 341
Mean gene length* (bp) 1461 1443 1424 1426 1626
Gene densityf 2702 3626 2088 2528 2600
Percent coding 54 40.2 70.5 57.5 56.3
Percent coding (including introns) 59.8 46.5 ND ND ND
Genes
With introns (%) 80 72 5 43 68
(G + C) content (%) 53.8 55.9 28.0 39.6 28.0
Introns
No. per gene 3.0 2.6 ND ND 2.3
(G + C) content (%) 46.5 ND ND ND 13
Mean length (bp) 78 134 82 81 177
Intergenic regions
(G + C) content (%) 46.5 ND ND ND 14
Mean length (bp) 997 1953 515 952 786
No. tRNA genes 8

Values for D. discoideum (Glockner et al., 2002) are for chromosome 2 and represent extrapolations to the entire genome. Sources of data for
other organisms: N. crassa (Galagan et al., 2003), S. cerevisiae (Goffeau et al., 1996; Wood et al., 2001), S. pombe (Wood et al., 2002).

*Excluding introns.

Tbp per gene. ND, not determined.

Table 2
Analysis of proteins predicted from the annotation of the A. fumigatus contig

Predicted protein features

With putative N-terminal signal peptide 70 (20.5 %)
With 1 or more transmembrane domain(s) 73 (21.4 %)
Described previously in one or more Aspergillus spp. 54 (15.8 %)
Homologues identified in organisms other than Aspergilli 149 (43.7 %)
Hypothetical proteins which are conserved in 1 or more organisms 33 (9.7 %)
Hypothetical proteins (with no significant similarity to any protein) 105 (30.8 %)
Orthologous protein identified in N. crassa 238 (69.8 %)
Analysis of FASTA hits in the SWALL database:

Top 5 FASTA matches contain proteins only from bacterial origin 19

Top 5 FASTA matches only from bacterial as well as plant origin 3

Top 5 FASTA matches only from fungal as well as bacterial origin 13

Top 5 FASTA matches contain proteins only from plant origin 8

Top 5 FASTA matches contain proteins from plants as well as fungi 6

Top 5 FASTA matches contain proteins only from fungi 31

Absolute numbers are given and percentage figures (%) are shown in brackets. The top 5 FASTA hits were analysed after running FASTA search
against the SWALL database. SWALL is a comprehensive protein sequence database that combines the SWISS-PROT database and all protein
coding sequences from the EMBL nucleotide sequence database.

houses more than one metabolic pathway gene cluster, contig and those mapped to linkage group VIII in the
which may therefore have influenced the percentages of genetic map of A. nidulans (http://www.gla.ac.uk/Acad/
proteins functionally annotated as ‘enzymes’ or ‘trans- IBLS/molgen/aspergillus/index.html) (Clutterbuck, 1997).
porters’ and which are involved in secondary metabolism. Two regions (facC to veA; trpC to hisC) are inverted

with respect to the order of the genes in A. fumigatus
3.4. Comparison with the A. nidulans genetic linkage (Fig. 3A). When compared to the genetic map of A.

group VIII map and synteny in the qutlqa gene clusters nidulans, we could not detect the galG and fwA loci
between the markers facC and the qut gene cluster for
We have compared the synteny between the orthol- quinate utilisation. The loci brlA, pyrD, aldA, and argC,

ogous A. fumigatus genes identified in our sequenced which map to linkage group VIII of the A. nidulans
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Table 3

The top 9 Pfam domain hits (hits of 3 or more proteins to a Pfam domain) of the predicted protein set and a list of corresponding genes

Pfam entry Number of hits Interpro Accession No. Gene identifyers
PF00172: fungal Zn(2)-Cys(6) 5 IPR0O01138 AfA24A6.035¢c, AfA5A2.050c,
binuclear cluster domain AfA34E6.070c, AfA10A1.045,
AfA10A1.100c
PF00096: Zinc finger, C2H2 type 3 IPR0O07087 AfAScll.21c, AfA35G10.15,
AfA33H4.005
PF01488: Shikimate/quinate 3 IPR002907 AfAS5A2.035, AfA5A2.055,
5-dehydrogenase AfA35g10.13
PF00501: AMP-binding enzyme 3 IPR000873 AfA24A6.045, AfA28D10.115¢,
AfA6E3.015
PF00106: short chain dehydrogenase 3 IPR002198 AfA19D12.080, AfA10A1.040c,
AfA10A1.050
PF00083: sugar (and other) 3 IPR005828 AfAS5A2.030c, AfA28D10.090c,
transporter AfA35g10.20c
PF00069: protein kinase domain 3 IPR000719 AfA28D1.020, AfA5C11.10 9,
AfA35g10.01
PF00023: ankyrin repeat 3 IPR0O02110 AfA14ES.12¢, AfASC5.015c¢,
AfA10A1.125
PF00005: ABC transporter 3 IPR003439 AfA5C5.85¢, AfA5C11.08,

AfA10A1.030

genetic map, would be expected to be present in the A.
fumigatus genome and so it is reasonable to argue that
this region is located elsewhere in the genome.

Clustering of genes involved in the same metabolic
pathway has been observed in many organisms including
filamentous fungi (Keller and Hohn, 1997). We analysed
the synteny in the quinate utilisation gene cluster between
A. fumigatus and other filamentous ascomycetous fungi,
such as A4. nidulans, N. crassa, and P. anserina. Each qut
(or ga) gene cluster (consisting of genes commonly known
as ‘qut’ genes in Aspergillus spp. and in P. anserina and ‘qa’
genes in N. crassa) consists of an array of at least five
structural genes and two regulatory genes that are in-
volved in the quinate utilisation pathway (Giles et al.,
1985; Lamb et al., 1990; Silar et al., 2003). We used the
Artemis Comparison Tool (ACT) to analyse the synteny
(Fig. 3B). Although there is complete conservation in gene
order and orientation between A. fumigatus and A. nidu-
lans qut genes, there was little conservation in the order
and orientation of the genes when compared to the clus-
ters in N. crassa and P. anserina. Synteny is, however,
observed between the N. crassa and P. anserina clusters
with complete conservation in the order and orientation
of the qutG, E, C, and B genes, whereas the qutA, R, and D
genes are inverted with respect to each other in the two
species. The qutH gene of A. fumigatus and A. nidulans
(GenBank Accession Nos. X14603 and AL627362, re-
spectively), which codes for a protein with putative oxi-
doreductase activity but whose function in the quinate
utilisation pathway has not been defined, is absent in the
gene clusters in N. crassa and P. anserina (Giles et al.,
1985; Lamb et al., 1992).

Syntenic regions can help delineate evolutionary
conserved genes and potential regulatory elements, and
also serve as a valuable tool for gene identification and

annotation. In recent years, there has been much interest
in the identification and analysis of syntenic regions
between filamentous fungi as more genome sequences
become available (Hamer et al., 2001; Pedersen et al.,
2002; Seoighe et al., 2000). Comparison of the contig
sequence to the genetic map of A. nidulans suggests that
synteny between the two genomes can extend over very
large sequence blocks.

3.5. Proteins with a possible role in secondary metabolism

Many fungi produce a vast array of small, bioactive
secondary metabolites that are best known for their
roles as pigments, mycotoxins and antibiotics. We have
identified a few genes in the contig that are predicted to
play a role in secondary metabolism. One such gene has
been annotated as a ‘vesicolorin B synthase-like’
(AfA24A6.075) with significant similarity to vhS gene of
A. parasiticus (41% identity over a 560 amino acid
overlap; E = 1.2e — 54). The vhS gene has been shown
to be part of the aflatoxin Bl gene cluster (Silva et al.,
1996; Yu et al., 2000) and is involved in synthesis of
vesicolorin B from versiconal hemiacetal acetate
(Woloshuk and Prieto, 1998). Preliminary analysis of
the A. fumigatus whole genome shotgun sequence data
suggests that a cluster exists elsewhere in the genome
that contains many of the genes involved in aflatoxin
biosynthesis and whose products might therefore syn-
thesise an intermediate, such as sterigmatocystin (data
not shown). Genes required for the synthesis of aflatoxin
and sterigmatocystin are well conserved between the
Aspergilli and are located in large gene clusters (Brown
et al., 1996; Yu et al., 2000), although the gene order and
orientation of some of the orthologues are not con-
served (Keller and Hohn, 1997). The specific role of this
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Fig. 3. (A) Synteny between linkage group VIII of the Aspergillus
nidulans genetic map and the A4. fumigatus contig described in this
report. There is synteny between the orthologous A. fumigatus genes
sequenced and those mapped to linkage group VIII in A. nidulans. Two
regions (facC and ved; trpC to hisC) are inverted with respect to each
other. The hisC locus has not been cloned in A. nidulans but the en-
zymatic activity coded by this gene has been defined. The A. fumigatus
protein was identified on the basis of significant FASTA hit to S. ce-
revisiae and S. pombe proteins. Loci in brackets have been linked to
linkage group VIII, but have not been mapped precisely. The genetic
map was constructed using data from http://www.gla.ac.uk/Acad/
IBLS/molgen/aspergillus/index.html (Clutterbuck, 1997). (B) Sche-
matic diagram showing the degree of synteny in the quinate utilisation
(qutlqa) gene clusters in four ascomycetous fungi: A. fumigatus, A.
nidulans, N. crassa, and P. anserina. The orthologous genes have been
shown with the same patterned boxes. The distances between the genes
are not to scale. The arrowheads indicate the direction of transcription.
In A. nidulans, the genes within the boxes represent individual Gen-
Bank entries and the arrangement of the genes has been determined
using genetic and molecular data (Grant et al., 1988; Lamb et al.,
1990). The Artemis Comparison Tool (ACT) (K. Rutherford, un-
published) was used to study the order and orientation of the genes.
The DNA sequence around the gut gene clusters was generated using
the following sequence files from GenBank: N. crassa (X14603), P.
anserina (AL627362) and for A. nidulans a pseudocontig was generated
using the following submitted sequences in GenBank: M77665,
X13525, M58289, and M77664.

‘vesicolorin B synthase-like’ protein in secondary me-
tabolism is unclear and it may not have anything to do
with mycotoxin metabolism.

We have identified an aldo-keto reductase gene
(AfA6E3.190c) predicted to code for a protein very
similar to human aflatoxin Bl-aldehyde reductase
(AFAR) (43% identity over a 333 amino acid overlap;
E = 1.6e — 47) and rat aflatoxin Bl-aldehyde reductase.
There is also an orthologue to AfA6E3.190c in N. crassa
(62% identity over the entire length of the protein (350
amino acids)). The mammalian AFAR proteins are
members of the aldo—keto reductase 7 family (AKR?7),
part of the AKR superfamily (Jez et al., 1997a,b). Key
amino acid residues (that are highly conserved in

mammalian aflatoxin Bl-aldehyde reductases and
aldose reductases) are also conserved in the A. fumigatus
protein (AfA6E3.190c) (data not shown). These residues
comprise the catalytic triad, as well as those that bind
the co-factor NADPH (Ireland et al., 1998; Wilson
et al., 1993). The significant similarity of the putative
aldo—keto reductase (AfA6E3.190c) to mammalian af-
latoxin Bl-aldehyde reductases is an interesting finding
as this protein may play a role in metabolising spe-
cific charged aliphatic and aromatic aldehydes, which
are toxic to cells. However, there is no experimental
evidence to support this hypothesis.

3.6. Possible drug targets

We have identified the aroM gene (AfA35G10.13),
coding for a 171 kDa pentafunctional polypeptide. Like
other AroM orthologues, this protein has five functional
domains, which catalyse consecutive steps in the shi-
kimate biosynthetic pathway. Shikimate is an important
intermediate required for the synthesis of aromatic
compounds in bacteria, microbial eukaryotes and plants
(Bentley, 1990). This protein is a potential target for
antifungal and antibacterial drugs (Kishore and Shah,
1988) and it is required for virulence in the Salmonellae
(Gunel-Ozcan et al., 1997). The crystal structure of
A. nidulans dehydroquinate synthase (one of the five
domains) has been determined (Carpenter et al., 1998)
and, as the A. fumigatus AroM sequence is 80% identical
to its orthologue in A. nidulans, modelling of the A.
fumigatus orthologue could help to identify candidate
inhibitors, in the search for new antifungal compounds.

In addition, we have identified several other enzymes
that show similarity to proteins in plant or bacterial spe-
cies. Such enzymes include a short-chain dehydrogenase/
reductase (AfA19D12.080), a dioxygenase (AfA33H4.
170c, predicted to be involved in the cleavage of aromatic
rings), a putative 3-oxoacyl-[acyl carrier protein] reduc-
tase (AfA10A1.050, which is also a member of the short-
chain dehydrogenase/reductase family) and a putative
4-coumerate-CoA ligase (AfA6E3.015). Some of these
bacterial-like or plant-like enzymes may be components
of biochemical pathways that are absent in the human
genome and which are essential for the growth of 4. fu-
migatus in animal tissue. They therefore, may offer
potential new drug targets for evaluation.

3.7. Transporters and transcription factors

Aspergillus fumigatus produces an array of secondary
metabolites (Fog Nielsen, 2003). It is expected to be
armed with a wide repertoire of transcriptional control
points and to have various export mechanisms in order
to prevent accumulation of potentially toxic metabolites
inside the cell. We have identified several putative
transcriptional control proteins and transporters in the
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contig, representing about one-fifth of the functionally
annotated proteins. Efflux is probably the major mech-
anism of azole drug resistance in Aspergillus species
(Moore et al., 2000). The genes, AfA35g10.20c,
AfAS5C5.050, and AfA24A6.065 code for proteins that
are related to a group in the major facilitator super-
family, which is involved in the efflux of drugs. In ad-
dition, AfA5C5.085c¢ is a previously characterised gene,
mdr4, which is over-expressed in some A. fumigatus
mutants with high-level resistance to itraconazole and
whose product is a member of the ABC transporter
superfamily (Nascimento et al., 2003). The gene,
AfA10A1.030, has also been previously characterised:
its product is likewise a member of the ABC transporter
superfamily and it has been shown to play a role in
itraconazole susceptibility (Mosquera et al., 2002). Its A.
nidulans orthologue, atrG, has also been functionally
characterised and has been shown to have a similar role
in azole resistance (Andrade et al., 2002).

The most common Pfam domain we identified was the
fungal-specific Zn(2)-Cys(6) binuclear cluster domain,
which is an N-terminal region DNA-binding domain
found in transcriptional regulators. In total, 17 proteins
have been predicted to function as transcription factors,
which constitute 8% of the functionally annotated pro-
teins. A few interesting examples of such transcription
factors include the activator, QutA (AfA5A2.050c), and
repressor, QutR (AfA5A2.055), of the quinate utilisation
gene cluster, a Jumonji family transcription factor
(AfA14E5.23c) (Balciunas and Ronne, 2000), and the
acetate regulatory FacB orthologue (AfA34E6.070c)
(Todd et al., 1997).

3.8. Possible host-interacting molecules

One of the key questions related to our understanding
of host-fungus interaction during the development of
invasive aspergillosis is to identify fungal encoded mol-
ecules that may influence the outcome of infection
(Latge and Calderone, 2002; Mubhlschlegal et al., 1998).
Specific interactions between conidia of A. fumigatus
and host molecules have previously been documented
(Allen et al., 2001; Anderson et al., 2003; Clemons et al.,
2000; Latge and Calderone, 2002; Mendes-Giannini
et al., 2000; Tronchin et al., 2002). We have identified
two candidate genes whose products may be involved in
interactions with the host. The gene AfA10A1.015 en-
codes a 580 amino-acid-long protein that is predicted by
Pfam to contain two fascilin domains. These extracel-
lular domains have been suggested to represent an an-
cient cell adhesion domain and proteins with these
domains are attached to the membrane with a GPI-an-
chor. Although the A. fumigatus protein has a predicted
signal peptide, it is not however predicted to contain a
GPI-anchor. The gene AfA33H4.165 encodes a large
(1236 amino acid) protein, which has a clear N. crassa

orthologue. The C-terminal half of this protein is similar
to TGF-PB receptor associated protein 1 (26% identity
over 644 amino acids). However, this protein is not
predicted to have a signal peptide and so might not be
expressed on the cell surface.

3.9. Conclusion

This study represents the first large-scale analysis of a
region of the A. fumigatus genome. Several genes have
been identified that will extend our search for possible
drug targets and pathogenicity factors. This study will
hopefully act as a ‘jump start’ for research on 4. fumigatus
biology and aspergillosis, ahead of the completion of the
whole genome sequencing project (Breitenbach et al.,
2002; Denning et al., 2002). Once the whole genome se-
quences of A. fumigatus and A. nidulans are available,
comparative genome analyses of the Aspergilli such as
between invasive A. fumigatus isolates and non-patho-
genic A. nidulans isolates will help to determine why A.
Sfumigatus is capable of causing such extremes of infection,
ranging from allergy to invasive disease.
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