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The fungal genus of Aspergillus is highly interesting, containing
everything from industrial cell factories, model organisms, and hu-
man pathogens. In particular, this group has a prolific production of
bioactive secondary metabolites (SMs). In this work, four diverse
Aspergillus species (A. campestris, A. novofumigatus, A. ochraceor-
oseus, and A. steynii) have been whole-genome PacBio sequenced
to provide genetic references in three Aspergillus sections. A. tai-
chungensis and A. candidus also were sequenced for SM elucidation.
Thirteen Aspergillus genomes were analyzed with comparative ge-
nomics to determine phylogeny and genetic diversity, showing that
each presented genome contains 15–27% genes not found in other
sequenced Aspergilli. In particular, A. novofumigatuswas compared
with the pathogenic species A. fumigatus. This suggests that A.
novofumigatus can produce most of the same allergens, virulence,
and pathogenicity factors as A. fumigatus, suggesting that A. novo-
fumigatus could be as pathogenic as A. fumigatus. Furthermore,
SMs were linked to gene clusters based on biological and chemical
knowledge and analysis, genome sequences, and predictive algorithms.
We thus identify putative SM clusters for aflatoxin, chlorflavonin, and
ochrindol in A. ochraceoroseus, A. campestris, and A. steynii, respec-
tively, and novofumigatonin, ent-cycloechinulin, and epi-aszonalenins
in A. novofumigatus. Our study delivers six fungal genomes, showing
the large diversity found in the Aspergillus genus; highlights the
potential for discovery of beneficial or harmful SMs; and supports
reports of A. novofumigatus pathogenicity. It also shows how bio-
logical, biochemical, and genomic information can be combined to
identify genes involved in the biosynthesis of specific SMs.

Aspergillus | fumigatus | comparative genomics | secondary metabolism

The Aspergillus genus is a diverse group of fungal species found
worldwide in varying habitats. Several species are used in

biotechnological industries for the production of enzymes and
metabolites (commodity chemicals and pharmaceuticals), and as
fermentation agents in food (1). Certain species, such as A.
clavatus and A. fumigatus, are known food spoilers, mycotoxin
producers, and opportunistic pathogens (1, 2). To study this diversity,
it is important to have reference genomes of high assembly quality in
all major clades of the genus. For this purpose, we selected four
diverse Aspergillus species, A. campestris, A. novofumigatus, A.
ochraceoroseus, and A. steynii, representing four phylogenetically
very different sections in Aspergillus, for high-quality PacBio se-
quencing. The four selected genomes represent diverse and geno-
mically unexplored sections of the Aspergillus genus: A. campestris
is the first member of section Candidi to be sequenced, and likewise
A. steynii is the first member of section Circumdati to be sequenced.

A. ochraceoroseus, the first member of section Ochraceorosei, has
recently been draft genome sequenced (3) and is available only in a
large number of scaffolds. Here we also present a greatly improved
assembly that may serve as a reference genome for this section.
Furthermore, we have added a highly interesting member of
section Fumigati, A. novofumigatus, which has a diverse secondary
metabolite (SM) profile (4), as well as potentially being an op-
portunistic pathogen with close relation to the medically very
important A. fumigatus (5). In addition, two strains from the Candidi
section were Illumina sequenced to elucidate the chlorflavonin
biosynthesis.

Significance

The genus of Aspergillus holds fungi relevant to plant and
human pathology, food biotechnology, enzyme production,
model organisms, and a selection of extremophiles. Here we
present six whole-genome sequences that represent un-
explored branches of the Aspergillus genus. The comparison of
these genomes with previous genomes, coupled with exten-
sive chemical analysis, has allowed us to identify genes for
toxins, antibiotics, and anticancer compounds, as well as show
that Aspergillus novofumigatus is potentially as pathogenic as
Aspergillus fumigatus, and has an even more diverse set of
secreted bioactive compounds. The findings are of interest to
industrial biotechnology and basic research, as well as medical
and clinical research.
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The four PacBio sequenced species explored in this study can
act as a reference strain in their respective phylogenetic sections.
The species may also be used to assess the natural variation
within the Aspergillus genus via analysis of species-specific genes
in comparison with other genome-sequenced species. Accordingly,
we have compared our sequenced genomes with nine published
Aspergillus reference genomes (from sections Nidulantes, Nigri,
Fumigati, Flavi, Clavati, and Terrei) to serve as a compilation of
reference strains for the genus.
In addition, the biosynthetic potential of these species is of

interest. Filamentous fungi produce a diverse range of SMs, in-
cluding bioactive compounds such as pharmaceuticals and toxins
(6). SMs are not required for growth, but provide important
benefits in the growth environment (7). Members of the Asper-
gillus genus are known to produce a wide variety of SMs with
industrial, agricultural, medical, and economic importance (7, 8).
The biosynthetic genes of SMs are located in clusters setting the
stage for common gene regulation (9, 10). Clusters often span
tens of kilobases (kbs) (11) and usually contain a gene or genes
coding for one or more synthases (backbone enzyme) that define
the product class of the cluster [i.e., polyketide synthases (PKS),
nonribosomal peptide synthetases, and prenyltransferases or terpene
cyclases (12)], in addition to tailoring enzymes such as transferases,
hydroxylases, and regulatory proteins and transporters (11, 12).
With the increasing number of whole-genome sequences, the

opportunity of performing analysis based on comparative geno-
mics arises, which can give important insights and knowledge.
With a focus on investigating bioactive and toxic compounds, we
have here identified biosynthetic gene clusters responsible for
interesting compounds from each of the PacBio sequences by
combining genome analysis with knowledge of biochemical path-
ways and compound structure. We have identified candidates for
the ochrindol cluster in A. steynii, and the chlorflavonin cluster in
A. campestris.
A. novofumigatus was investigated on a genetic level, focusing

on SMs. The secondary metabolic potential has been investi-
gated, and biosynthetic gene clusters for three compounds (novo-
fumigatonin, epi-aszonalenin, and ent-cycloechi) have been identified.
Furthermore, the genomic differences and similarities of the closely
related species A. novofumigatus and the pathogen A. fumigatus
have been investigated, focusing on SMs, allergens, and virulence
factors, and thereby addressing the potential pathogenicity of A.
novofumigatus and how closely related the two morphologically
similar species are.
In addition, the evolution of the aflatoxin (a highly carcino-

genic compound) gene cluster from A. ochraceoroseus was in-
vestigated. The biosynthetic gene cluster was identified and studied
earlier in several species, including A. flavus, A. parasiticus, and A.
ochraceoroseus (13, 14). It has been seen that the synteny of the
clusters are quite varying and that A. ochraceoroseus is missing
some essential genes (aflQ and aflP) in the biosynthesis of afla-
toxin known from A. flavus (14). With whole-genome sequences at

hand, we have addressed some of these questions concerning the
evolution of this biosynthetic gene cluster.

Results and Discussion
Genome Statistics. The genomes of A. campestris, A. novofumi-
gatus, A. ochraceoroseus, and A. steynii were sequenced using
PacBio RS, whereas A. taichungensis and A. candidus were sequenced
using Illumina (see SI Appendix for details). Annotation of the
genomes was completed using the JGI Annotation Pipeline (15).
Table 1 lists genome sequence statistics for each of the six species.
The four PacBio sequenced genomes have a relatively low number
of scaffolds and do not contain internal gaps. For that reason, they
are highly useful as references for comparative genomics, as well as
for studies of the individual genomes. Of the sequenced genomes,
A. steynii has the largest genome size and is comparable with that
of A. oryzae (16). The genome of A. steynii is ∼27% larger than A.
ochraceoroseus, which has the smallest genome in this set and has a
genome size comparable with A. clavatus (17). The difference in
genome size also reflects the numbers of predicted genes in the
two species, which range from 13,211 to 8,924, respectively.

Investigation of DNA Methylation. Because the four Aspergillus
genomes (A. steynii, A. campestris, A. novofumigatus, A. ochra-
ceoroseus) have been sequenced using PacBio, it is possible to
investigate the presence of N6-methyldeoxyadenine (6mA) (18).
Previous attempts at validation of such low abundance of 6mA
have proven challenging, making it difficult to conclude whether
6mA is present in these fungi and, if so, to discriminate between
real 6mA sites and false-positives (18). The presence of 6mA was
therefore explored across the four Aspergillus genomes (Table 2).
Consistent with previous reports (18) of low levels of 6mA in the
Dikarya, we detect very little 6mA in the Aspergilli, ranging from
0.012 (A. steynii) to 0.038 (A. campestris) percent adenines
methylated compared with early-diverging fungi, in which up to
2.8% of all adenines were methylated (Table 2) (18). Further-
more, only a handful of 6mA sites were at ApT dinucleotides,
and none was found symmetrically at ApTs, both of which are
characteristic features of 6mA modification in early-diverging
fungi (18). The results therefore suggest an absence or very
low occurrence of 6mA methylation in Aspergilli.

Whole-Genome Phylogeny Confirms Species Found in Separate
Clades. To provide an overview of the relationships among the
sequenced species in the Aspergillus genus, we constructed a
phylogenetic tree of the four PacBio sequenced species and the
11 reference strains, including Penicillium chrysogenum and
Neurospora crassa as outgroups (Fig. 1).
The constructed phylogenetic tree supports the results de-

scribed earlier by Peterson (21), where a tree was constructed
based on DNA sequences of four loci. A. campestris most closely
resembles A. terreus of the reference genomes, whereas A. steynii
relates closest to A. flavus and A. oryzae. Members of the Fumigati

Table 1. Overview of sequencing and annotation data for the four investigated PacBio-sequenced species, plus two additional
Illumina-sequenced species

A. campestris A. novofumigatus A. ochraceoroseus A. steynii A. candidus A. taichungensis

Genome size, Mbp 28.3 32.4 27.7 37.8 27.3 27.12
Number of proteins 9,764 11,549 8,924 13,211 9,641 9,692
Number of scaffolds 62 62 34 37 268 310
Number of scaffolds ≥2 kbp 56 62 32 36 168 283
Scaffold N50 6 4 4 4 23 47
Scaffold L50 1,703,432 3,768,347 2,489,623 3,921,250 391,998 207,690
Fraction of GC, % 51.2 49.1 44.2 49.1 51.8 51.44
Coverage of gaps, % 0 0 0 0 0.0298 0.0155
Coverage of InterPro, % 68 67 67 66 75 25
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section are in a single clade (marked in blue on Fig. 1), with
A. clavatus as a close relative. A. ochraceoroseus is placed next to
A. nidulans, and both belong to the subgenus Nidulantes. All the
species belonging to subgenus Circumdati (A. niger,A. oryzae,A. flavus,
A. steynii, A. terreus, and A. campestris) are also placed in one clade.
The tree further confirms that the three species A. ochraceoroseus,
A. steynii, and A. campestris indeed represent distinct branches in
the Aspergillus phylogram (22).

Unique Genes in the Genomes Often Encode Regulatory Proteins and
Enzymes Involved in Secondary Metabolism.We have identified and
investigated species-specific genes for the four newly sequenced
species to examine the diversity within the Aspergillus genus.
Genes that are unique to a species or a small group of species
may be associated with phenotypic traits and adaptation of these
species to specific environments. We define species-specific genes
as those without any orthologs in other sequenced genomes. This
definition makes the set of species-specific genes dependent on the
strains included in the analysis. As more genomes are included,
especially genomes from closely related species or strains, fewer
species-specific genes will be identified. The species-specific genes
for each genome were identified using a set consisting of the four
PacBio sequenced genomes and 11 reference genomes (SI Appendix,
Table S1). Two closely related strains will share most of their genes,
and they will as such not be unique to the individual species. The
unique genes are not expected to encode any key functions in the
cell, as they are found in only one organism; instead, these genes
might be involved in environmental adaptation and/or speciation.
The strains have 22%, 15%, 21%, and 27% unique genes for
A. campestris, A. novofumigatus, A. ochraceoroseus, and A. steynii,
respectively, indicating the vast diversity found within the
Aspergillus genus. Approximately one third of the species-specific
genes could be associated with an InterPro sequence domain (SI
Appendix, Table S1) (23), suggesting that these genes are not false
annotations.

Comparative Analysis of the Genomes of A. novofumigatus and
A. fumigatus. A. novofumigatus and A. fumigatus are considered
to be two closely related species, and A. novofumigatus has only
been regarded a separate species since 2005 (24). The homology
between A. novofumigatus and A. fumigatus has been investigated
based on the number of A. novofumigatus proteins with BLASTP
hits (≥50% identity ≥130% coverage of query plus hit) in A.
fumigatus. Based on this, 8,385 of A. novofumigatus proteins have
homologous proteins in A. fumigatus, corresponding to 73%. The
synteny between the two species was also examined using NUCmer
(Nucleotide Mummer) from the MUMmer 3.0 package to map
A. novofumigtus genome to the reference genome of A. fumigatus
(25–27). Based on these alignments, 23.1 Mbp of the A. novo-
fumigatus genome can be mapped to A. fumigatus, corresponding
to 71% of the A. novofumigatus genome. The maximum block
size is 75 kbp, and the mean block size is 4.6 kbp.
To explore this difference genetically and functionally, we

have explored the similarities and differences between these two

species with a focus on allergens, genes involved in virulence, and
production of SMs.

Secondary Metabolite Profile of A. novofumigatus Compared with
A. fumigatus. The extrolite production in A. fumigatus has been
extensively studied, and an abundance of SMs have been identified
(4). A. novofumigatus is also known to have a versatile secondary
metabolism; however, there is very little overlap of extrolite pro-
duction between the two closely related species, making it very in-
teresting to compare their genetic potential for producing SMs (4).
To investigate what type of SM gene clusters A. fumigatus and

A. novofumigatus have in common, the SM gene clusters were
predicted for each genome, using an implementation of SMURF
(28). An overview of the predicted clusters and homologs in A.
novofumigatus and A. fumigatus is presented in Fig. 2 A and B,
respectively. Of the 34 predicted clusters in A. fumigatus and
56 predicted clusters in A. novofumigatus, 24 appear to be shared
among the two species, based on bidirectional BLAST hits of the
synthase (Fig. 2C). Of the 11 elucidated clusters from A. fumi-
gatus [based on MIBiG (29)], homologs of seven (Gliotoxin,
hexadehydro-astechrome, pseurotin A, fumagillin, endocrocin,
helvolic acid, and trypacidin) can be found in A. novofumigatus
(based on homology of the synthase). Several of these SMs are
known to be involved in the virulence of A. fumigatus and are
examined in more detail in the Comparative Genomics of Genes
Encoding Allergens, Virulence, and Pathogenicity Factors.
The prediction of SM gene clusters also revealed considerable

differences between the two closely related species. First, as seen
in Fig. 2A, A. novofumigatus has 17 predicted clusters with no
orthologs in any of the reference species. This is in contrast to A.
fumigatus, which has only three clusters without orthologs in the
reference species (Fig. 2B). Second, A. novofumigatus has 56
predicted SM clusters, whereas A. fumigatus has only 34 (Fig.
2D). Third, A. novofumigatus also has more different types of
clusters. An overview of the cluster types and the number of
clusters found in the two species can be seen in Fig. 2D. The
diversity of SM gene clusters supports the identification of these
two organisms as separate species.
SMs can present a competitive advantage in the battle for

resources, but if the environment is stable, there is no need for a
large arsenal of different metabolites. Thus, the large difference
in SM potential between A. fumigatus and A. novofumigatus
might be a reflection of the difference in natural environment
and the competition in these environments, indicating that A.
novofumigatus normally exists in a highly competitive environ-
ment and has a need for a larger repertoire of SMs. These results
do not suggest in which conditions the metabolites are produced.
Perhaps the differences are influenced by that fact that A. fumigatus
Af293 is from a clinical isolate, whereas A. novofumigatus have been
isolated from chamise chaparral soil after a bush fire in Southern
California (2, 24). Indeed, earlier analyses have shown that clinical
isolates produce fewer exometabolites and sporulate less (4, 30, 31).
It is clear that the sequence of A. novofumigatus represents a

significant number of unknown gene clusters, and thereby possibly
interesting bioactive compounds. To start explore this treasure
chest and to illustrate our approach of linking metabolites to their
respective gene clusters, we have here identified four highly in-
teresting compounds (novofumigatonin, ent-cycloechinulin, and
epi-aszonalenin A and C) by liquid chromatography–mass spec-
trometry analysis (SI Appendix, Fig. S1), and we have identified
the biosynthetic gene clusters by using comparative genomics. Our
analysis targeted these four model compounds, as they represent
major metabolites produced by A. novofumigatus and because we
have them as pure standards in our in-house collection of fungal
metabolites (32).
Novofumigatonin is chemically a very complex compound con-

taining an orthoester and is at present only known to be produced by
A. novofumigatus (33). It has been suggested that novofumigatonin

Table 2. Overview of the methylation pattern of A. campestris,
A. novofumigatus, A. ochraceoroseus, and A. steynii

Lineage

Percentage
adenines

methylated

Total
number
of sites

Percentage
modifications
at ApT sites

A. steynii 0.012 6,753 0.054
A. campestris 0.038 9,156 0.041
A. novofumigatus 0.03 7,917 0.058
A. ochraceoroseus 0.021 7,355 0.027
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is a meroterpenoid produced from the aromatic polyketide, 3,5-
dimethylorsellinic acid, as an initial precursor. Terretonin is an-
other fungal meroterpenoid derived from 3,5-dimethylorsellinic
acid, and thus we hypothesized that the early-stage biosynthetic
route for novofumigatonin would follow the same pathway as that
for terretonin, found in A. terreus (34).
The terretonin biosynthetic genes in A. terreus were used to

find homologs in A. novofumigatus, using BLASTP. Exactly one
candidate cluster was identified (Fig. 3C), containing orthologs
to all of the genes from the early stages of the terretonin path-
way, with one exception: a terpene cyclase (trt1). However, we
found this just upstream of the identified predicted cluster, and it
was thus included in the putative cluster and in Fig. 3C.
Novofumigatonin is closely related to fumigatonin, which has

been reported to be produced by A. fumigatus (35). Interestingly,
no similar cluster could be found in A. fumigatus. The most similar
cluster in A. fumigatus (which is not a very strong hit: three proteins
with amino acid identity <50%) is an already known cluster re-
sponsible for production of another meroterpenoid, pyripyropene A
(36). This is very puzzling, and one could speculate that the report of
fumigatonin might have been obtained from a misidentified isolate
supposed to be A. fumigatus (35), but in reality an A. novofumigatus
strain, which was only recently described as a separate species (24).
A putative cluster (scaffold 3, 33,642–53,133 bp) for ent-

cycloechinulin (SI Appendix, Fig. S2) in A. novofumigatus was
identified using the fumitremorgins (ftm) cluster from A. fumigatus
as the starting point. Fumitremorgins are similar to ent-cycloechinulin
(SI Appendix, Fig. S2), but with some important differences. Ent-

cycloechinulin uses alanine instead of proline as a starter unit.
Furthermore, the following prenylation occurs in a reverse man-
ner. The genes responsible for these steps therefore have a low
identity (≤35%). The following hydroxylation and O-methylation,
however, are more similar, which is also reflected in the identity for
the genes (≥65%). Even though the identity for the identified
genes is low, they still represent the best hits in A. novofumigatus,
supporting that this is the best candidate cluster.
In a similar fashion, a putative cluster for epi-aszonalenin A and C

in A. novofumigatus was identified using a similar acetylaszonalenin
cluster (SI Appendix, Fig. S2 for chemical structure) from A. terreus.
Again, the acetylaszonalenin cluster proteins were used for a com-
parative genomics search in A. novofumigatus. This way, a very
similar cluster was identified (scaffold 3, 1,663,448–1,719,848 bp) as
a candidate for epi-aszonalenin A and C biosynthesis.

Comparative Genomics of Genes Encoding Allergens, Virulence, and
Pathogenicity Factors. A. fumigatus is known to be a common
opportunistic human pathogen (37), whereas A. novofumigatus
has only been reported as pathogenic in one instance (5). This
difference in known pathogenicity offers the opportunity to
identify and compare allergens and genes involved in the path-
ogenicity based on orthology, and to gather insights into the
potential harmfulness of A. novofumigatus.
A list of currently accepted allergenic proteins from the well-

studied A. fumigatus can be extracted from the Allergome database
(www.allergome.org). The sequences of the allergenic proteins from
this list were compared with the annotated A. novofumigatus protein
list using BLAST+, with parameters set to report full-length
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sequence matches. Results shown in SI Appendix, Table S2 in-
dicate that all A. fumigatus allergen proteins are represented in
the A. novofumigatus genome. Of a total of 41 proteins, 34 pro-
teins showed >90% identity, four showed 85–90% identity, and
three showed 50–80% identity. As proteins with >50% identity
are likely to cross-react to IgE (38), these results strongly indicate
that A. novofumigatus possesses a strong allergen repertoire that
will at least cross-react strongly with IgE to A. fumigatus and is
likely to be able to provoke an immune response in the same
manner as A. fumigatus. It is not possible to rule out the possi-
bility that A. novofumigatus could be a more virulent pathogen or
allergenic sensitizer than A. fumigatus.
A set of 35 potential virulence genes was assembled from recent

literature, as well as genes responsible for biosynthesis of the SMs
melanin, fumagillin, fumitremorgins, gliotoxin, and helvolin, which
are reported to play a direct role in virulence (4, 39, 40). The re-
sults are shown in SI Appendix, Table S3. The majority of the
potential virulence genes are shared between A. fumigatus and A.
novofumigatus with high similarity (>85% identity); only arp2 and
gel2 had identity just below 50%. The fumitremorgins cluster
consists of nine genes, six of which have identity <50%, including
the synthase indicating that A. novofumigatus is unable to produce
fumitremorgins. The two SM gene clusters for gliotoxin and
fumagillin in A. fumigatus both have highly similar matches in A.

novofumigatus. The cluster for helvolic acid has three genes of nine
with low BLASTP identity of 42–48%. However, A. novofumigatus
has been reported to produce helvolic acid, indicating that a high
amino acid similarity of these genes is not required (4).
It is likely that different combinations of virulence factors

among the species affect pathogenicity (31). It has been sug-
gested that species unable to produce some metabolites may be
able to produce proxy-exometabolites that can serve the same
function. This could indicate that species producing many dif-
ferent kinds of exometabolites are potentially pathogenic (4).
A. novofumigatus possesses the full range of allergen proteins

expressed by A. fumigatus, in addition to the majority of virulence
factors including several SMs. Furthermore, A. novofumigatus has
an extensive potential for SM production with 56 predicted gene
clusters compared with 34 for A. fumigatus. Together, these results
indicate that A. novofumigatus has a considerable potential to be
pathogenic. The observation of only a single instance of invasive
infection by A. novofumigatus (5) may result from the recent de-
velopment of methods to identify this species, which has pre-
viously not been distinguishable from A. fumigatus. It has been
found that ∼4–5% of A. fumigatus isolated from patients later
turned out to be closely related species (41). Thus, the true path-
ogenic potential of A. novofumigatus might be underestimated.
Similarly, allergen sensitization to A. novofumigatus is not currently
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Fig. 2. (A) Overview of the SM gene clusters predicted in A. novofumigatus and their homologs in the reference species. (B) Overview of the SM gene clusters
predicted in A. fumigatus and their homologs in the reference species. (C) A Venn diagram of the A. fumigatus and A. novofumigatus SM gene clusters.
(D) The number and different types of SM gene clusters predicted in A. fumigatus and A. novofumigatus. DMATS, dimethylallyl tryptophan synthase; NRPS,
nonribosomal peptide synthetase; PKS, polyketide synthase; TC, terpene cyclase.
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tested, and this species may also have potential to contribute to the
burden of fungal allergy.

Investigation and Evolution of the Aflatoxin Gene Cluster in
A. ochraceoroseus. It is well known that A. ochraceoroseus can
produce aflatoxin, and the biosynthetic cluster has been iden-

tified (14). Also, it has been noted that the aflatoxin gene
cluster in A. ochraceoroseus is missing homologs to the aflP and
aflQ gene involved in the conversion of sterigmatocystin (ST)
to aflatoxin.
Here we have compared the aflatoxin gene cluster from the whole-

genome-sequenced A. flavusNRRL3357 with A. ochraceoroseus. The
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clusters were identified in both species by using the aflatoxin genes
identified in A. flavus AF70 (AY510453) (42).
Comparing the two clusters from A. flavus NRRL3357 with

A. ochraceoroseus, it is evident that the synteny is character-
ized by gene shuffling (Fig. 3A). The identified cluster in A.
ochraceoroseus is more similar to the ST gene cluster known
from A. nidulans in the organization of genes, which was also
the result of previous findings (14). This is evolutionary very
interesting, as the clusters producing the same compound are
quite different in their synteny, suggesting cluster dynamics or
distant evolutionary origin.
As found by Cary et al. (14) it was seen that the A. flavus aflP

and aflQ genes are missing in the A. ochraceoroseus aflatoxin
cluster. These genes are important for the biosynthesis of afla-
toxin. The whole-genome sequence was searched for orthologs
to the aflP and aflQ genes from A. flavus, using BLASTP. The
best hit for aflQ was JGI protein 547596, with identity 56.3% and
coverage of 95.3%. The best hits for aflP were JGI proteins
430163, 506769, and 427152, with identity ranging from 40.5% to
36.6% and coverage between 31.4% and 37.7%. All the potential
genes are located on a different scaffold than the aflatoxin
cluster. The genes identified here are possible candidates for the
A. ochraceoroseus version of the aflP and aflQ genes. With this
information, it is not possible to determine exactly which genes
are responsible for the conversion from ST to aflatoxin, but based
on homology, these are the best candidates. Another possibility
could be that the aflP and aflQ genes in A. ochraceoroseus have
arisen via convergent evolution, and would thus not be found via
homology analysis.
In summary, the identified aflatoxin gene cluster in this A.

ochraceoroseus genome shows that A. ochraceoroseus and A.
flavus most likely represent various stages of the aflatoxin cluster
evolution. However, to get the full picture and truly understand
the evolution of the clusters, more aflatoxin and sterigmatocystin
producers need to be sequenced to be able to make bigger
comparisons and get a better idea of where and when the dif-
ferent variations were created.

Identifying the Ochrindol Cluster in A. steynii. Ochrindoles are
prenylated bisindolyl benzoid/quinone metabolites (SI Appendix,
Fig. S2) that have shown anti-insectant properties (43), one
reason that A. steynii is an interesting species. Ochrindol is
produced by A. steynii, and the chemical structure is known, but
the biosynthetic pathway is unknown (44). However, the bio-
synthesis of a similar compound, terrequinone (SI Appendix, Fig.
S2), produced by A. nidulans, is known, and so are the five
biosynthetic genes tdiA–tdiE (45). It has been shown that
ochrindol D is produced as an intermediate during biosynthesis
of terrequinone. We therefore hypothesize that the genes for the
biosynthesis would be partly similar, and could thus be used to
identify the ochrindol cluster.
First, the five tdi genes were identified in the A. nidulans ge-

nome in a predicted cluster consisting of 17 genes. Significantly,
five genes similar to A. nidulans tdiA–tdiE were identified in a
predicted cluster of 17 genes, with the synteny of the tdiA–tdiE
orthologs conserved (Fig. 3B and SI Appendix, Table S4).
However, none of the genes next to the five tdi genes showed any
homology or synteny, suggesting that the size of the cluster is
overpredicted, at least in A. nidulans. In A. steynii, some of the
extra genes could be involved in ochrindol production.

Identifying the Chlorflavonin Cluster in A. campestris. Chlorflavonin
was the first fully characterized flavone with fungal origin, and it is
also the first naturally occurring flavone discovered to be chlori-
nated. It has been shown to have antifungal properties against
specific species (46). The chemical structure of chlorflavonin (SI
Appendix, Fig. S2) is known, and a biosynthetic pathway has been
proposed, but no genes associated with the biosynthesis have been

identified (47). With the whole-genome sequence for A. campestris
at hand, we started exploring the genetic potential to identify the
biosynthetic gene cluster responsible for producing this interesting
compound.
Initially, looking at the chemical structure of this fungal fla-

vonoid, an obvious idea for the biosynthesis would be that the
backbone structure is created by a type III PKS, as the com-
pound is so similar to plant flavonoids produced by type III PKS
(48, 49). However, no type III PKS were found in A. campestris,
suggesting a fungal-specific mode of biosynthesis. Next, investi-
gating the chemical structure and proposed general biosynthesis
for chlorflavonin (47), it could be deduced that the cluster must
contain at least a PKS/hybrid backbone, three monooxygenases,
three methyltransferases, and a chlorinating enzyme. Only one
cluster met the requirements of three monooxygenases and three
methyltransferases (Fig. 3D). The only concern with this candi-
date cluster is the lack of the essential chlorinating enzyme (SI
Appendix, Table S5, Part 3).
First, sequences of known chlorinating enzymes (SI Appendix,

Table S5, Part 1) were used to search for similar proteins in A.
campestris, using BLASTP, but no genes were found (51–54).
Second, relevant possible chlorinating InterPro domains were
identified and found in four genes (SI Appendix, Table S5, Part
2), although it was not possible to pinpoint the best candidate of
the chlorinating enzyme with these methods. However, the identi-
fied cluster is currently the best candidate cluster for chlorflavonin in
A. campestris. Verification of this by knock-out experiments or
heterologous expression could verify the candidate clusters as being
responsible for the production of chlorflavonin, but this organism is
not currently genetically engineerable, and the gene cluster is too
large to transfer.
We therefore set out to support our prediction by sequencing

and comparing genomes of several closely related species from
section Candidi. A. candidus is a known chlorflavonin producer,
whereas A. taichungensis is not (50). These species were there-
fore whole-genome sequenced to compare the pattern of the
producers with the predicted clusters. A. campestris, A. candidus,
and A. taichungensis each have 48, 45, and 43 predicted clusters.
Based on the backbone,A. campestris and A. candidus share 35 clusters
and A. campestris and A. taichungensis share 31 (BLASTP ≥50%
identity and ≥130% hit+query coverage).
Comparing the genes found in the putative chlorflavonin

cluster in A. campestris with the whole-genome sequences of A.
candidus and A. taichungensis, A. candidus was homologous to
genes in the putative chlorflavonin cluster (Fig. 3E). Moreover,
this cluster is also the only cluster in A. candidus that has three
methyltransferases and three monooxygenases. A. taichungensis,
in contrast, does not have any significant hits of the predicted
biosynthesis genes, as would be expected.
In addition, the chlorinating potential was investigated in

these species. As with A. campestris, there were no BLASTP hits
in A. candidus and A. taichungensis from the known chlorinating
proteins (SI Appendix, Table S5, Part 1) (51–54).
Also, the possible chlorinating InterPro domains were in-

vestigated in the genomes of A. candidus and A. taichungensis.
The number of hits were similar; however, A. campestris had one
more hit for IPR001568, and both A. campestirs and A. candidus
had one more hit for IPR008775, but none of the hits is found in
SMURF-predicted clusters (SI Appendix, Table S5, Part 2).
These investigations further support that the identified cluster in

A. campestris is the best candidate for chlorflavonin biosynthesis.

Conclusion
In this study, high-quality PacBio genome sequence data were
generated for four Aspergillus species (A. campestris, A. novofu-
migatus, A. ochraceoroseus, and A. steynii) and investigated using
comparative genomics. Furthermore, we have prepared draft genome
sequences for two additional species: A. taichungensis and A. candidus.
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These six species are diverse and represent various sections of the
Aspergillus genus, and thereby provide insight into the genomic and
biochemical diversity and potential of the genus.
The four PacBio sequenced species have been compared with

a group of already whole-genome-sequenced Aspergillus species
to determine the level of genetic diversity. A phylogram was
constructed on the basis of the whole-genome proteomes, and
the resulting tree supports the taxonomy of the genus and fits
with a phylogenetic tree constructed by Peterson SW (21) and
Kocsubé S, et al. (22), based on four loci or nine loci (21, 22).
The tree confirms that A. campestris, A. ochraceoroseus, and A.
steynii indeed represent sections of the Aspergillus genus, which
have not been genome sequenced before. Analysis of the ge-
nomes show that these genomes represent a large number of
species-specific genes, particularly within secondary metabolism.
Investigation of the presence of N6-methyldeoxyadenine of

the four presented species shows very low levels of 6mA. More-
over, no 6mA sites were found symmetrically at ApTs, which has
been found to be a characteristic feature of 6mA modification in
early-diverging fungi (18), thus confirming previous suggestions
that 6mA methylation is not significant in Aspergilli.
A. novofumigatus has been compared with a close relative, the

pathogenic species A. fumigatus, to better understand the mecha-
nism of pathogenicity and virulence. The predicted SM gene clusters
were found to be very different for the two close relatives, with A.
novofumigatus containing 65% more clusters than A. fumigatus.
All allergens known from A. fumigatus are also present in A.

novofumigatus, and the majority of the virulence factors are
shared between the two species. The major difference is that A.
novofumigatus lacks the fumitremorgin cluster. However, it has
been suggested that proxy-exometabolites may serve the same
function and A. novofumigatus has an extensive arsenal of additional
SM gene clusters. It is thus highly likely that A. novofumigatus is a
highly capable pathogen.

Furthermore, we have, with multiple examples, demonstrated
that it is possible to identify the respective gene cluster using
whole-genome sequences if one has a well-established structure
of a SM and biological and chemical insights to the pathway. This
way we have reidentified the aflatoxin gene cluster in A. ochraceor-
oseus; the epi-aszonalenins, novofumigatonin, and ent-cycloechinulin
gene clusters in A. novofumigatus; the ochrindol cluster in A. steynii;
and finally, the chlorflavonin cluster in A. campestris, backed by
additional info from sequencing the A. taichungensis and A.
candidus genomes.
In summary, the six genome sequences presented in this study

illustrate the large diversity found in the Aspergillus genus and
highlight the potential for discovery of structurally diverse SMs.
As our project of sequencing +300 species progresses along with
other fungal genome sequencing projects (e.g., the 1K fungal
genomes project 1000.fungalgenomes.org/home/), the potential
for applying comparative genomics to get evolutionary insights
and discover interesting SMs will only increase.

Materials and Methods
The materials include a list of sequenced strains. Methods include strain
cultivation; genome sequencing, assembly, and annotation; DNA-methylation
analysis; details for comparative genomics analysis; phylogeny; and chemical
analysis of secondary metabolism. Details for all methods are found in SI
Appendix, SI Text. In particular, we provide a detailed protocol for efficient,
reproducible, and scalable DNA and RNA extraction from fungi.
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