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Abstract

Aspergillus bombycis was first isolated from silkworm frass in Japan. It has been reportedly misidentified as A. nomius due to their

macro-morphological and chemotype similarities. We sequenced the genome of the A. bombycis Type strain and found it to be

comparable in size (37 Mb), as well as in numbers of predicted genes (12,266), to other sequenced Aspergilli. The aflatoxin gene

cluster in this strain is similar in size and the genes are oriented the same as other B- + G-aflatoxin producing species, and this strain

contains a complete but nonfunctional gene cluster for the production of cyclopiazonic acid. Our findings also showed that the A.

bombycis Type strain contains a single MAT1-2 gene indicating that this species is likely heterothallic (self-infertile). This draft genome

will contribute to our understanding of the genes and pathways necessary for aflatoxin synthesis as well as the evolutionary rela-

tionships of aflatoxigenic fungi.

Key words: Aspergillus bombycis, aflatoxins, genome sequence, phylogenomics, mating-type locus.

Introduction

Several Aspergillus species are capable of producing two im-

portant secondary metabolites: B and G aflatoxins. B afla-

toxins are generally considered more potent mycotoxins

than G aflatoxins, but both are considered serious carcino-

genic compounds and their purpose or function in nature

has yet to be determined (Santini and Ritieni, 2013).

Aspergillus bombycis (NRRL 26010) was characterized and as-

sociated with the genus’ Section Flavi in 2001 (Peterson et al.

2001). Although this fungus likely existed for many years prior

to 2001, it may have been subject to repeated misidentifica-

tions as A. nomius because it was sampled in the same envi-

ronment, exhibited similar macro-morphological characters,

and produced similar toxic secondary metabolites (Peterson

et al., 2001). Aspergillus bombycis has not been reported as

a pathogen of animals, and reports of its pathogenesis on

agricultural commodities are rare (Ehrlich et al. 2003), but it

does appear more often to be associated with insect species

since it was first found in the excreta of silkworms in two

different Asian countries (Peterson et al., 2001). It is unclear

whether the preferred food source for silkworms, the leaves of

the white mulberry plant (Morus alba), or the silkworms

themselves are the intended host for A. bombycis. By sequenc-

ing the genome of the A. bombycis Type strain, it may be

possible to better understand how aflatoxin production has

evolved. Additionally, we may better understand the biology

of this organism that appears to be so often misidentified due

to its similarities to multiple Aspergilli.

Comparative Analysis against
Sequenced and Annotated Aspergillus
Genomes

The draft genome assembly for A. bombycis is 37.5 Mb, com-

prised of 451 contigs with an N50 of 44 and N50 length of

243,233 bp, a maximum contig size of 1,192,132 bp, and

48.7% G + C content. Additional sequencing quality statistics

and predicted genomic information for this Type strain are

shown in table 1.

The genome of A. bombycis is comparable in size to other

aflatoxigenic species in Section Flavi. Of its 12,226 predicted

genes, orthology analysis revealed 917 as unique to A. bom-

bycis. The number of secondary metabolite (SM) clusters

within A. bombycis is inferred to be 66 (SMURF) and 202
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(antiSMASH), whereas closely-related A. nomius is inferred to

contain 62 and 153 SM clusters by SMURF and antiSMASH,

respectively. The comparative SM data is shown in table 2. The

reason for the discrepancies between SM counts is because

the antiSMASH algorithm is designed to predict 43 types of

gene clusters (e.g., Type 1–3 PKS, Nrps, and terpenes), thus it

generally provides a more comprehensive list of cluster predic-

tions than SMURF. In contrast to antiSMASH, SMURF con-

ducts cluster predictions for five general SM cluster

categories (Khaldi et al., 2010).

Comparatively, the genes within the AF cluster of A. bom-

bycis have the same orientation as in other species in Section

Flavi. Its AF cluster also spans approximately the same genomic

distance (68.1 kb) as other sequenced B + G producing species

such as A. parasiticus (68.3 kb) and A. nomius (68.4 kb). Other

SM clusters that are found in common between A. nomius

and A. bombycis, as predicted by antiSMASH, include the

cluster responsible for the biosynthesis of the neurotoxic and

tremorgenic mycotoxin aflatrem (Valdes et al. 1985), azaphi-

lone (pigments) (Mapari et al. 2010), cyclopiazonic acid (CPA)

(see below), and clusters characterized in Penicillium such as

the antibiotic penicillin (Brakhage et al. 1992) and the candi-

date antimalarial compound known as stipitatic acid (Davison

et al. 2012). Further research is needed to determine if, and

under what conditions, these clusters actively biosynthesize

their respective metabolic products in A. bombycis. In contrast,

several SM clusters are not detected in A. bombycis that are

predicted to be present in A. nomius. These include the anti-

insectan compound aflavarin (TePaske et al. 1992), the antil-

eishmanial/anticancer A. flavus metabolite pseurotin A

(Martinez-Luis et al. 2012), pellasoren and stambomycin.

Pellasorin and stambomycin are known myxobacterial metab-

olites, thus the reported 50% and 12% similarities, respec-

tively, of the cluster sequences in A. bombycis to antiSMASH

comparative database cluster sequences, are either remnants

of horizontal gene transfer or false positives.

The availability of whole-genome data could help to eluci-

date the origins, or the evolution, of AF-producing fungi.

Phylogenomic comparison of A. bombycis with other

Aspergillus species, and the outgroup taxa Penicillium chryso-

genum, indicate that this species shares a most recent

common ancestor with A. nomius (fig. 1). Aspergillus bomby-

cis and A. nomius divergence was earlier than the AFB-pro-

ducing morphotypes of A. flavus. Sequencing the genomes of

more aflatoxigenic species will reveal and refine our under-

standing of the steps in the evolution of the AF cluster, and

offer insights regarding the potential impacts of recombina-

tion on this, and other, SM clusters within mycotoxigenic

Aspergillus species.

Another toxic secondary metabolite that has been associ-

ated with aflatoxin producing species is CPA (Chang and

Ehrlich 2011). This compound was first discovered in

Penicillium cyclopium (Holzapfel, 1968) and has since been

found in other Penicillia as well as various Aspergilli (Chang

et al., 2009). Whether this gene cluster was inherited through

horizontal gene transfer between these two genera, or

whether it was inherited from their most recent common an-

cestor, is unclear. The CPA biosynthesis cluster has been char-

acterized (Chang et al., 2009) for several A. flavus strains and

reportedly contains three genes that are responsible for its

production: a monoamine oxidase gene (maoA), a

Table 2

Summarized SMURF and Anti-SMASH Results for the Aspergillus bom-

bycis and A. nomius Type Strains

A. bombycis A. nomius

Number of identified secondary metabolite clusters

SMURF 66 62

Anti-SMASH 202 153

Biosynthetic types (antiSMASH)

Polyketide Synthase Type 1 21 16

Polyketide Synthase Type 3 3 4

Nonribosomal Peptide

Synthetases (Nrps)

18 17

Indole 4 6

Terpene 13 9

Siderophore 1 1

PKS Type I–Type 3 hybrid 1 0

Indole–Nrps 1 1

Nrps–PKS Type 1 6 5

Nrps–Type 1 PKS-Indole 1 1

Other 15 18

ClusterFinder algorithm

Putative 112 74

Saccharide 1 13

Fatty acid 5 3

ClusterFinder algorithm hybrids

Nrps–Fatty acid 0 1

Fatty acid–Saccharide 0 1

Fatty acid—T1 PKS 0 1

Table 1

Genome Characteristics of the Aspergillus bombycis Type Strain

Genome characteristic Value

General

Assembly size (bp) 37,476,653

N50 44

N50 length (bp) 243,233

CEGMA % completeness 95.16

Average depth 53

G+C (%) 48.7

Protein coding genes 12,266

Protein coding genes >100 amino acids 12,013

Predicted protein coding sequences >100 amino acids

Gene density (1 gene every n bp) 3,119

Median gene length (bp) 1,440

Mean gene length (bp) 1,703

Average number of exons per gene 3.27
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dimethylallyl tryptophan synthase gene (dmaT), and a hybrid

polyketide synthase and nonribosomal peptide synthetase

gene (pks-nrps). In A. flavus, the CPA gene cluster is immedi-

ately adjacent to the AF cluster. Although there are no reports

of A. bombycis producing CPA, BLAST of both the nucleotide

and protein sequences for A. flavus maoA, dmaT and pks-nrps

genes yielded sequence identities within the A. bombycis

genome. Closer examination of these genes, compared with

those from a functional CPA cluster, revealed a deletion mu-

tation within the 11.7-kb pks-nrps gene. This single nucleotide

deletion, found at position 954, introduces a frameshift stop

codon at position 1096, truncating 3541 amino acids. One

CPA-negative A. flavus strain, a candidate biocontrol strain

known as K49, has a substitution mutation in its pks-nrps

gene at amino acid 703 that changes a serine (TCA) to a

stop codon (TGA) and truncates 3202 amino acids (Chang

et al., 2012). The proximity of the CPA gene cluster in A.

flavus is within 9000 nucleotide bases of the aflatoxin gene

cluster on Chromosome III (Chang et al., 2009). However, in

A. bombycis the genomic distance could not be determined

because each gene cluster was located on separate contigs

with no overlap. Whether this is because in A. bombycis it is

much farther between these gene clusters, or because the

CPA and AF gene clusters reside on separate chromosomes,

or because of a data quality issue, is unclear.

Previous research reported a possible heterothallic exis-

tence for most of the species in Section Flavi, with each species

containing a single mating-type idiomorph (Ramirez-Prado

et al., 2008). Our findings from sequencing the genome indi-

cate that the A. bombycis Type strain contains a single mating-

type (MAT1-2) gene. The ability of this species to outcross has

not yet been reported. The other heterothallic Aspergillus spe-

cies, such as A. flavus and A. parasiticus, have a mating-type

gene flanked by two conserved genes in close proximity: one

for DNA lyase (APN) and one for cytoskeleton assembly con-

trol (SLA). These two genes are consistently found to flank the

MAT idiomorph in heterothallic fungi, although the genomic

distances between them vary. For example, a previous report

determined the relative distances of these genes to the MAT1-

2 idiomorph in A. flavus and A. parasiticus are ~2500 and

2000 bp, respectively (Ramirez-Prado et al., 2008). For the

MAT1-2 gene in A. bombycis, the distances are 634 and

3030 bp, respectively. The chromosomal location of the

mating-type locus in A. flavus and A. parasiticus is reported

to be Chromosome VI (Ramirez-Prado et al., 2008), but this

has not yet been determined for A. bombycis.

Materials and Methods

Genome Sequence and Annotation

We sequenced the genome of the A. bombycis Type strain

using a Personal Genome Machine (PGM) from Life

Technologies (Grand Island, New York). Template preparation

and sequencing was conducted according to previously re-

ported protocols (Moore et al., 2015). Totals of 6.27 M

reads were obtained for this strain. The genome assembly

and annotation was performed as reported in Moore et al.

(2015) with slight modifications. For example, we used

CEGMA (Parra et al., 2007) to identify conserved genes

which were used to train Augustus. Maker was then used

to integrate ab initio gene predictions with protein homology

evidence from the UniRef50 protein database (http://ftp.ncbi.

A. fumigatus

P. chrysogenum

A. parasiticus

A. flavus S

A. flavus L

A. bombycis

A. nomius

A. nidulans

FIG. 1.—Phylogenomic comparison of sequenced Aspergillus species reveals patterns of ancestry. This tree was inferred using whole genome data of

multiple AF producing species, as well as A. nidulans and A. fumigatus, with Penicillium chrysogenum as the outgroup taxa.
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nlm.nih.gov/refseq/release/fungi/; last accessed January 7,

2014) and the protein sequences from several closely related

Aspergillus species. The annotations were converted to NCBI

submission format using Genome Annotation Generator

(https://github.com/genomeannotation/GAG; last accessed

December 15, 2014) and deposited at NCBI under

BioSample project number SAMN04942831.

Genomic Comparisons to Various Aspergillus Species

The Antibiotics-Secondary Metabolite Analysis Shell

(antiSMASH) and the Secondary Metabolite Unique Regions

Finder (SMURF) programs were used to predict SM clusters in

A. bombycis (Medema et al., 2011; Khaldi et al. 2010). Default

parameters were used except for the incorporation of the

ClusterFinder algorithm (Cimermancic et al. 2014). The

Phylogenomic analysis was performed by detecting ortholo-

gous proteins within other fungi using Proteinortho (version

5.13; Lechner et al. 2011), aligning them using MUSCLE (ver-

sion 3.8.31; Edgar 2004), and concatenating them into a 2.2-

Mb amino acid alignment using GBLOCKS (version 0.91;

Castresana 2000). The phylogenetic tree was inferred using

RAxML-HPC (version 8.1.17; Stamatakis 2006) with the rtREV

amino acid substitution matrix and Penicillium chrysogenum

as the outgroup taxa. The protein sequences for A. nidulans,

A. flavus L and A. fumigatus were retrieved from FungiDB

(accessed 28 August 2014). The P. chrysogenum protein se-

quence was obtained from JGI (accessed 28 August 2014).

The A. nomius and A. flavus S protein sequences were ob-

tained from NCBI (accessed 28 August 2014). The A. parasi-

ticus protein sequences were obtained from JCVI (ftp://ftp.jcvi.

org/pub/data/a_flavus/; last accessed August 28, 2014). The

AF and CPA gene cluster comparisons involved BLAST query

and cluster assembly of A. nomius (AF cluster) and A. flavus

(CPA cluster) genes to the A. bombycis genome, then aligned

to its contig sequences for distance mapping. Similarly, the

mating-type (MAT) locus comparisons were performed by

BLAST query of A. flavus MAT, APN and SLA genes to the

A. bombycis genome. Distance mapping between the exam-

ined genes/clusters were performed using Sequencher soft-

ware (Gene Codes Corporation, Ann Arbor, MI).
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