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Abstract

Aflatoxins (AFs) are toxic and carcinogenic secondary metabolites produced by isolates of Aspergillus
section Flavi as well as a number of Aspergillus isolates that are classified outside of section Flavi. Char-
acterization of the AF and sterigmatocystin (ST) gene clusters and analysis of factors governing regulation
of their biosynthesis has resulted in these two mycotoxins being the most extensively studied of fungal
secondary metabolites. This wealth of information has allowed the determination of the molecular basis for
non-production of AF in natural isolates of A. flavus and domesticated strains of 4. oryzae. This review
provides an overview of the molecular analysis of the AF and ST gene clusters as well as new information
on an AF gene cluster identified in the non-section Flavi isolate, Aspergillus ochraceoroseus. Additionally,
molecular phylogenetic analysis using AF biosynthetic gene sequences as well as ribosomal DNA internal
transcribed spacer (ITS) sequences between various section Flavi and non-section Flavi species has enabled
determination of the probable evolutionary history of the AF and ST gene clusters. A model for the
evolution of the AF and ST gene clusters as well as possible biological roles for AF are discussed.
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Introduction

The goal of this review is to summarize our current
knowledge of the various genetic factors in
Aspergillus section Flavi and non-section Flavi
species that govern aflatoxigenicity. In this review
we will: (i) compare the genetic composition and
physical structure of the aflatoxin (AF) and ste-
rigmatocystin (ST) biosynthetic gene clusters; (ii)
analyze the phylogenetic relationships among
AF- and ST-producing isolates; and (iii) provide a
model for the evolution of the AF and ST
gene clusters and their role in the biology of the
fungus.

Both section Flavi isolates and isolates outside
of section Flavi produce AF [1-4] (Table 1).
Normally, there is no accumulation of ST by
AF-producing isolates from Aspergillus section
Flavi [2]. However, non-section Flavi isolates also

accumulate ST. Two non-section Flavi isolates (an
undescribed Aspergillus sp. SRRC 1468 and
E. venezuelensis SRRC 2520) produced levels of
AF comparable to levels of AF produced by some
section Flavi isolates (Table 1). Different media
were used to grow section Flavi and non-section
Flavi isolates to achieve maximal AF production
levels shown in Table 1. When grown under
the same conditions as the non-section Flavi
isolates, A. parasiticus NRRL2999 produces
200,000 ng/g AF, an amount only 2-fold more
than that of Aspergillus SRRC 1468. Compared to
section Flavi AF-producers, production of AF by
most non-section Flavi isolates is relatively low
[1-3].

The non-section Flavi isolates are in two dif-
ferent subgenera. A. ochraceoroseus, is in section
Circumdati [5], and Emericella astellata and
E. venezuelensis, like A. nidulans, which produces
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Table 1. Biogeography and mycotoxin production

Section Flavi

Non-section Flavi

A. pseudotamarii

NRRL443

A. flavus
AF70

A. parasiticus  A. flavus

E. venezuelensis E. astellata A. nomius

SRRC 2520

A. ochraceoroseus

SRRC 1432

Aspergillus sp.
SRRC 1468

AF13

SRRC 503 NRRLI13137 NRRL2999

Biogeography
Location

United States United States Japan

United States Uganda

Galapagos
Islands

Venezuela

Tai National Forest,
Ivory Coast

Tai National Forest,
Ivory Coast

Cotton soil Tea field

Cotton soil

Peanuts

Wheat

Dead leaf

Porifera on

Rain forest soil Rain forest soil

Habitat

Mangrove

Mycotoxins®

11000
None

ND

550000
None
ND

270000
None

ND

4350000
850000

ND

800000
800000

51000 580
NDP

None
60

100000 40

None

Aflatoxin B,

None
60

None

20

Aflatoxin G,

Sterigmatocystin 36

“Determined by HPLC or TLC.

PND indicates not detected.

the AF precursor, ST, are in section Nidulantes.
These non-section Flavi species are associated with
woody plant biomes located near coastal areas in
the tropics. E. venezuelensis was isolated from
sponge in mangrove surface water and is the first
organism of marine origin reported to produce
AF. None of the above mentioned non-section
Flavi AF producers has been associated with
agricultural crops or foods.

A. flavus, a member of the subgenera, section
Flavi, is the most common species implicated in
preharvest contamination of crops with AF [6].
A. flavus populations are genetically and pheno-
typically diverse [7] with some isolates producing
abundant conidiospores, large (L) sclerotia,
and variable amounts of AF, while another type
produces abundant, small (S) sclerotia, fewer
conidiospores and high levels of AF [6, 8]. A
related type, A. oryzae is atoxigenic and has been
used as a source of industrial enzymes and as a koji
(starter) mold for Asian fermented foods, such as
sake, miso, and soy sauce [9]. Other AF-producing
section Flavi species, A. nomius [10], A. bombycis,
A. parasiticus, an unnamed species related to
A. parasiticus [6], and A. pseudotamarii [11] have
rarely been associated with crop contaminations.
These species are frequently found in soil and have
been isolated from insect debris [12]. When soils
from non-agricultural areas were examined, these
species were found to be more abundant than they
appear to be in agricultural soils (Ehrlich and
Cotty, unpublished results) [13].

Although studies have not convincingly shown
that AF is required for growth and fungal survival,
the genes for AF production have persisted for
more than 100 million years (My) (see below).
There are many theories explaining why fungi make
AFs [14, 15]. Among these are: AF and its precur-
sors are a defense response by fungi to stress; they
provide protection from UV damage; they are by-
products of primary metabolism; they are virulence
factors; they increase fungal fitness [16, 17]; and
they provide protection from predators for repro-
ductive structures such as conidia and sclerotia.

Toxin synthesis gene clusters
Homology

AF and ST biosynthesis require as many as 25
enzymes and two regulatory proteins encoded by



contiguous genes in a 70-kb cluster (Figure 1). The
AF gene clusters of S- and L-type A. flavus are
>99% identical. The A. flavus cluster is 96%
identical to that of A. parasiticus and 91% iden-
tical to that of 4. nomius. Coding regions generally
have 4-10% higher sequence identity than inter-
genic regions. Among protein homologs encoded
by the different gene clusters, the predicted pro-
teins differ somewhat from one another in their
degree of sequence conservation. For example,
AfIR, Afl], AvfA, OrdB, and HypA in A. nomius
have 5-10% lower amino acid sequence identity
than Vbs, AflIT, NorA, and Ver-1. The relative
differences in amino acid identity of proteins
encoded by genes in the AF cluster to proteins
encoded by genes in the ST cluster was even
greater. OmtB, Vbs, VerB, and Ver-1 have almost
25% higher amino acid identity than their ST
cluster-encoded homologs compared to the pro-
teins AflR, AflJ, HexA, HexB and EstA. The
closest A. nidulans homologs for proteins required
for conversion of ST to AF, CypA, OmtA and
OrdA, were proteins encoded by genes outside of
the ST cluster locus. These homologs have lower
than 41% amino acid identities.

The introns in AF and ST cluster genes showed
typical intron—exon boundary regions for fungal
splice sites [18] with nucleotides GTR being at the
first three positions of the intron and YAG at the
last. The average intron size is 58 bp. Intron
numbers and positions in genes in the AF clusters
of section Flavi isolates are completely conserved,
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but differ considerable from homologous genes in
section Nidulantes isolates [19]. For the eight genes
analyzed in A. ochraceoroseus, the number of
introns matched that found in the A. flavus and
A. nidulans gene homologs with the exception of
afll, estA/stcl, and vbs/stcN (Table 2).

Select genes from the A. ochraceoroseus AF
gene cluster were compared to their homologs in
the A. flavus and A. nidulans AF and ST gene
clusters respectively (Table 2). The 4. ochrace-
oroseus afiR, aflJ, nor-1/stcE, and estA/stcI genes
had a lower level of nucleotide and amino acid
identity to their A. flavus and A. nidulans homologs
than did the genes, ver-1/stcU, verb/stcL, omtB/
stcP, and vbs/stcN. This result is similar to that
found for the comparison of nucleotide and
deduced amino acid identities for these genes in
section Flavi species and A. nidulans [20]. For afiR,
aflJ, nor-1/stcE, and estA/stcl, identity between
A. ochraceoroseus and A. nidulans was higher
than that observed between A. ochraceoroseus
and A. flavus. This is in agreement with molecu-
lar phylogenetic analyses that showed a closer
relationship of A. ochraceoroseus to A. nidulans
than to A. parasiticus (see below) [1, 4]. As
observed for sequence identity between the
A. flavus and A. nidulans ver-1/stcU, verb/stcL,
omtB/stcP, and vbs/stcN genes, a higher level of
identity was seen between A. ochraceoroseus and
A. flavus and A. nidulans compared to the four
low-identity genes. This is especially true for the
deduced protein sequences in which amino acid
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Figure 1. Comparison of section Flavi and non-section Flavi biosynthetic gene clusters. Horizontal arrows show the direction of
transcription. Vertical arrows show promoter regions that contain AflR-binding sites. Lines connect gene homologs. The DNA
sequence identity between the A. nidulans and A. flavus homologs is given below the ST cluster. The scale is length in kb.
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Table 2. Comparison of AF and ST cluster genes

AF/ST cluster gene® Introns % Nucleotide identity® % Amino acid identity®
Ao. A.n ALf. A.o./An. A.o./Af. An./Af A.o./A.n. A.o./Af. An./Af

afiR 0 0 0 68 51 50 64 34 36
afl] 2 1 2 67 52 50 62 40 35
nor-1/stcE 3 3 3 66 62 56 68 63 56
estA/stcl 1 0 1 64 57 55 67 53 50
ver-1/stcU 2 2 2 74 74 72 90 92 90
verB|stcL 1 1 1 74 74 74 83 83 81
omtB/stcP 3 3 3 70 71 72 78 83 75
vbs/stcN 2 2 1 76 72 71 87 81 80

“Sequence data for the A. nidulans ST cluster was obtained from GenBank accession no. U34740 or AACD01000132; AY510453 for

A. flavus.

®Alignments were performed using the full alignment tool in DNAMAN software.
Abbreviations: A.o., Aspergillus ochraceoroseus; A.n., Aspergillus nidulans; A .f., Aspergillus flavus.

identities are between 78 and 92%. Amino acid
identity was equal to or higher between A. och-
raceoroseus and A. flavus (with the exception of
vbs/stcN) than to A. nidulans.

Gene order

Gene order in the ST and AF clusters and direc-
tion of transcription are conserved for most of the
genes and their homologs, with the exception of
four AF genes, cypX, moxY , avnA and vbs
(Figure 1). The gene order is inverted for the genes
norA, ver-1 and ver4 and their ST cluster homo-
logs. If it is assumed that the A4. nidulans cluster is
the ancestral cluster type (see below for the ratio-
nale for this assumption), then at least two and
possibly three rearrangements must have occurred
to change the gene order for these genes (Figure 1,
lines connecting genes). The rearrangements
appear to have occurred in blocks related to
putative function. For example cypX and moxY
are jointly involved in averufin conversion to ver-
sicolorin A and adhA and avnA encode enzymes
for averufin formation. DNA sequence analysis of
the A. ochraceoroseus AF gene cluster demon-
strated that it was very similar to that of the
A. nidulans ST gene cluster with respect to
gene order and direction of gene transcription
(Figure 1). The only major difference was that the
A. ochraceoroseus stcS gene homolog was located
directly upstream of the stc4 gene coding region
instead of between the szcR and stcT gene regions
as defined by the A4. nidulans ST gene cluster. In
the place of the stcS coding region between stcR

and stcT in the 4. ochraceoroseus AF gene cluster,
there is an insertion of greater than 4 kb in which
no genes expected to play a role in AF biosynthesis
were found. It is possible that the A. ochraceoroseus
AF gene cluster is fragmented into two clusters; one
spanning the stcS to stcR region and the other
spanning the stcW to stcT region. Homologs of
omtA and ordA, genes required for conversion
of ST to AF in section Flavi isolates, have not
been identified in the A. ochraceoroseus gene clus-
ter. Searches of databases containing A. nidulans
genomic sequence for such homologs revealed the
presence of several high scoring candidates in
A. nidulans located outside of the ST cluster. It is
probable that homologs for these genes are also
located outside of the gene cluster in A. ochrace-
oroseus.

Genes adjacent to the AF or ST clusters

The ORFs distal (closest to the chromosomal end)
to the cluster are not conserved in section Flavi
isolates and the promoter regions for these puta-
tive genes do not contain AflIR-binding sites. A
gene predicted to encode a protein with high
sequence identity to a xylanase occurs within 2 kb
of the distal end of the AF cluster of A. nomius,
but is not found in A. flavus, which contains, in
this region, genes encoding a possible MFS efflux
transporter and a dehydrogenase. Proximal to the
cluster in all of the section Flavi isolates is a four-
gene sugar utilization cluster [21]. A similar sugar
cluster is not found adjacent to the ST cluster
in A. nidulans. The two immediate ORFs in



A. nidulans at the distal end of the ST cluster in
A. nidulans are predicted to encode a transporter
protein (AN7826, E value = 4e>’) and glucuro-
nyl hydrolase (COG4225). The closest ORF at the
other end of the ST cluster is predicted to encode
an MFS transporter protein. Different predicted
genes flanked the ends of the A. ochraceoroseus
cluster. One of these is predicted to encode a
protein with high sequence identity to microbial
cyanovirin-N  (AN8062.2, E value = le™).
Sequence variation in genes outside of the proxi-
mal end of the AF cluster suggests that this region
is not under the same evolutionary constraints as
are the genes in the AF and sugar clusters. As
observed for the A. nidulans ST cluster genes pre-
dicted to encode homologs to ord4 and omtA,
genes necessary for conversion of ST to AF were
not in the proximity of the 4. ochraceoroseus ST
biosynthesis gene cluster.

Putative binding sites for transcriptional regulatory
proteins

Thirteen of the genes in the AF cluster contain
consensus TATA sites [22], and 3 others have
AT-rich domains within 150 bp of the transla-
tional start site, that may serve a similar function.
In the A. nidulans ST cluster 11 genes have TATA
sites, but only 4 of these are in the promoter
regions of their AF cluster homologs (stcF, stcG,
stcE, and stcU). In a few of the AF and ST
clusters, the promoter regions have possible
CCAAT-box domains [23, 24]. Except for the
promoter regions of afiR, avfA, afiT, and aflJ, AF
cluster genes have one or two AflR-binding
sites with the minimal consensus sequence
TCGNS5CGR. In the ST cluster, these genes and
the homolog of pksA lack AflR-binding sites
(Figure 1).

Some of the promoter regions of the AF and
ST clusters contain consensus binding sites for
PacC (GCCARG), involved in ambient pH regu-
lation [25, 26], BrlA (MRAGGGR) and AbaA
(CATTCY) involved in developmental regulation
[27, 28], and ArecA (HGATAR), involved in
nitrogen regulation [29]. In the AF-type clusters,
the genes aflJ, omtB, and verB and in A. nidulans
clusters, the genes stcU and stcP have possible
AreA sites in their promoter regions. Three BrlA
sites surround the AflR site in the promoter region
of hypBI1 from A. parasiticus and A. flavus, but in
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A. nomius there is only one BrlA site. For some of
the species the intergenic regions of afiR/aflJ,
hexA/hexB, and omtA/ordA have two or more sites
for BrlA and AbaA. The afiT promoter of all of
the AF clusters has four AbaA and two BrlA sites.
The promoter regions of aflJ, omtB, verA, verB,
and hexB contain putative PacC sites, but only in
some of the species. One of the two PacC sites in
the A. parasiticus omtB promoter is 8 bp from the
AflR-binding site. In the ST cluster of A. nidulans
the genes stcF and stcG have promoter region BrlA
sites, stcP, steS, and stcU have AreA sites, and
stel, steS, and stcU have PacC sites. Therefore,
except for AfIR binding sites, there is little con-
servation of regulatory sites between the two types
of gene clusters. Analysis of A. ochraceoroseus
gene promoter regions for putative transcription
factor binding sites has yet to be performed.

Phylogenetic relationships between AF
and ST-producing isolates

Divergence of Eurotiomycete (Aspergillus sp.) and
Sordariomycete (Neurospora crassa) fungi (ES) is
estimated to have occurred between 300 and
700 million years ago (Mya) [30, 31]. Using the
lower value for this estimate and the branch
lengths in the phylogenetic trees in Figure 2A, B,
we can estimate the divergence time between spe-
cies with the AF-type and ST-type gene clusters
(see [32]). Based on this estimate, A. nidulans and
A. nomius diverged about 120 Mya and A. nidulans
and either E. astellata or A. ochraceoroseus about
63 Mya. Figure 2B shows that A. ochraceoroseus
and A. parasiticus diverged from a common
ancestor about 75 Mya. Therefore the AF-type
cluster evolved after this divergence and the ST-
type gene cluster is the ancestral cluster type.
However, it is likely that the ancestral species, like
A. ochraceoroseus, was capable of AF production,
even though the necessary genes for AF produc-
tion were not yet part of the gene cluster, as they
are in species containing the AF-type cluster.

The phylogenetic relationships in Figure 2A
are based on the ribosomal DNA internal tran-
scribed spacer region (ITS) while the studies in
Figure 2B are based on the combined tree from
sequence alignments of three genes, afIR, nor-1/
stcE, and beta tubulin (benAd). Bootstrap support
for the cladal separations was 100 % except for the
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A. astellata 1468
a b c 13
@) (b) A. ochraceoroseus (c)
A. nidulans 1432 36
A. flavus
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A. ochraceoroseus — 70
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E. astellata — A. parasiticus
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0.05 substitutions/site N. crassa -

i BN8 unnamed B+G
2520 E. venezuelensis

300 My

A. nidulans A. nomius

Figure 2. Phylogenetic relationships. Trees were based on Maximum likelihood method in PAUP*. (A) Cladogram based on ITS
sequence of sections Flavi, Circumdati, and Nidulantes isolates. The tree is rooted with the ITS sequence for the Sordariomycete fungus,
Neurospora crassa. The estimated time of divergence is based on the fossil record for divergence of Sordariomycete from Eurotiomycete
fingi of 300 million years ago (Mya). (B) Cladogram based on the tree for the combined sequences of stcE, aflR, and benA. The tree is
rooted with A. nidulans. The SRRC accession numbers for isolates are given next to the branches. (C) Cladogram based on concat-
enated intergenic regions of the genes in the AF clusters of three 4. flavus isolates (AF70, AF13, and AF36), A. parasiticus NRRL2999,
unnamed taxon BNOOSR, and A. nomius NRRL13137.
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Figure 3. Comparison of non-aflatoxigenic (B—) and aflatoxin-producing (B+) A. flavus isolates. Phylogenetic relationships used the
Distance method in PAUP*. Bootstrap values are given on branches. Isolates designated CA, LA, MS, SC, TX GA, VA, NM, SC were
collected from soil of mainly peanut-growing fields in the United States. AF13 and AF12 were from cotton-growing fields. S (small)
and L (large) indicate sclerotial size. Other designations refer to the culture collections of the Southern Regional Research Center
(SRRC) and the Northern Center for Agricultural Utilization Research (NRRL). The designation 4. oryzae is based on morphological
comparison of isolates to known A. oryzae isolates used in commercial fermentations.

separations of A. flavus isolates in Figure 2C. The within section Flavi isolates, the ability to produce
AF-producing, non-section Flavi isolates were both B and G aflatoxins is the ancestral trait.
from approximately the same latitude, suggesting A. flavus diverged from A. parasiticus by loss
that the west coast of Africa may be the origin of a portion of the gene, cypA, necessary for
of the ancestral species that radiated to the G-type AF production. A. flavus forms a
Galapagos Islands and Venezuela. polyphyletic assemblage containing isolates of dif-

The relationships among species in the phylo- ferent sclerotial morphotype and ability to pro-

genetic tree shown in Figure 2C suggests that duce AF (Figure 3). Included in this assemblage is



A. oryzae, a non-aflatoxigenic A. flavus species.
Comparison of single nucleotide polymorphisms
(SNPs) in the omtA coding sequence and the
deletions at the distal end of the cluster, including
cypA and norB, genes needed for G-type AF
formation, showed that many of the non-
aflatoxigenic L-isolates, including the A4. oryzae
isolates, more closely resemble S isolates, than they
do L isolates (Figure 3). Sclerotial morphotype
was found to be a poor indicator of phylogenetic
relationships among A. flavus isolates.

Evolution of the ST and AF gene cluster
The basal AF gene cluster

The AF cluster contains a typical non-reducing
PKS, whose members produce precursors for
aromatic condensed ring metabolites [33]. We
speculate that the basal AF gene cluster in ances-
tral Aspergillus species consisted of genes encoding
the PKS, a few enzymes capable of stabilizing the
nascent polyketide, and possibly afiR and aflJ for
regulation of transcription. This basal cluster
probably also contained genes for production of
medium-chain FASs, which, as in yeast, may have
evolved as separate entities from primary metab-
olism FASs to allow the fungi to survive in
anaerobic environments [34]. The presumed basal
cluster genes, pksA, afiR, aflJ, hexA, hexB, and
nor-1 and their ST-type cluster homologs form a
discreet “mini-cluster” at the distal end of the
biosynthetic gene cluster. The lower sequence
identity of most of these genes compared to that of
the genes encoding polyketide modifying enzymes
suggests that they are subject to different selection
pressures (Figure 1). Such a basal gene cluster
would have allowed these ancestral fungi to syn-
thesize colorful anthraquinones that may have
helped to foster spore dispersal.

Gain of genes encoding modifying enzymes

Phylogenetic evidence suggests that the AF and ST
clusters were formed mainly by a process of gene
duplication and gene recruitment followed by
purifying selection [20]. Evidence for gene dupli-
cation is seen in the AF cluster. The AF-type
cluster contains duplicated genes encoding dehy-
drogenases, norA and norB, O-methyltransferases,
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omtA and omtB, NADH-dependent dehydrogen-
ases, afiX and avf4A, and proteins related to
anthrone dioxygenases, hypBI and hypB2 [33].
Gene recruitment may have involved adaptive
translocation events similar to those found in
other organisms [36-39]. Homologs of omtA and
ordA are present elsewhere in the A. nidulans
genome and the cluster genes stcM (hypBl) and
stcR (hypA) show significant homology to the non-
cluster genes, AN0151.2 and AN0152.2. Most of
the genes in the AF and ST clusters have the
typical small introns of fungi which precludes their
having a bacterial origin.

Loss of AF cluster genes

At the distal end of the AF cluster the genes are
not as well conserved as at the proximal end,
suggesting that these genes may be under weaker
selection pressure. A4. flavus isolates are missing the
genes necessary for production of AFGI1 due to
a large deletion of portions of c¢yp4 and norB
(Figure 1). This loss is estimated to have occurred
about 5 Mya after A. flavus and A. parasiticus
diverged. A. flavus isolates also show considerable
variability in AFB1 production. About 40% of the
naturally occurring isolates of A. flavus lack the
ability to produce AF and different isolates show
large differences in the levels of AF produced. The
non-aflatoxigenic A. flavus isolates in many cases
have large deletions of portions of the distal end of
the AF cluster. Relatively recent loss of genes for
production of AF in A. flavus and the related
A. oryzae is evidence that in certain environments
AF-producing ability no longer serves an adaptive
function [8, 40]. Several putative genes in the
ST-type clusters, stcC, stcD, and stcT, are not
present in the AF-type clusters. The role of these
genes, if any, in ST production is not yet known.

Evidence for purifying selection

Purifying selection and gene duplications have
been invoked to explain the formation of gene
families and gene clusters in other eukaryotes [33,
41-43]. Higher than expected nucleotide identity
of some ST and AF cluster genes suggests that
purifying selection occurred after divergence of
these two clusters [20]. The ratio of non-synony-
mous to synonymous nucleotide polymorphisms is
a good measure of purifying selection. A low ratio
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indicates that adaptive selection has occurred,
whereas a high ratio indicates a relative lack of
selection. We found that the ratio of non-synon-
ymous to synonymous substitutions between
A. nomius and A. flavus was markedly lower for
homologs with highest sequence identities in the
ST and AF clusters. This result suggests that
purifying selection affected the accumulation of
cluster gene polymorphisms during divergence of
Aspergillus section Flavi from non-section Flavi
species. The lowest ratio of non-synonymous to
synonomous substitutions for genes in the gene
cluster was found for ver-1. The proteins encoded
by this gene have 64% identity to a melanin bio-
synthesis protein T4HN of Magnaporthe grisea
[44]. These results suggest a link between melanin
and AF and ST biosynthesis [45].

Model for AF cluster evolution

A model for the staged evolution of the AF and ST
gene cluster is shown in Figure 4. In this model
we propose that a basal cluster gradually recruited
blocks of biosynthetic genes, thereby allowing
further metabolism of the initially formed
anthraquinones. Colorful anthraquinone-derived
metabolites are common to many fungal species
and plants. We hypothesize that the function of
the basal cluster was to produce colorful metabo-
lites, perhaps to foster spore protection and dis-
persal, probably by enlisting insects or arthropods
as carriers.

Basal
Cluster

fhexanoic acid
<>

Early genes
anthraquinones

aflR aflJ

1

e

<
polyketide synthase

Dispersal may have forced these otherwise
saprophytic fungi to adapt to increasingly hostile
niches or to be exposed to novel food sources.
Dothistroma  septosporum  (previously called
D. pini) produces a compound related to versicol-
orin A called dothistromin that may be a causative
agent in pine blight [46] (see Bradshaw and Zhang
in this issue). Some of the genes responsible for
production of dothistromin are clustered and have
significant homology to AF and ST biosynthetic
genes. The gene organization of this cluster devi-
ates somewhat from that of the AF and ST clusters
and could represent an ancestral form. Besides the
apparent phytotoxicity of dothistromin, AF and
ST are somewhat insecticidal [47]. Species such as
A. nomius and A. bombycis which make AFs have
been associated with insect debris, suggesting that
AFs may be effective insect toxins under certain
circumstances [10, 48, 49].

Homologs to genes such as aflX and ver-1 in the
D. septosporum and AF/ST type clusters encode
proteins necessary for conversion of versicolorin A
to ST. These proteins are similar to proteins
involved in appessorium development, a hardened
myecelial structure needed for fungal virulence [50,
51]. In the ST-type cluster these genes are adjacent
to one another, suggesting that they may have
indeed been “captured” by a putative basal cluster
as a discreet unit. This observation provides sup-
port for the hypothesis that genes were recruited
by the basal cluster to allow conversion of
anthraquinones to increasingly toxic compounds.

Late genes AF
xanthones‘ﬁ type
|— —==r =
I omtA ordA cypA
- ST
type

Dothistroma pini type

O

Figure 4. Model for steps in the evolution of the AF and ST gene clusters. The basal cluster includes the polyketide synthase gene, the
hexanoic acid synthase genes and the “early genes required to stabilize the polyketide as an anthraquinone. Separate stages for
acquisition of “later” genes are indicated by vertical arrows. Divergence of the D. septosporum-type cluster is indicated as ancestral to

divergence of the AF and ST-type clusters.



In both types of cluster the genes necessary for
conversion of versicolorin A to ST and ST to AF
are at the ends of the cluster suggesting that these
regions were most receptive to introduction of new
genes. The increased toxicity that these more
hydrophobic metabolites provided may have been
necessary to allow the Aspergillus isolates to adapt
to the increasingly hostile niches to which they had
been dispersed.

Conclusions

The retention of an intact AF and ST gene cluster
for over 100 My and the presence of AF/ST bio-
synthetic genes in other genera (e.g. D. septospo-
rum) suggests that the metabolites produced by the
gene cluster impart an adaptive advantage to the
host organism in certain niches. Additional studies
need to be performed to determine if the ability to
produce AF or ST enhances the fitness and survival
of the producing strain over that of strains that have
lost the ability to produce AF or ST. No compari-
son has been made of the effects of different soil
conditions and environmental factors on the sur-
vival of AF-producing strains to isogenic isolates
that are AF non-producing due to mutations in AF
biosynthetic genes. Using isogenic ST pathway
mutants of A. nidulans, Wilkinson et al. [17] were
able to show a stepwise increase in spore production
with each progressive step in the ST pathway sug-
gesting that there is a selective advantage to
production of ST and its intermediates.

It has been estimated that only about 25% of
fungal species have been identified; therefore it is
probable that many fungi have not been discov-
ered that possess some or all of the genes necessary
for producing AF. In addition, some fungal taxa in
various repositories throughout the world may be
capable of producing AF and its precursors but
have not been grown in the laboratory under
suitable culture conditions for metabolite produc-
tion. Further isolation and characterization of AF
biosynthetic genes in non-section Flavi species will
aid in determining the importance of AF and ST
production for fungal adaptation to natural envi-
ronments. As these novel cultures are identified
they can be grown under a number of ’adverse’
conditions to determine if AF-producing ability
enhances survival.
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Much is known about AflR and its role as a
positive regulator of AF biosynthesis, and the
effects of plant metabolites, and environmental and
nutritional factors on fungal development and AF
biosynthesis. It is becoming apparent that AfiR-
like regulatory proteins are also functioning in
regulation of AF production in isolates outside
section Flavi such as A. ochraceoroseus and possi-
bly in dothistromin biosynthesis in D. septosporum.
However, there is still much that we do not know
about the mechanisms by which global regulatory
genes and signaling pathways control AF gene
expression and fungal development. Comparison
and contrast of putative transcription factor bind-
ing sites in the promoter regions of genes from
section Flavi and non-section Flavi isolates may
shed additional light on the role of environmental
factors on AF and related metabolite production
and fungal development, and virulence.
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