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Transcriptome Analysis of Aspergillus flavus Reveals veA-Dependent
Regulation of Secondary Metabolite Gene Clusters, Including the
Novel Aflavarin Cluster
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The global regulatory veA gene governs development and secondary metabolism in numerous fungal species, including Aspergil-
lus flavus. This is especially relevant since A. flavus infects crops of agricultural importance worldwide, contaminating them
with potent mycotoxins. The most well-known are aflatoxins, which are cytotoxic and carcinogenic polyketide compounds. The
production of aflatoxins and the expression of genes implicated in the production of these mycotoxins are veA dependent. The
genes responsible for the synthesis of aflatoxins are clustered, a signature common for genes involved in fungal secondary me-
tabolism. Studies of the A. flavus genome revealed many gene clusters possibly connected to the synthesis of secondary metabo-
lites. Many of these metabolites are still unknown, or the association between a known metabolite and a particular gene cluster
has not yet been established. In the present transcriptome study, we show that veA is necessary for the expression of a large num-

ber of genes. Twenty-eight out of the predicted 56 secondary metabolite gene clusters include at least one gene that is differen-
tially expressed depending on presence or absence of veA. One of the clusters under the influence of veA is cluster 39. The ab-
sence of veA results in a downregulation of the five genes found within this cluster. Interestingly, our results indicate that the
cluster is expressed mainly in sclerotia. Chemical analysis of sclerotial extracts revealed that cluster 39 is responsible for the pro-

duction of aflavarin.

A spergillus flavus is a saprophytic filamentous fungus that is also
able to colonize economically important crops such as pea-
nuts, cotton, maize, and other oil seed crops during preharvest or
storage. Its most efficient mode of dissemination is the production
ofairborne conidia. In addition, A. flavus produces resistant struc-
tures called sclerotia, which allow this fungus to survive adverse
environmental conditions for long periods of time (1-3). This
opportunistic pathogen produces a wide range of secondary me-
tabolites, including aflatoxins (AFs). Among them, AFB1 is the
most mutagenic and carcinogenic natural compound known (4—
8). Ingestion of food products contaminated with AFs has been
associated with hepatotoxicity, teratogenicity, immunosuppres-
sion, and liver cancer (6, 9). AF contamination also results in a
negative impact on the economy in developed countries. In the
United States alone A. flavus causes more than a billion dollar in
losses per year due to contaminated crops (10). In addition to AFs,
A. flavus is known to produce other mycotoxins, including cyclo-
piazonic acid (CPA), a suppressor of the calcium-dependent
ATPase in the sarcoplasmic reticulum, and aflatrem, a tremogenic
mycotoxin causative of neurological disorders (11, 12).

Studies of the A. flavus genome have revealed many gene clus-
ters possibly connected to the synthesis of other secondary metab-
olites. Specifically, 55 different clusters were predicted based on
the presence of genes encoding polyketide synthases (PKSs), non-
ribosomal peptide synthetases (NRPSs), hybrid PKS-NRPSs, and
prenyltransferases (PTRs) within the clusters (13, 14). An addi-
tional gene cluster, responsible for the synthesis of kojic acid, has
also been recently identified (15). In spite of these new findings,
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only a few metabolites have been associated with these clusters
(16), among them the clusters associated with the synthesis of
kojic acid, as well as the synthesis of AFs, CPA, aflatrem, and
asparasone. Expression of these last four gene clusters was shown
to be dependent on the global regulatory gene veA, which is also
involved in developmental regulation in A. flavus (17-20) and in
other fungi (21-26). Previous studies, conducted mainly with the
model fungus Aspergillus nidulans, revealed that the VeA protein
forms a complex with LaeA, a chromatin-modifying protein, and
the regulator VelB, another protein of the velvet family. It also
interacts with light-sensing proteins such as the red phytochrome
FphA, which interacts with the blue-light-sensing proteins LreA-
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TABLE 1 Fungal strains used in this study

TABLE 2 Microarray experimental design

Strain Pertinent genotype Reference
A. flavus 70s Wild type 17
A. flavus AveA AveA 17
A. flavus CA14 pyrG ptrA niaD ku70 This study
A. flavus CA14 pyrG-1 ptrA niaD ku70 This study
A. flavus AafvA AafvA::pyrG ptrA niaD ku70 This study
A. flavus AafvB AafvB::pyrG ptrA niaD ku70 This study
A. flavus AafyC AafvC::pyrG ptrA niaD ku70 This study
A. flavus AafvD AafvD::pyrG ptrA niaD ku70 This study
A. flavus AafvE AafvE:pyrG ptrA niaD ku70 This study
A. flavus AafvB-com AafvB::pyrG gpdA(p):afvB:ptrA™* This study
niaD ku70
A. flavus CA14 pPTRI ptrA™ pyrG niaD ku70 This study
A. flavus OEafvB gpdA(p)::afvBuptrA™ pyrG niaD This study
ku70

LreB (19, 27, 28). It seemed likely that additional secondary me-
tabolite gene clusters will also be veA dependent or influenced by
light in this agriculturally important fungus. In our study, we used
whole-genome microarray transcript profiling to examine
whether the expression of a number of genes, particularly those
associated with predicted secondary metabolite gene clusters, was
influenced by veA or by lightin A. flavus. We found that among the
genes regulated by veA are all the genes in cluster 39 (as designated
by Georgiannaetal. [13]). We show that the genes in cluster 39 are
expressed mainly in sclerotia, resulting in the formation of a com-
pound know to have anti-insectan activity.

MATERIALS AND METHODS

Strains used in this study and culture conditions. The strains used in this
study are listed in Table 1. A. flavus CA14 (ku70 niaD pyrG ptrA) served as
the host for transformation experiments. A. flavius CA14 pyrG-1 served as
a control for cluster 39 afvA to -E deletion strains, while CA14 pPTRI was
used as the control for the overexpression afvB (OEafvB) (Table 1). Cul-
tures were point inoculated onto 2X V8 agar (50 ml V8 juice per liter, pH
5.2) supplemented when required with 3 mg/ml (NH,),SO, and/or 1
mg/ml uracil and were incubated at 30°C in the light. Conidia were col-
lected from plates by addition of 10 ml 0.01% Triton X-100 and gentle
scraping of the colony surface with a cell scraper (BD Biosciences, San
Jose, CA). Conidia were stored at 4°C. The strains were cultured on YGT
medium, GMM-2% sorbitol medium (GMM-S), or Wickerham medium
as indicated in each case. Cultures were incubated at 30°C and stored
at —80°C as glycerol stocks.

Transcriptome analysis. An Aspergillus flavus whole-genome 70-mer
oligonucleotide microarray was fabricated at the J. Craig Venter Institute.
The array chips included a total of 27,648 spots, containing 11,820 pro-
tein-coding genes. Among them, 11,139 (94%) match 10,477 gene models
(i.e., with AFL2G gene numbers) of the Broad Institute’s Aspergillus flavus
genome release based on a BLAST search, corresponding to 83% of the
12,604 A. flavus genes annotated by the Broad Institute.

Conidia (10°/ml) from A. flavus 70S and AveA strains were inoculated
into 100 ml liquid YGT and incubated at 30°C with agitation for 14 h.
Mycelia were vacuum filtered onto nylon membranes that were trans-
ferred onto the surfaces of YGT plates, and cultures were incubated at
30°C in the light or dark. Mycelia were collected from the surface of the
nylon membrane following 6, 24, 48, and 72 h of incubation, immediately
frozen in liquid nitrogen, and stored at —80°C. The experiment was per-
formed with three replicates. RNA was isolated from about 100 mg of
ground tissue using the Aurum total RNA minikit (Bio-Rad, Hercules,
CA) and DNase I treatment. RNA quality and quantity were determined
using the Experion automated electrophoresis station (Bio-Rad). RNA
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Pair at time point™:

Expt 6h 24 h 48 h 72 h
KO/WT, light ~ koLvswtL ~ koLvswtL  koLvswtL koL vswtL
KO/WT, dark koDvswtD koDvswtD koDvswtD koD vs wtD
WT, dark/light wtDvswtL ~ wtDvswtL ~ wtDvswtL  wtD vs wtL

@ wtL, wild type in light; wtD, wild type in dark; koL, AveA in light; koD, AveA in dark.

aliquots were preserved at —80°C. cDNA was synthesized from RNA us-
ing the iScript cDNA Synthesis kit (Bio-Rad). The microarray experimen-
tal design is shown in Table 2.

To avoid labeling bias of the Cy5 and Cy3 dyes, each treatment was
labeled with each dye (dye flip). Hybridized slides were scanned using
either a ScanArray5000XL (GSI Lumonics, Packard Biochip, Packard Bio-
Science, Billerica, MA, USA) or an Axon GenePix 4000B (Axon Instru-
ments, Molecular Devices, Sunnyvale, CA, USA). The independent TIFF
images generated from each channel were analyzed using the J. Craig
Venter Institute Spotfinder software to acquire image intensity for relative
transcript levels (29). To remove the nonspecific background signals or
the artifacts introduced by the Cy3 or Cy5 dye bias, the raw data were
normalized using a local regression technique, LOWESS (locally weighted
scatterplot smoothing), implemented in the MIDAS software tool (29).
The resulting data were averaged over two duplicate genes on each array
and over two duplicate arrays (dye flip) for each experiment. Some genes
are represented by two separate nonoverlapping fragments; therefore, be-
cause a gene may be detected by each fragment, they are defined as features
so that the gene count will not be overreported.

Log odds ratios using base 2 were calculated for each gene to measure
the fold changes in expression between each pair of experiments (see
Tables S1 to S3 in the supplemental material), e.g., wild type (WT) dark 6
h versus AveA dark 6 h. This generated three data matrix files correspond-
ing to the three experiments in Table 2, each containing log, values for
genes of four time points. Using a log, of ratio >1 or <—1 as the cutoff,
meaning at least 2-fold upregulation or downregulation, respectively, we
selected differentially expressed genes. The accession numbers were then
submitted to the DAVID (Database for Annotation, Visualization and
Integrated Discovery) v6.7 web server (30), utilizing annotations from
various databases, including Gene Ontology, InterPro, COG, KEGG, and
UniProt. In addition, searches against the A. nidulans genome in order to
find the best hit were also useful to predict putative functions for the
differentially expressed genes.

Characterization of A. flavus gene cluster 39. (i) Phylogenetic anal-
ysis. Based on the study by Georgianna et al. (13), the cluster includes five
genes, encoding a putative NADH oxidase (AFLA_108540, afvA), a PKS
(AFLA_108550, afvB), an O-methyltransferase (AFLA_108560, afvC), a
methyltransferase (AFLA_108570, afvD), and a cytochrome P450 mono-
oxygenase (AFLA_108580, afvE). The possible conservation of this gene
cluster in other species of the genus Aspergillus was examined. Cluster 39
genes were used as a query against other genome databases of phyloge-
netically related species using BLAST (blastp) analysis. Sequence informa-
tion was obtained from the Aspergillus comparative database (http://www
.broadinstitute.org/annotation/genome/aspergillus_group) and from the
National Center for Biotechnology Information [NCBI] (http://blast.ncbi
.nlm.nih.gov). Gene entries with the highest bit score and the lowest E
value for each one of the species, including A. oryzae, A. nidulans, A. niger,
A. terreus, A. fumigatus, A. fischerium, and A. clavatus, were selected, and
their locations on the chromosome were mapped.

(ii) Domain architecture analysis of AfvB. The PKS gene constitutes
the backbone gene in cluster 39. Fungal PKSs consist of a minimal domain
set of ketosynthase (KS), acyl transferase (AT), and acyl carrier protein
(ACP). Additionally, other domains, such as ketoreductase (KR), enoyl
reductase (ER) (70), and methyltransferase (MT) (71), may also be pres-
entin the fungal PKSs. The information about the domain structure of the
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predicted PKS encoded by afvB was obtained from the Pfam database
(http://pfam.sanger.ac.uk/). Conservation of the domains in AfvB was
compared to those homologs in other species of the genus Aspergillus.
Multiple comparisons of the deduced amino acid sequences of PKS genes
were performed using CLUSTALW-Omega (http://www.ebi.ac.uk), pro-
vided by EMBL-EBI.

(iii) Gene expression analysis. The transcriptome results indicating
the veA dependence of cluster 39 were validated by quantitative reverse
transcription-PCR (qRT-PCR). RNA was obtained from AF70 and AveA
strains as described above following culture under conditions identical to
those used for the transcriptome analysis. Quantitative RT-PCR was per-
formed using SYBR green I chemistry and the iCycler iQ5 Multicolor
real-time PCR detection system (Bio-Rad) as described previously (31).
The sequences of the oligonucleotide primers used for qRT-PCR ampli-
fication are listed in Table S4 in the supplemental material. Gene expres-
sion levels at each time point were normalized (by AACanalysis [32]) to
A. flavus 18S rRNA gene expression levels utilizing the gene expression
analysis software package for the Bio-Rad iQ5.

Additionally, expression of afvB was determined from isolated myce-
lium, conidia, and sclerotia of the AF70 pyrG-1 control. AF70 pyrG-1 was
grown on GMM-2% sorbitol agar for 5 days, and sclerotia and conidia
were separated from mycelium by gentle scraping of the colony surface
followed by repeated washing with sterile water to remove all traces of
sclerotia and conidia. Sclerotia were collected by adding 10 ml sterile,
deionized water to the agar surface and gently scraping colonies with a cell
scraper. Sclerotia were washed 5 times by addition of 40 ml water to
remove residual conidia and mycelia, resuspended in a final volume of 25
ml water, and stored at 4°C. RNA was collected from ground fungal tissues
as described above. QRT-PCR analysis was carried out as described above
using primers afvB-F and afvB-R (see Table S4 in the supplemental mate-
rial).

(iv) Generation of the deletion, complementation, and overexpres-
sion afvB strains. A AafvB::pyrG knockout (KO) plasmid in which a
1.1-kb region within the beta-ketoacyl synthase N-terminal domain of the
afvB coding region is replaced by the A. parasiticus pyrG selectable marker
gene was generated essentially as described by Cary et al. (20). PCR prim-
ers used in construction of pAfvB-pyrG are listed in Table S4 in the sup-
plemental material. Transformation was performed as previously de-
scribed (33) using A. flavus CA14 as the host. Conidia were inoculated in
potato dextrose broth supplemented with 1 mg/ml uracil (PDB-U), and
transformants were regenerated on Czapek solution agar (Difco, BD,
Sparks, MD) supplemented with 10 mM ammonium sulfate (CZ-AS). A
plasmid vector for genetic complementation and overexpression of afvB
was generated by placing the approximately 5.44-kb afvB coding region
under the control of the A. nidulans glyceraldehyde-3-phosphate (gpdA)
promoter and #rpC transcriptional terminator in plasmid pPTRI (TaKaRa
Bio, Inc.) harboring the A. oryzae pyrithiamine selectable marker gene.
Plasmid pPTRI-afvB-trpC was constructed by amplifying the approxi-
mately 5.44-kb afvB coding region of CA14 genomic DNA. PCR amplifi-
cation was performed with PrimeSTAR Max DNA polymerase according
to the manufacturer’s instructions (TaKaRa Bio, Inc.) using primers 5’
afvB Notl and 3’ afvB RsrlI (see Table S4 in the supplemental material).
The PCR product was ligated to NotI-Rsrll-digested pPTRI-gpd::trpC
plasmid using the In-Fusion HD cloning kit (Clontech, Mountain View,
CA). Plasmid pPTRI-afvB-trpC was used to transform CAl14 or CAl4
AafvB mutant 4 protoplasts, and transformants were regenerated on
CZ-AS supplemented with 1 mg/ml uracil and 0.1 wg/ml pyrithiamine.

Additional knockout mutants of putative cluster 39 biosynthetic genes
were generated using the fusion PCR technique as described in reference
34. Cluster 39 gene fragments were amplified using Platinum Pfx DNA
polymerase (Invitrogen) and A. flavus CA14 genomic DNA and pPG2.8,
containing the A. parasiticus pyrG selectable marker, as templates. Primers
used in these PCRs are shown in Table S4 in the supplemental material.

(v) Assessment of sclerotial production. The A. flavus CA14 pyrG-1
control, AafvB, and AafvB-com strains, along with OEafvB and its iso-
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genic control (CA14 pPTRI), were point inoculated on GMM-S. The cul-
tures were incubated for 8 days at 30°C in the dark. Sixteen-millimeter
cores were taken 1 cm from the center of each culture and sprayed with
70% ethanol to improve the visualization of sclerotia. These structures
were quantified under a Leica MZ75 stereomicroscope.

(vi) Identification of the compound associated with A. flavus gene
cluster 39. (a) Sample preparation. The A. flavus CA14 pyrG-1 control,
AafvB, and AafvB-com strains, along with the OEafvB and its isogenic
control (CA14 pPTRI), were point inoculated on Wickerham medium.
The cultures were incubated for 8 days at 30°C in the dark. Sclerotia were
collected from these cultures and cleaned by rolling them on 3% agar
plates. Sclerotia were lyophilized, placed in a mortar, and ground with a
pestle in 5 ml ethyl acetate-acetone (1:1)—formic acid (0.1%), with 0.5 g of
sterile fine sand added to assist with breakage of sclerotia. The ground
sclerotium-solvent mixture was kept at room temperature for 15 min and
then briefly ground again and kept at room temperature for another 15
min. The solvent was collected in a 100-ml glass beaker and allowed to dry
overnight at room temperature. The dried samples were dissolved in 0.5
ml of methanol-acetonitrile-water (30:30:40, vol/vol/vol) and passed
through a 0.22-mm filter before analysis.

(b) LC-Orbitrap MS analysis. Liquid chromatography-mass spec-
trometry (LC-MS) analyses were performed on an Orbitrap Exactive mass
analyzer (Thermo Fisher Scientific) coupled to an Accela ultra-high-per-
formance liquid chromatography (UHPLC) system (Thermo Fisher Sci-
entific). Chromatographic separation was achieved using a Zorbax RRHD
Eclipse Plus reverse-phase C,4 column (1.8 wum, 100 mm by 2.1 mm [in-
ner diameter]) (Agilent) maintained at 30°C. A gradient elution of solvent
A (H,O-methanol; 95:5, vol/vol) and solvent B (H,O-methanol; 5:95,
vol/vol), both containing 0.1% formic acid and 10 mM ammonium for-
mate, was applied as follows: 0% solvent B from 0 to 0.5 min, 0 to 99%
solvent B from 0.5 to 20 min, 99% solvent B from 20 to 21 min, 99 to 0%
solvent B from 21 to 24 min, and reequilibration with 0% solvent B from
24 to 28 min. Five microliters of sample was injected into the column. For
a comprehensive metabolite profiling, both the electrospray ionization
(ESI) and atmospheric pressure chemical ionization (APCI) ion sources
were investigated in positive as well as in negative mode. ESI positive-ion
mass spectrometry (ESI"/MS) allowed differential detection of peaks in
the control compared to the mutant. The ESI*/MS parameters were as
follows: spray voltage, 4.5 kV; capillary temperature, 250°C; heater tem-
perature, 250°C; sheath gas flow rate, 45 arbitrary units (a.u.); and auxil-
iary gas flow rate, 10 a.u. The data were processed using the Xcalibur 2.1
and Exactive Tune software (Thermo Fisher Scientific). The instrument
was operated in full-scan mode with a resolution of 100,000 full width at
half maximum (FWHM). The maximum injection time was 250 ms, and
the number of microscans per scan was 1.

(c) LC-ion trap MS analysis. The HPLC-ion trap MS system (Thermo
Fisher Scientific) was used for the fragmental analysis of the targeted ana-
lytes. The column used was a Symmetry C,5 column (5 pm, 2.1 by 150
mm) supplied by Waters (Milford, MA, USA). The mobile phase con-
sisted of (A) water-methanol (95:5, vol/vol) containing 0.1% formic acid
and 10 mM ammonium formate and (B) water-methanol (5:95, vol/vol)
containing 0.1% formic acid and 10 mM ammonium formate. The linear
gradient elution program for LC-ion trap analysis was as follows: 0 to 10
min with B = 0% to 100%, 10 to 11 min with B = 100%, 11 to 12 min with
B = 100% to 0%, and hold on for a further 4 min for reequilibration,
giving a total run time of 16 min. The mass spectrometer was operated
both in HESI" and in HESI ™~ with the following settings: source voltage of
5 kV, capillary temperature of 250°C heater temperature of 175°C sheath
gas flow of 45 a.u., and auxiliary gas of 10 a.u. The Xcalibur 2.0.7 software
(Thermo Scientific) was used for instrument control and data acquisition
and processing.

RESULTS

Aspergillus flavus veA-dependent transcriptome. Functional
genomics studies revealed which genes are regulated by veA in A.
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FIG 1 Number of differentially expressed genes in the following experiments:
WT versus AveA (KO) cultures in the dark (A), WT versus AveA cultures in the
light (B), and WT cultures in the dark versus WT cultures in the light (C). x
axis, four time points; y axis, number of differentially expressed genes (red,
upregulated; blue, downregulated).

flavus. The numbers of differentially expressed genes in the three
experiments at different time points are shown in Fig. 1. Overall,
the comparison between the AveA sample and the wild type in the
dark (wtD) or the AveA sample and the wild type in the light (wtL)
showed that, as expected, more genes were downregulated than
upregulated by the absence of veA. In addition, the comparison of
genes expressed by the wild type in the dark compared to those
expressed in light clearly indicated that a higher number of genes
were upregulated than were downregulated in the absence of light.
In total, 468 genes were differentially expressed in wtD versus
AveAD experiments, 391 in wtL versus AveA L experiments, and
477 in wtL versus wtD experiments. Eighty-seven of those genes
were differentially expressed in the three described comparisons.
In the wild type, the number of differentially expressed genes
sharply increased at 48 h depending on presence or absence of
light, while when comparing AveAD versus wtD, the increase in
the number of genes occurred at 24 h. In the light, when compar-
ing AveA and wild type, numerous differentially expressed genes
appeared as early as 6 h.

In addition, we examined how many genes were differentially
expressed at more than one time point in an experiment (see Fig.
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S1 in the supplemental material). Very few genes were differen-
tially expressed in all four time points. In the dark, 2 genes,
AFLA_117430 encoding a putative histidinol dehydrogenase and
AFLA_131310 encoding a hypothetical protein, were consistently
downregulated in the AveA mutant with respect to the wild type
grown under the same conditions. Two genes, AFLA_014260 en-
coding a putative hydrophobin and AFLA_035260 encoding a
protein with unknown function, were consistently upregulated at
all time points. In cultures exposed to light, 3 genes, AFLA_013230
encoding a flavin-binding monooxygenase-like family protein,
AFLA_020690 encoding a predicted glycosylphosphatidylinositol
(GPI)-anchored protein, and AFLA_099790 encoding a con-
served hypothetical protein, were downregulated in the mutant
compared to the wild type, and 1 was upregulated (AFLA_035260
encoding a conserved hypothetical protein). In the wild type, no
genes were differentially expressed at all time points analyzed
when comparing light versus dark conditions.

The complete lists of differentially expressed genes together
with the corresponding annotation information (such as IDs from
different databases and best hit in A. nidulans and gene names) are
provided in Tables S5 to S28 in the supplemental material, and
their detailed annotations are provided in Tables S29 to S34 in the
supplemental material. Each experiment had 55 to 75% differen-
tially expressed genes with unknown functions (not annotated by
any of the searched databases). For the differentially expressed
genes that could be functionally annotated (Fig. 2; see Fig. S2 in
the supplemental material), GO:0043167~ion binding (including
secondary metabolism), GO:0000166~nucleotide binding, and
GO:0016021~integral to membrane functions are enriched not
only in genes in all experiments but also in both veA-dependent up-
regulated and downregulated genes. In addition, GO:0030528~tran-
scription regulator activity, GO:0016052~carbohydrate catabolic
process, GO:0008233~peptidase activity, and GO:0019842~vita-
min binding and methyltransferase functions are enriched in all ex-
periments, while GO:0009165~nucleotide biosynthetic process, GO:
0048037~cofactor binding, PIRSF006060:AA_transporter, sugar
transport, IPR006163:phosphopantetheine binding, and IPR016181:
acyl-CoAN-acyltransferase functions are unique to the comparison
of wild type versus AveA in dark cultures, while GO:0008610~lipid
biosynthetic process, GO:0044271~nitrogen compound biosyn-
thetic process, and GO:0055114~oxidation reduction are unique
to the same comparison in the presence of light, and GO:
0004180~ carboxypeptidase activity, GO:0006811~ion transport,
GO:0015031~protein transport, GO:0030529~ribonucleoprotein
complex, GO:0046914~transition metal ion binding, and afv00010:
glycolysis/gluconeogenesis are unique to the comparison of the
wild type growing in the light versus dark. Additional details are
shown in Tables S29 to S35 in the supplemental material.

(i) Comparison of expression of developmental genes. It is
known that veA also controls morphological development in fila-
mentous fungi (17, 35, 36). This is also reflected in our results.
Using information obtained for 70 developmental genes from
four different Aspergillus genomes (A. nidulans, A. fumigatus, A.
niger, and A. oryzae) (37), blastx searches of the NCBI database
revealed best hits to 61 A. flavus homologs. We found that, besides
veA, 7 of these 61 A. flavus genes were differentially expressed in
our experiments (see Table S38 in the supplemental material),
including ganB (AFLA_018540, G protein complex alpha sub-
unit GpaB), abaA (AFLA_029620, transcription factor), chiB
(AFLA_031380, class V chitinase), tpsA (AFLA_034030, treha-
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lose-phosphate  synthase/phosphatase  complex subunit
Tpsl), velB (AFLA_081490, VeA-interacting protein), brlA
(AFLA_082850, C2H2 type conidiation transcription factor
BrlA), and pkaA (AFLA_135040, cyclic AMP [cAMP]-depen-
dent protein kinase catalytic subunit PkaC1). Of these, briA,
abaA, and velB are upregulated in the AveAD-versus-wtD com-
parison, chiB, tpsA, and pkaA are downregulated in the AveAL-
versus-wtL comparison, and veA, velB, ganB, abaA, and tpsA
are upregulated, while pkaA is downregulated, in the wtD-ver-
sus-wtL comparison. Lastly, chiB is differentially expressed in
all three experiments.

(ii) Comparison of expression of 55 secondary metabolism
gene clusters. Twenty-eight of the 55 gene clusters described by
Georgianna et al. (13) have at least one gene within the predicted
cluster that is differentially expressed at at least one time point
(highlighted in Table S35 in the supplemental material), corre-
sponding to a total 64 genes. Some of these genes are differentially
expressed at several time points in different experiments (Fig. 3;
see Tables S36 and S37 in the supplemental material). Among the
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64 genes, 37 genes (18 clusters) are differentially expressed at at
least one time point in the AveAD-versus-wtD experiments, 40
genes (21 clusters) are differentially expressed at at least one time
point in AveAL-versus-wtL experiments, and 32 genes (15 clus-
ters) are differentially expressed at at least one time point in wtD-
versus-wtL experiments. Furthermore, 25 genes (13 clusters) are
differentially expressed at at least one time point in both AveAD-
versus-wtD and AveAL-versus-wtL experiments, and 12 genes (6
clusters: 1 gene of cluster 14, 2 genes of cluster 18, 5 genes of cluster
23, 1 gene of cluster 24, 1 gene of cluster 27, and 2 genes of cluster
39) are differentially expressed at at least one time point in all three
experiments (see Table S37 in the supplemental material). For
example, AFLA_066970 (conserved hypothetical protein) of clus-
ter 23 and AFLA_082150 (polyketide synthase, putative) of cluster
27 are differentially expressed at six time points in the three estab-
lished comparisons.

In cluster 39, an example of a veA-dependent uncharacterized
cluster (Fig. 4), all the genes except afvA (AFLA_108540) were
differentially expressed in at least one of the comparisons of wild
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FIG 3 Gene expression heat map of 64 differentially expressed secondary metabolism genes. Genes have log, ratios of >1 or <—1 at at least one time point. A
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type to the veA mutant; afvC (AFLA_108560) and afvE
(AFLA_108580) were differentially expressed in all the three com-
parisons. Both afvC and afvE are downregulated in the AveA mu-
tant compared to the wild type under both light and dark condi-

tions (koD versus wtD and koL versus wtL). Expression of the PKS
gene, afvB, was downregulated in the AveA mutant, particularly in
the dark. In terms of the extent, afvC is the most differentially
expressed gene in this cluster, in the presence or absence of veA, as
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well as in the illumination regimen comparison. Validation of the
effect of veA on the expression of the genes in cluster 39 by qRT-
PCR showed that all the genes in this cluster are under veA
regulation, including afvA at 96 h, as well as adjacent genes
AFLA_108520 and AFLA_108590 (Fig. 5).

Phylogenetic analysis of cluster 39. The predicted backbone
gene, afvB, encoding a PKS includes the following domains from
N-terminal to C-terminal orientation: beta-ketoacyl synthase
(KS), acyl transferase (AT), and malonyl coenzyme A (malonyl-
CoA)-acyl carrier protein transacylase (ACP). This domain struc-
ture was highly conserved in A. oryzae, A. nidulans, A. niger, A.
terreus, A. fumigatus, A. fischerianus, and A. clavatus. The domain
structure comparison of the cluster 39 PKS specific to four se-
lected homologs in A. flavus, A. oryzae, A. niger, and A. clavatus is
represented in Fig. S3 in the supplemental material.

Other genes present in this cluster encode an O-methyltrans-
ferase (OMT), a methyltransferase (MT), a cytochrome P450
(CP450), and an NADH oxidase. In this work, A. flavus gene clus-
ter 39 was used as a query against other Aspergillus genome data-
bases, specifically those for A. oryzae, A. niger, A. clavatus, A. ter-
reus, A. fischerianus, and A. nidulans, to identify fully or partially
conserved clusters (Fig. 6; see Table S39 in the supplemental ma-
terial). In silico analysis indicated that the genes constituting clus-
ter 39 in A. flavus were highly conserved in A. oryzae, A. niger, and
A. clavatus and partially conserved in A. ferreus (Fig. 6). However,
the GenBank and Aspergillus comparative database BLAST
searches with the gene encoding the putative NADH oxidase as a
query did not yield any significant matches in A. clavatus and A.
terreus. In A. niger, the gene with the Aspergillus comparative da-
tabase locus number fgel_pg C_5000666 (Entrez gene locus tag,
ANI_1_3002024) was found to have nearly 80% amino acid
identity with the gene encoding the putative NADH oxidase
(AFLA_108540). However, it was not found in proximity of the
genes forming cluster 39 in A. niger. Also, the CP450 gene was
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present near the 3" end of the cluster PKS gene in both A. clavatus
and A. niger and in opposite orientation compared to the CP450
gene of A. flavus that is adjacent to the methyltransferase gene.
Intergenic distances were similar when comparing this gene clus-
ter in A. flavus and A. oryzae, while it varied in A. niger, A. clavatus,
and A. terreus (Fig. 6). Comparison of the genes forming cluster 39
in A. niger and A. clavatus with those in other Aspergillus species
also yielded significant matches in A. flavus and A. oryzae. NCBI
GenBank blast searches using A. flavus cluster 39 gene sequences
as queries yielded significant matches in other fungal genera only
with respect to the PKS gene (data not shown).

Interestingly, several conserved putative transcription factor
binding sites were identified in the intergenic regions of these
genes (data not shown; see Fig. $4 in the supplemental material).
For example, putative binding sites for the transcription factors
AfIR, PacC, CreA, FIbB, AreA, SltA, and Crz1P were found be-
tween afvB and afvC (see Fig. S$4 in the supplemental material).

Gene cluster 39 is expressed predominantly in sclerotia. In
order to elucidate whether the production of the compound cor-
responding to gene cluster 39 is associated with a particular fungal
structure, QRT-PCR was used to examine the expression of afvB,
encoding the PKS, in mycelium, conidia, and sclerotia of wild-
type A. flavus (Fig. 7). The results of this analysis revealed that afvB
is expressed mainly in sclerotia, with expression levels 20-fold and
10-fold greater than the expression levels of this gene found in
mycelium and conidia, respectively.

Cluster 39 affects sclerotial production. In order to study the
potential biological roles of cluster 39 in A. flavus, we generated an
afvB deletion strain. Successful replacement of a region within the
beta-ketoacyl synthase domain of afvB with the pyrG selectable
marker gene in fungal transformants was verified by PCR (see Fig.
S5 in the supplemental material). Loss of afvB expression was also
confirmed in AafvB mutant 4, which was selected for further stud-
ies. Complementation of AafvB 4 (afvB-com) and generation of a

ecasm.org 989


http://ec.asm.org

Cary et al.

5 3.5 -
é&o-
225
w
© 2.0
i
5 154
Q
N0/
[0
Eosl
0.0

AFLA_108520

24 48 72 96 24 48 72 96h

Control AveA

AFLA_108550

- -
o (9]

_4

Normalized Fold Expression

o
I

24 48 72 96 24 48 72 96h

Control AveA

AFLA_108570

ion

Normalized Fold Expressi

—— e B ]

24 48 72 96 24 48 72 96h

Control AveA

AFLA_108590

Normalized Fold Expression

96 h

24 48 72 96 24 48 72

Control AveA

n
-
S
|

AFLA_108540

o
o N

Normalized Fold Expressiol
[}

24 48 72 96 24 48 72

Control AveA

AFLA_108560

Normalized Fold Expression

= —— 1 == i = ]

24 48 72 96 24 48 72 96h
Control AveA

_5 35

230! AFLA_108580
S50
w
T 20
£
515

[
N 10

©

E 5

S
Z 0

24 48 72 96 24 48 72 96h
Control AveA

56 AFLA_108600
@

S5

3

w 4

o

Q3

g2

g 1

20

24 48 72 96 24 48 72 96h

Control AveA

FIG 5 Expression analysis of veA-dependent cluster 39 biosynthetic genes. Expression of SMURF-identified cluster 39 genes (AFLA_108540 to _108580) and
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software package for the Bio-Rad iQ5. Bars: black, Af70 pSL82 control; gray, A. flavus AveA mutant.

CA14 afvB overexpression strain (OEafvB) was confirmed follow-
ing transformation of CA14 AafvB 4 and CA14, respectively, with
plasmid pPTRI-gpd-afvB-trpC (see Fig. S6 in the supplemental
material). Successful integration of the overexpression plasmid
was confirmed by PCR. Overexpression of afvB was also con-
firmed by qRT-PCR of RNA generated from afvB-com 1 and
OEafvB 2.

No difference in colony growth was observed between AafvB
and the control strains (data not shown). Similarly, overexpres-
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sion of afvB did not affect A. flavus fungal growth. However, scle-
rotial production was approximately 40% reduced in the afvB
mutant compared to the wild type and complementation controls
on GMM-S medium (Fig. 8). No significant difference was ob-
served when the afvB was overexpressed.

Gene cluster 39 is responsible for the synthesis of aflavarin in
A. flavus. Comparison of the metabolome of wild type with that of
the CA14 AafvB mutant using HR-Orbitrap MS and multiple-
stage MS indicated that cluster 39 is responsible for producing a
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gene lengths (base pairs) and the intergenic distances are drawn to scale.

series of bicoumarins (compounds 1 to 6) (Fig. 9; see Fig. S7 to S9
in the supplemental material), which are putatively synthesized by
dimerization of the monomeric coumarins. Deletion of afvA and
afvC to -E was verified by DNA analysis (see Fig. S10 in the sup-
plemental material). The major compound (compound 1) of this
series of differentially expressed metabolites (more abundant in
the wild type than in the AafvB strain) was shown to possess a
molecular formula of C,,H,;0, ([M + H"]/z = 455.1328; er-
ror = —1.843 ppm). The mass was identical to the mass of afla-
varin, a bicoumarin metabolite previously reported in sclerotial
extracts of A. flavus (38). This assignment was further confirmed
by comparison of retention time and mass in LC-MS to those of an
authentic sample of aflavarin. Mass spectral analysis demon-
strated a perfect match between metabolite 1 and the standard
solution of aflavarin in terms of exact mass, retention time, and
fragmentation data (see Fig. S11 in the supplemental material). As
depicted in Fig. S7 in the supplemental material, aflavarin exists in
at least 4 isomers, which elute at 12.19, 12.47, 12.74, and 14.14
min. The isomeric diversity is a result of the C-C bridge (biaryl

October 2015 Volume 14 Number 10
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axis), as is the case for bicoumarins (39). Compound 2, with a
[M + H™)/z of 453.1171 (C,,H,,0,; error = —2.005 ppm), has
two hydrogens fewer than aflavarin, implying an extra double
bond in its structure. Considering the structure of aflavarin, the
only possibility for an additional double bond is by oxidation of
the hydroxy-methyl group (—CH,OH) to an aldehyde (—CHO).
The molecular formula of compound 3 was established as
Cy3H,,0 (M + HT]/z = 441.1173; error = —1.516 ppm). The
14-Da difference compared to aflavarin is consistent with the lack
of a methyl group. The structure of this metabolite was also sup-
ported by analysis of two other metabolomes of deletion mutants
of the tailoring genes, afvD and afvE. Compound 4 has a molecular
formula of C,,H,,0, ([M + H"]/z = 439.1378; error = —2.059
ppm), indicating a mass 16 Da (an oxygen atom) less than that of
aflavarin. Therefore, based on the comparison with the known
structure of aflavarin, compound 4 must be a dehydroxylated
analog of it. Compound 5, with a [M + H"]/z of 425.1221
(Cy3H,,04; error = —2.503 ppm), was shown to be a demethy-
lated analog of compound 4, whereas metabolite 6 ([M + H*]/
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25 ml water, and stored at 4°C. Gene expression levels at each time point were
normalized (AAC; analysis) to those for the A. flavus 18S rRNA gene, utilizing
the gene expression analysis software package for the Bio-Rad iQ5.

= 411.1066 [C,,H 4Oy, error = —2.053 ppm]) proved to be a
demethylated analog of compound 5.

In the wild-type extracts we were able to detect trace amounts

of coumarin monomers (compounds 7 to 10), which represent the

biosynthetic precursors of the above-mentioned bicoumarins. A
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more clear occurrence and accumulation (around 100 times more
abundant than in the WT) of these monomers can be seen in the
afvE cytochrome P450 monooxygenase knockout mutant (see Fig.
S9 in the supplemental material). Metabolite 7, with its chemical
formula C,,H,;0, ([M + H"]/z = 221.0807; error = —0.431
ppm) is consistent with a monomeric coumarin siderin, whereas
compound 8 is suggested to be a hydroxylated analog of siderin
with its corresponding molecular formula of C,,H,;05 ([M +
H™]/z=237.0757; error = —0.090 ppm). Monomer 9, possessing
a molecular formula of C,;H,,0, ([M + H"]/z = 207.0649; er-
ror = —0.305 ppm) is consistent with a 7-O-demethyl siderin,
whereas metabolite 10 appears to be the hydroxylated analog of 9
with a chemical formula of C,,H,,05 ([M + H*]/z = 223.0600;
error = —0.070 ppm). Monomers 7 and 9 are already described in
the literature as being important precursors in the biosynthesis of
several classes of bicoumarins (40, 41).

DISCUSSION

Functional genomics and metabolomics contribute to accelerate
the pace in the elucidation of the genetic regulatory networks gov-
erningactivation and modulation of different cellular processes in
response to environmental stimuli. The velvet regulatory system
has been shown to play a central role in the fibers of these net-
works. Our knowledge of velvet has greatly expanded through
studies of the model fungus A. nidulans (19, 36, 42, 43), providing
insight into its mechanism of action in response to environmental
cues such as light (28, 42). The master regulator veA is the key-
stone of the velvet system, and it is conserved in numerous fungal
species, including A. flavus (17, 18, 44). The present transcriptome
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W« o®

FIG 8 afvB influences sclerotial production. (A and B) The A. flavus CA14 PyrG-1 (WT), AafvB, and complementation strain (A), as well as CA14 pPTRI (WT)
and the afvB overexpression strain (B), were point inoculated on GMM-1% sorbitol medium and incubated at 30°C in the dark for 8 days. (C and D)
Quantification of sclerotia in the cultures shown in panels A and B, respectively. Cores (16-mm diameter) were collected approximately 1 cm from the center of
each plate. The cores were then sprayed with 70% ethanol to improve visualization, and sclerotia were quantified under a Leica dissecting microscope. The
experiment was carried out with three replicates. Standard errors are shown. Bars with different letters represent values that are statistically significantly different

(P <0.05).
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FIG 9 Structures of different identified metabolites associated with gene cluster 39 in CA14 A. flavus.

analysis of genes regulated by VeA showed that in A. flavus, as in
the case of A. nidulans and A. fumigatus homologs (45), it affects
the transcription of numerous genes. The number of genes differ-
entially expressed increases over time in culture. While for some
genes veA acts as a negative regulator, most of the genes governed
by veA are positively regulated, particularly in the dark, a condi-
tion that was shown to favor VeA accumulation in nuclei (42).
Additionally, the observation that very few genes are differentially
expressed at all four time points analyzed in this study suggests
dynamic genetic changes over time in response to changes in en-
vironmental conditions as the culture ages.

Similar to that observed for A. nidulans and A. fumigatus (45),
the veA-dependent transcriptome in A. flavus includes genes in-
volved in morphological differentiation and the production of
secondary metabolites, also called natural products. Fungi have
the capacity to produce a wide range of these bioactive com-
pounds. Whereas some of these compounds are clearly beneficial,
such as those utilized as therapeutic drugs, other secondary me-
tabolites are detrimental (e.g., mycotoxins). Among them, afla-
toxins, commonly produced by A. flavus, are the most well known
and studied. The aflatoxin gene cluster, as well as the A. flavus
aflatrem and asparasone A gene clusters (17, 20), has been previ-
ously demonstrated to be positively regulated by veA. The present
study revealed numerous additional veA-dependent secondary
metabolic gene clusters, including cluster 39.

In A. flavus, some of these secondary metabolites are associated
with developmental structures as pigments or protective factors.
Sclerotia are resistance structures that represent a source of pri-
mary inoculum for some phytopathogenic fungi. A. flavus, as well
as other fungi, accumulates a variety of secondary metabolites in
sclerotia (44, 46, 47). Some of these compounds protect the fun-
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gus against fungivorous predators (48). Our study revealed for the
first time that the genes in cluster 39 are expressed mainly in scle-
rotia and are necessary for the formation of aflavarin. Interest-
ingly, like many other sclerotial metabolites (for instance, aspara-
sone A [49]), aflavarin has been shown to exhibit anti-insectan
activity (38), thus serving an important role in A. flavus ecology
and contributing to its survival. Furthermore, our data indicated
that a functional cluster 39 is necessary for normal levels of scle-
rotial production, suggesting that aflavarin probably has an addi-
tional role in sclerotial development besides its detrimental effect
on fungivorous insects. It is likely that other A. flavus secondary
metabolites, which have not yet been assigned to a predicted gene
cluster, could also be accumulating in the sclerotium, functioning
to protect these resistance structures from predators, competitors,
and other environmental biotic as well as abiotic stressors. Al-
though no putative pathway-specific transcriptional activator
gene was present within cluster 39, in silico analysis of the shared
afvB-afvC promoter identified numerous putative binding sites
for DNA-binding proteins responsive to internal and external sig-
nals. This suggests that expression of genes in cluster 39 is gov-
erned by a plurality of factors, including stress conditions. In ad-
dition, consensus binding sites for AfIR, the transcription factor
gene responsible for the activation of aflatoxin cluster genes (50,
51), were also found in this promoter as well as in other promoters
of genes in cluster 39, suggesting a regulatory cross talk between
these clusters. A regulatory connection between gene clusters
could contribute to the fungus’ fitness, particularly if both biosyn-
thetic pathways share the same metabolic precursors.

Cluster 39 is not only present in A. flavus; it is also semicon-
served in A. clavatus and also in A. niger, where it is involved in the
synthesis of kotanin (41). In the present study, we also elucidated
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the biosynthetic pathway that leads to the production of aflavarin
in A. flavus by the generation of mutants with deletions of other
genes in cluster 39. A large number of natural biaryl compounds
have been extensively described in plants, fungi, and bacteria (52—
54). In particular, fungi of the genus Aspergillus have been shown
to be capable of producing a diverse class of bicoumarins, includ-
ing C8-C8'-linked bicoumarins (e.g., kotanin and orlandin [39,
55]), C6-C8'-linked bicoumarins (e.g., desertorin A-C [56]), C6-
C6'-linked bicoumarins (e.g., isokotanin A-C [57]), and C3-C3’-
linked bicoumarins (e.g., bicoumanigrin [58]). All these metabo-
lites share the C-C biaryl axis as a characteristic structural feature.
Aflavarin and its structural derivatives identified in this study, as
products of A. flavus CA14 gene cluster 39, belong to the C3-C8’-
linked regioisomeric subclass of bicoumarins. Up to the present,
there is no evidence for the existence of any other natural bicou-
marin harboring the C3-C8’ regioisomeric linkage.

Previous reports on the biosynthesis of bicoumarins have
shown that the main step in the biosynthesis of these dimeric
metabolites is the dimerization of the polyketide monomers via an
intermolecular oxidative phenol coupling reaction. All examples
of previously described C-C-cross-linked bicoumarins have
clearly demonstrated that the stereo- and regioselectivity during
oxidative phenol coupling reactions is fundamentally controlled
by cytochrome P450 enzymes (41, 53, 54).

Iterative type I PKSs, in general represent a hallmark of fungal
polyketide biosynthesis compared to bacterial PKSs (59). Accord-
ing to the presence or absence of B-keto processing domains, fun-
gal PKSs are subdivided as nonreducing (NR), partially reducing
(PR), and highly reducing (HR) PKSs (60). Based on the fact that
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aflavarin has an unsaturated cyclic system, with no reduction step
required in its formation, the backbone gene, afvB, can be consid-
ered a nonreducing polyketide synthase (NR PKS) gene. Disrup-
tion of afvB led to complete loss in coumarin biosynthesis (see
AafvBin Fig. S7 to S9 in the supplemental material). LC-MS of the
cluster 39 deletion mutants allowed a model of the aflavarin bio-
synthetic pathway to be proposed (Fig. 10). Deletion of the afvC
(O-methyltransferase) gene totally abolished the biosynthesis of
coumarin (see AafvC, [AAFLA_108560] in Fig. S7 to S9 in the
supplemental material). In previous studies (41, 53), it was clearly
demonstrated that the methoxy group at position C-4 of the bi-
coumarin skeleton is a prerequisite for the oxidative phenol cou-
pling reaction. This suggests that in the case of aflavarin, the O-
methyltransferase is involved in the initial steps of O-methylation
of the 4,7-didesmethyl-siderin (I), which results in the subsequent
formation of the monomers (compounds 9 and 7).

The disruption of the afvE (cytochrome P450 monooxygenase)
also led to the breakdown of bicoumarin biosynthesis (com-
pounds 1 to 6) (see AafvE [AAFLA_108580] in Fig. S7 and S8 in
the supplemental material). However, as expected, in this inter-
mediate mutant gene the monomeric coumarins (compounds 7 to
10) were accumulated (see AafvE in Fig. S9 in the supplemental
material), proving the concept that cytochrome P450 monooxy-
genase is responsible for phenolic coupling reactions. On the
other hand, the deletion of the putative methyltransferase gene,
afvD, is associated with the accumulation of compounds 3, 5, and
6, which suggests that this gene is responsible for converting these
metabolites (compounds 3, 5, and 6) to their respective products
1, 4 and 5 (see AafvD [AAFLA_108570] in Fig. S7 and S8 in the
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supplemental material). These data suggest that AafvD is mainly
responsible for the final O-methylation steps after the reactions of
oxidative phenolic coupling. Deletion of the putative NADH ox-
idase gene, afvA, in general did not affect the total biosynthesis of
bicoumarins, although the peak intensity of these metabolites is
decreased (see AafvA [AAFLA_108540] in Fig. S7 and S8 in the
supplemental material). Interestingly, AafvA mutants showed ac-
cumulation of the monomeric coumarins 7 and 9; however, we
observed only trace amount of the hydroxylated monomers (com-
pounds 8 and 10) (see AafvA [AAFLA_108540] in Fig. S9 in the
supplemental material). This suggests that the putative NADH oxi-
dase is possibly catalyzing the hydroxylation of siderin (compound 7)
and 7-O-demethyl siderin (compound 9) to their respective hydroxy-
lated analogs, compounds 8 and 10. Regarding metabolite 2, we spec-
ulate that it is synthesized by further oxidation of aflavarin which
results in production of this aldehyde derivative. Since none of the
tailoring genes of cluster 39 seem to be involved in this process, this
biosynthetic step is possibly carried out by an oxidase present else-
where in the genome, outside cluster 39.

Based on the results we obtained from deletion mutants, a
model for the biosynthetic pathway of aflavarin is established, as
follows. The PKS AfvB catalyzes four repetitive Claisen condensa-
tions to synthesize the pentaketidic precursor I (4,7-didesmethyl-
siderin) which is then O-methylated to give compounds 7 and 9 by
the O-methyltransferase, AfvC. Afterwards, these monomers are
hydroxylated to produce compounds 8 and 10, possibly by the
activity of the putative NADH oxidase AfvA. From this point,
aflavarin can be synthesized through two different paths, either by
a direct oxidative phenol coupling of the monomers 7 and 8 or
indirectly through formation of metabolite 3, which is then O-
methylated to give compound 1. The oxidative phenol coupling
reaction part of this biosynthetic network are catalyzed by the
cytochrome P450 monooxygenase AfvE. In the same fashion as for
aflavarin, other identified bicoumarins are also produced by clus-
ter 39 (Fig. 10).

It is known that fungal secondary metabolism and morpholog-
ical development are genetically linked (19, 44, 61). As expected,
our study showed that in A. flavus, some developmental genes are
regulated by veA in a light-dependent manner, including the asex-
ual development-associated transcription factor genes brlA and
abaA (62), velB (encoding a well-known VeA-interacting protein)
(63), and ganB, encoding a G protein complex alpha subunit that
negatively affects conidiation (64, 65). Additionally, we found that
although an illumination regimen is sufficient to change the ex-
pression of pkaA, encoding cAMP-dependent kinase A (66), and
chiB, encoding a chitinase (67), both genes are also veA dependent.
The fact that chiB expression is altered in the veA deletion mutant
also suggests possible alterations in cell wall composition in this A.
flavus strain. This, together with the observed alterations in the
expression of tpsA, encoding a phosphate synthase important in
trehalose biosynthesis (68), could in part contribute the greater
sensitivity to environmental stresses, such as oxidative stress, in
the AveA strain (69).

In conclusion, the current study revealed that hundreds of
genes are regulated by veA and are also influenced by the presence
or absence of light, including developmental genes and secondary
metabolite gene clusters, in A. flavus. Some of the veA-dependent
secondary metabolites gene clusters identified in this study are
orphans, including the uncharacterized cluster 39. Our metabo-
lomic analysis demonstrated that the product associated with this
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cluster is the polyketide-derived compound aflavarin, which is
known for its anti-insectan activity associated with A. flavus scle-
rotia. It is possible that veA-dependent accumulation of protective
secondary metabolites could also occur in sclerotia or fruiting
bodies in other fungal species. In addition to contributing to
the elucidation of the regulatory pathways controlling second-
ary metabolism and its role in fungal biology, these findings
could be applied to develop genetic strategies to reduce the
detrimental effects of fungal secondary metabolites on humans
and animals.
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