Mycotoxin ResearchVol. 22, No. 1 (2006), 16-21

Aspergillus flavus expressed sequence tags and microarray as tools
in understanding aflatoxin biosynthesis
J. Yu 1, T. E. Cleveland 1, J. R. Wilkinson ~, B. C. Campbell 2, J. H. Kim2, H.S. Kim3, D. Bhatnagar ~,
G.A. Payne4, W. C. Nierrnan3's
1Food and Feed Safety Research, USDA-ARS Southern Regional Research Center,
1100 Robert E. Lee Blvd., New Orleans, LA 70124, USA
2plant Mycotoxin Research, USDA-ARS Western Regional Research Center,
800 Buchanan St., Albany, CA 94710, USA
3The Institute for Genomic Research, 9712 Medical Center Drive, Rockville, MD 20850, USA
4Department of Plant Pathology, North Carolina State University, Raleigh, NC 27695, USA
5Department of Biochemistry and Molecular Biology, The George Washington University School of Medicine,
2300 Eye Street NW, Washington, DC 20037, USA

Abstract
Aflatoxins are the most toxic and carcinogenic naturally occurring mycotoxins. They are produced
primarily by Aspergillus flavus and A. parasiticus. In order to better understand the molecular
mechanisms that control aflatoxin production, identification of genes using A.flavus expressed
sequence tags (ESTs) and microarrays is currently being performed. Sequencing and annotation of
A. flavus ESTs from a normalized A. flavus cDNA library identified 7,218 unique EST sequences.
Genes that are putatively involved in aflatoxin biosynthesis, regulation and signal transduction, fungal
virulence or pathogenicity, stress response or antioxidation, and fungal development were identified
from these ESTs. Microarrays containing over 5,000 unique A.flavus gene amplicons were
constructed at The Institute for Genomic Research. Gene expression profiling under aflatoxinproducing and non-producing conditions using this microarray has identified hundreds of genes that
are potentially involved in aflatoxin production. Further investigations on the functions of these genes
by gene knockout experiments are underway. This research is expected to provide information for
developing new strategies for controlling aflatoxin contamination of agricultural commodities.

Keywords: Aspergillusflavus, aflatoxin biosynthesis, mycotoxin, microarray, genomics, pathogenesis
Introduction

Genetic studies on aflatoxin biosynthesis in
A. flavus and A. parasiticus led to the cloning
of 25 clustered genes within a 75kb DNA
region responsible for the enzymatic conversions in the aflatoxin pathway (15, 16). In order
to identify genes involved in global regulation
of aflatoxin formation and those involved in
fungal invasion, A.flavus EST (17) and microarray projects have been carried out. Studies
indicated that many factors affect aflatoxin
formation (5, 18-20). The microarray experiments reported here were focused on profiling
genes involved in aflatoxin formation in
response to nutritional factors, carbon source
in particular. A better understanding of the mechanism of aflatoxin biosynthesis and its regulation at the genomic scale would be helpful in
the development of new control strategies to
eliminate pre-harvest aflatoxin contamination.
Gene expression profiling by EST and microarray technology in A.flavus provides a tool
for achieving such goal (17, 21-23).

Aspergillus flavus produces the most potent
mycotoxins, aflatoxins B1 and B2, while

A. parasiticus produces aflatoxins GI and G2 in
addition to B~ and B2. These compounds contaminate pre-harvest field crops when these
fungi infect corn, cotton, peanut and tree nuts.
They also cause spoilage of post-harvest grains
during storage (1-5). Due to the significant
health and economic impacts of aflatoxin contaminations, the chemistry, enzymology, and
genetics of aflatoxin biosynthesis in A. flavus
and A. parasiticus are being actively studied
(1-14).
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Materials and Methods

ing robot, TIGR
Systems (IAS).

Fungal strain, media and culture conditions
The wild-type strains of A.flavus NRRL 3357
(ATCC# 20026), A.flavus #13, and A. parasiticus SU-1 (SRRC 143, NRRL 5862, ATCC#
56775) were selected for the genomic studies.
These strains are stable aflatoxin producers and
are widely used in laboratory experiments and
field tests. Fungal cultures were maintained on
potato dextrose agar (PDA, Difco, Detroit,
MI). Fungal conidia were collected from PDA
plates using a 0.05% Triton X-100 solution.
The liquid cultures were incubated at 30 ~
with constant shaking at 150 RPM. The four
basic culture media, yeast extract (YE, Difco,
Detroit, MI), yeast extract sucrose (YES),
peptone minimal salt (PMS), and glucose
minimal salts (GMS) (24), were used in
microarray experiments. The mycelia were
harvested by filtration through miracloth at 48
and 96 hours after inoculation. The harvested
mycelial samples were frozen in liquid
nitrogen for RNA purification.

Intelligent Automation

Probe Labeling and microarray hybridization:
For generating probes in microarray experiments, total RNA was extracted from 100 mg
of the fungal tissue using TRIzol| Reagent
(Invitrogen Corporation, Carlsbad, CA) according to manufactures instructions, cDNA
synthesis, labeling, and hybridization were performed using one of the three separate
protocols. They were Aminoallyl RNA labeling and hybridization protocol (TIGR); 3DNA
Array 900 protocol (Genisphere Inc. Hatfield,
PA), and 3DNA Array 900 MPX protocol
(Genisphere Inc. Hatfield, PA). The TIGR and
the Array 900 protocol used 10 lag total RNA,
while the Array 900 MPX protocol used 3 p.g
total RNA in labeling reaction.
Data acquisition and statistic analysis
Following hybridization, the fluorescent images were acquired by scanning slides with array
reader (ScanArray Express or a ScanArray Lite
5000, PerkinElmer Life Sciences, Boston,
MA). Normalization is necessary to adjust for
differences in labeling and detection efficiencies of the fluorescent labels and for differentces in the quantity of starting RNA. Data was
normalized using a local regression techniques,
LOWESS (LOcally WEighted Scatterplot
Smoothing), using the MIDAS software tool
(TIGR) and the resulting data were averaged
over triplicate genes on each array and over
duplicate arrays (dye-flip) for each experiment.
The data set comparison of the resulting microarray hybridization image was examined by
cross comparison between experiments using
TIGR MultiExperiment Viewer software
(MeV, TIGR, http://www.tigr.org).

RNA isolation, Sequencing and Annotation
The frozen fungal mycelia were ground to a
fine powder using a pre-chilled mortar and
pestle. Total RNA was purified from the fungal
mycelia using a Qiagen RNeasy Plant Mini Kit
(Qiagen Inc., Valencia, CA) for cDNA expression library construction. Single pass, unidirectional (5'end) sequencing of the EST
clones and annotation were performed at The
Institute for Genomic Research (TIGR, Rockville, MD, USA).
Microarray construction
According to the EST sequence information,
amplicon microarray was constructed at TIGR
following the TIGR Microarray Protocols and
Standard Operating Procedures. A total of
9,445 pairs of sequence specific primers to the
known unique ESTs were made. Two EST
sequences were selected from each Tentative
Consensus (TC) sequence group and one from
each singleton for primer design. The PCR
amplification was performed using A.flavus
genomic DNA as template in Hard-Shell
Skirted 96 well microplate (Bio-Rad,
Waltham, MA). The successful amplicons plus
32 aflatoxin pathway genes, representing 5,002
unique genes, were printed in triplicates onto
aminosilane coated microscope slides (Coming
Inc. Alton, MA) using a high precision spott-

Results

Genes of interest identified by EST
A total of 26,110 normalized A. flavus cDNA
clones were sequenced and 22,037 high quality
usable sequences were obtained. After annotation, 7,218 unique EST sequences were assembled (17). Among those ESTs that are
potentially involved directly or indirectly in
aflatoxin production have been identified
based on their putative functional classifications (17). These genes were classified into
five categories: 1, Genes directly involved in
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the aflatoxin biosynthesis such as structural
and regulatory genes in the known aflatoxin
pathway gene cluster (15, 16); 2, Genes putatively involved in global regulation and signal
transduction such as mitogen-activated protein
kinase (MAPK), MAPK kinase (MAPKK) and
MAPKK kinase (MAPKKK) (25), laeA for
loss of aflR expression (NAGEM53TV) (26);
3, Genes possibly involved in virulence/pathogenicity such as genes encoding hydrolytic
enzymes; 4, Genes involved in stress response
and antioxidation (18, 25, 27, 28); and 5,
Genes putatively involved in fungal development and sporulation.

Gene expression profiles in A. flavus #13
YES medium supports aflatoxin production,
while YE does not. Gene expression was
compared in A. flavus #13 grown for 48 hours
in YES vs. YE medium using the 3DNA Array
900 protocol (Genisphere). A total of 3,661
amplicon spots gave scorable signals, including most of the known aflatoxin pathway
genes. When the results were evaluated at a
95% confidence level, a total of 229 spots were
shown significant. Among them, 131 were
up-regulated and 98 were down-regulated
(Table 1, experiment 2).
Gene expression profiles
in A. parasiticus SU-1
A. parasiticus SU-1 were grown 96 hours in
YES vs. YE and GMS vs. PMS. YES was

Aflatoxin pathway gene expression
in A. parasiticus SU-1 grown in GMS vs. PMS
GMS medium supports aflatoxin production,
while PMS does not. When A. parasiticus SU1 grown in GMS medium was compared with
that grown in PMS medium for 96 hours, the
aflatoxin pathway cluster genes were expressed at a high level under GMS medium
condition, but not in PMS medium. A 2 to 9fold higher expression level (log2 value ranged
from 1 to 3.5) was scored in aflC (pksA) (15),

compared to YE and GMS was compared to
PMS using the 3DNA Array 900 and Array
900MPX protocols (Genisphere). The four
experiments (Table 1, experiments 3, 4, 5, 6)
are considered biological replicates with a
combination of media (YES vs. YE and GMS
vs. PMS) and probe labeling protocols (Array
900 and Array 900MPX). Using both
Genisphere protocols, the expressed genes
were readily detectable with scorable spots
from 6,108 to 7,802 including most of the
aflatoxin pathway genes, which represent upto
97% of total spots on array. When the results
were evaluated at a 95% confidence level, the
significant spots were 428, 335, 396, and 434
respectively. The up- and down-regulated
genes were 237 and 191,165 and 170, 189 and
207, 285 and 149 respectively (Table 1, experiments 3, 4, 5, 6).

aflD (nor-l), aflE (norA), aflG (avnA), aflH
(adhA), aflI (avfA), aflJ (estA), aflK (vbs), aflL
(verB), aflO (omtB), aflS (aftJ), aflV (c)~pX),
and aflY (hypA). While other aflatoxin pathway
genes, aflR, aflU (cypA), aflB (fas-1), aflQ
(ordA), aflW (moxY), aflX (ordB) and the
hexose transporter gene, hxtA, were expressed
but at relatively lower level (0.5 to 1-fold). The
sugar utilization genes, glcA and sugR, the
putative aflatoxin transporter gene, aflT, were
expressed only in the PMS medium (negative
log2 value). However, some of the aflatoxin
pathway genes, aflF (norB), aflM (ver-1), and
aflN (verA), were not detected.

Gene expression profiles across experiments
Using TIGR MeV software program, genes expressed across several experiments have been
identified. The up- and down-regulated genes
in the experimental groups are shown in
Table 2. Analysis indicated that there were only 21 genes up-regulated in addition to the aflatoxin pathway genes consistently expressed
over the two A. flavus strains and there were 21
down-regulated genes. Combining the four A.
parasiticus replicates, there were 23 upregulated and 4 down-regulated genes. When
comparing all of the six experiments, only 7
genes were shown up-regulated and 3 genes
down-regulated across the experiments
(Table 2).

Gene expression profiles
in A. flavus NRRL 3357
Using the TIGR protocol we compared 48
hours A. flavus NRRL 3357 grown in GMS vs.
PMS medium. A total of 3,977 spots gave
scorable signals including 20 of the 25 aflatoxin pathway genes. These represent about
50% of the amplicons spotted on the array.
When the data were evaluated at 95%
confidence level, a total of 263 spots were
shown significant. Among them 169 were upregulated and 94 were down-regulated. All of
the aflatoxin pathway genes were scored below
95% significant level (Table 1, experiment 1).

18

Mycotoxin Research Vol. 22, No. 1 (2006), 16-21

Table 1. Gene expression profiles of individual experiment
Species, productive vs. non-productive condition
(protocol used)
# of observed

% of total
entries

Number
significant

# up
regulated

# down
regulated

1. A. flavus NRRL 3357 GMS vs. PMS 48 hours
growth (TIGR)

3,977

49.5

263

169

94

2. A. flavus #13 YES vs. YE 48 hours growth
(Array 900)

3,661

45.6

229

131

98

3. A. parasiticus SU-1 GMS vs. PMS 96 hours
growth (Array 900)

6,995

87.1

428

237

191

4. A. parasiticus SU-1 YES vs. YE 96 hours
]rowth (Array 900)

6,108

76.0

335

165

170

5. A. parasiticus SU-1 GMS vs. PMS 96 hours
growth (Array 900MPX)

7,368

91.7

396

189

207

5. A. parasiticus SU-1 YES vs. YE 96 hours
growth (Array 900MPX)

7,802

97.1

434

285

149

Note: Total possible amplicons on array: 8,032, which re )resent a total of 5,002 unique ESTs (3,030 TC, 1,941 singleton plus
31 aflatoxin biosynthetic pathway cluster genes)

Table 2. Gene expression profiles across experiments
Experimental group

Total observed

signif, across
~xps.
# up regulated

# down
regulated

3ther*

Experiments: 1, 2

2,664

45

21

21

3

Experiments: 3, 4, 5, 6

4,906

27

23

4

0

Experiments: 1, 2, 3, 4, 5, 6

2,362

10

7

3

0

Genes neither up- nor down-regulated

Discussion

ficially adjusted to achieve the different
significance cutoff level. The significantly upregulated genes can be controlled to a manageable level for down-stream analysis by targeted
mutagenesis. We used an A.flavus genome
based microarray to study both A.flavus and
A. parasiticus. Both species, though closely
related, contain certain differences in their
genomes and also in the way aflatoxin
biosynthesis is regulated. Some genes with low
sequence homology between the two species
may not be identified. Therefore, response to
environmental factors (nutritional factors in
this study) may differ between the species by
more than what was demonstrated here. However, this can only be studied in detail when
the A. parasiticus genome based microarray is
available. The genes identified in this study are
the putative candidates for further investigation. Genes responsible for the biosynthesis of
secondary metabolites such as aflatoxins are
those encoding polyketide synthases, fatty acid
synthases,
carboxylases,
dehydrogenases,
reductases, oxidases, oxidoreductases, epoxide
hydrolases, mono- or di-oxigenases, cytochrome P450 monooxigenases, and methyltransferases (5, 13, 14, 15). In the A.flavus

Employing EST and microarray technologies
for profiling expression of the genes potentially involved in aflatoxin contamination of
crops by A.flavus is a rapid and effective
strategy in understanding the mechanism of
aflatoxin biosynthesis and its regulation.
Experiments on the genes involved in the
secondary metabolism, such as those required
for aflatoxin biosynthesis, demonstrated that
the genes of the aflatoxin pathway are expressed at a much lower level than the primary
metabolic pathway genes. This could help to
explain why not all the known aflatoxin
pathway genes were identified in the EST
clones sequenced. This is especially true when
using microarrays to detect the low expression
aflatoxin pathway genes. In the microarray
experiments, only the high expression aflatoxin
pathway genes, such as aflC (pksA), arid (nor-

1), aflE (norA), aflJ (estA), aflK (vbs), aflO
(omtB), aflS (aftJ), and aflY (hypA) were
scored, while the genes that were expressed at
low level, such as qflR, were difficult to detect.
It should be noted that during bioinformatics
analysis several parameters could be arti19
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