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Development of aflatoxin-resistant cotton against Aspergillus flavus is handicapped by the lack of resis-
tance source in available germplasm. Genetic engineering warrants for identification of resistance-
associated genes in cotton. As a first step toward this, we isolated 44 differentially expressed genes
(DEGs) in response to A. flavus infection, using annealing control primer system. Different functional
classification of the DEGs suggested a complex and multi-factorial plantefungus interaction. Eight DEGs,
including transcription factors, kinase, and downstream stress responsive genes, showed a tissue- and
time-dependent differences in their expression. The upregulated genes can be used as transgenes and/or
functional markers for breeding aflatoxin-resistant cottonseed.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Aflatoxins are dangerous and carcinogenic mycotoxins
produced as secondary metabolites of Aspergillus flavus and
Aspergillus parasiticus. These polyketides contaminate a variety of
important agricultural products, such as corn, cottonseed, peanut,
and tree nuts, both in the field and after harvest, and are extremely
carcinogenic when ingested in small amount by animals and
humans [1]. The wide occurrence of aflatoxin contamination in
food and feed and the subsequent serious health and economic
impact are well recognized internationally. So far, over 50 countries
have established or proposed regulations on the permissible level
of aflatoxins in food and feed because low dose consumption of
aflatoxin contaminated food stuff causes chronic aflatoxicosis
resulting in cancer, suppression of immunological responses, and
other ‘‘slow’’ pathological conditions in both animals and humans
[2]. To minimize exposure to these potent toxins, the US Food and
Drug administration imposed 20 ng/g (ppb) limits of aflatoxin
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content allowed in foodstuffs for human consumption, while the
European Community has imposed more stringent level of 4 ng/g
[3]. In addition to the adverse effects that aflatoxin has on human
and animal health worldwide there are also significant economic
costs incurred trying to mitigate aflatoxin contamination of crops.
A. flavus and A. parasiticus cause worldwide annual losses of
approximately $270 M [4]. In the U.S. the southeast peanut,
southern cotton belt, and mid-south corn farming regions are
considered to be endemic to severe outbreak of aflatoxin
contamination.

A. flavus is the primary causal agent of aflatoxin contamination
of cottonseed. The concern of aflatoxin contamination of cotton-
seed in the United States is due to the feed-mediated transfer of
contaminated seeds to milk of dairy cows [5]. Aflatoxin contami-
nation of cottonseed is frequent in pre-mature seeds associated
with insect damage to the boll, particularly by pink boll worm [6].
The contamination also occurs after seed maturity and boll
opening, and involves direct infection of seed by A. flavus [6,7].
Biotic and abiotic factors, either nutritional or environmental
including temperature, pH, and drought stress, are also known to
trigger aflatoxin production in toxigenic Aspergillus species,
although the molecular mechanisms for these effects are still
unclear [8e11].

The morphological process of invasion [12,13] and molecular
mechanism of A. flavus involved in cottonseed invasion process
have been extensively studied [14,15]. Fungal invasion of cotton-
seeds is associated with the production of a specific pectinase
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isozyme, lipases, and hydrolytic enzymes [14e17]. Moreover, the
availability of A. flavus whole genome microarray makes easier to
identify genes expressed in the fungus during its invasion of crops.

Current strategies employ both pre-harvest and post-harvest
measures to reduce the risk of aflatoxin contamination in food
and feed. Biological control with non-aflatoxigenic strains that out-
compete toxigenic strains in nature has shown promise as
a strategy to reduce pre-harvest aflatoxin contamination of cotton,
peanut, and corn. Enhancing host resistance is the most widely
explored strategy for eliminating pre-harvest aflatoxin contami-
nation by A. flavus. Success in conventional breeding for resistance
to mycotoxin-producing or phytopathogenic fungi is reliant upon
the availability of resistance gene(s) in the germplasm and there is
no genetic resistance available in cotton genotypes. This warrants
for genetic engineering of cottonwith manipulation of orthologous
resistance-associated genes/proteins and availability of naturally
tolerant genotypes in corn and peanuts provides a window to look
for resistant genes and factors. Using antifungal proteins and
synthetic peptides (D4E1), transgenic cottons capable of resisting
various phytopathogens including A. flavus have been developed
[18]. Various other approaches have also been suggested for genetic
control of pre-harvest aflatoxin contamination, including the
development and use of crops with resistance to insects, resistance
to plant stress (especially for tolerance to drought and high
temperatures).

The expressed sequence tag (EST) and oligonucleotide micro-
array strategies have been used to identify differentially expressing
genes under A. flavus infection of resistant and susceptible peanut
and maize cultivars [19,20]. Although there is a fairly good under-
standing of the aflatoxin biosynthetic pathway and pathway cluster
genes, the complex interaction between the saprophytic Aspergillus
and cotton plant (cottonseed, in particular) is poorly understood
due to the unavailability of resistant cotton genotype(s). Availability
of several small-scale differential mRNA imaging techniques and
gene expression analysis also allows primary but rapid progress for
identification and understanding of gene function related to
phenotype. Our objective in this study was to identify differentially
expressed genes in cottonseed and pericarp as a result of Aspergillus
infection; and to this end we used an annealing control primer
(ACP) system providing a suitable primer with annealing speci-
ficity, which specifically targets sequence hybridization to the
template via a polydeoxyinosine poly (dI) linker [21,22].

2. Materials and methods

2.1. Fungal cultures

Toxin-producing A. flavus strain 13 (SRRC # 1532) was grown for
7 d at 30 �C on maltose extract agar (MEA) media before assay.
Conidiawere harvested byflooding a single platewith 9ml of sterile
potato dextrose broth (PDB) containing 0.01% (v/v) Triton X-100
solution and scraping the surface of myceliumwith a sterile pipette.
The conidial suspension was counted with the aid of a hemocy-
tometer and adjusted to a concentration of 104 conidia/ml.

2.2. Inoculation of cotton bolls

Cotton bolls (28e30 dpa) on greenhouse-grown cotton plants
(var. Coker 312) were wounded in the center of one of the locules to
a depth of 5e10 mm with a 3 mm dia cork borer. A small aliquot
(10 ml) of the A. flavus conidial suspension (104 conidia/ml) was
pipetted into the hole. Control bolls received only PDB with no
conidia. Bolls were harvested at 6, 24, 48 and 72 h after inoculation
and were divided into several sub-samples for gene expression
analysis. The sub-samples included pericarp and fiber-free seeds
from both inoculated (L1) and non-inoculated, adjacent (Adj)
locules. All the samples were quick-frozen in liquid nitrogen and
stored at �80 �C for RNA isolation. Three bolls each from two
different plants (biological replicates) were used for each
treatment.

2.3. RNA isolation

Total RNA was isolated from boll of uninfected and A. flavus-
infected cotton using Spectrum total RNA isolation kit (Sigmae
Aldrich, St. Louis, MO) at different time points after infection. The
RNA was independently extracted from cottonseed and pericarp
from each infected locules (L1) and three adjacent/distal locules
(Adj), respectively. Total RNA was quantified by an ND-1000 spec-
trophotometer (Nanodrop Technologies, Wilmington, DE). The RNA
integrity was also assessed by running 2 ml of total RNA in a 1.2% (w/
v) agarose/formaldehyde gel, stained with ethidium bromide, and
visualized under UV light. An aliquot of 1 mg RNA extracted from
adjacent/distal locules (Adj) of cottonseed or pericarp was pooled
for cDNA preparation.

2.4. cDNA preparation and ACP-based gene-fishing PCR

Three mg of the total RNAwas reverse transcribed to first-strand
cDNA using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) in
a final reaction volume of 20 ml including 1 ml RNase Hþ Moloney
murine leukemia virus-derived reverse transcriptase pre-blended
with RNase inhibitor, and 4 ml of 5� reaction mix containing an
optimized blend of oligo (dT) and random primers. The reaction
was conducted as follows: one cycle at 25 �C for 5 min, followed by
42 �C for 30 min, and 85 �C for 5 min. The first-strand cDNAs were
diluted 10-fold with nuclease-free water and stored at �80 �C for
further use.

Second-strand cDNA synthesis and subsequent PCR amplifica-
tion was performed in a single tube using the GeneFishing� DEG
premix kit manual (Seegene, Rockville, MD) as described earlier
[22]. Briefly, second-strand cDNA synthesis was conducted at one
cycle of first-stage PCR in a final reaction volume of 20 ml containing
3 ml (w50 ng) of the diluted, first-strand cDNA, 10 ml of 2�
SeeAmp� ACP� master mix (Seegene, Rockville, MD), 2 ml of 5 mM
arbitrary ACPs [22], 1 ml of 10 mM dT-ACP2. The tube containing the
reaction mixture was placed in a preheated (94 �C) thermal cycler.
The first-stage PCR profile was: 1 � 94 �C for 1 min followed by
50 �C for 3 min, and 72 �C for 1 min. The second-stage PCR
amplification profile was as follows: 40� 94 �C for 40 s, followed by
65 �C for 40 s, 72 �C for 40 s, and a 5min final extension at 72 �C. The
PCR products amplified by 20 ACP primers were resolved in a 2%
agarose gel, stained with ethidium bromide, and visualized under
UV and documented in a Kodak Gel Logic200 system (Carestream
Health Inc, Rochester, NY).

2.5. Cloning and sequencing of differentially expressed genes
(DEGs)

Cloning and sequencing of fragments corresponding to differ-
entially expressed genes (DEGs), based on their intensity or pres-
ence/absence, between control and infected cottonseed and
pericarp was performed following [23]. Thirty-two DEGs from both
pericarp and cottonseed tissues were extracted with a Qiaquick gel
extraction kit (Qiagen, Valencia, CA) and cloned into pGEM�-T Easy
vector (Promega, Madison, WI). Plasmids were isolated from forty-
four clones that were confirmed positive by colony PCR using M13F
andM13R primers, and single-pass sequenced with T7 primer in an
ABI 3730x1 genetic analyzer.



Table 2
Primers for sqRT-PCR and qRT-PCR analysis of differentially expressed genes in
Gossypium hirsutum under infection of Aspergillus flavus.

Clone
ID

Forward primer (50/30) Reverse primer
(50/30)

Product
length (bp)

GhC1 aaatgtcattgccacaagca gctgcttatctcccatctgc 172
GhC2 taaacgcgctgtacatggaa gtcctgcggtcatctgtttc 162
GhC3 caatcaaaatcagggggatct ccgccttgtaagaccctttc 160
GhC5 ggatgagtaaaggactgaaatgtaga cggcatttattaattaggacca 153
GhC6 tcaacagcaacccacaagag caaaacaagggtctcctcctt 188
GhC38 tagctgtccccactggaatc cccagaatttgccaggacta 152
GhC39 caatccactggagctcatca tttccctcccctcgagtatt 155
GhC43 ctgcgcagtgcttacagaat caaaagcatgaagtggcaaa 173
GhCelf cttgcgtttacccttggtgt aaggagagtgggacccttgt 237
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The vector backbone and the poly (A) tail were processed
manually and clean, DNA sequences were searched against the
non-redundant (nr) nucleotide and protein database of NCBI using
BLASTN and BLASTX interface (http://www.ncbi.nlm.nih.gov/
BLAST), respectively. Gene enrichment analysis of the DEGs was
performed as described earlier [24].

2.6. (Semi)quantitative reverse transcription polymerase chain
reaction analysis of DEGs

Transcript abundance of DEGs with known functional annota-
tion (Table 1) was determined by (semi)quantitative reverse tran-
scription PCR (sq/qRT-PCR) using first-strand cDNA and DEG-
specific primers. DEG-specific primers (Table 2) were designed
using Primer 3.0 web resource (http://frodo.wi.mit.edu/primer3)
and synthesized by Integrated DNA Technologies (IDT Inc, Coral-
ville, IA).

The sqRT-PCRwas performedwith 1 ml offirst-strand cDNAusing
GoTaq DNA polymerase kit (Promega, Madison, WI) as described
earlier [23]. The qPCR analysis was carried out in triplicate using
SYBR green master mix (Bio-Rad, Hercules, CA), 2 ml of diluted (10�)
first-strand cDNA and 3.25 pmol each of DEG-specific primer in
a MyiQ Real-Time PCR analysis system (Bio-Rad, Hercules, CA)
following method described in [23]. The relative quantitation
method (2�DDCt) was used to compare the gene expression levels
[25]. Independently, comparison of expression of DEGs was made
between seed tissues versus pericarp tissues, among different time
points, and ingeneral betweencontrol and inoculated tissues. Cotton
(Gossypium hirsutum) elongation factor (GhEF1a; GenBank Acces-
sion number DQ174250) was used as an internal reference gene.

The relative gene expression values were normalized and used
for the heat map generation based on hierarchical clustering using
Genesis software v 1.7.6 (http://www.tugraz.at). Heat map reflects
the ranking of gene expression along the horizontal axis.

3. Results and discussion

3.1. Identification of differentially expressed genes

All 20 annealing control primers (ACPs) resulted in differentially
expressed genes (DEGs) in either cottonseed or pericarp tissues in
response to A. flavus infection (Fig. 1). Forty-four DEGs that were
sequenced showed BLAST hit with plant-specific cDNA sequences.
Thirty-one DEGs had functional annotation in the public database
with more than one representation (GenBank Acc# JK818484 -
JK818504). The remaining 13 sequences did not have any defined
functional role and showed similarity to either hypothetical or
expressed protein in the nr database. Four DEGs (legumin A, spot11
catalase, alpha globulin A&, B, and cytochrome c oxidase) had
match with known genes in cotton. Gene enrichment analysis
classified the DEGs according to their role in biological process or
molecular/cellular function (Table 1). The DEGs belonging to
different functional categories suggested that the fungus induced
Table 1
Differentially expressed genes in pericarp and seed tissues of Gossypium hirsutum under

Clone ID Similarity L

GhC1 Leucine-rich repeat receptor-like protein kinase (Arabidopsis thaliana) 7
GhC2 RING-H2 finger protein ATL3J (Ricinus communis) 8
GhC3 Legumin A protein mRNA (Gossypium hirsutum) 8
GhC5 clone Spotp11 catalase mRNA (Gossypium hirsutum) 8
GhC6 Alpha globulin A and B genes (Gossypium hirsutum) 8
GhC38 Cytochrome c oxidase mRNA (Gossypium barbadense) 7
GhC39 Seed maturation protein LEA4 (Glycine tomentella) 8
GhC43 MADS-box protein 4 (Vitis vinifera) 7
a complex and multi-factorial responses in the cotton plant. Eight
DEGs (Table 2) that were abundantly represented in the library
were selected for further expression analysis.
3.2. Transcript abundance analysis of DEGs

The genes that showed differential expression in the ACP-based
mRNA display also showed differential expression in a tissue- and
time-dependent manner in the cotton boll in response to A. flavus
infection, as was seen from the (semi)quantitative RT-PCR. Further,
the expression of the genes at the site of infection (L1) was also
different than at the adjacent tissues (Adj). As shown in Fig. 2, most
of the DEGs were upregulated in both pericarp and cottonseed at
different time point with at the site (L1) of inoculation of A. flavus or
in the adjacent tissues (Adj). The DEGs, in general, were very highly
expressed as early as 6 h and reached their maximum content at
24 h after infection by the fungus in L1 and/or Adj tissues of the
seed. Thereafter the mRNA accumulation of the genes were main-
tained or reduced to the basal level. Interestingly, all the DEGs
showed downregulation of their transcript accumulation in the
adjacent locules of the pericarp tissue immediately after the fungal
infection i.e., at 6 h and but increased or remained constant at
subsequent time points. The DEG GhC3, similar to legumin A, did
not show any apparent change in its transcript abundance in both
L1 and Adj tissues of seed (Fig. 2). The DEGs in L1 of the pericarp
tissue showed a nearly similar trend of those in the seed tissue. In
general, the qRT-PCR data (Table 3; Fig. 3) was in agreement with
the sqRT-PCR data. The detail expression pattern of the individual
DEGs is discussed below.

3.2.1. Genes involved in transcription regulation
Leucine-rich repeat receptor-like protein kinase (LRR-RLK;

GhC3), was upregulated in both the seed and pericarp at the site of
infection (L1) as early as 6 h and maintained its expression at least
up to 72 h after infected by A. flavus. Its expressionwas significantly
higher in seed in comparison to that in pericarp. However, its
expression in the adjacent (Adj) tissues of pericarp and seed
did not change significantly after infection. Plant LRR-RLKs are
infection of Aspergillus flavus.

ength (bp) GO ID E value GO term Reference

93 GO:0004674 7e-49 Molecular function FJ708669
10 GO:0008270 3e-28 Molecular function EQ974625.1
27 GO:0045735 3e-118 Cellular component M73072
23 GO:0004096 7e-77 Molecular function FJ415187
17 GO:0045735 0.0 Molecular function M18027
53 GO:0004129 5e-127 Molecular function AF531373
07 GO:0016020 3e-15 Cellular component AAG37451
86 GO:0003700 3e-17 Molecular function XM_002275669



Fig. 1. ACP PCR showing differential expression of genes with ACP2, ACP3, ACP13 and ACP19 primers in pericarp and seed tissues of cotton upon infection with Aspergillus flavus. NI,
not inoculated; I, inoculated; E, empty; M, 1 kb DNA size marker.
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transmembrane proteins with putative extracellular domains and
intracellular protein kinase domains, which can perceive external
signals and initiate signal cascades [26]. Recently, Xu et al. [27]
showed the upregulation of LRR-RLKs as a defense response of
cotton against Verticillium wilt fungus. The identification of LRR-
RLK suggested its putative role in mediating early events leading
to plant defense such as hypersensitive reaction in response to A.
flavus infection.

Different transcription factor family genes in various complex
regulatory networks are known to be induced in plants in response
to pathogen attack, which results in up/down-regulation of
downstream defense-related genes [28]. The cDNA GhC2 similar to
a transcription factor encoding RING-H2 finger protein showed
comparatively similar level of upregulation at different time points
in L1 tissues whereas in Adj tissues it was only upregulated after 6
and 24 h of fungal infection; the highest upregulationwas observed
at 24 h. However in the pericarp its expression was either down-
regulated or remained unaltered after infection. Ring finger
protein is a zinc finger-type protein, which is involved in many
biological processes including the ubiquitination pathway as
a ligase [29,30]. Ectopic/over-expression of a RING-H2 finger
protein gene conferred resistance against rice blast fungus [31] or
led to the upregulation of defense and/or cell death related genes in
tobacco [32]. Thus it is possible that the protein interacting ring
domain of this transcription factor may be involved in the oxidative
stress response caused due to fungal pathogen infection. The cDNA
GhC43, similar to MADS-box protein 4 (MADS4), showed very high
expression in both pericarp and seed tissues under A. flavus
Fig. 2. Reverse transcription (RT) PCR analysis of differentially expressed genes in pericarp
inoculation with Aspergillus flavus. Cotton elongation factor (GhEF1a) was used as the endo
infection; the upregulation was higher in seed compared to the
pericarp. Genetic analysis of MADS-box genes has shown that most
of them determine of flowering time, reproductive organ growth
and vegetative growth [33]. However, expression analysis of the
transgenic rice and Arabidopsis plants with MADS24 showed
upregulation of genes in ethylene and reactive oxygen species
biosynthesis. This further elucidates that ethylene and the ROS
produced in response to pathogen attack act in the early signaling
pathway that is regulated by the MADS-box transcription factor.

3.2.2. Stress responsive genes
The GhC5 had high similarity to cotton Spotp11 catalase gene,

which codes for a ubiquitous hydrogen peroxide (H2O2)-scavenging
enzyme. When a pathogen attacks, the plant rapidly produces
reactive oxygen species (ROS) to strengthen the cell wall as
a defense mechanism [34,35]. The significantly increased amounts
of ROS including H2O2 can cause the cell damage. H2O2 plays an
important role in plant defense mechanism as a signaling molecule
and thus enzymes such as catalase or superoxide dismutase are
induced. Upon A. flavus infection, the mRNA content of catalase
increased highly (three- to nine-fold) in both the pericarp and seed
tissues. The catalase gene induction was higher in the A. flavus
inoculated corn immature embryos than non-inoculated ones and
its level was shown to be positively correlated with the resistance
of corn to the fungus [36].

Similarly, cytochrome c oxidase (COX) is known to be involved
in the mitochondrial respiration chain and enzyme is a major
contributor of reactive oxygen species (ROS) during the
and seed tissues of cotton at different time points (0 h, 6 h, 24 h, 48 h and 72 h) post
genous control.



Table 3
Fold-change in the expression of differentially expressed genes at different time
points in pericarp and seed tissues of cotton in response to Aspergillus flavus
infection relative to non-infected control.

GhC1 GhC2 GhC5 GhC6 GhC38 GhC39 GhC43

Pericarp L1 6 h 3.8 �1.2 3.0 1.4 4.1 3.3 1.9
24 h 1.7 �2.0 3.1 32.6 3.2 2.6 3.6
48 h 1.5 1.1 1.6 77.1 5.7 1.9 1.6
72 h 2.1 �1.0 6.0 2.9 12.6 2.1 2.8

Adj 6 h �0.6 �0.6 1.3 1.7 �1.6 �1.6 �0.8
24 h 1.1 �0.4 2.3 1.2 �1.1 1.1 �0.4
48 h 1.1 1.0 5.9 1.0 �1.3 �0.9 1.0
72 h �0.9 �0.2 5.1 1.5 �2.0 3.9 3.3

Seed L1 6 h 6.1 2.7 1.8 3.2 2.4 �1.4 2.4
24 h 5.8 3.4 8.5 2.8 3.4 16.1 18.3
48 h 8.9 2.5 4.0 2.3 �2.7 5.8 2.8
72 h 3.3 2.4 3.1 1.0 2.5 19.7 1.8

Adj 6 h 1.3 2.9 2.0 3.3 1.6 �1.6 �1.2
24 h �0.9 5.5 4.1 2.6 2.8 4.9 3.1
48 h �0.4 1.1 2.5 �1.2 1.3 �1.9 �1.7
72 h 0.8 �0.9 1.6 1.7 1.5 �1.1 �1.2

L1 ¼ Locule 1, site of infection; Adj ¼ adjacent locules.
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hypersensitive reaction [37]. Mitochondria are also a potential
source of superoxide and peroxide, being produced when electron
transport through the cytochome pathway is restricted by stress-
induced due to wounding, thereby leading to the increased accu-
mulation of oxidase enzymes [38]. The GhC38 similar to cox gene
was upregulated in both seed and pericarp tissues; the upregula-
tion was expectedly higher at the wounding site i.e., L1 of pericarp
Fig. 3. Heat map of differentially expressed genes as analyzed by quantitative reverse
transcription (qRT) PCR in pericarp and seed tissues of cotton at different time points
(6 h, 24 h, 48 h and 72 h) post inoculation with Aspergillus flavus. Cotton elongation
factor (GhEF1a) was used as the endogenous control.
and seed. On the other hand, it showed downregulation in the Adj
locules of the pericarp. This indicated the transcription of catalase
and cox mRNA was upregulated along with the oxidative bursts in
order to help maintain the reactive oxygen species homeostasis in
the infected and adjacent tissues. LRR-RLK and Ring-H2-protein,
catalase, and oxidase are also differentially regulated under
drought stress and it has already been shown from proteomics
research that resistant corn genotypes show increased protein
levels of stress associated proteins [39].

3.2.3. Storage protein genes
Storage protein genes have been implicated in plant’s defense

response to diseases. In corn hydrophilic storage proteins such as
alpha globulin A&B and late embryogenesis abundant protein
(LEA4) were highly induced upon infectionwith A. flavus [40,41]. In
our study alpha globulin A&B (GhC6) was induced in the pericarp at
the site of infection (L1) only after 6 h and reached its highest
expression at 48 h of infection by A. flavus; its upregulation in the
Adj locules of pericarp was not as high compared to the L1 locule
(Fig. 2, Table 3). Transcript accumulation of GhC6 in seed was
higher until 48 h (L1) and 24 h (Adj) before being down-regulated
or dropped down to basal level. The LEA gene (GhC39) was highly
upregulated in seed in comparison to the pericarp. LEA proteins
were shown to be regulated under multiple stresses such as
desiccation, cold, and high salinity [42] and their transgenic
manipulation has resulted in higher water and salt stress tolerance
in rice [43]. The role of the storage proteins in peanut’s defense
response to A. flavus was shown very recently [19] where the
authors, from an EST and microarray-based gene expression
profiling, observed consistent upregulation of globulin and LEA
genes upon fungal infection.

Both up- and down-regulated expression patterns of the genes
implicated putative multiple pathways recognized by the cotton
tissues to A. flavus infection. It suggests that the infected cells
selectively turn on or off their transcription machinery for a broad
range of metabolic functions, such as producing molecules against
A. flavus, or reducing growth-related activities to minimize energy
consumption as a part of its defense strategy.

4. Conclusions

In the absence of genetic resistance against A. flavus in cotton
gene pool, identification of genes induced/regulated in response to
the fungus will provide clues to the molecular network underlying
the defense mechanism of cottonseed. This will help develop
multiple strategies to control the aflatoxin contamination in
cottonseed. The present data showed that certain genes or group of
genes are activated or deactivated in the process of A. flavus infec-
tion; in addition to the storage protein genes, elucidation of
responses of leucine-rich repeat receptor-like kinases (LRR-RLKs),
stress-related genes, and transcription factors elucidated the
interplay of signals in fine-tuning the defense response of cotton-
seed. Since several genes work in harmony toward to a common
response reaction, therewill be other genes of known and unknown
function operating in coordination with the DEGs that were
observed in this study. Hence, gene discovery through genome-
wide transcriptome sequencing will unravel many more genes
involved in key regulatory pathways. Further, this will also expound
the gene clusters involved in the cross-talk between abiotic stress,
such as drought, salinity and heat, and A. flavus infection response.
The differentially expressed genes, identified using this approach,
can be used to genetically engineer cotton to provide effective
resistance against A. flavus. In addition, this will lead to the devel-
opment of genic functional markers for use in marker-assisted
breeding to mitigate aflatoxin contamination in cottonseed.



S. Lee et al. / Physiological and Molecular Plant Pathology 80 (2012) 35e4040
Acknowledgments

The authors thank Greg Ford for help with the fungal inocula-
tion of cotton bolls. The financial support from USDA-ARS Specific
Cooperative Agreement (SCA # 58-6435-0-529) is gratefully
acknowledged. This manuscript is published with the approval by
the Director of the Louisiana Agricultural Experiment Station as
manuscript #2012-306-7535.
References

[1] Cleveland TE, Dowd PF, Desjardins AE, Bhatnagar D, Cotty PJ. United States
department of agriculturedagricultural research service research on pre-
harvest prevention of mycotoxins and mycotoxigenic fungi in US crops. Pest
Manag Sci 2003;59:629e42.

[2] Brown RL, Chen Z-Y, Cleveland TE, Russin JS. Advances in the development of
host resistance in corn to aflatoxin contamination by Aspergillus flavus (a mini-
review). Phytopathol 1999;89:113e7.

[3] Mahoney N, Molyneux RJ. Phytochemical inhibition of aflatoxigenicity in
Aspergillus flavus by constituents of walnut (Juglans regia). J Agric Food Chem
2004;52:1882e9.

[4] Richard JL, Payne GA. Mycotoxins: risks in plant, animal and human systems.
Ames, IA: Council for Agricultural Science and Technology; 2003.

[5] Park DL, Stoloff L. Aflatoxin control e how a regulatory agency managed risk
from an unavoidable natural toxicant in food and feed. Regul Toxicol Phar-
macol 1989;9:109e30.

[6] Zipf AE, Rajasekaran K. Ecological impact of Bt cotton. J New Seeds 2003;5:
115e35.

[7] Diener UF, Cole RJ, Sanders TH, Payne GA, Lee LS, Klich MA. Epidemiology of
aflatoxin formationbyAspergillusflavus. AnnuRevPhytopathol1987;25:249e70.

[8] Guo BZ, Holbrook CC, Yu J, Lee RD, Lynch RE. Application of technology of gene
expression in response to drought stress and elimination of preharvest afla-
toxin contamination. In: Abbas HK, editor. Aflatoxin and food safety. Boca
Raton, FL: CRC Press; 2005. p. 313e31.

[9] Kim JH, Campbell BC, Yu J, Mahoney N, Chan KL, Molyneux RJ, et al. Exami-
nation of fungal stress response genes using Saccharomyces cerevisiae as
a model system: targeting genes affecting aflatoxin biosynthesis by Aspergillus
flavus link. Appl Microbiol Biotechnol 2005;67:807e15.

[10] Kim JH, Campbell BC, Molyneux R, Mahoney N, Chan KL, Yu J, et al. Gene
targets for fungal and mycotoxin control. Mycotoxin Res 2006;22:3e8.

[11] Sobolev VS, Guo BZ, Holbrook CC, Lynch RE. Interrelationship of phytoalexin
production and disease resistance in selected peanut genotypes. J Agric Food
Chem 2007;55:2195e200.

[12] Calvo AM, Wilson RA, Bok JW, Keller NP. Relationship between secondary
metabolism and fungal development. Microbiol Mol Biol Rev 2002;66:447e59.

[13] Rajasekaran K, Cary JW, Cotty PJ, Cleveland TE. Development of a GFP-
expressing Aspergillus flavus strain to study fungal invasion, colonization,
and resistance in cottonseed. Mycopathologia 2008;165:89e97.

[14] Brown RL, Chen ZY, Cleveland TE, Cotty PJ, Cary JW. Variation in in vitro alpha-
amylase and protease activity is related to the virulence of Aspergillus flavus
isolates. J Food Prot 2001;64:401e4.

[15] Cleveland TE, Yu J, Bhatnagar D, Chen Z-Y, Brown R, Chang P-K, et al. Progress
in elucidating the molecular basis of the host plant-Aspergillus flavus inter-
action: a basis for devising strategies to reduce aflatoxin contamination in
crops. In: Abbas H, editor. Aflatoxin and food safety. Boca Raton, FL: CRC Press;
2005. p. 167e93.

[16] Whitehead MP, Shieh MT, Cleveland TE, Cary JW, Dean RA. Isolation and
characterization of polygalacturonase genes (pecA and pecB) from Aspergillus
flavus. Appl Environ Microbiol 1995;61:3316e22.

[17] Yu J, Mohawed SM, Bhatnagar D, Cleveland TC. Substrate-induced lipase gene
expression and aflatoxin production in Aspergillus parasiticus and Aspergillus
flavus. J Appl Microbiol 2003;95:1334e42.

[18] Rajasekaran K, Cary JW, Jaynes JM, Cleveland TE. Disease resistance conferred
by the expression of a gene encoding a synthetic peptide in transgenic cotton
(Gossypium hirsutum L.) plants. Plant Biotechnol J 2005;3:545e54.

[19] Guo B, Fedorova ND, Chen X, Wan CH, Wang W, Nierman WC, et al. Gene
expression profiling and identification of resistance genes to Aspergillus flavus
infection inpeanut throughESTandmicroarray strategies. Toxins2011;3:737e53.
[20] Luo M, Brown RL, Chen ZY, Menkir A, Yu J, Bhatnagar D. Transcriptional
profiles uncover Aspergillus flavus-induced resistance in maize kernels. Toxins
2011;3:766e86.

[21] Kim YJ, Kwak CI, Gu YY, Hwang IT, Chun JY. Annealing control primer system
for identification of differentially expressed genes on agarose gels. Bio-
techniques 2004;36:424e34.

[22] Ramanarao MV, Weindorf D, Breitenbeck G, Baisakh N. Differential expression
of the transcripts of Spartina alterniflora Loisel (smooth cordgrass) induced in
response to petroleum hydrocarbon. Mol Biotechnol 2012;51:18e26.

[23] Baisakh N, Subudhi PK, Varadwaj P. Primary responses to salt stress in
a halophyte, smooth cordgrass (Spartina alterniflora Loisel.). Funct Integr
Genomics 2008;8:287e300.

[24] Baisakh N, Ramanarao MV, Rajasekaran K, Subudhi P, Janda J, Galbraith D,
et al. Enhanced salt stress tolerance of rice plants expressing a vacuolar H(þ)-
ATPase subunit c1 (SaVHAc1) gene from the halophyte grass Spartina alter-
niflora Loisel. Plant Biotechnol J 2012;10:453e64.

[25] Pfaffl MW. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res 2001;29:2002e7.

[26] Gou X, He K, Yang H, Yuan T, Lin H, Clouse SD, et al. Genome-wide cloning and
sequence analysis of leucine-rich repeat receptor-like protein kinase genes in
Arabidopsis thaliana. BMC Genomics 2010;11:19.

[27] Xu L, Zhu LF, Tu LL, Liu LL, Yuan DJ, Jin L, et al. Lignin metabolism has a central
role in the resistance of cotton to the wilt fungus Verticillium dahliae as
revealed by RNA-Seq-dependent transcriptional analysis and histochemistry.
J Exp Bot 2011;62:5607e21.

[28] Singh KB, Foley RC, Onate-Sanchez L. Transcription factors in plant defense
and stress responses. Curr Opin Plant Biol 2002;5:430e6.

[29] Joazeiro CA, Weissman AM. Ring finger proteins: mediators of ubiquitin ligase
activity. Cell 2000;102:549e52.

[30] Lovering R, Hanson IM, Borden KL, Martin S, O’Reilly NJ, Evan GI, et al.
Identification and preliminary characterization of a protein motif related to
the zinc finger. Proc Natl Acad Sci U S A 1993;90:2112e6.

[31] Liu HZ, Zhang HJ, Yang YY, Li GJ, Yang YX, Wang X, et al. Functional analysis
reveals pleiotropic effects of rice RING-H2 finger protein gene OsBIRF1 on
regulation of growth and defense responses against abiotic and biotic stresses.
Plant Mol Biol 2008;68:17e30.

[32] Bopopi JM, Vandeputte OM, Himanen K, Mol A, Vaessen Q, El Jaziri M, et al.
Ectopic expression of PtaRHE1, encoding a poplar RING-H2 protein with E3
ligase activity, alters plant development and induces defense-related
responses. J Exp Bot 2010;61:297e310.

[33] Lee S, Woo YM, Ryu SI, Shin YD, Kim WT, Park KY, et al. Further character-
ization of a rice AGL12 group MADS-box gene, OsMADS26. Plant Physiol 2008;
147:156e68.

[34] Foyer CH, Noctor G. Oxidant and antioxidant signaling in plants: a re-
evaluation of the concept of oxidative stress in a physiological context.
Plant Cell Environ 2005;28:1056e71.

[35] Suzuki N, Mittler R. Reactive oxygen species and temperature stress:
a delicate balance between signaling and destruction. Physiol Plant 2006;
126:45e51.

[36] Magbanua ZV, De Moraes CM, Brooks TD, Williams WP, Luthe DS. Is catalase
activity one of the factors associated with maize resistance to Aspergillus
flavus? Mol Plant-Microbe Interact 2007;20:697e706.

[37] Bolton JJ, Soliman KM, Wilkins TA, Jenkins JN. Aberrant expression of critical
genes during secondary cell wall biogenesis in a cotton mutant, Ligon lintless-
1 (Li-1). Comp Funct Genomics 2009;2009:8.

[38] Wagner AM, Moore AL. Structure and function of the plant alternative
oxidase: its putative role in the oxygen defence mechanism. Biosci Rep 1997;
17:319e33.

[39] Chen Z-Y, Brown RL, Cleveland TE. Evidences of an association between stress
tolerance and host resistance in corn against Aspergillus flavus infection and
aflatoxin contamination. Afr J Biotechnol 2004;3:693e9.

[40] Chen ZY, Brown RL, Damann KE, Cleveland TE. Identification of maize kernel
endosperm proteins associated with resistance to aflatoxin contamination by
Aspergillus flavus. Phytopathology 2007;97:1094e103.

[41] Luo M, Brown RL, Chen ZY, Cleveland TE. Host genes involved in the inter-
action between Aspergillus flavus and maize. Toxin Rev 2009;28:118e28.

[42] Goyal K, Walton LJ, Tunnacliffe A. LEA proteins prevent protein aggregation
due to water stress. Biochem J 2005;388:151e7.

[43] Xu DP, Duan XL, Wang BY, Hong BM, Ho THD, Wu R. Expression of a late
embryogenesis abundant protein gene, HVA1, from barley confers tolerance
to water deficit and salt stress in transgenic rice. Plant Physiol 1996;110:
249e57.


