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ABSTRACT

The colonization of maize (Zea mays L.) and peanut (Arachis hypogaea L.) by the fungal
pathogen Aspergillus flavus results in the contamination of kernels with carcinogenic
mycotoxins known as aflatoxins leading to economic losses and potential health threats to
humans. The regulation of aflatoxin biosynthesis in various Aspergillus spp. has been
extensively studied, and has been shown to be related to oxidative stress responses. Given
that environmental stresses such as drought and heat stress result in the accumulation of
reactive oxygen species (ROS) within host plant tissues, host-derived ROS may play an
important role in cross-kingdom communication between host plants and A. flavus. Recent
technological advances in plant breeding have provided the tools necessary to study and
apply knowledge derived from metabolomic, proteomic, and transcriptomic studies in the
context of productive breeding populations. Here, we review the current understanding of
the potential roles of environmental stress, ROS, and aflatoxin in the interaction between A.
flavus and its host plants, and the current status in molecular breeding and marker
discovery for resistance to A. flavus colonization and aflatoxin contamination in maize and
peanut. We will also propose future directions and a working model for continuing research
efforts linking environmental stress tolerance and aflatoxin contamination resistance in

maize and peanut.
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1. Introduction

The colonization of maize and peanut by Aspergillus flavus and
Aspergillus parasiticus (Link ex Fr. and Speare, respectively;
teleomorphs: Petromyces flavus and Petromyces parasiticus) [1,2]
results in contamination of their derived agricultural products
with aflatoxins [3]. Aflatoxins are among the most potent
mycotoxins, carcinogenic and teratogenic compounds, pro-
duced during infection and growth of fungi A. flavus and A.
parasiticus on crops such as maize, peanut, cottonseed and
tree nuts. Maize and peanuts are the most susceptible crops to
aflatoxin contamination and serve as the main source of
aflatoxin contamination for humans [4]. Aflatoxins not only
have been associated with numerous diseases and disorders
in humans and livestock, but also have a negative economic
impact due to loss of crop value [5-7]. Resistance to A. flavus
colonization and subsequent aflatoxin production is a com-
plex phenomenon involving numerous genetic, physiological,
and morphological factors and acts as a quantitative trait
[8-10].

Examination of the functional composition of resistance
mechanisms in maize and, to a lesser extent, in peanut using
transcriptomic, proteomic, and metabolomic approaches has
led to the elucidation of the roles of several specific genes,
proteins, and signal molecules including pathogenesis-related
proteins (such as PR-10, PR-10.1, 14-kDa trypsin inhibitor,
chitinase, zeamatin, and B1,3-glucanase), stress-responsive
proteins (such as catalase, superoxide dismutase, glyoxalase I,
and glutathione-S-transferase), and reactive oxygen species
(ROS) in regulating A. flavus resistance as well as their potential
roles in cross-kingdom communication between host plants
and Aspergillus spp. [11-20]. In addition, the link that exists
between aflatoxin contamination and environmental stress,
particularly drought stress, has also been a focal point of
molecular research and applied breeding programs in recent
years [5,21-25]. Hence, the use of drought tolerant germplasm
with aflatoxin resistance has gained momentum for selection
in various genetic studies [21,26].

Despite considerable advances in molecular research, a
complete understanding of the details of the host-parasite
interaction between A. flavus and its hosts including maize and
peanut, namely the precise signaling mechanisms employed in
this interaction, remains elusive and there is a need for
continuing investigation. Therefore, in this review we focus on
recent findings related to the biochemistry of defense regula-
tion with regard to environmental stress, ROS, and inter-cellular
communication between A. flavus and its host crops. In
addition, recent advances in conventional and molecular
breeding for aflatoxin resistance in maize and peanut, and the
potential utilization of molecular markers for use in marker
assisted selection (MAS) in breeding programs are highlighted.

2. Molecular biology of potential host-A. flavus
interactions mediated by ROS

The molecular and biochemical bases of the interaction
between the host crops and A. flavus has been the subject of
numerous studies in recent years for identifying both the

sources of resistance to A. flavus colonization, and the
regulation of aflatoxin biosynthesis in A. flavus and other
Aspergilli including Aspergillus fumigatus and A. parasiticus.
Integration of the findings of these studies into a coherent
model for explaining the subtleties of the interaction
is lacking in the literature. In addition, the functional roles
of the components/genes thought to be involved in
the host-pathogen interactions were not well character-
ized. Hence, the potential components of the interac-
tion and their implications for future research efforts are
discussed.

2.1. Pathogen recognition and upstream resistance gene
expression regulation

The plant-pathogen recognition is the first step in the
interaction which causes rapid activation of appropriate
defensive and infective mechanisms in the plant and the
pathogen, respectively. Using maize as an example, the
recognition of A. flavus by maize cells in contact with
the pathogen and the subsequent transcriptional activation
of the upstream defense signaling system constitute the
first line of defense and response to infection. But the
precise upstream recognition mechanisms employed by
maize or peanut against A. flavus are not currently known.
However, recent studies on WRKY transcription factors
in maize [27] and model species such as Arabidopsis thaliana
[28] may provide insight into this aspect of defense
initiation.

WRKY transcription factors, which possess a rarely vari-
able amino acid sequence of “WRKY” at the amino terminus
of their DNA binding domain, function in the upstream
regulation of various cellular processes in plants and other
organisms, including pathogen defense response coordina-
tion [28]. It has been demonstrated that two WRKY transcrip-
tion factor-encoding genes, ZmWRKY19 and ZmWRKY53, were
significantly up-regulated by A. flavus inoculation in the
resistant maize line TZAR101, and may play an important
role in regulating upstream defense responses in developing
maize kernels in response to A. flavus inoculation [27]. The
ortholog of ZMWRKY19 in Arabidopsis, AtWRKY53, in contrast,
functions in oxidative stress responses by promoting the
expression of catalase and other antioxidant genes, and has
been shown to interact with calmodulins [29,30]. ZmMWRKY53
has been shown to enhance abiotic stress tolerance, including
drought and salt stress [31]. Similarly, the WRKY genes were
found to be associated with conferring tolerance to salinity
in interspecific derivatives of peanut [32]. The ortholog
of ZmWRKY53 in Arabidopsis, AtWRKY33, has also been
demonstrated to function in necrotrophic pathogen defense
responses and thermotolerance while its orthologs in wheat
(TaWRKY53) and rice (OsWRKY53) were shown to function in
regulating chitinase and peroxidase gene expression [33].

Interestingly, the Arabidopsis orthologs of these WRKY
transcription factors are directly regulated by mitogen
activated protein kinase (MAPK) pathways, including MEKK1
and MPK3/6, in response to chitin perception by receptor
kinases as a part of a pathogen associated molecular pattern
(PAMP)-triggered immunity (PTI) mechanism [28,29,34-37].
This prospect of chitin perception as a trigger for PTI seems
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plausible given that previous research demonstrated that 2.2. Calcium signaling and reactive oxygen species (ROS) in
resistant maize lines accumulate chitinase, which may defense regulation
provide a source for chitin monomers that can be perceived

by receptor kinases [17]. Also, given the high level of In addition to MAPK signaling to promote the expression of

expression of these orthologous WRKY genes in resistant defense-related genes, calcium signaling and reactive oxygen
maize, it is possible that such a signal transduction and species (ROS) play a role in regulating defense responses.
receptor system may be present in maize and functional in Recently, Ma and Berkowitz [38] reviewed the Ca®*-calmodulin
the maize-A. flavus interaction [27]. In addition, appropriate signaling and its role in regulating defense activation and
studies need to be carried out in peanut to determine the role hypersensitive cell death. Briefly, as a part of PTI responses,
of WRKY genes in initiation of plant defense mechanisms. receptor kinase-bound nucleotidyl cyclases activate cyclic
Furthermore, the expression of WRKY transcription factors in nucleotide gated ion channels (CNGCs) through cAMP or cGMP
response to A. flavus inoculation might result in increased signal intermediates. This results in the influx of Ca®* ions into
expression of antioxidant and pathogenesis-related genes in the plant cell cytosol and the activation of calmodulins and
resistant maize lines providing enhanced oxidative stress calcium dependent protein kinases (CDPKs). These CDPKs then,
tolerance and pathogen resistance (Fig. 1-A) [5,27]. in turn, activate the transmembrane protein complex NADPH
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Fig. 1 - Hypothetical biochemical pathways and reactions present in the maize-A. flavus interaction. (A) The perception of
chitin by receptor kinases activates a MAPK cascade leading to the expression of maize WRKY transcription factors
ZmWRKY19 and 53 which promote the expression of antioxidant and pathogenesis-related gene expression; (B) PAMP
triggered immunity (PTI) reactions lead to the activation of calcium signaling pathways resulting in the production of
extracellular superoxide anions which are detoxified to hydrogen peroxide by superoxide dismutase (SOD); (C) Extracellular
hydrogen peroxide functions in cross-kingdom communication between maize and A. flavus resulting in the stimulation of
cAMP signaling and subsequent expression of genes encoding for stress response proteins and aflatoxin biosynthetic
components; (D) The final stages of aflatoxin biosynthesis are confined to specialized structures known as aflatoxisomes while
aflatoxin-derived and environmental ROS are detoxified by various stress response proteins. Host derived oxylipins may also
stimulate conidiation and inhibit aflatoxin biosynthesis; (E) Aflatoxin is secreted from A. flavus and absorbed into the maize
cell resulting in oxidative damage to DNA and other cellular components leading to cell death. Solid lines represent

characterized pathways from the literature. Dashed lines represent hypothetical junctures between the components of the
interaction.
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oxidase which converts molecular O, to a superoxide anion (O3).
The superoxide anion is then detoxified by superoxide dismut-
ase (SOD) to form H,0, whose neutral charge allows it to pass
through the plasma membrane and function in cytosolic
defense signaling. In maize, Jiang and Zhang [39] demonstrated
a similar mechanism functional in oxidative stress responses.
Another study by Hu et al. [40] further demonstrated an
interaction between Ca®*/calmodulin signaling components
and abscisic acid (ABA)-based ROS defense responses.

The presence of calcium/calmodulin signaling in maize is
interesting because of the role of calmodulin in regulation of
AtWRKY53, the ortholog of ZmWRKY19, in order to stimulate
antioxidant gene expression [29,30]. Also, free mobility of
H,0, across cell membranes and its role as a source of
oxidative stress, as H,O, as a mobile signaling molecule,
involves in cross-kingdom communication between maize
and A. flavus or other invading pathogens (Fig. 1-B). The role of
cytosolic levels of Ca®* ions in stimulating these responses
may also be relevant to the interaction between maize
resistance to A. flavus and drought stress since cytosolic levels
of Ca* would be proportionally higher due to water loss under
drought stress conditions that activate the associated signal-
ing mechanisms. However, detailed studies are needed to
validate the role of Ca®* signaling in regulating resistance to A.
flavus in maize and other crop species.

2.3. Potential role of ROS in aflatoxin biosynthesis and stress
responsive gene regulation

As the defense signaling-derived ROS are generated extracel-
lularly, they may stimulate the production of aflatoxin by
Aspergillus spp. potentially as a part of an antioxidative
defense mechanism [5]. A recent study by Roze et al. [41]
demonstrated that aflatoxin biosynthesis and stress response
are potentially linked in A. parasiticus by a transcription factor
complex with the basic leucine zipper (bZIP) transcription
factors AtfB and AP-1, in response to available carbohydrate or
oxidative stress through a cAMP signaling mechanism. The
protein complex directly promotes the expression of genes
pertaining to secondary metabolism, particularly in aflatoxin
biosynthesis. This study postulates that the protein complex
or its components stimulate the expression of antioxidant
defense genes and the promoters of the antioxidant genes are
bound by bZIP transcription factors (Fig. 1-C). In addition, ROS
cross-talk between the host plant cell and Aspergillus spp. may
also result in the formation of oxylipins which regulate the
reproductive development of Aspergilli as well as aflatoxin
production [5,42-44] (Fig. 1-D, E).

2.4. Aflatoxin metabolism and potential effects on plant cell
physiology

The connection between ROS-derived oxidative stress and
aflatoxin production seems to indicate the antioxidant property
of aflatoxin that may favor growth and function of A. flavus or
other Aspergilli and would, therefore, be advantageous for
fungal survivability. However, it is possible that the opposite is
true, and this link may be useful to remediate oxidative stress
caused by aflatoxin reacting with fungal cellular components.
This seems plausible given two considerations.

First, the final stages of aflatoxin biosynthesis are confined to
specialized, membrane-bound organelles termed aflatoxisomes
[45-48]. This compartmentalization of aflatoxin biosynthesis
followed by direct exocytosis lends itself to the possibility that
mature aflatoxin compounds may be cytotoxic (Fig. 1-D). How-
ever, further experimentation will be required in order to
examine the precise aflatoxin detoxification and damage reme-
diation mechanisms employed by Aspergillus spp.

Second, aflatoxin may be metabolized by fungal or plant
cells into toxic byproducts. Studies of the metabolism of
aflatoxin B; (AFB;) by human hepatocytes revealed that
cytochrome p450 monooxygenases are capable of oxidizing
AFB,, resulting in the bioactivation of the toxin [49]. Specifically,
cytochrome p450-3A4 converts AFB, into an epoxidized form,
AFB;-ex0-8,9-epoxide, which readily reacts with DNA structures
resulting in mutation and oxidative damage to various macro-
molecules [50]. Conversely, cytochrome p450-1A2 converts AFB;
into AFB;-endo-8,9-epoxide which is non-reactive and rapidly
detoxified [50]. Since p450 monooxygenases are universally
abundant in eukaryotic organisms, including maize [51], it is
possible that aflatoxin is metabolized in a similar fashion in
maize or peanut, resulting in oxidative damage to cellular
components potentially leading to localized cell death (Fig. 1-E).
However, for such a reaction to occur, the ability of aflatoxin to
be absorbed by plant cells and its subsequent metabolism
remain fundamental issues to be addressed in future research
endeavors.

If indeed aflatoxin causes oxidative damage to cellular
components of both pathogen and host, a question quickly
arises. What is the advantage provided by the biosynthesis of
aflatoxin? It was hypothesized in the literature that A. flavus
functions as a facultative necrotroph during infection of maize
kernel tissues [5,52]. Aflatoxin could enhance pathogenicity by
causing localized death of host cells surrounding the invading
fungal mycelia, while A. flavus is afforded protection by the
co-expression of high levels of stress responsive genes [41]. In
either case, detailed study of molecular mechanisms involved
in aflatoxin biosynthesis in maize and peanut are needed to
confirm these hypotheses.

3. Breeding for aflatoxin resistance in maize:
biomarkers, quantitative trait loci (QTL) discovery,
and applications in conventional programs

3.1. Biomarkers

The preceding discussion on the biochemistry of the interaction
between maize and A. flavus presents both challenges and
opportunities for continuing research, particularly while consid-
ering their potential applications. It has been established that
there exists a correlation between the drought tolerance of maize
lines and their relative resistance to aflatoxin contamination
under hot and dry conditions [5,26]. These conditions are also
known to result in the accumulation of ROS in plant tissues, and,
given that recent reports demonstrate that ROS can regulate
aflatoxin production in Aspergillus spp., this provides a potential
link between aflatoxin production and host-derived oxidative
stress [19,25,41,53]. Therefore, if host derived oxidative stress in
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response to abiotic stress can possibly exacerbate aflatoxin
production, the selection of components involved in antioxidant
mechanism such as metabolites, proteins, and gene expression
levels may allow them to be utilized as molecular markers,
“biomarkers,” for use in selection in breeding applications.

For instance, Pechanova et al. [18] reported that resistant
maize lines accumulate high levels of superoxide dismutase,
peroxidases, and chaperonins in rachis tissues. Such highly
expressed proteins could be utilized for screening germplasm
and populations for markers related to both aflatoxin resis-
tance, as well as abiotic stress tolerance. Fountain et al. [54]
reported that expression of the gene encoding the 14-kDa
trypsin inhibitor known to inhibit fungal amylases, was highly
expressed in kernel tissues of resistant maize lines compared to
susceptible lines when infected by A. flavus under drought
stress conditions. In addition, detoxifying enzymes such as
glutathione-S-transferase (GST) and pathogenesis-related pro-
teins such as PR-10 can also be used to screen for pathogen
resistance or abiotic stress tolerance based on their respective
biological activities [15,55,56]. Genomic and proteomic expres-
sion studies during the infection process have indicated that
oxidative stress tolerance is vital to adaptive changes in fungal
biology during infection [57]. Additional studies have also
shown that maize lines with known resistance to drought and
aflatoxin contamination are more recalcitrant to oxidative
stress due to more stably expressed antioxidant components
than susceptible lines [25]. Therefore, these oxidative stress
tolerance mechanisms may serve as sources for selectable
markers for use in breeding applications for aflatoxin contam-
ination resistance and drought tolerance. By combining these
and additional “biomarkers” in conjunction with traditional
genetic markers such as insertion/deletions (indels), single
nucleotide polymorphisms (SNPs), or simple sequence repeat
(SSR)/microsatellite markers, the efficiency of selecting resis-
tant germplasm could be enhanced. In addition, by selecting
“biomarkers” that provide both abiotic stress tolerance and
aflatoxin resistance, some of the confounding effects of
genotype x environment interactions may be avoided. Future
studies should examine the utilization and feasibility of
potential multi-purpose “biomarkers” for use in large scale
marker assisted selection (MAS) applications.

3.2. QTL discovery

As previously stated, resistance to A. flavus colonization and
aflatoxin contamination was demonstrated to be quantitative
and heavily influenced by environmental interactions [5,9,58].
Therefore, recent breeding studies focused on the discovery
and characterization of quantitative trait loci (QTL) for aflatoxin
resistance were forced to consider the environment in obtaining
phenotypic data, and have faced numerous challenges in
identifying consistent QTL for aflatoxin resistance. For example,
Willcox et al. [59] utilized an F, mapping population derived from
Mp313E x Va35 (resistant x susceptible) to identify 20 QTLs with
combined phenotypic variance explained (PVE) of 22-43%.
However, when the mapping populations were grown in multiple
environments, only 11 QTLs were found to be consistent with a
combined PVE of 2.4-9.5%. An earlier study by Brooks et al. [60]
also examined a population derived from Mp313E for the
presence of QTL for aflatoxin resistance. A collection of 210 Fy3

families derived from Mp313E x B73 (resistant x susceptible)
was utilized for the study and a total of 85 polymorphic SSR
markers was selected for genotyping and map construction. By
analyzing phenotypic data from three locations, they were able
to identify two consistent QTLs, one with a PVE of 7-18%, and a
second with a PVE of 8-18%, indicating a nominal degree of
variation between the environments. In another study, a single
consistent QTL (PVE 8.42%) was identified using a recombinant
inbred line (RIL) population of 228Fgg RILs derived from
RA x M53 (resistant x susceptible) utilizing 916 SNP markers
for linkage map construction, and phenotyping data was
obtained from two locations with contrasting environments
for phenotypic analysis [61].

These studies demonstrate that resistance to A. flavus is not
conferred by a single gene and is highly quantitative in nature. In
addition, given the relatively low level of PVE provided by each
QTL, it is likely that many QTL with low PVE (<10%) contribute to
aflatoxin resistance and may be indicative of the polygenic
nature of resistance and the involvement of multiple physiolog-
ical and morphological traits in the overall resistance phenotype
[5,62]. Interestingly, similar difficulties are also faced when
examining drought tolerance QTL in maize. For example,
Almeida et al. [63] recently performed a QTL analysis of drought
tolerance in three populations: a RIL population derived
from CML444 x MALAWI, a F,3; family set derived from
CML440 x CML504, and a second F,.3; family set derived from
CML444 x CML441. They identified QTLs for grain yield under
drought stress with PVE ranging from 2.6-17.8%, and for the
anthesis-silking interval under drought stress with a PVE
ranging from 1.7-17.8%. Genome wide association studies
(GWAS), which rely on ancient recombination events among
diverse inbreeds for mapping QTL, are limited in their detection
of QTL with low PVE, and may not identify aflatoxin resistance
and drought tolerance QTL unless high numbers of individuals
and markers are used to increase the resolving power of the
experiment [62,64].

Once identified, QTL function and composition must be
determined in order to elucidate the mechanism being
employed to produce a particular phenotype, namely aflatoxin
resistance. In conjunction with QTL discovery in traditional
bi-parental populations, the integration of functional genomics
technologies has been shown to enhance QTL validation by
confirming the expression and identity of genes present in QTL
regions. A recent study by Kelley et al. [9] utilized microarray
analysis to validate the expression of QTL-associated genes
involved in A. flavus responses in the maize lines Mp313E and
Va35. As this study illustrated, coupling functional genomics
analysis with QTL discovery also allows the determination of
the mechanism employed by maize in response to A. flavus
infection by determining not only which genes within the
QTL regions are regulated, but also whether they are up or
down-regulated and the amount of regulation. Coupling
expression and QTL studies with functional genetics, experi-
ments can be conducted to determine the function of specific
genes, such as pathogenesis-related defense genes through
methods such as RNA interference-(RNAi) based gene silencing
[14]. These studies will provide for the identification of the
causal basis of a gene contribution to a QTL and provide possible
explanations for the influence of environment on the detection
and stability of QTL.
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3.3. Applications of biomarkers and QTL in conventional
breeding programs

Conventional breeding for resistance has formed the basis of
generating aflatoxin contamination-resistant maize lines with
recent efforts in this field resulting in the release of several lines
with promising levels of aflatoxin contamination resistance
[23,65-67]. As recently reviewed by Williams et al. [68], several
aflatoxin resistant lines including GT601, GT602, GT603, Mp715,
Mp717, Mp718, and Mp719 were derived from conventional
breeding programs in the southeastern U.S. In addition, the
incorporation of exotic lines with aflatoxin accumulation resis-
tance and additional desirable traits into breeding programs to
widen the genetic base of traditional temperate lines through
cooperative efforts such as the Germplasm Enhancement of
Maize (GEM) project will allow for further enhancement of
previously identified resistant lines [68]. In addition to variety
development, recent research has also focused on the evaluating
the general and specific combining abilities of aflatoxin resistant
lines to enhance hybrid development. For example, Williams et
al. [69] performed a diallel cross using ten inbred lines with
varying levels of resistance to aflatoxin contamination including:
Cl66, GA209, NC408, Mo18W, Mp313E, Mp494, Mp715, Mp717,
SC212m, and T173. They found that the resistant lines Mp313E,
Mp494, Mp715, Mp717, Mo18W, and NC408 possessed significant
general combining ability (GCA) effects for resistance to aflatoxin
and proposed that utilizing GCA data to plan crosses in resistance
breeding will expedite progress in developing aflatoxin resistant
hybrids.

This diallel study illustrates the potential utility of additional
selection methodologies in enhancing aflatoxin resistance in
maize. Currently, screening for aflatoxin resistance is carried
out either in the field with direct inoculation which can produce
variable results depending on environmental conditions and
the method used, or in the laboratory with kernel screening
assays (KSAs) for high throughput screening [70]. Given the
potential for variability in these systems, the incorporation of
molecular markers into breeding programs for use in MAS could
provide for more consistent results. However, while many QTLs
and associated polymorphic markers have been discovered in
maize for resistance to aflatoxin contamination and A. flavus
colonization, their utility in conventional breeding programs
has been limited. This is likely due to the variable nature of the
expression of these QTLs across multiple environments and
conditions. Therefore, biomarkers selected based on their role
in both aflatoxin resistance and abiotic stress responses may
provide a method to account for environmental influences on
aflatoxin resistance. When used in conjunction with traditional
DNA-based marker systems and conventional resistance breed-
ing, biomarkers may prove to valuable tools for breeder to
enhance aflatoxin resistance and associated traits such as
drought tolerance into improved germplasm.

4. Correlating environmental stress and aflatoxin
resistance in peanut

Peanut (Arachis hypogaea L.) is an allotetraploid (2n = 4x = 40)
crop grown in over 100 countries. One of the major concerns

about the import/export of peanut is aflatoxin contamination
(AC) which may result in the rejection of seed lots if levels of
aflatoxin are above maximum prescribed limits [71]. AC in
peanut is caused by two fungal pathogens, A. flavus and A.
parasiticus with A. flavus being the most prevalent in infected
pods. A typical pattern of fungal infection includes entry of
the fungi through small cracks developed during pod matu-
ration/drying in the ground [72].

It has been demonstrated that pre-harvest aflatoxin
contamination (PAC) is increased when abiotic stress such as
drought stress is imposed on the crop. This may be due to
reduced water activity during pod development which could
lead to the creation of cracks in the pod wall. Hence, damaged
pods tend to be more susceptible to PAC than undamaged
pods [73,74]. Other studies point out that reduced kernel water
content may decrease phytoalexin production thereby de-
creasing the plant’s natural defense against infection leading
to increased AC [75,76]. In addition to drought stress, heat
stress has also been found to play an important role in PAC
[75,77]. Apart from genetic sources of resistance in peanut,
PAC management practices such as correct irrigation, fungi-
cide applications, avoidance of mechanical damage, biological
control, crop rotation, harvest timing, and good post-harvest
storage conditions play critical roles in limiting AC in peanut
[24,58].

Drought stress seems to function as a predisposing factor for
PAC in peanut [78,79]. Therefore, a common idea arises that
drought tolerant cultivars would assist in alleviating PAC,
indicating that direct or indirect selection for PAC during
drought tolerance would be appropriate. In order to understand
the molecular mechanisms of aflatoxin biosynthesis, some
genomic and proteomic studies have been carried out [80-83]. A
positive correlation was found between 20 drought tolerant
lines and PAC resistance [84]. Furthermore, the measures
of several drought tolerance component traits such as SPAD
(measured by a SPAD-502 meter: Minolta, Tokyo, Japan)
chlorophyll meter reading (SCMR), and specific leaf area (SLA)
also showed positive correlations with PAC resistance [73].
Conversely, the results of a recent study indicated that although
drought tolerance increases PAC resistance in some lines, it
does not universally apply to all genetic backgrounds. Hence,
drought tolerance and resistance to PAC may involve different
mechanisms in peanut [85].

The lack of high levels of resistance to aflatoxin contam-
ination in cultivated germplasm and a reliable phenotyping
protocol, poses challenges in using conventional breeding
methods to identify resistance to PAC in peanuts. Neverthe-
less, a large scale screening effort consisting of 831 accessions
in the US peanut core collection led to the identification of 19
accessions with low PAC and relatively high yield [86]. At the
International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT) several resistant germplasms were identi-
fied for three types of resistance (i.e. PAC, resistance to in vitro
seed colonization (IVSC), and aflatoxin production by A. flavus)
after extensive screening of more than 2000 peanut acces-
sions in a heavily infested field plot (“sick plot”) under
conditions of imposed drought [87].

Use of molecular markers for PAC resistance is very limited.
For instance, a set of 6 amplified fragment length polymor-
phism (AFLP) markers with low PVE in Arachis cardenasii-derived
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lines were identified [88] and in another study six QTLs for
resistance to A. flavus infection with PVE up to 22.7% were
identified [89]. Since resistance to PAC is a global problem,
an international effort was recently undertaken under the
ambit of the Peanut & Mycotoxin Innovation Lab (PMIL)
initiated with collaboration between ICRISAT, the Univer-
sity of Georgia (UGA), and Institut Sénégalais de Recherches
Agricoles (ISRA) in Senegal. This effort utilizes RIL popula-
tions, association mapping panels, multiparent advanced
generation intercross (MAGIC) populations, interspecific
introgression lines, and genomic selection approaches in
order to enhance our understanding of the genetic compo-
nents of PAC.

In summary, resistance to PAC in peanut is a complex
trait with high G x E interaction, low heritability, and a lack
of reliable phenotyping protocols. These limitations pose
challenges in identifying and developing resistant germ-
plasm. Unfortunately, there is no single, highly effective
source of resistance that can be used to tackle this issue
from a genetic perspective. Therefore, crop management in
conjunction with enhanced genetic resistance should be the
way forward for obtaining PAC resistance in peanut.

5. Conclusions and future perspectives

Resistance to A. flavus infection and aflatoxin contamination in
maize and peanut is a complex trait that is heavily influenced
by environmental factors. Current efforts in determining the
biochemical basis of resistance and use of that knowledge in
breeding programs has led to an increased understanding of
elements of this plant-pathogen interaction. However, many
questions remain to be answered as to the role of aflatoxin in
the biology and ecology of Aspergillus spp. and its role in
pathogenesis, including the role of aflatoxin as a source of
cellular oxidative stress. In addition, the potential role of
host-derived ROS in stimulating aflatoxin production is also in
need of further study. Future work should also address the
potential use of identified proteins, metabolites, and candidate
genes as selectable biomarkers for use in MAS. By utilizing such
markers, breeding programs can be optimized to select not only
for aflatoxin resistance but also for associated abiotic stress
tolerance.
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