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ABSTRACT

Aspergillus flavus is a morphologically complex species that can produce the group of polyketide derived carcinogenic and mutagenic secondary
metabolites, aflatoxins, as well as other secondary metabolites such as cyclopiazonic acid and aflatrem. Aflatoxin causes aflatoxicosis when
aflatoxins are ingested through contaminated food and feed. In addition, aflatoxin contamination is a major problem, from both an economic and
health aspect, in developing countries, especially Asia and Africa, where cereals and peanuts are important food crops. Earlier measures for control
of A. flavus infection and consequent aflatoxin contamination centered on creating unfavorable environments for the pathogen and destroying
contaminated products. While development of atoxigenic (nonaflatoxin producing) strains of A. flavus as viable commercial biocontrol agents has
marked a unique advance for control of aflatoxin contamination, particularly in Africa, new insights into the biology and sexuality of A. flavus are
now providing opportunities to design improved atoxigenic strains for sustainable biological control of aflatoxin. Further, progress in the use of
molecular technologies such as incorporation of antifungal genes in the host and host-induced gene silencing, is providing knowledge that could be
harnessed to develop germplasm that is resistant to infection by A. flavus and aflatoxin contamination. This review summarizes the substantial
progress that has been made to understand the biology of A. flavus and mitigate aflatoxin contamination with emphasis on maize. Concepts
developed to date can provide a basis for future research efforts on the sustainable management of aflatoxin contamination.

Aspergillus section Flavi is composed of 27 fungal species
(Carvajal-Campos et al. 2017) that are primarily saprobic in nature
with a global distribution and are often found residing in soil. Two
members of section Flavi, A. flavus and A. parasiticus, are
economically important pathogens of agricultural crops due to
their ability to produce aflatoxins. Based on the size of sclerotia,
A. flavus is classified as either an L morphotype with sclerotia of
>400mm indiameter or anSmorphotypewith sclerotia of<400mm
(Cotty 1990; Horn 2005). A. flavus L and S morphotypes produce
primarily aflatoxin B1 (AFB1) and B2, while A. parasiticus pro-
duces both B1 and B2 and G1 and G2 aflatoxins. However, some
S morphotypes of A. flavus also produce both B and G aflatoxins
(Probst et al. 2014). The B aflatoxins have a cyclopentenone ring
that is fused to the lactone ring of the coumarin moiety and have a
strong blue fluorescence when exposed to ultraviolet (UV) light.
The G series of aflatoxins contain a fused lactone ring and fluoresce
greenish yellow under UV light (Kensler et al. 2011). Aflatoxins are
polyketide-derived secondary metabolites produced by these fungi

during growth on a wide range of agricultural products, both pre-
and postharvest, especially cereals and nuts, and are toxic, car-
cinogenic, and mutagenic agents. The initial recognition of the
importance of aflatoxin can be traced back to the epidemic of
‘TurkeyX’disease in England in 1960 that resulted in deaths of tens
of thousands of turkey poults, ducklings, and chicks fed on diets
containing certain lots of peanut meal originating from South
America (Blount 1961). Subsequent investigations showed that the
toxicity was due to the presence of A. flavus when extracts of the
fungal cultures isolated from the meal were able to induce the
‘Turkey X’ syndrome. Consequently, the term ‘Aflatoxin’ i.e., A.
flavus toxin, was coined and assigned to the toxic metabolite
(Kensler et al. 2011).

Aflatoxins are found in several agricultural products including
maize, peanuts, rice and tree nuts and consumption of contaminated
products result in a range of health disorders. Aflatoxicosis arises
when humans and animals ingest food or feed products contami-
nated with aflatoxins. In addition to its primary concern as a potent
mycotoxin producer,A. flavus is also an opportunistic pathogen and
invasive growth of the fungus in animals and humans results in
aspergillosis, a condition that can be fatal in humans with a
compromised immune system (Paulussen et al. 2016). Aflatoxin
thus poses as a serious health risk in developing countries in Asia
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and Africa where maize, peanuts, and rice constitute a major part
of the staple diets for the population. Further, although the high
polarity and lipophobicity of aflatoxins have led to the perception
that peanut oil is free of aflatoxins, contaminated oils are frequently
sold in local markets in many developing countries where highly
contaminated peanuts may be the rawmaterial for locally produced
oil (Shephard 2018). The situation is further complicated by reports
of organoleptic properties of unrefined oil being desirable in some
local communities (Ling et al. 1968). The latter has resulted in
renewed calls to monitor locally produced oils in developing
markets for aflatoxin contamination and the need to formulate
maximum limits for aflatoxins in peanut oil consumed in developing
countries to protect consumers from exposure to this often-ignored
area of food safety (Shephard 2018).

Aworking group on public health strategies estimated that about
5 billion people globally were at a risk of chronic exposure to
aflatoxins in developing countries due to either the absence of
regulatory limits, inability to enforce established limits, or lack of
resources, technology, and infrastructure necessary for routine food
monitoring (Strosnider et al. 2006). Previous review papers
(Kensler et al. 2011; Wu et al. 2014) summarized the adverse
human health effects of aflatoxin exposure. The reader is directed to
these papers for a more in-depth discussion of the toxicological
mechanisms of aflatoxin in the body, and the epidemiology of
aflatoxin-related illness. Chronic aflatoxicosis due to long-term
exposure to low levels of aflatoxin results in cancers and especially
liver cancer (Wu et al. 2014). Suffice it to say, the dose and duration
of exposure to aflatoxin determines the extent of toxicity in
individuals and has a cumulative effect on the risk of developing
liver cancer. Aflatoxin exposure has also been linked to modulation
of human immunity (Jolly et al. 2008) and childhood stunting,
with the latter being associated with effects such as increased
vulnerability to infectious diseases and cognitive impairments that
last well beyond childhood (Khlangwiset et al. 2011). Acute
aflatoxicosis due to the consumption of foods contaminated with
very high levels of aflatoxin results in vomiting, abdominal pain,
pulmonary edema, and fatty infiltration and necrosis of the liver
(Shank et al. 1971). Ingestion of large doses of aflatoxin can also
result in direct liver damage and death. While, cases of acute
aflatoxicosis are relatively infrequent, reports of death and illness
are usually from developing countries in Asia and Africa. In the
1970s, consumption of heavily molded maize caused a putative
acute aflatoxin poisoning in western India that resulted in 97
fatalities (Bhat and Krishnamachari 1977). Later in the 1980s,
consumption of maize highly contaminated with aflatoxin was
linked to an outbreak of acute aflatoxicosis in Kenya with a 20%
fatality among hospital admissions (Ngindu et al. 1982). In 1995,
consumption of noodles contaminated with aflatoxin resulted in
acute aflatoxicosis in children inMalaysia (Lye et al. 1995). A 2004
outbreak in Kenya is the largest documented case of acute
aflatoxicosis, which resulted in 317 cases and 125 fatalities (Lewis
et al. 2005). This outbreak was later reported to be due to an S strain
of A. flavus that had not been previously found in Africa (Probst
et al. 2007). More recently, acute aflatoxicosis due to ingestion of
large quantities of aflatoxin was linked to 14 fatalities in Tanzania
(Mytox 2016).

Besides presenting a serious public health problem, contamina-
tion of food by aflatoxins also poses a considerable economic hurdle
in many developing countries in Africa and Asia whose trade
balance is based on the exportation of cereals such asmaize, peanut,
and rice (Ladeira et al. 2017). Regulatory guidelines for levels of
aflatoxins in food, feed, and milk have resulted in direct loss of
produce or market value of crops contaminated with aflatoxin. The
U.S. Food and Drug Administration has imposed stringent
regulations on levels of aflatoxin at 20 ppb in food and feed, while
the European Union (EU) has set the limit much lower, at 4 ppb.
Based on these regulatory guidelines, an earlier World Bank study

estimated losses over US$670 million annually in Africa due to
requirements to comply with the EU standards for all food exports
(Otsuki et al. 2001). However, estimates based on actual aflatoxin
levels in the foodstuffs and actual volumes of trade of different
foodstuffs between Africa and the EU were subsequently revised
downward. For example, it was estimated that the cost to African
exporters to meet the EU standard would be about $40 million
annually for peanut (Wu 2004). Maize and peanuts are two
important agricultural commodities relative to production, con-
sumption, and trade in Africa and aflatoxin contamination will
continue to have significant economic and public health impacts on
affected countries. Further, food scarcity frequently forces people to
consume contaminated foods because no other food options are
available and commodities rejected from premium markets are
often processed and offered at low prices in informalmarkets which
further compounds exposure to aflatoxin.

This review highlights recent research conducted to facilitate our
understanding of the biology and characteristics of A. flavus and
application of this knowledge to improve the management of
aflatoxin contamination with emphasis on maize. We specifically
highlight the following: (i) the epidemiology of A. flavus and how it
contributes to aflatoxin contamination, (ii) the mechanisms of
biological control of aflatoxin contamination using atoxigenic
strains and sexual reproduction in A. flavus and its potential role in
improving biological control, and (iii) the use of conventional and
molecular breeding approaches for resistance to A. flavus infection
and aflatoxin contamination (Fig. 1). Finally, we conclude by
highlighting how these evolving aflatoxin management strategies
can be applied to other mycotoxin producing fungi.

EPIDEMIOLOGY AND DISEASE CYCLE OF A. FLAVUS

Disease and life cycle of A. flavus and factors affecting
infection and aflatoxin contamination. A. flavus is distributed
globally and aflatoxin outbreaks can occur in unexpected geo-
graphic areas when weather conditions become favorable, as has
been observed in Europe (Dobolyi et al. 2013; Piva et al. 2006).
Sclerotia in soil andmycelia and sclerotia in crop debris are efficient
overseasoning structures that generate the primary inoculum for ear
infection (Angle et al. 1989). In maize, silk emergence triggers the
start of host susceptibility to A. flavus, with the browning of silks
enhancing the infection efficiency of airborne conidia (Payne and
Widstrom 1992). Fungal colonization of silks and kernel surfaces
on the ear continues during the growing season (Marsh and Payne
1984),while kernel invasion is commonly observed at the dent stage
(Weber and Bleiholder 1990). Damage of ears by insect pests such
as the European corn borer, Ostrinia nubilalis, can significantly
contribute to kernel invasion (Widstrom 1979).

A. flavus was largely thought to propagate asexually, a mode of
reproduction that involves production of conidia that are dispersed
bywind and insect leading to infection of ears through the silks (Fig.
2). However, the fungus is also capable of reproducing sexually
(Horn et al. 2009b) and parasexually (Papa 1973). The fungus is
heterothallic and sexual reproduction occurs between two individ-
uals with opposite mating types,MAT1-1 andMAT1-2 idiomorphs,
resulting in the formation of asci bearing ascospores (Fig. 2).
Parasexual genetic exchangeoccursonlywhenhyphaeof an individual
strain come into contact with hyphae of another individual that
share the same heterokaryon incompatibility alleles (Fig. 2).While the
latter mode of reproduction has been demonstrated in the laboratory
and some evidence suggests that it could occur in nature, unequivocal
evidence forparasexual reproductionand its roleunder fieldconditions
is still lacking.

A. flavus is active between 10 and 45�C and all the stages of the
infection cycle, from sporulation to host infection can take place
within this range of temperature (Sanchis and Magan 2004). Water
content in grain is often suitable for the fungus until a water
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activity (aw) of 0.73 is reached, which is equivalent to about
14% kernel moisture content (Battilani et al. 2011). In contrast,
the range of conditions suitable for aflatoxin production is
narrower, with temperatures between 15 and 35�C and aw ³ 0.85
(Sanchis and Magan 2004). Water activity between 0.95 and 0.99
has been reported as optimal for aflatoxin production based on in
vitro assays (Battilani et al. 2013; Sanchis and Magan 2004).
However, field surveys that account for the dynamic of aflatoxins
during the maize growing season show that aflatoxin increases
significantly when kernel moisture is below 28% or aw £ 0.95
(Battilani et al. 2008, 2011; Hruska et al. 2013). A field trial,
conducted to clarify the apparent disagreement between invitro and
in field data, showed that the correlation between AFB1 production
rate and aw is positive when aw > 0.95, but it is negative when aw <
0.95 (Giorni et al. 2016). Besides aw, other factors such as crop
growth stage, physiology, active defenses or grain composition are
likely to influence the dynamics of aflatoxin production during the
growing season. The ability ofA. flavus and other ear rot fungi such
as Fusarium verticillioides, to utilize carbon sources at different
temperatures and aw regimes could also influence the dynamics
of aflatoxin contamination during crop growth. A. flavus and
F. verticillioides utilizes carbon sources optimally at 30 and 20�C,
respectively, in an aw range of 0.87 to 0.98 (Giorni et al. 2009a). The
dominance of A. flavus at 30�C, especially at low aw, and the
dominance of F. verticillioides at 20�C, mainly at 0.95 aw, has been
confirmed by niche overlap indexes. When conditions are not very
warm and dry in the field, A. flavus is often outcompeted by

F. verticillioides, even ifmaize ears are artificially inoculated. Thus,
in the presence of F. verticillioides, A. flavuswill not necessarily be
dominant in maize ears irrespective of a high initial inoculum
concentration and thus, aflatoxin contamination is also likely to be
limited.

Amultifaceted response ofA. flavus following infection ofmaize
ears has been reported in several studies (Battilani et al. 2008;
Giorni et al. 2009b; Lahouar et al. 2016) and all these studies
implicate ecological conditions as the main driving factors. The
dynamics of aw in grains, as influenced by host genotype, duration
of hybridmaturity, and air temperature and humidity/rainfall during
the growing season, determines the competitiveness of A. flavus
against other co-occurring ear rot fungi. In warm and dry seasons,
A. flavus is the dominant fungal species in maize kernels (Battilani
et al. 2008;Giorni et al. 2009b; Lahouar et al. 2016; Piva et al. 2006)
and this is associated with high levels of aflatoxin contamination in
the field (Scheidegger and Payne 2005). It is important to note that
variation between the day and night temperature is more important
than the mean temperature for aflatoxin production, with more
variation enhancing aflatoxin contamination (Criseo et al. 1990).
This observation has been supported by data on maize from afla-
toxin outbreaks that occurred in 2003 and 2012 in Italy. Severe
outbreaks of aflatoxin contamination in maize occurred in Europe
in 2012. However, aflatoxin contaminations in Italy were more
consistent in 2012 than in 2003 and a close examination of weather
data showed less variation between day and night temperatures in
2012 than in 2003 (P. Battilani, personal communication).

FIGURE 1
Summary layout of topics discussed in this review, including insights in the reproduction of Aspergillus flavus (asexual, parasexual, and sexual) and

the relevance of co-occurrence of the fungus with other mycotoxin producing fungi and aspects related to prediction of aflatoxin contamination. While

parasexual reproduction has been demonstrated in the laboratory, unequivocal evidence for its occurrence and role under field conditions is still

lacking. Pre- and postharvest strategies are applied to mitigate aflatoxin contamination, but new challenges enhanced by climate change scenarios

need to be addressed using a variety of methods and especially omics approaches.
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Host susceptibility, drought stress, prevalence of toxigenic strains
of A. flavus, insect damage, and cropping system contribute to
aflatoxin contamination at harvest (Mehl et al. 2012; Widstrom
1979). Like other ear rot fungi, A. flavus readily gains access and
easily invades kernels that have been damaged by insect pests
(Marsh and Payne 1984; Parsons andMunkvold 2012; Payne 1998),
which leads to more severe contamination compared with inva-
sion through silk channels (Payne 1998). In addition, the timing of
harvest also influences contamination, with the fungus being active
in aflatoxin synthesis when kernel moisture rises above 13%
(Anonymous 2003; Payne et al. 1988). As such, late harvesting of
maize generally results in an increase in aflatoxin contamination
(Widstrom 1996). Aflatoxin production can continue postharvest
(Giorni et al. 2009b; Sanchis and Magan 2004) if the grain is
inadequately dried before storage or if conducive conditions prevail
in storage (Villers 2014).

Omics of A. flavus_maize interaction. Omics tools can con-
tribute significantly in understanding the A. flavus_maize interac-
tion and thereby facilitate mitigation of aflatoxin contamination
(Bhatnagar 2012; Bhatnagar et al. 2018). Progress has been made
in understanding the genomic makeup of A. flavus. Further, pro-
teomics has been applied to study resistance of host genotypes to
invasion by A. flavus (Fountain et al. 2018; Tiwari and Shankar
2018). While information on production of aflatoxin and other
secondary metabolites by A. flavus is reasonably extensive, appli-
cation of metabolomics as a tool to understand A. flavus_maize
interaction is relatively new (Cary et al. 2018). Here, we briefly
discuss the use of functional genomic tools in examining the effects
of ecological factors on the development of A. flavus and the
interactions between the fungus and maize and how this information
could impact the management of aflatoxin contamination.

A. flavus can develop on living plants and on decaying tissues
(Payne 1998) and colonization of maize kernels has been studied in

depth with respect to the localization, morphology and transcrip-
tional profiles for both the host and the fungus (Dolezal et al. 2014).
Secondary metabolism in A. flavus is strongly influenced by eco-
logical conditions and a higher expression of aflatoxin biosyn-
thetic cluster genes during growth of the fungus in living kernels,
compared with saprobic growth, has been reported (Reverberi et al.
2013). Although ethylene production in living infected seeds is
reported to suppress aflatoxin production, it does enhance coloniza-
tion of infected seed by A. flavus (Wang et al. 2017).

Several genes within the aflatoxin cluster are modulated by both
temperature and aw, while only aw affects the CPA biosynthetic genes
(Medina et al. 2017a).However,Bernaldez et al. (2017) note that even
if these environmental parameters and their interaction affect fungal
growth and aflatoxin production, toxin production is not always
consistent with aflatoxin biosynthetic gene expression. Thus, expres-
sion of the pathway transcriptional activator, aflR, alone is not a
suitable tool topredict the degree of contamination. Studies have been
conducted to predict the effect of climate change factors (i.e., elevated
CO2, temperature increase, and drought stress) on A. flavus growth,
aflatoxin production, and aflR gene expression. Results from these
studies show that fungal growth is affected by a three-way interaction
between temperature, aw, and elevated CO2, with relevant changes
occurring in the overall secondary metabolism with a signifi-
cant increase in aflatoxin contamination (Magan and Medina 2016;
Medina et al. 2017b). Further, acclimatization of A. flavus to these
climate change factors may result in increased disease and perhaps
aflatoxin contamination in important cereal crops.

Models for predicting risk of aflatoxin contamination.
Modeling to predict the result of the complex interaction between
host crops, the fungus and the environment, especially formycotoxin
producing fungi, has received considerable attention in recent years
(Battilani et al. 2013; Camardo Leggieri et al. 2013). Given that
environmental conditions are crucial for A. flavus, weather data have

FIGURE 2
Schematic illustration of the life cycle of Aspergillus flavus based on the growth and reproduction of the fungus and infection in maize. While

parasexual reproduction has been demonstrated in the laboratory, unequivocal evidence for its occurrence and role under field conditions is still

lacking.
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been the main input for these predictions (Battilani et al. 2013).
Empirical modeling approaches have been applied to predict the risk
of contamination in Australia and Europe. For example, temperature
and soil moisture during the maize grain filling period are input data
for generating an aflatoxin risk index (ARI) to predict aflatoxin
contamination in Australia based on an adaptation of an empirical
model that was previously developed for peanut (Chauhan et al.
2008). Similarly, an aridity index that is an input for a logistic
regression function used to estimate the probability of AFB1

contamination was computed using temperature, relative humid-
ity and rain records in Italy (Battilani et al. 2008). Validation of the
model by Battilani et al. (2008) resulted in correct prediction rates
ranging from 60 to 70%, indicating good model performance.
While useful, empirical models are not easily transferable to other
geographic areas and they need to be recalibrated using local
conditions before use.

A more versatile mechanistic model based on the infection cycle
ofA. flavus and its interactionwithmaize has also been developed to
predict the risk of aflatoxin contamination (Battilani et al. 2013).
The model, known as AFLA-maize, works on a daily time-step and
the risk is computed daily throughout the growing season. The
model output is an index (AFI) that summarizes the probability to
exceed the EuropeanUnion legal limit of 5 µg of aflatoxin B1 per kg
of unprocessed maize (European Commission 2010). The model
has also beenvalidated using data from different geographical areas
resulting in a correct classification rate of 70%, which is indicative
of good performance in predicting the risk of aflatoxin contami-
nation. Although meteorological data collected during the maize
growing season are the most commonly used for modeling the risk
of contamination, historical (collected in the past) and future
(predicted) data can also be used as inputs in predictive models.
In this case, past and future scenarios are the generated outputs,
respectively, and these are usually presented as risk maps, a user-
friendly data summary where the spatial gradient of the risk is
displayed (Battilani and Logrieco 2014; Battilani et al. 2006). A
combination of environmental data and geo-referenced locations of
aflatoxin occurrence has been proposed to generate probability
maps of the distribution of aflatoxins in Africa (Masuoka et al.
2010).

There havebeen questions on the practical applications ofmodels
developed to predict the risk of aflatoxin contamination. These
concerns arise from the fact that aflatoxin mitigation depends on
preventive actions while operational decisions throughout the
growing season must be taken in advance. Nevertheless, there is a
general consensus that thesemodels still playacrucial role in theoverall
decision management of aflatoxins (Battilani and Camardo Leggieri

2015). For example, using actual data, early harvest can be
recommended when the risk of aflatoxin contamination is high.
However, when the risk of contamination is low, harvesting can be
delayed allowing kernel moisture to decrease which subsequently
reduces the costs associated with drying grain after harvest.
Secondly, the logistics of harvesting can be better organized
regarding the switch of contaminated grain to nonfood/feed use
based on model predictions. Thirdly, pre-season decisions can be
informed by risk maps generated using historical data input, with
more careful maize management in high risk areas. Finally, the
impact of climate change can be predicted using future meteoro-
logical data as input to informpolicy on opportunities and options to
manage aflatoxin in a changing world (Battilani et al. 2016a).
Growers, extension service agents, and stakeholders working along
themaize value chain can also be supported bymodel outputs based
on past and actual data where climate change scenarios are crucial
for strategic actions and communication. An interesting example of
the latter comes from research supported by the European Food
Safety Authority (EFSA) on the future risk of aflatoxin contami-
nation in Europe. Based on a modeling approach, aflatoxin
contamination in maize, within the next 100 years, is predicted to
become a food safety issue in Europe, especially in the +2�C most
probable scenario (Battilani et al. 2016b). These modeling efforts
thus represent a supporting tool for policy makers to reinforce
aflatoxin management and to prevent possible human and animal
exposure.

PREHARVEST AND POSTHARVEST MANAGEMENT
OF AFLATOXINS

Preharvest strategies. Several strategies can be implemented at
different stages of crop growth during the growing season to prevent
or minimize the risk of aflatoxin contamination (Fig. 3). These
strategies offer a key initial step in mitigating contamination in the
field that can influence subsequent aflatoxin levels once the produce
is out of the field. Comprehensive reviews of these strategies have
been presented elsewhere (Bhatnagar-Mathur et al. 2015; Torres
et al. 2014) and here we briefly summarize key aspects. Biological
control, host resistance, plant density, and good agricultural
practices are some of the strategies that are used to prevent or
minimize preharvest contamination. While, specific biocontrol
agents such as yeasts and bacteria have been demonstrated to be
effective in inhibiting accumulation of aflatoxin under controlled
conditions (Dorner 2004; Palumbo et al. 2006), application of
competitive atoxigenic strains of A. flavus is the most successful
to date in controlling aflatoxin contamination in crops prior to

FIGURE 3

Relative importance of specific agronomic practices

that can be implemented during the growing season

to minimize the risk of aflatoxin contamination prior

to crop harvest.
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harvest. Afla-Guard and AF36 are two commercial products based
on formulations of a single atoxigenic strain of A. flavus in the
United States (Dorner 2004). Afla-Guard is registered for use on
corn and peanuts, while AF36 is registered for use in almonds,
cotton, maize, and pistachio. Aflasafe is a commercial product that
is based on a mixture of four atoxigenic strains for use in Africa.
Indeed, several Aflasafe products, each with a different set of four
atoxigenic strains native for a specific country where the product
is deployed, are now available in Africa (Atehnkeng et al. 2016;
Ayalew et al. 2017; Bandyopadhyay et al. 2016). In addition, the
commercial biocontrol product AF-X1 based on the atoxigenic
A. flavus strainMUCL54911 is currently under registration for use in
maize in Italy (Mauro et al. 2018). Biological control of aflatoxin
contamination is based on the premise that atoxigenic strains will
displace naturally occurring toxigenic strains from infection sites
when high densities of the atoxigenic strains are applied to the soil.
Consistent reductions in aflatoxin contamination ranging from 67 to
99%due to atoxigenic strains have been reported (AlanizZanon et al.
2013; Atehnkeng et al. 2014; Bandyopadhyay et al. 2016; Dorner
2009; Mauro et al. 2018).

While there has been considerable progress in identifying host
genes for preventing aflatoxin contamination in several crops,
progress has been slow and there are no commercially acceptable
aflatoxin resistant cultivars (Fountain et al. 2015; Warburton and
Williams 2014). Further, variation in aflatoxin contamination is
commonly observed in the field even when different hybrids are
grown in comparable conditions (Hawkins et al. 2008; Kebede et al.
2012). Crop rotation, pesticide application, soil amendment, and
moisture management are some of the good agricultural practices
that can be implemented to reduce the incidence of contamination
in the field. Rotation works to reduce the build-up of high densities
of A. flavus or A. parasiticus in soil and thus reduces the risk of
infection and subsequent contamination (Ortiz et al. 2011). However,
the impact of rotation on aflatoxin isminimal in environments where
the practice has little impact on densities of Aspergillus in the soil
(CAC-Codex Alimentarius Commission 2004). Use of pesticides
to control growth of mold to reduce aflatoxin contamination has
produced mixed results (Kabak et al. 2006). However, use of
pesticides to control insect damage during the plant growth may
reduce the risk of fungal invasion and aflatoxin contamination, even
though reductions may not be significant relative to the legal limits
(Abbas et al. 2017; European Commission 1999; Payne 1998). A
recent study showed that a maize hybrid expressing a very high
degree of transgenic insect protection resulted in low levels of
aflatoxin comparedwith the control, even though differences in the
levels of contamination were not statistically significant (Weaver
et al. 2017). Amending soil with calcium and manure has been
reported to reduce aflatoxin contamination in peanut by up to
90% (Waliyar et al. 2008) by thickening cell walls and accelerating
pod filling and promoting growth of microbial antagonists in soil,
respectively (Hell andMutegi 2011). Drought stress during silking
in maize or pod-filling in peanut is considered one of the most
important factors that influence aflatoxin contamination. Pro-
longed moisture stress and soil temperatures of >22�C during this
period enhances aflatoxin contamination (Horn 2005). Thus, irri-
gation to reduce moisture stress during this period is recom-
mended but the practice is not practical in areas with limited water
resources. In summary, biological control and moisture manage-
ment have the greatest impact on reduction of aflatoxin con-
tamination, while crop rotation and residue management have the
least impact (Fig. 3).

Harvest and postharvest strategies. Aflatoxins are highly
stable secondary metabolites and thus, grain infected by toxigenic
strains and/or contaminated preharvest are still at risk during
transport, processing, handling, and in storage if environmental
conditions favorgrowthof the fungus (Udomkunetal. 2017).Biological
control during preharvest has been reported to be beneficial in

postharvest control of aflatoxin contamination (Bandyopadhyay
et al. 2016). Given the ability of A. flavus to produce aflatoxins
when kernel moisture goes below 28%, time of harvesting should
be planned accordingly, while taking into account growers needs
to limit drying costs. Kernel moisture below 14% during storage
and moderate temperature and dry environments need to be
maintained to limit contamination. Logistics of harvest, drying,
and storage systems must be organized to avoid any increase in
contamination. In cases where humidity in storage is above the
suggested level, addition of CO2 at 25 to 50% of air content can
reduce fungal activity (Giorni et al. 2008). Storage insect pests that
can result in quantitative losses during maize storage have also
been linked to aflatoxin contamination especially in Africa. Thus,
metal silo and Purdue Improved Crop Storage (PICS) bags have
been recommended to protect against losses and reduction in
aflatoxin contamination (Baoua et al. 2014). Cleaning and/sorting
of grain prior to storage can further enhance the benefits of prop-
er storage techniques. For example, removal of fine material
(approximately 10% by weight) in maize has been shown to
reduce aflatoxin levels by 84%, with removal of smaller kernels
and kernel pieces further reducing aflatoxin levels by 1.8 and
9.4%, respectively (Hu et al. 2017). Thus, more accurate grain
sorting approaches such as multispectral kernel sorting have
been explored with good sensitivity and specificity rates in
identifying kernels with aflatoxin levels of >10 ppb (Stasiewicz
et al. 2017). Other technologies such as irradiation, ozone fumi-
gation and treatment of grain in storage with essential oils
(Tatsadjieu et al. 2010) are also under consideration for a more
complete and integrated solution for postharvest mitigation of
aflatoxin contamination.

BIOLOGICAL CONTROL OF AFLATOXIN
CONTAMINATION, BIOLOGY, AND DIVERSITY

OF A. FLAVUS

Mechanism(s) of biological control of aflatoxin contamination.
Application of atoxigenic strains of A. flavus prior to flowering has
been very instrumental in reducing aflatoxin contamination in several
crops. This technology, first applied in the United States (Cotty 1990;
Dorner andLamb2006) and in recent years inAfrica (Atehnkeng et al.
2016; Bandyopadhyay et al. 2016) and Europe (Mauro et al. 2018),
offers the greatest potential to control aflatoxin preharvest and in
storage. Atoxigenic strains in biocontrol formulations are abundant in
the year of application but decline thereafter. Thus, these strains are
reapplied annually for sustained reduction in aflatoxin contamina-
tion. Although it is widely accepted that reduction in aflatoxin con-
tamination through biological control is due to the displacement of
toxigenic by atoxigenic strains through founder effects, a strategy
commonly referred to as competitive exclusion for space and nutrients
(Cotty and Bayman 1993; Mehl et al. 2012), the actual mechanism(s)
that results in this reduction is not fully understood (Ehrlich et al.
2015). The need to establish the stability of atoxigenic strains in
preventing contamination and decrease the frequency of reapplication
has renewed efforts to further investigate the mechanistic basis of
biological control of aflatoxin contamination.

Damann (2015) provides a comprehensive review of possible
mechanisms of biological control based on experimental studies
and suggests touch inhibition (Huang et al. 2011) as the primary
mechanism of biological control. Essentially, touch inhibition is a
form of intraspecific aflatoxin inhibition requiring growth of the
competing strains together during the infection process in such a
way that hyphae physically interact or touch and this acts as the
trigger toprevent induction of aflatoxin synthesis (Huang et al. 2011).
Damann (2015) concludes that application of anatoxigenic strain that
is an effective saprobic competitor and utilizes touch inhibition when
interacting with an invading toxigenic strain in the infection court
may result in sustainable biological control and possibly reduced the
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frequencyofnecessary applications in the field.However, it isunclear
how knowledge of the mechanism of touch inhibition can be spe-
cifically utilized to enhance the efficacy of biological control in the
field. Further, the specificity of touch inhibition between interacting
hyphae has yet to be established and the signaling pathway that down
regulates the synthesis of aflatoxin isunknown.Nonetheless, a possible
working hypothesis could be that touch inhibition is mediated by a
ligand on the surface of an atoxigenic strain that interacts or fails to
interact with another ligand on the surface of a toxigenic strain. If a
ligand could be recognized, cloned and introduced into a plant host, it
potentially could confer ‘recognition’ by the invading toxigenic strain
to prevent or minimize induction of the signaling pathway responsi-
ble for activation of aflatoxin biosynthesis. It is not clear whether the
touch inhibition also extends to other secondary metabolites such as
cyclopiazonic acid, to establish if the touch inhibition phenomenon
implicates amore ‘global’ regulation of secondarymetabolites beyond
aflatoxins.

Biology and diversity of A. flavus.While clonality, i.e., asexual
reproduction, is predominant in A. flavus populations, infrequent
sexual reproduction generates new genetic variation and maintains
aflatoxin production, thereby exacerbating aflatoxin contamination
in crop produce (Olarte et al. 2012). Extensive laboratory and field
experiments have demonstrated that aflatoxin production is highly
heritable, which translates to aflatoxin production being maintained
over several generations (Horn et al. 2016; Olarte et al. 2012). Afla-
toxin production is a polygenic trait and several genes not involved
directly in aflatoxin biosynthesis are influenced by environmental cues
and changes (Price et al. 2005). For example, elevated temperature and
water stress conditions significantly promote expression of aflatoxin
biosynthetic genes increasing aflatoxin production (Medina et al.
2014; Wu et al. 2011). Other environmental factors, such as nitrogen
and carbon, interact with promoters of aflatoxin biosynthetic genes to
support or repress transcription (Price et al. 2005). This ongoing
genotype by environment interaction makes it challenging to manage
and predict outbreaks of aflatoxin.

Sexual reproduction in A. flavus. The discovery of sexual
reproduction in A. flavus and allied species has provided new
perspectives on how the genetics and genomic composition of these
species can influence their potential to produce aflatoxin (Horn et al.
2009a, b, 2011). Specifically, Ramirez-Prado et al. (2008) discovered
and reported thatA. flavus has a bipolarmating systemand individual
strains have only one of two possiblemating types, i.e., eitherMAT1-
1 or MAT1-2. Each strain is hermaphroditic with a sclerotium
functioning as the female and a conidium serving as the male during
sexual reproduction (Horn et al. 2016). Sclerotia are transformed into
stromata during sexual reproduction, a phenomenon that has also
been reported for other sclerotium-forming members of Aspergillus
sectionNigri (Horn et al. 2013;Olarte et al. 2015a).Hermaphroditism
enables reciprocal crosses between sclerotia and conidia, but invariably
only one sclerotia_conidia combination is highly fertile while the
reciprocal combination exhibits low fertility (Horn et al. 2016). For
example, a cross is highly fertile when the A. flavus sclerotia of the
MAT1-1parent strain ismatedwith conidiaof theMAT1-2parent but of
low fertility when the A. flavus conidia of theMAT1-1 parent strain is
matedwith sclerotia of theMAT1-2parent.Results fromlaboratoryand
field experiments showed that (i) conidia or hyphal fragments can
fertilize single-strain sclerotia, (ii) the sclerotial parent drives
differences in the degree of sexual fertility, and (iii) all progeny
strains show maternal inheritance of mitochondria from the
sclerotial parent (Horn et al. 2016). The relative abundance of
sclerotial and conidial vegetative propagules in fields could have
significant implications for biological control, which releases a
high density of conidia of a single A. flavus strain (Cotty 1990;
Dorner and Lamb 2006) or multiple strains (Bandyopadhyay et al.
2016). When clonality predominates in populations fewer isolates
go through sexual reproduction; vegetative or asexual propagation
predominates, and aflatoxin levels are mostly determined by a few

genotypes (i.e., vegetative compatibility groups or VCGs) that can
better grow vegetatively and produce more sclerotia and conidia.

The importance of sexual reproduction in maintaining aflatoxin
production is evidenced by several species in Aspergillus section
Flavi (Carbone et al. 2007b; Horn et al. 2009a, b, 2011; Olarte et al.
2015b). In the absence of sex, the ability to produce diversity in
aflatoxin chemotypes is diminished (Moore et al. 2013). For example,
A. caelatus and A. tamarii, which are predominantly asexual, have
mating type frequency distributions that are skewed to one mating
type, and are nonaflatoxigenic (Moore 2010). Aflatoxin-producing
species such as A. flavus may become more nonaflatoxigenic if (i)
strains that do not make aflatoxin make more spores, (ii) specific
environmental conditions are present that are nonconducive for
aflatoxin production, and (iii) sexual reproduction is too infrequent
to spread and maintain the determinants of aflatoxigenicity in pop-
ulations, or a combination of any of the above processes. It is
hypothesized that current biological control strategies using EPA
approved A. flavus nonaflatoxigenic strains, AF36 and Afla-Guard,
work because they artificially and transiently increase the frequency
of one genotype, such that populations are predominantly of a single
nonaflatoxigenic mating type, precluding sexual reproduction. How-
ever, since this approach does not work in concert with the reproduc-
tive andmating biology of the fungus, reduction in aflatoxigenicity is
not sustainable, and biocontrol products typically need reapplication
every growing season (Abbas et al. 2017).

Population genetics of A. flavus and biological control of
aflatoxin. Current research is elucidating the underlying popula-
tion genetic and evolutionary processes that occur when biocontrol
strains are applied to fields. The widespread sampling of field
populations has revealed the existence of two distinct A. flavus
evolutionary lineages, designated as lineage IB and IC (Geiser
et al. 2000; Moore et al. 2009, 2013). Lineage IB strains are fre-
quently nonaflatoxigenic, whereas lineage IC strains vary widely
in their ability to make aflatoxins, ranging from those that are
nonaflatoxigenic (e.g., AF36) to those that are potent producers of
aflatoxins (Moore et al. 2017). While both Afla-Guard and AF36
are nonaflatoxigenic and effective in reducing aflatoxin levels
(Abbas et al. 2017), they belong to different evolutionary lineages.
Afla-Guard is a lineage IB strain and missing the entire aflatoxin
gene cluster (Moore et al. 2009); AF36 is a lineage IC strain with a
full gene cluster, and except for a single nonsense mutation in pksA
(5aflC; polyketide synthase gene) (Ehrlich and Cotty 2004), is
closely related to other aflatoxin-producing strains in lineage IC
(Abbas et al. 2011). The recurrent sampling of both lineages IB and
IC in field populations worldwide indicates their importance in the
ecology and evolution of this fungus (Carbone et al. 2007a; Moore
et al. 2017). Although both lineages are present in fields, their
frequencies can be different (Moore et al. 2013). A lineage skew
may arise from (i) differential lineage-specific sexual recombina-
tion and fertility, (ii) differential lineage-specific spore production,
or (iii) differential responses of lineages to changing environmental
factors, or latitude gradients.WhileVCGs inA. flavus lineages have
remained stable for more than 50,000 years (Grubisha and Cotty
2010), ongoing genetic exchange and recombination has shuffled
determinants of vegetative incompatibility within lineages giving
rise to new genotypes with different levels of aflatoxigenicity
(Moore et al. 2013). Lineage-specific mating and recombina-
tion would maintain the nonaflatoxigenicity typically observed
in lineage IB and the aflatoxigenic trait commonly observed in
lineage IC. This implies that any sustained reduction in aflatoxin
levels would need to impact populations at the lineage level as
aflatoxigenicity or nonaflatoxigenicity is highly heritable (Olarte
et al. 2012), which translates to field populations consistently
harboring a mix of both toxigenic and atoxigenic strains in each
generation.

Mating experiments in the laboratory and field indicate that both
lineages IB and IC have varying levels of intra- and interfertility
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(Horn et al. 2016; Olarte et al. 2012). We know that A. flavus field
populations have the potential for sexual reproduction, but we need
a better estimate of the population recombination rates. The tim-
ing and frequency of recombination could inform new manage-
ment strategies. For example, if recombination rates are low, then a
control method to drive certain beneficial genetic backgrounds that
reduce aflatoxin concentrations in the population may not be
effective, and highly fertile biocontrol strains need to be applied
in the field to increase sexual reproduction. Longitudinal popu-
lation genetic studies in maize fields indicate evolution of new
A. flavus genotypes one year after application of biocontrol agents
(I. Carbone, unpublished data). Moreover, there are lineage-specific
differences in recombination rates, which may be associated with
variation in levels of fertility; for example, previous work showed that
themost fertileA. flavus strains are from lineage IC (Horn et al. 2009b,
2016). Evidence from population genomics analysis indicates that the
population genetic structure of these fungi can be altered after a single
growing season and in a lineage-specific fashion (I. Carbone,
unpublished data). Current efforts are underway to create a genetic
linkage map for A. flavus that will provide us with recombination
rate estimates in crosses of low and high fertility and will inform
how the degree of sexual fertility impacts the amount of introgression
and aflatoxin production. While much is known about A. flavus
biology and evolution, the underlying mechanisms that result in
lower aflatoxin levels have not been elucidated, nor has an approach
been proposed that takes advantage of insights from population
biology to mitigate aflatoxin contamination in maize and other
crops.

CONVENTIONAL AND MOLECULAR MARKER-
ASSISTED BREEDING FOR AFLATOXIN RESISTANCE

Conventional breeding has the potential to increase genetic
resistance to aflatoxin accumulation while simultaneously com-
plementing efforts to unravel the molecular basis of maize defenses
against A. flavus. However, developing maize lines with resistance
to A. flavus infection and aflatoxin accumulation has proven
challenging. In theUnited States, public breeding efforts to improve
resistance to aflatoxin accumulation inmaize date back to the 1970s
(Williams et al. 2008). Although some aflatoxin-resistant maize
lines have been developed through conventional breeding (recently
reviewed by Williams et al. 2014), they also generally display
undesirable traits that limit their utility in hybrid development. To
accelerate the deployment of commercially viable resistance to
aflatoxin, various sources of genetic resistance have been explored
by the maize breeding community to identify novel traits. For
example, historic maize land races actively cultivated in Mexico,
near the center of origin of maize, are a promising potential source
of resistance. An evaluation of diverse maize landraces from
Mexico for resistance and susceptibility to aflatoxin accumulation
identified potentially important sources of aflatoxin resistance
(Ortega-Beltran et al. 2014). Tropical inbred lines represent another
potential source of genetic resistance. Resistance to aflatoxin
accumulation was identified in numerous elite inbred lines
developed by the International Institute of Tropical Agriculture
(IITA) in African environments (Brown et al. 2001) and in field
evaluations in the United States (Brown et al. 2016). However,
despite consistent progress in identifying and introgressing genetic
resistance, no commercial hybrids are yet available with resistance
to aflatoxin accumulation, most likely due to linkage drag from
undesirable agronomic traits (Warburton and Williams 2014).

Due to difficulties associated with developing aflatoxin-resistant
maize lines, developing molecular markers has become a priority
for many breeding programs focused on aflatoxin resistance. Thus
far, few reliable DNA-basedmarkers, derived from polymorphisms
such as indels, SSRs, or SNPs, have been reported in the literature
for aflatoxin resistance inmaize.MississippiMarker 1 (MpM1)was

identified from the integration of differential gene expression data
(derived from resistant versus susceptible maize lines) and the
physical location of known QTL underlying aflatoxin resistance
(Mylroie et al. 2013). However, the QTL detected by MpM1 may
not convey enough phenotypic variation to be of immediate use in
commercial breeding programs. The future development of robust
molecular markers would be dramatically accelerated by the
identification of specific genes associated with resistance. To this
end, proteomics-based approaches identified three general cate-
gories of resistance-associated proteins (RAPs) in maize kernels:
storage proteins, stress-responsive proteins, and antifungal proteins
(Chen et al. 2007, 2012). Subsequently, the involvement of two
RAPs in resistance to aflatoxin accumulation was confirmed (Chen
et al. 2010). New approaches, such as genome-wide association
studies (GWAS), hold distinct promise in identifying novel markers
for aflatoxin resistance. A novel association mapping panel that
incorporates aflatoxin-resistant germplasmhas identified at least 21
genetic regions of maize associated with aflatoxin resistance
(Warburton et al. 2013), and a large number of SNPs associatedwith
aflatoxin resistance (Warburton et al. 2015). From this informa-
tion, the future potential for developing new molecular markers is
promising.

TRANSGENIC APPROACHES TO ACHIEVE AFLATOXIN
RESISTANCE IN MAIZE

Resistance in maize to A. flavus and aflatoxin contamination
is multigenic, and subject to environmental influences, and thus,
difficult to manipulate during classical breeding procedures to
create commercial hybrids. The saprobic life style of the soil-
inhabiting A. flavus presents additional challenges in development
of resistance to this weakly aggressive opportunistic pathogen. The
fungus does not abide by the typical gene for gene resistance
mechanisms observed in many host_pathogen interactions. While
efforts have been made to breed maize hybrids for enhanced
resistance to aflatoxin contamination (Okoth et al. 2017;Warburton
andWilliams 2014), the process is time consuming and all resistant
lines to date contain tropical germplasm in their backgrounds
resulting in less than desirable agronomic traits (Warburton and
Williams 2014).Molecular breeding through transgenic approaches
provides a less time consuming, alternative or complimentary
approach to improve control of A. flavus infection and aflatoxin
contamination in maize (Cary et al. 2011). Transgenic approaches
that impart increased resistance to A. flavus and aflatoxin contam-
ination in maize have been reported on (i) the development of
transgenic maize overexpressing antifungal genes encoding
resistance-associated proteins or peptides, both native and from
other sources (Rajasekaran et al. 2018; Schubert et al. 2015); and
(ii) use of RNA interference-based methods targeting genes
critical to A. flavus growth and aflatoxin production (Majumdar
et al. 2017a).

Enhanced aflatoxin resistance through incorporation of
antifungal genes. Though not directly targeting A. flavus, trans-
genicBtmaize expressing one ormore crystal (Cry) genes encoding
insecticidal proteins from Bacillus thuringiensis have been analyzed
with respect to their ability to reduce aflatoxin contamination (Ostrý
et al. 2015; Weaver et al. 2017). Both studies examined data from a
number of independent reports on the effect of Bt maize on aflatoxin
levels and both concluded that results were highly variable, probably
due to differences in sampling years, corn genotypes, and environ-
mental factors. It is unlikely that transgenic approaches targeting
insect damage alone in maize will provide durable and significant
control of aflatoxin contamination sinceA. flavus can also invade the
maize ear via silk channels (Marsh and Payne 1984).

In order to achieve the goal of efficacious control of aflatoxin
contamination in maize via transgenic approaches, it is incumbent
that genes encoding RAPs, regulatory genes and signaling pathway
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components be identified and assessed for their level of contribution
to seed-based resistance. To this end, numerous studies utilizing
classical biochemical and molecular techniques (Chen et al. 2001;
Moore et al. 2004) and next generation-omics technologies such as
2D comparative proteomics (Chen et al. 2012; Xie et al. 2015),
genomics (Farfan et al. 2015; Warburton et al. 2015), tran-
scriptomics (Shu et al. 2015; Shu et al. 2017), and interactomics
(Musungu et al. 2016) have identified a plethora of candidate RAP
genes and proteins from maize. While this may be good for the
development of molecular markers for use in marker-assisted
breeding strategies, the large number of candidate genes arising
from these types of studies cannot realistically be screened in toto
for subsequent introduction and overexpression in maize. Narrow-
ing down the selection of RAP genes, both native and from other
sources, for transformation intomaize can include the following: (i)
reports of resistance genes or proteins from other plants that inhibit
growth of A. flavus (Prasad et al. 2013; Sundaresha et al. 2010); (ii)
validation of maize genes or proteins identified by transcriptomic or
proteomic analyses of resistant and susceptible maize lines (Chen
et al. 2016, 2010); and (iii) development of synthetic genes encoding
antifungal peptides (Cary et al. 2000; Rajasekaran et al. 2009, 2018).
To assist research on maize genes and proteins that may serve as
candidates for control of A. flavus infection and aflatoxin contam-
ination, the Corn Fungal Resistance Associated Sequences Data-
base (CFRAS-DB;http://www.agbase.msstate.edu/cgi-bin/information/
Maize.pl) has been developed and compiles all genetic and protein
sequences and QTL regions reported to be associated with A. flavus
or aflatoxin resistance in maize (Kelley et al. 2010).

Despite all of the genetic and proteomic information gathered on
candidate RAPs, both native and from other sources, for resistance
to A. flavus and aflatoxin contamination in maize, only two reports
have been published on transgenic expression of RAPs in maize for
this purpose. The reticence to introduce and overexpress native or
foreign RAP genes inmaize may largely be due to the identification
ofmaize lineswith natural resistance that are being used in breeding
programs as sources of resistance traits that can be introgressed into
agronomically desirable commercial lines. However, as stated
above, resistance is multigenic and many of these resistant lines are
derived from tropical germplasm with a number of undesirable
agronomic traits that will require a considerable amount of time to
breed resistance traits into commercially viable lines. Efforts to
genetically engineer transgenic lines for resistance to A. flavus
growth and aflatoxin contamination can be used to complement and
enhance native resistance breeding programs and perhaps shorten
the time required todevelopmaize demonstrating superior resistance.
To date, the two reports of transgenic expression of RAPs in maize
for control of aflatoxin contamination did not use genes from maize
or other plants. Instead, both studies utilized synthetically-derived,
small antimicrobial peptides (AMPs) (Rajasekaran et al. 2018;
Schubert et al. 2015). Transgenic expression in maize of the spined
soldier bug (Podisusmaculiventris) 21 amino acid thanatinAMP in a
maize Hi-II hybrid variety resulted in an approximate threefold
increase in resistance toA. flavus infection comparedwith control lines
(Schubert et al. 2015). Unfortunately, levels of aflatoxin production
in transgenic lines were not determined. Rajasekaran et al. (2018)
demonstrated enhanced resistance in transgenic maize plants express-
ing a synthetic peptide derived from anAMPdescribed in the Japanese
horseshoe crab (Tachypleus tridentatus). Kernels from transgenic Hi-II
maize plants transformed with the tachyplesin-1 derived, an 18 amino
acid syntheticpeptideAGM182,demonstratedup toa72%reduction in
A. flavus growth and 76 to 98% reduction in aflatoxin contamination
compared with control lines. AGM182 modifications from native
tachyplesin include substitution of amino acids to increase hydropho-
bicity resulting in superior antimicrobial activity and removal of a
tryptophanmoiety leading to reduced lysis ofmammalian erythrocytes.

Enhanced resistance through host-induced gene silencing.
RNA interference (RNAi) is a form of host-induced gene silencing.

The molecular machinery required for RNAi is highly conserved in
many organisms including plants and fungi and it functions by
degrading messenger RNA (mRNA) for specific genes before they
are translated into protein (Katoch and Thakur 2013). Important
characteristics of RNAi include its systemic nature, heritability, and
fairly high level of target specificity. Virtually any gene of interest
can be silenced when constructs that produce double stranded,
hairpin RNAs (hpRNAs) based on the targeted gene sequence are
introduced in a host of interest (Katoch andThakur 2013;Nunes and
Dean 2012). RNAi has been demonstrated in a number of fungi
including A. flavus, A. oryzae, and F. graminearum (reviewed in
Majumdar et al. 2017a) and F. verticillioides (Johnson et al. 2018).

In the context of development of maize for resistance to aflatoxin
contamination, RNAi can be used for two purposes. First, as candidate
maize resistance genes are identified through transcriptomics or other
means, their contribution to overall resistance can be validated by
silencing of the target RAP gene using RNAi-based approaches.
Subsequent bioassay of transgenic RNAi maize seed for levels of
resistance to fungal virulence and toxin production can then be
compared with control seed. The utility of RNAi in validation of
maizeRAPgenes identified in proteomic or transcriptomic studies
has been reported for PR10 (Chen et al. 2010), trypsin inhibitor
(TI) (Chen et al. 2016) and PRms (Majumdar et al. 2017b). This
information can then be used to select the most promising RAP
genes for use inmarker-assisted breeding inmaize or for introduction
into maize or other susceptible crops like cotton and peanut (that do
not possess native resistance) to enhance resistance to aflatoxin
contamination.Secondly,RNAi-basedbinaryvectorscanbeengineered
and introduced intomaize that target genes of the invadingA. flavus for
silencing that are critical for colonization and aflatoxin production.

There are several examples in the literature on the use of RNAi to
suppress A. flavus growth and aflatoxin production in maize and
peanut. Masanga et al. (2015) examined the effect that transgenic
maize, constitutively expressing hpRNAs targeting the aflatoxin
pathway regulatory gene, aflR, had on production of aflatoxin.
Following in planta infection of transgenic and control plants with
an aflatoxigenic A. flavus, kernel samples were assayed for aflR
expression using semiquantitativeRT-PCR.The authors noted reduced
levels of aflR expression in transgenics compared with control plants
and a 14-fold reduction inAFB1 content as determined byELISA. The
authors also observed that transgenic plants expressing the RNAi
cassette were severely stunted and had reduced kernel placement
possibly due to silencing of ‘off target’ genes. Thakare et al. (2017)
described significant reduction in aflatoxin levels in transgenic maize
transformed with an RNAi cassette affording seed-specific expression
of hpRNAs targeting the aflC gene. RT-PCR confirmed expression
of the aflC-RNAi cassette in transgenic seed and qRT-PCR also
showed significant down-regulation of aflC expression in RNAi lines
compared with controls. No aflatoxin was detected by quantitative
densitometryof thin layer chromatographs (limit of detection£ 93ppb)
of extracts from in planta infected transgenic seed while controls
showed extremely high levels of aflatoxin. RNA sequence (RNA-seq)
analysis of transcripts from transgenic and nontransgenic controls
showed no significant differences in levels of gene expression
indicating that there were no ‘off target’ effects due to expression of
the aflC-RNAi cassette. Gilbert et al. (2018) demonstrated silencing
of the A. flavus a-amylase (amy1) gene during in situ infection
of individual kernels collected from ears of maize plants harboring
a constitutively-expressed amy-RNAi construct. They observed a
significant reduction in expression of amy1 in the amy1-RNAi lines
(vs. negative control) by qRT-PCR. This correlated with a significant
reduction of fungal growth as determined by fluorescence detected
from the GFP-expressing A. flavus strain used to infect the kernels.
Reduced amylase expression also coincided with drastically reduced
AFB1 accumulation in the amy-RNAi maize seed compared with
control seed.One of the amy1-RNAi lines showed a reduction inAFB1

of approximately 100-fold compared with a transformed control line.
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They suggest that the observed reduction in fungal growth and
aflatoxin production are likely due to the inability of the fungus to
hydrolyze starch for use as a carbon source during seed infection, as
starch degradation products such as glucose, maltose, and maltotriose
areknown tobe important forgrowth, and serveas inducersof aflatoxin
biosynthesis in maize (Fakhoury and Woloshuk 1999).

With respect to use of RNAi approaches to control aflatoxin
contamination in peanut, Arias et al. (2015) examined the ability of
transgenic peanut expressing a hpRNA that targeted a total of five
genes (aflR, aflatoxin gene cluster transcriptional activator; aflS,
aflatoxin gene cluster transcriptional coactivator; aflC, aflatoxin
polyketide synthase; aflep, a putative aflatoxin efflux pump; and
pes1, a NRPS responsible for tolerance to oxidative stress) involved
either directly or indirectly in aflatoxin biosynthesis. Using in situ
assays of half cotyledons, RNAi-expressing peanut lines had up to
100% reduction in AFB1 and AFB2 compared with the control.
Interestingly, qRT-PCR of mRNA from transgenic cotyledons only
detected expression of the hpRNAs in 24 h immature cotyledons
and not at 48 h and no expressionwas detected inmature cotyledons
at any of the time points. The authors did not present data on levels
of expression of the targeted genes in the RNAi and control seed. A
subsequent study by Power et al. (2017) using high throughput
sequencing of small RNA (sRNA) libraries generated from two of
the RNAi peanut lines and a control line identified two sRNAs that
matched regions of the hpRNA construct coding for the aflS and
aflC genes present only in the RNAi lines. In addition, therewere 39
sRNAs that mapped without mismatches to the genome of A. flavus
and were present only in the transformed RNAi lines. Sharma et al.
(2018) developed transgenic peanut lines for control of aflatoxin
contamination using an RNAi-based approach or an approach that
utilized overexpression of defensin genes from Medicago. Trans-
genic plants expressing hpRNAs for RNAi-based silencing of the
aflatoxin biosynthetic genes aflM and aflP or those overexpressing
MsDef1 orMtDef4.2 showed significant decreases in AFB1 content
in A. flavus infected peanut cotyledons. Aflatoxin B1 levels were
reduced from an average of 2,000 ppb in controls to less than 20 ppb
(themaximum levels allowed by theU.S. FDA) in the RNAi lines as
determined by highly sensitive HPLC detection methods. A strong
positive correlation was observed between reduction in aflatoxin
levels and aflatoxin biosynthetic gene expression using qRT-PCR.

Continued transcriptomic and interactomic analyses of the
maize-A. flavus interaction under varying environmental conditions
should reveal even more potential RAP genes for use in develop-
ment of resistant maize lines and as molecular markers for marker-
assisted breeding strategies. As improvements are made to the
efficiency of gene editing technologies (e.g., CRISPR/Cas9) for the
silencing or introduction of RAP genes inmaize, these technologies
may replace conventional transgenic approaches including RNAi
(Gao et al. 2018). However, current reports on the use of transgenic
approaches to enhance resistance inmaize toA. flavus infection and
aflatoxin production appear promising. Most of these reports are
based on small-scale laboratory or greenhouse studies. Follow up
studies are needed in a field environment over several growing
seasons to take into account environmental effects on the durability
of observed resistance. Ultimately, large-scale application of trans-
genic maize for control aflatoxin contamination will most likely
depend on the willingness of industry to dedicate resources to the
development and commercialization of transgenic maize for re-
sistance to mycotoxigenic fungi, and the willingness of consumer to
accept food and feed derived from a ‘GMO’ crop.

CONCLUSIONS AND POTENTIAL APPLICATION OF
CONCEPTS TO OTHER MYCOTOXIN

PRODUCING FUNGI

Contamination of important field and tree nut crops by aflatoxin
following infection by A. flavus still remains a serious problem

worldwide and particularly in developing countries where cereals
are the staple crop. There has been considerable progress in understand-
ing the biology of the fungus and how this new information relates to
key aspects in the management and control of aflatoxin contamination.
The recent use of atoxigenic strains as commercial biocontrol agents to
control contamination in the field emphasizes the significant milestone
that has been achieved in aflatoxin research in the United States, Africa,
and Europe. However, questions associated with the economics
and sustainability of this strategy still remain. Current insights in the
population biology of A. flavus provide an opportunity to harness
knowledge on sexual fertility, mating and recombination to develop a
platform for designing sustainable biocontrol strategies. Information
gathered from -OMICS technologies such as genomics, transcriptomics,
and metabolomics will shed additional light on the mechanisms
governing the maize-fungus interaction, especially with respect to host
resistance mechanisms. Analysis of coexpression networks will
identifyA. flavus genes and proteins that influencemaize resistance
mechanisms. As maize resistance genes are identified they can
serve as markers for use in marker-assisted breeding strategies
while genes critical to the success of A. flavus infection and
aflatoxin accumulation can serve as targets of host-induced gene
silencing approaches utilizing RNAi. The advent of new genome
editing technologies in agriculture could propel a fundamental
rethinking of strategies to identify genes underlying responses to
A. flavus infection. For example, genes conveying susceptibility to
aflatoxin accumulation could be promising targets for inactivation
via genome editing. Additionally, mechanisms of resistance to
aflatoxin accumulation in other crops could potentially inform
genome editing strategies in maize and vice versa. While signifi-
cant progress has been made in generation of knowledge and its
application in developing useful tools for aflatoxinmitigation, there
are aspects of the maize-A. flavus pathosystem that still need to be
addressed especially with breeding for resistance against aflatoxin
contamination. New challenges are emerging, with climate change
playing an important role. The wide variability in environmental
conditions between and during growing seasons will continue to
add uncertainty to expected contamination scenarios at harvest in
all geographic areas. Co-occurrence of members of Aspergillus
section Flavi with other ear rot fungi is becoming increasingly
important and predictions of contamination using reliable models
will continue to be a useful tool for all stakeholders of the value
chain to support rationale and sustainable preventive and corrective
actions.
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