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ABSTRACT 

 Aspergillus flavus is a pathogen of several important crop species including maize and 

peanut. During infection, A. flavus produces mycotoxins known as aflatoxins which pose a 

serious threat to global food safety and security. Host resistance to infection and aflatoxin 

contamination has been linked to drought stress with drought tolerant hosts tending to be more 

resistant. However, potential causes of this phenomenon have yet to be characterized. To better 

understand both the host and pathogen stress interactions, field and laboratory analyses, 

particularly biochemical and –omics analyses including metabolomics, proteomics, and 

transcriptomics were used. Drought sensitive, aflatoxin contamination susceptible maize lines 

were found to accumulate higher levels of reactive oxygen species (ROS) in their leaf and kernel 

tissues compared to tolerant and resistant lines. Drought sensitive lines also exhibited more rapid 

and vigorous physiological responses to stress including changes in antioxidant enzyme activity, 

photosynthesis, and stomatal conductance. Metabolomics analysis of developing kernels under 

drought also showed increased accumulation of free simple sugars, oxylipins, and 

polyunsaturated fatty acids in drought sensitive lines which may provide resources for aflatoxin 



production during A. flavus infection. Examination of A. flavus responses in vitro using H2O2-

derived oxidative stress as a mimic for drought stress found that these responses correlate with 

aflatoxin production capability with highly aflatoxigenic isolates exhibiting greater stress 

tolerance. Biological control isolates were also able to tolerate greater levels of stress than field 

isolated atoxigenic isolates suggesting this as a trait for biocontrol selection. Transcriptional and 

proteomic examination of isolate responses to oxidative stress suggest that isolate development, 

pathogenicity, and secondary metabolite production are regulated in response to oxidative stress. 

Secondary metabolite production, including aflatoxin, composed a large component of oxidative 

stress responses in A. flavus suggesting their possible roles in stress alleviation for the fungus 

under adverse environmental conditions. Together, these studies identified stress responsive 

mechanisms in both the host and pathogen which can be targeted and manipulated independently 

or in tandem including ROS signaling, sugar metabolism, and oxylipin signaling using 

biotechnologies such as genome editing.  This will provide a novel avenue to search for and 

produce practical solutions to mitigate aflatoxin contamination.  
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Abstract 

Since the early 1960s, the fungal pathogen Aspergillus flavus (Link ex Fr.) has been the focus of 

intensive research due to the production of carcinogenic and highly toxic secondary metabolites 

collectively known as aflatoxins following pre-harvest colonization of crops. Given this recurrent 

problem and the occurrence of a severe aflatoxin outbreak in maize (Zea mays L.), particularly in 

the Southeast U.S. in the 1977 growing season, a significant research effort has been put forth to 

determine the nature of the interaction occurring between aflatoxin production, A. flavus, 

environment and its various hosts before harvest. Many studies have investigated this interaction 

at the genetic, transcript, and protein levels, and in terms of fungal biology at either pre- or post-

harvest time points. Later experiments have indicated that the interaction and overall resistance 

phenotype of the host is a quantitative trait with a relatively low heritability. In addition, a high 

degree of environmental interaction has been noted, particularly with sources of abiotic stress for 

either the host or the fungus such as drought or heat stresses. Here, we review the history of 

research into this complex interaction and propose future directions for elucidating the 

relationship between resistance and susceptibility to A. flavus colonization, abiotic stress, and its 

relationship to oxidative stress in which aflatoxin production may function as a form of 

antioxidant protection to the producing fungus. 
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Introduction 

Aspergillus flavus (Link ex Fr.; Teleomorph: Petromyces flavus) is a facultative, plant parasitic 

pathogen, which has the ability to colonize a number of common crop species including cotton, 

maize, peanut, and rice (Diener et al., 1987). Economic losses due to the infection of grain crops 

such as maize (Zea mays L.) by A. flavus is not primarily due to the expression of symptoms 

known as Aspergillus ear rot but, rather, is due to the subsequent contamination of the grain with 

the fungal metabolite aflatoxin. Aflatoxins are a group of polyketide-derived furanocoumarin 

secondary metabolites produced by certain species of fungi, including the genus Aspergillus 

(Bennett and Klich, 2003; Chanda et al., 2009). Aflatoxins are highly carcinogenic and can be 

acutely toxic or fatal if ingested in sufficient quantities for both livestock and humans (Shephard, 

2008).  

Although this species was first described by Link in 1809 (Amaike and Keller, 2011), 

major research on the biology and pathogenicity of A. flavus did not commence until the mid-

1960’s with the incident of Turkey X disease which killed over 100,000 turkeys due to aflatoxin 

contaminated feed associated with A. flavus infected peanuts (Wogan, 1966). Shortly thereafter 

broad screening of feed and food was initiated, the chemical structures of the major aflatoxins 

(B1, B2, G1, and G2) were elucidated, and research was conducted on preventing post-harvest 

contamination of grain crops through the modulation of storage conditions (Asao et al., 1965; 

Trenk and Hartman, 1970). However, it was found during a particularly severe outbreak of 

aflatoxin contamination in maize in the late 1970’s in the U.S. that it was possible for A. flavus to 

both colonize and produce aflatoxin on developing maize kernels prior to harvest (Diener et al., 

1987).  
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Since that time, research efforts have focused on determining the source of host plant 

resistance to prevent A. flavus colonization and subsequent aflatoxin production pre-harvest and 

before transportation to storage. These efforts have employed numerous techniques and 

approaches including modern plant breeding and genetics tools such as proteomic, 

transcriptomic, and biochemical analyses in an effort to discover the underlying mechanism of 

host plant resistance and the interaction between the two organisms. To date, these efforts have 

revealed that resistance is quantitatively inherited with a strong genotype by environment 

component. It is a complex interaction with a high degree of environmentally induced variability 

with abiotic and biotic stress strongly influencing resistance or susceptibility. Here we review the 

results of research into the mechanism of host resistance to both A. flavus colonization and 

abiotic stress, and propose future research directions for determining the relationship between 

oxidative stress and aflatoxin contamination. 

 

Host Resistance against A. flavus: Gene-for-Gene or Genotype x Environment Interaction? 

From a gene-for-gene perspective, host resistance against A. flavus colonization and subsequent 

aflatoxin contamination has been approached as a single virulence factor produced by the 

invading pathogen that would be countered by a single avirulence or resistance protein in the 

host. This results in compatible or incompatible reactions based on specific recognition (Keen, 

1990). The particular virulence mechanisms of these plant-microbe interactions are utilized to 

classify plant pathogens into groups such as biotrophic, necrotrophic, and hemibiotrophic 

pathogens (Glazebrook, 2005).  

 The classification of A. flavus into a particular class of plant pathogens has yet to be 

determined. A microscopy study of the growth of A. flavus in maize kernel tissue by Smart et al. 
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(1990) showed that cellular components such as cell walls were broken down in advance of 

mycelia. This has been interpreted as being indicative of necrotrophic pathogenicity in the 

literature (Mideros et al., 2009), however, not all research concurs with this conclusion. 

Recently, Magbanua et al. (2007) found that the colonization of kernel tissue from resistant 

maize lines exhibited increased levels of salicylic acid (SA) and unchanged levels of jasmonic 

acid (JA), traits commonly associated with resistance to biotrophic pathogens in various plant 

species (Glazebrook, 2005). As a facultative parasite, which naturally exists as a saprophyte, A. 

flavus may possess a unique pathogenicity mechanism that does not categorically fit into this 

classification scheme.  

In keeping with the concept of gene-for-gene resistance, virulence factors produced by A. 

flavus during the colonization of maize tissues as well as maize kernel avirulence proteins have 

been the focus of multiple studies. These efforts have helped to better characterize the nature of 

this plant-pathogen interaction, and have sought to identify pathogen and host-derived proteins 

encoded by potential single-gene sources of host resistance or susceptibility. Proteomics-based 

techniques have identified several virulence proteins produced by A. flavus, most of which being 

hydrolytic enzymes. Examples of these enzymes are amylases, cellulases, chitinases, cutinases 

(e.g. phyto-cutinase), lipases, pectinases (P2c), proteases such as alkaline protease, and xylanases 

(Cleveland and Cotty, 1991; Guo et al., 1995; Chen et al., 1998; Chen et al., 1999; Fakhoury and 

Woloshuk, 1999; Mellon et al., 2000; Brown et al., 2001; Cleveland et al., 2004; Chen et al., 

2009a; Pechanova et al., 2013). These enzymes are consistent with the biology and classification 

of A. flavus as a saprophyte since they typically catabolize decaying plant materials as a source 

of nutrition. 
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 Several constitutively expressed and inducible proteins have been described in the 

literature which have been shown counter the function of other hydrolytic virulence proteins 

produced by A. flavus. For example, Chen et al. (1998) described a 14-kDa trypsin inhibitor (TI) 

which functions as an inhibitor of α-amylase, a protein utilized by A. flavus for the catabolism of 

complex carbohydrates. The same group also showed that silencing the expression of the TI gene 

in maize increases the susceptibility of maize kernel tissue to A. flavus infection and aflatoxin 

contamination (Chen et al., 2009b). In addition, β-1,3-glucanases, chitinases, pathogenesis-

related proteins 10 and 10.1, ribosome inactivating proteins (RIPs), and zeamatin have also been 

shown to be involved in the resistance of maize against A. flavus (Lozovaya et al., 1998; Mauch 

et al., 1988; Walsh et al., 1991; Huynh et al., 1992; Guo et al., 1997; Chen et al., 2006; Chen et 

al., 2010; Xie et al., 2010). Liang et al. (2005) reported that the increase of β-1,3-glucanases in 

the resistant peanut lines was higher than in the susceptible lines after infection with A. flavus.  

Accumulation of such antifungal and avirulence proteins has been shown to contribute to 

the resistance observed in several maize lines along with morphological characteristics of 

resistant kernels such as thickened wax cuticles (Guo et al., 1995). Various breeding techniques 

have been employed to develop varieties with enhanced resistance to A. flavus and aflatoxin 

contamination on the basis of utilizing phenotypic screenings and molecular markers associated 

with known avirulence genes to identify quantitative trait loci (QTL) for selection (Brown et al., 

2013). These efforts have met with some success such as in the case of Willcox et al. (2013) 

which identified 20 QTL explaining 22 to 43% of phenotypic variation within a F2 mapping 

population derived from Mp313E x Va35. This study along with others (Paul et al., 2003; Brooks 

et al., 2005; Kelley et al., 2012) illustrate two important challenges in breeding resistant maize 

varieties, including 1) that resistance to A. flavus is a quantitative trait involving multiple genes 
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rather than single-gene forms of gene-for-gene resistance, and 2) a large genotype x environment 

(G x E) interaction conditions the expression of this trait. For example Willcox et al. (2013)  

determined that only 11 of the 20 identified QTL were consistently expressed across different 

environments with these accounting for 2.4 to 9.5% of phenotypic variance.  

Environmental factors can have a significant effect on maize resistance to A. flavus, 

particularly abiotic stresses such as drought and heat stress. This was clearly demonstrated as 

early as 1977 when widespread and intense drought conditions in the Midwestern and 

Southeastern United States resulted in a high degree of aflatoxin contamination of maize kernels 

pre-harvest (Zuber and Lillehoj, 1979; Diener et al., 1987). However, maize genotypes 

possessing drought tolerance tend to be less susceptible to aflatoxin contamination such as 

Lo964 and Tex6 (Guo et al., 2008; Luo et al., 2008; Jiang et al., 2012).  

 

Relationship of Drought Tolerance and A. flavus Resistance 

It has been hypothesized that there is an underlying relationship among various molecular 

mechanisms of drought stress adaptation and resistance to A. flavus infection and subsequent 

aflatoxin contamination. This connection has been demonstrated experimentally in a number of 

studies. For example, Chen et al. (2007) found a number of drought stress-related proteins that 

were induced in response to A. flavus colonization in maize endosperm tissue including late 

embryogenesis abundant proteins LEA 3, 14, peroxiredoxin (PER1), and a 17.9-kDa heat shock 

protein (HSP17.9). Pechanova et al. (2011) found that these proteins along with several 

antioxidant proteins, such as ascorbate peroxidase and superoxide dismutase, were up-regulated 

in resistant maize rachis tissue earlier in development and formed the basis, when combined with 
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increased expression of anti-fungal and pathogenesis-related proteins, for resistance to A. flavus 

colonization.  

It has also been shown that global defense regulators have the potential modulate maize 

resistance to drought stress, oxidative stress, and possibly A. flavus resistance. For example, 

WRKY transcription factors, which have been shown to regulate the responses of multiple plant 

species to both biotic and abiotic stresses (Rushton et al., 2010). The transcription factor 

ZmWRKY33 was recently shown to enhance abscisic acid (ABA) signaling and enhance osmotic 

stress tolerance in maize seedlings (Li et al., 2013). ZmWRKY33 along with ZmWRKY19, 

whose homolog in Arabidopsis thaliana (AtWRKY53) has been shown to be induced in response 

to oxidative stress and regulates the expression of antioxidant enzymes like catalase (Miao et al., 

2004; Eulgem and Somssich, 2007; Miao et al., 2007; Rushton et al., 2010), were found to be up-

regulated earlier in resistant maize varieties in response to A. flavus inoculation in whole kernel 

tissues (Fountain et al., 2013).  

 

Oxidative Responses of Plants to Insect Herbivory 

Oxidative responses of plants to feeding damage by both chewing and piercing-sucking 

insects have been described in recent years. Walling (2000) and Kaloshian and Walling (2005) 

described the piercing-sucking hemipteran insect feeding on crop plants as resembling plant 

pathogen infections that are often related to chitosan (oligogalacturonides produced by 

pectinases) and reactive oxygen species (ROS)-activated wound or defense signaling pathways 

in host plants. Kessler and Baldwin (2002) reviewed the molecular mechanisms underlying plant 

responses to insect herbivory and how they differ from pathogen infections. They concluded that 

insect herbivores are physiologically independent from their host plants, whereas pathogens are 
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physiologically dependent on their host plants for their growth and development (Kessler and 

Baldwin, 2002). Oxidative enzyme-mediated wounding responses also play a critical role in 

understanding plant responses to insect herbivory, although the insect-specific elicitors 

frequently modify the responses of their host plants, and allow the host plants to optimize their 

defenses against a specific insect pest (Kessler and Baldwin, 2002).  

 Bi and Felton (1995) reported that corn earworm, Helicoverpa zea (Boddie), herbivory 

caused significant increases in lipid peroxidation and hydroxyl radical formation in the soybean 

leaves. The activities of several oxidative enzymes (i.e., lipoxygenases, peroxidase, diamine 

oxidase, ascorbate oxidase, and NADH oxidase I) were also increased following H. zea 

herbivory on soybean leaves. They concluded that oxidative responses in the soybean plants may 

have led to a decrease in herbivory and an increase in oxidative damage to the plant.  Ni et al. 

(2000) described the salivary enzyme profiles of the leaf-chlorosis-eliciting Russian wheat aphid, 

Diuraphis noxia (Mordvilko), and the non-leaf-chlorosis-eliciting bird cherry-oat aphid, 

Rhopalosiphum padi (L.), which differ in oxidative enzyme activities. While only peroxidase 

activity was detected in R. padi, catalase activity was only detected in D. noxia. The oxidative 

responses of four cereal plants (i.e., susceptible ‘Arapahoe’ and resistant ‘Halt’ wheat, 

susceptible ‘Morex’ barley, and resistant ‘Border’ oat) to the feeding of the two species of aphid 

differed (Ni et al., 2001a). The chlorosis-eliciting D. noxia feeding caused a three-fold increase 

in peroxidase activity in the resistant Halt wheat, and nine-fold increase in the susceptible Morex 

barley nine days after infestation when compared to the control leaves.  In contrast, R. padi did 

not cause any changes in peroxidase activity in any of the cereal leaves. At the same time, D. 

noxia feeding did not elicit any change in either catalase or polyphenol oxidase activity in 

comparison with either the R. padi-infested or the control cereal leaves (Ni et al., 2001a). 
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Furthermore, oxidative bleaching in leaf chlorosis elicited by D. noxia was not detected, but Mg-

dechelatase activity was increased in the D. noxia-elicited chlorosis in wheat leaves (Ni et al., 

2001b).  

Research on the leaf chlorosis-elicitation process has revealed the complex nature of the 

oxidative responses of plants against wounding and insect herbivory. Zavala et al. (2013) also 

proposed a cellular mechanism to decipher the influence of elevated CO2 on insect herbivory. 

They highlighted that oxidative enzyme activities in the sub-cellular organelles, such as 

peroxisomes and chloroplasts, via the jasmonic signaling pathway are likely to be critical factors 

in dissecting the molecular mechanisms of plant defenses against both biotic and abiotic stresses. 

In general, the oxidative responses of plants to pathogen infection and insect herbivory under 

varying environmental conditions (e.g., drought and the elevated CO2) are critical for the 

management of pest outbreaks and the reduction of mycotoxin contamination in agricultural 

crops. 

 

The Role of Oxidative Stress in Aflatoxin Biosynthesis 

The presence of increased expression of antioxidant mechanisms in resistant maize 

tissues leads to the hypothesis that increased resistance to ROS-induced oxidative stress may 

correlate to resistance to A. flavus and aflatoxin contamination. Although this conclusion seems 

credible due to the high degree of correlative evidence present in the literature, the exact 

mechanism of how this phenomenon functions has yet to be elucidated completely. However, 

more recent studies into the biology of A. flavus and the mechanisms regulating the production of 

aflatoxin may shed light on this issue. 
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Aflatoxin biosynthesis is a complex process involving multiple gene products and 

regulatory mechanisms coded for by an approximately 70-kb cluster of 25 genes (Yu et al., 

2004). This pathway is responsible for the biosynthesis of five major mycotoxins: 

sterigmatocystin, B1, B2, G1, and G2 aflatoxins (Yu et al., 2004), and is the focus of intensive 

research into methods of negatively regulating its function. Although the structure and 

biochemical characteristics of aflatoxins have been known since the 1960’s (Asao et al., 1965; 

Wogan, 1966), the specific purpose of their production by A. flavus or other aflatoxigenic fungi 

has remained a mystery. Prior research exploring the roles of oxidative stress in regulating 

aflatoxin biosynthesis as well as recent discoveries into the upstream regulation of major 

pathway regulatory factors, however, have given clues as to the biological function of aflatoxins 

(Roze et al., 2013). It has been shown that aflatoxin production by A. flavus is higher in maize 

kernel tissues containing higher levels of lipids, such as embryo tissues (Earle et al., 1946; Fabbri 

et al., 1980; Brodhagen and Keller, 2006).  Given this information, the roles of lipids in 

regulating aflatoxin biosynthesis in Aspergillus spp. have been investigated, particularly 

oxylipins (Reviewed in Gao and Kolomiets, 2009). An earlier study by Fabbri et al. (1983) found 

that seeds of high-oil crops such as peanut support higher levels of aflatoxin production by A. 

parasiticus than seeds of graminaceous plants such as maize or wheat, which contain higher 

levels of starch. In addition, they found that culturing A. parasiticus amended with peroxidized 

lipids resulted in significantly elevated aflatoxin production with no significant effect on fungal 

biomass (Fabbri et al., 1983).  

Lipid peroxidation is a byproduct of lipid metabolism in peroxisomes as well as the 

reaction of naturally produced free fatty acids with ROS (Reverberi et al., 2012). Therefore, it is 

possible that excessive peroxisome function in the fungal mycelia or oxidative stress may be a 



 

12 

causative factor in the production of aflatoxin. In-vitro, Jayashree and Subramanyam (2000) 

showed that toxigenic strains of A. parasiticus have increased oxygen requirements, which they 

postulate to be a potential source of ROS accumulation, in comparison to non-toxigenic strains. 

In addition, they showed that higher levels of glutathione and thiobarbituric acid-reactive 

substances (TBARS), as well as antioxidant enzyme activities, were present in toxigenic strains 

in comparison to non-toxigenic strains. This indicated that oxidative stress may be a pre-requisite 

for aflatoxin production (Jayashree and Subramanyam, 2000). Also, Reverberi et al. (2012) 

found that bezafibrate and transformation of the Cymbidium ringspot virus P33 gene into A. 

flavus induced peroxisome proliferation resulting in an increase in aflatoxin production both in-

vitro and when cultured on maize kernel tissues in addition to increased levels of antioxidant 

enzyme gene expression, lipid metabolism, oxylipin biosynthesis, and ROS accumulation in the 

A. flavus mycelia. Recent studies have also found that cAMP and G-protein -mediated quorum 

sensing signaling pathways based on oxylipin perception can play a vital role in growth 

regulation and aflatoxin production in A. nidulans (Affeldt et al., 2012). Such G-protein 

mediated signaling has also been reported in other Aspergillus spp. including A. fumigatus (Grice 

et al., 2013). Therefore, it may be concluded that oxidative stress in A. flavus induced by ROS 

and/or oxylipins in the growth environment/medium will result in increased aflatoxin production 

from a biochemical perspective.  

Recent studies have also shown that ROS can play a role in the transcriptional regulation 

of aflatoxin and sterigmatosystin biosynthesis pathway genes. Reverberi et al. (2008) found that 

a putative binding site for the ApyapA gene, which regulates oxidative stress tolerance and 

conidiogenesis, was present in the promoter of the regulatory gene AflR in A. parasiticus, and 

that silencing ApyapA results in an increase in aflatoxin biosyntheisis. It has also been shown 
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that the basic leucine zipper (bZIP) transcription factor AtfB regulates the aflatoxin biosynthesis 

genes fas-1, ver-1, and omtA as well as antioxidant genes encoding for catalase and superoxide 

dismutase (SOD) (Hong et al., 2013). They also found that the promoter regions associated with 

AtfB also contained cAMP-responsive elements implicating cAMP in the regulation of aflatoxin 

biosynthesis (Hong et al., 2013).  

 

Potential Reactive Oxygen Species-Mediated Crosstalk between Maize and A. flavus 

Given the apparent role of oxidative stress in the promotion of aflatoxin biosynthesis, the 

hypothesis has been proposed that aflatoxin may function as a form of antioxidant protection to 

Aspergilli (Reverberi et al., 2010). This would provide an explanation to the long standing 

question, rather the mystery, as to the biological significance of aflatoxin, although the potential 

antioxidant mechanism of action of aflatoxin has yet to be fully elucidated. In addition, this 

explanation also provides for the potential role of ROS and oxylipins cross-kingdom 

communication between maize and A. flavus. 

Cross-kingdom communication between plants and various fungi through the use of 

oxylipins has been previously documented (Christensen and Kolomiets, 2011). Specifically, the 

role of oxylipins has been clearly illustrated in the specific interaction between maize and A. 

flavus. In a recent study, it was found that maize lipoxygenase-3 (LOX3) is required for 

resistance to A. flavus indicating that certain 9-oxylipins can play important roles in suppressing 

aflatoxin biosynthesis while other oxylipins may promote aflatoxin biosynthesis (Gao et al., 

2009). The role of LOX-1 in resistance mechanisms against A. flavus, A. nidulans and A. 

parasiticus has also been implied in soybean (Doehlert et al., 1993; Burow et al., 1997), although 

there are contradicting reports on the subject in the literature. Mellon and Cotty (2002) found that 
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soybeans lacking LOX activity were just as resistant to A. flavus and aflatoxin contamination as 

those possessing LOX activity. This seems to imply some degree of specificity in the role of 

LOX enzymes or their products in resistance to certain Aspergillus species.  

In addition to oxylipins, other host-derived compounds may influence oxidative stress 

including ROS and phytohormones. It was found that 2-chloroethyl phosphoric acid (CEPA), the 

metabolic precursor to ethylene, was capable of reducing the expression of AflR and AflD, 

reducing the accumulation of oxidative compounds, and regulating glutathione redox in A. flavus 

mycelia (Huang et al., 2009). Therefore, host-derived ethylene may result in the reduction of 

ROS accumulation in A. flavus mycelia and reduce aflatoxin biosynthesis. This hypothesis seems 

plausible since the expression of the maize Ethylene Responsive  Factor 1 (ZmERF1), a key 

transcription factor involved in ethylene and jasmonic acid signaling, was found to be higher in 

the immature kernel tissues of the resistant maize variety TZAR101 in comparison to the 

susceptible maize variety B73 following A. flavus inoculation (Fountain et al., 2013). 

Previous research has shown that maize varieties resistant to A. flavus tend to accumulate 

antioxidant enzymes, such as peroxidase and superoxide dismutase, and tend to be more resistant 

to drought and heat stress than varieties susceptible to A. flavus (Guo et al., 2008; Pechanova et 

al., 2011). Given the reported role of oxidative stress in Aspergillus spp. biology, it may be 

possible for host-derived antioxidant proteins, phytohormones, and oxylipins to negatively 

regulate the production of aflatoxin in infecting A. flavus by reducing the level of oxidative stress 

endured by both the host and the fungus, particularly during drought or heat stress. Such an 

interaction may explain several observed phenomena in the literature. For example, Guo et al. 

(1996) observed that the pre-incubation of maize kernels in high-humidity conditions for three 

days prior to inoculation with A. flavus results in a significant reduction in aflatoxin 
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contamination in comparison kernels inoculated without pre-incubation. Given the fact that ROS 

such as hydrogen peroxide accumulates to maximum quantities two days post-imbibition (DPI) 

followed by increased catalase activity beginning at three DPI in maize kernels (Hite et al., 

1999), a combination of host-derived resistance and antioxidant proteins and reduced ROS 

production at the time of inoculation may have contributed to the reduction in aflatoxin 

production (Guo et al., 1996).  

 

Conclusions 

Determining the role of oxidative stress in the regulation of aflatoxin biosynthesis as well as the 

role of host defenses against both A. flavus infection and mycotoxin biosynthesis are critical 

areas of research for the mitigation of aflatoxin contamination in maize. Maize resistance to A. 

flavus is a complex, quantitative trait which is the culmination of the interaction of numerous 

resistance-associated proteins and antioxidant enzymes which have been the subject of more than 

50 years of rigorous research. Solutions to the problem of aflatoxin contamination of crops, 

particularly maize, have been elusive given the high level of environmental influence on the 

interaction and the lack of stable resistance in maize germplasm across multiple environments. 

By better understanding the role of oxidative stress and its remediation by the host and the 

pathogen, additional tools will be made available to counter the threat aflatoxin poses to food 

safety and security and further enhance the knowledge of cross-kingdom interactions which may 

be applied to other mycotoxin producing pathogens in various agricultural commodities. 
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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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Introduction 

The colonization of maize and peanut by Aspergillus flavus and A. parasiticus (Link ex Fr.; 

Teleomorph: Petromyces flavus and P. parasiticus) [1, 2] results in the contamination of their 

derived agricultural products with aflatoxins [3]. Aflatoxins are among the most potent 

mycotoxins, carcinogenic and teratogenic compounds, produced 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 complex phenomenon involving numerous genetic, 

physiological, and morphological factors and acts as a quantitative trait [8-10].  

 Examining the functional composition of the resistance mechanisms in maize and, to a 

lesser extent, in peanut using transcriptomic, proteomic, and metabolomic approaches have led to 

the elucidation of the roles of several specific genes, proteins, and signal molecules including 

pathogenesis-related proteins (PR-10, PR-10.1, 14-kDa trypsin inhibitor, chitinase, zeamatin, 

B1,3-glucanase, etc.), stress-responsive proteins (catalase, superoxide dismutase, glyoxalase I, 

glutathione-s-transferase, etc.), 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 
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tolerant germplasm with aflatoxin resistance has gained momentum for selection 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 regulation 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. 

 

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 A. 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 characterized. Hence, the potential components of the 

interaction and their implications for future research efforts are discussed.  
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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 variable 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 coordination [28]. It has been demonstrated that two WRKY transcription 

factor-encoding genes, ZmWRKY19 and 53, 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 Arabiodpsis, 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]. ZmWRKY53 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 
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while its orthologs in wheat (TaWRKY53) and rice (OsWRKY53) have been shown to function 

in regulating chitinase and peroxidase gene expression [33].  

Interestingly, the Arabidopsis orthologs of these WRKY transcription factors have been 

shown to be directly regulated by mitogen activated protein kinases (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 plausible given that previous research has 

demonstrated that resistant maize lines accumulate chitinase which may provide a source for 

chitin monomers that can be percieved by receptor kinases [17]. Also, given the high level of 

expression of these orthologous WRKY genes in resistant maize, it is possible that such a signal 

transduction and receptor system may be present in maize and functional in the maize-A. flavus 

interaction [27]. In addition, appropriate studies need to be carried out in peanut to determine the 

role of WRKY genes in inititation of plant defence mechanism. Furthermore, the expression of 

the WRKY transcription factors in response to A. flavus inoculation might result in increased 

expression of antioxidant and pathogenesis-related genes in resistant maize lines providing 

enhanced oxidative stress tolerance and pathogen resistance (Figure 2.1A) [5, 27].  

 

Calcium signaling and reactive oxygen species (ROS) in defense regulation 

In addition to MAPK signaling to promote the expression of defense-related genes, calcium 

signaling and reactive oxygen species (ROS) play a role in regulating defense responses. 

Recently, Ma and Berkowitz [38] reviewed the Ca2+-calmodulin signaling and its role in 

regulating defense activation and hypersensitive cell death. Briefly, as a part of PTI responses, 

receptor kinase-bound nucleotidyl cyclases activate cyclic nucleotide gated ion channels 
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(CNGCs) through cAMP or cGMP signal intermediates. This results in the influx of Ca2+ ions 

into the plant cell cytosol and the activation of calmodulins and calcium dependent protein 

kinases (CDPKs). These CDPKs then, in turn, activate the transmembrane protein complex 

NADPH oxidase which converts molecular O2 to a superoxide anion (O2
-). The superoxide anion 

is then detoxified by superoxide dismutase (SOD) to form H2O2 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 Ca2+/calmodulin 

signaling components and abscisic acid (ABA)-based ROS defense responses. 

The presence of calcium/calmodulin signaling system in maize is interesting because of 

the role of calmodulin in the regulation of AtWRKY53, the ortholog of ZmWRKY19, in order to 

stimulate antioxidant gene expression [29-30]. Also, free mobility of H2O2 across cell 

membranes and its role as a source of oxidative stress, as H2O2 as a mobile signaling molecule, 

involves in cross-kingdom communication between maize and A. flavus or other invading 

pathogens (Figure 2.1B). The role of cytosolic levels of Ca2+ 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 Ca2+ would be proportionally higher due to water loss under drought 

stress conditions that activate the associated signaling mechanisms. However, detailed studies 

are needed to validate the role of Ca2+ signaling in regulating resistance to A. flavus in maize and 

other crop species. 

 

 

 



 

34 

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

As the defense signaling-derived ROS are generated extracellularly, it 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 (Figure 2.1C). In addition, ROS cross-talk between the host plant 

cell and Aspergillus spp. may also result in the formation of oxylipins which have been shown to 

regulate the reproductive development of Aspergilli as well as aflatoxin production [5, 42-44] 

(Figure 2.1D,E). 

 

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.  
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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 (Figure 2.1D). However, further experimentation will be required 

in order to examine the precise aflatoxin detoxification and damage remediation mechanisms 

employed by Aspergillus spp. 

 Second, aflatoxin may be metabolized by fungal or plant cells into toxic byproducts. 

Studies of the metabolism of aflatoxin B1 (AFB1) by human hepatocytes have revealed that 

cytochrome p450 monooxygenases are capable of oxidizing AFB1, resulting in the bioactivation 

of the toxin [49].  Specifically, cytochrome p450-3A4 converts AFB1 into an epoxidized form, 

AFB1-exo-8,9-epoxide, which readily reacts with DNA structures resulting in mutation and 

oxidative damage to various macromolecules [50]. Conversely, cytochrome p450-1A2 converts 

AFB1 into AFB1-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 (Figure 

2.1E). 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 the pathogen 

and the host, a question quickly arises. What is the advantage provided by the biosynthesis of 

aflatoxin? It has been hypothesized in the literature that A. flavus functions as a facultative 

necrotroph during infection of maize kernel tissues [5, 52]. Aflatoxin could enhance 
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pathogenicity by causing localized death of host cells surrounding the invading mycelia of the 

fungus, 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. 

 

Breeding for aflatoxin resistance in maize: Biomarkers, quantitative trait loci (QTL) 

discovery, and applications in conventional programs 

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 

considering 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 existing 

between aflatoxin production and host-derived oxidative stress [19, 25, 41, 53]. Therefore, if host 

derived oxidative stress in 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, chaperonins, etc. in rachis tissues. Such highly 

expressed proteins could be utilized for screening germplasm and populations for markers related 
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to both aflatoxin resistance, as well as abiotic stress tolerance. Fountain et al. [54] reported on 

the expression of the gene encoding the 14-kDa trypsin inhibitor, which is 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 proteins 

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 expression 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 contamination 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/microsatellite (SSR) markers, the efficiency of selection for resistant 

germplasm will be enhanced. In addition, by selecting for “biomarkers” which afford both 

abiotic stress tolerance and aflatoxin resistance, some of the confounding effects of genotype × 

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. 
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QTL discovery  

As previously stated, resistance to A. flavus colonization and aflatoxin contamination has been 

demonstrated to be quantitative in nature and is 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 have been forced to consider the 

environment in obtaining phenotypic data, and have faced numerous challenges in identifying 

consistent QTL for aflatoxin resistance.  

For example, Wilcox et al. [59] utilized a F2 mapping population derived from Mp313E × 

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 F2:3 families derived from Mp313E 

× B73 (resistant x susceptible) was utilized for the study and a total of 85 polymorphic SSR 

markers for genotyping and map construction. By analyzing phenotypic data from three 

locations, they were able to identify two consistent QTLs, one with PVE of 7 – 18%, and a 

second with 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 228 F8:9 RILs derived from RA × 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 derived from a single gene 

and is highly quantitative in nature. In addition, given the relatively low level of PVE provided 
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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 

physiological 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 QTL analysis for drought tolerance in three populations: a 

RIL population derived from CML444 × MALAWI, a F2:3 family set derived from CML440 × 

CML504, and a second F2:3 family set derived from CML444 × CML441. They identified QTLs 

for grain yield under drought stress with PVE ranging from 2.6 – 17.8%, and for anthesis-silking 

interval under drought stress with PVE ranging from 1.7 – 17.8%. Genome wide association 

studies (GWAS), which rely on ancient recombination among diverse inbred for mapping QTL, 

are limited in their detection of QTL with low PVE, and may prevent the identification of 

aflatoxin resistance and drought tolerance QTL unless high numbers of individuals and markers 

are used to increase the 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 the QTL region. A recent study by Kelley et al. [9] 

utilized microarray to validate the expression of QTL associated genes involved in A. flavus 

resistance and/or susceptibility in the maize lines Mp313E and Va35. As this study illustrates, 

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 
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the amount of regulation. Coupling the expression and QTL studies with functional genetics, 

experiments 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 for a gene contribution to a 

QTL PVE and provide possible explanations for the influence of the environment on the 

detection and stability of the QTL.  

 

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 have been derived from conventional breeding programs in the 

southeastern U.S. In addition, the incorporation of exotic lines with aflatoxin accumulation 

resistance 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 ability 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: CI66, 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 
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combining ability (GCA) effects for resistance to aflatoxin and propose that utilizing GCA 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 

breeding, biomarkers may prove to valuable tools in the breeder’s arsenal to enhance aflatoxin 

resistance and associated traits such as drought tolerance into novel germplasm. 

 

Correlating environmental stress and aflatoxin resistance in peanut 

Peanut (Arachis hypogaea L.) is an allotetraploid (2n = 4x = 40) crop grown in over 100 

countries around the world. 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 
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are above maximum permissible limits [71]. AC in peanut is caused by two fungal pathogens, 

Aspergillus flavus and A. parasiticus with A. flavus being the most prevalent in infected pods. A 

typical pattern of fungal infection includes the entry of the fungi through small cracks developed 

during process of pod maturation/drying in the ground resulting in colonization of the pod [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 

decreasing 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 

proper irrigation, application of chemical fungicides, avoiding mechanical damage, biological 

control, crop rotation, harvest timing, and proper 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 developing drought tolerant cultivars would assist in 

alleviating PAC, indicating a direct or indirect selection for PAC through drought tolerance. 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]. Further, the measures of several drought 

tolerance component traits such as SPAD (SPAD-502 meter: Minolta, Tokyo, Japan) chlorophyll 

meter reading (SCMR), and specific leaf area (SLA) were also found to show a positive 
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correlation with PAC resistance [73]. Conversely, the results of a recent study have pointed out 

that although drought tolerance increases PAC resistance in several lines, this is not universally 

true for all peanut genetic backgrounds.  Hence, drought tolerance and resistance to PAC may 

possess different resistance mechanisms in peanut [85]. 

The lack of high levels of resistance for aflatoxin contamination in cultivated germplasm 

and a reliable phenotyping protocol, poses challenges in using conventional breeding methods to 

identify resistance to PAC in peanuts. Nevertheless, large scale screening efforts consisting of 

831 accessions in the US peanut core collection has 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 sources were identified 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 accessions in a heavily inoculated 

field plot (“sick plot”) for A. flavus seed infection under imposed drought [87].  

Use of molecular markers for PAC resistance is very limited. For instance, a set of 6 

amplified fragment length polymorphism (AFLP) markers with low PVE in A. cardenasii 

derived 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) and has been initiated with collaboration between ICRISAT, 

the University of Georgia (UGA), and Institut Sénégalais de Recherches Agricoles (ISRA).  This 

effort utilizes RIL populations, 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 components of PAC. 
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In summary, resistance to PAC in peanut is a complex trait which possesses a high G × E 

interaction, low heritability, and a lack of reliable phenotyping protocols. These limitations pose 

challenges in identifying and developing genetic resistance. Unfortunately, there is no single, 

high PVE source of resistance which can be used to tackle this issue from a genetic perspective. 

Therefore, crop management in conjunction with enhancing genetic resistance should be the way 

forward for imparting PAC resistance in peanut. 

 

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 for this link as well as its potential utilization in breeding programs for the 

development of resistance germplasm has led to a greater 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 fungi as well as 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 

experimental examination. Future experiments 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 in an efficient manner. 
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Figure 2.1. 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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CHAPTER 3 

EVALUATION OF MAIZE INBRED LINES AND TOPCROSS PROGENY FOR 

RESISTANCE TO PRE-HARVEST AFLATOXIN CONTAMINATION 
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Abstract 

Pre-harvest aflatoxin contamination occurs in maize following colonization of kernel tissues by 

Aspergillus flavus. Resistance to aflatoxin contamination is a highly desired trait in the 

development of commercial varieties in breeding programs with the identification of novel 

sources of aflatoxin resistance being a major focus in germplasm screening efforts. Here, we 

performed a field evaluation of 64 inbred lines over two years for pre-harvest aflatoxin 

contamination resistance. Topcrosses were also performed with two testers, B73 and Mo17, to 

generate 128 F1 hybrids which were also evaluated over two years. Hybrid performance was 

used to calculate both general combining ability (GCA) of the inbreds, and observed heterosis 

for aflatoxin resistance. Over both years of the study, concentrations of aflatoxin ranged from 80 

± 47 to 17,617 ± 8,816 µg kg-1 for the inbreds, and from 58 ± 39 to 2,771 ± 780 µg kg-1 for the 

hybrids with significant variation observed between years and lines. The inbred lines CML52, 

CML247, GT-603, Hi63, and M37W exhibited aflatoxin levels less than or comparable to the 

resistant control, Mp313E, and showed significant GCA with the testers in hybrid progeny. 

CML52, GT-603, and M37W also showed heterotic effects of -13.64%, -12.47%, and -24.50%, 

respectively, with B73 resulting in reduced aflatoxin contamination in their respective 

topcrosses. GT-603 also showed a similar heterotic effect for aflatoxin contamination, -13.11%, 

with Mo17 indicating that it may serve as a versatile source of aflatoxin contamination resistance 

in breeding programs.  

 

 

 

 



 

61 

Introduction 

Aspergillus flavus is a facultative pathogen of maize and produces potent mycotoxins 

collectively known as aflatoxins (Amaike and Keller, 2011). These mycotoxins are highly 

carcinogenic and are also acutely toxic in sufficient quantities with long term low-level exposure 

resulting in an increased likelihood of developing hepatitis, cirrhosis, hepatocellular carcinoma, 

and birth defects (Kew, 2013; Williams et al. 2004). Due to the hazards associated with acute 

and chronic aflatoxin exposure, the US Food and Drug Administration (FDA) currently regulates 

aflatoxin content in maize products for human consumption at 20 µg kg-1 (FDA, 2000). It is 

estimated that aflatoxin contamination of maize results in over $225 million per year in the 

United States alone (Schmale and Munkvold, 2009), but has been modeled to potentially reach 

$1.68 billion in particularly susceptible years (Mitchell et al. 2016). Given the potential losses, 

both human and economic, the development of commercial varieties with aflatoxin 

contamination resistance is a major focus of breeding efforts. 

 Numerous breeding approaches have been applied since the mid 1970’s following a 

severe outbreak of aflatoxin contamination reached the Midwestern US and stimulated interest in 

pre-harvest aflatoxin contamination resistance, an issue previously considered to primarily a 

post-harvest storage issue (Diener et al. 1987; Fountain et al. 2014; Trenk and Hartman, 1970). 

Traditional breeding approaches have focused on the identification of resistant germplasm using 

field evaluations and laboratory kernel assays in combination (Brown et al. 1993; Windham and 

Williams, 2002). These efforts have resulted in the identification of several aflatoxin resistant 

inbred lines including Mp420 and Mp313E (Windham and Williams, 1998), African and tropical 

germplasm such as TZAR101-TZAR106 developed by the International Institute of Tropical 

Agriculture (IITA) in collaboration with other institutions (Brown et al. 2016), and southern-
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adapted inbred lines such as GT-601, GT-602, GT-603, Mp715, Mp717, Mp718, and Mp719 

(Brown et al. 2013; Fountain et al. 2015; Williams et al. 2015).  

 Recent advances in DNA marker technologies and genotyping capabilities have also 

allowed for the application of molecular breeding techniques to this issue. Several quantitative 

trait loci (QTL) for aflatoxin resistance have been identified using both traditional bi-parental 

mapping populations and using diverse germplasm collections with a genome-wide association 

study (GWAS) method. For example, Dhakal et al. (2016) utilized an F2:3 mapping population 

derived from Mp715 and B73 to identify seven QTL for aflatoxin contamination resistance 

explaining <10% phenotypic variance explained (PVE). Recent GWAS studies have also been 

used to identify QTL. For example, Farfan et al. (2015) used 346 inbred lines testcrossed to 

Tx714 for GWAS resulting in six minor QTL with PVE of approximately 5%, and Zhuang et al. 

(2016) used a combination of GWAS using 437 diverse lines and a recombinant inbred line 

(RIL) population with 228 individuals derived from RA x M53 to identify QTL and markers 

with 6.7 to 26.8% PVE.  

 These molecular studies and the relatively low PVEs obtained for detected QTL 

underscore the complicating nature of genotype x environment interactions which are major 

confounding factors for aflatoxin resistance breeding. To account for this and improve cultivar 

selection, multi-location germplasm selection trials such as the Southeast Regional Aflatoxin 

Test (SERAT) have been performed to examine germplasm performance across multiple 

environments (Wahl et al. 2017). Another confounding factor is the poor and/or inconsistent 

agronomic performance of inbred lines observed due to inbreeding depression. In order to 

compensate for this, F1 topcross hybrids can be used to screen inbreds as potential sources of 

aflatoxin contamination resistance. This has been employed both in standard testcross designs, 
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and in diallel designs to examine both general and specific combining ability for aflatoxin 

resistance in addition to other relevant agronomic traits (Campbell and White, 1995; Henry et al. 

2015; Naidoo et al. 2002, Williams and Windham, 2015).  

 Given the potential for more consistent agronomic performance in hybrids, and the 

possibility of heterotic effects on aflatoxin resistance, the objective of this study was to evaluate 

breeding germplasm available in our breeding program in Tifton, Georgia for aflatoxin 

contamination resistance in both inbreds and in F1 topcross hybrids. The second objective was to 

investigate both GCA and heterotic effects on aflatoxin contamination observed in the generated 

hybrids. By identifying novel sources of resistance, these lines can be used in breeding 

commercial varieties with enhanced aflatoxin resistance.   

 

Materials and Methods 

Plant Materials 

Sixty-four maize inbred lines were selected and cultivated as described by Guo et al. (2017). 

Briefly, these inbred lines were grown at the USDA-ARS Crop Protection and Management 

Research Unit (CPMRU) Belflower Research Farm, Tifton, GA, in 2014 and 2015. The inbreds 

were planted in a randomized complete block design with three replicates. Each inbred was 

planted in two row plots 3.0 m in length with 0.6 m row spacing, 1.0 m alleys between plots, and 

seed spacing of 15.2cm. Irrigation was applied as needed and recommended management 

practices were employed for all plots. F1 hybrids were generated at the Belflower Farm, USDA-

CPMRU, and the University of Georgia Gibbs Farm, Tifton, GA in 2014 and 2015. Two 

topcrosses/testcrosses were performed using the 64 inbred lines planted in crossing blocks in 

isolation from other maize plots which were open pollinated following inbred line emasculation 
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with a single tester line, B73 or Mo17 to generate the hybrid progeny used for screening. Each 

topcross was performed at a different location to avoid cross-contamination between testers. The 

128 F1 hybrids generated (64 inbreds x B73 and 64 inbreds x Mo17) were then grown in 2015 

and 2016 at the Belflower Farm as previously described for the inbreds. Two commercial 

hybrids, Dekalb DKC69-43 and Dupont-Pioneer P-2023HR, were also included in 2016 as a 

commercial control.   

 

Aspergillus flavus Inoculation 

The A. flavus isolate NRRL3357 was used for all field inoculations. The isolate was cultured on 

V8 agar (20% V8 juice, 1% CaCO3, 2% agar) at 37°C for 5-7 days. Conidia were then harvested 

into 0.01% (v/v) Tween 20 and quantified using a hemocytometer. Inoculum concentration was 

then adjusted to 4.0 x 106 conidia/mL and refrigerated at 4°C until use. Both the inbred and 

hybrid plants were inoculated using a side-needle inoculation method as previously described 

(Guo et al. 2017; Windham et al. 2003). Briefly, at 14 days after 50% plot silk emergence 

(DAS), an Idico tree-marking gun outfitted with a 14-guage hypodermic needle was used to 

inoculate maize ears by inserting the needle into the husk and injecting 3.0 mL of inoculum. 

Only the uppermost ear on each plant was inoculated. In total, five plants per row in each two 

row plot were inoculated, and bulk harvested at 45-50 days after inoculation (DAI). Ears from 

each bulk harvested row were dried, shelled, and ground together, and a 50.0 g subsample was 

taken for aflatoxin analyses.  
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Aflatoxin Quantification 

Aflatoxin quantification was performed as previously described (Guo et al. 2017). Ground 

subsamples from both the inbred and hybrid lines were tested for total aflatoxin content using a 

Neogen Veratox for Aflatoxin ELISA kit (Neogen, Lansing, MI, USA) according to the 

manufacturer’s instructions. Initially, 20.0 g of ground kernel tissue was placed into an 8.0 oz 

opaque container with a lid, and aflatoxin was extracted in 100 ml 70% (v/v) methanol with 

gentle shaking for three minutes. The mixture was then allowed to stand for several minutes 

before an aliquot of liquid extract was transferred to a 1.5 mL microcentrifuge tube and stored at 

4°C until use in ELISA. Spectrometric analysis using a Veratox ELISA reader (Neogen) was 

then performed to quantify total aflatoxin content.  

 

Statistical Analysis 

All aflatoxin data for both inbred and hybrid samples were used for analysis of variance 

(ANOVA) using PROC GLM followed by Tukey’s post-hoc analysis for pairwise comparisons 

within inbreds and hybrids using SAS 9.2 (SAS Institute, 2003) and R (v.3.3.0). General 

combining ability for each inbred was calculated using line x tester analysis using the Analysis 

of Genetic Designs with R for Windows (AGD-R, v.4.0) software package (Rodriguez et al. 

2015). Hybrid vigor (heterosis) was calculated as described by Fehr (1987) using the equation 

heterosis (%) = [(F1 – MP) / (MP)] x 100 where F1 is the average F1 hybrid performance and MP 

is the average performance of the parent inbreds.  
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Results and Discussion 

Over the course of two years of replicated analyses, 64 maize inbred lines and 128 F1 hybrids 

generated from topcrosses of the inbreds with testers B73 and Mo17 were evaluated for aflatoxin 

contamination resistance. All of the field evaluated maize samples contained total aflatoxin in 

concentrations exceeding the FDA limit of 20.0 µg kg-1 (FDA, 2000).   For the inbreds, an 

overall average of 2,275 ± 2,323 µg kg-1 ranging from 201 ± 186 to 5,000 ± 4,876 µg kg-1 in 

2014 and from 80 ± 47 to 17,617 ± 8,816 µg kg-1 in 2015 were measured. For the hybrids, an 

overall average of 1,045 ± 784 µg kg-1 ranging from 58 ± 39 to 2,387 ± 430 µg kg-1 in 2015 and 

from 157 ± 135 to 2,771 ± 780 µg kg-1 in 2016 were measured. Overall, the hybrid progeny 

showed lower total aflatoxin content than the inbreds evaluated. The content of aflatoxin across 

the experiment was also found to not be normally distributed necessitating data transformation 

for further analyses. Therefore, aflatoxin content for both inbreds and hybrids was then log2 

transformed for downstream analyses.  

 Analysis of variance (ANOVA) showed that there was a significant year effect and 

variety x year interaction for both the inbred and hybrid lines (Table 3.1). This interaction is 

representative of genotype x environment interactions classically reported for aflatoxin 

contamination resistance in maize (Warburton and Williams, 2014). The overall range of 

aflatoxin content observed in the hybrids, however, does suggest that the magnitude of this 

variation may indeed be reduced due to more consistent agronomic performance within and 

across environments compared to the inbred lines. Given this significant interaction, inbred line 

and hybrid effects were analyzed separately by year. Significant effects on aflatoxin content by 

both inbred and hybrid samples were detected in both years (Table 3.1).  
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 Among the inbred lines examined, CML52, CML69, CML247, GT-603, GEMS-0005, 

Hi63, Hp301, and M37W showed consistently lower aflatoxin levels than those observed in the 

resistant control Mp313E (Table 3.2). This is consistent with previous reports on the observed 

resistance of these inbred lines in other environments. For example, Mideros et al. (2009) found 

that CML52, CML247, and M37W accumulated levels of aflatoxin and A. flavus mycelial 

growth comparable to Mp313E in Mississippi field conditions. CML69 was also found to be 

resistant to aflatoxin contamination in Mississippi and Texas field environments in previous 

evaluations (Warburton et al. 2013). GT-603 was derived from the GT-MAS:gk population, and 

has been shown to exhibit resistance in Georgia and other Southern US environments (Guo et al. 

2011). GEMS-0005 was developed as a part of the Germplasm Enhancement of Maize (GEM) 

cooperative effort to enhance maize resistance to disease, and hybrids of GEMS-0005 have been 

shown to exhibit resistance to aflatoxin contamination across multiple environments in the 

Southern US (Wahl et al. 2017; Williams et al. 2015). Hi63 has no previously reported resistance 

to aflatoxin contamination, but has been reported to possess resistance to Puccinia polysora 

(Brewbaker et al. 2011). Hp301 has been found to possess an active ZmLOX5 gene which has 

been linked to aflatoxin contamination resistance in previous QTL studies (De La Fuente et al. 

2013). This indicates that these inbred lines may serve as novel sources of resistance for use in 

breeding programs.  

 Testcross hybrids generated also exhibited varying levels of resistance to aflatoxin 

contamination (Table 3.3). Interestingly, hybrids of several of the most resistant inbred lines 

including CML247, CML52, GT-603, and Hi63 showed among the lower levels of aflatoxin 

contamination observed when crossed with both B73 or Mo17 (Table 3.3). M37W x B73 was the 

most consistently resistant F1 hybrid identified in the study with an average of 200 ± 180 µg kg-1 
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across both years of the study. In contrast to these lines, the inbred lines used as testers in the 

topcrosses, B73 and Mo17, showed higher levels of aflatoxin contamination with an average of 

1,824 ± 1,091 and 759 ± 654, respectively (Table 3.2). These hybrids between CML247, 

CML52, GT-603, Hi63, and M37W and the testers also exhibited lower aflatoxin contamination 

than observed in the two commercial hybrids included as checks in 2016, Dekalb DKC69-43 and 

Dupont-Pioneer P-2023HR, which accumulated an average of 764 ± 661 and 1,404 ± 962 µg kg-

1, respectively.  

This reduction in aflatoxin content in the hybrids is consistent with the observed GCA 

(Table 3.2) and heterotic (Table 3.4) effects observed for these lines. General Combining Ability 

(GCA) describes the ability of a line to produce progeny with multiple testers, F1 hybrids with 

B73 and Mo17 here, which have significantly improved performance (Sprague and Tatum, 

1942). Hybrid vigor is a direct comparison between measureable traits of both the line and the 

average performance of a particular tester (Fefr, 1987). While no significant GCA effects were 

observed for the 2015 hybrid samples, in 2016, CML52, GT-603, and Hi63 showed significantly 

negative GCA effects (p < 0.05) toward reduced aflatoxin content in their hybrids with B73 and 

Mo17. When comparing across years, M37W also showed less significant negative GCA effects 

(p < 0.10) for reduced aflatoxin contamination. When examining mean parent heterosis, CML52 

and M37W show heterotic effects across years on aflatoxin content of -24.50 and -13.64% when 

crossed with B73. In contrast, if crossed with Mo17, these lines show effects of 13.97 and -

0.68%, respectively. This indicates that these lines show greater heterotic effects for aflatoxin 

contamination resistance with the stiff-stalk tester B73. For GT-603 and Hi63, negative heterotic 

effects across years were observed with both testers with -12.47 and -8.84%, respectively, with 

B73 and -13.11 and -9.90%, respectively, with Mo17. In addition, the greatest heterotic effect 
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was observed with Mo18W which showed a heterotic effect across years of -29.23% with B73 

and -11.38% with Mo17. These results are consistent with previous observations of heterosis 

having an effect on aflatoxin contamination through unique genetic combinations, or through 

heterotic increases in hybrid yield and agronomic performance relative to the parental inbred 

lines (Campbell and White, 1995; Naidoo et al. 2002; Wahl et al. 2017; Warburton et al. 2013). 

Therefore, these inbred and hybrid combinations may be useful sources of aflatoxin resistance in 

breeding programs and potentially useful in commercial applications for the development of 

resistant germplasm.  

 

Conclusions 

Aflatoxin contamination of maize and other staple food crops is a serious threat to food safety 

and security, particularly in developing countries. Since the discovery of pre-harvest aflatoxin 

contamination, breeding efforts have been focused on the discovery of novel sources of 

resistance, and the investigation of the interactions of maize resistance and the environment 

toward the development of high yielding varieties with stable aflatoxin contamination resistance 

across multiple environments. Here, we evaluated the resistance of 64 maize inbred lines from 

our breeding program, and 128 topcross hybrids with two testers, B73 and Mo17 across two 

years in a field environment.  Eight inbred lines: CML52, CML69, CML247, GT-603, GEMS-

0005, Hi63, Hp301, and M37W were found to have aflatoxin contamination resistance 

comparable to Mp313E across the two years of the study. F1 hybrids of these lines with inbreds 

and the testers also possessed reduced aflatoxin contamination, and significant combining ability 

and heterosis effects demonstrating their potential use in breeding programs for the development 

of resistant cultivars. The reduced overall range of aflatoxin levels detected in the hybrids also 
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suggests that this methodology of evaluating F1 hybrids may provide more stable results for 

assessing potential sources of resistance.  
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Source df Mean Squares F p -value

Combined Inbred Lines

Year 1 218.78 63.57 < 0.0001

Inbred 65 12.24 3.56 < 0.0001

Inbred x Year 62 6.01 1.75 0.0007

Inbred Lines by Year

Inbred (2014) 63 11.79 2.87 < 0.0001

Inbred (2015) 64 8.03 4.41 < 0.0001

Combined F1 Hybrids

Year 1 221.78 156.67 < 0.0001

Hybrid 124 4.00 2.83 < 0.0001

Hybrid x Year 86 3.15 2.23 < 0.0001

F1 Hybrids by Year

Hybrid (2015) 87 3.98 1.93 0.0002

Hybrid (2016) 123 3.32 2.68 < 0.0001

y = Aflatoxin Contamination (µg x kg-1)

Table 3.1. Analysis of Variance (ANOVA) for inbred and F1 hybrid 

aflatoxin contamination levels [log2(y+1)].
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Table 3.2. Mean aflatoxin contamination (µg kg
-1

) and general combining ability (GCA) for the

               inbred lines in 2014 and 2015.

Line 2015 2016
GT A661(SP) 5000 ± 4876 abc 1128 ± 1652 b-f -0.02 -0.08

10 GEM06845-1B-1B 4489 ± 4687 abc 3240 ± 1234 a-e 0.11 0.17

GT A554 4446 ± 1991 a 1710 ± 442 a-f -0.08 0.14

Coy 05 AT 709 4416 ± 2821 ab 8245 ± 3353 ab 0.11 0.36

GT A641(SP) 3905 ± 3027 abc 1479 ± 1114 a-f -0.13 -0.08

I114H 3715 ± N/A 750 ± 779 b-f 0.39 0.35

GP 280 3074 ± 2795 abc 6267 ± 3286 abc 0.24 0.15

Grace E-5 (E-1) 2909 ± 1046 ab 17617 ± 8816 a 0.16 0.34

CY 5 2759 ± 3097 abc 3160 ± 1299 a-e 0.14 0.18

Coy 05 AT 805 2733 ± 1109 ab 4723 ± 2409 a-d -0.01 -0.08

CY 3 2613 ± 1783 abc 3300 ± 2217 a-e 0.29 -0.08

GP 282 2588 ± 1383 abc 2700 ± 142 a-e 0.62 0.12

B97 2559 ± 860 ab 3137 ± 741 a-e 0.45 0.38

CML103-2 2525 ± 1071 ab 878 ± 531 a-f -0.42 0.15

GT A638 2473 ± 949 ab 1660 ± 1912 b-f -0.16 0.04

Tzi8 2428 ± 3138 abc 1820 ± 972 a-f -0.23 -0.05

EP M6 2112 ± 1205 abc 1215 ± 1764 b-f 0.42 -0.25

CY 1 1930 ± 1104 abc 3957 ± 2340 a-e 0.21 0.48

Lo 964 1918 ± 1544 abc 3493 ± 1926 a-e 0.62 -0.06

LH 132 1901 ± 824 ab 4287 ± 871 a-d -0.02 -0.03

Ky21  1857 ± 1970 abc 4287 ± 4641 a-e 0.25 0.29

B73 1824 ± 1091 abc 2170 ± 519 a-e -0.41 0.00

Coy 05 AT 823 1823 ± 1378 abc 3490 ± 702 a-e 0.20 -0.42

F54 1687 ± 1364 abc 2450 ± 1387 a-e 0.22 0.14

Lo 1016 1632 ± 1648 abc 5578 ± 3823 a-d 0.37 -0.06

ZM 521 E-1 1576 ± 956 abc 2177 ± 1712 a-f -0.01 0.38

TX 732 1530 ± 689 abc 1960 ± 166 a-e -0.20 -0.17

Oh43 1429 ± 1535 abc 4345 ± 3923 a-e 0.19 -0.25

Syn AM 1 P43 1406 ± 1654 abc 731 ± 807 b-f N/A 0.05

GT A2 R 1307 ± 1603 abc 4074 ± 4832 a-e 0.10 0.17

FAW 1430 1304 ± 1115 abc 3220 ± 1157 a-e -0.30 0.28

Ki11 1303 ± 843 abc 743 ± 49 a-f -0.43 -0.08

CY 2 1283 ± 1644 abc 301 ± 305 def -0.16 -0.09

GT A1R TP Yellow E-1 1264 ± 1403 abc N/A 0.07 -0.25

Coy 05 AT 819 1188 ± 1116 abc 3680 ± 632 a-e -0.10 0.45

Tx303 1175 ± 1628 abc 5553 ± 1218 abc 0.52 0.33

GEM 0028-2-1-B-B-B-1B-1B 1156 ± 1207 abc 258 ± 92 c-f -0.57 -0.11

B37 1129 ± 785 abc 6832 ± 3223 ab N/A -0.19

CML228 1116 ± 667 abc 1114 ± 1248 a-f 0.05 0.27

NC358 1015 ± 1202 abc 3213 ± 2913 a-e -0.14 0.10

Tun 88-1B-B 969 ± 708 abc 2217 ± 1448 a-e -0.05 -0.09

HBA-1-B 945 ± 800 abc 1359 ± 1055 a-f 0.10 0.37

CML333 937 ± 475 abc 3367 ± 1002 a-e -0.13 0.24

NC290A-B 912 ± 1094 abc 1860 ± 1042 a-f -0.03 -0.41

Hi31-1B-1B-1B 907 ± 738 abc 2300 ± 1814 a-f 0.01 -0.13

GT-888 880 ± 595 abc 231 ± 187 ef -0.13 0.36

MS71 841 ± 751 abc 1326 ± 1301 b-f -0.04 -0.21

A638/MP313E//MP313E/f6-35-B6 792 ± 1060 abc 1600 ± 737 a-f 0.00 0.26

LH 51 785 ± 981 abc 13513 ± 17716 ab 0.20 0.14

Total Aflatoxin GCA [log2(y+1)]

2014 2015
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Table 3.2. Continued

Line 2015 2016
Mo17 759 ± 654 abc 2671 ± 713 a-e 0.41 0.00

CML69 758 ± 738 abc 180 ± 97 ef -0.36 0.19

Hi 63-1B-1 714 ± 793 abc 282 ± 166 c-f -0.38 -0.63 **

CY 4 665 ± 800 abc 3603 ± 1383 a-e 0.22 -0.02

GT 603 639 ± 616 abc 747 ± 240 a-f -0.31 -1.04 **

M37W 547 ± 602 abc 967 ± 687 a-f -0.58 -0.30

CML277 518 ± 520 abc 1430 ± 1679 a-f -0.16 0.04

Tun 85-1B-B 516 ± 597 abc 2107 ± 900 a-e 0.23 0.47

CML322 503 ± 612 abc 3293 ± 1743 a-e N/A 0.10

Va35 481 ± 740 bc 4197 ± 2962 a-e 0.09 0.07

Hp301 464 ± 638 abc 393 ± 346 def N/A -0.59

CML52 388 ± 423 abc 322 ± 87 b-f -0.21 -0.86 **

Mo18W 381 ± 646 abc 4213 ± 2242 a-e -0.36 -0.15

GEMS 0005-1-1-1-1B-1B 253 ± 189 abc 439 ± 128 b-f -0.07 -0.05

CML247 245 ± 541 c 80 ± 47 f -0.43 -0.38

NC350 201 ± 186 abc 6825 ± 2129 ab -0.32 -0.42

MP313E N/A 765 ± 420 a-f N/A 0.04

Data are means of all replications w ithin the indicated year. Concentrations of total aflatoxin (µg x kg -1) are means ± SD.

Means w ith the same letters are not signif icantly different at p  < 0.05 (Tukey's post-hoc analysis).

y = mean concentrations of aflatoxin (µg kg-1)

N/A - Not Available

*Signif icantly different from 0 at p  < 0.10.

**Signif icantly different from 0 at p  < 0.05.

2014 2015

Total Aflatoxin GCA [log2(y+1)]
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Table 3.3. Mean aflatoxin contamination (µg kg
-1

) for the F1 topcross hybrids in 2015 and 2016.

Line
GP 282 2387 ± 430 ab 614 ± 195 abc 1647 ± 1265 a-e 1144 ± 816 a-f

Tx303 2277 ± 2082 abc N/A 1289 ± 809 a-e 2121 ± 835 abc

Lo 964 2217 ± 2404 abc 1435 ± 1164 abc 1585 ± 1473 a-e 1030 ± 1169 a-f

Grace E-5 (E-1) 1870 ± 0 abc 551 ± 365 abc 1311 ± 872 a-e 2073 ± 743 abc

NC290A-B 1392 ± 2260 abc N/A 913 ± 70 a-e 447 ± 333 c-f

F54 1075 ± 1208 abc 476 ± 177 abc 855 ± 518 a-f 1889 ± 564 a-d

B97 1047 ± 1435 abc 1790 ± 1001 abc 1737 ± 833 a-e 1808 ± 845 a-e

Ky21 874 ± 900 abc 913 ± 165 abc 1431 ± 949 a-e 1804 ± 1065 a-e

CML69 822 ± 1030 abc 166 ± 196 bc 1116 ± 710 a-e 1518 ± 458 a-e

Lo 1016 821 ± 814 abc 1027 ± 564 abc 799 ± 765 a-f 1816 ± 1278 a-e

HBA-1-B 651 ± 892 abc 782 ± 552 abc 2382 ± 1138 a-d 1409 ± 632 a-e

Tun 85-1B-B 611 ± 249 abc N/A 2321 ± 895 abc 1596 ± 874 a-e

CML228 562 ± 433 abc 488 ± 170 abc 1374 ± 1022 a-e 1722 ± 722 a-e

Oh43 544 ± 218 abc N/A 1086 ± 1250 a-f 1190 ± 695 a-e

MS71 467 ± 528 abc N/A 1236 ± 916 a-f 668 ± 346 a-f

Va35 435 ± 312 abc N/A 1319 ± 691 a-e 990 ± 585 a-f

GP 280 414 ± 227 abc 977 ± 250 abc 911 ± 519 a-f 1744 ± 869 a-e

GEM 0028-2-1-B-B-B-1B-1B 399 ± 511 abc 99 ± 72 bc 653 ± 475 a-f 1396 ± 800 a-e

CML52 398 ± 441 abc 713 ± 998 abc 293 ± 159 def 404 ± 302 b-f

GT A1R TP Yellow E-1 388 ± 283 abc 815 ± 716 abc 595 ± 217 a-f 961 ± 880 a-f

CY 5 388 ± 49 abc 657 ± 268 abc 620 ± 301 a-f 2238 ± 481 ab

Tun 88-1B-B 369 ± 354 abc N/A 773 ± 362 a-f 989 ± 465 a-e

10 GEM06845-1B-1B 362 ± 299 bc 2190 ± N/A ab 1079 ± 715 a-f 1689 ± 511 a-e

CY 1 350 ± 108 abc 1100 ± 687 abc 2588 ± 1358 abc 1621 ± 923 a-e

Hi31-1B-1B-1B 298 ± 44 abc N/A 841 ± 1039 a-f 1123 ± 383 a-e

GT A2 R 251 ± 135 abc 1642 ± 1318 abc 1842 ± 1132 a-e 1055 ± 615 a-e

GEMS 0005-1-1-1-1B-1B 246 ± 117 abc N/A 898 ± 822 a-f 1290 ± 746 a-e

Hi 63-1B-1 245 ± 30 abc 151 ± 63 bc 715 ± 697 a-f 449 ± 280 b-f

Tzi8 245 ± 277 bc N/A 1076 ± 848 a-f 1040 ± 763 a-f

GT A554 222 ± 29 abc 573 ± 562 abc 1789 ± 1051 a-e 1822 ± 1165 a-f

ZM 521 E-1 220 ± 116 bc 1065 ± 808 abc 2051 ± 1168 a-d 1365 ± 467 a-e

Mo18W 210 ± 130 bc 226 ± 50 abc N/A 745 ± 473 a-f

CML103-2 207 ± 78 bc 493 ± 752 bc 1095 ± 980 a-f 1586 ± 591 a-e

GT 603 199 ± 237 bc 586 ± 662 abc 591 ± 596 a-f 157 ± 135 f

NC358 195 ± 52 bc N/A 1073 ± 636 a-e 1269 ± 532 a-e

CML333 191 ± 96 bc 528 ± 133 abc 1622 ± 694 a-e 1194 ± 602 a-e

A638/MP313E//MP313E/f6-35-B6 187 ± 188 bc 1100 ± 257 abc 1670 ± 533 a-e 1260 ± 685 a-e

GT-888 169 ± 117 bc 853 ± 640 abc 2771 ± 780 a 1038 ± 589 a-e

NC350 152 ± 122 bc N/A 520 ± 220 a-f 636 ± 324 a-f

CML247 117 ± 101 bc 344 ± 143 abc 944 ± 729 a-f 665 ± 513 a-f

Ki11 98 ± 62 bc 406 ± 219 abc 1210 ± 824 a-e 781 ± 567 a-f

M37W 58 ± 39 c N/A 270 ± 182 ef 1812 ± 786 a-d

I114H N/A 8400 ± 0 a 1439 ± 938 a-e 1908 ± 829 a-d

EP M6 N/A 2290 ± 1736 abc 1367 ± 1306 a-f 747 ± 162 a-f

Coy 05 AT 823 N/A 1801 ± 2425 abc 1031 ± 834 a-f 415 ± 117 a-f

CY 3 N/A 1437 ± 1084 abc 892 ± 626 a-f 901 ± 290 a-f

CY 4 N/A 1020 ± 410 abc 851 ± 389 a-f 1290 ± 1032 a-e

LH 51 N/A 1007 ± 543 abc 954 ± 452 a-f 1623 ± 1025 a-e

LH 132 N/A 941 ± 1232 abc 1552 ± 935 a-e 701 ± 450 a-f

Coy 05 AT 709 N/A 758 ± 409 abc 2104 ± 791 abc 1462 ± 1216 a-e

GT A661(SP) N/A 626 ± 487 abc N/A 912 ± 534 a-f

Coy 05 AT 819 N/A 516 ± 510 abc 2404 ± 1218 a-e 1925 ± 572 a-d

2015* 2016*

x B73 x Mo17 x B73 x Mo17
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Table 3.3. Continued

Line
TX 732 N/A 516 ± 417 abc 793 ± 220 a-f 987 ± 629 a-f

Coy 05 AT 805 N/A 497 ± 116 abc 993 ± 510 a-e 1119 ± 950 a-f

GT A641(SP) N/A 433 ± 346 abc 1108 ± 702 a-e 980 ± 819 a-f

CY 2 N/A 409 ± 291 abc 1370 ± 708 a-e 671 ± 513 a-f

GT A638 N/A 382 ± 230 abc 1220 ± 810 a-e 1518 ± 947 a-e

CML277 N/A 318 ± 59 abc 1351 ± 858 a-e 955 ± 506 a-f

FAW 1430 N/A 222 ± 100 bc 1452 ± 799 a-e 1582 ± 796 a-e

Syn AM 1 P43 N/A N/A 1151 ± 502 a-e 888 ± 275 a-f

CML322 N/A N/A 1123 ± 552 a-e 1178 ± 504 a-e

Hp301 N/A N/A N/A ± N/A 460 ± 325 def

B37 N/A N/A 531 ± 231 a-f 1089 ± 351 a-e

MP313E N/A N/A 1210 ± 790 a-e N/A

Data are means of all replications w ithin the indicated year. Concentrations of total aflatoxin (µg x kg -1) are means ± SD.

Means w ith the same letters are not signif icantly different at p  < 0.05 (Tukey's post-hoc analysis). 

N/A - Not Available

2015* 2016*

x B73 x Mo17 x B73 x Mo17
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Table 3.4. Heterosis effects observed for mean aflatoxin contamination in F1 hybrids.

Line Inbred x B73 x Mo17 x B73 x Mo17

Grace E-5 (E-1) 12.76 10.46 10.61 -11.35% -4.93%

LH 51 12.61 9.90 10.47 -15.54% -5.58%

Coy 05 AT 709 12.41 11.04 10.26 -5.03% -6.64%

10 GEM06845-1B-1B 11.99 9.72 10.79 -14.87% 0.11%

GP 280 11.95 9.54 10.54 -16.21% -2.02%

GT A661(SP) 11.95 N/A 9.67 N/A -10.07%

GT A554 11.82 10.31 10.56 -9.02% -1.27%

Coy 05 AT 805 11.70 9.96 9.83 -11.63% -7.54%

GT A641(SP) 11.60 10.11 9.64 -9.82% -8.90%

CY 5 11.49 9.03 10.68 -19.14% 1.46%

CY 3 11.46 9.80 10.08 -12.07% -4.17%

Lo 1016 11.46 9.66 10.57 -13.37% 0.53%

Ky21 11.44 10.28 10.56 -7.64% 0.53%

B97 11.42 10.56 10.82 -5.10% 3.08%

CY 1 11.39 10.85 10.50 -2.39% 0.17%

B37 11.39 9.06 10.09 -18.51% -3.72%

Tx303 11.36 10.66 11.05 -3.94% 5.58%

GP 282 11.36 10.89 9.92 -1.87% -5.20%

LH 132 11.32 10.60 9.61 -4.29% -7.97%

Oh43 11.30 9.82 10.22 -11.23% -2.09%

Lo 964 11.22 10.81 10.21 -1.98% -1.81%

GT A2 R 11.20 10.36 10.29 -5.96% -0.90%

Coy 05 AT 823 11.18 10.01 9.78 -9.05% -5.77%

Tzi8 11.13 9.64 10.02 -12.20% -3.16%

GT A638 11.11 10.25 10.16 -6.52% -1.76%

NC350 11.10 8.58 9.32 -21.74% -9.85%

F54 11.01 9.86 10.47 -9.75% 1.73%

CML103-2 10.99 9.64 10.26 -11.62% -0.23%

Mo18W 10.98 7.72 9.11 -29.23% -11.38%

CY 4 10.91 9.73 10.23 -10.47% -0.10%

Coy 05 AT 819 10.87 11.23 10.51 3.51% 2.83%

FAW 1430 10.84 10.50 10.14 -3.05% -0.60%

EP M6 10.79 10.42 10.30 -3.67% 1.17%

ZM 521 E-1 10.77 10.49 10.29 -2.84% 1.22%

I114H 10.76 10.49 11.47 -2.84% 12.82%

NC358 10.71 9.61 10.31 -10.79% 1.68%

TX 732 10.71 9.63 9.70 -10.57% -4.35%

CML333 10.64 10.16 9.93 -5.37% -1.79%

Va35 10.55 10.00 9.95 -6.44% -1.05%

Tun 88-1B-B 10.39 9.32 9.95 -12.18% -0.29%

Hi31-1B-1B-1B 10.33 9.37 10.13 -11.47% 1.84%

GT A1R TP Yellow E-1 10.31 9.09 9.84 -14.02% -1.03%

CML322 10.31 10.13 10.20 -4.12% 2.68%

Total Aflatoxin [log2(y+1)] Heterosis (%)
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Table 3.4. Continued. 

x B73 x Mo17

Line Inbred x B73 x Mo17 %HV %HV

Syn AM 1 P43 10.26 10.17 9.80 -3.56% -1.19%

Tun 85-1B-B 10.23 10.77 10.64 2.32% 7.50%

NC290A-B 10.23 10.07 8.81 -4.38% -11.02%

Ki11 10.17 9.71 9.36 -7.49% -5.16%

CML228 10.12 10.11 10.36 -3.53% 5.18%

HBA-1-B 10.05 10.82 10.20 3.61% 3.97%

CY 2 9.99 10.42 9.19 0.10% -6.01%

A638/MP313E//MP313E/f6-35-B6 9.99 10.20 10.24 -2.01% 4.71%

CML277 9.93 10.40 9.54 0.19% -2.17%

MS71 9.93 10.03 9.39 -3.40% -3.72%

GEM 0028-2-1-B-B-B-1B-1B 9.83 9.15 9.91 -11.42% 2.19%

MP313E 9.58 10.24 N/A 0.34% N/A

GT-888 9.46 10.81 9.93 6.55% 4.39%

M37W 9.43 7.65 10.82 -24.50% 13.97%

GT 603 9.39 8.85 8.24 -12.47% -13.11%

Hi 63-1B-1 9.19 9.13 8.45 -8.84% -9.90%

CML69 9.08 10.03 10.06 0.69% 7.88%

Hp301 8.78 N/A 8.85 N/A -3.60%

CML52 8.53 8.36 8.99 -13.64% -0.68%

GEMS 0005-1-1-1-1B-1B 8.28 9.41 10.33 -1.49% 15.82%

CML247 7.65 9.39 9.13 1.55% 6.00%

Data are means of 2014 and 2015 for inbreds, and 2015 and 2016 for hybrids.

y = mean concentrations of total aflatoxin (µg x kg-1)

HV is calculated as mid parent (MP) heterosis w here MP = (P1 + P2)/2 and Heterosis = (F1 - MP)/MP x 100.

P1 is the average aflatoxin level in the female inbred and P2 is the same for either B73 or Lo964 w ith aflatoxin levels of

10.83 and 9.57 for each tester, respectively.

N/A - Not Available

Total Aflatoxin [log2(y+1)]
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CHAPTER 4 

STRESS SENSITIVITY IS ASSOCIATED WITH DIFFERENTIAL ACCUMULATION OF 

REACTIVE OXYGEN AND NITROGEN SPECIES IN MAIZE GENOTYPES WITH 

CONTRASTING LEVELS OF DROUGHT TOLERANCE 
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Abstract 

Drought stress decreases crop growth, yield, and can further exacerbate pre-harvest aflatoxin 

contamination. Tolerance and adaptation to drought stress is an important trait of agricultural 

crops like maize. However, maize genotypes with contrasting drought tolerances have been 

shown to possess both common and genotype-specific adaptations to cope with drought stress. 

In this research, the physiological and metabolic response patterns in the leaves of maize 

seedlings subjected to drought stress were investigated using six maize genotypes including: 

A638, B73, Grace-E5, Lo964, Lo1016, and Va35. During drought treatments, drought-sensitive 

maize seedlings displayed more severe symptoms such as chlorosis and wilting, exhibited 

significant decreases in photosynthetic parameters, and accumulated significantly more reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) than tolerant genotypes. Sensitive 

genotypes also showed rapid increases in enzyme activities involved in ROS and RNS 

metabolism. However, the measured antioxidant enzyme activities were higher in the tolerant 

genotypes than in the sensitive genotypes in which increased rapidly following drought stress. 

The results suggest that drought stress causes differential responses to oxidative and nitrosative 

stress in maize genotypes with tolerant genotypes with slower reaction and less ROS and RNS 

production than sensitive ones. These differential patterns may be utilized as potential biological 

markers for use in marker assisted breeding. 
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Introduction 

Drought stress dramatically limits crop growth and development, and can trigger a significant 

decrease in crop yield and quality. This is especially evident for maize grown as a summer crop 

in the Southern U.S. as drought stress in combination with high temperatures aggravate stress 

severity, and exacerbate Aspergillus flavus colonization leading to pre-harvest aflatoxin 

contamination [1–3]. Therefore, tolerance and adaptation to drought stress is an important trait of 

crops, and a detailed understanding of maize responses to drought stress is of importance for crop 

breeding and sustainable agriculture. 

Mild oxidative or nitrosative stress affects signal transduction pathways and induces gene  

expression [4]. More drought-related factors can disturb the normal metabolic homeostasis of 

crop plants producing visible foliar symptoms and impairing growth by altering the 

physiological, biochemical and molecular statuses of plants. Plants can adapt to drought stress by 

regulating the homeostasis of many biochemical pathways related to water transport, 

transpiration, osmotic balance, signal transduction, antioxidant mechanisms, and the protection 

or degradation of proteins [1,5–7]. One of the earliest events in plant drought responses is a burst 

of reactive oxygen species (ROS) production leading to the over-accumulation of superoxide 

radicals (O2·
−) and hydrogen peroxide (H2O2) [8,9]. Despite the damaging potential of these 

molecules, ROS are continuously produced at a low level by some metabolic processes in plants 

[10]. These ROS also act as signaling molecules to regulate the expression of multiple genes and 

diverse stress-responsive pathways [11]. However, over-accumulation of these ROS can change 

the normal redox status in plants under stress conditions, and initiate oxidative damage to 

proteins, DNA, and lipids, ultimately leading to destruction of macromolecules and can induce  

the cell death in plant leaves [12–16]. Plant defense systems can provide enough protection 
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against ROS damage produced at normal growth conditions through enzymatic and non-

enzymatic antioxidant systems [17]. Previous studies have shown that these antioxidant systems 

can be induced by water stress accompanied with increasing activities of superoxide dismutase 

(SOD) and catalase (CAT) [18,19]. However, the generation of higher levels of ROS may 

destroy or overwhelm the defensive capabilities of these systems resulting in oxidative stress, 

and further exacerbation of visible drought symptom severity [12,20]. 

Nitric oxide (NO) is an additional redox signal that can react with some ROS to form 

highly reactive molecules referred to as reactive nitrogen species (RNS). These RNS can trigger 

various physiological processes [21,22]. Recent studies have reported that environmental stress 

factors including cold, heavy metal, and salt stresses can promote NO production [23–25], and 

modulate the level of gene expression and enzyme activities of RNS metabolism components 

[22,26,27]. Nitric oxide can also enhance plant drought tolerance by regulating the leaf 

photosynthetic rates, relative water content, and antioxidant systems [28–30]. Moreover, Wang 

et al. [31] found that NO resulting from abscisic acid (ABA) signaling resulted in the S-

nitrosylation of protein kinase SnRK2.6 that can further result in stomatal closure to reduce 

transpirational water loss. 

As signal molecules, H2O2 and NO have a synergistic effect in response to drought stress.  

Liao et al. [32] reported that drought stress can be alleviated by dose-dependent NO and H2O2 in 

marigold explants and promote adventitious root development by improving photosynthetic 

performance and regulating carbohydrate and nitrogen accumulation. It has also been 

demonstrated that H2O2 can increase NO in antioxidant defense processes by activating mitogen-

activated protein kinase (MAPK) cascades in maize [33]. Although stress conditions have the 

common effect of resulting in the accumulation of H2O2 and NO in plants, the biological response 
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employed in maize plants can be different depending on the genotype of plants, and the intensity 

and duration of drought stress. However, the detailed molecular mechanisms through which they 

work are only partly understood. 

Previous research has demonstrated that maize drought tolerance is associated with 

different responsive patterns in the processes of redox homeostasis and ROS metabolism in 

kernels of maize lines possessing differing drought sensitivities. For example, moderate drought 

stress triggers increases in the expression of ROS-scavenging enzymes such as SOD, glutathione S-

transferase (GST), and antioxidant enzymes such as thioredoxin and peroxiredoxin in kernels of 

the sensitive maize genotype B73 as compared to the tolerant genotype Lo964 [19]. Expression 

profiling of genes encoding the proteins mentioned above have also exhibited genotype-specific 

responses in drought tolerant and sensitive maize lines in previous studies [34–39]. In order to 

further characterize the impact of drought stress on maize, the time-dependent responsive 

patterns in physiological and photosynthetic indices, specifically ROS and RNS metabolism 

components, were monitored in the leaves of six genotypes displaying varying sensitivity to 

drought stress. It was found that drought stress induced differential patterns of oxidative and 

nitrosative stress in tolerant and sensitive maize genotypes (Table 4.1). Given these differential 

patterns, it is possible that these indices can be utilized as biological markers in marker-assisted 

breeding to enhance maize drought tolerance and its secondary impact on aflatoxin 

contamination. 
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Materials and Methods 

Plant Materials and Growth Conditions 

Six different maize inbred lines with differential sensitivity to drought stress were used for this 

study (Table 4.1). Kernels of the maize inbred lines were sown into pots (30 cm diameter, 25 cm 

depth, 10 kernels per pot) that were lined with a polyethylene liner, filled with locally collected 

field topsoil, placed in a natural lighted greenhouse, and sufficiently watered with tap water at 

the USDA-ARS, Crop Protection and Management Research Unit, Tifton, GA, USA. Ten days 

after planting (10 DAP; vegetative 2 (V2) growth stage), pots were thinned to five plants with 

uniform growth were left in each pot. At 30 DAP (V3/4 growth stage), pots were divided into 

two groups per inbred, one being normally watered (well-watered controls), while the other was 

subjected to progressive drought stress by withholding the water for 9 days, followed by a 

recovery period of normal irrigation for 3 days. During the drought treatment period, the 

temperature ranged from 35 to 42 °C during the day and from 22 to 28 °C at night inside the 

greenhouse. Soil water content was monitored to assess the stress level using the method described 

by Cellier et al. [85]. The maize seedlings were utilized for morphological, physiological and 

biochemical measurements from both treatments at 3, 6 and 9 DAI and 3 days of recovery (12 

DAI). The experiments were conducted in two biological replicates with six and three technical 

replicates for each biological replicate, respectively. 

 

Measurement of Plant Growth Rate and Leaf Relative Water Content 

Plant growth was measured according to Chen et al. [41] with slight modification. At the 

initiation of drought treatment (0 DAI), initial plant height was measured (Ho, height from soil 

surface to the base of first mature leaf), and was measured again at each treatment time point (He). 
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Plant growth (post-treatment) was then calculated as (He–Ho). The effect of drought on plant 

growth was expressed as the ratio of drought treatment height increase [(Hed–Hod)/Hod × 100%] in 

comparison to the well-watered (WW) controls [(Hew–How)/How × 100%]. 

The changes in leaf relative water content (LRWC) under drought stressed conditions 

were examined at each time point also using the method reported by Chen et al. [41]. To 

measure LRWC, a leaf segment (4 cm) was sampled from the middle section of the upper, fully 

expanded leaves and placed into a pre-weighed and pre-labeled tube at the same time of day for 

each collection (9:00–10:00am), and the fresh weight was measured after excision. The fully 

turgid fresh weight was measured after immersing the tissues in deionized water at 4 °C for 6 h. 

Dry weight was measured after drying the samples at 105 °C for 24 h. The LRWC was then 

calculated as (fresh weight − dry weight)/(turgid weight − dry weight) × 100%. The tube was 

capped immediately and then stored in a refrigerator (~4 °C). A total of six leaves per replicate 

were collected from six different plants. 

 

Photosynthesis Parameters Measurements and Determination of Chlorophyll 

The Pn, Gs, Ci and Tr were measured from 9:00–11:00 in the morning for every collection time 

on the leaves of four to five plants per line and treatment combination using a LI-6400XT 

Portable Photosynthesis System (Li-Cor, Lincoln, NE, USA) with light source (6200-02B LED, 

Li-Cor). The [CO2] in the leaf chamber was controlled by the LI-Cor CO2 injection system with 

the following chamber settings: (i) photosynthetic photon flux density of 1500 μmol m−2 s−1; (ii) 

sample chamber CO2 held constant by the CO2 mixer at 400 μmol·mol−1 air. Leaf chlorophyll 

content was then measured using a portable chlorophyll meter (SPAD-502, Minolta, Tokyo, 

Japan). 
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ABA and IAA Content Measurement in Leaves 

The ABA and IAA content assays were carried out using an ELISA-based method with  

the Phytodetek ABA and IAA test kit (Agdia, Elkhart, IN, USA) according to the manufacturer’s 

instructions and Jiang et al. [37]. Briefly, for the ABA assay, leaf tissues were ground in liquid 

nitrogen and extracted in 80% methanol with 10 mg/L butylated hydroxytoluene (BHT), and 50 

mg/L citric acid in the dark for 16 h with shaking at 4 °C. The supernatant was collected after 

centrifugation at 4000 rpm for 20 min and diluted 10-fold with 50 mM Tris, 1 mM MgCl2, 150 

mM NaCl, pH 7.5) for use with the Phytodetek ABA test kit. For the IAA content assay, IAA 

from leaf tissues was extracted and methylated by 2 M trimethylsilyl-diazomethane in hexane, 

and incubating for 30 min. The samples were dried and re-suspended in 500 μL 10% methanol 

solution. The IAA content was determined using a plate reader (Titertek Multiskan photometer, 

Titertek Instruments Inc. Winooski, VT, USA). 

 

Superoxide Radical Staining and Quantification 

The in situ detection of superoxide radical was done using nitroblue tetrazolium (NBT) (BP108-

1, Fisher Scientific Inc., Pittsburgh, PA, USA) as a substrate according to the method of Jabs et 

al. [86] and Rao et al. [87] with modification as follows. Leaves were immersed in 12 mL NBT 

staining solution (6.0 mM NBT in 10 mM potassium phosphate containing10 mM NaN3) in a 15 

mL falcon tube and sand infiltrated using a vacuum pump for 20 min (KNF Neuberger, Inc., 

Trenton, NJ, USA). The samples were then illuminated using a light box (Model No. 300, 60 Hz, 

Wolf X-Ray Corp., Valdosta, GA, USA) for 8 h. After infiltration and illumination, the stained 

leaves were bleached in a solution of acetic acid-glycerol-ethanol (1:1:3) (v/v/v) at 100 °C for 2 

h, and then stored in a glycerol-ethanol (1:4) (v/v) solution. Leaves were photographed under 
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uniform lighting. Superoxide quantification was conducted according to previously described 

methods [88,89]. Briefly, the stained leaves were ground in liquid nitrogen and solubilized in 2 

M KOH-DMSO (1/1.16) (v/v) for 4 h, and then centrifuged for 30 min at 20,000× g. The 

absorbance at 630 nm was measured using a plate reader (Titertek Multiskan photometer, 

Titertek Instruments Inc., Huntsville, AL, USA). Experiments were repeated three times on at 

least three leaves. 

 

Hydrogen Peroxide Staining and Quantification 

The in situ detection of hydrogen peroxide is conducted by staining with 3,3′-diaminobenzidine 

tetrahydrochloride hydrate (DAB) (AC11209-0050, ACROS Organics, Pittsburgh, PA, USA) 

using previously described methods with slight modification [90–92]. For staining, 3–5 leaves 

from each time point were sampled and immediately placed in 15 mL falcon tubes. DAB staining 

solutions were freshly prepared by adding 50 mg DAB to 47.5 mL H2O in a tube covered with 

aluminum foil, and, with constant stirring, the pH was reduced to 3.0 with 0.2 M NaOH prior to 

adding 25 μL Tween 20 and 2.5 mL 200 mM Na2HPO4. The staining solution was applied to the 

leaves in the tubes, and the volumes were adjusted to ensure that the leaves were completely 

immersed. The leaves were gently infiltrated under a vacuum for 20 min. The tubes were then 

covered with aluminum foil, and incubated for 4 h with gentle shaking (80 rpm) at room 

temperature in the dark. Following incubation, the staining solution was replaced with bleaching 

solution (ethanol:acetic acid:glycerol [3:1:1]), and the tubes were placed in 100 °C water bath for 

about 2 h until the chlorophyll was bleached out, and then stored in a glycerol-ethanol (1:4) (v/v) 

solution. The leaves were then photographed on a plain white background under uniform 

lighting. The H2O2 content was measured using the method reported by Kotchoni et al. [93]. 
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Briefly, the DAB-stained leaves were ground in liquid nitrogen, and was homogenized in 0.2 M 

HClO4. The homogenate was then centrifuged for 10 min at 20,000× g. The absorbance of the 

supernatant at 450 nm was measured using a plate reader (Titertek Multiskan photometer, 

Titertek Instruments Inc., Huntsville, AL, USA). 

 

Extraction and Activity Determination of SOD and CAT 

Crude protein/enzyme extraction was performed in accordance with Ramel et al. [94] with slight 

modification. Leaf tissues were ground in liquid nitrogen and suspended in 5 mL of 50 mM 

phosphate buffer (pH 7.8) containing 0.5% (w/v) polyvinylpyrrolidone (PVP-40), 0.1% (v/v) 

TritonX-100, 1 mM EDTA (pH 7.4) and a mixture of protease inhibitors (1 mL per 30 g plant 

tissues) (P9599, Sigma-Aldrich, St. Louis, MO, USA) for 20 min at room temperature. 

Homogenates were centrifuged at 4000× g for 20 min at 4 °C. Supernatants obtained were used 

for enzyme activity determination. Concentrations of the protein extracts were determined using 

a Bradford protein assay kit (Bio-Rad, Hercules, CA, USA) with bovine serum albumin (BSA) 

as a standard. The SOD activity was measured using the method reported by Beauchamp and 

Fridovich [95]. Briefly, an enzyme extract was mixed with 50 mM potassium phosphate buffer 

(pH 7.5), 130 mM methionine, 750 µM NBT, 20 µM riboflavin, and 100 µM EDTA, and the 

reaction mixtures were illuminated under a Transilluminator (115V, 60 Hz, VWR TW-26, VWR 

Scientific, Valdosta, GA, USA) at room temperature for 20 min. The CAT activity was measured 

with Spectro UV-Vis Auto UV-2602 (Labomed Inc., Culver City, CA, USA) at 240 nm by 

measuring the digestion of H2O2 (E = 39.4 mM−1·cm−1) in 50 mM potassium phosphate buffer 

(pH 7.5) with protein extract as described by Aebi [96]. 

 



 

92 

Detection and Quantification of NO 

Nitric oxide (NO) was visualized using 4-amino-5-methylamino-2′,7′-difluorofluoroscein 

diacetate (DAF-FM diacetate; D-23844, Invitrogen, Carlsbad, CA, USA), based on the method 

used previously by Yang et al. [25]. Leaf segments were immersed and vacuum infiltrated with 

10 µM DAF-FM DA in 50 mM Tris-HCl buffer (pH 7.4). Infiltrated leaf segments were then 

incubated for 2 h at 37 °C, then fluorescence was detected using a Zeiss SV epi-fluorescence 

stereomicroscope with a 480 ± 30 nm excitation filter and a 515 nm emission filter (Chroma 

Technology, Brattleboro, VT, USA) coupled with a Zeiss Axiocam digital camera. The relative 

quantification of NO in leaves was conducted using DAF-FM DA according to published 

protocols [97,98]. Leaf segments of approximately 12 mm2 were incubated with 10 μm DAF-FM 

diacetate in 10 mM Tris-HCl (pH 7.5) in 96-well plates, and were then washed in the same 

buffer for 30 min. Fluorescence measurements were obtained on a fluorescent plate reader 

(Synergy HTX Multi-Mode Reader, Biotek, Winooski, VT, USA). Fluorescence intensity was 

calculated by subtracting the DAF fluorescence measured in leaves from wells with Tris-HCl 

buffer only. The staining procedure for each sample was conducted with three replicates. 

 

Determination of the NOS and GSNOR Activities 

The NOS activity was measured using a Nitric Oxide Synthase Assay Kit (EMD Millipore,  

Billerica, MA, USA) based on the manufacturer’s instructions. Total protein was extracted with 

100 mM HEPES-KOH (pH 7.4), 1 mM EDTA (pH 7.4), 10% glycerol (v/v), 5 mM DTT, 10 µM 

PMSF, 0.1% Triton X-100 (v/v), 1% polyvinylpyrrolidone (PVP-40) and 20 µM FAD. GSNOR 

activity was measured as described by Corpas et al. [27]. 
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Statistical Analysis 

Analysis of Variance (ANOVA), Pearson correlation and clustering were performed using in-

house developed R-software (R Development Core Team, Vienna, Austria). Principal component 

analysis was performed by “bpca” algorithm from the pcaMethods package [99]. The ANOVA 

analysis was conducted using Genotype, Treatment, and Tolerance as factors. The p-values were 

corrected using the method reported by Bonferroni and Yekutieli [100].  

To estimate the statistical significance between means, ANOVA was performed for the 

entire dataset using SPSS v.15.0 (SPSS Inc., Chicago, IL, USA). The means (n = 6) were 

separated using Fisher’s Least Significant Difference (LSD) test with α = 0.05. Means not 

significantly different (p > 0.05) share the same letter in graphical representations, provided by 

the GraphPAD software (v.5.01, GraphPad Software Inc., San Diego, CA, USA). The data were 

Box-Cox transformed prior to use in PCA using the NIA array analysis tool [101]. We used the 

default settings for the analysis except for the false discovery rate (FDR) threshold defined as 

0.01. For the PCA analysis, the settings were as follows: covariance matrix type, principal 

components, one-fold change threshold for clusters, and 0.8 correlation threshold for clusters as 

used by Chen et al. [102].  

 

Results 

Seedling Morphological Responses to Drought in Selected Maize Genotypes 

To examine the responses of selected maize genotypes to drought stress, the morphological 

responses of the tolerant lines A638, Grace-E5, Lo964, and Va35 along with the sensitive lines 

B73 and Lo1016 (Table 4.1) to drought stress were measured every 3 days after induction (DAI) 

until 12 DAI for the drought treated and irrigated control samples at the V3-V4 growth stage. 
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The drought stress was applied up to 9 DAI in the treated samples with a watered recovery 

period from 9 to 12 DAI. As expected, drought stress resulted in a visible loss of turgor with 

curling and wilting symptoms apparent in seedling leaves during the period of drought, and this 

phenotype gradually worsened with continuing decreases in soil water content (SWC) over time. 

The SWC was held consistent in the pots of all six maize lines at each time point throughout the 

drought treatments (Figure S4.1). The sensitive lines exhibited more visible symptoms in 

response to drought treatments with increased flaccidity in seedling leaves from 3 to 9 DAI with 

the most obvious symptoms observed by 9 DAI, and with some seedlings dying during the 

course of the study. The tolerant lines, however, exhibited wilting symptoms later than the 

sensitive lines during the drought treatment. 

Following the irrigated recovery period from 9 to 12 DAI, the tolerant lines displayed 

relatively stronger growth recovery from drought stress with only about half of the sensitive line 

plants survived. The growth rates of the seedlings were also measured during the course of the 

experiment. The growth rates up to 3 DAI were higher than those observed at 6 DAI and 9 DAI 

under drought treatment conditions in all the lines (Figure S4.2). Although the growth rates of 

the six maize lines showed the same decreasing trend during the progressive water deficit 

treatment, the growth rates of sensitive lines B73 and Lo1016 reached 0 at 6 DAI, but the other 

lines stopped growing at 9 DAI (Figure S4.2). After 3 days of recovery from water deficit stress, 

the growth rate of all lines remained unchanged. Leaf relative water content (LRWC) was also 

examined in samples at 2 days prior to drought treatment (noted as “−2 DAI”). The LRWC 

decreased at 3 DAI, and continued to decrease at 6 and 9 DAI, with the LRWC of the tolerant 

lines Va35 and Grace E-5 being significantly higher than that of the sensitive lines B73 and 

Lo1016, especially at 9 DAI (Figure S4.3). 
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Changes of Chlorophyll Content and Photosynthesis Parameters in Response to 

Progressive Drought Stress and Recovery 

To determine the influence of drought stress on photosynthetic capacity, leaf chlorophyll content  

and photosynthetic parameters were investigated. The chlorophyll content of B73 and Lo1016 

was significantly lower than that observed in the other four lines under the non-stressed 

condition (Figure S4.4). Although chlorophyll content was decreased following the drought 

treatments for the six maize lines, the chlorophyll content of stressed B73 and Lo1016 leaves 

was significantly lower than that of moderately tolerant and tolerant lines at 3 and 6 DAI. The 

tolerant lines and A638 have higher chlorophyll content under drought stress than the susceptible 

lines under drought or irrigated conditions at 9 DAI, and stress recovery for 3 additional days did 

not result in an obvious increase in chlorophyll content (Figure S4.4). 

Four maize lines, including sensitive lines B73 and Lo1016 and tolerant lines Lo964 and 

Va35, were selected to investigate their photosynthesis parameters in leaves, soil water deficit 

decreased the leaf photosynthesis rate (Pn) (Figure 4.1A). The influence of drought stress on Pn 

in B73 and Lo1016 was more rapid than that of Lo964 and Va35. In B73 and Lo1016, Pn 

decreased by 85.3% and 88.4%, respectively, by 9 DAI relative to the well-watered controls 

while Pn had decreased by 74.9% and 76.0% in Lo964 and Va35, respectively. After 3 days of 

stress recovery (12 DAI), Pn was restored to only 49.0% and 40.3% of the level of the non-

stressed controls for B73 and Lo1016, respectively, compared to 69.4% and 65.2% in Lo964 and 

Va35. 

A similar pattern occurred in the stomatal conductance (Gs) of the sensitive and tolerant 

lines in response to drought stress (Figure 4.1B). The Pn and Gs for Lo964 and Va35 were higher 

than those observed in B73 and Lo1016 throughout the water deficit treatment and stress 
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recovery periods. Intercellular CO2 concentration (Ci) increased with drought treatment, and the 

highest Ci was observed for drought-treated Lo1016 and B73 at 9 DAI, which had a larger 

increase in Ci in the drought treatment in comparison to their respective well-watered controls in 

contrast to Lo964 and Va35 which showed a slight increase during the progressive drought 

treatment (Figure 4.1C). However, all the selected lines did not show a marked difference in Ci 

following stress recovery. In addition, the drought stress treatment significantly decreased the 

transpiration rate (Tr) in all the six lines during progressive water deficit stress (Figure 4.1D). 

However, B73 and Lo1016 showed a rapid initial decrease in Tr while Lo964 and Va35 showed 

a gradual, progressive decrease in Tr during the process of water deficit treatment. 

 

Drought Responses of Abscisic Acid (ABA) and indole-3-acetic Acid (IAA) Contents 

Abscisic acid (ABA) and indole-3-acetic acid (IAA) are important phytohormones in plant 

responses during drought stress and development [49,50], therefore, subsequent changes of ABA 

and IAA contents in maize seedling leaves under drought stress were determined. Drought-

stressed maize leaves exhibited higher ABA content than ones under well-watered conditions. At 

3 and 6 DAI, drought-stressed B73 and Lo1016 presented a sharp rise in ABA contents, then a 

significant decrease with ongoing stress compared to the well-watered controls (Figure 4.2A). 

However, the ABA contents displayed a progressively increasing trend for Lo964 and Va35 

during continued drought induction, and recovery did not reduce ABA contents to the level of 

well-watered controls (Figure 4.2A). Drought stress induced an increase of IAA content in maize 

seedling leaves. IAA contents gradually increased at 3 to 9 DAI of drought stress, and drought 

recovery decreased the IAA contents close to the level of well-watered plants in the tolerant lines 

(Figure 4.2B). For B73 and Lo1016, IAA contents increased dramatically at 3 to 6 DAI, and then 
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decreased at 9 DAI, but IAA levels did not recover to the level of well-watered plants (Figure 

4.2B). 

 

Effect of Drought Stress on ROS Metabolism 

Detection of O2
·− through the use of Nitroblue Tetrazolium Chloride (NBT) staining indicated 

that B73 and Lo1016 accumulated much more O2
·− than A638, Lo964, Va35, and Grace E-5 over 

time in response to drought stress (Figure 4.3A). Although recovery decreased the content of 

O2
·− in the leaves of B73 and Lo1016, the O2

·− quantities were still higher than that of A638, 

Lo964, Va35, and Grace E-5 (Figure S4.5A). Specifically, B73 and Lo1016 accumulated 

approximately 2.5 times more O2
·− in their leaves in comparison to Lo964 and Va35 (Figure 

S4.5A). Time-course detection of H2O2 accumulation using 3,3′-diaminobenzadine (DAB) 

staining in the leaves revealed that no obvious changes in well-watered controls, whereas H2O2 

content increased progressively in drought-induced leaves over time with B73 and Lo1016 

accumulating more H2O2 than Lo964, Va35 and Grace E5 which is consistent with microscopy 

observations. Also, the moderately resistant line A638 showed more H2O2 accumulation than 

Lo964, Va35 and Grace E5, but less than B73 and Lo1016 (Figures 4.3B and S4.5B). These 

results showed that stress occurred in the leaves of maize seedlings under drought treatment 

conditions causing severer oxidative stress for sensitive and moderate lines than for tolerant 

ones. 

The activities of two key antioxidant enzymes, superoxide dismutase (SOD) and catalase 

(CAT) were measured to determine their roles in defense during drought treatments. It was found 

that the antioxidant enzyme activities were enhanced in response to oxidative stress in the 

examined drought stressed maize lines (Figure 4.4A,B). Specifically, SOD activity in the leaves 
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of B73 and Lo1016 increased by 2-fold immediately after drought treatment for 3 days then 

decreased gradually at 6 and 9 DAI. However, SOD activity increased by 1.3, 1.6, and 1.6 folds 

in Lo964 and Va35 at 3, 6 and 9 DAI, respectively, displaying a progressive increasing trend. 

But, SOD activities in A638 and Grace E-5 were induced at a high level at 3 and 6 DAI, and then 

decreased at 9 DAI (Figure 4.4A). The CAT activities displayed a rapid increase and then a 

slight drop after drought treatment for 3, 6 and 9 DAI by 3.4, 3.6 and 2.7 folds in B73 and 

Lo1016. The remaining lines displayed a gradually increasing pattern in CAT activities (Figure 

4.4B). Although drought recovery reduced the activities of SOD and CAT, they remained higher 

in the drought stressed plants than in the well-watered controls. 

 

NO Production and RNS-Related Enzyme Activities during Drought Stress 

An NO-specific fluorescent probe, 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate 

(DAF-FM DA), was used to monitor the endogenous NO production in the leaves of the six 

maize lines. Significant changes in NO content were observed between lines with contrasting 

drought sensitivity at 3 and 9 DAI and 3-day recovery (Figure 4.5). Normal irrigated plants had 

the weak NO fluorescence during 12-day period, but drought stress resulted in an increase of NO 

fluorescence intensity. Significant increases in NO accumulation were observed at 3 and 6 DAI 

with the most significant NO accumulation observed at 6 DAI. Slight decreases were also 

observed at 9 DAI in the leaves of B73 and Lo1016 and moderately tolerant A638. However, 

drought stress induced a gradual increase in NO accumulation from 3 to 9 DAI in Lo964, Va35 

and Grace E-5 (Figure 4.5). 

Quantitative analyses showed that the intensity of NO accumulation in the leaves of well-

watered control maize plants were relatively constant during the 12-day period. An early burst of 
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NO at 3 DAI was around 1.5-fold higher in the sensitive lines B73 and Lo1016 and moderately 

tolerant A638 than in the tolerant lines Lo964, Va35 and Grace E-5, and then reached to about 

2.1-fold higher at 6 DAI. The NO content displayed a gradually increased trend in the tolerant 

lines Lo964, Va35 and Grace E-5 in response to drought, though not as much as determined in 

the sensitive lines B73 and Lo1016 and moderately tolerant A638 (Figure S4.6). This increasing 

trend of NO accumulation is consistent with that of O2
·− and H2O2 in B73 and Lo1016 under 

drought stress. Lo964, Va35 and Grace E-5 illustrated the same response profiles in NO, O2
·− 

and H2O2 accumulation under drought treatment conditions. For the moderately tolerant line 

A638, the response pattern of gradual increasing at 3–6 DAI and slight decreasing at 9 DAI for 

NO accumulation is different from the gradually increasing trend at 3–9 DAI  

for O2
·− and H2O2 under drought stress conditions (Figures 4.3 and 4.5). 

Nitric oxide synthase (NOS) serves as a key enzyme for NO biosynthesis [51,52]. To 

examine the contribution of NOS to the drought-induced NO burst previously observed in the 

maize seedling leaves, we measured NOS activity in the lines during drought stress. NOS 

activities were found to vary significantly among the lines under drought stress (Figure 4.6A). 

The lines B73 and Lo1016 had significantly higher NOS activities than Lo964, Va35 and Grace 

E-5 at 3 and 6 DAI. Drought treatment triggered significantly elevated NOS activity at 3 and 6 

DAI in B73 and Lo1016, 1.5 and 2.0-fold, respectively, which then reduced to levels similar to 

the well-watered controls at 9 DAI. In contrast, the NOS activities in Lo964, Va35 and Grace E-

5 exhibited a slight increasing trend after drought treatment. After stress recovery, NOS activities 

declined to levels similar to those of the well-watered controls (Figure 4.6A). 

S-nitrosoglutathione reductase (GSNOR), as a RNS-scavenging enzyme, can control NO 

levels, regulate S-nitrosylation of proteins by modifying cysteine residues using NO, and reduce 
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the content of S-nitrosoglutathione (GSNO) [22,53]. The GSNOR activity in drought treated 

B73, Lo1016, and A638 increased rapidly up to 1.9, 1.5 and 1.3 folds higher than that of the 

well-watered controls at 3 DAI, respectively, then dropped to below the levels of the well-

watered controls at 6 and 9 DAI. Three days after a recovery irrigation, GSNOR activities were 

not restored to normal levels found in the controls (Figure 4.6B). Conversely, GSNOR activities 

in Lo964, Va35, and Grace E-5 did not display significant changes at 3 DAI, then exhibited 

slight and gradual increasing profiles at 6–9 DAI compared to the controls, and 3-day recovery 

decreased the GSNOR activities to the same level as that of well-watered plants. 

 

Physiological and Biochemical Patterns Allow Clear Separation of Drought Tolerance 

Characterization between Different Maize Lines 

Subjecting the physiological and biochemical data to a principal component analysis (PCA) 

separated the lines relative to all indices, independent from genotype or treatment influences 

(Figure 4.7), indicating significant differences exist within the physiological and biochemical 

indices between the different lines. PC1 (73% variance) separates the different treatments (well-

watered and drought stress conditions), and shows that drought-treated lines display obviously 

different stress response patterns in comparison to well-watered ones with the lines divided into 

two groups. The first group includes Lo964, Va35, and Grace E5; and the second group includes 

B73, Lo1016, and A638. PC2 (13% variance) separates the different reactions of all lines 

responding to drought stress, and shows that Lo964, Va35, and Grace E5 have contrasting 

drought tolerance levels in comparison with B73, Lo1016, and A638. 

Under well-watered conditions, all the lines show very similar responsive patterns, while 

under drought-treatment conditions the lines exhibited more diverse physiological and 
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biochemical changes with regard to their genetic background (Figures 4.7 and S4.7). The PCA 

analysis also separated lines predicted to be drought-sensitive or tolerant, and indicated that the 

factor that influenced the measured traits most was stress treatment, followed by genotype. In 

addition, the separation due to drought treatment was most profound at 6 and 9 DAI compared to 

3 DAI (Figure S4.7). 

 

Correlation and Variance Analysis of All Tested Traits in All Lines 

In this study, we sought to correlate the physiological responses of the maize lines during 

drought stress with hormone content and biochemical processes involved in ROS and RNS 

metabolism. Therefore, a correlation analysis of all the tested parameters was performed and as 

shown in Figure 4.8. From the correlation matrix heat map, a positive correlation between 

hormone accumulation and RNS metabolism and ROS-scavenging enzyme activities was 

observed (Figure 4.8A). A positive correlation between Gs, NO, and ROS was also observed. 

Photosynthesis parameters Pn, Gs, and Tr also positively correlated with chlorophyll content and 

LRWC. A strong negative correlation for the photosynthesis parameters Pn, Gs, and Tr with the 

ROS and RNS systems was observed, and GSNOR negatively correlated with the ROS 

components O2·
− and H2O2 (Figure 4.8A). Analysis of the variance showed that drought 

treatment and variety significantly contributed to the variance observed in the physiological and 

biochemical traits (Figure 4.8B). The variation in ROS content and activities of ROS-scavenging 

enzymes were highly significant among maize genotypes under drought stress conditions and 

water recovery; however, less variation was recorded in chlorophyll content and GSNOR 

activity.  
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Time-series hierarchical clustering analysis of each tested trait separates all six lines into 

two main clusters which is consistent with the lines’ corresponding sensitivity to drought stress. 

Cluster one includes drought-sensitive lines B73 and Lo1016, and moderate A638; the second 

cluster contains the drought-tolerant lines Lo964, Va35 and Grace E5, with the exception of 

chlorophyll content and LRWC (Figure S4.8). This result is supported by the PCA analysis as 

shown in Figure 4.7, and consistent with the analysis of variance shown in Figure 4.8B. As 

expected, NO and its synthetic enzyme NOS exhibit the same clustering patterns to all lines, 

showing their close correlation in NO metabolism. 

 

Discussion 

Morphological and Physiological Responses to Drought Stress 

Continuous drought stress resulted in significant growth inhibition in all tested lines, with the 

effect being much more pronounced in B73, Lo1016 and A638, and the drought tolerance of 

these six lines is consistent with previous reports determined through the observation of 

morphological responses to drought stress (Table 4.1). Photosynthetic parameters were affected 

by drought treatment in all tested lines, decreases in Pn, Gs and Tr and increase in Ci values may 

imply that the plant is subjected to stress conditions [54,55], and it can be proposed that the 

inhibition of photosynthesis was caused by the hypersensitive early stomata closure, with more 

pronounced occurrence in sensitive genotypes [56]. In addition, higher Ci but lower 

photosynthetic rate may be caused by non-stomatal factor [55,57].  

The morphological injury and growth inhibition caused by drought stress is transmitted 

by a hormone signals such as ABA and IAA which are induced during drought [37,58,59]. A 

rapid induction of ABA and IAA in leaves of maize seedlings was found under drought stress 
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conditions, with more rapid and higher increases observed in the sensitive genotypes in 

comparison to the tolerant ones, which was similar with the results in Lo1016 and Lo964 under 

PEG-induced stress [37]. Taken together, these results imply that hormone signaling functions 

during drought stress to regulate photosynthetic processes in order to cope with stress-related 

damage [60,61]. Plant adaptation to stress can also be regulated through ABA-based activation 

of ROS signaling [62]. These ROS molecules function as second messengers, and play a rate-

limiting role in ABA signal transduction [63,64]. 

 

Drought Stress Induces an ROS Burst and Disturbs the Redox Homeostasis 

ROS can be transient induced in the early events of plant response to stress, and can be 

considered to act as secondary message for induction of stress response [65,66]. But excess ROS 

accumulation can be induced following stress treatment to a certain extent, and damages the 

plant [67,68]. Drought stress can cause ROS accumulation in plant leaves, and the observed ROS 

patterns greatly depend on the time and severity of the stress [18,69]. Therefore, it is important to 

characterize the profiles of ROS accumulation associated with specific drought stress conditions. 

As expected, drought stress resulted in increases of ROS, specifically O2
·− and H2O2, levels 

especially in sensitive lines, which accumulate ROS at the early stages of drought treatment, 

while tolerant lines progressively and gradually accumulate ROS. This indicates that this drought 

treatment resulted in severe oxidative stress to the sensitive lines and moderate one, but 

relatively mild stress for the tolerant lines. These observations are supported by the different 

phenotypic and morphological traits of these maize genotypes under the same drought 

treatments. 
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In order to avoid oxidative injury due to ROS accumulation; plants possess complex 

antioxidant systems to scavenge ROS. The well-known antioxidant enzymes SOD and CAT can 

catalyze the decomposition of O2
− and H2O2; respectively; to prevent the over-accumulation of 

these ROS. Interestingly; drought treatments resulted in increased CAT and SOD activities in all 

the tested seedlings likely in response to the over-production of O2
− and H2O2 in order to prevent 

the oxidative injury. It can be suggested that drought stress induced a rapid production of ROS 

leading to disruption of cellular redox homeostasis and activation of the antioxidative system and 

ROS-scavenging enzymes [15,66]. 

In this study, drought stress induced differential responsive profiles of SOD and CAT 

activities in sensitive and tolerant lines with higher activities and levels being rapidly induced in 

sensitive lines at the initial stage of drought treatments compared to tolerant ones which 

displayed gradually increased patterns. Similar phenomena were also found in kernels of B73 

and Lo964 subjected to drought stress in our previous research [19]. In addition, drought stress-

induced ROS over-production and scavenging enzyme activities were reduced by water 

recovery, especially in tolerant lines compared to sensitive lines. Similar ROS accumulation and 

induced increase activities of antioxidant enzymes have been described for other plants. For 

example, in Lotus japonicus, water deficit caused an increase in ROS production accompanied 

by an increase of antioxidant enzymes [18], and drought has been shown to induce a much 

stronger oxidative stress in leaves of drought-sensitive varieties of barley compared to tolerant 

ones [70]. Plant adaptation to drought stress may depend on different response and defense 

mechanisms to oxidative damage in different genotypes, including the ability to maintain high 

levels of antioxidant system activity [71]. 
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Drought Stress Affects NO Homeostasis 

Drought stress caused an increase in NO production in all tested maize genotypes and was more 

pronounced in sensitive genotypes. This result implies that NO participates as an important 

messenger in the defense processes of plants, specifically maize, in responding to drought stress 

[72]. Similar results relating increased NO content to drought stress responses have been 

described in leaves of Poncirus trifoliata and Lotus japonicus [18,28], and under other stress 

conditions [25,27,73]. It has also proposed that NO is a signaling intermediate in enhancing the 

tolerance of maize seedlings to drought stress [72]. The NO content response patterns in the 

leaves is also well correlated with the increase of NOS activities observed during drought 

treatments in this study. This suggests that NOS activity, as one of the sources of NO, may be 

up-regulated to generate more NO in response to drought stress. Additionally, increased GSNOR 

activities were also found in the leaves of all six lines under drought stress. The GSNOR enzyme 

is a key regulator of NO synthesis and homeostasis [74,75]. Frungillo et al. [76] reported that 

mutation and silencing of GSNOR1 caused NO accumulation in Arabidopsis thaliana. Hence, it 

is proposed RNS scavenging systems such as GSNOR are produced in response to  

over-accumulation of NO in plants, which may result in nitrosative stress, in response to stress 

conditions. 

 

Drought Stress Responses Involve Interconnections between ROS and RNS 

Plants possess effective and fine-tuned mechanisms to regulate the metabolic balance, and to 

control the levels of all kinds of molecules, including ROS and RNS levels [30]. The results 

obtained here indicate that drought stress resulted in an imbalance in ROS and RNS metabolism 

and homeostasis, especially in drought sensitive genotypes. This suggests that drought treatments 



 

106 

induce oxidative and nitrosative stress in maize seedlings to different degrees in sensitive and 

tolerant genotypes. It is known that ROS and RNS metabolism are closely connected and cross-

reacted, and that ROS and NO can directly interact to form peroxynitrite (ONOO−), nitrous oxide 

(NO2), and other RNS species [30,77,78]. In this study, drought stress disturbed the redox state 

homeostasis of ROS and RNS. Wang et al. [79] reported that ROS can trigger NO synthesis in 

roots of Arabidopsis, and it was also reported that NO also influenced ROS production and 

promoted the increases of ROS-scavenging enzymes in plants  

under stress conditions [25,80]. 

Drought stress-induced ROS and RNS production may be involved in pathogen infection 

and aflatoxin production. It has been proposed that ROS may stimulate aflatoxin production in 

maize and other crops [3,81], and NO may function in response to infection of Fusarium 

verticillioides in maize [82,83]. From these reports, it was implied that a complex feed-back 

regulation exists between ROS and RNS metabolism in plants under drought stress. In this work, 

ROS and RNS bursts were induced simultaneously in the tested maize genotypes, and over-

accumulation of ROS and RNS caused severe oxidative and nitrosative stress on maize 

seedlings, which further exacerbated the visible symptoms such as wilting and necrosis. 

Subsequently, plants may be more susceptible to pathogen infection due to weakened defensive 

capabilities.Drought stress induced a differential change of physiological and biochemical 

parameters in maize lines with different tolerance levels, this provides a potential link between 

drought stress and intensity of physiological and biochemical changes. The selection of 

parameters involved in these physiological and biochemical processes such as metabolites, 

proteins, or gene expression levels may allow them to be utilized as biomarkers for use in 

breeding applications [81,84]. 
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Conclusion 

The results in this study showed that drought stress resulted in obvious morphological and 

physiological changes, and induced a rapid accumulation of ROS and NO. This resulted in 

oxidative and nitrosative stress and activated the antioxidant defense system, primarily 

characterized by increases of SOD and CAT activities in all tested lines. The metabolic 

alterations of ROS and RNS levels were more pronounced in the sensitive lines as compared to 

the tolerant ones with the same being true for the activities of ROS and RNS scavenging 

enzymes. This implies that a much more vigorous metabolic response was likely triggered in the 

sensitive lines than in the tolerant lines. Taken together, these observations suggest that maize 

lines with contrasting drought sensitivity possess different defensive and responsive processes 

counteracting oxidative and nitrosative damage. However, possible synergistic effects and 

homeostasis of ROS and RNS in this system under drought stress conditions have yet to be 

elucidated and warrant further study. 
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Table 4.1. Maize genotypes selected in this study. 

Genotypes Pedigree Origin Tolerance to Drought Reference 

B73 
Recurrent selection population 

(C5) of Iowa Stiff Stalk Synthetic 
Iowa, USA Susceptible [40–42] 

Lo1016 P3369A × Lo876o2 Italy Susceptible [37,43,44] 

A638 (V3 × Wf9) × Wf9 Minnesota, USA Moderate [45] 

Lo964 P3183 Italy Tolerant [37,43,44] 

Va35 (C103 × T8) × T8 Virginia, USA Tolerant [46,47] 

Grace-E5 / CIMMYT, Mexico Tolerant [48] 

CIMMYT, International Maize and Wheat Improvement Center.,     
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Figure 4.1. Photosynthetic parameters of seedling leaves from the sensitive genotypes, B73 and 

Lo1016, and the tolerant ones, Lo964 and Va35, under well-watered (WW) and drought stressed 

(D) conditions. Photosynthetic metrics were measured in sensitive and tolerant genotypes during 

drought stress and post-recovery including Pn (A), Gs (B), Ci (C), and Tr (D) measured from 

9:00 to 11:00 in the morning for every collection time, at day zero (0), 3, 6, 9 or 12, on young 

leaves. Different letters indicate significant differences (p < 0.05) based on Tukey’s test between 

control and treatments and between different treatment times. Data represent the mean ± SD of 

three or more replicates. 
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Figure 4.2. ABA and IAA content in maize seedling leaves under well-watered (WW) and 

drought (D) conditions. Phytohormone levels were measured in sensitive and tolerant genotypes 

over drought stress and recovery including ABA (A), and IAA (B). Different letters indicate 

significant differences (p<0.05) based on Tukey’s test between control and treatments and 

between different treatment times. Data represent the mean ± SD of three or more replicates. 
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Figure 4.3. Visualization of superoxide radical and hydrogen peroxide in the leaves of maize 

plants under well-watered (WW) and drought stressed (DT) conditions. Endogenous  

O2
·− levels were monitored by staining O2

·− using a Nitro blue tetrazolium (NBT) staining 

method (A), and the endogenous H2O2 level was monitored by staining H2O2 using  

3,3′-diaminobenzidine tetrahydrochloride hydrate (DAB) (B). 
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Figure 4.4. Effects of drought treatments on SOD and CAT activities in maize seedling leaves. 

The activities of ROS-remediating enzymes were measured in sensitive and tolerant genotypes 

over drought stress and recovery including SOD (A) and CAT (B). Different letters indicate 

significant differences (p < 0.05) based on Tukey’s test between control and treatments and 

between different treatment times. Data represent the mean ± SD of three or more replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

130 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

131 

Figure 4.5. Visualization of nitric oxide (NO) in maize leaf tissues subjected to drought stress. 

Endogenous NO levels was monitored in maize leaves by staining NO using DAF-FM diacetate, 

and displayed by green fluorescence; the red fluorescence represents the chlorophyll intensity. 

WW refers to well-watered leaves; DT refers to drought treated leaves of all tested maize 

genotypes. 
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Figure 4.6. The NOS and GSNOR activities in maize seedling leaves under well-watered (WW) 

and drought (D) conditions. Nitrosative stress-related enzyme activities were measured in 

sensitive and tolerant genotypes over drought stress and recovery including NOS (A), and 

GSNOR (B). Different letters indicate significant differences (p<0.05) based on Tukey’s test 

between control and treatments and between different treatment times. Data represent the mean ± 

SD of three or more replicates. 
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Figure 4.7. Principal component analysis (PCA) of all physiological and biochemical data in six 

different lines under well-watered and drought treated conditions. The blue points represent the 

well-watered (W) plants, while the red points represent the drought-stressed (D) plants. 
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Figure 4.8. Correlation and variance analysis of all tested dataset in six tested lines under well-

watered and drought treated conditions. (A) shows the correlation among each parameter 

determined; and (B) shows the variance among each trait and each sample during the period of 

drought treatments. 
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Abstract 

Drought stress conditions decrease maize growth and yield, and aggravate pre-harvest aflatoxin 

contamination in kernels. While several studies have been performed on mature kernel tissues in 

response to drought, the metabolic profiles of developing kernels under drought are not as well 

characterized, particularly in breeding germplasm with contrasting resistance to drought and 

mycotoxin contamination. In this study, following screening of inbred lines for drought 

tolerance, a drought-sensitive line, B73, and a drought-tolerant line, Lo964, were selected and 

drought stressed beginning 14 days after pollination. Developing kernels were sampled 7 and 14 

days after drought induction (DAI) from both stressed and irrigated plants. Comparative 

biochemical and metabolomic analyses profiled 409 differentially accumulated metabolites. 

Multivariate statistics and pathway analyses showed that drought stress induced an accumulation 

of simple sugars and polyunsaturated fatty acids and a decrease in amines, and polyamines, and 

dipeptides in B73. Conversely, sphingolipid, sterol, phenylpropanoid, and dipeptide metabolites 

accumulated in Lo964 under drought stress.  Drought stress also resulted in the greater 

accumulation of reactive oxygen species (ROS) and aflatoxin in kernels of B73 in comparison to 

Lo964. Overall, field drought treatments disordered a cascade of normal metabolic programming 

during development of maize kernels and subsequently caused oxidative stress. The 

accumulation of simple sugars and ROS may compromise both grain filling and quality, and host 

plant resistance to aflatoxin contamination. These results also provide novel targets to enhance 

host drought tolerance and disease resistance through the use of biotechnologies such as genome 

editing. 
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Introduction 

The impact of drought on crop production and quality is a continuously increasing issue as the 

world struggles to increase food production for meeting human population and societal needs, 

particularly in light of continuing global climate changes (Godfray et al. 2010; Schmidhuber and 

Tubiello 2007). Drought stress, which frequently occurs and is accompanied by high 

temperatures in the Southern U.S., is also associated with increased pre-harvest Aspergillus 

flavus colonization and aflatoxin contamination of maize (Fountain et al. 2014; Guo et al. 2008; 

Payne, 1998; Scully et al. 2009). Interestingly, drought tolerant maize and peanut lines tend to be 

aflatoxin resistant, though this resistance can still be partially compromised under drought 

conditions (Fountain et al. 2014; Guo et al. 2008). Therefore, deciphering which responses are 

critical and adaptive for maintaining maize production is essential for developing breeding 

strategies that increase drought tolerance and potentially decrease aflatoxin accumulation.   

Crops have evolved complex strategies to cope with drought stress for survival with their 

differential drought tolerance mainly attributed to differences in stress perception, signaling, and 

metabolic pathways (Bartels and Sunkar, 2005). Much of what is currently known about crop 

drought adaptation at the molecular level comes from studies involving the genes and proteins 

that underlie the regulatory processes and mechanisms of drought tolerance. Previous reports 

have shown that plants respond to drought stress by initiation of early signal transduction 

(Shinozaki and Yamaguchi-Shinozaki 2007; Zhu, 2002), and the most common drought-

responsive signaling pathways contain abscisic acid (ABA)-dependent and ABA-independent 

mechanisms (Zhu, 2002). Some key genes in these pathways include DRE-binding protein 

(DREB)/C-repeat-binding factor (CBF), ABA-binding factor (ABF), MYB, MYC, and ABA-

responsive element (ABRE) and dehydration-responsive element (DRE) genes. These genes are 
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induced under drought conditions to reestablish cellular homeostasis for plant adaptation to stress 

(Golldack et al. 2011). At the metabolite level, those induced by drought stress can regulate the 

turgidity and rigidity of cells and tissues, and regulate ion transport, redox homeostasis, and 

enzyme biosynthesis and activity (Rai, 2002; Rodziewicz et al. 2014; Seki et al. 2007). 

Significant differences in metabolite accumulation have also been observed when comparing 

different maize hybrids (Harrigan et al. 2007).  

These metabolites play essential roles in plant growth, development, and stress responses 

(Wen et al. 2014), and metabolite patterns, viewed as the metabolic phenotype or metabotype, 

can provide a link between genotypes and visible phenotypes (Fiehn et al. 2000; Suhre and 

Gieger 2012). Previous studies using comparative transcriptomic and proteomic approaches have 

shown that drought stress triggers some common and genotype-specific responses in the 

developing kernels of maize lines possessing differing drought sensitivities (Luo et al. 2010; 

Yang et al. 2014). These studies and biochemical examination of seedling-stage drought 

responses have also shown that genotype-specific responses are also associated with drought 

derived oxidative stress with drought sensitive genotypes accumulating higher levels of reactive 

oxygen species (ROS) in their tissues, and more vigorous overall responses to stress than their 

tolerant counterparts (Yang et al. 2014, 2015). 

Maize kernels are particularly susceptible to the negative effects of drought stress during 

grain-filling (Bruce et al. 2002), a period also of interest from a disease resistance perspective. 

Kernel tissues become susceptible to A. flavus colonization and pre-harvest aflatoxin 

contamination beginning at the initiation of grain filling at the R2 – R3 growth stage, 7 to 14 

days after pollination (Dolezal et al. 2014). This period is also used in field-based resistance 

screening for germplasm resistance to aflatoxin contamination for artificial A. flavus inoculation 
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(Scully et al. 2009). In screenings performed in our lab, we have identified germplasm with 

resistance to pre-harvest aflatoxin contamination and drought stress, and have observed a 

correlation between these two traits (Guo et al. 2008; Scully et al. 2009). In addition, ROS, 

which accumulate in maize tissues under drought stress, have been shown to stimulate the 

production of aflatoxin by A. flavus in vitro and is hypothesized to do so in vivo during 

colonization of stressed host tissues (Fountain et al. 2014, 2015; Yang et al. 2015). Maize kernel 

metabolites including starch, simple sugars, and polyunsaturated fatty acids also serve as the 

targets of hydrolytic enzymes secreted by A. flavus during host colonization, and are conducive 

substrates for aflatoxin production (Fountain et al. 2014; 2016a; Davis et al. 1966; Calvo et al. 

1999; Priyadarshini and Tulpule, 1980).  

Given the importance of kernel composition for grain quality, yield, and disease 

resistance during early phases of kernel development, we examined the metabolite accumulation 

patterns in developing kernels using an untargeted global metabolomics analysis to compare the 

metabolomic responses of two maize inbred lines with contrasting drought tolerance and 

aflatoxin contamination resistance to drought stress. By characterizing the metabolite profiles of 

these two lines, a better understanding of the influences of drought stress on kernel development 

can be obtained. In addition, compounds potentially contributing to pre-harvest aflatoxin 

contamination resistance can also be identified. Together, these results can be used in molecular 

breeding and biotechnological applications to improve maize disease resistance, quality, and 

yield under drought stress. 
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Materials and Methods 

Plant materials 

Six maize inbred lines with contrasting levels of drought tolerance were used for this study: the 

drought tolerant lines Grace E-5, Lo964, and Va35; the moderately tolerant line A638; and the 

sensitive lines B73 and Lo1016 (Yang et al. 2015). The lines were cultivated in four rain-out 

shelters in the field at the USDA Crop Protection and Management Research Unit in Tifton, GA. 

The shelters were divided into two groups, one well-watered control and one drought stressed. At 

flowering, each plant was self-pollinated using Lawson pollination bags (Lawson Bag Co., 

Northfield, IL, USA) as previously described (Yang et al. 2014). At 14 days after pollination 

(DAP), the plants in the well-watered control shelters were watered normally, whereas the plants 

in the drought stress treatment were subjected to drought simulation by completely stopping 

irrigation. Kernels were collected from both treatments at 21 DAP and 28 DAP corresponding to 

7 and 14 days after drought induction (DAI), and were immediately frozen in liquid nitrogen and  

stored at −80°C prior to metabolomics analysis. A total of five ears representing 5 biological 

replicates were sampled for each treatment and line. At 28 DAP, the plants were recovered with 

irrigation at a rate 50% of that applied in the well-watered control until maturity (60 DAP). 

Environmental conditions in the shelters were recorded using a Watchdog weather station 

(Spectrum Technologies, Aurora, IL, USA). The detailed experimental design is shown in Figure 

S5.6.  

 

Measurement of ear and kernel agronomic traits  

At 28 DAP, ear length and the number of kernels per row from the six examined lines with and 

without drought stress treatments were measured. At physiological maturity, kernels from both 
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treatments were hand-harvested and weighed, and then were dried at 90 °C to constant weight for 

determining water content, dry weight, and 500-kernel weight. Five randomly selected ears were 

used for the agronomic trait investigation for each inbred line.  

 

Aspergillus flavus inoculation and aflatoxin quantification 

To evaluate the pre-harvest aflatoxin contamination resistance of the selected lines, we inoculated 

them with the A. flavus isolate NRRL3357 (Norton, 1999; Scarpari et al. 2014). Briefly, the isolate 

was cultured on V8 agar (20% V8 juice, 2% agar, 0.5% CaCO3) in the dark at 37°C (Guo et al. 

1996; Fountain et al. 2015). After five days, the spores were harvested in sterile 0.1% Tween 20. 

Conidial concentration of the suspension was determined using a hemocytometer, and the 

concentration was adjusted to 4.0×106 conidia/mL. The resulting spore suspension (3 mL) was 

used to inoculate ears at 14 DAP using the side injection method  with a modified tree marking 

gun fitted with a needle (Guo et al. 2017; Windham et al. 2003). Inoculated ears with or without 

drought treatments were collected at 60 DAP for use in aflatoxin analysis and quantification. 

Aflatoxin extraction and analysis was conducted according to Guo et al. (1996) using thin-layer 

chromatography (TLC) (Park et al. 1994; Robertson et al. 1967; Trucksess et al. 1984). The 

aflatoxin standards were purchased from Sigma-Aldrich (St. Louis, MO, USA), and consisted of 

a total of 5 ml (B1: 2.02, B2: 0.50, G1: 2.03 and G2: 0.54 μg ml-1). All the samples were analyzed 

in three replicates. 

 

Metabolomic profiling analysis 

Collected immature kernels were ground into fine powders in liquid nitrogen for use in global 

unbiased metabolomics by Metabolon (Morrisville, NC, USA). Briefly, 50 mg powder per 
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sample was extracted using an automated MicroLab STAR system (Hamilton, Reno, NV, USA), 

with several recovery standards added prior to extraction. The resulting extract was divided into 

five fractions: two for analysis by two separate reverse phase/ultrahigh performance liquid 

chromatography-tandem mass spectroscopy (RP/UPLC-MS/MS) methods (Evans et al. 2009) 

with positive ion mode electrospray ionization (ESI); one for analysis by RP/UPLC-MS/MS with 

negative ion mode ESI; one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI; 

and one reserved as a backup. Detailed methods and procedures including instrument parameters, 

data acquisition and processing, metabolite identification and quantification, data normalization, 

and statistical analyses can be found in Supplemental File 1.  

 

Statistical and bioinformatics analysis 

In order to determine the effect of the drought treatments on metabolite abundance, the identified 

metabolites were used for partial least squares-discriminant analysis (PLS-DA) using the 

chemometrics software Solo (Eigenvector Research, Wenatchee, WA, USA) as previously 

described (Chang et al. 2012).  Metabolite functional annotation was performed using Blast2GO 

(Conesa et al. 2005), and metabolic pathways of identified metabolites were mapped by KEGG 

software (Kyoto Encyclopedia of Genes and Genomes). Metabolite-metabolite correlation 

analysis was conducted using Pearson’s product-moment correlation using R (version 3.3.0), and 

mapping of the metabolite-metabolite correlations was constructed using Cytoscape (version 

2.8.3).  
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Histochemical staining of hydrogen peroxide and hydroxyl radical 

In order to observe and quantify ROS accumulation in immature kernel tissues (7 and 14 DAI), 

fluorescent histochemical staining with confocal microscopy was used to quantify two select 

ROS. An Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (A22188, Molecular Probes, 

Eugene, OR, USA) was used to detect hydrogen peroxide (Mohanty et al. 1997), and 

Aminophenyl fluorescein (A36003, Molecular Probe. Inc., Eugene, OR, USA) was used to detect 

hydroxyl radical (Setsukinai et al. 2003), according to the manufacturer’s instructions. Briefly, 

the collected kernels were immersed in above-mentioned fluorescent dyes, and infiltrated in the 

dark using a vacuum oven (VWR Scientific, Neobits, Inc., Sunnyvale, CA) for 2 hours and kept 

in vacuum overnight. Afterward, the kernels were rinsed in 50 µM PBS buffer twice, and 

fluorescence was then detected using an Olympus BX41 spectrofluorometer (Olympus, 

Waltham, MA, USA) coupled with a camera as previously described by Yang et al. (2015).  

 

Results 

Effects of drought on phenotypes and kernel development. 

In order to characterize the impact of drought on kernel development, six different maize lines 

with contrasting drought sensitivity were tested in the field in response to drought stress 

compared to well-watered treatments. Field drought treatments resulted in a visible loss of turgor 

in maize plants beginning at 7 DAI with visible drought symptoms gradually worsening with 

continuing stress (Figure S5.1). The sensitive lines B73 and Lo1016, and moderate line A638 

exhibited more pronounced symptoms than that of the tolerant lines Lo964, Va35 and Grace E-5 

(Jiang et al. 2011). Drought stress also had an obvious influence on the morphology and 

development of maize kernels (Figure 5.1A). Relative to the normal irrigated environments, at 14 
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DAI significantly reduced ear length, especially in the sensitive lines was observed. In B73, 

Lo1016 and A638, ear length decreased by 62.33%, 41.88% and 40.38%, respectively, relative to 

the irrigated control. Conversely, ear length only decreased by 23.89%, 24.30% and 27.70% in 

Lo964, Va35, and Grace E-5, respectively (Table 5.1). This was also accompanied with similar 

degrees of reduction in the number of kernels per ear row and in 500 kernel weight from ears of 

the sensitive and tolerant lines (Table 5.1).  

 

Impact of drought on ROS generation and aflatoxin accumulation in maize kernels. 

The ROS hydrogen peroxide (H2O2) and hydroxyl radical (OH.-) are the natural byproducts of 

the normal metabolism of plants whose over-production can be induced under stressful 

environmental conditions resulting in oxidative damage to cellular components. Fluorescent 

staining of H2O2 and ·OH.- detected a higher intensity on drought stress-treated kernels compared 

to the irrigated control at 7 DAI with more prominent staining observed in B73 compared to 

Lo964. At 14 DAI the fluorescent intensity did not show an obvious increase in response to 

continuing drought stress compared to 7 DAI (Figure 5.2).  

In addition to ROS accumulation in developing kernels, at maturity we also examined the 

accumulation of aflatoxin following A. flavus inoculation under drought stress. Comparing 

drought stressed and irrigated plants at maturity it was found that drought stress resulted in 

elevated levels of aflatoxin contamination in kernels of all tested maize lines after harvest 

(Figure 5.1B; Table 5.1). This was particularly true for B73 which exhibited a 7.1-fold increase 

in aflatoxin contamination under drought stress compared to the irrigated control (Figure 5.1B; 

Table 5.1). 
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Metabolome patterns of maize developing kernels under drought stress 

Based on the obviously contrasting phenotypic changes observed in maize lines under drought 

stress, and supported by our previous studies (Yang et al. 2014; 2015), kernels from B73 and 

Lo964 were selected for metabolomics analysis. To comprehensively understand drought-

induced changes and metabolomic responses of developing kernels, we performed non-biased, 

global metabolic profiling of kernels based on UPLC-MS/MS platforms from five different ears 

sampled at 7 DAI and 14 DAI for both B73 and Lo964 as biological replicates (Oliver et al. 

2011). A total of 445 metabolites were identified (Table S5.1) representing the  broadest 

metabolome of maize kernels examined compared to previous studies (Frank et al. 2012; Rao et 

al. 2014; Skogerson et al. 2010; Yang et al. 2013). The identified 445 metabolites were mapped 

to 9 super pathways and further 45 sub pathways, including 141 amino acids and metabolites, 62 

carbohydrates, 133 lipids, 53 nucleotides, 21 CPGECs (Cofactors, Prosthetic Groups, Electron 

Carriers), 17 peptides, 11 secondary metabolism, 4 hormone metabolism, and 3 xenobiotics, 

based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Plant Metabolic Network 

(PMN) databases (Table S5.1).  

Most of the identified metabolites belonged to four super pathways: amino acids, 

carbohydrates, lipids, and nucleotides. In the amino acid super pathway group, there were eight 

sub pathways including the serine family (phosphoglycerate derived), aromatic amino acid 

metabolism (PEP derived), aspartate family (OAA derived), glutamate family (alpha-

ketoglutarate derived), branched Chain Amino Acids (OAA derived), branched chain amino 

acids (pyruvate derived), amines and polyamines, and glutathione metabolism. In the 

carbohydrate super pathway, eight sub pathways were identified including glycolysis, TCA 

cycle, amino sugar and nucleotide sugar, and sucrose, glucose, fructose metabolism were 
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identified. The identified lipid metabolites were categorized into 12 sub-pathways, mainly 

consisting of phospholipids, free fatty acids, and glycerolipids. The nucleotide metabolites were 

involved into two sub-pathways of purine and pyrimidine metabolism (Table S5.2).  

 

Metabolome differences in drought-sensitive and drought-tolerant maize lines 

  In order to investigate the metabolite abundance changes of all the tested samples 

associated with drought treatment, genotype background, and developmental stage, partial least 

squares-discriminant analysis (PLS-DA) was performed to build a comparative model of drought 

treatment and well-watered condition between B73 and Lo964 at 7 DAI and 14 DAI. Metabolites 

missing from three or more of the five replicate values in experimental samples were excluded 

resulting in a total of 409 metabolites for further statistical comparisons. The first three 

components of PLS-DA explained 52.3% of the variation, and highlighted the distinct clustering 

between B73 and Lo964 with or without drought stress suggesting that differential metabolite 

accumulation patterns account for the variation observed in the model (Figure 5.3).  

 B73 and Lo964 exhibited significantly different response patterns in their metabolite 

profiles in response to drought stress. In response to drought stress in B73 at 7 DAI and 14 DAI, 

184 and 63 metabolites with significantly altered abundance (p < 0.05) were identified, 

respectively, including 80 increased and 104 decreased in abundance at 7 DAI, and 50 increased 

and 13 decreased at 14 DAI. In Lo964, 201 and 200 metabolites were identified under drought 

stress treatments at 7 DAI and 14 DAI, respectively, including 118 increased and 83 decreased in 

abundance at 7 DAI, and 125 increased and 75 decreased at 14 DAI (Figure 5.4; Figure S5.2).  

Significant developmental effects on metabolite accumulation were also observed when 

comparing 7 and 14 DAI in each treatment. There were 177 and 113 metabolites showing an 
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altered abundance over time in B73 and Lo964, respectively, under well-watered conditions 

while 21 and 87 metabolites showed differences over time in B73 and Lo964, respectively, under 

drought treatment (Figure S5.3A). In addition, genotype effects also exist between B73 and 

Lo964. Overall, 192 and 120 metabolites showed a differential pattern between B73 and Lo964, 

respectively, at all time points under irrigation while 242 and 221 metabolites exhibited 

differential abundance between B73 and Lo964, respectively, at all time points under drought 

stress (Figure S5.3B).   

 

Drought induced biochemical regulation in metabolites from carbohydrate and amino acid 

metabolic pathways 

Carbohydrate and amino acid metabolism was strongly affected by drought stress. Of the 62 

carbohydrate-related metabolites detected, 55 exhibited accumulation alteration in at least one of 

the lines following drought treatment. Similarly, 132 out of 141 amino acid metabolites detected 

were significantly altered by drought stress treatments (Table S5.1). Overall, drought stress 

resulted in a complex response in maize kernels from interconnected metabolic pathways 

including glycolysis, the tricarboxylic acid (TCA) cycle, glutathione metabolism, urea cycle, 

methionine (Met) salvage pathway, and primary amino acid metabolism (Figure 5.5). These 

metabolites detected in the above-mentioned pathways showed some common and distinct 

responsive patterns between B73 and Lo964 in response to drought stress treatments. Many 

glycolysis intermediates (e.g. 3-phosphoglycerate, 2-phosphoglycerate, phosphoenolpyruvate 

and pyruvate) were significantly less abundant in B73 mainly at 7 DAI, whereas they showed 

increasing trends in Lo964 at 7 and 14 DAI. Five TCA cycle intermediates (e.g. citrate, α-

ketoglutarate, succinate and fumarate) were significantly down-regulated in Lo964 at 7 DAI or 
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14 DAI. However, two (e.g. citrate and isocitrate) were significantly up-regulated in B73 at 7 

DAI. In addition, sucrose, in combination with other sugars such as fructose, glucose, raffinose, 

galactinol and kestose, exhibited increased abundance in B73, but in Lo964 they showed 

contrasting patterns under drought. Changes associated with glutathione metabolism were 

observed with a number of γ-glutamyl peptides. These γ-glutamyl peptides are synthesized 

through reactions between glutamate and other amino acids, including isoleucine, leucine, 

threonine, valine, tyrosine, and glycine, of which most showed an increase in abundance in 

Lo964 in response to drought stress. Conversely, other metabolites in glutathione metabolism 

(e.g. glutamate, proline, and 5-oxoproline) showed a decrease in abundance in B73 under 

drought stress treatments.  

Glutathione metabolism is also conjugated with the urea cycle through N-acetyl 

glutamate. Four urea cycle metabolites, ornithine, citrulline, arginosuccinate and arginine, were 

detected, and were down-regulated in B73 under drought stress at 7 DAI, but showed diverse 

response patterns in Lo964. For example, citrulline abundance was down-regulated at 7 and 14 

DAI, while ornithine and arginosuccinate abundance was up-regulated at 14 DAI. The 

abundance of arginosuccinate at 14 DAI increased when aspartate entered the urea cycle in 

Lo964 while the reaction chain from asparagine, aspartate, threonine to isoleucine showed an 

increasing pattern in B73 and Lo964 under drought stress at 7 and 14 DAI (Figure 5.5). In 

addition, three metabolites in the Met salvage pathway, conjugated with the TCA cycle through 

aspartate, were differentially accumulated under drought stress. Methy-thioadenosine and 

methyl-thio-2-oxobutanoate were down-regulated in Lo964 at 7 and 14 DAI, while in B73 S-

adenosyl-methionine and methy-thioadenosine decreased only at 7 DAI.  
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Drought effects are characterized by regulation of lipid-derived metabolites  

Lipids are another major class of metabolites that were regulated in response to drought stress, 

including free fatty acids, oxylipins, glycerolipids, phospholipids, sphingolipids, and 

galactolipids (Figure 5.6). In particular, unsaturated fatty acids and oxylipins, synthesized from 

oleate by a combination of elongation and desaturation reactions, showed obviously different 

patterns in B73 and Lo964 in response to drought stress treatments at 7 or 14 DAI. Two 

examples of this include chain reactions for unsaturated fatty acid synthesis from 

oleate/vaccinate and linoleate to 1-linoleoylglycerol (18:2) and 2-linoleoylglycerol (18:2); and 

another from oleate/vaccinate and linoleate to linolenate, 1-linolenoylglycerol (18:3), or 

arachidate. These two pathways showed significant increases in B73 under drought stress at 7 

DAI, but decreased in Lo964 under drought stress at 14 DAI (Figure 5.6). A series of derivatives 

of linoleoyl-glycerol and linolenoylglycerol were also detected, and showed increases in B73 and 

Lo964 under drought stress at 7 and 14 DAI. Several metabolites belonging to the oxylipin sub-

pathway showed diverse changes in abundance between lines and treatments. Increasing trends 

were observed for 13-HODE, 9-HODE, and 12, 13-DiHOME in B73 under drought stress; but in 

Lo964, 13-HODE and 9-HODE increased in abundance at 7 DAI, while 12, 13-DiHOME 

decreased at 7 and 14 DAI. In Lo964, 9(10)-EpOME also decreased at 14 DAI.  

Four sphingolipid metabolites including sphinganine, N-palmitoyl-sphinganine, 

sphingosine, and phytosphingosine were significantly more abundant in Lo964 in both drought 

treatment stages (Figure 5.6). However, two of them, sphingosine and phytosphingosine, 

decreased in B73 (Figure 5.6). Meanwhile, metabolites in the ethanolamine/choline cycle were 

found to exhibit reduced abundance in B73 and Lo964 in response to drought stress treatments 



 

154 

with the exception of choline which showed an increasing trend in both lines at 14 DAI (Figure 

5.6).  

 

Analysis of metabolite-metabolite correlations and comprehensive metabolic networks 

under drought stress   

To investigate the interactive responses in developing kernels to drought stress, metabolite-

metabolite correlations were analyzed for the identified metabolites (Toubiana et al. 2012). 

Pearson pair-wise correlations across all samples were calculated (Table S5.3). The correlations 

were then visualized as a heat-map (Figure S5.4), which showed a total of 197,581 correlations, 

ranging from -0.859 for N-acetylalanine and succinimide to 0.989 for 1-linoleoylglycerol (18:2) 

and 2-linoleoylglycerol (18:2). Further screening found that there were 340 significant 

correlations with r2 ≥ 0.9 and a false discovery rate (FDR) ≤ 0.05 among the detected metabolites 

altered in abundance under drought stress treatments. Notably, lipids dominated the significant 

metabolite-metabolite correlation with 33 lipids being highly correlated with each other, or with 

other non-lipid metabolites. Another significant metabolite correlation was represented by amino 

acids, which constructed a complex interactive network among them and also with carbohydrate 

(e.g. 2-ketogluconate and gluconate), purine (e.g. adenosine 2'-monophosphate), and lipid (e.g. 

sphingosine) metabolism. These positive correlations were used to construct the metabolite 

networks (Table S5.4; Figure 5.7). Metabolic networks were constructed based on the KEGG 

and PMN information of differentially accumulating metabolites in B73 and Lo964 at 7 and 14 

DAI.  The results of metabolic networks constructed by the differentially accumulated 

metabolites showed that drought stress treatments caused some common and unique metabolic 

alterations in each line.    
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Firstly, changes in metabolite interactions over time during drought stress treatments 

were analyzed. Drought stress caused the regulation of common metabolic pathways involved in 

biosynthesis of amino acids, protein digestion and absorption, and ABC transporters in B73. But, 

7 DAI of drought stress also resulted in changes to five other metabolic pathways including 

glycolysis/gluconeogenesis, citrate cycle (TCA cycle), biosynthesis of plant secondary 

metabolites, phosphotransferase system, two-component system, and zeatin biosynthesis. At 14 

DAI drought stress caused changes in 4 different metabolic pathways including pyrimidine 

metabolism, lysine biosynthesis and degradation, taurine and hypotaurine metabolism, and 

carbon fixation in photosynthetic organisms in B73.  In Lo964, five common metabolism 

pathways including biosynthesis of amino acids, biosynthesis of plant hormones, biosynthesis of 

plant secondary metabolites, ABC transporters, and citrate cycle (TCA cycle), were  commonly 

regulated by drought stress. But, drought stress at 7 DAI showed changes in three pathways in 

Lo964 involved in protein digestion and absorption, biosynthesis of alkaloids, vitamin digestion 

and absorption; compared to  14 DAI which resulted in the changes of additional 3 metabolism 

pathways, including purine metabolism, zeatin biosynthesis, and antothenate and CoA 

biosynthesis.   

Secondly, network changes between the lines were examined in response to drought 

stress treatments.  Drought stress at 7 DAI caused the alteration of five common metabolic 

pathways between the lines including: biosynthesis of amino acids,  biosynthesis of plant 

secondary metabolites, ABC transporters and citrate cycle (TCA cycle), and protein digestion 

and absorption. At 7 DAI, four other metabolic pathways, including glycolysis/gluconeogenesis, 

phosphotransferase system, two-component system, and zeatin biosynthesis, were regulated 

uniquely in B73. At the same point in Lo964, biosynthesis of plant hormone, biosynthesis of 
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alkaloids, vitamin digestion and absorption were uniquely regulated.  At 14 DAI, obvious 

differences between the lines two different genotypes were observed with only two common 

metabolic pathways, biosynthesis of amino acids and ABC transporters, expressed in both B73 

and Lo964. These results indicated that drought stress resulted in continuously increasing 

differences in metabolite levels in the kernels of both lines, and to a greater extent in B73 than in 

Lo964.  

 

Discussion 

Differential impact of drought stress on kernel development 

Plant responses to environmental stress factors involve both physiological behavior and a 

complex and coordinated metabolic network. It has been previously demonstrated that maize 

depends on metabolic alteration and re-equilibrium to prevent large changes in physiological and 

growth status for adaptation to drought stress, which in turn determine its tolerance to stressed 

environments (Luo et al. 2010; Yang et al. 2014, 2015). Moreover, drought stress severely 

influences the plant tolerance and immunity, and subsequently the pathogen exploitation of the 

host, and plants adapt to drought stress by re-modulating the metabolome and specifically 

changing the metabolite patterns and metabolic pathways. Here, we utilized biochemical and 

large-scale metabolomics profiling of developing kernels of two maize inbred lines with 

contrasting drought sensitivity and aflatoxin contamination resistance to examine their responses 

to prolonged drought stress  

The kernel filling period is closely related to maize yield potential, and drought stress 

during this filling period can result in kernel abortion, yield reduction, and aggravated A. flavus 

infection (Guo et al. 2008; Scully et al. 2009). In particular, the 20 DAP time frame is the critical 
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period of kernel development accompanied with important development events, such as 

endosperm cell division, cell expansion and starch accumulation (Consonni et al. 2005; 

Grimanelli et al. 2005). It is also a sensitive period to drought stress (Andjelkovic and 

Thompson, 2006; Luo et al. 2010). In the present study, 14 DAI of drought stress caused more 

severe foliar symptoms in sensitive lines than that of tolerant ones, which was similar with what 

was observed for the selected genotypes at the seedling stage (V1 – V2) under drought stress 

(Yang et al. 2015). Developmental inhibition of ears and kernels was caused by 14 DAI of 

drought treatments, with more significant decreases in 500-kernel weight and ear length 

observed in the sensitive lines compared to the tolerant ones. It may be proposed that drought 

stress treatments decreased photosynthetic rates thereby inhibiting metabolism in leaves, or 

delaying photosynthate influx into the developing kernels, with more pronounced occurrence in 

the sensitive genotypes (Boyer and Westgate, 2004; Gebeyehu, 2006).  

 

Drought stress induced remodeling in carbohydrate and energy metabolism 

Carbohydrates are a major class of metabolites that were altered in response to drought (Alpert 

and Oliver, 2002). Glycolysis, an important metabolic pathway that converts glucose into 

pyruvate and provides intermediates for conversion between sugars and amino acids, was also 

regulated by drought. Lo964 accumulated several intermediate metabolites of the glycolytic 

pathway in greater abundance than B73. This may indicate that a relatively higher level of 

glycolytic intermediates in Lo964 may provide a reservoir of intermediates for amino acid 

metabolism in kernels. The TCA cycle, as a central position in metabolic networks of most 

macromolecules, is a sequence of catabolic reactions which functions in and is utilized for the 

generation of reduced cofactors for use in ATP synthesis (Araujo et al. 2012). Under drought 
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stress conditions, B73 accumulated several TCA cycle metabolites in greater abundance than 

Lo964 (Figure 5.5).  This may suggest that this decrease in the metabolite levels of TCA cycle 

may serve as an energy conservation strategy for Lo964 while B73 may require more energy to 

deal with drought stress (Yobi et al. 2012).  

Soluble sugars can function in osmoregulation and prevention of membrane fusion in 

response to drought stress (Hoekstra et al. 2001; Morgan, 1984; Sakurai et al. 2008). In particular 

sucrose, 1-kestose, fructose, mannitol/sorbitol, and raffinose were observed to accumulate at 

significantly higher levels in B73 under drought. These metabolites are associated with 

membrane protection from oxidative stress in response to drought, and to limit or slow water 

loss, and subsequently alleviate oxidative stress, through osmoregulation (Bogdanović et al. 

2008; Farrant et al. 2009; Oliver et al. 2011). For example, mannitol/sorbitol, raffinose, and 

galactinol may contribute to protecting against oxidative damage by scavenging hydroxyl 

radicals and other ROS, and regulating redox homeostasis (Chan et al. 2011; Farrant et al. 2009; 

Nishizawa et al. 2008a, 2008b; Sanchez et al. 2008; Yang et al. 2015; Yobi et al. 2012; ). The 

lack of differential accumulation of protective sugar alcohols like sorbitol/mannitol in Lo964 

may also be indicative of reduced physiological stress experienced by this line due to the 

accumulation of other antioxidant compounds and enzymes such as those involved in glutathione 

metabolism. This is consistent with the reduced levels of ROS observed to accumulate in the 

kernel tissues of Lo964 compared to B73 under drought stress (Figure 5.2). The other obvious 

difference in carbohydrate metabolism between the two lines was in polyol metabolism. 

Specifically, arabitol/xylitol exhibited the greater abundance in Lo964 compared with B73 which 

is consistent with their potential role in protein stabilization during drought stress (Yobi et al. 

2012).  
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Drought stress induced responses in amino acid metabolism 

Kernel development is accompanied by distinct and dynamic metabolic switches, and primary 

metabolites including sugars and amino acids are major components in kernel development and 

drought stress responses (Angelovici et al. 2010; Fait et al. 2006).  Monitoring and coordinating 

cellular C/N balance is important for kernel development with some C/N metabolic pathways 

being genetically regulated during kernel filling (Cañas et al. 2001; Zheng, 2009). With the 

exception of carbohydrates, metabolites involved in amino acid metabolism comprised a greater 

proportion of the identified metabolites that exhibited differential accumulation patterns in the 

two examined lines under drought stress. These metabolite alterations and the flow of carbon and 

nitrogen between carbohydrates and amino acids contribute to maintaining C/N homeostasis for 

kernel development under drought stress conditions.  

Drought stress was found to have significant effects on several biochemical pathways 

associated with the biosynthesis or degradation of amino acids. The γ-glutamyl amino acids, 

derived from transferring γ-glutamine to an amino acid, accumulated at a higher level in Lo964 

than B73 suggesting that this may protect the tissues from oxidative stress through the 

glutathione recycling pathway (Farrant et al. 2007; Oliver et al. 2011; Yobi et al. 2012). Most 

nitrogen-rich amino acids, including asparagine, aspartate, ornithine, and arginosuccinate which 

are associated with the urea cycle showed increased abundance in Lo964 than in B73 under 

drought stress, and have been previously reported to be up-regulated in desiccation-tolerant 

Selaginella species (Oliver et al. 2011). In addition, drought stress decreased the abundance of 

Met salvage pathway components, an important pathway linked with sulfur, ethylene, and 

polyamine biosynthesis which function in plant stress responses (Miyazaki and Yang, 1987; 

Sauter et al. 2013). Also, betaine, a well-known osmoprotectant in plants and a target for 
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improving abiotic stress tolerance, showed an increase in abundance in Lo964 and a decrease in 

B73 under drought stress which may result in enhanced drought tolerance (Chen and Murata, 

2011; Yobi et al. 2012).  

 

Crucial role of lipid metabolism in relationship to drought tolerance  

Drought stress in plants can result in damage to cellular components, and disorders in metabolic 

homeostasis due to enzyme denaturation and disruption of membrane integrity (Hoekstra et al., 

2001; Sahsah et al., 1998). Under drought stress, lipid composition can be altered to maintain 

membrane stabilization and transmit cell signaling for plant adaptation to stress (Munnik and 

Vermeer, 2010; Webb and Green, 1991). Gasulla et al. (2013) found more significant changes in 

lipid profiling in drought-tolerant Craterostigma plantagineum than in drought sensitive ones. In 

the present study, lipids involved in glycerolipid, phospholipid, sphingolipid, and galactolipid 

metabolism were significantly altered in abundance in both of the examined lines. These lipids 

and lipid-derived signaling compounds have been shown possess regulatory roles in the 

metabolic reprogramming of plant tissues to cope with drought stress (Okazaki and Saito, 2014; 

Sahsah et al., 1998). An alternative explanation for the increase in accumulation of sphingoid 

bases and sphingolipid precursers observed in Lo964 (Figure 5.6) may be related to Fusarium 

verticillioides infection. Fumonisin B1 produced by F. verticillioides inhibits ceramide synthease 

and the resulting accumulation of precursor sphingoid bases has been proposed as a biomarker 

for fumonisin contamination and F. verticillioides infection (Baldwin et al. 2011). Given that the 

plants used here were cultivated in the field, it is possible that F. verticillioides infection 

occurred. While asymptomatic infection is possible (Murillo-Williams and Munkvold, 2008), no 

visible signs or symptoms were observed in the samples collected for metabolomics analysis 
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suggesting that the changes may be indeed due to drought-related responses.  In addition, an 

increase in polyunsaturated fatty acids such as oleic acid, linoleic acid, and linolenic acid was 

observed in B73 while a decreasing trend was observed in Lo964 under drought stress. Similar 

changes in the levels of these polyunsaturated fatty acids was also reported in maize under 

drought stress while applying exogenous proline (Ali et al. 2013).  Also, oxylipins, important 

products of polyunsaturated fatty acids, have been shown to be modulated by drought to regulate 

stomatal aperture (Savchenko and Dehesh, 2014; Savchenko et al. 2014).  

 

Drought-induced metabolic alterations and oxidative stress are potentially associated with 

pathogen susceptibility and aflatoxin accumulation 

It is well-known that environmental factors, either biotic or nutritional, can affect aflatoxin 

production in toxigenic Aspergillus spp. during host plant colonization (Fountain et al. 2014; 

2015; Guo et al. 2008; Payne, 1998). Drought stress, often occurring during the growing season 

of maize results in poor kernel development, and increased susceptibility A. flavus colonization 

and subsequent aflatoxin production (Cole et al. 1985; Guo et al. 2008; Payne, 1998). Sensitivity 

to drought stress has also been previously shown to be correlated with aflatoxin resistance in 

maize and other commodity crops such as peanut (Fountain et al. 2014). Here, this trend was also 

observed with increased aflatoxin accumulation at maturity occuring in drought-sensitive inbred 

lines, particularly B73, following A. flavus inoculation and drought stress exposure.  While this 

phenomenon has been previously observed in other studies, the underlying factors involved in 

the promotion of aflatoxin production under drought stress have yet to be identified. 

Nutritional components including carbohydrates, amino acids, and lipids, are also 

important factors affecting aflatoxin production (Brodhagen and Keller, 2006; Maggio-Hall et al. 
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2005; Payne, 1998; Wilkinson et al. 2007). Therefore, drought-induced alterations to kernel 

metabolite composition may influence the production of aflatoxin by A. flavus during infection. 

For example, sugars and their derivatives have been shown to function in plant immunity 

signaling (Moghaddam and Van den Ende, 2012), and can be used as carbon sources by fungal 

pathogens. These simple sugars have been reported to be required for the production of aflatoxin 

by A. flavus and A. parasiticus in vitro (Abdollahi and Buchanan, 1981; Buchanan and Stahl, 

1984; Fountain et al. 2016a; Guo et al. 2008). Drought-induced increases in free simple sugars 

such as sucrose, glucose, and fructose in developing kernels as observed in B73 may provide 

additional carbon to support aflatoxin production. The above-mentioned increase in abundance 

of soluble sugars indirectly supports the observed increase in aflatoxin content in maize kernels 

under drought stress (Figure 5.1B; Table 5.1).  

It has also been reported that polyunsaturated fatty acids have an obvious effect on 

aflatoxin production given that the addition of oleic, linoleic, and linolenic acids in vitro can 

further stimulate production (Gao and Kolomiets, 2009; Tiwari et al. 1986). In addition, the 

above-mentioned polyunsaturated fatty acids can be catabolized and oxidized into oxylipins by 

enzymes including lipoxygenase (LOX) and hydroperoxidase (Belitz et al. 2004). These 

oxylipins, including 9(10)-EpOME, 13-HODE, and 9-HODE, are produced in abundance in 

fungi or maize tissues infected by fungi (Fischer et al. 2016; Scarpari et al. 2014), and have been 

shown to stimulate aflatoxin production both in vitro and in vivo (Gao et al. 2007; Gao and 

Kolomiets, 2009). Interestingly, there appears to be a degree of specificity in this response. Gao 

et al. (2009) also reported that the inactivation of the maize 9-lipoxygenase ZmLOX3 resulted in 

increased susceptibility of maize to A. flavus and subsequent aflatoxin contamination. The same 

group also showed that disruption of the same gene resulted in increased resistance to fumonisin 



 

163 

contamination following inoculation with Fusarium verticilliodes (Gao et al. 2007). Therefore, 

host lipid profile alterations by drought stress may have significant effects on resistance to 

mycotoxin contamination, and manipulation of the expression of oxylipin biosynthetic 

components using biotechnology may be a valid approach to enhance host resistance.   

Oxidative stress caused by excessive ROS generation is another direct event that occurs 

in plants under drought stress. These same compounds, at lower concentrations, can also function 

as signal molecules to stimulate metabolic reprogramming for stress adaptation through 

regulating cellular redox status (Carvalho, 2008; Hasanuzzaman et al. 2013). Specifically, 

oxidative stress has also been shown to regulate metabolite accumulation including 

carbohydrates, amino acids, and lipids (Couée et al. 2006; Harding et al. 2003; Keunen et al. 

2013; Sofo et al. 2015). Moreover, under oxidative stress caused by drought, hydroperoxidation 

of polyunsaturated fatty acids caused by lipoxygenase (LOX) can further stimulate oxylipin 

production both in maize kernel tissue and in invading A. flavus mycelia (Das and 

Roychoudhury, 2014; Reverberi et al. 2008). The ROS and oxylipins have been found to 

promote and to be required for the production of aflatoxin by A. flavus and other Aspergillus spp. 

(Fountain et al. 2014; Gao and Kolomiets, 2009; Jayashree and Subramanyam 2000; Narasaiah 

et al. 2006; Roze et al. 2013). The specific ROS observed accumulating in B73 compared to 

Lo964 such as H2O2 (Figure 5.2) have been shown to promote aflatoxin production, and to 

stimulate the expression of aflatoxin biosynthetic genes and host pathogenicity genes in field 

isolates of A. flavus (Fountain et al. 2016a, 2016b). Therefore, these ROS and oxylipin 

compounds may serve as important signals in the interaction between maize and A. flavus, and 

contribute to exacerbated aflatoxin contamination under drought stress (Fountain et al. 2014).  
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Conclusions  

Our global metabolomic analysis in combining with agronomic traits and biochemical results has 

provided novel insights toward understanding the metabolic responses in developing maize 

kernels to drought stress conditions. Many metabolites from various metabolic pathways such as 

glycolysis, TCA, urea cycle, fatty acid biosynthesis, and sphingolipid metabolism exhibited 

common and differential regulation between tolerant and sensitive lines in efforts to adapt to 

drought environments. Comparison of the metabolomes of the lines examined here under 

drought stress indicated that metabolic reprogramming that contributes to drought tolerance or 

sensitivity is a complex process that is required to retain important metabolites, particularly 

carbon and nitrogen sources for kernel development, and remediate oxidative damage due to 

drought stress-induced ROS accumulation. These findings provide an understanding of the 

mechanisms utilized by maize in drought responses which may be used as selectable traits in 

breeding programs such as specific sugar content, amino acid content, lipid profiles, or 

antioxidant capacity for enhanced drought tolerance, grain quality, and yield. Moreover, the 

metabolites detected here in correlation with exacerbated aflatoxin contamination under drought 

stress in maize such as simple sugars, oxylipins, and ROS provide potential targets for enhancing 

maize resistance through both breeding program selection and the application of biotechnologies 

such as genome editing. This may be accomplished by selection of lines based on kernel 

composition, or manipulation of this composition by gene expression alteration.   
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Table 5.1. Agronomic traits and aflatoxin contents of ears and kernels from six maize lines under 

normal irrigated conditions and drought stress conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inbred Lines 
Ear length (cm) Kernels per Row 500 kernel weight (g) Aflatoxin content (ng·g-1) 

W D W D W D W D 

B73 16.32±0.54 6.10±0.28 34.00±2.58 12.50±3.11 133.56±2.03 91.84±1.76 978.75+150.60 6901.96+388.22 

Lo1016 18.33±0.64 10.65±0.60 37.25±2.99 16.00±1.83 129.75±0.91 96.99±1.22 917.33+54.28 1654.13+135.16 

A638 11.95±0.44 7.13±0.30 22.50±2.65 11.75±2.50 103.69±1.13 76.39±2.67 856.40+15.83 932.27+8.17 

Lo964 21.45±0.66 16.33±0.36 40.00±3.16 31.25±2.22 165.36±0.89 153.29±1.54 523.38+54.05 1510.62+248.15 

Va35 18.83±0.51 14.25±0.55 31.50±2.08 23.00±1.83 127.39±1.07 117.97±3.19 738.71+23.83 1235.73+147.60 

Grace-E5 10.20±0.72 7.38±0.35 19.75±1.71 13.00±2.58 143.90±1.28 132.46±1.77 1878.93+282.71 2256.48+213.49 
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Figure 5.1. Effects of drought on phenotypes of maize ears and aflatoxin accumulation in kernels. 

(A) Representative images of ears from six different maize lines collected at 14 DAI; left ears in 

each sub-image: without drought treatments, right ears in each sub-image: with drought treatment. 

(B) Thin layer chromatography (TLC) showing aflatoxin accumulation in mature kernels of six 

different maize lines; left spot in each column: without drought treatments; right spot in each 

column: with drought treatment. Aflatoxin standard with both B and G toxins are included on the 

outermost columns.  
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Figure 5.2. Fluorescent detection of H2O2 and OH.- radicals in maize kernels at 7 DAI and 14 

DAI. H2O2 is visualized in the top set of panels by fluorescence of Amplex Red (red 

fluorescence) staining while in the lower panels OH.- radicals were visualized using 

Aminophenyl fluorescein staining (green fluorescence). Irrigated control and drought stressed 

kernels from both 7 and 14DAI are shown. Increasing levels of fluorescence for both ROS over 

time under drought stress can be observed to a greater extent in B73 than Lo964.  
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Figure 5.3. Metabolite distribution in maize kernels from B73 and Lo964 with or without 

drought stress treatments, as defined by partial least-squares discriminant analysis (PLS-DA).  

S7D, S14D, S7W and S14W refers to the metabolites from B73 with and without drought 

treatments for 7 and 14 DAI; R7D, R14D, R7W and R14W refers to the metabolites from Lo964 

with and without drought treatments for 7 and 14 DAI. A clear distinction can be observed 

between both the treatments applied and the lines used in the study indicative of significant 

differences in metabolome content between treatments. The five points in each group are 

representative of the biological replicates performed for the study. 
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Figure 5.4. Venn diagram showing the overlap of differentially expressed metabolites in kernels 

of B73 and Lo964 responding to drought treatments compared to well-watered controls. S7D, 

S14D, S7W and S14W refers to the metabolites from B73 with and without drought treatments 

for 7 and 14 DAI; R7D, R14D, R7W and R14W refers to the metabolites from Lo964 with and 

without drought treatments for 7 and 14 DAI. The number in each sub-collection refers to 

quantity of metabolites in intersection, and the number in brackets refers to the quantity of 

metabolites with more than 2-fold change. 
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Figure 5.5. Differences in the metabolites involved in carbohydrate and amino acid metabolism 

between B73 and Lo964 at 7 DAI and 14 DAI. Grids located beside each metabolite represent 

their respective accumulation in B73 or Lo964 at each time point when comparing the drought 

stressed and irrigated samples. Colors correspond to the significance of the change in 

accumulation. Red: up-abundance with p < 0.05; Light Red: up-abundance with 0.1 < p < 0.05; 

Green: down-abundance with p < 0.05; Light Green: down-abundance with 0.1 < p < 0.05; Gray: 

no significant difference. B73 showed increases in simple sugar content while Lo964 displayed 

increases in glycolytic intermediates and amino acids in response to drought. 
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Figure 5.6. Differences in the metabolites involved in lipid metabolism between B73 and Lo964 

at 7 DAI and 14 DAI. Grids located beside each metabolite represent their respective 

accumulation in B73 or Lo964 at each time point when comparing the drought stressed and 

irrigated samples. Colors correspond to the significance of the change in accumulation. Red: up-

abundance with p < 0.05; Light Red: up-abundance with 0.1 < p < 0.05; Green: down-abundance 

with p < 0.05; Light Green: down-abundance with 0.1 < p < 0.05; Gray: no significant 

difference. B73 displayed increases in unsaturated fatty acid and oxylipin content while Lo964 

displayed increases in sphingolipids and linoleate derivatives in response to drought.  
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Figure 5.7. Metabolite-metabolite network based on significant correlations. Metabolites were 

represented as nodes, different colors of nodes displayed metabolites in different pathways. Red: 

lipids and derivatives; blue: amino acids; yellow: nucleic acids; light blue: carbohydrates; light 

green: amino acid derivatives; purple: vitamin metabolism; and black: aminobenzoate metabolism. 

Node color, distribution, and connections show the interrelationship between the accumulation 

patterns and biochemical characteristics of the compounds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

193 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

194 

 

 

CHAPTER 6 

EFFECTS OF HYDROGEN PEROXIDE ON DIFFERENT TOXIGENIC AND ATOXIGENIC 

ISOLATES OF ASPERGILLUS FLAVUS 
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Abstract 

Drought stress in the field has been shown to exacerbate aflatoxin contamination of maize and 

peanut. Drought and heat stress also produce reactive oxygen species (ROS) in plant tissues. 

Given the potential correlation between ROS and exacerbated aflatoxin production under 

drought and heat stress, the objectives of this study were to examine the effects of hydrogen 

peroxide (H2O2)-induced oxidative stress on the growth of different toxigenic (+) and atoxigenic 

(−) isolates of Aspergillus flavus and to test whether aflatoxin production affects the H2O2 

concentrations that the isolates could survive. Ten isolates were tested: NRRL3357 (+), A9 (+), 

AF13 (+), Tox4 (+), A1 (−), K49 (−), K54A (−), AF36 (−), and Aflaguard (−); and one A. 

parasiticus isolate, NRRL2999 (+). These isolates were cultured under a H2O2 gradient ranging 

from 0 to 50 mM in two different media, aflatoxin-conducive yeast extract-sucrose (YES) and 

non-conducive yeast extract-peptone (YEP). Fungal growth was inhibited at a high H2O2 

concentration, but specific isolates grew well at different H2O2 concentrations. Generally the 

toxigenic isolates tolerated higher concentrations than did atoxigenic isolates. Increasing H2O2 

concentrations in the media resulted in elevated aflatoxin production in toxigenic isolates. In 

YEP media, the higher concentration of peptone (15%) partially inactivated the H2O2 in the 

media. In the 1% peptone media, YEP did not affect the H2O2 concentrations that the isolates 

could survive in comparison with YES media, without aflatoxin production. It is interesting to 

note that the commercial biocontrol isolates, AF36 (−), and Aflaguard (−), survived at higher 

levels of stress than other atoxigenic isolates, suggesting that this testing method could 

potentially be of use in the selection of biocontrol isolates. Further studies will be needed to 

investigate the mechanisms behind the variability among isolates with regard to their degree of 

oxidative stress tolerance and the role of aflatoxin production. 
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Introduction 

The contamination of agricultural products with aflatoxins produced by Aspergillus flavus poses  

a serious threat to human health and food security, particularly in developing countries [1, 2]. 

Research into aflatoxin contamination prevention began in the 1960s following the outbreak of 

what was termed turkey X disease which resulted in the deaths of over 100,000 turkey poults due 

to aflatoxin contaminated feed [3]. These efforts were intensified in the area of pre-harvest host 

resistance following outbreaks in US maize in the 1970s, and their importance has been further 

underscored by the 2004 Kenya outbreak which resulted in 125 human deaths due to direct 

aflatoxicosis from consumption of contaminated maize [4, 5]. 

The contamination of oilseed crops, such as maize and peanut, with aflatoxin has been 

shown to be exacerbated by the presence of drought stress and related abiotic stresses [6, 7]. Host 

drought tolerance and reduced aflatoxin accumulation are also correlated [6, 7]. Given this 

observation, it is important to better understand the mechanisms at play in this relationship and 

how they may relate to both environmental stress tolerance and to the regulation of aflatoxin 

production in the pathogen. 

Aflatoxin production in the Aspergilli is a complex process under a high degree of 

regulation through multiple mechanisms [8, 9]. Numerous studies have shown that aflatoxin 

production can be exacerbated by reactive oxygen species (ROS) and their reactive products 

including oxylipins [10, 11]. For example, Jayashree and Subramanyam [12] demonstrated that 

peroxidized lipids can stimulate the production of aflatoxin in A. parasiticus and accumulate to 

high levels during trophophase growth which coincides with aflatoxin production initiation in 

toxigenic isolates. Additional studies have also demonstrated that toxigenic isolates exhibit 

elevated oxygen consumption, greater mycelial ROS accumulation, and greater peroxisome 
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number than atoxigenic isolates, indicating a reasonable link between ROS and aflatoxin 

accumulation [12 – 16] . Recent molecular studies have also revealed that aflatoxin production is 

regulated by stress-related transcription factor pathways mediated by AtfB and AP-1, as well as 

the Velvet A (VeA) signaling pathway in response to in vitro applied ROS [14 – 16]. The growth 

and development of A. flavus is also regulated by ROS. For example, Grintzalis et al., [17] 

demonstrated that ROS can regulate the production of aflatoxin and sclerotial differentiation in a 

concentration-dependent manner. 

This proposed link between ROS and aflatoxin production has several implications with 

regard to the pathogen’s biology and host defense against aflatoxin contamination. Given the 

correlation observed between elevated aflatoxin production and ROS accumulation, it has been 

proposed that aflatoxin production or associated mechanisms may provide some advantages in 

the drought and heat stress environments with high ROS to compete with other microorganisms 

[16, 18 – 20]. This opens the possibility that ROS may also function in the host-pathogen 

interaction between Aspergillus spp. and their host plants as a form of “cross-kingdom 

communication” [16, 19]. This seems plausible given the observed correlation between drought 

stress, which results in the accumulation of ROS in host plant tissues, and the exacerbation of 

aflatoxin contamination in oilseed crops such as maize and peanut [6, 7, 21, 22]. 

Given this correlation among drought and heat stresses, ROS and aflatoxin production, it 

is possible that the ability to produce aflatoxin may influence the growth of Aspergillus spp. 

isolates when exposed to drought stress-derived ROS such as hydrogen peroxide (H2O2) 

Therefore, the objectives of this study were twofold: to examine the effects of H2O2-induced 

oxidative stress on the growth of different isolates of toxigenic (+) and atoxigenic (−) isolates of 

Aspergillus flavus, and to test whether aflatoxin production affects the concentrations of H2O2 in 
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which the isolates could grow and survive. To test this, the differences in oxidative stress 

tolerance between toxigenic (+) and atoxigenic (−) isolates were examined using hydrogen 

peroxide (H2O2) as oxidative stress encountered during drought stress in both aflatoxin 

conducive and non-conducive media. Overall, for the isolates tested, toxigenic isolates generally 

tolerated higher levels of oxidative stress than did atoxigenic isolates. The reduction in aflatoxin 

production did not affect the survival levels of ROS induced by supplemental H2O2 in aflatoxin 

non-conducive 1% peptone YEP media. In addition, selected commercially available atoxigenic 

biological control isolates were able to tolerate greater levels of stress than non-selected isolates 

indicating the potential utility of this experimental method in screening local atoxigenic isolates 

for use as biological control agents in developing countries [23]. 

 

Materials and Methods 

Isolate Collection 

The isolates of A. flavus and A. parasiticus utilized in the study were collected from various 

sources as follows. The A. flavus isolate NRRL3357 and the A. parasiticus isolate NRRL2999 

were obtained from the Northern Regional Research Center, USDA-ARS, Peoria, IL. The A. 

flavus isolates K49 and K54A were obtained from Dr. Hamed Abbas, USDA-ARS Biological 

Control of Pests Research Unit (Stoneville, MS, USA). The A. flavus isolates A1, A9, AF13, 

AF36, Aflaguard, and Tox4 were obtained from Dr. Kenneth Damann, Department of Plant 

Pathology and Crop Physiology, Louisiana State University (Baton Rouge, LA, USA). All 

isolates were shipped on potato dextrose agar (PDA) and were re-cultured on V8 agar (20% V8, 

1% CaCO3, 3% agar). 
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Culture Conditions and Biomass Measurement 

The isolates were cultured on V8 agar plates at 32 °C from 5–7 days prior to use in the 

experiment. Conidia were then harvested from the plates in sterile water with 0.1% (v/v) Tween 

20 and stored at 4 °C for further use. Four media were utilized in this study including: 1% YES 

(2% yeast extract, 1% sucrose), 15% YES (2% yeast extract, 15% sucrose), 1% YEP (2% yeast 

extract, 1% peptone), and 15% YEP (2% yeast extract, 15% peptone). The YES media is a toxin-

conducive media and the YEP media is a toxin non-conducive media [36]. The concentrations of 

the media components were chosen based on optimized conditions determined by Davis et al., 

[34].The media were supplemented with a gradient of hydrogen peroxide (H2O2; 3% stabilized 

solution) ranging from 0–50 mM. The media were then transferred to sterile 125 mL Erlenmeyer 

flasks with a total volume of 50 mL. The cultures were then inoculated with 100 L of conidial 

suspension (~4.0 × 106 conidia/mL) from their respective isolates and plugged with a sterile 

cotton ball. The cultures were then incubated under stationary conditions at 32 °C in the dark for 

7 days. Following incubation, the cultures were removed and the fungal mycelia were collected 

from each culture by filtration through non-sterilized Whatman no. 1 filter paper (GE Healthcare 

Life Sciences, Pittsburgh, PA, USA). The collected mycelia were then dried at 80 °C for 3–5 

days and their dry biomass was recorded. In addition, a fraction of the culture filtrates were 

collected into amber glass vials and stored at 4 °C for use in aflatoxin measurement. Each assay 

was repeated at least three times. 

 

Aflatoxin Measurement 

The collected culture filtrates were then used to visualize the production of aflatoxin by the 

isolates in each medium and H2O2 combination using a modified thin layer chromatography 
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(TLC) method based on that employed by Guo et al., [37]. Briefly, 500 L of each culture 

filtrate was mixed with an equal volume of benzene in a 2 mL microfuge tube. The solution was 

then vortexed vigorously for 30 s. and then centrifuged at 10,000 × g at 25 °C for 2 min. The 

organic supernatant was then transferred to a 7 mL amber glass vial and was allowed to 

evaporate. The aflatoxin-containing residue was then dissolved in 100 L methylene chloride 

and mixed by gentle inversion. For TLC analysis, 10 L of each aflatoxin extract were spotted 

onto a silica-coated plate (10 × 20 cm; Z185329; Sigma Aldrich, St. Louis, MO, USA) along 

with an aflatoxin B1 standard (A6636; Sigma Aldrich, St. Louis, MO, USA). The plates were 

then developed in diethyl ether: methanol: water (96:3:1) and allowed to dry under the fume 

hood. The presence or absence of aflatoxin was then confirmed by viewing the plates under UV 

light (365 nm). The plates were then photographed using a Nikon Coolpix L110 digital camera 

(Nikon, Tokyo, Japan). 

 

Hydrogen Peroxide Degradation Assay 

In order to evaluate the potential for the supplemented H2O2 to be inactivated by the culture 

media carbon sources, the concentration of H2O2 within non-inoculated culture media was 

monitored over time. Briefly, each medium (1% YES, 15% YES, 1% YEP, and 15% YEP) and a 

water control were supplemented with H2O2 to a concentration of 30 mM. The supplemented 

media were then placed at 32 °C in the dark, the same conditions employed in the culture 

experiment. The levels of H2O2 were then measured every 24 h for 72 h using an Amplex Red 

hydrogen peroxide/peroxidase kit (Life Technologies, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. A standard curve based on reaction H2O2 concentration was 

generated in order to calculate the H2O2 levels present in the culture media (Figure 6.2A). 
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Fluorescence measurements performed during the assay were done using a Biotek Synergy HT 

plate reader (Biotek, Winooski, VT, USA). The assay was repeated twice for each of three 

biological replicates. 

 

Results and Discussion 

Oxidative Stress Tolerance in Toxin-Conducive Media 

In order to determine the effects of oxidative stress encountered during drought on toxigenic and 

atoxigenic isolates, we simulated this stress in vitro using H2O2 supplemented aflatoxin 

production conducive media. The applied concentrations of H2O2 were based on those utilized in 

previous studies [14] and based on the range of hydrogen peroxide levels previously observed to 

be cytotoxic to plant cells [24, 25].  

In the aflatoxin production-conducive 15% sucrose YES media at the higher 

concentrations of supplemental H2O2, fungal growth was inhibited, but the different isolates 

grew well at different concentrations of H2O2. The toxigenic isolates including A. flavus Tox4, 

A9, AF13, and NRRL3357; and A. parasiticus NRRL2999 were able to grow well at levels of 

oxidative stress up to 40, 40, 35, 25, and 25 mM H2O2, respectively (Table 6.1). The atoxigenic 

isolates including A. flavus K49, AF36, Aflaguard, A1, and K54A, however, were only able to 

survive oxidative stress up to 30, 25, 25, 20, and 15 mM H2O2, respectively (Table 6.1). This 

indicates that there is a great deal of variability among the isolates with regard to their degree of 

oxidative stress tolerance with or without aflatoxin production in the natural environment. 

However, the toxigenic isolate NRRL3357 survived only to 25 mM H2O2, a level 

comparable to most of the atoxigenic isolates examined in the study. Previous studies have 

shown that toxigenic isolates accumulate elevated levels of aflatoxin in response to increasing 
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oxidative stress in vitro [12, 13]. This was also observed here in the toxigenic isolates with 

increasing levels of H2O2-induced stress resulting in elevated levels of aflatoxin production in 

the toxigenic isolates grown in toxin-conducive 15% YES media (Figure 6.1A). These results are 

similar to those observed by Roze et al., [26] where isolates produced greater levels of aflatoxin 

with increased levels of oxidative stress. Nonetheless, the production of aflatoxin as observed in 

NRRL3357 was lower in comparison to other examined isolates. Therefore, it is likely that 

aflatoxin production alone may not directly contribute to the stress tolerance in toxigenic isolates 

in general as observed here but other factors which are in need of further investigation. 

Additional studies have also shown that toxigenic isolates exhibit enhanced antioxidant 

enzyme activities during the initiation of aflatoxin production, which may enhance the oxidative 

stress tolerance of the isolates [12, 13]. Narasaiah et al., [20] suggested that the production of 

aflatoxin biosynthetic pathway intermediates may also function to remediate oxidative stress 

through the consumption and sequestration of ROS during their biosynthesis. However, the 

specific roles of these compounds in oxidative stress responses of A. flavus isolates have yet to 

be demonstrated. This apparent co-expression of antioxidant enzymes and aflatoxin production 

in response to H2O2-induced oxidative stress can have two possible interpretations: (1) aflatoxin 

production can function in further enhancing oxidative stress tolerance beyond that afforded by 

the antioxidant enzymes alone; or (2) aflatoxin and/or pathway intermediates may cause 

additional oxidative stress for as yet unknown reasons, and antioxidant enzymes are elevated in 

activity to counter this stress [18]. Continuing studies in the laboratory will examine the effects 

of these intermediate compounds and aflatoxin in enhancing or diminishing oxidative stress 

tolerance in Aspergillus spp. 
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Another trend was observed in the atoxigenic isolates. It was found that the atoxigenic 

isolates exhibiting the highest levels of oxidative stress tolerance were the K49, AF36, and 

Aflaguard biological control isolates (Table 6.1). These isolates have been selected due to their 

adaptation to local environments in the U.S., and their performance as effective biological 

controls for remediating aflatoxin contamination in maize and peanut [27 – 29]. 

Since environmental stress adaptation and competitive capabilities against toxigenic 

isolates likely are key indicators of biocontrol isolate performance, the selection of local adapted 

atoxigenic isolates for use as biological controls is preferred to introducing non-adapted isolates 

[23]. This concept has been demonstrated in sub-Saharan Africa with the selection of local 

adapted atoxigenic isolates for use as biological controls, and through the utilization of blends of 

isolates to enhance the diversity of the biological controls for broader efficacy in remediating 

aflatoxin contamination [23, 30, 31]. 

Given the need, therefore, to rapidly and efficiently screen atoxigenic isolates for utility 

as biological control agents, an effective, low cost, and technically simple method is needed. 

Several available screening methods are currently used based on competitive inhibition of 

aflatoxin production in which potential biological control isolates are co-inoculated with 

toxigenic isolates onto maize kernels [31], or into coconut liquid media [32]. These methods 

examine the effectiveness of potential biological control isolates in inhibiting aflatoxin 

production by toxigenic isolates, but do not evaluate their environmental stress tolerance, which 

is necessary if the isolate will be deployed in multiple, non-native environments. Since H2O2-

induced oxidative stress occurs in organisms in response to abiotic stresses such as drought and 

heat [33], it is possible that the method used in this study could be utilized to screen potential 

biological control isolates for environmental stress tolerance in vitro prior to deployment in field 
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trials. This seems plausible given that atoxigenic isolates that have been selected for their 

performance as biological controls and permanence in the field (K49, AF36, and Aflaguard) 

possess elevated oxidative stress tolerance in comparison to non-selected atoxigenic isolates (A1 

and K54A). Continuing studies in the laboratory will also examine the potential of this H2O2 

gradient method in predicting atoxigenic isolate performance. 

 

Effects of Carbon Source on Aflatoxin Production and Isolate Oxidative Stress Tolerance 

In order to examine the role of aflatoxin production in oxidative stress responses, the 

isolates were cultured in a toxin non-conducive media, 15% peptone YEP, under the same 

conditions used previously with the toxin-conducive 15% sucrose YES media. If aflatoxin 

production functions at least in part in oxidative stress responses, it would be expected that the 

oxidative stress tolerance of the toxigenic isolates would be affected in non-conducive YEP 

media supplemented with H2O2 while the atoxigenic isolates would not be significantly affected. 

However, it was found that culturing the isolates in 15% peptone YEP media increased the levels 

of H2O2 that both the toxigenic and atoxigenic isolates could tolerate in comparison to their 

observed growth in 15% sucrose YES (Tables 6.1 and 6.2). Specifically, the toxigenic isolates 

Tox4, A9, AF13, NRRL3357, and NRRL2999 were able to survive up to 50, 50, 50, 40, and 30 

mM H2O2, respectively, and the atoxigenic isolates Aflaguard, A1, K49, AF36, and K54A were 

able to survive up to 45, 40, 35, 35, and 30 mM H2O2, respectively (Table 6.2). 

Unexpectedly, modifying the carbon source availability in the culture media enhanced the 

survival of toxigenic isolates of Aspergillus spp. However, the additional enhancement of the 

tolerance of the atoxigenic isolates to higher concentrations of H2O2 indicates that there is a 

medium-specific response that may be affecting the results. In addition, the survival of the 
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isolates at H2O2 concentrations potentially higher than 50 mM seems unlikely given the 

previously described oxidative stress tolerance of plant apoplasts with cell death occurring within 

24 h in cultured Arabidopsis thaliana cells exposed to comparable levels of H2O2 [24]. 

Therefore, it is possible that peptone may act as an “inactivator or chelator” of H2O2 when 

utilized as a medium carbon source. 

To determine whether or not changing the culture medium carbon source introduced 

artifacts into the system, we measured the concentration of H2O2 in non-inoculated culture media 

supplemented with 30 mM H2O2 over time with carbon source concentration of 15% and a 

minimum concentration of 1% under the same conditions used in the previous experiments and 

in earlier studies by Davis et al., [34]. It was found that yeast extract media supplemented with 

sucrose (YES) at either 1% or 15% concentrations, or with peptone (YEP) at a concentration of 

1% exhibited a slow rate of H2O2 degradation over time not significantly different from that 

observed in a water control supplemented with 30 mM H2O2 implying naturally expected H2O2 

degradation in solution (Figure 6.2). However, when the yeast extract media was supplemented 

with peptone at a 15% concentration, the detected H2O2 levels in the media reduced rapidly to 

52.3% and 17.2% of initial levels within 24 h and 72 h, respectively in the absence of A. flavus 

inoculum (Figure 6.2B). 

These results indicate that elevated levels of peptone in yeast extract-based culture media 

can inhibit H2O2 from supplemented media thereby reducing the oxidative stress experienced by 

the fungi cultured in the media. This is especially true when peptone is present in higher numbers 

of molecules than H2O2 as seen in the present study (H2O2 to peptone peptide ratio of 2:5 in 15% 

YEP and 6:1 in 1% YEP assuming average peptide size of 2 kDa). This implies that the 

inactivating capabilities of peptone may be concentration dependent with higher levels of 
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peptone being able to sequester more H2O2 than lower levels of peptone. If this is the case, it 

would be expected that if isolates were cultured at higher peptone concentrations, they would 

experience less H2O2-derived oxidative stress over a shorter time period resulting in the 

appearance of enhanced stress tolerance. Given that this system serves as the basis of 

suppressing aflatoxin production in order to examine the effects of oxidative stress in some 

molecular studies [15], it is important to consider the potential of the peptide fragments found in 

peptone to react with H2O2 molecules to prevent experimental bias in future studies. 

 

Isolate Responses in Reduced Carbon Source Media 

In order to verify that the increase in isolate survival in 15% peptone YEP was due to the 

sequestration of H2O2 when peptone was present in excess, we cultured select isolates in yeast 

extract media supplemented with either sucrose or peptone at a minimum concentration of 1%. 

For the 1% sucrose YES media, the selected atoxigenic isolates, AF13, NRRL3357, Aflaguard, 

and K54A, were able to survive H2O2 concentrations up to 35, 20, 20, and 15 mM, respectively 

(Table 6.3), which were comparable to the results observed in the 15% sucrose YES media 

(Table 6.1). For the 1% peptone YEP media, the select isolates were able to survive H2O2 

concentrations up to 30, 20, 20, and 15 mM, respectively (Table 6.4), which was drastically 

reduced in comparison to the results observed in 15% peptone YEP media (Table 6.2). This 

combined with the observed reduction in H2O2 concentration in non-inoculated 15% peptone 

YEP media confirms that peptone sequestration of H2O2 is the likely cause of the enhanced 

isolate survival observed in 15% peptone YEP. 

Comparing the responses of the isolates in the minimum carbon source media, several 

observations can be made. First, the level of H2O2 -induced stress that the isolates are able to 
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tolerate is similar between the media. This is interesting given that aflatoxin production is 

stimulated in response to increasing oxidative stress in the toxigenic isolates in the 1% YES 

media as observed in the 15% YES media while no aflatoxin is produced by the isolates cultured 

in 1% YEP media (Figure 6.1B). Second, while the difference between the isolates’ response in 

the 1% carbon media is not pronounced, there are some slight differences particularly in the 

AF13 and NRRL3357 isolates. In both the 15% and 1% YES media, AF13 was able to tolerate 

35 mM H2O2, but, in the 1% YEP medium, the isolate is only able to tolerate 30 mM H2O2 

(Tables 6.1, 6.3, and 6.4). In addition, the absence of observable aflatoxin production in the 

NRRL3357 isolate in 1% YES supplemented with 20 mM H2O2 (Figure 6.1B) coincides with a 

reduction in fungal biomass in comparison to the lower H2O2 concentrations (Tables 6.3 and 

6.4). While the reduction in aflatoxin production in 1% YEP media may result in a slight 

reduction in oxidative stress tolerance in the isolates, further studies will be needed to validate 

and determine the precise role of aflatoxin production in such responses. 

The culture media also had an effect on fungal isolate development. The select isolates 

cultured in 1% sucrose YES medium had greater levels of conidiation than those cultured in 1% 

peptone YEP medium. In addition, increasing H2O2 concentrations to 5–10 mM also resulted in 

elevated conidiation in both media with a more pronounced effect observed in the YEP medium 

(Figure 6.3). Higher concentrations (>15 mM), however, resulted in reduced conidiation and 

growth (Figure 6.3). These results are consistent with previous observations that elevated ROS 

accumulation in A. flavus results in enhanced conidiation [35]. Overall, less conidiation was 

observed in YEP cultured isolates possibly indicative of delayed development in comparison to 

YES cultured isolates. While this slower growth is likely due to reduced energy availability 
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resulting from the use of peptides rather than sucrose as a carbon source, further studies are 

needed to better understand the isolate specific responses present in either medium. 

 

Summary and Future Directions 

The different isolates responded to the H2O2 gradient differently in terms of biomass and 

survivability. The isolates survived different concentrations of H2O2-induced oxidative stress 

with toxigenic isolates generally tolerating higher levels of oxidative stress than atoxigenic 

isolates regardless of culture conditions. Aflatoxin production was also found to be enhanced by 

increasing H2O2 concentrations. Using peptone as the carbon source in the growth media may 

possibly act as an “inactivator or chelator” of H2O2. This simple assay may also be used as a 

screening assay for local native biocontrol isolates of atoxigenic A. flavus.  

Given these findings, future studies examining the oxidative stress responses of 

Aspergillus spp. using this media system should take into account the potential experimental bias 

associated with using elevated carbon source concentrations. In addition, further studies are 

needed to better characterize the role of aflatoxin production in the elevated oxidative stress 

caused by drought and heat stress in the field, which may afford Aspergillus spp. an advantage in 

competition with other microorganisms. The initial ROS caused by drought stress in the field 

may further induce the production of aflatoxin by the fungus that might accelerate increases in 

ROS levels resulting in potential damage to the fungus itself [26]. Since it has been demonstrated 

that drought and related abiotic stresses result in the accumulation of ROS in the tissues of maize 

lines which are susceptible to aflatoxin contamination while resistant maize lines accumulate less 

ROS in their tissues, the role of ROS, specifically H2O2, should be investigated as potential 

signaling molecules in the maize-A. flavus interaction [18, 21, 22]. 
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Conclusions 

The contamination of agricultural crops with aflatoxins is a major concern for global food 

security, particularly in developing countries. Given that abiotic stresses such as drought stress 

have been shown to exacerbate the contamination of staple food crops such as maize, it is vital to 

understand the role of potentially causative chemical signals in this stress interaction. Since H2O2 

is produced by plants in response to both pathogen infection and abiotic stress [33], a H2O2 

gradient was used to simulate abiotic stress in toxigenic and atoxigenic isolates of A. flavus and 

A. parasiticus in order to examine the effects of hydrogen peroxide on fungal growth and 

aflatoxin production. 

Toxigenic and atoxigenic isolates exhibited different levels of oxidative stress tolerance 

with toxigenic isolates generally surviving higher levels of oxidative stress than atoxigenic 

isolates. The production of aflatoxin in toxigenic isolates was also stimulated in response to 

increasing levels of oxidative stress. In addition, the elite atoxigenic biological control isolates of 

A. flavus were able to tolerate greater levels of H2O2-induced oxidative stress than other tested 

atoxigenic isolates. This indicates that this H2O2 gradient method may have utility in screening 

local atoxigenic isolates for use as biological control agents in developing countries due to the 

low cost and low degree of technical difficulty. We also found that peptone may react with H2O2 

and reduce the effects of oxidative stress when used as a carbon source in culture media. 

By better understanding the signals involved the responses of A. flavus and other 

Aspergilli to their environment; it may be possible to identify the key mechanisms involved in 

the host-pathogen interaction between A. flavus and staple food crops such as maize. This will 

allow for finding novel strategies for managing aflatoxin contamination, and for the 
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enhancement of host resistance to aflatoxin contamination and abiotic stress through 

conventional breeding and biotechnology applications. 
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Table 6.1. Average dry weights (g) of A. flavus mycelia in H2O2 amended yeast extract-sucrose 

(YES) (15% sucrose) media. 

Isolate 
Toxi

n 

Hydrogen Peroxide Concentrations (mM) 

0 5 10 15 20 25 30 35 40 45 50 

Tox4 + 1.08 1.10 1.13 1.09 1.07 1.05 1.05 1.06 1.09 0 0 

A9 + 1.14 1.12 1.12 1.10 1.14 1.15 0.80 0.99 0.49 0 0 

AF13 + 1.15 1.13 1.12 1.14 1.08 1.09 1.11 1.19 0 nt nt 

NRRL3357 + 1.17 1.14 1.12 1.11 0.64 0.34 0 nt nt nt nt 

NRRL2999 + 1.12 1.11 1.21 1.06 1.03 1.19 0 nt nt nt nt 

K49 − 1.12 1.11 1.09 1.11 0.88 0.90 0.47 nt nt nt nt 

AF36 − 1.19 1.17 1.14 1.11 0.95 1.07 0 nt nt nt nt 

Aflaguard − 1.16 1.12 1.15 1.19 0.79 0.38 0 nt nt nt nt 

A1 − 1.15 1.15 1.13 1.21 0.82 0 0 nt nt nt nt 

K54A − 1.12 1.16 1.11 0.81 0 0 0 nt nt nt nt 

Note: nt: not tested; +: toxigenic; −: atoxigenic. 
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Table 6.2. Average dry weights (g) of A. flavus mycelia in H2O2 amended yeast  

extract-peptone YEP (15% peptone) media. 

Isolate Toxin 
Hydrogen Peroxide Concentrations (mM) 

0 5 10 15 20 25 30 35 40 45 50 

Tox4 + 1.55 nt nt nt 1.18 1.21 1.18 1.03 1.50 1.28 1.04 

A9 + 2.21 nt nt nt 1.18 1.19 1.09 1.14 1.42 1.31 1.33 

AF13 + 1.38 1.35 1.38 1.4 1.37 1.41 1.32 1.29 1.24 1.39 1.28 

NRRL3357 + 1.39 1.35 1.52 1.33 1.30 1.04 0.80 0.78 0.83 0 nt 

NRRL2999 + 1.70 nt nt nt 1.15 0.98 0.71 0 0 0 nt 

K49 − 1.09 1.06 1.09 1.08 1.16 0.74 0.65 0.73 0 0 nt 

AF36 − 1.40 nt nt nt 1.34 1.02 0.80 0.62 0 0 nt 

Aflaguard − 1.65 nt nt nt 1.14 0.98 0.75 0.58 1.36 1.13 nt 

A1 − 1.53 nt nt nt 1.01 0.93 0.77 0.30 0.76 0 nt 

K54A − 1.05 1.07 1.04 1.06 1.05 1.00 0.74 0 0 0 nt 

Note: nt: not tested; +: toxigenic; −: atoxigenic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

218 

Table 6.3. Average dry weights (g) of A. flavus mycelia in H2O2 amended YES (1% sucrose) 

medium. 

Isolate Toxin 
Hydrogen Peroxide Concentrations (mM)   

0 5 10 15 20 25 30 35 40 45 50 55 60 

AF13 + 0.52 0.54 0.56 0.51 0.55 0.54 0.50 0.38 0 0 0 0 0 

NRRL3357 + 0.45 0.47 0.53 0.46 0.12 0 0 0 0 0 0 0 0 

Aflaguard − 0.56 0.55 0.55 0.49 0.30 0 0 0 0 0 0 0 0 

K54A − 0.30 0.33 0.40 0.16 0 0 0 0 0 0 0 0 0 

Note: +: toxigenic; −: atoxigenic. 
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Table 6.4. Average dry weights (g) of A. flavus mycelia in H2O2 amended YEP (1% peptone) 

medium. 

Isolate Toxin 
Hydrogen Peroxide Concentrations (mM)   

0 5 10 15 20 25 30 35 40 45 50 55 60 

AF13 + 0.27 0.28 0.25 0.27 0.28 0.29 0.26 0 0 0 0 0 0 

NRRL3357 + 0.24 0.25 0.33 0.28 0.08 0 0 0 0 0 0 0 0 

Aflaguard − 0.27 0.31 0.28 0.29 0.22 0 0 0 0 0 0 0 0 

K54A − 0.12 0.15 0.16 0.15 0 0 0 0 0 0 0 0 0 

Note: +: toxigenic; −: atoxigenic. 
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Figure 6.1. Aflatoxin production of select A. flavus isolates under H2O2-induced oxidative stress 

in toxin-conducive yeast extract-sucrose (YES) and non-conducive yeast extract-peptone (YEP) 

media visualized using thin layer chromatography (TLC). (A) Isolate NRRL3357 was cultured in 

YES media containing 15% sucrose and supplemented with H2O2 ranging from 0 (control check) 

to 10 mM. Increasing visible fluorescence over the concentration gradient indicates elevated 

levels of aflatoxin B1+2. (B) Isolates AF13 and NRRL3357 were cultured on YES and YEP 

media containing reduced carbon source concentrations (1%). Elevated aflatoxin production was 

observed in response to oxidative stress in 1% YES media (compared to “0” control) while no 

aflatoxin production was observed in 1% YEP medium. An aflatoxin B1 standard was included 

as a reference. 
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Figure 6.2. Quantification of H2O2 levels in non-inoculated culture media over time. (A) A 

standard curve was generated using stabilized H2O2 to quantify the H2O2 concentration in the 

media samples. (B) The concentration of H2O2 in non-inoculated YES and YEP culture media 

containing 15% or 1% carbon sources and initially supplemented to 30 mM H2O2 was monitored 

every 24 h for three days. The H2O2 concentration declined slowly over time in the YES media, 

the 1% peptone YEP media, and the water control, but plummeted sharply in YEP medium with 

15% peptone (82.8% reduction in 72 h). This indicates that peptone molecules can potentially 

react with or inactivate H2O2. 
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Figure 6.3. Growth behavior of selected Aspergillus flavus isolates under H2O2-induced 

oxidative stress in 1% carbon source yeast extract-sucrose (YES) and yeast extract-peptone 

(YEP) media. Isolates AF13, NRRL3357, Aflaguard, and K54A were cultured in 1% carbon 

source media and photographed for observation of their growth behavior in response to 

increasing H2O2 concentrations. Increased conidiation was observed from 5–15 mM with 

concentrations >15 mM resulting in reduced conidiation. Reduced growth and conidiation in 

YEP is likely due to reduced energy availability of carbohydrate. 
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CHAPTER 7 

OXIDATIVE STRESS AND CARBON METABOLISM INFLUENCE ASPERGILLUS 

FLAVUS TRANSCRIPTOME COMPOSITION AND SECONDARY METABOLITE 

PRODUCTION 
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Abstract 

Contamination of crops with aflatoxin is a serious global threat to food safety. Aflatoxin 

production by Aspergillus flavus is exacerbated by drought stress in the field and by oxidative 

stress in vitro. We examined transcriptomes of three toxigenic and three atoxigenic isolates of A. 

flavus in aflatoxin conducive and non-conducive media with varying levels of H2O2 to 

investigate the relationship of secondary metabolite production, carbon source, and oxidative 

stress. We found that toxigenic and atoxigenic isolates employ distinct mechanisms to remediate 

oxidative damage, and that carbon source affected the isolates’ expression profiles. Iron 

metabolism, monooxygenases, and secondary metabolism appeared to participate in isolate 

oxidative responses. The results suggest that aflatoxin and aflatrem biosynthesis may remediate 

oxidative stress by consuming excess oxygen and that kojic acid production may limit iron-

mediated, non-enzymatic generation of reactive oxygen species. Together, secondary metabolite 

production may enhance A. flavus stress tolerance, and may be reduced by enhancing host plant 

tissue antioxidant capacity through genetic improvement by breeding selection.  
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Introduction 

Maize and peanut are staple food crops throughout the world with 1.02 billion and 45.65 million 

metric tons of production, respectively, in 20131. These crops are particularly important in 

developing countries in Africa and Asia where aflatoxin contamination is most severe2,3. 

Contamination of maize and peanut with aflatoxins, the carcinogenic secondary metabolites of 

Aspergillus flavus, poses a global threat to food safety and security. Long term exposure to 

aflatoxin through contaminated foodstuffs has been associated with a myriad of hepatic diseases 

including cirrhosis, hepatitis, and hepatocellular carcinoma along with birth defects, immune 

deficiencies, and acute toxicity4,5.  

 Given the importance of aflatoxin contamination remediation, extensive research has 

been performed since the 1970’s to enhance host plant resistance6-8. However, a lack of diverse, 

resistant germplasm for aflatoxin contamination along with a high degree of environmental and 

genotype × environmental interaction influences on resistance has posed difficulties in breeding 

programs9-11. Environmental stresses including drought and heat stress can exacerbate aflatoxin 

contamination in maize and peanut12,13. This increase in aflatoxin contamination under drought 

stress in particular has motivated numerous research efforts endeavoring to address why A. flavus 

and other Aspergilli produce aflatoxin in stressed environments. 

 Over the last decade, several studies have elucidated the biosynthetic pathway for 

aflatoxin production and have begun to characterize upstream factors regulating its expression14-

16. Aflatoxin biosynthesis is carried out by a 25 gene-cluster that is highly conserved among 

toxigenic isolates of A. flavus16. The production of aflatoxin has been shown to be regulated 

through several means, although the practical role of aflatoxin and various other secondary 

metabolites in A. flavus biology and/or its interactions with other organisms including plant host-
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pathogen interactions is still not clear. Reactive oxygen species (ROS) and their reactive 

products including peroxidized lipids have been shown to induce and to be required for aflatoxin 

production17. Aflatoxin production has also been demonstrated to be under the regulation of 

oxidative stress-responsive signaling mediated by transcription factors such as AtfB, AP-1, and 

VeA17-21. Given that drought stress results in the accumulation of ROS and peroxidized lipids in 

host plant tissues, it is hypothesized that these compounds may exacerbate the production of 

aflatoxin during fungal colonization of stressed host tissues22-25. This correlation between ROS 

and aflatoxin production has also led to the hypothesis that aflatoxin production may function in 

the remediation of oxidative stress8,17,21,26-28. 

 In addition to ROS, carbohydrate availability and metabolism have also been shown to 

influence aflatoxin production. Earlier studies by Davis and Diener29 demonstrated the 

requirement of hexose sugars for the production of aflatoxins in vitro with compounds occurring 

later in carbohydrate metabolism (e.g. the tricarboxylic acid, TCA, cycle) being unable to 

support aflatoxin production. The close association of a simple sugar metabolic gene cluster with 

the aflatoxin biosynthetic gene cluster has also been demonstrated in A. parasiticus, though a 

similar association was not observed in all Aspergillus spp.16,30. In A. flavus isolates, 

supplementing culture media with alternative carbon sources such as peptone results in reduced 

or inhibited aflatoxin production31,32. The modulation of aflatoxin production through cultural 

methods including carbon source variation and ROS amendment has shown that isolates that 

produce aflatoxin tend to exhibit greater tolerance to oxidative stress, and that the reduction of 

aflatoxin production can adversely affect said tolerance18,28.  

In order to better understand the regulation of aflatoxin production in response to 

carbohydrate availability and oxidative stress, and to investigate the possible role of aflatoxin 
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production in stress responses, a global gene expression approach is needed. In this study, we 

examined the transcriptomes of toxigenic and atoxigenic isolates of A. flavus and their responses 

to increasing levels of oxidative stress and altered carbon source availability in culture medium. 

Understanding the molecular mechanisms linking stress responsive signaling and aflatoxin 

production pathways could provide insights into the practical role of aflatoxin production and 

considerations for enhancing host resistance for aflatoxin contamination. 

 

Materials and Methods  

Isolate collection 

The A. flavus isolates used in the present study were collected from the following sources. The 

NRRL3357 isolate was obtained from the Northern Regional Research Center, USDA-ARS, 

Peoria, IL, USA. The AF13, AF36 (NRRL18543), Aflaguard (NRRL21882), and Tox4 isolates 

were obtained from Dr. Kenneth Damann, Department of Plant Pathology and Crop Physiology, 

Louisiana State University, Baton Rouge, LA, USA. The K54A isolate was obtained from the 

Biological Control of Pests Research Unit, USDA-ARS, Stoneville, MS, USA. NRRL3357, 

AF13, and Tox4 are aflatoxigenic. Aflaguard and AF36 are atoxigenic isolates which possess a 

complete aflatoxin biosynthetic pathway deletion and a point mutation in the polyketide synthase 

gene pksA, respectively36. The K54A isolate is atoxigenic isolate which has yet to be 

characterized. The collected isolates were received on potato dextrose agar (PDA) and upon 

receipt were maintained on V8 agar (20% V8, 1% CaCO3, 3% agar). 
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Isolate culture conditions  

Prior to the experiment, the isolates were grown on V8 agar at 32°C for 5 days. Fresh conidia 

were then harvested in 0.1% (v/v) Tween 20 buffer, and this conidial suspension (~4.0 x 106 

conidia/mL) was immediately used for inoculation of liquid cultures. Two liquid media were 

used in the study, an aflatoxin production conducive yeast extract sucrose (YES; 2% yeast 

extract, 1% sucrose) medium and an aflatoxin production non-conducive yeast extract peptone 

(YEP; 2% yeast extract, 1% peptone) medium31. The concentrations of the media components 

were optimized based on the findings of Davis et al.60 and our previous studies32.  

 Prior to inoculation, the media were supplemented with different levels of hydrogen 

peroxide (H2O2, 3% stabilized solution) to induce moderate and more severe oxidative stress on 

the isolates. The concentrations were specific to the individual isolates and were based on our 

previous findings on the oxidative tolerance (growth inhibiting concentration of H2O2) of the 

isolates32 as follows. NRRL3357 and Aflaguard were cultured in media supplemented with 0, 10, 

and 20 mM H2O2. AF13 and Tox4 were cultured in media supplemented with 0, 10, and 25 mM 

H2O2. AF36 and K54A cultured in media supplemented with 0 and 10 mM H2O2. For each 

culture, 50 mL of H2O2 supplemented medium was transferred to a sterile 125 mL Erlenmeyer 

flask, inoculated with 100 µL conidial suspension, and plugged with a sterile cotton ball. The 

isolates were then incubated in the dark at 32°C for 7 days under stationary conditions. This 

experiment was performed twice and considered as two biological replicates. 

 

RNA extraction 

Following incubation, mycelia were harvested from the flasks using a sterile spatula and 

immediately flash frozen in liquid nitrogen. The mycelia were then homogenized to a powder 
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using a chilled mortar and pestle and stored at -80°C until used in RNA extraction. Total RNA 

was then extracted using an RNeasy Plant Mini Kit with an on-column DNase digestion included 

during extraction according to the manufacturer’s instructions (Qiagen, Hilden, Germany). The 

total RNA was quantified using a Nano-Drop ND1000 spectrophotometer (Thermo Scientific, 

Wilmington, DE, USA), and the quality of the RNA was determined by measuring the RNA 

integrity numbers (RINs) for each sample using an Agilent 2100 Bioanalyzer (Agilent, Santa 

Clara, CA, USA). Samples with RIN ≥ 5 were used for library preparation and RNA sequencing. 

 

Library construction and Illumina sequencing  

For library construction, 1µg of total RNA was used for each sample with biological replicates 

processed separately for later statistical comparison. Altogether, 32 libraries with 2 biological 

repeats (total of 64 libraries) were prepared for whole transcriptome sequencing using an 

Illumina TruSeq RNA Sequencing Kit according to the manufacturer’s instructions (Illumina, 

San Diego, CA, USA). The prepared libraries were quantified using a Qubit 2.0 fluorometer 

(Thermo Scientific), and validated using an Agilent 2100 Bioanalyzer (Agilent).  Cluster 

generation for these libraries was done using a cBot (Illumina), followed by 125bp paired-end 

sequencing using a HiSeq 2500 platform (Illumina).   

 

Bioinformatic analysis  

Raw sequencing reads obtained for each sample were checked for quality using FastQC v0.11.2 

(http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). The data was then filtered for low 

quality reads (< Q20) and adapter sequences were removed using Trimmomatic v0.3261. The 

remaining reads were then checked for rRNA contamination by aligning the reads to the SILVA 

http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc
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database. Finally, using a Tuxedo protocol, the filtered, quality reads were aligned to the A. 

flavus NRRL3357 genome (GCF_000006275.2) using tophat2 v2.0.13 and bowtie2 v2.2.462,63. 

The filtered reads were assembled by Cufflinks v2.2.1 using the RABT method to estimate their 

abundance64,65. The relative expression between isolate-treatment combinations was calculated in 

terms of Fragments Per Kilobase of exon per Million fragments mapped (FPKM) using the 

cuffdiff program. A gene was said to be significantly differentially expressed when |log2(fold 

change)| ≥ 2 with an adjusted p-value ≤ 0.05. The assembled transcripts were annotated against 

NCBI’s non-redundant (nr) protein database using standalone blast-2.2.30+ followed by Gene 

Ontology (GO) and KEGG pathway analysis using Blast2GO. 

 

Aflatoxin and kojic acid production assays  

In order to validate the induction of kojic acid biosynthesis by increasing levels of H2O2, a 

modified method from Bentley66 was utilized. Briefly, A. flavus isolates were cultured on potato 

dextrose agar (PDA), PDA amended with 1mM FeCl3, and PDA amended with 1mM FeCl3 

along with 15mM H2O2. The presence of a bright orange coloration in the medium indicates the 

chelation of iron by kojic acid allowing for a qualitative comparison of kojic acid biosynthesis 

between the isolates.  

 The production of aflatoxin and kojic acid were also evaluated by thin layer 

chromatography according to methods used by Saruno et al.67. Briefly, liquid culture medium 

was collected while harvesting mycelia for RNA isolation, spotted onto a silica gel 20 thin layer 

chromatography (TLC) plate, and dried at room temperature. The plate was then developed in 

butanol-acetic acid-water (4:1:5) and dried with warm air. Aflatoxin and kojic acid present 

within the culture medium samples were then visualized by UV fluorescence with excitation 
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wavelengths of 365 and 254 nm, respectively, and photographed using a Nikon Coolpix L110 

digital camera (Nikon, Tokyo, Japan). 

 

Results 

Transcriptome sequencing  

To examine the transcriptomic responses of toxigenic and atoxigenic isolates of A. flavus to 

increasing levels of oxidative stress in aflatoxin production conducive and non-conducive media, 

we cultured three toxigenic (AF13, NRRL3357, and Tox4) and three atoxigenic (AF36, 

Aflaguard, and K54A) in either YES or YEP medium amended with different concentrations of 

H2O2 for RNA sequencing (Supplementary Table 7.1). In total, ~4.7 billion reads were generated 

from 64 libraries with an average of 73 million reads per library. Two of the 64 libraries 

sequenced contained low read counts and were excluded from the analysis.  Following quality 

check, an average of 9 to 10% of the reads were removed, which were further filtered for rRNA 

contamination prior to mapping. Following quality filtration, 2.5 billion quality filtered reads 

with an average of 40.3 million reads per sample were obtained of which 92.27% were mapped 

to the A. flavus genome. The raw and processed RNA sequencing data can be accessed at 

http://ceg.icrisat.org/gt-bt/alfavus_1/home.asp. 

Of the 13,487 genes present in the A. flavus NRRL3357 genome, the gene expression 

data analysis showed that a total of 11,144 genes (82.63% of the reference) were identified in the 

dataset (Supplementary Data 1). Of those detected, 9,158 genes (82.18 %) were found to possess 

an FPKM ≥ 2 in at least one isolate-treatment combination. Among these expressed genes, 319 

genes (3.48 %) and 470 genes (5.13 %) were expressed uniquely in the toxigenic and atoxigenic 

isolates, respectively. Also, 529 genes (5.78 %) were expressed only in the conducive YES 

http://ceg.icrisat.org/gt-bt/alfavus_1/home.asp
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medium while 460 genes (5.02 %) were expressed only in the non-conducive YEP medium 

(Figure 7.1, Supplementary Data 2). In total, 7,394 genes (80.74%) were expressed in both 

toxigenic and atoxigenic isolates when cultured in either medium (Figure 7.1, Supplementary 

Data 2). 

 

Toxigenic isolate responses to oxidative stress are related to their ability to produce 

aflatoxin  

On examining the level of oxidative tolerance of these isolates, our previous studies found that 

isolates with greater levels of aflatoxin production tend to tolerate greater levels of oxidative 

stress32. In order to examine the transcriptional responses of the toxigenic isolates to oxidative 

stress we identified the significantly differentially expressed genes in the isolates in YES 

medium in response to increasing levels of oxidative stress. Toxigenic isolates which produce 

greater levels of aflatoxin were found to exhibit fewer differentially expressed genes in response 

to stress than those which produced less aflatoxin (Table 7.1). For the transcripts observed to be 

differentially expressed in the toxigenic isolates, those involved in membrane transport, carbon 

metabolism, stress signaling, antioxidant mechanisms, and secondary metabolite production were 

enriched (Supplementary Data 3). Comparing high and moderate aflatoxin producing isolate GO 

enrichments also indicates that the high toxin producing isolates, Tox4 and AF13, exhibit similar 

responses at higher levels of stress as those employed by the moderate producing NRRL3357 

isolate under less stress (Supplementary Data 3). 

As expected, transcripts encoding components of the aflatoxin biosynthetic pathway were 

found to be up-regulated in response to increasing stress. These included nor-1, verB, ver-1, 

omtA, and omtB along with more cryptic members of the aflatoxin biosynthetic gene cluster 
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whose role(s) in aflatoxin production have yet to be identified including aflS and aflV (Figure 

7.2A)16. In addition to these, transcripts encoding the production of additional secondary 

metabolites were differentially expressed in response to increasing stress. Transcripts encoding 

members of the isoprenoid biosynthetic pathway, which forms the basis for the production of the 

tremorogenic mycotoxin aflatrem33, were also found to be up-regulated in the isolates in a 

similar manner observed for aflatoxin biosynthetic genes. The aflatrem biosynthetic components 

atmB, atmC, atmD, atmG, atmM, atmP, and atmQ34 were expressed in all the toxigenic isolates 

in YES medium (Figure 7.2B). The atmG gene, encoding a putative geranylgeranyl 

pyrophosphate synthetase (GGPS), was consistently expressed in both the toxigenic and 

atoxigenic isolates regardless of H2O2 concentration or culture medium (Figure 7.2B). Also, a 

synaptic vesicle transporter SVOP transcript, which has been shown to be involved in kojic acid 

biosynthesis35, was found to be upregulated in NRRL3357 at 10 mM H2O2 in YES while it was 

down-regulated in the more virulent Tox4 and AF13 isolates at 25 mM H2O2 (Figure 7.2C). 

Other kojic acid biosynthetic genes including kojA, kojR, and kojT35 were stably expressed in all 

the toxigenic isolates regardless of treatment with H2O2 or culture medium (Figure 7.2C). 

Numerical FPKM data for that appearing in Figure 2 can be found in Supplementary Table 7.2. 

 

Toxigenic and atoxigenic isolates exhibit similar yet distinct responses to oxidative stress  

In comparison to the toxigenic isolates, the atoxigenic isolates exhibited distinct responses to 

oxidative stress, though there were some similarities. Among the atoxigenic isolates, those which 

are used as biological controls, Aflaguard and AF36, were previously found to tolerate higher 

levels of oxidative stress than non-adapted isolates including K54A32. In the present study, these 

biological control isolates exhibited fewer DEGs in comparison to K54A (Table 7.1). In addition, 
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the atoxigenic isolates, which generally tolerated lower levels of oxidative stress than the 

toxigenic isolates in the previous study32, tended to exhibit greater numbers of significant DEGs 

than the toxigenic isolates, particularly at higher levels of stress (Table 7.1). 

 As in the toxigenic isolates, transcripts observed to be differentially expressed in the 

atoxigenic isolates included those involved in membrane transport, carbon metabolism, stress 

signaling, and antioxidant mechanisms (Supplementary Data 3). As expected, transcripts 

encoding components of the aflatoxin biosynthetic pathway were either not significantly 

regulated, or not expressed in the atoxigenic isolates (Figure 7.2A) depending on the mutation in 

the aflatoxin gene cluster present in each isolate36,37. Aflatrem biosynthetic genes were also 

found to be expressed in Aflaguard and AF36, but not in K54A while kojic acid biosynthesis 

genes were expressed in all of the atoxigenic isolates in YES medium (Figure 7.2).  

 Transcripts encoding chitin metabolic processes were down-regulated in response to 

increasing stress in the toxigenic isolates including those for chitinase and chitosanase 

(Supplementary Data 3). These same transcripts tended to be up-regulated in the atoxigenic 

isolates (Supplementary Data 3). Also, transcripts encoding antioxidant enzymes including 

thioredoxin peroxidase and thioredoxin reductase also tended to be upregulated in response to 

increasing stress in both the toxigenic and atoxigenic isolates (Supplementary Data 3).  

Cytochrome p450 monooxygenase genes, in addition to those expressed in the aflatoxin and 

aflatrem biosynthetic pathways, were also upregulated in both the toxigenic and atoxigenic 

isolates in response to increasing stress (Supplementary Data 3). Transcripts encoding products 

involved in aminobenzoate degradation were shown to be generally up-regulated in the toxigenic 

and atoxigenic isolates under increasing levels of stress (Supplementary Data 3). An exception to 

this was Tox4 which showed a significant down-regulation in an amidohydrolase family protein-
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encoding transcript (AFLA_076800) (Supplementary Data 3). Also, transcripts encoding 

antibiosis and drug resistance proteins such as major facilitator superfamily (MFS) transporters 

and multidrug resistance proteins were up-regulated in the toxigenic isolates with increasing 

stress (Supplementary Data 3 and 4). In the atoxigenic isolates, transcripts encoding products 

capable of functioning in both antibiotic biosynthesis and additional pathways such as carbon 

metabolism and proteolysis were differentially expressed in response to increasing stress.  

 

Medium carbon source affects secondary metabolite gene expression and production 

Culturing the toxigenic and atoxigenic isolates in media with different carbon sources, sucrose or 

peptone, significantly altered the expression profiles of the isolates in response to increased 

levels of oxidative stress resulting in a clear segregation of expression patterns by carbon source 

(Figure 7.3; Supplementary Figure 7.1). As expected, culturing the toxigenic isolates in YEP 

medium resulted in low or no expression of several genes involved in aflatoxin and aflatrem 

biosynthesis (Figures 7.2 and 7.4). Exceptions to this included members of the sugar cluster (e.g. 

aflYc and aflYd) aflatoxin transporters (aflT), regulators of aflatoxin production (e.g. aflR and 

VeA), and the geranylgeranyl pyrophosphate synthetase gene (atmG) which functions upstream 

of aflatrem biosynthesis in the terpenoid biosynthetic pathway16,34,38,39. The expression of the 

kojic acid SVOP transporter was higher in YEP than in YES in both the toxigenic and atoxigenic 

isolates Aflaguard and AF36. The expression of this gene was higher in YES than YEP in K54A 

(Figure 7.2C). With this, the expression of metalloproteinases was down-regulated while 

siderophore biosynthesis genes were up-regulated in some isolates indicating possible iron 

deficiencies (Supplementary Data 4). The production of aflatoxin and kojic acid also 

corresponded to observed expression of their corresponding biosynthetic genes. Aflatoxin was 
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found to be produced by toxigenic isolates only in YES (Figure 7.5A) while kojic acid was 

produced in both YES and YEP (Figure 7.5B). Interestingly, kojic acid was produced at a higher 

level in YEP compared to YES (Figure 7.5B), and was found to be further stimulated by the 

addition of H2O2 in solid culture medium (Figure 7.5C). 

 

Medium carbon source also affects antioxidant and energy metabolism responses  

Culturing toxigenic and atoxigenic isolates in YES and YEP media resulted in the upregulation 

of transcripts encoding antioxidant enzymes including thioredoxin peroxidase, thioredoxin 

reductase, and components of glutathione metabolism (Supplementary Data 4). Cytochrome 

p450 monooxygenase genes were also upregulated in response to increasing stress in both the 

toxigenic and atoxigenic isolates in YEP. Transcripts encoding products involved in proteolysis 

and gluconeogenesis were also more prevalent with increasing stress in YEP. Chitin catabolic 

genes were also found to be up-regulated with increasing stress in YEP, particularly in isolates 

with less oxidative tolerance including NRRL3357, Aflaguard, AF36, and K54A (Supplementary 

Data 4). In addition, the upregulation of autophagy prevention genes such as atg22 were 

observed in NRRL3357 in YEP medium (Supplementary Data 1 and 4)40,41. In addition, class 3 

lipase expression was generally down-regulated in YEP in response to increasing stress, 

particularly at the highest examined concentrations of H2O2 relative to the control 

(Supplementary Data 4). A similar decrease was also observed in K54A in YES (Supplementary 

Data 3).  
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Expression of upstream regulators of oxidative stress responses and carbon utilization  

In addition to annotated pathway components as previously described, we also examined the 

expression of several upstream regulators of secondary metabolite production and oxidative 

stress responses described in the literature. The expression of bZIP transcription factors such as 

atf21 and atfA, which have been shown to regulate aflatoxin production in response to oxidative 

stress in vitro during earlier periods in fungal growth20, were not significantly regulated in either 

YES or YEP media in the toxigenic isolates with increasing stress. They were, however, 

constitutively expressed at an elevated level in all isolates and treatments (Supplementary Data 

5).  

Several Cis2His2 (C2H2) transcription factors were also found to be expressed in the 

isolates with some previously uncharacterized members such as AFLA_078920 exhibiting higher 

expression in YES than YEP (Supplementary Data 5). Additional C2H2 transcription factors such 

as creA (AFLA_134680 and AFLA_134690) and brlA (AFLA_082850 and AFLA_082860) 

were also stably expressed during stress (Supplementary Data 5). In addition to these 

transcription factors, a mitogen activated protein kinase kinase kinase (MAPKKK), bck1, was 

found to be upregulated in response to increasing levels of oxidative stress (Supplementary Data 

5). This MAPKK has been shown to function in coordination with Mkk2 and MpkA42, both of 

which were stably expressed across all isolates and treatments in the study (Supplementary Data 

5). 

 

Discussion  

Previously, we observed that the aflatoxin production capabilities of A. flavus isolates were 

correlated with the levels of H2O2 stress individual isolates could tolerate or survive32. Here, we 
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found a related trend with isolates with higher stress tolerance and aflatoxin production 

exhibiting fewer significant DEGs than atoxigenic, less tolerant isolates in both YES and YEP 

(Table 7.1). This may be due to the developmental stage of the tolerant isolates which after seven 

days in control cultures would exhibit stationary growth patterns19. The case for this is bolstered 

by the observation that other less tolerant isolates generally exhibited up-regulation in 

aminobenzoate degradation transcripts. These aminobenzoate compounds have been found to 

reduce both aflatoxin production and mycelial growth43. This may imply that more tolerant 

isolates may possess more rapid and intense responses to stress than the other isolates, and that 

the cause of this may be related to fungal development (Table 7.1). Isolate developmental stage 

may also explain the lack of significant differences in bZIP transcription factor expression 

observed in this study (Supplementary Data 5). Previously published experiments have mostly 

examined these genes’ expression and function following approximately 72 hours of fungal 

growth20.  

In addition to developmental differences, the ability to produce secondary metabolites 

and antioxidant enzymes, to maintain cell wall integrity, to regulate primary metabolism to meet 

energetic requirements under stress, and to recycle damaged cellular components were all 

integral components of the responses of both the toxigenic and atoxigenic isolates (Figure 7.6). 

Cell wall integrity was maintained primarily through the down-regulation of chitinases and 

chitosanases, although these were found to be up-regulated in YEP under increasing stress 

indicating a possible reallocation of cellular resources to primary metabolism possibly due to 

carbon starvation44-46. This reallocation of resources may also be due to the limited availability of 

free glucose and carbon catabolite repression in response to upstream regulation by the C2H2 

transcription factors creA and brlA (Supplementary Data 5) which have been shown to influence 
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the expression of extracellular chitinases in response to carbon starvation40,47-51. In addition, 

membrane integrity may also be of concern due to the observed regulation of lipase-encoding 

transcripts in YEP at higher levels of stress (Supplementary Data 4). Their product, a class 3 

lipase, breaks down the ester linkages in membrane lipids51. A reduction in lipase activity may 

also reduce the formation of lipoperoxides through the reaction of free fatty acids with ROS51.  

The catabolism of amino acid components of peptone in the YEP medium would fuel the 

generation of TCA cycle intermediates such as succinate and fumarate with some being utilized 

to form acetyl-CoA, the major building block of polyketide and terpenoid mycotoxins such as 

aflatoxin and aflatrem16,34. Previous experiments have shown that aflatoxin production was 

limited or non-existent in YEP, and that supplementation of peptone medium with TCA 

intermediates would not restore aflatoxin production52. However, several monosaccharides such 

as glucose and fructose have been found to be conducive carbon sources for aflatoxin 

production31. This allows for the possibility that the lack of aflatoxin production observed in 

YEP (Figure 7.5A) may be due to limitations in acetyl or malonyl-CoA availably because of 

their being directed into primary energy production rather than mycotoxin biosynthesis. Further 

experimentation will be required to confirm this hypothesis. 

In the conducive YES medium, aflatoxin production has been shown to be stimulated by 

increasing oxidative stress (Figure 7.5). Previous studies have also shown that oxidative stress 

also plays a role as it is required for the initiation of aflatoxin production in A. flavus and related 

species such as A. parasiticus17. Given the close association of increasing levels of ROS and 

antioxidant enzyme expression with aflatoxin production, several previous studies have proposed 

that the production of aflatoxin may function as a supplemental source of antioxidant protection 

for A. flavus and other Aspergilli against oxidative stress21,27. Increased oxygen consumption and 
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subsequent production of ROS during aflatoxin production in toxigenic isolates has also been 

demonstrated along with the localization of secondary ROS production to aflatoxisomes inside 

the fungal cells26,28. In a recent study, Roze et al.28 found that this burst in ROS production likely 

from cytochrome p450 monooxygenase and oxidase activities in aflatoxin biosynthesis may 

contribute to enhancing oxidative tolerance in conidia. The prevalence of cytochrome p450 

genes in both aflatoxin and aflatrem biosynthesis suggests that it is possible similar oxygen 

consumption and ROS production occurs in both systems (Figure 7.4)34,53. It is also possible that 

this secondary burst of ROS production may prime expression of antioxidant genes, and that 

these cytochrome p450 monooxygenase and oxidase enzymes may consume excess oxygen 

produced by detoxifying enzymes (e.g. CAT, SOD, thioredoxin, etc.) while breaking down ROS, 

fixing it into aflatoxin and aflatrem which are then secreted from the fungal cells. Therefore, 

aflatrem biosynthesis may function to enhance oxidative stress tolerance. Further study will be 

required to better understand the precise biochemical role of aflatoxin and aflatrem in the biology 

of A. flavus and its interactions with host organisms. 

In addition to aflatoxin and aflatrem, kojic acid biosynthetic transcripts were also 

differentially expressed. Kojic acid has been previously described as an antioxidant and is 

thought to chelate free Fe cations to limit non-enzymatic ROS formation (e.g. Fenton reactions) 

or through direct reactions with ROS54,55. Excessive production of kojic acid may result in 

possible iron deficiencies which may be occurring here given the regulation of both the 

bck1/mkk2/mpkA signaling pathway and siderophore biosynthetic genes in the isolates 

(Supplementary Data 4 and 5)42,56,57. With the absence of aflatoxin production in atoxigenic 

isolates and in YEP, it is possible that kojic acid production may supplement the loss of aflatoxin 

production-derived stress tolerance. Also, the lack of aflatoxin production and aflatrem 
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biosynthesis gene expression, and the reduced levels of kojic acid produced in solid media assays 

(Figure 7.5C) may partially explain the reduced oxidative stress tolerance of the K54A isolate in 

comparison to the other examined isolates (Table 7.1).  

Multidrug resistance genes and MFS transporters were also expressed both the toxigenic 

and atoxigenic isolates which function to enhance fungal tolerance to antibiotic compounds38,58. 

In the biological control isolates Aflaguard and AF36, several transcripts regulated in response to 

oxidative stress may function in antibiotic biosynthesis (Supplementary Data 3 and 4). Together, 

this indicates oxidative stress may stimulate mechanisms used by the isolates in competition with 

other organisms both in the host plant and in the soil, and highlights the possibility for the use of 

ROS in the study biological control competitiveness and drug discovery through the expression 

of cryptic pathways under oxidative stress59. 

The connection between oxidative stress and A. flavus secondary metabolite production 

also has implications for improving host plant resistance to aflatoxin contamination. Recent 

studies have shown that drought sensitive maize lines which have been previously demonstrated 

to be susceptible to aflatoxin contamination accumulate higher levels of ROS in their leaf and 

kernel tissues24,25. Given the previously mentioned correlation between drought stress and 

aflatoxin contamination13, it is possible that these ROS or their reactive byproducts (e.g. H2O2 

and peroxidized lipids) may function in signaling between A. flavus and susceptible plants 

resulting in exacerbated aflatoxin production during infection8,21,22,24,25. By enhancing the 

resistance of host tissues to oxidative damage through biomarker and drought tolerance selection 

in breeding programs, it may be possible to enhance plant resistance to pre-harvest aflatoxin 

contamination18 and needs to be addressed further.  
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Conclusion 

Transcriptomic analyses of toxigenic and atoxigenic isolates of A. flavus and their responses to 

H2O2-derived oxidative stress in aflatoxin conducive and non-conducive media revealed that 

aflatoxin and aflatrem biosynthetic gene expression coincides with the up-regulation of 

monooxygenase genes. This suggests that the fixation of excess oxygen into these mycotoxins 

prior to their secretion may provide a degree of oxidative tolerance in A. flavus. In addition, kojic 

acid production was also found to correlate with previously observed isolate tolerance to 

oxidative stress and may convey additional antioxidant protection in the absence of aflatoxin or 

aflatrem production by iron chelation. Toxigenic and atoxigenic isolates of A. flavus were found 

to employ similar mechanisms in oxidative stress responses with the exception of secondary 

metabolite production. Overall, the responses of the isolates focused on four major strategies in 

countering oxidative stress with individual variations that include cell wall maintenance and 

repair, enzymatic detoxification of ROS, enhancement and maintenance of primary metabolic 

needs, and secondary metabolite production. Together, these components work together as the 

basis of coordinated response to oxidative stress. This study also illustrated the potential roles of 

secondary metabolite production, including aflatoxin, aflatrem, and kojic acid, in antioxidant 

responses of A. flavus, and their connections to primary metabolism in oxidative stress responses.  
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Table 7.1. Numbers of significantly differentially expressed genes (DEGs) in Aspergillus flavus 

isolates in YES (yeast extract sucrose) and YEP (yeast extract peptone) media in response to 

increasing oxidative stress.  

Isolate Toxin* H2O2* 

YES Medium YEP Medium 

0 v 10 
mM 

0 v 
20/25 
mM 

10 v 
20/25 
mM 

0 v 10 
mM 

0 v 
20/25 
mM 

10 v 
20/25 
mM 

Tox4 +++ 40 4 29 57 19 78 44 

AF13 +++ 35 6 122 85 49 37 87 

NRRL3357 + 20 53 117 112 27 446 738 

Aflaguard --- 20 16 786 856 41 415 407 

AF36 --- 25 67 

 

17 

 K54A - 15 142 224 
 

*Previously observed aflatoxin production and H2O2 tolerance in Fountain et al. (2015b). Toxin 

Production: ‘+++’ High Aflatoxin Producer; ‘+’ Moderate Aflatoxin Producer; ‘---’ Atoxigenic 

Biological Control Isolate; ‘-’ Atoxigenic Isolate. 
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Figure 7.1. Venn diagram of genes expressed in toxigenic and atoxigenic isolates in YES (yeast 

extract sucrose) and YEP (yeast extract peptone) media. Genes with FPKM ≥ 2 were considered 

to be expressed. Those genes expressed exclusively in YES (aflatoxin conducive) or YEP 

(aflatoxin non-conducive) medium in toxigenic (Tox4, AF13, and NRRL3357) and atoxigenic 

(Aflaguard, AF36, K54A) isolates were identified using Venny 2.1.0.  
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Figure 7.2. Heatmap of secondary metabolite biosynthetic gene expression. Expression of genes 

involved in the biosynthesis of aflatoxin (A), aflatrem (B), and kojic acid (C) are plotted with 

colors corresponding to the FPKM’s of the genes within each isolate and treatment combination. 

For each heatmap, individual keys are located at the base of each plot with FPKM values 

increasing from blue to red. Isolate and treatment labels at the top of the figure apply throughout. 
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Figure 7.3. Principal component and multi-spatial analyses of Aspergillus flavus isolate 

expression profiles. Principle component (A) and multi-spatial (B) analyses of the expression 

profiles of the isolates in both YES (yeast extract sucrose) and YEP (yeast extract peptone) 

media with increasing levels of oxidative stress. The patterns present in the data indicate a clear 

segregation of the isolate profiles based mainly on culture medium carbon source. 
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Figure 7.4. Differential expression of genes involved in glycolysis and secondary metabolite 

biosynthesis. The 6 x 3 tables beside the gene annotations indicate significant changes in gene 

expression between YES (yeast extract sucrose) and YEP (yeast extract peptone) media for each 

isolate when exposed to H2O2 (0, 10, and 20 or 25 mM). Green and red colors indicate 

significantly higher expression of the genes in YES and YEP, respectively. White color 

represents no significant difference between YES and YEP; and gray color represents 

comparisons not measured in the experiment. Red colored points in molecular models represent 

the occurrence of oxygen atoms. Red colored text for gene annotations represent cytochrome 

p450 monooxygenase-coding genes present in the aflatoxin and aflatrem biosynthetic pathways. 

Abbreviations: G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; F1,6P, fructose-1,6-

bisphosphate; Gly3P, glyceraldehyde-3-phosphate; Gly1,3PP, glyceraldehyde-1,3-bisphosphate; 

PEP, phosphoenolpyruvate.  
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Figure 7.5. Aflatoxin and kojic acid production assays. Thin layer chromatography of liquid 

culture medium from the cultured isolates was performed for aflatoxin B1 (A) and kojic acid (B) 

with UV excitation at 365 and 254 nm, respectively. Aflatoxin was produced by the toxigenic 

isolates only in YES (yeast extract sucrose) while no aflatoxin production was observed for 

K54A in either medium. Kojic acid was shown to be produced by all isolates at a higher level in 

YEP (yeast extract peptone) than in YES (B), and seemed to be stimulated by the addition of 

H2O2 (C). In the solid medium assay based on Bentley66 (C), the low production of kojic acid by 

K54A in the solid culture assay may be due to compositional differences in PDA and YES. 

Images are representative of three experimental replicates.  
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Figure 7.6. Summary of the overall oxidative stress responses exhibited by Aspergillus flavus 

isolates. The isolates examined in this study exhibited four primary responses to imposed 

oxidative stress which were influenced by the provided culture medium carbon source (sucrose 

or peptone). These include: cell wall and cell membrane maintenance and repair through the 

regulation of chitinases and lipases along with associated signaling pathways; enzymatic 

detoxification of reactive oxygen species (ROS) through the thioredoxin and glutathione cycles 

along with enzymes such as catalase (CAT) and superoxide dismutase (SOD); enhancement and 

maintenance of primary metabolic needs in response to stress; and increased secondary 

metabolite production to either fix and secrete excess oxygen and ROS, or to limit their 

formation through co-factor binding or direct antioxidant activity. 
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CHAPTER 8 

ISOLATE-SPECIFIC OXIDATIVE STRESS RESPONSES AT THE PROTEIN LEVEL IN 

ASPERGILLUS FLAVUS ARE CORRELATED WITH AFLATOXIN PRODUCTION 

CAPABILITY 
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Abstract 

Aspergillus flavus is a facultative pathogen of crops such as maize and peanut. It produces 

carcinogenic aflatoxins during infection, particularly in drought stressed host plants. Reactive 

oxygen species (ROS) have been shown to accumulate in host plant tissues during drought and to 

stimulate the production of aflatoxin by A. flavus in vitro and in vivo. Previous transcriptome 

studies of field isolates of A. flavus showed that oxidative stress may also regulate isolate 

development, carbohydrate metabolism, and the production of additional secondary metabolites. 

To examine these responses at the protein level, here we performed iTRAQ (Isobaric Tags for 

Relative and Absolute Quantification) proteomics for three isolates with varying levels of 

aflatoxin production: AF13 (+++), NRRL3357 (+), and K54A (-) in aflatoxin conducive medium 

amended with varying levels of H2O2. Proteomic analysis identified 1,173 proteins in at least two 

replicates with higher number of differentially expressed proteins in isolates with less oxidative 

stress tolerance. Weak correlation (r = 0.1114) was observed between the proteomic and the 

previously obtained transcriptomic data indicating the potential role of post-transcriptional 

regulation. The most common differentially expressed biochemical pathways included carbon 

metabolism, glutathione metabolism, oxidative stress regulation, and secondary metabolite 

biosynthesis. Highly toxigenic isolate exhibited greater expression of lytic enzymes and 

sclerotial developmental proteins, while less toxigenic isolate mainly displayed regulation of 

antioxidant and primary metabolic pathways. The environmental stress tolerance mechanisms 

employed by these isolates provide a direction for the enhancement of host resistance through the 

manipulation of host antioxidant capacity and lytic enzyme inhibition activity using biomarker 

selection in breeding programs and through novel approaches such as genome editing in crops.   
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Introduction 

Aspergillus flavus (Link ex Fr, Teleomorph: Petromyces flavus) is a facultative plant pathogen, 

which is capable of infecting host plants, primarily maize and peanut. The infection of these 

crops by A. flavus poses a serious threat to human and animal health due to its production of 

carcinogenic mycotoxins, termed as aflatoxins (Amaike and Keller, 2011). Chronic exposure to 

aflatoxin can lead to increased likelihood of developing hepatocellular carcinoma and hepatitis 

with exposure to high levels resulting in acute aflatoxicosis and death (Williams et al. 2004, 

2010). Outbreaks of aflatoxin contamination typically occur in regions prone to drought and can 

result in loss of life. For example, the 2004 Kenyan outbreak resulted in 317 cases of acute 

aflatoxicosis and 125 deaths (Azziz-Baumgartner et al. 2005). Aflatoxin contamination of crops 

such as maize, peanut, and others also leads to significant economic losses in the US, 

approaching $500 million per year with greater losses reported globally due to lost crop value 

and regulatory restrictions on import and export of contaminated foods (Wu, 2015).  

 Research efforts have been focused on prevention of both pre-and post-harvest aflatoxin 

contamination, of which post-harvest storage is the single most effective measure currently 

available for the reduction of aflatoxin contamination (Magan and Aldred, 2007; Torres et al. 

2014). The post-harvest management can become more effective if resistance to pre-harvest 

colonization and aflatoxin production is employed to minimize the inoculum for post-harvest 

contamination. Pre-harvest aflatoxin contamination is managed mainly through the application of 

atoxigenic biological control isolates of A. flavus, such as Aflaguard (NRRL21882) and AF36 

(NRRL18543) which compete with toxigenic isolates for available niches in the environment, 

and through host resistance (Abbas et al. 2011; Cotty and Bayman, 1993; Chen et al. 2016; 

Dorner and Lamb, 2006; Kelly et al. 2012). Host resistance to A. flavus colonization and 
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aflatoxin contamination is highly quantitative and is primarily a product of innate host immunity 

to pathogen infection rather than specific gene-for-gene resistance (Fountain et al. 2014, 2015a). 

This resistance is also highly influenced by abiotic stresses such as drought and heat stress (Guo 

et al. 2008).  

 Drought stress has been shown to stimulate the production of reactive oxygen species 

(ROS) in plant tissues which function in stress responsive signaling, but can also have 

deleterious effects on hosts if they accumulate in excessive concentrations (Baxter et al. 2014; de 

Carvalho, 2008). Recent studies have suggested that these ROS and their reactive byproducts 

such as oxylipins may influence the production of aflatoxin by A. flavus during colonization 

(Gao et al. 2009). Previous reports have shown that oxidative stress can stimulate the production 

of aflatoxin by A. flavus with medium amendment with oxylipins, ROS, or ROS production 

inducers resulting in greater aflatoxin production (Fabbri et al. 1983; Fountain et al. 2015b, 

Jayashree and Subramanyam, 2000; Narasaiah et al. 2006). Conversely, supplementation of 

medium with ROS scavengers and antioxidant compounds have been shown to reduce or inhibit 

aflatoxin production (Grintzalis et al. 2014). These results suggest that oxidative stress may 

indeed be a pre-requisite for aflatoxin production (Jayashree and Subramanyam, 2000). 

 Aflatoxin production is encoded by a highly conserved cluster of 25 genes housed within 

70kb in the A. flavus genome (Yu et al. 2004). Although the biochemical processes involved in 

the biosynthesis of aflatoxin carried out by these encoded components have been well 

characterized (Payne and Brown, 1998; Roze et al. 2013), there is limited understanding on the 

regulating mechanisms wherein several transcription factors have been found to be involved in 

this regulatory process. For example, AflR is a key regulatory transcription factor for aflatoxin 

production whose silencing impedes aflatoxin production (McDonald et al. 2005). Other 
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transcription factors such as the bZIP transcription factors AtfA and AtfB also bind to aflatoxin 

gene promoters and regulate oxidative stress responses (Hong et al. 2013).  

In addition to this, post-transcriptional modifications and interactions have been shown to 

be heavily involved in the regulation of secondary metabolite production and development in 

Aspergillus spp. For example, G-protein and protein kinase A (PkaA) signaling pathways are 

used to phosphorylate AflR to regulate aflatoxin production along with conidia and sclerotia 

development (Amare and Keller, 2014; Shimizu et al. 2003). AflR can also be regulated in a 

phosphorylation and PkaA-independent manner by RasA, a member of the small GTP-binding 

protein family, potentially through direct interaction (Shimizu et al. 2003). Post-transcriptional 

modifications have also been suggested based on the low correlation between their RNA 

sequencing gene expression levels and observed fold-changes in proteins, such as in the case of 

A. flavus responses to temperature stress  (Bai et al. 2015).  

 Given the evident relationship between oxidative stress and aflatoxin production, and its 

implication for understanding the biological role of aflatoxin production in A. flavus both in the 

field and during host colonization, we previously examined the transcriptomes of several field 

isolates of A. flavus to oxidative stress when utilizing aflatoxin conducive or non-conducive 

substrates (Fountain et al. 2016a, 2016b). We observed that isolates producing higher levels of 

aflatoxin and possessing greater tolerance to oxidative stress exhibited less differential gene 

expression compared to less tolerant, atoxigenic isolates. Additional secondary metabolite genes 

including aflatrem and kojic acid genes were found to be up-regulated by oxidative stress 

suggesting a coordinated secondary metabolite role in oxidative stress responses. However, 

given that few genes were differentially expressed in the highly tolerant isolates, it is possible 

that post-transcriptional and protein level regulation plays a more definitive role in oxidative 
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stress tolerance. To examine the oxidative stress responses of A. flavus at the protein/enzymatic 

level, we examined the proteomic responses of select field isolates of A. flavus to oxidative stress 

in aflatoxin production conductive medium using isobaric tags for relative and absolute 

quantitation (iTRAQ) proteomics. Correlative analyses between these proteomic data and 

previously obtained transcriptomic data were also performed to examine for possible post-

transcriptional regulation of responses. The selected isolates exhibited distinct responses to 

oxidative stress which provide insights into potential targets for enhancing host resistance and 

biological control performance. 

   

Materials and Methods 

Isolate collection  

The AF13 isolate used in this study was obtained from Dr. Kenneth Damann, Department of 

Plant Pathology and Crop Physiology, Louisiana State University, Baton Rouge, LA. The 

NRRL3357 isolate was obtained from the USDA National culture repository, Peoria, IL. The 

K54A isolate was obtained from Dr. Hamed Abbas, USDA-ARS, Mycotoxin Res Unit, 

Stoneville, MS. All isolates were received on potato dextrose agar (PDA) and were sub-cultured 

on V8 agar (20% V8 juice, 1% CaCO3, 2% agar) prior to use. 

 

Isolate culture conditions 

Conidia of each isolate were harvested from V8 agar plates five days after inoculation using 

sterile 0.1% Tween 20 solution. The isolates were then cultured in 125mL Erlenmeyer flasks 

containing 50mL yeast extract-sucrose (YES; 2% yeast extract, 1% sucrose) medium inoculated 

with 100µL conidia suspension (~4.0x106 conidia/mL). For oxidative stress treatments, the YES 
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medium was amended with H2O2 (3% stabilized solution) at concentrations as previously 

determined based on individual isolates’ oxidative stress tolerance (Fountain et al. 2015b) with 

AF13 cultures amended with 0, 10, and 25mM H2O2; NRRL3357 with 0, 10, and 20mM H2O2; 

and K54A with 0 and 10mM H2O2. The isolates were then stationary cultured at 30°C for 7 days 

in the dark. Three biological replicate cultures were performed for each isolate and treatment 

combination. Following culturing, mycelia was recovered and stored at -80°C for protein 

isolation. 

 

Protein isolation and quantitation 

Proteins were isolated using a modified phenol/methanolic ammonium acetate method based on 

Zhuang et al. (2016) and Hurkman and Tanaka (1986). Briefly, the obtained mycelia tissue was 

ground to a fine powder using a mortar and pestle cooled in liquid nitrogen.  The powdered 

tissue (200mg) was then incubated in extraction media (0.1M Tris-HCL pH 8.8, 10mM EDTA, 

1.2% β-mercaptoethanol (v/v), 0.9 M Sucrose) for 20 min on ice with occasional vortexing. Tris-

buffered phenol (pH 8.8) was then added and the samples incubated in ice for a further 10 min. 

Following centrifugation at 5,000 x g at 4°C for 20 min, proteins in the phenol phase were then 

precipitated in a separate tube in five volumes of cold 0.1M ammonium acetate in 100% 

methanol. The precipitated proteins were then pelleted by centrifugation at 5,000 x g at 4°C for 

20 min and washed twice in both 0.1M ammonium acetate and then in cold 80% acetone. The 

pellet was then dissolved in 2D buffer (8M Urea, 4% CHAPS (w/v), 40mM Tris-base, 2M 

Thiourea) immediately prior to quantitation using an EZQ Protein Quantitation Kit (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer’s instructions. One-dimensional 

polyacrylamide gel electrophoresis was then performed to validate protein quality (Figure S8.1).  
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Protein digestion and iTRAQ labeling 

Following quantitation, for each sample 100µg of protein was dissolved in the dissolution buffer 

containing denaturant found in the iTRAQ Reagents – 8-plex kit (AB Sciex Inc., Foster City, 

CA, USA) then reduced, alkylated, digested with trypsin, and labeled according to the 

manufacturer’s instructions. For the AF13 isolate, the 0, 10, and 25mM H2O2 treated samples 

were labeled with iTRAQ tags 113, 114, and 115, respectively. For the NRRL3357 isolate, the 0, 

10, and 20mM H2O2 treated samples were labeled with tags 116, 117, and 118, respectively. 

Finally, for the K54A isolate, the 0 and 10mM H2O2 treated samples were labeled with tags 119 

and 121, respectively. Each of the three biological replicates were processed separately with the 

same labeling strategy. Following labeling, each biological replicate of samples were mixed and 

aliquoted into four technical replicates. 

    

Strong cation exchange fractionation, reverse phase nanoflow HPLC, and tandem mass 

spectrometry 

Peptide fractionation, HPLC, and mass spectrometry were performed as described in our 

previous study (Yang et al. 2014). Briefly, each peptide mixture was lyophilized and dissolved in 

Solvent A (25% acetonitrile (v/v), 10 mM ammonium formate, pH 2.8) followed by fractionation 

on a Agilent HPLC System 1260 (Agilent Technologies, Santa Clara, CA, USA) with a 

polysulfoethyl column (2.1mm x 100mm, 5µL, 300Å; PolyLC, Columbia, MD, USA). Elution 

was performed with a flow rate of 200µL/min with a linear gradient of 0 – 20% Solvent B (25% 

acetonitrile, 0.5M ammonium formate, pH 6.8) over 50 min. Ramping up was then performed 

with 100% Solvent B for 5 min. Absorbance at 280nm was monitored, and a total of 10 fractions 

were collected. The collected fractions were then resuspended in LC solvent A (0.1% formic acid 
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in 3% acetonitrile) and used for analysis on a hybrid quadrupole Orbitrap (Q Exactive Plus) MS 

system (Thermo Fisher, Bremen, Germany) coupled with an Easy-nLC 1000 system (Thermo 

Fisher). Mass analysis was performed in positive ion mode with high collision dissociation 

energy. The scan range was 400–2,000 m/z with full MS resolution of 70,000 and 200–2,000 m/z 

with MS2 resolution of 17,500. The first mass was fixed at 115 m/z, and 445.12003 m/z 

(polysiloxane ion mass) was used for real-time mass calibration. Mass spectral data obtained in 

this study have been deposited in the ProteomeXchange (Vizcaino et al. 2014). 

 

Peptide identification, relative quantification, and bioinformatics analysis. 

Peptide sequences were identified based on the obtained MS/MS data using the ProteinPilot 

(v4.5) software (Applied Biosystems) against specified non-redundant databases (combined 

Uniprot, http://www.uniprot.org/uniprot/?query=aspergillus+flavus&sort=score; NCBI, 

https://www.ncbi.nlm.nih.gov/gquery/?term=aspergillus+flavus). Data normalization was 

performed using default settings along with differential expression and p-value estimation using 

ProteinPilot. Identified proteins were considered to be differentially expressed if it exhibited a 

fold change ≥ 1.2 or ≤ 0.8 with a p-value ≤ 0.05 in at least one isolate, and was detected in at 

least two experimental replications. 

Functional classification and subcellular localization of the detected and differentially 

expressed proteins was performed using the Gene Ontology (GO) enrichment tool in FungiDB 

(Stajich et al. 2012). Functional and localization term consolidation was then performed using 

REVIGO (Supek et al. 2011). Visualization of GO biological process terms for each isolate was 

performed based on REVIGO outputs using R-studio and R (v3.3.0). Venn diagrams of 

differentially expressed proteins were created using Venny (v2.1). Heatmaps of expression 

http://www.uniprot.org/uniprot/?query=aspergillus+flavus&sort=score
https://www.ncbi.nlm.nih.gov/gquery/?term=aspergillus+flavus
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patterns, hierarchical clustering analysis, and principal components analysis (PCA) were 

performed using the Multi-experiment Viewer (MeV; v4.9.0) (Howe et al. 2010). Biological 

pathway enrichment analysis was performed using the metabolic pathway analysis tool in 

FungiDB using the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto, 

2000). Finally, predicted protein-protein interactions were examined using STRING (v10.0) 

(Szklarczyk et al. 2015). 

 

Results 

Proteome profiling of A. flavus isolate responses to oxidative stress 

In order to examine the differences in the responses of highly toxigenic, moderately toxigenic, 

and atoxigenic isolates of A. flavus to oxidative stress as encountered in the field during drought 

stress and the colonization of stressed host plant tissues, a comparative proteomic analysis was 

performed on select isolates following treatment with various levels of H2O2. We used an 

iTRAQ proteomics approach to identify differential proteins in response to stress. This study was 

performed with three biological replicates, each as an independent iTRAQ set (Figure 8.1A). 

Approximately 360,000 MS/MS spectra were generated for each biological replicate. Following 

filtration using a global false discovery rate (FDR) of 1%, 280,365 MS spectra were obtained 

(Table S8.1). For each replicate an average of 18,364 distinct peptides were identified using the 

ProteinPilot software coupled with both the NCBI and Uniprot databases, resulted in the 

identification of an average of 1,900 proteins in each replicate at a 1% global FDR. Of these 

1,900 proteins, 799 (42.05%) were expressed in all three biological replicates and 1,173 

(61.74%) were present in at least two biological replicates. These 1,173 proteins were then 

further examined in subsequent analyses. 
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 Gene ontology (GO) enrichment analyses were then performed to provide an overview of 

cell components and pathways examined by the experiment. Examination of subcellular 

localization enrichment for the detected proteins showed that cytosolic, ribosomal, and 

organelle-associated proteins were enriched (Figure 8.1B). Biological functional annotation of 

the detected proteins was also consistent with the localization analysis with primary metabolism, 

protein metabolism, redox homeostasis, and asexual reproductive process being among the most 

enriched stress-related GO terms observed (Figure 8.1C).  

  

Differential expression analysis of the detected proteins 

Following protein identification and annotation, differential expression analysis was performed 

to examine the responses of each isolate to increasing levels of oxidative stress. Proteins were 

considered to be differentially expressed if they exhibited a fold change ≥ 1.2 or ≤ 0.8 with a p-

value ≤ 0.05 (Figure 8.2A). The AF13 isolate, which was previously found to tolerate higher 

levels of oxidative stress and produce high levels of aflatoxin (Fountain et al. 2015b), exhibited 

46 and 17 differentially expressed proteins (DEPs) under  10mM and 25mM H2O2 treatments, 

respectively, compared to 0mM H2O2 control (Table 8.1). The NRRL3357 isolate, which 

tolerates moderate levels of oxidative stress and produces moderately high levels of aflatoxin 

(Fountain et al. 2015b), exhibited 29 and 220 DEPs under the 10mM and 20mM H2O2 

treatments, respectively (Table 8.1). Lastly, the K54A isolate, which previously tolerated the 

least amount of oxidative stress of isolates surveyed and is atoxigenic (Fountain et al. 2015b), 

exhibited 23 DEPs comparing between the control and the 10mM H2O2 treatment (Table 8.1). A 

list of the DEPs found within each isolate and treatment can be found in Table S8.2.  
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 Comparison of the DEPs across isolates showed that the three isolates examined in this 

study exhibit highly distinct responses to oxidative stress with few commonly regulated DEPs 

being detected between them (Figure 8.2B). These distinctive responses can also be seen in the 

principal components analysis (PCA; Figure 8.2C), which showed clear differences in the overall 

expression profiles for the isolates in all treatments. Of the isolates, the NRRL3357 and K54A 

isolates exhibited more closely related responses to stress with numerically more commonly 

regulated proteins and closer relationships indicated in the PCA (Figure 8.2B and 8.2C). These 

distinct responses can also be observed in the hierarchical clustering analysis of protein 

expression between isolates (Figure 8.3). Here, a clear segregation of expression patterns can be 

observed, such as when comparing the responses of AF13 and NRRL3357. For example, 

NRRL3357 exhibited greater levels of variation in protein expression comparing the control and 

20mM H2O2 treatment while having more commonality with K54A in the 10mM H2O2 

treatment.  

 

Functional classification of the differentially expressed proteins 

The DEPs identified in response to increasing oxidative stress in each isolate were used for 

functional enrichment analyses based on biological process GO. The functional classification of 

the DEPs was done using FungiDB, a data repository for sequence and protein information for 

numerous plant and animal pathogenic fungi and fungal-like organisms (Stajich et al. 2012), and 

redundant GO terms were removed using REVIGO (Supek et al. 2011). The detected functional 

annotations for each isolate were consistent with oxidative stress responses. 

 AF13 showed enrichment for terms including carbohydrate and tricarboxylic acid cycle 

components, responses to oxidative stress, protein folding and metabolism, ATP biosynthesis, 
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and nitric oxide (NO) biosynthesis with increasing levels of H2O2 stress (Figure 8.4). NRRL3357 

showed a greater variety of enriched terms than observed AF13. This isolate’s terms included 

those found in AF13 and others such as co-enzyme metabolism, NADPH metabolism, and 

pyrimidine metabolism under increasing levels of stress (Figure 8.4). The DEPs observed in 

K54A in response to stress included several proteins lacking functional annotations and were, 

therefore, lacking in GO enrichment compared to the other isolates. The terms found in K54A 

included those involved in responses to oxidative stress, ATP biosynthesis, and NO biosynthesis 

(Figure 8.4). A complete list of the enriched GO terms for biological processes found in the 

isolates can be found in Table S8.3. 

 

Sub-cellular localization of the differentially expressed proteins 

In addition to biological processes, the cellular localization GO terms for the detected DEPS in 

each isolate were examined for enrichment in response to stress. Consistent with the protein 

extraction methodology and the localization analysis described for all 1,173 proteins, the DEPs 

tended to localize to the cytoplasm and membranes including the plasma membrane and 

organelle membranes. A complete list of the enriched GO terms for cellular localization found in 

the isolates can be found in Table S8.4.  

For AF13, DEPs under moderate stress tended to localize in the cytoplasm, cell wall, 

cellular and mating projections, proteasome complexes, and telomeres. Conversely, under higher 

levels of stress, AF13 DEPs localized more to cytoplasmic and mitochondrial components, 

particularly to cytochrome complexes and electron transport complexes involved in ATP 

biosynthesis. For NRRL3357, DEPs under moderate stress localized to the cytoplasm and to 

membrane-associated components including vesicular transport components, the endoplasmic 
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reticulum, and the Golgi apparatus. Under higher levels of stress, other additional enriched 

locations including mitochondrial ATP synthase complexes and TCA cycle components, and 

ribosomes were also detected for the DEPs. For K54A, similar to NRRL3357, DEPs detected 

under stress tended to localize the cytoplasm, vesicular transport components, ribosomes, the 

Golgi apparatus, and the mitochondria. Overall for all isolates examined, it is clear that 

cytoplasm, mitochondria, and vesicle localized responses comprise the bulk of the responses of 

these isolates to H2O2.  

 

KEGG pathway analysis of the differentially expressed proteins. 

In addition to GO annotation, FungiDB was used to examine the pathway annotations for each 

DEP based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa and 

Goto, 2000) followed by enrichment analysis. For AF13, under moderate levels of stress, several 

carbohydrate metabolism-related pathways were identified including starch and sucrose 

metabolism, glycolysis, and pyruvate metabolism (Figure 8.5). In addition, carbon fixation and 

N-glycan biosynthesis pathways were found to be represented by the DEPs. Under high stress, 

AF13 DEPs were enriched for pathways including glycolysis, amino and nucleotide sugar 

metabolism, and oxidative phosphorylation. For NRRL3357 under moderate stress, enriched 

pathways included carbohydrate metabolism components such as glycolysis, pyruvate 

metabolism and the TCA cycle (Figure 8.5). Amino acid metabolism, benzoate degradation, and 

fatty acid degradation pathways were also enriched. Under high stress, in addition to those 

observed under moderate stress, pathways such as the pentose phosphate pathway, N-glycan 

biosynthesis, and glutathione metabolism were enriched. One component of the aflatoxin 

biosynthetic pathway, versicolorin A dehydrogenase/ketoreductase (ver-1) was increased (Table 
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S8.2). While other aflatoxin biosynthesis proteins including polyketide synthase A (pksA), 

versicolorin B synthase (vbs), and dimethylsterigmatosystin 6-O-methyltransferase (omtB) were 

detected in the analysis, only ver-1 was found to be differentially expressed in NRRL3357 under 

high stress conditions. Conversely, one cyclopiazonic acid (CPA) biosynthetic component, a 

dimethylallyl tryptophan synthase (dmaT; AFLA_139480) was decreased in NRRL3357 but 

increased in AF13 (Table S8.2).  For K54A, under stress the pathways enriched included 

arginine and proline metabolism, limonene and pinene degradation, glycolysis (Figure 8.5), and 

oxidative phosphorylation. Overall, for all of the isolates respiration-related pathways such as 

glycolysis, the TCA cycle, and oxidative phosphorylation along with amino acid and complex 

macromolecular catabolism comprise a bulk of the pathways differentially regulated in the 

isolates treated with H2O2 (Table 8.2). A complete list of the enriched KEGG biological 

pathways found in the isolates can be found in Table S8.5. 

  

Correlation analysis between the transcriptome and proteome data 

Previously, we examined the transcriptional responses of six field isolates of A. flavus ranging 

from highly toxigenic to atoxigenic commercial biological control isolates to increasing levels of 

oxidative stress in both aflatoxin production conducive and non-conducive media (Fountain et al. 

2016a, 2016b). Three of these isolates were used in the present study to examine their protein-

level responses to oxidative stress under the same experimental conditions. Using the available 

transcriptome data, a correlation analysis was performed between expression levels observed in 

both studies to examine for possible post-transcriptional regulation of oxidative stress responses.  

 When comparing expression levels between the experiments, it became clear that genes 

exhibiting higher overall levels of expression in each isolate were more likely to be detected in 
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the proteomics analysis (Figure 8.6A-C). Pearson correlation between significantly differentially 

expressed genes (DEGs) and their corresponding proteins were found to be low (r = 0.3075) 

(Figure 8.6D). Similarly, correlating the expression observed for significant DEPs to their 

corresponding transcript expression in the previous transcriptome study resulted in a lower 

correlation (r = 0.1114) (Figure 8.6E). Despite a low degree of correlation between the 

expression levels in the two experiments, the two datasets did show consistency in terms of the 

trend of changes, with only 24.9% of transcripts showing opposite patterns compared to the 

DEPs (Figure 8.6F). 

 Examining the level of correlation between the two experiments at the pathway level 

found that the degree of correlation varied by pathway and isolate. Some pathways when 

examining proteins in all isolates and treatments found higher degrees of correlation between the 

RNA and protein level expression patterns. For example, glutathione metabolism and the pentose 

phosphate pathway exhibited higher levels of correlation than that observed for the entire dataset 

(Figure 8.6E, Table 8.2). Conversely, for pathways such as purine metabolism and alanine, 

aspartate, and glutamate metabolism, negative correlations between the datasets was observed 

(Table 8.2). However, examining each pathway correlation by isolate did reveal some variation 

in the correlation observed. The isolates which expressed greater numbers of DEPs, NRRL3357 

and K54A, tended to exhibit higher correlations for each pathway compared to AF13. For 

example, the glutathione metabolism pathway components in AF13 exhibited a correlation of r = 

0.0823 while NRRL3357 and K54A exhibited a correlation of r = 0.7172 and r = 0.4914, 

respectively (Figure S8.2). Overall, the higher levels of correlation observed in these pathways 

may be indicative of their ongoing active expression and importance in oxidative stress 

responses.    
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Protein-protein interaction analysis 

Given that proteins function through interacting with other proteins and molecules, 

understanding the potential interactions occurring between DEPs is an important aspect to 

consider. To examine the interactions between DEPs detected in response to oxidative stress in 

the examined isolates, these proteins were searched for potential physical, co-expression, and co-

occurrence types of interactions in the STRING database (Szklarczyk et al. 2015). For AF13, 

branches of the interaction network were defined by pathway and molecular function including 

carbohydrate metabolism and antioxidant enzymes (Figure S8.3A). For NRRL3357, a more 

extensive interaction network was obtained than in the other isolates with k-means clustering 

analysis dividing the network into several key interacting pathway components including 

antioxidant enzymes, carbohydrate metabolism enzymes, pentose phosphate pathway, oxidative 

phosphorylation, and translation regulation (Figure 8.7 and S8.3B).  For K54A, a number of 

smaller interaction groups were identified and consisted of protein folding, translation, vesicle 

trafficking, and carbohydrate metabolism pathway components (Figure S8.3C). Overall, several 

hub proteins exhibiting physical and co-expression interactions with multiple proteins in diverse 

pathways were identified in all three isolates. These included protein folding and degradation 

enzymes such as heat shock proteins (e.g. hsp70 and hsp90), alcohol dehydrogenase (adh1), 

malate dehydrogenase, G-protein complex proteins (e.g. cpcB), and ATP synthase (α subunit). 

Additional DEPs not exhibiting interactions with other proteins found in this analysis also likely 

play indirect roles in oxidative stress responses in isolates of A. flavus. A list of all abbreviations 

and protein names along with the specific node interactions can be found in Table S8.6.   
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Discussion 

The production of aflatoxin by A. flavus and related species of fungi is regulated in concert with 

other secondary metabolites, developmental processes, and stress-responsive enzymes in 

response to environmental stress (Brakhage, 2013; Roze et al. 2013). Specifically, oxidative 

stress has been shown to be a pre-requisite and stimulator of aflatoxin production (Jayashree and 

Subramanyam, 2000; Narasaiah et al. 2006). This is of particular interest given the observation 

that drought stress results in compromised host resistance to aflatoxin contamination, and that 

drought stress results in the accumulation of ROS in host plant tissues (Guo et al. 2008; Yang et 

al. 2015, 2016). Previously, we have explored differences in oxidative stress responses between 

field isolates of A. flavus with varying degrees of aflatoxin production ranging from highly 

toxigenic isolates to atoxigenic commercial biological controls in culture and at the 

transcriptome levels (Fountain et al. 2015b, 2016a, 2016b). These studies suggested that 

aflatoxin production along with additional secondary metabolites such as aflatrem and kojic acid, 

antioxidant enzyme expression, and carbohydrate metabolism may play significant roles in A. 

flavus oxidative stress responses. In order to further explore these responses at the protein and 

enzymatic level, and to examine for the possibility of post-transcriptional regulation of oxidative 

stress responses, we examined the proteomes of select isolates of A. flavus to increasing levels of 

H2O2-derived oxidative stress in an aflatoxin production-conducive medium.   

 Previously, it was found that isolates which produce higher levels of aflatoxin tended to 

exhibit fewer significant DEGs in response to increasing levels of oxidative stress compared to 

less toxigenic or atoxigenic isolates (Fountain et al. 2016a, 2016b). At the protein level, the three 

isolates examined showed similar numbers of DEPs when comparing the control and 10mM 

H2O2 moderate stress treatment (Table 8.1). However, when comparing the numbers of DEPs at 
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the higher level of stress, 20 or 25mM H2O2, the moderately high aflatoxin producing isolate, 

NRRL3357, exhibited a much greater number of DEPs compares to the high aflatoxin producing 

isolate, AF13 (Table 8.1). This suggests that the ability to produce higher levels of aflatoxin 

tends to correlate with greater levels of stress tolerance resulting in less vigorous overall 

responses to oxidative stress. However, the lack of correlation under moderate stress may also be 

indicative of responses which occur at time points not examined in this study.  

The lack of a similar trend of increasing numbers of DEPs under moderate stress with 

decreasing stress tolerance as seen for DEGs previously (Fountain et al. 2016a) may also be 

indicative of both experimental variation and in possible post-transcriptional regulation of 

responses to stress. Post-transcriptional modifications and signaling play a significant role in the 

regulation of secondary metabolite production and reproductive development in Aspergillus spp. 

and other fungi. For example, phospho-relay signaling networks including MAP kinase 

components such as AnFus3, AnSte7, Anste11, and AnSte50 in A. nidulans have been shown to 

regulate both conidiation and sterigmatocystin production (Bayram et al. 2012). Other kinase 

signaling components such as G-protein-mediated regulation of aflR through G-

protein/cAMP/protein kinase A (pkaA) have also been shown to regulate development and 

mycotoxin production in Aspergillus spp. including A. nidulans and A. parasiticus (Roze et al. 

2004; Shimizu et al. 2001, 2003). Similar cAMP protein kinase regulators were also found to be 

differentially expressed here in NRRL3357 under higher levels of oxidative stress (Table S8.2). 

Another indication of possible post-transcriptional regulation of protein expression is the low 

degree of correlation between the transcriptome and proteome data observed here (Figure 8.6). 

Bai et al. (2015) observed a similar low degree of correlation (r = 0.14) between transcript and 

protein expression when examining heat stress responses in A. flavus which was interpreted as 
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being due to post-transcriptional regulation. While these low degrees of correlation may indeed 

be due to post-transcription modification and regulation of translation, it is also likely that 

inherent experimental error due to differences in RNA and protein turnover and biological 

variation between experimental replicates contribute to such weak correlations (Vogel and 

Marcotte, 2012).  Therefore, additional studies will be required to explore the role of post-

transcriptional regulation in A. flavus oxidative stress responses. 

Comparison of the detected DEPs for each isolate under increasing levels of oxidative 

stress revealed distinctive, isolate-specific responses with few commonly regulated proteins 

detected between isolates (Figure 8.2B). However, NRRL3357 and K54A did exhibit more 

commonality than either isolate showed with AF13, suggesting a correlation of stress responses 

with overall oxidative stress tolerance and aflatoxin production capability. The particular DEPs 

exhibited by the isolates also points to distinct overall strategies with implications for host 

resistance and interactions with other soilborne microbes. For example, AF13 tended to exhibit 

increased expression of lytic enzymes such as α-amylase, chitinase, β-glucosidase, glucanase, 

and α-mannosidase, while NRRL3357 showed decreased expression of the same enzymes (Table 

S8.2).  These enzymes have been shown to be involved in the colonization of host plant tissues 

with their inhibitors, such as the α-amylase-inhibiting 14-kDa trypsin inhibitor, being found to 

accumulate in resistant maize kernel tissues (Brown et al. 2001; Chen et al. 1999, 2015; Mellon 

et al. 2007). Increased lytic enzyme expression suggests that AF13 may more readily colonize 

host tissues with higher ROS content, particularly under drought stress (Yang et al. 2015, 2016). 

Increased hydrolytic enzyme expression has also been found to provide benefits for fungi in 

competition with other microbes in soil and plant environments, such as in the case of 

Tricoderma spp. biological controls (Benitez et al. 2004). Therefore, increased isolate potency in 
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terms of competitive and host colonizing capability through enhanced lytic enzyme expression 

may be correlated with overall oxidative stress tolerance and warrants further investigation. 

Differences in the overall strategies employed by the examined isolates could also be 

seen with regard to primary metabolism. The moderately toxigenic and atoxigenic isolates 

tended to show greater degrees of regulation in carbohydrate metabolism and mitochondrial 

oxidative phosphorylation (Figure 8.4 and 8.5, Table S8.2). Inhibition of oxidative 

phosphorylation by the application of exogenous compounds such as resveratrol has been shown 

to compromise fungal oxidative stress tolerance by altering mitochondrial respiration (Madrigal-

Perez and Ramos-Gomez, 2016). For carbohydrate metabolism, the active production of 

glycolysis and TCA cycle intermediates provide the basic components for the biosynthesis of 

macromolecules, which could be useful in the repair of cellular components with oxidative 

damage. In addition to glycolysis and the TCA cycle, the pentose phosphate pathway was also 

stimulated in response to stress in both toxigenic isolates (Figure 8.5). This pathway has been 

shown to be a source of reduced co-factors such as NADPH, which are utilized in the glutathione 

pathway for non-specific antioxidant activity (Mittler, 2002; Stincone et al. 2015). Interestingly, 

the moderately toxigenic isolate showed decreased NADPH-generating enzymes in the pentose 

phosphate pathway which may contribute to reduced stress tolerance compared to the highly 

toxigenic isolate. Alternatively, this may relate to a reduction in demand for reduced coenzymes 

due to stress alleviation already provided by the glutathione pathway or other mechanisms at the 

timepoint examined in the study.   

The differential expression of antioxidant enzyme systems in response to increasing 

stress may also provide insight into the specific ROS detrimental to these fungi, and to which 

they are responding. While relatively stable, H2O2 is also a weaker ROS resulting in a lesser 
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degree of oxidative stress compared to other species such as superoxide (O2
.-), hydroperoxyl 

(HO2.), and hydroxyl (OH.-) radicals, which while possessing significantly shorter half-lives can 

result in significantly greater damage to cellular components (Das and Roychoudhury, 2014; 

Heller and Tudzynski, 2011).  Previous studies have explored the effects of specific ROS on 

aflatoxin production and isolate development in A. flavus. For example, Grintzalis et al. (2014) 

treated A. flavus with numerous broad and specific ROS and antioxidant enzyme inhibitors to 

identify which ROS would stimulate aflatoxin and/or sclerotial development. They found that 

H2O2 specifically regulates sclerotia development, and that peroxidized lipids, superoxide, 

hydroxyl, and thiol radicals tended to have a greater role in aflatoxin production regulation.  

Here, we observed that non-specific antioxidant mechanisms such as glutathione 

metabolism and heat shock proteins tended to be the main ROS scavenging systems increased in 

response to increasing stress (Table S8.2, Figure 8.7), while catalase was found to be decreased 

in NRRL3357 under increasing stress (Figure 8.7). This suggests that other ROS such as the 

hydroxyl radical are more likely to be the source of continuing stress the isolates are responding 

to. These toxic ROS can be generated non-enzymatically through iron cation-mediated 

interconversions such as the Fenton reactions (Fenton, 1894). This coupled with the observations 

that biosynthetic mechanisms for iron chelating compounds such as kojic acid (Fountain et al. 

2016a, 2016b; Terabayashi et al. 2010) and CPA (Chang et al. 2009; Yu et al. 2011) were 

regulated in this system (Table S8.2, Fountain et al. 2016a, 2016b) suggests that ROS such as 

OH.- may be one of the main causes of oxidative damage in this experiment.  

These ROS can also interact with other compounds to form other damaging radicals 

including reactive nitrogen species (RNS) such as nitric oxide (NO). These compounds have 

been found to influence isolate development through RNS bursts. Specifically, NO bursts have 
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been found to be involved in the initiation of both conidiation and sclerotia formation in 

Aspergillus spp. and other fungi (Arasimowicz-Jelonek and Floryszak-Wieczorek, 2016). This 

burst of NO is countered by increase in detoxifying enzyme expression, specifically a series of 

flavohemoproteins, to prevent excess nitrosative stress (Baidya et al. 2011). Here, AF13 showed 

increases in nitric oxide synthase (NOS) and the sclerotia component protein sspA (Li and 

Rollins, 2009) accompanied by a decrease in flavohemoprotein expression while NRRL3357 

showed the opposite pattern of expression (Table S8.2). This suggests, as was previously 

hypothesized (Fountain et al. 2016b), that isolate development rates may be influenced by 

oxidative stress. This may also contribute to the different responses observed between the highly 

and moderately toxigenic isolates at the time point examined in this study. However, such 

differences in growth rates may also be reflective of different growth patterns observed for these 

isolates. In addition, the patterns of NOS and flavohemoprotein expression may be a function of 

mycotoxin production regulation in this system, and for developmental regulation (Baidya et al. 

2011). Further studies into developmental effects on oxidative stress responses may provide 

further insights into the dynamics of this response and potential impacts on interactions with 

other organisms.  

Isolate secondary metabolism components were also found to be differentially expressed 

in response to increasing stress. However, very few such proteins were detected in this 

experiment likely due to either limitations of the protein isolation or iTRAQ protocols employed 

(Wu et al. 2006), or due to time dependent regulation of expression given that the majority of 

aflatoxin production occurs 2 – 6 days in stationary culture (Davis et al. 1966). Previously, we 

observed that the moderately toxigenic isolate, NRRL3357 showed significant increases in 

aflatoxin gene expression under high levels of oxidative stress (Fountain et al. 2016a, 2016b). 
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This corresponds to the observed increase in ver-1 protein expression observed here in 

NRRL3357 (Table S8.1). It has been proposed that the production of secondary metabolites such 

as aflatoxin may provide supplemental antioxidant protection to A. flavus and other Aspergilli 

either through the fixation of ROS into toxin molecules, or through the stimulation of antioxidant 

enzyme expression through localized ROS bursts (Fountain et al. 2016a; Narasaiah et al. 2006; 

Roze et al 2015). The continued expression of ver-1 in NRRL3357 may, therefore, be indicative 

of ongoing aflatoxin production which may provide some antioxidant benefits.  

The regulation of aflatoxin biosynthetic components has serious implications for host 

resistance. Under drought stress, it has been shown that drought sensitive, aflatoxin 

contamination susceptible varieties of maize accumulate higher levels of ROS and RNS under 

drought compared to drought tolerant, aflatoxin resistant varieties (Yang et al. 2015, 2016). 

Given this correlation, the observed stimulation of aflatoxin production by ROS (Fountain et al. 

2015b; Jayashree and Subramanyam, 2000; Narasaiah et al. 2006), the role of RNS in fungal 

development and mycotoxin production regulation (Arasimowicz-Jelonek and Floryszak-

Wieczorek, 2016; Baidya et al. 2011; Marcos et al. 2016), and the regulation of aflatoxin 

production by nitrogen availability through transcription factors such as AreA (Chang et al. 

2000; Tudzynski, 2014), the responses of A. flavus to host-derived stress may provide insights 

into mechanisms to enhance host resistance. Current molecular breeding practices have been 

successful in developing both maize and peanut lines with degrees of aflatoxin resistance and 

drought tolerance (Fountain et al. 2015a). While progress has been made, additional measures 

will be necessary to further enhance available resistance to aflatoxin contamination. The isolate 

responses observed here show the importance of the ability of the fungus to colonize host tissues, 

acquire nutrition, and prevent and remediate oxidative damage for environmental stress 
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tolerance. Utilizing novel advances in biotechnology such as transgenic and genome editing 

approaches, these components may be targeted by enhancing host expression of lytic enzyme 

inhibiters and antioxidant enzymes, or through the use of novel RNA interference approaches 

such as host-induced gene silencing (HIGS) of aflatoxin biosynthetic genes (Thakare et al. 

2017). These approaches provide a future direction for enhancing both drought tolerance and 

aflatoxin contamination resistance in both maize and peanut. In addition, these same fungal 

pathways also provide biomarkers for the selection of novel atoxigenic biological control isolates 

among native populations of A. flavus or A. parasiticus for use in aflatoxin remediation.  
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Table 8.1. Numbers of significantly, differentially expressed proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Numbers of significantly, differentially expressed proteins.

Isolate Toxin
a

H2O2 (mM)
a 0 v 10 mM 0 v 20/25 mM

AF13 +++ 35 46 17

NRRL3357 + 20 29 220

K54A - 15 23
aAflatoxin production capability (+++, high; +, moderately high; -, atoxigenic) and maximum [H2O2] 

 tolerance observed in Fountain et al. 2015.
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Table 8.2. Significantly enriched KEGG pathways in all isolates and treatments, and their 

correlation with transcriptome data. 

 

 

 

 

 

 

 

 

 

ID Annotation Results P-value Benjamini Bonferroni r1

ec00480 Glutathione metabolism 20 5.72E-05 0.0002 0.0014 0.6866

ec00030 Pentose phosphate pathway 13 0.0004 0.0008 0.0098 0.3760

ec00062 Fatty acid elongation 6 0.0490 0.0490 1.0000 0.1453

ec00620 Pyruvate metabolism 34 3.70E-14 8.88E-13 8.88E-13 0.1085

ec00281 Geraniol degradation 10 0.0069 0.0098 0.1668 0.0958

ec00020 Citrate cycle (TCA cycle) 23 2.89E-11 1.73E-10 6.93E-10 0.0673

ec00640 Propanoate metabolism 31 0.0371 0.0405 0.8904 0.0467

ec00410 beta-Alanine metabolism 12 0.0003 0.0007 0.0081 0.0051

ec00290 Valine, leucine and isoleucine biosynthesis 10 0.0007 0.0013 0.0170 0.0019

ec00010 Glycolysis / Gluconeogenesis 34 2.65E-13 3.18E-12 6.37E-12 -0.0109

ec00280 Valine, leucine and isoleucine degradation 29 1.86E-11 1.48E-10 4.45E-10 -0.0196

ec00720 Carbon fixation pathways in prokaryotes 26 0.0009 0.0015 0.0216 -0.0369

ec00500 Starch and sucrose metabolism 18 0.0215 0.0257 0.5149 -0.0433

ec00710 Carbon fixation in photosynthetic organisms 15 2.40E-06 1.15E-05 5.77E-05 -0.0465

ec00630 Glyoxylate and dicarboxylate metabolism 18 5.49E-06 2.20E-05 0.0001 -0.0666

ec00260 Glycine, serine and threonine metabolism 30 0.0269 0.0307 0.6456 -0.0707

ec00040 Pentose and glucuronate interconversions 24 0.0160 0.0214 0.3845 -0.0830

ec00071 Fatty acid degradation 22 0.0001 0.0003 0.0026 -0.0975

ec00970 Aminoacyl-tRNA biosynthesis 11 0.0022 0.0035 0.0519 -0.1023

ec00072 Synthesis and degradation of ketone bodies 4 0.0208 0.0257 0.4996 -0.1410

ec00983 Drug metabolism - other enzymes 13 0.0425 0.0443 1.0000 -0.1561

ec00230 Purine metabolism 28 0.0002 0.0006 0.0053 -0.1591

ec00250 Alanine, aspartate and glutamate metabolism 16 0.0003 0.0007 0.0080 -0.3449

1Pearson correlation of protein and RNA fold changes. Transcriptome data obtained from Fountain et al. 2016. 

Table 2. Significantly enriched KEGG pathways in all isolates and treatments, and their 

correlation with transcriptome data.
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Figure 8.1. Comparative iTRAQ proteomics analysis. A. Design of the iTRAQ proteomics 

analysis. Column headings describe the isobaric tag molecular weights utilized for each sample. 

The rows represent the independent replicated runs of the experiment which are considered as 

three biological replicates. B. Subcellular localization enrichment for the 1,173 proteins detected 

in at least two biological replicates. C. Select functional enrichment analysis for gene ontology 

(GO) biological functions related to oxidative stress responses.  
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Figure 8.2. Differential expression analysis. A. Volcano plot of detected proteins indicating 

significantly (red) and non-significantly (blue) differentially expressed proteins. B. Venn 

diagrams of proteins increased or decreased in expression in response to increasing stress levels 

in AF13 (blue), NRRL3357 (yellow), and K54A (green). C. Principal components analysis of the 

protein expression profiles detected for each isolate. Isolate groups are delineated with the 

colored circles. 
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Figure 8.3. Heatmap and hierarchical clustering analyses of protein relative expression patterns. 

The heatmap represents the observed fold changes in expression for the 799 proteins found to be 

expressed in all three biological replicates of the experiment. Blue color represents decreased 

patterns. Red color represents increased patterns. Hierarchical clustering analysis of the proteins 

shows several distinct clades with unique expression patterns showing isolate-specific responses 

to stress. Overall differences in isolate expression can also be visualized in the sample-level tree.   
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Figure 8.4. Gene ontology (GO) enrichment for protein biological functions under increasing 

levels of oxidative stress. Biological function GO term enrichment analysis was performed for 

DEPs obtained from each isolate and treatment. The size and shade are indicative of the p-values 

for each GO term enrichment with increasing size and opacity corresponding to increased 

significance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

310 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

311 

Figure 8.5. Carbohydrate metabolic pathway components differentially expressed in response to 

increasing oxidative stress. Enzymes found to be differentially expressed in the 

glycolysis/gluconeogenesis (blue), pentose phosphate (red), fermentation (yellow), and 

tricarboxylic acid (TCA) cycle (green) pathways are plotted based on their associations found in 

the KEGG database. Larger fonts correspond to compounds in the pathways while smaller, 

italicized fonts represent enzymes. The 2 x 3 heatmaps represent each isolate and fold change in 

expression observed relative to the control for each H2O2 treatment. Red and blue colors 

represent significantly higher and lower expression, respectively; white color represents no 

significant change in expression; and gray color represents treatments not measured in this 

experiment. Abbreviations: G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; F1,6 P, 

fructose-1,6-bisphosphate; Gly3P, glyceraldehyde-3-phosphate; Gly1,3PP, glyceraldehyde-1,3-

bisphosphate; PEP, phosphoenolpyruvate; 6PGLac, 6-phosphogluconolactone; 6PGlu, 6-

phosphogluconate; Ribu5P, ribulose-5-phosphate; Rib5P, ribose-5-phosphate. 
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Figure 8.6. Correlative comparison of iTRAQ proteomics and previously obtained transcriptome 

data. The expression of transcripts detected (red) and undetected (blue) in the iTRAQ proteomics 

data were compared between the control and 10mM H2O2 treatment for AF13 (A), NRRL3357 

(B), and K54A (C) with transcripts exhibiting higher levels of expression being more likely to be 

detected in the proteomics analysis. Pearson correlations of significantly differentially expressed 

transcripts with their corresponding proteins (D) or significant DEPs with their corresponding 

transcripts (E) showed a low degree of correlation between the datasets. A majority of protein 

and transcript fold changes showed either agreement or were not changed with regard to up or 

down regulation and fold regulation with 24.6% showing opposite responses between the 

datasets (F).  
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Figure 8.7. Protein-protein interactions predicted for DEPs found in NRRL3357 in response to 

increasing oxidative stress. The STRING database was used to examine up- (A) and down- (B) 

regulated proteins in NRRL3357 detected in both H2O2 treatments. Each node in the network 

represents a DEP. Interactions are shown by the blue lines connecting each node with the weight 

of each line representing the confidence of the interaction based on available evidence in the 

database. Clusters of interest are indicated by the colored labels.  
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SUMMARY AND FUTURE DIRECTIONS 
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Summary and Conclusions 

This dissertation, which has combined both field and laboratory approaches to study drought 

stress and associated oxidative stress related to aflatoxin production, provides a basis for 

developing novel strategies and practical solutions to mitigate the aflatoxin issue. The identified 

pathways and mechanisms described here serve as potential targets suitable for manipulation 

using biotechnology to enhance host plant resistance. Therefore, in this summary chapter there 

are two objectives: first, to bridge the review articles found in Chapters 1 & 2 of this dissertation 

and current literature published in the last four years relevant to this research; and second, to 

outline possible and proposed methods of testing the hypotheses originating here to improve host 

resistance and to mitigate the aflatoxin safety issue.  

In addition to the threat posed by aflatoxin to human and animal health which have been 

long established (Kew, 2013; Williams et al. 2004), recent estimates of the economic losses in 

terms of food crop value and yield are in excess of $500 million annually in the US alone (Wu, 

2015). These impacts serve as the impetuses for developing strategies to mitigate aflatoxin 

contamination. Historically, these strategies have focused on post-harvest storage conditions and 

plant breeding for pre-harvest host resistance (Amaike and Keller, 2011). Host plant resistance to 

aflatoxin contamination has been a major focus of plant breeding and pathology research since 

the mid 1970’s (Diener et al. 1983, 1987; Fountain et al. 2014). These efforts have identified 

potential sources of genetic resistance to aflatoxin contamination in both maize and peanut 

primarily through screening of germplasm for stable resistance across multiple environments or 

growing seasons, or through the development of genetic mapping populations and germplasm 

collections for association studies (Fountain et al. 2015a; Guo et al. 2017; Wahl et al. 2016). 

These identified sources of genetic resistance are highly influenced by the environment with 
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significant genotype x environmental interactions hampering the identification of stable 

quantitative trait loci (QTL) and the development of molecular markers for enhancing resistance 

in breeding programs (Dhakal et al. 2016; Farfan et al. 2015; Fountain et al. 2015a; Warburton 

and Williams, 2014; Zhuang et al. 2016). Understanding the roles of this environmental stress 

and its influence on this plant-pathogen interaction is critical to developing lines with stable, 

deployable resistance. Of the identified environmental stresses capable of affecting aflatoxin 

resistance, drought stress is of particular concern, and has been shown to result in significant 

increases in aflatoxin contamination in both maize and peanut (Guo et al. 2008a, 2008b; Pitt et 

al. 2013). Therefore, understanding the effects of drought stress on both the host and pathogen to 

provide novel methods of enhancing host resistance to aflatoxin contamination represents the 

long term goal of our current research to mitigate this problem.  

Drought stress has been shown to result in oxidative stress in plant tissues. This oxidative 

stress results from the disruption of redox homeostasis and the generation of reactive oxygen 

species (ROS) (de Carvalho et al. 2008; Das and Roychoudhury, 2014). These ROS naturally 

function in both biotic and abiotic stress-responsive signaling pathways under normal 

circumstances, however can cause oxidative damage to cellular components when accumulating 

in excess (Baxter et al. 2014). These ROS can also react with and induce the formation of 

reactive nitrogen species (RNS) which also function in cellular signaling processes and can cause 

cellular damage when over accumulating and the initiation of apoptosis during pathogen defense 

responses (Lehmann et al. 2015; Wang et al. 2013). In this dissertation research, it was found 

that drought sensitive, aflatoxin contamination susceptible maize lines accumulate higher levels 

of ROS in their kernel tissues under drought stress along with higher levels of simple sugars and 

peroxidized lipids (Yang et al. 2015, 2016a, 2016b).   
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These compounds have also been shown to be involved in the regulation of aflatoxin 

production in several species of Aspergillus fungi. Since 2000 with the first publication by 

Jayashree and Subramanyam (2000), it has been repeatedly observed that ROS and associated 

oxidative stress provided by oxidized or peroxidized compounds such as oxylipins stimulate the 

production of aflatoxin, and regulate the development of conidia and sclerotia (Amare and 

Keller, 2014; Grintzalis et al. 2014; Reverberi et al. 2012). The integration of stress responsive 

signaling pathways and mycotoxin production regulation has also been a focus of several studies 

which have shown a link between aflatoxin production regulation and oxidative stress mitigation 

responses (Roze et al. 2011, 2013). Studies such as that published by Roze et al. (2015) also 

suggest that aflatoxin biosynthesis may be a source of partial oxidative stress alleviation with 

isolates possessing non-functional aflatoxin biosynthesis genes exhibiting significantly reduced 

conidial survival under oxidative stress. In this dissertation, transcriptomic and proteomic studies 

of A. flavus isolate responses to oxidative stress have also shown that the expression of genes 

involved in aflatoxin biosynthesis was enhanced by oxidative stress, and that fungal 

developmental rates and pathogenicity may also be affected (Fountain et al. 2016a, 2016b, 

2017). These same studies have also suggested a coordinated role of secondary metabolite 

production in oxidative stress alleviation in A. flavus (Fountain et al. 2016a, 2016b, 2017). 

  Together, these observations of ROS and metabolite accumulation in plants under 

drought stress and their role in aflatoxin production regulation suggests that ROS may function 

in crosstalk between host plants and A. flavus during infection resulting in exacerbated aflatoxin 

contamination under drought. Proteomic examination of maize rachis and kernel tissues have 

also shown that antioxidant enzymes such as catalase and superoxide dismutase accumulate in 

drought tolerant, aflatoxin resistant maize lines in response to either drought stress or A. flavus 
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infection (Pechanova et al. 2011, 2015; Yang et al. 2014). Given these observations and those 

described in this dissertation, increases in host tissue antioxidant capacity may provide benefits 

to both drought tolerance and to aflatoxin contamination resistance.  

 

Future Directions 

Transgenic and Genome Editing Approaches 

The global data obtained in this dissertation research provide insights for potential novel avenues 

for the enhancement of aflatoxin contamination resistance in host plants using genetic 

engineering (e.g. genome editing and genetic transformation) to manipulating the levels of stress-

responsive compounds independently or in tandem to reduce the production of aflatoxin in grain 

hosts. While several pathways were found to correlate with drought sensitivity in maize, the 

complexity of their biosynthesis or their essential nature may preclude their use in mutation 

studies employing genome editing approaches. Therefore, compounds and pathways whose 

manipulation will avoid potential lethal or interfering effects including antioxidant enzymes, 

starch and carbohydrate biosynthetic regulators, and lipoxygenases whose products or targets 

(ROS, sugars, and oxylipins) were common to both the host and pathogen responses under 

drought/oxidative stress were considered.  

By manipulating antioxidant gene expression to enhance antioxidant capacity, 

lipoxygenase expression to regulate lipid signaling pathways, and starch biosynthetic 

mechanisms to reduce seed simple sugar content, improved host aflatoxin resistance and drought 

tolerance may be possible. In addition, by better understanding the responses of field isolates to 

oxidative stress and how this correlated with observed pathogenicity, biological controls may be 

better selected for field applications from among native isolates, or the capabilities of existing 
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formulated isolate may be enhanced to improve their efficacy. Together, these approaches will 

provide a novel avenue to search for and produce practical solutions to this aflatoxin safety issue. 

The application of biotechnologies, specifically traditional genetic transformation using 

Agrobacterium tumefaciens or biolistics, and clustered regularly interspaced short palindromic 

repeats (CRISPR)/Cas9 genome editing, allow for the possibility of enhancing host resistance 

rapidly through the targeted manipulation of traits identified in previous studies. Given the 

observed correlation between host oxidative stress under drought stress and exacerbated 

aflatoxin contamination, a promising future direction, as an example as described below, will be 

to test whether the enhancement or reduction of host antioxidant capacity through the 

manipulation of antioxidant gene expression using these technologies may improve host 

resistance.  

Under this proposed project, the objective would be to test the hypothesis that antioxidant 

capacity and ROS content in maize and peanut kernel/seed tissues are related to aflatoxin 

contamination resistance using genetic engineering technologies including transgenic and 

genome editing. This may be addressed through two approaches: first positively by the 

overexpression of antioxidant enzymes in these crops to reduce ROS content and enhance 

resistance, and secondly in a negative approach through the knock-down of expression through 

mutagenesis of antioxidant mechanisms to repress resistance. The first approach, the 

enhancement of host resistance to aflatoxin contamination under drought stress using genetic 

engineering, will focus on increasing the expression of the antioxidant enzyme catalase in both 

maize and peanut. Additional genes such as ascorbate peroxidase and superoxide dismutase may 

also be explored. This will be accomplished through the introduction of an overexpression 

cassette consisting of a selectable marker, a seed-specific constitutive promoter, a complete 
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coding sequence of the respective plant catalase, and a transcriptional terminator. Seed specific 

promoters such as gamma-zein in maize (Thakare et al. 2017) are useful for this application since 

aflatoxin contamination is a problem primarily in seed tissues, and in order to avoid gene 

silencing by the host due to excessive over-expression which may occur when utilizing non-

specific constitutive promoters (Schubert et al. 2004; Weinhold et al. 2013). The transformation 

cassettes would be delivered into maize and peanut using Agrobacterium tumefaciens-mediated 

transformation or through the use of biolistics. Successful transformants will be identified 

through the culture of transformed callus tissues on herbicide-selective medium, and transplanted 

in the greenhouse to produce T0 plants and T1 seeds.  

The second approach will focus on the mutation and functional disruption of antioxidant 

enzyme-encoding genes using CRISPR/Cas9 genome editing. This technology employs the Cas9 

nuclease to introduce point mutations in DNA which are homologous to a single guide RNA 

(sgRNA). While in bacteria this mechanism is hypothesized to function in bacteriophage 

resistance, it has since been found that synthetic sgRNAs can be used to introduce point 

mutations into select target DNA sequences in other organisms including plants (Song et al. 

2016). It has also been found that multiple sgRNAs homologous to different DNA sequences can 

be introduced simultaneously to mutate multiple genes, and that this system can be used to 

introduce foreign DNA into plant genomes through homology directed repair (Shi et al. 2017). In 

this experiment, a sgRNA construct would be assembled with homologous sequences to 2 – 3 

selected antioxidant genes and introduced into maize callus tissues using biolistics. The diploid 

nature of the maize genome and the relative ease of transformation will allow for an attempt to 

simultaneously mutate multiple genes. However, for peanut, only one antioxidant gene 

mutatuion using CRISPR/Cas9 would initially be attempted. This is due to the allotetraploid 
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nature of the peanut genome, and the associated difficulty in obtaining simultaneous mutagenesis 

for all four functional alleles of the selected genes to produce the desired phenotypes. Also, the 

gold particles used in biolistics may be coated with Cas9 protein generated using overexpression 

in Escherichia coli. This will avoid potential pitfalls associated with Cas9 over-expression in the 

host such as off-target mutation and the need for Cas9 codon optimization in maize or peanut to 

improve translation (Song et al. 2016). The sgRNA constructs could then be introduced as 

described in maize and in peanut.  

Following transformation using either approach, generated T0 plants would be self-

pollinated to generate T1 seeds in both maize and peanut. The transformants would then be 

evaluated to confirm the proper insertion or deletion of target DNA. For the overexpression 

mutants in both maize and peanut, validation of functional insertion of the construct would be 

done using PCR to amplify each component of the construct followed by Sanger sequencing. 

Lines containing all components would be used for RNA isolation and quantitative RT-PCR 

(qPCR) to examine for gene expression relative to untransformed controls. Temporal patterns of 

overexpression in seeds/kernels may be examined using qPCR at regular intervals to examine for 

possible growth-stage specificity in expression. Tissue-specific overexpression of the selected 

genes will also be validated using qPCR by examining various tissues including whole 

seeds/kernels, endosperm, cotyledons, embryos, leaves, stems, roots, silk, and pods at the 

determined time of optimum expression from the time course experiment. For CRISPR/Cas9 

mutagenized plants, the genomic DNA sequence of each of the selected antioxidant enzyme-

encoding genes will be sequenced using Sanger sequencing to confirm Cas9 induced mutations 

and their positions within the genes. Putative functional changes in protein structure due to the 

induced mutations will also be determined by in silico analyses.  
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To examine for differences in aflatoxin contamination, T1 seeds would be used for a 

kernel screening assay (KSA; Brown et al. 1995). Briefly, seeds/kernels will be surface sterilized 

and inoculated with a conidia suspension of A. flavus and placed in a moisture chamber at 30°C 

for one week. At the conclusion, infection severity, conidiation, and aflatoxin content will be 

measured and comparisons drawn between transformed and non-transformed seeds. It is 

expected that catalase overexpressing seeds will accumulate less aflatoxin than their controls 

while the opposite is expected for the CRISPR/Cas9 mutagenized seeds. While this method is 

quick and technically simple, it does not routinely agree with results obtained from in vivo 

inoculation.  

In order to test the hypothesis with regard to drought stress in vivo, these transformed 

lines (T2 plants) would cultivated in the greenhouse or in microplots with controllable irrigation, 

and inoculated with A. flavus with and without drought stress as follows. For maize, drought 

stress will be introduced at 14 days after pollination with simultaneous inoculation of ears with 

A. flavus inoculum using a side needle injection method (Guo et al. 2017; Windham et al. 2003). 

Non-inoculated and irrigated controls along with an inoculation only treatment and a needle 

wounding control will also be performed. Kernels will be collected at 7 and 14 days after 

inoculation, and at maturity. In peanut, the same treatment design will be used with A. flavus 

inoculum grown on cracked wheat will be introduced into the soil at flowering. Drought stress 

will be introduced at 100 days after planting and maintained until maturity (140 days after 

planting) as described by Clevenger et al. (2016). Seeds from each treatment will be collected 

and used for analysis.  

To examine changes in antioxidant enzyme activity in the generated mutants, crude 

protein extractions would be performed from seed/kernel tissues at selected time points as 
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described by Yang et al. (2015). These extracts will be used to determine catalase, superoxide 

dismutase, and ascorbate peroxidase activity levels using spectrophotometric methods (Venisse 

et al. 2001; Yang et al. 2015) to confirm increases or decreases in overall activity based 

following transformation. The content of H2O2 and superoxide in the seeds/kernels at these time 

points will also be determined using spectrophotometric methods (Yang et al. 2015). For both 

KSA and in vivo samples, aflatoxin present in these tissues will be extracted using methanol and 

quantified using spectrophotometric methods (Fountain et al. 2016a; Guo et al. 2017; Lee et al. 

2004; Yang et al. 2017). 

It is expected that overexpression mutants will exhibit higher levels of antioxidant 

enzyme activity and lower levels of ROS accumulation during drought treatment and A. flavus 

inoculation. This should result in reduced aflatoxin contamination compared to the 

untransformed lines under the same conditions. Conversely, in the CRISPR/Cas9 mutated lines, 

reductions in antioxidant enzyme activity and increases in H2O2 and superoxide content are 

expected with associated increases in aflatoxin contamination. While these methods will not be 

able to examine the co-localization of the ROS and fungal infection and aflatoxin production, 

these experiments will provide evidence as to whether host tissue ROS content is correlated with 

aflatoxin resistance, and that using these techniques to enhance antioxidant capacity is a valid 

approach to enhance resistance. 

 

Investigating the Relationship between ROS and Secondary Metabolite Production 

While the development of novel techniques of enhancing host resistance is the primary 

objective, additional hypotheses were also generated related to fungal biology during the course 

of this dissertation research which warrant further investigation. Two examples of this are that 
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aflatoxin production provides a form of oxidative stress alleviation to A. flavus (Fountain et al. 

2015b), and that other secondary metabolites such as kojic acid may supplement these beneficial 

effects in the absence of aflatoxin production (Fountain et al. 2016a). These hypotheses can be 

tested through a combination of mutagenesis and medium supplementation assays described as 

follows. 

The concept of aflatoxin production providing oxidative stress alleviation to the fungus 

has been previously proposed in the literature with the observation of a positive correlation 

between aflatoxin production and the accumulation of ROS and their reactive byproducts in 

fungal tissues (Jayashree and Subramanyam, 2000; Narasaiah et al. 2006; Roze et al. 2013). 

More recently, Roze et al. (2015) showed that deletion of aflatoxin biosynthetic genes resulted in 

reduced conidial oxidative stress tolerance expressed as reduced conidial germination rates under 

high levels of oxidative stress provided by H2O2. It was hypothesized in this work that the 

biosynthetic process of producing aflatoxin, not the compound itself, was the source of the 

antioxidant benefit with the cause likely being secondary ROS bursts stimulating the production 

of higher levels of antioxidant enzymes in fungal tissues, particularly the next generation of 

conidia.  

To test this, aflatoxin could be supplemented into culture medium while culturing either 

atoxigenic field isolates of A. flavus, or with isolates possessing point mutations or deletions in 

their aflatoxin biosynthetic pathways with and without the addition of increasing concentrations 

of H2O2 or other oxidative stress-causing agent. If aflatoxin has a direct benefit, increased levels 

of fungal growth would be expected under higher levels of stress. However, this approach may 

not produce a detectable response. Aspergillus flavus compartmentalizes the final phases of 

aflatoxin production to specialized vesicles for exocytosis and not to the cytoplasm (Chanda et 
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al. 2009), and accumulates relatively low levels of aflatoxin in mycelia tissues while the 

surrounding medium may contain high concentrations of aflatoxin (Hesseltine et al. 1966). 

Together, this implies a unidirectional active transport of aflatoxin out of the fungal tissues 

possibly limiting the efficacy of aflatoxin supplementation on oxidative stress responses, and 

pointing more toward individual biosynthetic processes rather than aflatoxin itself as being the 

source of the potential antioxidant benefits.  

An alternative approach could be to supplement intermediates from the biosynthetic 

pathway occurring at points concurrent or beyond those inhibited in mutant isolates either in the 

form of pure compounds or culture filtrates/mycelial extracts from isolates which produce 

necessary compound (e.g. supplementing averantin to a ΔpksA or Δnor-1 isolate). This in 

combination with growing selected isolates across a gradient of increasing concentrations of 

H2O2 could be done for multiple mutant isolates possessing different aflatoxin biosynthetic gene 

deletions to identify which steps in aflatoxin production provide the observed antioxidant 

benefits. This would be shown by reduced fungal growth or conidial germination under high 

levels of oxidative stress in a particular mutant compared to the wild type isolate which would be 

recovered by supplementation with the missing intermediate(s). In addition, histochemical 

staining methods similar to those previously employed (Yang et al. 2015) can be used to quantify 

ROS accumulation in fungal tissues as a measure of oxidative stress tolerance and alleviation.  

The second hypothesis regarding kojic acid was based on the observations that kojic acid 

accumulates at higher concentrations in medium not conducive for aflatoxin production 

(Fountain et al. 2016a), significant reductions in fungal growth were not observed when 

culturing the isolates in this non-conducive medium (YEP; Fountain et al. 2015b), and that kojic 

acid is an iron-chelating antioxidant compound (Terabayashi et al. 2010). It is hypothesized that 
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the lack of significant reductions in fungal growth in the aflatoxin non-conducive medium were 

due to these increases in kojic acid, which may interfere with observing the full effects of the 

loss of aflatoxin production on oxidative stress tolerance. To counter this interference and test 

the hypothesis, two methods could be performed. First, double and single mutants of a kojic acid 

biosynthetic gene (e.g. ΔkojA) and an aflatoxin gene (e.g. ΔpksA) can be cultured across an 

increasing gradient of H2O2 in an aflatoxin conducive medium and compared for growth and 

ROS accumulation in their tissues. If significant reductions in oxidative stress tolerance are 

observed in the double mutant, supplementation of aflatoxin biosynthetic intermediates can be 

performed as previously described to look for possible recovery effects. Reduction in growth in 

the single kojic acid gene mutant would also confirm the role of kojic acid in oxidative stress 

tolerance. Second, iron cations can be introduced by adding FeCl3 into the culture medium to 

chelate produced kojic acid and prevent it from functioning in antioxidant reactions allowing for 

observation of the effects of the loss of aflatoxin on oxidative stress tolerance. A related test 

could also be performed using FeCl2 instead of FeCl3. Iron (II) is the initial reactant in Fenton 

reactions in which remove an electron from Fe2+ is removed by H2O2 resulting in Fe3+ and OH.-, 

a more toxic ROS (Fenton, 1894). This could be combined with the supplementation of OH.- 

specific antioxidant compounds such as dimethylsulfoxide (DMSO) to test whether OH.- is one 

of the primary ROS responsible for exacerbated aflatoxin production.  

 These approaches, if successful, will improve our understanding of the role of ROS in 

this host plant-pathogen interaction and fungal biology related to aflatoxin production, provide 

for the development of bio-markers for selection of drought tolerant germplasm in breeding 

programs, and provide a novel method for mitigating pre-harvest aflatoxin contamination in 

maize and peanut under drought stress to compliment current efforts to enhance resistance 
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through traditional breeding. This will also represent the first utilization of CRISPR/Cas9 

genome editing in the investigation of aflatoxin resistance in maize and peanut. It will also be 

suitable for funding under federal grants including the USDA-NIFA Agricultural and Food 

Research Initiative (AFRI), and by local and national stakeholder groups such as the National 

Corn Grower’s Association, the Georgia Corn Commission, the Peanut Foundation, the National 

Peanut Board, and the Georgia Peanut Commission. 
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Figure S5.1. Effect of drought treatment on plant phenotype of selected maize lines. 

Representative images of six selected maize lines collected at well-watered and drought treated 

conditions.        
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Figure S5.2. Hierarchical cluster analysis of differential abundance in all tested samples.  
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Figure S5.3. Venn diagram showing the overlap of differentially expressed metabolites in maize 

kernles at different developing stage (A) and different genotypes. S7D, S14D, S7W and S14W 

refers to the metabolites from B73 with and without drought treatments for 7 and 14 DAI; R7D, 

R14D, R7W and R14W refers to the metabolites from Lo964 with and without drought 

treatments for 7 and 14 DAI.  
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Figure S5.4. Correlation analysis between metabolite and metabolite in maize kernels. X- and Y-

axes were categorized into different metabolites, grouped by pathway. 
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Figure S5.5. Metabolic networks constructed by the differentially accumulated metabolites in 

maize developing kernels in response to drought stress. (A) and (B) refer to the metabolic 

networks in B73 at 7 and 14 DAI; (C) and (D) refer to the metabolic networks in Lo964 at 7 and 

14 DAI. 
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Figure S5.6. Statistical comparison design. Statistical comparisons between samples from each 

lines, indicated by arrows, were conducted between 7 and 14 DAI within each lines, 7 and 14-

day well-watering within each lines,   drought treatment and well-watered conditions within each 

lines, and drought treatment or well-watered conditions between two lines. 
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Figure S8.1. One-dimensional polyacrylamide gel electrophoresis (1D-PAGE). An aliquot of the 

isolated proteins used for iTRAQ proteomics was used for 1D-PAGE to check the quality and 

quantity of the samples used. The lanes are as labeled with the first lane containing a protein size 

ladder ranging from 10 – 260kDa. No protein degradation or inconsistency in detected intensity 

was detected between the samples prior to iTRAQ analysis. 
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Figure S8.2. Pearson correlations of proteome and transcriptome data for select metabolic 

pathways. Pearson correlations of detected protein expression with corresponding transcripts 

when comparing the control and 10mM H2O2 treatments were performed for proteins involved in 

glutathione metabolism, the pentose phosphate pathway, and aminobenzoate degradation for all 

isolates (overall plots) and for each individual isolate. Greater degrees of correlation could be 

observed within each pathway both overall and within each isolate than observed for all proteins 

and transcripts. Isolate-to isolate variation in correlation was also observed within each pathway 

likely corresponding to the degree of differential expression observed for the proteins and 

transcripts in each pathway. 
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Figure S8.3. STRING interaction networks for differentially expressed proteins observed in each 

isolate in response to increasing levels of oxidative stress. STRING interaction plots for AF13 

(A), NRRL3357 (B), and K54A (C) were performed. Nodes are colored based on software 

default parameters. Distance between nodes and their position relative to each other indicate their 

relatedness in terms of biological function, protein-protein interaction, and co-expression. Lines 

connecting nodes represent different forms of evidence for a relationship between the proteins 

connected by the nodes. Of note are the following colored lines representing available evidence 

of interactions: light blue: known interactions from curated databases; pink: experimentally 

determined interactions; dark blue: gene co-occurance; yellow: textmining; and black: co-

expression. 
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Table S8.1. Summary of generated iTRAQ proteomics data

Data FDR Type  FDR Rep 1 Rep 2 Rep 3 Average

Proteins Global 1% 2,147 1,907 1,646 1,900

Distinct Peptides Global 1% 19,936 17,479 17,677 18,364

Spectra Global 1% 67,246 66,352 74,767 69,455
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Table S8.2. Differentially expressed proteins in A. flavus isolates in response to oxidative stress.

Gene ID Uniprot ID Annotation Fold Change p-value

AFLA_095660 B8NKY3 Immunoglobulin G-binding protein H, putative 5.1563 0.0068

AFLA_021870 A0A0D9MMH9 Glucanase 4.9830 0.0015

AFLA_033400 A0A0D9N9J1 alpha-1,2-Mannosidase 3.0115 0.0295

AFLA_026140 B8N0S9 Alpha-amylase 2.9625 0.0081

AFLA_045980 A0A0D9N070 Prolyl oligopeptidase family protein 2.3179 0.0008

AFLA_097750 C5H8J2 SspA 1.8977 0.0320

AFLA_027070 B8N394 Acetyl-coenzyme A synthetase 1.8851 0.0122

AFLA_057770 B8NE46 Probable pectate lyase A 1.8573 0.0174

AFLA_006960 B8NQL4 Molecular chaperone and allergen Mod-E/Hsp90/Hsp1 1.8458 0.0132

AFLA_125270 A0A0D9MSQ9 Uncharacterized protein 1.8241 0.0272

AFLA_130150 A0A0D9NA25 Uncharacterized protein 1.8014 0.0104

AFLA_078900 B8MXV3 Beta-hexosaminidase 1.7422 0.0205

AFLA_102010 B8NU30 Class V chitinase, putative 1.7272 0.0056

AFLA_124500 B8NML4 Nitric oxide synthase, putative 1.6632 0.0162

AFLA_051140 A0A0D9MWN4 Beta-glucosidase 1.4575 0.0509

AFLA_076170 B8MX30 Uncharacterized protein 1.2767 0.0001

AFLA_139480 C9K205 Dimethylallyl tryptophan synthase 1.1705 0.0399

AFLA_076180 B8MX31 Uncharacterized protein 1.0849 0.0034

AFLA_029850 B8N1C0 Cysteine-rich secreted protein 0.9040 0.0016

AFLA_040120 B8NAG7 Flavohemoprotein 0.7818 0.0239

AFLA_071010 B8NK52 Heat shock protein (Sti1), putative 0.5110 0.0150

AFLA_034380 B8N244 Catalase, putative 0.4921 0.0033

AFLA_099650 B8NTN4 Woronin body major protein, putative 0.4431 0.0015

AFLA_063320 B8NFJ8 Uncharacterized protein 0.4424 0.0248

AFLA_122720 A0A0D9MR79 Variant SH3 domain protein 0.4400 0.0254

AFLA_022480 B8N5C0 26S proteasome regulatory particle subunit Rpn8, putative 0.3797 0.0087

AFLA_026020 Q52QR9 Calmodulin A 0.3513 0.0289

AFLA_027710 B8N0Z6 Peptidyl-prolyl cis-trans isomerase 0.3390 0.0466

AFLA_056260 B8ND65 Nascent polypeptide-associated complex (NAC) subunit, putative 0.3336 0.0411

AFLA_133940 B8NFW5 Uncharacterized protein 0.2663 0.0236

AFLA_045750 B8NBK0 Antigenic mitochondrial protein HSP60, putative 0.2607 0.0198

AFLA_054750 B8ND04 Malate dehydrogenase, NAD-dependent 0.2599 0.0205

AFLA_093280 B8NKS4 Disulfide isomerase (TigA), putative 0.2564 0.0202

AFLA_060110 B8NEA2 Uncharacterized protein 0.2151 0.0155

AFLA_050270 B8NSS6 Conserved lysine-rich protein, putative 0.1869 0.0097

AFLA_070490 B8NK00 Uncharacterized protein 0.1845 0.0203

AFLA_031780 B8N3U4 Telomere and ribosome associated protein Stm1, putative 0.1715 0.0031

AFLA_088570 B8MWG7 Uncharacterized protein 0.1676 0.0068

AFLA_117640 B8NVS7 CipC-like antibiotic stress responsive protein 0.1645 0.0091

AFLA_042700 A0A0D9MTF9 RNA recognition motif 0.1563 0.0232

AFLA_007700 B8NXF1 Uncharacterized protein 0.1456 0.0117

AFLA_069370 B8NIQ9 Phosphoglycerate kinase 0.1434 0.0025

AF13 0 v 10mM
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Table S8.2. Cont.

Gene ID Uniprot ID Annotation Fold Change p-value

AFLA_073480 B8MW01 Tropomyosin, putative 0.1337 0.0088

AFLA_033620 B8N439 RNA binding protein, putative 0.1317 0.0441

AFLA_052860 B8NS55 Chaperone/heat shock protein Hsp12, putative 0.1170 0.0306

AFLA_028800 B8N3H7 Eukaryotic translation initiation factor 5A 0.0783 0.0284

AFLA_095660 B8NKY3 Immunoglobulin G-binding protein H, putative 15.5847 0.0003

AFLA_048690 A0A0D9N9P4 Alcohol dehydrogenase GroES-like domain protein 5.3708 0.0373

AFLA_004950 B8NQA4 Cytochrome c oxidase subunit Va, putative 2.7840 0.0240

AFLA_121090 B8NWS2 Uncharacterized protein 2.7659 0.0288

AFLA_078650 B8MXS8 ATP synthase subunit alpha 1.9208 0.0177

AFLA_069370 B8NIQ9 Phosphoglycerate kinase 1.7182 0.0340

AFLA_099010 B8NUD9 Transaldolase 1.7166 0.0157

AFLA_006960 B8NQL4 Molecular chaperone and allergen Mod-E/Hsp90/Hsp1 1.5606 0.0136

AFLA_119460 A0A0D9MQY3 NAD dependent epimerasedehydratase family protein 1.4746 0.0404

AFLA_111100 B8N9G4 Mitochondrial peroxiredoxin Prx1, putative 1.4179 0.0330

AFLA_039410 B8NCN4 Cell wall serine-threonine-rich galactomannoprotein Mp1 1.3686 0.0534

AFLA_071350 B8NJ18 UDP-N-acetylglucosamine pyrophosphorylase 1.3415 0.0281

AFLA_029850 B8N1C0 Cysteine-rich secreted protein 0.9290 0.0033

AFLA_076170 B8MX30 Uncharacterized protein 0.9241 0.0412

AFLA_034380 B8N244 Catalase, putative 0.5908 0.0395

AFLA_007700 B8NXF1 Uncharacterized protein 0.5875 0.0197

AFLA_060110 B8NEA2 Uncharacterized protein 0.4245 0.0155

AFLA_007700 B8NXF1 Uncharacterized protein 4.8380 0.0000

AFLA_112130 A0A0D9MS17 Hydrophobic surface binding protein A 4.5253 0.0071

AFLA_054750 B8ND04 Malate dehydrogenase, NAD-dependent 4.3005 0.0449

AFLA_050270 B8NSS6 Conserved lysine-rich protein, putative 3.4445 0.0424

AFLA_069370 B8NIQ9 Phosphoglycerate kinase 3.2011 0.0188

AFLA_097190 B8NU47 Uncharacterized protein 3.1380 0.0470

AFLA_012200 B8NYQ1 Hsp70 chaperone (HscA), putative 2.9971 0.0033

AFLA_130310 B8NPF9 Protein disulfide-isomerase 2.9678 0.0056

AFLA_045750 B8NBK0 Antigenic mitochondrial protein HSP60, putative 2.8139 0.0003

AFLA_044620 B8NB87 Mitochondrial Hsp70 chaperone (Ssc70), putative 2.4698 0.0034

AFLA_040120 B8NAG7 Flavohemoprotein 2.3532 0.0135

AFLA_034050 B8N211 Aconitate hydratase, mitochondrial 2.2716 0.0086

AFLA_022380 B8N5B0 Molecular chaperone Hsp70 2.2652 0.0358

AFLA_028910 B8N3I8 Polyadenylate-binding protein 2.2287 0.0506

AFLA_033100 B8N3Y7 Phosphatidylinositol transporter, putative 2.2080 0.0045

AFLA_035620 B8N4E9 Hsp70 chaperone BiP/Kar2, putative 2.1612 0.0308

AFLA_093280 B8NKS4 Disulfide isomerase (TigA), putative 2.1103 0.0263

AFLA_119660 B8NWC9 ATP synthase subunit beta 2.0259 0.0443

AFLA_038700 A0A0D9NC88 Peptide hydrolase 1.7118 0.0036

AFLA_008310 A0A0D9MUN9 Thiolase N-terminal domain protein 1.6783 0.0239

AFLA_122720 A0A0D9MR79 Variant SH3 domain protein 1.6142 0.0112

AFLA_095660 B8NKY3 Immunoglobulin G-binding protein H, putative 1.5212 0.0031

AF13 0 v 25mM

NRRL3357 0 v 10mM
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Table S8.2. Cont.

Gene ID Uniprot ID Annotation Fold Change p-value

AFLA_027810 A0A0D9MQC0 Subtilase family protein 1.2614 0.0237

AFLA_023500 A0A0D9N0I0 Ser-Thr-rich glycosyl-phosphatidyl-inositol-anchored membrane 1.2208 0.0149

AFLA_136640 B8NGN7 Translation elongation factor EF-2 subunit, putative 0.8556 0.0337

AFLA_108790 B8N8T4 Aldehyde dehydrogenase AldA, putative 0.6861 0.0480

AFLA_112120 B8N9R6 Pyruvate carboxylase 0.6007 0.0325

AFLA_110600 B8N9B4 Aminopeptidase 0.5475 0.0417

AFLA_045980 A0A0D9N070 Prolyl oligopeptidase family protein 0.4090 0.0004

AFLA_105920 P41749 Endopolygalacturonase A 13.8028 0.0089

AFLA_028800 B8N3H7 Eukaryotic translation initiation factor 5A 11.8265 0.0015

AFLA_019230 B8N6F9 Mismatched base pair and cruciform DNA recognition protein, putative 9.3129 0.0061

AFLA_112130 A0A0D9MS17 Hydrophobic surface binding protein A 8.9999 0.0197

AFLA_057240 A0A0D9MQY5 RNA recognition motif 8.9178 0.0215

AFLA_089380 A0A0D9MZ41 Endo-chitosanase 8.5050 0.0006

AFLA_045750 B8NBK0 Antigenic mitochondrial protein HSP60, putative 8.0881 0.0000

AFLA_069370 B8NIQ9 Phosphoglycerate kinase 7.5484 0.0000

AFLA_093220 B8NKR8 Ran-specific GTPase-activating protein 1, putative 6.9233 0.0159

AFLA_136570 B8NGN0 Cytochrome c 6.8061 0.0024

AFLA_043730 B8NAZ8 Nuclear protein export protein Yrb2, putative 6.3921 0.0411

AFLA_048510 B8NSI8 UV excision repair protein (RadW), putative 6.3291 0.0164

AFLA_025760 B8N351 50S ribosomal protein L12 6.0343 0.0300

AFLA_066270 B8NID1 RNA-binding La domain protein 5.9871 0.0220

AFLA_031780 B8N3U4 Telomere and ribosome associated protein Stm1, putative 5.9799 0.0000

AFLA_091060 B8NLH9 Allergen Asp F3 5.7723 0.0109

AFLA_003440 B8NQW0 Translation initiation factor 4B 5.7504 0.0000

AFLA_044620 B8NB87 Mitochondrial Hsp70 chaperone (Ssc70), putative 5.5549 0.0000

AFLA_082510 B8MYW2 TCTP family protein 5.5169 0.0099

AFLA_030860 A0A0D9MYG7 Uncharacterized protein 5.4935 0.0231

AFLA_106310 B8N837 Chaperonin, putative 5.4231 0.0216

AFLA_091990 B8NKN3 Peptidyl-prolyl cis-trans isomerase 5.1617 0.0022

AFLA_006520 A0A0D9N6X4 Scd6-like Sm domain protein 4.8678 0.0386

AFLA_076710 A0A0D9N180 Malate dehydrogenase 4.8412 0.0000

AFLA_028910 B8N3I8 Polyadenylate-binding protein 4.8204 0.0000

AFLA_033100 B8N3Y7 Phosphatidylinositol transporter, putative 4.8118 0.0000

AFLA_126870 B8NMS4 Uncharacterized protein 4.7704 0.0102

AFLA_004950 B8NQA4 Cytochrome c oxidase subunit Va, putative 4.6372 0.0002

AFLA_132540 B8NH30 Thioredoxin 4.5661 0.0130

AFLA_099000 Q8NK14 Cu,Zn-superoxide dismutase (Fragment) 4.5307 0.0172

AFLA_089270 A0A0D9N5A3 Basic region leucine zipper 4.3982 0.0394

AFLA_057670 B8NE36 Neutral protease 2 4.3020 0.0121

AFLA_091270 B8NKG1 Fumarate hydratase, putative 4.3014 0.0066

AFLA_093660 B8NKW2 Solid-state culture expressed protein (Aos23), putative 4.2034 0.0004

AFLA_117850 B8NW38 RPEL repeat protein 4.1850 0.0230

AFLA_002560 B8NPV3 60S ribosomal protein L37a 4.0878 0.0301

AFLA_112910 B8N9Z5 Uncharacterized protein 4.0491 0.0319

NRRL3357 0 v 20mM
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Table S8.2. Cont.

Gene ID Uniprot ID Annotation Fold Change p-value

AFLA_133920 B8NFW3 Acyl CoA binding protein family 3.9799 0.0516

AFLA_111100 B8N9G4 Mitochondrial peroxiredoxin Prx1, putative 3.8786 0.0002

AFLA_135540 B8NHE9 ATP synthase oligomycin sensitivity conferral protein, putative 3.8065 0.0100

AFLA_094630 B8NM07 Triosephosphate isomerase 3.7901 0.0003

AFLA_022470 B8N5B9 Adenylate kinase 3.7778 0.0034

AFLA_043390 B8NAW4 Hsp70 chaperone (BiP), putative 3.7297 0.0126

AFLA_012200 B8NYQ1 Hsp70 chaperone (HscA), putative 3.7234 0.0000

AFLA_136600 B8NGN3 GrpE protein homolog 3.6832 0.0271

AFLA_006300 B8NQF0 Nucleoside diphosphate kinase 3.6605 0.0380

AFLA_035620 B8N4E9 Hsp70 chaperone BiP/Kar2, putative 3.6524 0.0000

AFLA_132990 B8NH75 Ribosomal protein L34 protein, putative 3.6256 0.0412

AFLA_008910 B8NXS1 Uncharacterized protein 3.5379 0.0346

AFLA_035510 A0A0D9N8A2 KH domain protein 3.5028 0.0002

AFLA_056260 B8ND65 Nascent polypeptide-associated complex (NAC) subunit, putative 3.4917 0.0148

AFLA_032890 B8N1Y5 Uncharacterized protein 3.4883 0.0017

AFLA_023500 A0A0D9N0I0 Ser-Thr-rich glycosyl-phosphatidyl-inositol-anchored membrane family protein 3.4875 0.0123

AFLA_073480 B8MW01 Tropomyosin, putative 3.4259 0.0334

AFLA_071010 B8NK52 Heat shock protein (Sti1), putative 3.3882 0.0014

AFLA_029390 B8N174 HMG box protein, putative 3.3548 0.0253

AFLA_037490 B8N2H4 Eukaryotic translation initiation factor 3 subunit J 3.2690 0.0305

AFLA_022380 B8N5B0 Molecular chaperone Hsp70 3.2121 0.0003

AFLA_033690 B8N446 60S ribosomal protein L31e 3.2025 0.0269

AFLA_054750 B8ND04 Malate dehydrogenase, NAD-dependent 3.2016 0.0319

AFLA_036640 B8N4G1 PH domain protein 3.1291 0.0160

AFLA_033620 B8N439 RNA binding protein, putative 3.0908 0.0150

AFLA_021820 B8N7G0 Nuclear movement protein NudC 3.0902 0.0191

AFLA_069010 B8NJU1 S-adenosylmethionine synthase 3.0484 0.0003

AFLA_007700 B8NXF1 Uncharacterized protein 3.0378 0.0019

AFLA_025990 B8N0R4 Clathrin light chain 3.0098 0.0381

AFLA_113000 B8NA04 Integral ER membrane protein Scs2, putative 3.0067 0.0126

AFLA_087950 B8MWA5 Isocitrate dehydrogenase LysB 2.9508 0.0520

AFLA_135200 B8NHB5 Uncharacterized protein 2.9388 0.0184

AFLA_067940 B8NIK7 Uncharacterized protein 2.9382 0.0282

AFLA_139300 Q5VD95 Ver-1 2.9378 0.0401

AFLA_080240 B8MY87 ATP synthase delta chain, mitochondrial, putative 2.9047 0.0421

AFLA_076450 B8MX58 Electron transfer flavoprotein alpha subunit, putative 2.8451 0.0379

AFLA_041260 B8NCF1 Ribosome associated DnaJ chaperone Zuotin, putative 2.8222 0.0195

AFLA_080390 B8MYA2 6-phosphogluconolactonase, putative 2.7764 0.0180

AFLA_051770 B8NSY4 Thioredoxin reductase 2.7696 0.0015

AFLA_004090 B8NR25 Uncharacterized protein 2.7423 0.0351

AFLA_086710 B8N031 Inorganic diphosphatase, putative 2.7256 0.0052

AFLA_093280 B8NKS4 Disulfide isomerase (TigA), putative 2.6680 0.0021

AFLA_002670 B8NPW4 Curved DNA-binding protein (42 kDa protein) 2.6656 0.0017

AFLA_031960 B8N3W2 40S ribosomal protein S7e 2.5888 0.0248

AFLA_079910 B8MY54 Glutathione peroxidase 2.5725 0.0549
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Table S8.2. Cont.

Gene ID Uniprot ID Annotation Fold Change p-value

AFLA_022270 B8N599 Uncharacterized protein 2.5672 0.0031

AFLA_012160 B8NYP6 Acetyl-CoA acetyltransferase, putative 2.5492 0.0307

AFLA_078380 B8MXQ1 Acetyl-coA hydrolase Ach1, putative 2.5228 0.0111

AFLA_128280 B8NP45 M protein repeat protein 2.4778 0.0012

AFLA_056850 B8NDC4 Electron transfer flavoprotein, beta subunit, putative 2.4733 0.0053

AFLA_122720 A0A0D9MR79 Variant SH3 domain protein 2.4677 0.0250

AFLA_030180 B8N1F3 Protein mitochondrial targeting protein (Mas1), putative 2.4320 0.0511

AFLA_076680 B8MX81 Acetyltransferase component of pyruvate dehydrogenase complex 2.4213 0.0434

AFLA_106390 B8N845 Ribose 5-phosphate isomerase A 2.4122 0.0304

AFLA_068840 B8NJS4 Aminomethyltransferase 2.3874 0.0336

AFLA_014930 B8N6I0 Cofactor for methionyl-and glutamyl-tRNA synthetase, putative 2.3539 0.0009

AFLA_091030 B8NLH6 Uncharacterized protein 2.3419 0.0526

AFLA_034050 B8N211 Aconitate hydratase, mitochondrial 2.3298 0.0041

AFLA_060260 B8NEB7 Heat shock protein Hsp30/Hsp42, putative 2.3249 0.0031

AFLA_061880 B8NEJ0 Pyridoxine biosynthesis protein 2.3126 0.0104

AFLA_007020 B8NRD5 Citrate synthase 2.3122 0.0102

AFLA_120630 B8NWM6 Glyoxylate/hydroxypyruvate reductase, putative 2.3036 0.0220

N/A A0A0D9MZ11 ATP synthase D chain mitochondrial ATP5H 2.2920 0.0113

AFLA_119660 B8NWC9 ATP synthase subunit beta 2.2785 0.0053

AFLA_080930 B8MYF5 EF hand domain protein 2.1823 0.0089

AFLA_131280 B8NFM7 Actin cortical patch assembly protein Pan1, putative 2.1482 0.0197

AFLA_099650 B8NTN4 Woronin body major protein, putative 2.1429 0.0005

AFLA_075060 B8MWP8 Transformer-SR ribonucleoprotein, putative 2.1380 0.0396

AFLA_048610 B8NSJ8 Succinyl-CoA synthetase alpha subunit, putative 2.0954 0.0184

AFLA_052400 B8NS09 Isocitrate lyase 2.0952 0.0292

AFLA_026470 B8N0W2 Aspartate aminotransferase 2.0949 0.0349

AFLA_046470 A0A0D9MT15 Peptidylprolyl isomerase 2.0230 0.0450

AFLA_095570 B8NMC5 RNA annealing protein Yra1, putative 2.0178 0.0405

AFLA_007000 B8NQL8 Ubiquinol-cytochrome C reductase complex core protein 2, putative 2.0151 0.0226

AFLA_040120 B8NAG7 Flavohemoprotein 1.9342 0.0426

AFLA_134120 B8NG73 Orotate phosphoribosyltransferase 1.9075 0.0450

AFLA_025980 B8N0R3 Hsp90 co-chaperone Cdc37 1.8733 0.0462

AFLA_022480 B8N5C0 26S proteasome regulatory particle subunit Rpn8, putative 1.8507 0.0266

AFLA_029440 B8N179 NADH-cytochrome b5 reductase 1.8281 0.0087

AFLA_134340 B8NG94 BAR domain protein 1.8252 0.0151

AFLA_032870 B8N1Y3 cAMP-dependent protein kinase regulatory subunit 1.8226 0.0302

AFLA_127390 B8NNC8 Proteasome regulatory particle subunit Rpt5, putative 1.8044 0.0184

AFLA_042700 A0A0D9MTF9 RNA recognition motif 1.8035 0.0372

AFLA_035540 B8N4E1 Signal transducing adapter molecule, putative 1.7254 0.0302

AFLA_045330 B8NBF8 Eukaryotic translation initiation factor subunit eIF-4F, putative 1.6279 0.0247

AFLA_088570 B8MWG7 Uncharacterized protein 1.4967 0.0412

AFLA_029850 B8N1C0 Cysteine-rich secreted protein 0.9015 0.0015

AFLA_106350 B8N841 ATP citrate lyase subunit (Acl), putatibe 0.5678 0.0525

AFLA_070990 B8NK50 UTP-glucose-1-phosphate uridylyltransferase Ugp1, putative 0.5061 0.0318

AFLA_044820 B8NBA7 Glucose-6-phosphate isomerase 0.4950 0.0215
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AFLA_056170 B8NDX6 Catalase 0.4613 0.0410

AFLA_133990 B8NFX0 Secretory pathway gdp dissociation inhibitor 0.4509 0.0293

AFLA_036110 B8N2C6 4-hydroxyphenylpyruvate dioxygenase 0.4451 0.0142

AFLA_092640 B8NLP8 Alkaline phosphatase 0.4391 0.0296

AFLA_078650 B8MXS8 ATP synthase subunit alpha 0.4391 0.0390

AFLA_020380 B8N500 Stomatin family protein 0.4267 0.0482

AFLA_069590 B8NIT1 Adenosylhomocysteinase 0.4243 0.0335

AFLA_051530 B8NSW0 Methylmalonate-semialdehyde dehydrogenase, putative 0.4211 0.0485

AFLA_126670 B8NMQ4 Uncharacterized protein 0.4207 0.0408

AFLA_109320 B8N8Y6 3-hydroxyisobutyrate dehydrogenase 0.4204 0.0261

AFLA_079480 B8MY11 Oligopeptidase family protein 0.4130 0.0435

AFLA_050690 B8NRS8 Mitochondrial ADP,ATP carrier protein (Ant), putative 0.4082 0.0248

AFLA_031570 B8N3S3 Pyruvate decarboxylase PdcA, putative 0.4008 0.0192

AFLA_083370 B8MZ48 Glutathione oxidoreductase Glr1, putative 0.3978 0.0145

AFLA_038790 B8NCH3 Adenosine deaminase family protein 0.3923 0.0157

AFLA_122180 B8NX31 Uncharacterized protein 0.3909 0.0301

AFLA_044090 B8NB34 Uricase 0.3831 0.0295

AFLA_001890 A0A0D9MRR2 GMC oxidoreductase 0.3791 0.0232

AFLA_028260 B8N151 Probable glucan 1,3-beta-glucosidase A 0.3789 0.0276

AFLA_060110 B8NEA2 Uncharacterized protein 0.3676 0.0432

AFLA_097750 C5H8J2 SspA 0.3621 0.0263

AFLA_027070 B8N394 Acetyl-coenzyme A synthetase 0.3552 0.0135

AFLA_057770 B8NE46 Probable pectate lyase A 0.3498 0.0206

AFLA_117760 B8NVT9 Phytase, putative 0.3470 0.0041

AFLA_110260 B8N980 Flavin-binding monooxygenase-like protein 0.3425 0.0090

AFLA_034870 A0A0D9N8E0 Taurine catabolism dioxygenase TauD TfdA family protein 0.3376 0.0025

AFLA_110600 B8N9B4 Aminopeptidase 0.3318 0.0094

AFLA_078900 B8MXV3 Beta-hexosaminidase 0.3236 0.0220

AFLA_017100 A0A0D9MRY2 Beta-galactosidase 0.3185 0.0013

AFLA_046730 B8NBU8 Uncharacterized protein 0.3156 0.0296

AFLA_099220 B8NUG0 Uncharacterized protein 0.3150 0.0387

AFLA_125270 A0A0D9MSQ9 Uncharacterized protein 0.3106 0.0023

AFLA_077860 B8MXJ9 Uncharacterized protein 0.3018 0.0145

AFLA_031760 B8N3U2 Glutaminase, putative 0.3012 0.0217

AFLA_039410 B8NCN4 Cell wall serine-threonine-rich galactomannoprotein Mp1 0.3002 0.0269

AFLA_036090 B8N2C4 Homogentisate 1,2-dioxygenase (HmgA), putative 0.2844 0.0425

AFLA_128530 B8NP70 Delta-1-pyrroline-5-carboxylate dehydrogenase PrnC 0.2811 0.0143

AFLA_124380 A0A0D9N439 Ricin-type beta-trefoil lectin domain-like protein 0.2726 0.0121

AFLA_074520 B8MWJ5 Probable alpha-galactosidase A 0.2726 0.0514

AFLA_110690 B8N9C3 Cytochrome c peroxidase Ccp1, putative 0.2689 0.0372

AFLA_124500 B8NML4 Nitric oxide synthase, putative 0.2678 0.0039

AFLA_036440 B8N2F9 Alanine aminotransferase, putative 0.2636 0.0476

AFLA_056350 B8ND74 2-methylcitrate dehydratase, putative 0.2536 0.0410

AFLA_036070 B8N2C2 Maleylacetoacetate isomerase MaiA 0.2498 0.0455

AFLA_008990 A0A0D9MP25 Carboxypeptidase 0.2484 0.0258
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AFLA_103940 B8NV99 Glutamate carboxypeptidase, putative 0.2475 0.0129

AFLA_122110 A0A0D9N4R3 Peroxidase 0.2412 0.0376

AFLA_042090 B8NCX4 Fasciclin domain family protein 0.2401 0.0140

AFLA_036840 B8N4I0 6-phosphogluconate dehydrogenase, decarboxylating 0.2376 0.0230

AFLA_047350 B8NC10 Probable Xaa-Pro aminopeptidase pepP 0.2373 0.0144

AFLA_112470 B8N9V1 Cobalamin-independent methionine synthase MetH/D 0.2364 0.0003

AFLA_112120 B8N9R6 Pyruvate carboxylase 0.2363 0.0028

AFLA_051980 B8NT05 G-protein complex beta subunit CpcB 0.2274 0.0394

AFLA_038700 A0A0D9NC88 Peptide hydrolase 0.2230 0.0316

AFLA_133150 B8NH91 Catechol dioxygenase, putative 0.2226 0.0510

AFLA_086900 B8N050 Alpha-mannosidase 0.2199 0.0135

AFLA_090690 B8NLE2 Mycelial catalase Cat1 0.2178 0.0000

AFLA_130150 A0A0D9NA25 Uncharacterized protein 0.2168 0.0031

AFLA_086800 B8N040 Epoxide hydrolase, putative 0.2052 0.0519

AFLA_139480 C9K205 Dimethylallyl tryptophan synthase 0.1989 0.0046

AFLA_055060 B8ND35 NAD-dependent formate dehydrogenase AciA/Fdh 0.1975 0.0167

AFLA_030140 B8N1E9 60S acidic ribosomal protein P0 0.1961 0.0098

AFLA_055230 B8ND52 Actin Act1 0.1924 0.0237

AFLA_037960 B8N2M1 Glucosamine-fructose-6-phosphate aminotransferase 0.1894 0.0038

AFLA_014520 B8N5V9 Multicopper oxidase, putative 0.1838 0.0017

AFLA_038530 B8NC58 Extracellular metalloproteinase mep 0.1832 0.0087

AFLA_029310 B8N3M8 Alcohol dehydrogenase, zinc-containing, putative 0.1766 0.0044

AFLA_101930 B8NU22 Succinate-semialdehyde dehydrogenase, putative 0.1668 0.0002

AFLA_102010 B8NU30 Class V chitinase, putative 0.1642 0.0032

AFLA_055450 B8NDQ4 Translation elongation factor eEF-1 subunit gamma, putative 0.1419 0.0007

AFLA_025100 B8N2Y6 Glyceraldehyde-3-phosphate dehydrogenase 0.1397 0.0037

AFLA_110160 B8N970 Probable dipeptidyl peptidase 4 0.1381 0.0171

AFLA_076180 B8MX31 Uncharacterized protein 0.1368 0.0193

AFLA_136640 B8NGN7 Translation elongation factor EF-2 subunit, putative 0.1365 0.0000

AFLA_002090 B8NQR5 Extracellular serine carboxypeptidase, putative 0.1354 0.0175

AFLA_026140 B8N0S9 Alpha-amylase 0.1321 0.0498

AFLA_101230 B8NTV2 Glutaminase GtaA 0.1257 0.0350

AFLA_021870 A0A0D9MMH9 Glucanase 0.1221 0.0219

AFLA_108100 B8N8L6 Argininosuccinate synthase 0.1211 0.0036

AFLA_108790 B8N8T4 Aldehyde dehydrogenase AldA, putative 0.1165 0.0000

AFLA_025510 B8N327 GPI anchored protein, putative 0.1109 0.0024

AFLA_033400 A0A0D9N9J1 alpha-1,2-Mannosidase 0.1093 0.0269

AFLA_006960 B8NQL4 Molecular chaperone and allergen Mod-E/Hsp90/Hsp1 0.1079 0.0001

AFLA_101160 B8NUR3 40S ribosomal protein S9 0.0965 0.0062

AFLA_027810 A0A0D9MQC0 Subtilase family protein 0.0836 0.0530

AFLA_051140 A0A0D9MWN4 Beta-glucosidase 0.0706 0.0000

AFLA_139470 B8NI10 Beta-cyclopiazonate dehydrogenase 0.0613 0.0035

AFLA_045980 A0A0D9N070 Prolyl oligopeptidase family protein 0.0585 0.0000

AFLA_076170 B8MX30 Uncharacterized protein 0.0576 0.0018

AFLA_070490 B8NK00 Uncharacterized protein 0.0511 0.0157
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Gene ID Uniprot ID Annotation Fold Change p-value

AFLA_108410 B8N8P6 Dipeptidase 0.0441 0.0046

AFLA_119040 B8NVX6 Muramidase, putative 0.0429 0.0117

AFLA_034640 B8N270 Peptide hydrolase 0.0418 0.0005

AFLA_112130 A0A0D9MS17 Hydrophobic surface binding protein A 7.2344 0.0120

AFLA_030880 B8N1M3 Uncharacterized protein 4.0270 0.0296

AFLA_003440 B8NQW0 Translation initiation factor 4B 2.8918 0.0309

AFLA_007700 B8NXF1 Uncharacterized protein 2.7634 0.0329

AFLA_031780 B8N3U4 Telomere and ribosome associated protein Stm1, putative 2.4727 0.0096

AFLA_133920 B8NFW3 Acyl CoA binding protein family 2.2300 0.0386

AFLA_039410 B8NCN4 Cell wall serine-threonine-rich galactomannoprotein Mp1 1.9187 0.0022

AFLA_097190 B8NU47 Uncharacterized protein 1.9056 0.0146

AFLA_057240 A0A0D9MQY5 RNA recognition motif 1.8539 0.0230

AFLA_004950 B8NQA4 Cytochrome c oxidase subunit Va, putative 1.8204 0.0089

AFLA_080930 B8MYF5 EF hand domain protein 1.6398 0.0377

AFLA_044620 B8NB87 Mitochondrial Hsp70 chaperone (Ssc70), putative 1.3370 0.0207

AFLA_071350 B8NJ18 UDP-N-acetylglucosamine pyrophosphorylase 0.6057 0.0357

AFLA_124500 B8NML4 Nitric oxide synthase, putative 0.5997 0.0544

AFLA_078650 B8MXS8 ATP synthase subunit alpha 0.5153 0.0207

AFLA_025100 B8N2Y6 Glyceraldehyde-3-phosphate dehydrogenase 0.5114 0.0269

AFLA_042090 B8NCX4 Fasciclin domain family protein 0.5080 0.0384

AFLA_122110 A0A0D9N4R3 Peroxidase 0.5028 0.0205

AFLA_101160 B8NUR3 40S ribosomal protein S9 0.4074 0.0278

AFLA_055060 B8ND35 NAD-dependent formate dehydrogenase AciA/Fdh 0.4053 0.0488

AFLA_108410 B8N8P6 Dipeptidase 0.3654 0.0067

AFLA_108790 B8N8T4 Aldehyde dehydrogenase AldA, putative 0.3300 0.0468

AFLA_045980 A0A0D9N070 Prolyl oligopeptidase family protein 0.2662 0.0004

K54A 0 v 10mM
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GO Term Name Result Count p-value

GO:0005975 carbohydrate metabolic process 8 0.0001

GO:0006457 protein folding 3 0.0010

GO:0071704 organic substance metabolic process 16 0.0077

GO:0006809 nitric oxide biosynthetic process 1 0.0084

GO:0046209 nitric oxide metabolic process 1 0.0084

GO:0042026 protein refolding 1 0.0084

GO:0044238 primary metabolic process 15 0.0101

GO:0051130 positive regulation of cellular component organization 1 0.0126

GO:0032270 positive regulation of cellular protein metabolic process 1 0.0126

GO:0043243 positive regulation of protein complex disassembly 1 0.0126

GO:0051247 positive regulation of protein metabolic process 1 0.0126

GO:0045727 positive regulation of translation 1 0.0126

GO:0045901 positive regulation of translational elongation 1 0.0126

GO:0045905 positive regulation of translational termination 1 0.0126

GO:0043244 regulation of protein complex disassembly 1 0.0126

GO:0006449 regulation of translational termination 1 0.0126

GO:0006452 translational frameshifting 1 0.0126

GO:0006950 response to stress 3 0.0130

GO:0046516 hypusine metabolic process 1 0.0167

GO:0008612 peptidyl-lysine modification to hypusine 1 0.0167

GO:0006108 malate metabolic process 1 0.0209

GO:0018205 peptidyl-lysine modification 1 0.0209

GO:0016052 carbohydrate catabolic process 2 0.0222

GO:0006448 regulation of translational elongation 1 0.0250

GO:0010608 posttranscriptional regulation of gene expression 1 0.0291

GO:0006417 regulation of translation 1 0.0291

GO:0008152 metabolic process 21 0.0296

GO:0009891 positive regulation of biosynthetic process 1 0.0332

GO:0031328 positive regulation of cellular biosynthetic process 1 0.0332

GO:0010557 positive regulation of macromolecule biosynthetic process 1 0.0332

GO:0010604 positive regulation of macromolecule metabolic process 1 0.0332

GO:0009820 alkaloid metabolic process 1 0.0373

GO:0051128 regulation of cellular component organization 1 0.0373

GO:0006096 glycolysis 1 0.0414

GO:0048518 positive regulation of biological process 1 0.0414

GO:0031325 positive regulation of cellular metabolic process 1 0.0414

GO:0048522 positive regulation of cellular process 1 0.0414

GO:0009893 positive regulation of metabolic process 1 0.0414

GO:0006414 translational elongation 1 0.0414

GO:0006007 glucose catabolic process 2 0.0006

GO:0019320 hexose catabolic process 2 0.0006

GO:0046365 monosaccharide catabolic process 2 0.0006

Table S8.3. Biological function GO terms enriched among DEPs in A. flavus isolates in response to 

oxidative stress.

AF13 0 v 10mM

AF13 0 v 25mM
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GO Term Name Result Count p-value

GO:0044724 single-organism carbohydrate catabolic process 2 0.0009

GO:0006006 glucose metabolic process 2 0.0009

GO:0019318 hexose metabolic process 2 0.0014

GO:0005996 monosaccharide metabolic process 2 0.0020

GO:0016052 carbohydrate catabolic process 2 0.0025

GO:0044723 single-organism carbohydrate metabolic process 2 0.0079

GO:0006950 response to stress 2 0.0111

GO:0009117 nucleotide metabolic process 2 0.0118

GO:0008152 metabolic process 9 0.0132

GO:0006753 nucleoside phosphate metabolic process 2 0.0134

GO:0006096 glycolysis 1 0.0140

GO:0015986 ATP synthesis coupled proton transport 1 0.0154

GO:0015985 energy coupled proton transport, down electrochemical gradient 1 0.0154

GO:0006740 NADPH regeneration 1 0.0209

GO:0006098 pentose-phosphate shunt 1 0.0209

GO:0006739 NADP metabolic process 1 0.0209

GO:0055086 nucleobase-containing small molecule metabolic process 2 0.0214

GO:0015991 ATP hydrolysis coupled proton transport 1 0.0223

GO:0006979 response to oxidative stress 1 0.0223

GO:0015988 energy coupled proton transmembrane transport 1 0.0223

GO:0019362 pyridine nucleotide metabolic process 1 0.0292

GO:0046496 nicotinamide nucleotide metabolic process 1 0.0292

GO:0019637 organophosphate metabolic process 2 0.0303

GO:0072524 pyridine-containing compound metabolic process 1 0.0306

GO:0006754 ATP biosynthetic process 1 0.0333

GO:0009206 purine ribonucleoside triphosphate biosynthetic process 1 0.0347

GO:0009142 nucleoside triphosphate biosynthetic process 1 0.0347

GO:0009201 ribonucleoside triphosphate biosynthetic process 1 0.0347

GO:0009145 purine nucleoside triphosphate biosynthetic process 1 0.0347

GO:1901575 organic substance catabolic process 2 0.0356

GO:0015992 proton transport 1 0.0360

GO:0006818 hydrogen transport 1 0.0360

GO:0046034 ATP metabolic process 1 0.0360

GO:0050896 response to stimulus 2 0.0393

GO:0006733 oxidoreduction coenzyme metabolic process 1 0.0401

GO:0006091 generation of precursor metabolites and energy 1 0.0401

GO:0042451 purine nucleoside biosynthetic process 1 0.0415

GO:0046129 purine ribonucleoside biosynthetic process 1 0.0415

GO:0055114 oxidation-reduction process 4 0.0426

GO:0009056 catabolic process 2 0.0438

GO:0044710 single-organism metabolic process 5 0.0460

GO:0009163 nucleoside biosynthetic process 1 0.0469

GO:0042455 ribonucleoside biosynthetic process 1 0.0469

GO:1901659 glycosyl compound biosynthetic process 1 0.0469

GO:0009152 purine ribonucleotide biosynthetic process 1 0.0482
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GO:0045454 cell redox homeostasis 2 0.0024

GO:0019725 cellular homeostasis 2 0.0026

GO:0006091 generation of precursor metabolites and energy 2 0.0034

GO:0042592 homeostatic process 2 0.0034

GO:0006006 glucose metabolic process 2 0.0039

GO:0042026 protein refolding 1 0.0059

GO:0019318 hexose metabolic process 2 0.0061

GO:0065008 regulation of biological quality 2 0.0067

GO:0006457 protein folding 2 0.0079

GO:0043086 negative regulation of catalytic activity 1 0.0088

GO:0044092 negative regulation of molecular function 1 0.0088

GO:0005996 monosaccharide metabolic process 2 0.0090

GO:0006094 gluconeogenesis 1 0.0118

GO:0019319 hexose biosynthetic process 1 0.0147

GO:0006108 malate metabolic process 1 0.0147

GO:0046364 monosaccharide biosynthetic process 1 0.0147

GO:0006508 proteolysis 3 0.0165

GO:0006096 glycolysis 1 0.0291

GO:0015986 ATP synthesis coupled proton transport 1 0.0320

GO:0015985 energy coupled proton transport, down electrochemical gradient 1 0.0320

GO:0044723 single-organism carbohydrate metabolic process 2 0.0333

GO:0009060 aerobic respiration 1 0.0377

GO:0006099 tricarboxylic acid cycle 1 0.0377

GO:0019538 protein metabolic process 5 0.0381

GO:0043648 dicarboxylic acid metabolic process 1 0.0406

GO:0015991 ATP hydrolysis coupled proton transport 1 0.0462

GO:0045333 cellular respiration 1 0.0462

GO:0015988 energy coupled proton transmembrane transport 1 0.0462

GO:0044238 primary metabolic process 10 0.0482

GO:0071704 organic substance metabolic process 82 <0.0001

GO:0019318 hexose metabolic process 9 <0.0001

GO:0008152 metabolic process 115 <0.0001

GO:0006006 glucose metabolic process 8 <0.0001

GO:0044281 small molecule metabolic process 31 <0.0001

GO:0044238 primary metabolic process 75 <0.0001

GO:0005996 monosaccharide metabolic process 9 <0.0001

GO:0006979 response to oxidative stress 6 <0.0001

GO:0005975 carbohydrate metabolic process 23 <0.0001

GO:0019320 hexose catabolic process 6 <0.0001

GO:0046365 monosaccharide catabolic process 6 <0.0001

GO:0006007 glucose catabolic process 6 <0.0001

GO:0016052 carbohydrate catabolic process 8 0.0001

GO:0006753 nucleoside phosphate metabolic process 12 0.0001

NRRL3357 0 v 10mM

NRRL3357 0 v 20mM
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GO:0046129 purine ribonucleoside biosynthetic process 6 0.0001

GO:0042451 purine nucleoside biosynthetic process 6 0.0001

GO:0044723 single-organism carbohydrate metabolic process 10 0.0001

GO:0006457 protein folding 7 0.0001

GO:0044724 single-organism carbohydrate catabolic process 6 0.0001

GO:0009117 nucleotide metabolic process 11 0.0002

GO:0055086 nucleobase-containing small molecule metabolic process 13 0.0002

GO:0015985 energy coupled proton transport, down electrochemical gradient 4 0.0002

GO:0015986 ATP synthesis coupled proton transport 4 0.0002

GO:0042455 ribonucleoside biosynthetic process 6 0.0002

GO:1901659 glycosyl compound biosynthetic process 6 0.0002

GO:0009163 nucleoside biosynthetic process 6 0.0002

GO:0019538 protein metabolic process 30 0.0003

GO:1901564 organonitrogen compound metabolic process 23 0.0003

GO:0009206 purine ribonucleoside triphosphate biosynthetic process 5 0.0004

GO:0009201 ribonucleoside triphosphate biosynthetic process 5 0.0004

GO:0009145 purine nucleoside triphosphate biosynthetic process 5 0.0004

GO:0009142 nucleoside triphosphate biosynthetic process 5 0.0004

GO:0044710 single-organism metabolic process 55 0.0005

GO:0006508 proteolysis 13 0.0005

GO:0019752 carboxylic acid metabolic process 17 0.0005

GO:0043436 oxoacid metabolic process 17 0.0006

GO:0006082 organic acid metabolic process 17 0.0006

GO:0006739 NADP metabolic process 4 0.0006

GO:0006098 pentose-phosphate shunt 4 0.0006

GO:0006740 NADPH regeneration 4 0.0006

GO:0072522 purine-containing compound biosynthetic process 6 0.0006

GO:1901575 organic substance catabolic process 14 0.0007

GO:0009056 catabolic process 15 0.0007

GO:1901293 nucleoside phosphate biosynthetic process 7 0.0007

GO:0044237 cellular metabolic process 59 0.0007

GO:0019637 organophosphate metabolic process 13 0.0009

GO:0006732 coenzyme metabolic process 7 0.0016

GO:0009152 purine ribonucleotide biosynthetic process 5 0.0018

GO:0019362 pyridine nucleotide metabolic process 4 0.0019

GO:0046496 nicotinamide nucleotide metabolic process 4 0.0019

GO:0009165 nucleotide biosynthetic process 6 0.0019

GO:0006414 translational elongation 3 0.0022

GO:0046390 ribose phosphate biosynthetic process 5 0.0022

GO:0009260 ribonucleotide biosynthetic process 5 0.0022

GO:0072524 pyridine-containing compound metabolic process 4 0.0022

GO:0006164 purine nucleotide biosynthetic process 5 0.0025

GO:0006754 ATP biosynthetic process 4 0.0030

GO:0045454 cell redox homeostasis 4 0.0030

GO:0090407 organophosphate biosynthetic process 8 0.0031
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GO:0019725 cellular homeostasis 4 0.0034

GO:0006818 hydrogen transport 4 0.0039

GO:0015992 proton transport 4 0.0039

GO:0046034 ATP metabolic process 4 0.0039

GO:0051186 cofactor metabolic process 7 0.0042

GO:0006094 gluconeogenesis 2 0.0049

GO:0043648 dicarboxylic acid metabolic process 3 0.0052

GO:0006091 generation of precursor metabolites and energy 4 0.0056

GO:0006733 oxidoreduction coenzyme metabolic process 4 0.0056

GO:0042592 homeostatic process 4 0.0056

GO:0055114 oxidation-reduction process 36 0.0062

GO:0006950 response to stress 8 0.0068

GO:0006108 malate metabolic process 2 0.0073

GO:0019319 hexose biosynthetic process 2 0.0073

GO:0046939 nucleotide phosphorylation 2 0.0073

GO:0046364 monosaccharide biosynthetic process 2 0.0073

GO:0042278 purine nucleoside metabolic process 6 0.0084

GO:0046128 purine ribonucleoside metabolic process 6 0.0084

GO:1901566 organonitrogen compound biosynthetic process 11 0.0091

GO:0006520 cellular amino acid metabolic process 11 0.0100

GO:0009119 ribonucleoside metabolic process 6 0.0113

GO:0015672 monovalent inorganic cation transport 4 0.0125

GO:0016051 carbohydrate biosynthetic process 3 0.0146

GO:1901137 carbohydrate derivative biosynthetic process 6 0.0155

GO:0009116 nucleoside metabolic process 7 0.0156

GO:1901657 glycosyl compound metabolic process 7 0.0156

GO:0009144 purine nucleoside triphosphate metabolic process 5 0.0158

GO:0009199 ribonucleoside triphosphate metabolic process 5 0.0158

GO:0009205 purine ribonucleoside triphosphate metabolic process 5 0.0158

GO:0072593 reactive oxygen species metabolic process 2 0.0167

GO:0006801 superoxide metabolic process 2 0.0167

GO:0006221 pyrimidine nucleotide biosynthetic process 2 0.0167

GO:0009141 nucleoside triphosphate metabolic process 5 0.0167

GO:0065008 regulation of biological quality 4 0.0173

GO:0072521 purine-containing compound metabolic process 6 0.0180

GO:0006220 pyrimidine nucleotide metabolic process 2 0.0205

GO:0006412 translation 9 0.0234

GO:0006096 glycolysis 2 0.0247

GO:0006793 phosphorus metabolic process 15 0.0263

GO:0009072 aromatic amino acid family metabolic process 3 0.0326

GO:0016054 organic acid catabolic process 3 0.0353

GO:0046395 carboxylic acid catabolic process 3 0.0353

GO:1901605 alpha-amino acid metabolic process 6 0.0361

GO:0009060 aerobic respiration 2 0.0391

GO:0072528 pyrimidine-containing compound biosynthetic process 2 0.0391
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Table S8.3. Cont.

GO Term Name Result Count p-value

GO:0006099 tricarboxylic acid cycle 2 0.0391

GO:0009150 purine ribonucleotide metabolic process 5 0.0401

GO:0006790 sulfur compound metabolic process 3 0.0413

GO:0006575 cellular modified amino acid metabolic process 3 0.0413

GO:0009259 ribonucleotide metabolic process 5 0.0438

GO:0019693 ribose phosphate metabolic process 5 0.0438

GO:0006228 UTP biosynthetic process 1 0.0450

GO:0006730 one-carbon metabolic process 1 0.0450

GO:0006183 GTP biosynthetic process 1 0.0450

GO:0000303 response to superoxide 1 0.0450

GO:0006637 acyl-CoA metabolic process 1 0.0450

GO:1901701 cellular response to oxygen-containing compound 1 0.0450

GO:0042823 pyridoxal phosphate biosynthetic process 1 0.0450

GO:0034599 cellular response to oxidative stress 1 0.0450

GO:0070887 cellular response to chemical stimulus 1 0.0450

GO:0035383 thioester metabolic process 1 0.0450

GO:0019430 removal of superoxide radicals 1 0.0450

GO:0006084 acetyl-CoA metabolic process 1 0.0450

GO:0046036 CTP metabolic process 1 0.0450

GO:0042026 protein refolding 1 0.0450

GO:0006165 nucleoside diphosphate phosphorylation 1 0.0450

GO:0046209 nitric oxide metabolic process 1 0.0450

GO:0010035 response to inorganic substance 1 0.0450

GO:0009208 pyrimidine ribonucleoside triphosphate metabolic process 1 0.0450

GO:0034614 cellular response to reactive oxygen species 1 0.0450

GO:0042822 pyridoxal phosphate metabolic process 1 0.0450

GO:0006241 CTP biosynthetic process 1 0.0450

GO:0006106 fumarate metabolic process 1 0.0450

GO:1901700 response to oxygen-containing compound 1 0.0450

GO:0009148 pyrimidine nucleoside triphosphate biosynthetic process 1 0.0450

GO:0009209 pyrimidine ribonucleoside triphosphate biosynthetic process 1 0.0450

GO:0006090 pyruvate metabolic process 1 0.0450

GO:0006809 nitric oxide biosynthetic process 1 0.0450

GO:0009052 pentose-phosphate shunt, non-oxidative branch 1 0.0450

GO:0046051 UTP metabolic process 1 0.0450

GO:0000302 response to reactive oxygen species 1 0.0450

GO:0071451 cellular response to superoxide 1 0.0450

GO:0006163 purine nucleotide metabolic process 5 0.0476

GO:0006796 phosphate-containing compound metabolic process 14 0.0492

GO:0006809 nitric oxide biosynthetic process 1 0.0048

GO:0046209 nitric oxide metabolic process 1 0.0048

GO:0015986 ATP synthesis coupled proton transport 1 0.0260

GO:0015985 energy coupled proton transport, down electrochemical gradient 1 0.0260

GO:0015991 ATP hydrolysis coupled proton transport 1 0.0376

K54A 0 v 10mM
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Table S8.3. Cont.

GO Term Name Result Count p-value

GO:0015988 energy coupled proton transmembrane transport 1 0.0376

GO:0006979 response to oxidative stress 1 0.0376
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GO Term Name Result Count p-value

GO:0000782 telomere cap complex 1 0.0113

GO:0005854 nascent polypeptide-associated complex 1 0.0113

GO:0005823 central plaque of spindle pole body 1 0.0113

GO:0000783 nuclear telomere cap complex 1 0.0113

GO:0005737 cytoplasm 14 0.0152

GO:0009277 fungal-type cell wall 2 0.0187

GO:0000131 incipient cellular bud site 1 0.0187

GO:0005618 cell wall 2 0.0233

GO:0030312 external encapsulating structure 2 0.0284

GO:0008541 proteasome regulatory particle, lid subcomplex 1 0.0298

GO:0005788 endoplasmic reticulum lumen 1 0.0298

GO:0000784 nuclear chromosome, telomeric region 1 0.0335

GO:0000781 chromosome, telomeric region 1 0.0335

GO:0044450 microtubule organizing center part 1 0.0371

GO:0005934 cellular bud tip 1 0.0371

GO:0005937 mating projection 1 0.0480

GO:0042995 cell projection 1 0.0480

GO:0005737 cytoplasm 8 0.0005

GO:0098800 inner mitochondrial membrane protein complex 2 0.0010

GO:0044455 mitochondrial membrane part 2 0.0012

GO:0005739 mitochondrion 4 0.0014

GO:0098798 mitochondrial protein complex 2 0.0017

GO:0044429 mitochondrial part 3 0.0028

GO:0005754 mitochondrial proton-transporting ATP synthase, catalytic core 1 0.0037

GO:0045267 proton-transporting ATP synthase, catalytic core 1 0.0037

GO:0005743 mitochondrial inner membrane 2 0.0066

GO:0019866 organelle inner membrane 2 0.0071

GO:0045277 respiratory chain complex IV 1 0.0073

GO:0045261 proton-transporting ATP synthase complex, catalytic core F(1) 1 0.0073

GO:0005751 mitochondrial respiratory chain complex IV 1 0.0073

GO:0000275 mitochondrial proton-transporting ATP synthase complex, catalytic core F(1) 1 0.0073

GO:0031966 mitochondrial membrane 2 0.0096

GO:0098796 membrane protein complex 2 0.0113

GO:0044444 cytoplasmic part 5 0.0135

GO:0005753 mitochondrial proton-transporting ATP synthase complex 1 0.0145

GO:0005740 mitochondrial envelope 2 0.0154

GO:0070069 cytochrome complex 1 0.0158

GO:0033178 proton-transporting two-sector ATPase complex, catalytic domain 1 0.0170

GO:0045259 proton-transporting ATP synthase complex 1 0.0170

GO:0044424 intracellular part 8 0.0175

GO:0005746 mitochondrial respiratory chain 1 0.0194

GO:0098803 respiratory chain complex 1 0.0206

Table S8.4. Cell localization GO terms enriched among DEPs in A. flavus isolates in response to oxidative 

stress.

AF13 0 v 10mM

AF13 0 v 25mM
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Table S8.4. Cont.

GO Term Name Result Count p-value

GO:0070469 respiratory chain 1 0.0206

GO:0005622 intracellular 8 0.0215

GO:0031967 organelle envelope 2 0.0259

GO:0031975 envelope 2 0.0273

GO:0005625 obsolete soluble fraction 1 0.0348

GO:0016469 proton-transporting two-sector ATPase complex 1 0.0372

GO:0044464 cell part 8 0.0391

GO:0005623 cell 8 0.0397

GO:0012510 trans-Golgi network transport vesicle membrane 1 0.0088

GO:0030130 clathrin coat of trans-Golgi network vesicle 1 0.0088

GO:0030125 clathrin vesicle coat 1 0.0088

GO:0030665 clathrin-coated vesicle membrane 1 0.0088

GO:0005905 coated pit 1 0.0088

GO:0030136 clathrin-coated vesicle 1 0.0088

GO:0030132 clathrin coat of coated pit 1 0.0088

GO:0030140 trans-Golgi network transport vesicle 1 0.0088

GO:0005783 endoplasmic reticulum 2 0.0090

GO:0044459 plasma membrane part 1 0.0147

GO:0030133 transport vesicle 1 0.0176

GO:0030660 Golgi-associated vesicle membrane 1 0.0176

GO:0045261 proton-transporting ATP synthase complex, catalytic core F(1) 1 0.0176

GO:0030658 transport vesicle membrane 1 0.0176

GO:0005798 Golgi-associated vesicle 1 0.0205

GO:0005886 plasma membrane 1 0.0205

GO:0044433 cytoplasmic vesicle part 1 0.0263

GO:0012506 vesicle membrane 1 0.0263

GO:0030135 coated vesicle 1 0.0263

GO:0030662 coated vesicle membrane 1 0.0263

GO:0030120 vesicle coat 1 0.0263

GO:0030659 cytoplasmic vesicle membrane 1 0.0263

GO:0045259 proton-transporting ATP synthase complex 1 0.0291

GO:0030118 clathrin coat 1 0.0291

GO:0031982 vesicle 1 0.0320

GO:0031988 membrane-bounded vesicle 1 0.0320

GO:0000139 Golgi membrane 1 0.0320

GO:0031410 cytoplasmic vesicle 1 0.0320

GO:0016023 cytoplasmic membrane-bounded vesicle 1 0.0320

GO:0005737 cytoplasm 4 0.0332

GO:0033178 proton-transporting two-sector ATPase complex, catalytic domain 1 0.0349

GO:0044431 Golgi apparatus part 1 0.0434

GO:0005794 Golgi apparatus 1 0.0462

GO:0005737 cytoplasm 26 <0.0001

GO:0045261 proton-transporting ATP synthase complex, catalytic core F(1) 3 0.0006

NRRL3357 0 v 10mM

NRRL3357 0 v 20mM
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GO Term Name Result Count p-value

GO:0044444 cytoplasmic part 16 0.0012

GO:0045259 proton-transporting ATP synthase complex 3 0.0022

GO:0030125 clathrin vesicle coat 2 0.0030

GO:0030130 clathrin coat of trans-Golgi network vesicle 2 0.0030

GO:0030140 trans-Golgi network transport vesicle 2 0.0030

GO:0005905 coated pit 2 0.0030

GO:0030665 clathrin-coated vesicle membrane 2 0.0030

GO:0030136 clathrin-coated vesicle 2 0.0030

GO:0012510 trans-Golgi network transport vesicle membrane 2 0.0030

GO:0030132 clathrin coat of coated pit 2 0.0030

GO:0033178 proton-transporting two-sector ATPase complex, catalytic domain 3 0.0035

GO:0032991 macromolecular complex 16 0.0057

GO:0044459 plasma membrane part 2 0.0073

GO:0030658 transport vesicle membrane 2 0.0100

GO:0030660 Golgi-associated vesicle membrane 2 0.0100

GO:0030133 transport vesicle 2 0.0100

GO:0005886 plasma membrane 2 0.0131

GO:0005798 Golgi-associated vesicle 2 0.0131

GO:0005840 ribosome 7 0.0149

GO:0016469 proton-transporting two-sector ATPase complex 3 0.0204

GO:0030120 vesicle coat 2 0.0205

GO:0044433 cytoplasmic vesicle part 2 0.0205

GO:0030659 cytoplasmic vesicle membrane 2 0.0205

GO:0030135 coated vesicle 2 0.0205

GO:0012506 vesicle membrane 2 0.0205

GO:0030662 coated vesicle membrane 2 0.0205

GO:0030118 clathrin coat 2 0.0247

GO:0031410 cytoplasmic vesicle 2 0.0292

GO:0031988 membrane-bounded vesicle 2 0.0292

GO:0031982 vesicle 2 0.0292

GO:0016023 cytoplasmic membrane-bounded vesicle 2 0.0292

GO:0000139 Golgi membrane 2 0.0292

GO:0030529 ribonucleoprotein complex 7 0.0305

GO:0005853 eukaryotic translation elongation factor 1 complex 1 0.0450

GO:0045239 tricarboxylic acid cycle enzyme complex 1 0.0450

GO:0045254 pyruvate dehydrogenase complex 1 0.0450

GO:0005952 cAMP-dependent protein kinase complex 1 0.0450

GO:0043234 protein complex 9 0.0484

GO:0012510 trans-Golgi network transport vesicle membrane 1 0.0072

GO:0030130 clathrin coat of trans-Golgi network vesicle 1 0.0072

GO:0030125 clathrin vesicle coat 1 0.0072

GO:0030665 clathrin-coated vesicle membrane 1 0.0072

GO:0005905 coated pit 1 0.0072

GO:0030140 trans-Golgi network transport vesicle 1 0.0072

K54A 0 v 10mM
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GO Term Name Result Count p-value

GO:0030136 clathrin-coated vesicle 1 0.0072

GO:0030132 clathrin coat of coated pit 1 0.0072

GO:0044459 plasma membrane part 1 0.0119

GO:0044446 intracellular organelle part 3 0.0137

GO:0044422 organelle part 3 0.0137

GO:0045261 proton-transporting ATP synthase complex, catalytic core F(1) 1 0.0143

GO:0030658 transport vesicle membrane 1 0.0143

GO:0030133 transport vesicle 1 0.0143

GO:0030660 Golgi-associated vesicle membrane 1 0.0143

GO:0031090 organelle membrane 2 0.0152

GO:0005798 Golgi-associated vesicle 1 0.0166

GO:0005886 plasma membrane 1 0.0166

GO:0030135 coated vesicle 1 0.0213

GO:0030659 cytoplasmic vesicle membrane 1 0.0213

GO:0012506 vesicle membrane 1 0.0213

GO:0030120 vesicle coat 1 0.0213

GO:0030662 coated vesicle membrane 1 0.0213

GO:0044433 cytoplasmic vesicle part 1 0.0213

GO:0045259 proton-transporting ATP synthase complex 1 0.0237

GO:0030118 clathrin coat 1 0.0237

GO:0000139 Golgi membrane 1 0.0260

GO:0031982 vesicle 1 0.0260

GO:0031410 cytoplasmic vesicle 1 0.0260

GO:0016023 cytoplasmic membrane-bounded vesicle 1 0.0260

GO:0031988 membrane-bounded vesicle 1 0.0260

GO:0015935 small ribosomal subunit 1 0.0283

GO:0033178 proton-transporting two-sector ATPase complex, catalytic domain 1 0.0283

GO:0044444 cytoplasmic part 3 0.0288

GO:0005743 mitochondrial inner membrane 1 0.0330

GO:0044431 Golgi apparatus part 1 0.0353

GO:0019866 organelle inner membrane 1 0.0353

GO:0005794 Golgi apparatus 1 0.0376

GO:0032991 macromolecular complex 3 0.0435

GO:0044391 ribosomal subunit 1 0.0491
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Table S8.5. KEGG pathway terms enriched among DEPs in A. flavus  isolates in response to oxidative stress.

Pathway ID Name Result Count p-value

ec00513 Various types of N-glycan biosynthesis 2 0.0008

ec00710 Carbon fixation in photosynthetic organisms 2 0.0045

ec00680 Methane metabolism 2 0.0056

ec00720 Carbon fixation pathways in prokaryotes 2 0.0064

ec00500 Starch and sucrose metabolism 3 0.0087

ec00620 Pyruvate metabolism 2 0.0165

ec00630 Glyoxylate and dicarboxylate metabolism 2 0.0185

ec00965 Betalain biosynthesis 1 0.0365

ec00010 Glycolysis / Gluconeogenesis 2 0.0367

ec00603 Glycosphingolipid biosynthesis - globo series 1 0.0405

ec00190 Oxidative phosphorylation 2 0.0163

ec00010 Glycolysis / Gluconeogenesis 2 0.0181

ec00520 Amino sugar and nucleotide sugar metabolism 2 0.0260

ec00720 Carbon fixation pathways in prokaryotes 4 <0.0001

ec00620 Pyruvate metabolism 4 <0.0001

ec00020 Citrate cycle (TCA cycle) 3 0.0001

ec00630 Glyoxylate and dicarboxylate metabolism 3 0.0002

ec00710 Carbon fixation in photosynthetic organisms 2 0.0012

ec00640 Propanoate metabolism 2 0.0020

ec00310 Lysine degradation 2 0.0053

ec00280 Valine, leucine and isoleucine degradation 2 0.0057

ec00071 Fatty acid degradation 2 0.0064

ec00380 Tryptophan metabolism 2 0.0095

ec00010 Glycolysis / Gluconeogenesis 2 0.0109

ec00903 Limonene and pinene degradation 1 0.0264

ec00362 Benzoate degradation 1 0.0329

ec00072 Synthesis and degradation of ketone bodies 1 0.0329

ec00720 Carbon fixation pathways in prokaryotes 9 <0.0001

ec00020 Citrate cycle (TCA cycle) 10 <0.0001

ec00710 Carbon fixation in photosynthetic organisms 8 <0.0001

ec00630 Glyoxylate and dicarboxylate metabolism 10 <0.0001

ec00620 Pyruvate metabolism 9 <0.0001

ec00010 Glycolysis / Gluconeogenesis 9 0.0002

ec00640 Propanoate metabolism 6 0.0002

ec00680 Methane metabolism 5 0.0009

ec00250 Alanine, aspartate and glutamate metabolism 6 0.0019

ec00190 Oxidative phosphorylation 7 0.0026

ec00270 Cysteine and methionine metabolism 6 0.0027

ec00195 Photosynthesis 4 0.0048

ec00450 Selenocompound metabolism 3 0.0056

AF13 0 v 10mM

AF13 0 v 25mM

NRRL3357 0 v 10mM

NRRL3357 0 v 20mM
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Table S8.5. Cont.

Pathway ID Name Result Count p-value

ec00350 Tyrosine metabolism 6 0.0071

ec00480 Glutathione metabolism 5 0.0115

ec00030 Pentose phosphate pathway 4 0.0118

ec00500 Starch and sucrose metabolism 7 0.0212

ec00603 Glycosphingolipid biosynthesis - globo series 2 0.0296

ec00513 Various types of N-glycan biosynthesis 2 0.0296

ec00520 Amino sugar and nucleotide sugar metabolism 6 0.0308

ec00330 Arginine and proline metabolism 6 0.0308

ec00040 Pentose and glucuronate interconversions 4 0.0428

ec00190 Oxidative phosphorylation 2 0.0098

ec00010 Glycolysis / Gluconeogenesis 2 0.0109

ec00330 Arginine and proline metabolism 2 0.0158

ec00903 Limonene and pinene degradation 1 0.0264

K54A 0 v 10mM
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Table S8.6. Annotations of specific proteins in the protein-protein interaction analysis for NRRL3357.

ID STRING ID Annotation

AFLA_073480 CADAFLAP00000131 Tropomyosin, putative 

AFLA_074520 aglA Alpha-galactosidase, putative 

AFLA_075060 CADAFLAP00000288 Transformer-SR ribonucleoprotein, putative 

AFLA_076170 CADAFLAP00000399 Putative uncharacterized protein 

AFLA_076180 CADAFLAP00000400 Putative uncharacterized protein 

AFLA_076450 CADAFLAP00000427 Electron transfer flavoprotein alpha subunit, putative 

AFLA_076680 CADAFLAP00000450 Pyruvate dehydrogenase complex, dihydrolipoamide acetyltransferase 

AFLA_076710 CADAFLAP00000453 Malate dehydrogenase, NAD-dependent 

AFLA_077860 CADAFLAP00000568 Putative uncharacterized protein 

AFLA_078380 CADAFLAP00000620 Acetyl-coA hydrolase Ach1, putative 

AFLA_078650 CADAFLAP00000647 ATP synthase subunit alpha 

AFLA_078900 CADAFLAP00000672 Beta-N-acetylhexosaminidase NagA, putative 

AFLA_079480 CADAFLAP00000730 Oligopeptidase family protein 

AFLA_079910 CADAFLAP00000773 Glutathione peroxidase 

AFLA_080240 CADAFLAP00000806 ATP synthase delta chain, mitochondrial, putative 

AFLA_080390 CADAFLAP00000821 6-phosphogluconolactonase, putative 

AFLA_080930 CADAFLAP00000874 EF hand domain protein 

AFLA_082510 CADAFLAP00001031 TCTP family protein 

AFLA_083370 CADAFLAP00001117 Glutathione oxidoreductase Glr1, putative 

AFLA_086710 CADAFLAP00001450 Inorganic diphosphatase, putative 

AFLA_086800 CADAFLAP00001459 Epoxide hydrolase, putative 

AFLA_086900 CADAFLAP00001469 Alpha-mannosidase 

AFLA_087950 CADAFLAP00001573 Isocitrate dehydrogenase LysB 

AFLA_088570 CADAFLAP00001635 Putative uncharacterized protein 

AFLA_023500 CADAFLAP00001726 Extracellular conserved serine-rich protein 

AFLA_025100 GAPDH Glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.12)

AFLA_025510 CADAFLAP00001927 GPI anchored protein, putative 

AFLA_025760 CADAFLAP00001951 50S ribosomal protein L12 

AFLA_025980 CADAFLAP00001973 Hsp90 co-chaperone Cdc37 

AFLA_025990 CADAFLAP00001974 Clathrin light chain 

AFLA_026140 taa Alpha-amylase, putative 

AFLA_026470 CADAFLAP00002022 Aspartate aminotransferase (EC 2.6.1.1)

AFLA_027070 CADAFLAP00002082 Acetyl-coenzyme A synthetase FacA 

AFLA_027810 alp1 Alkaline protease 

AFLA_028260 exgA Exo-beta-1,3-glucanase (Exg1), putative 

AFLA_028800 CADAFLAP00002255 Eukaryotic translation initiation factor eIF-5A 

AFLA_028910 CADAFLAP00002266 Polyadenylate-binding protein 

AFLA_029310 CADAFLAP00002306 Alcohol dehydrogenase, zinc-containing, putative 

AFLA_029390 CADAFLAP00002314 HMG box protein, putative 

AFLA_029440 CADAFLAP00002319 NADH-cytochrome b5 reductase, putative 

AFLA_029850 CADAFLAP00002360 Cysteine-rich secreted protein 

AFLA_030140 CADAFLAP00002389 60S ribosomal protein P0 

AFLA_030180 CADAFLAP00002393 Protein mitochondrial targeting protein (Mas1), putative 

AFLA_030860 CADAFLAP00002461 RNAPII degradation factor Def1, putative 
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ID STRING ID Annotation

AFLA_031570 CADAFLAP00002532 Pyruvate decarboxylase PdcA, putative 

AFLA_031760 CADAFLAP00002551 Glutaminase, putative 

AFLA_031780 CADAFLAP00002553 Telomere and ribosome associated protein Stm1, putative 

AFLA_031960 CADAFLAP00002571 40S ribosomal protein S7e 

AFLA_032870 CADAFLAP00002662 cAMP-dependent protein kinase regulatory subunit PkaR 

AFLA_032890 CADAFLAP00002664 Putative uncharacterized protein 

AFLA_033100 CADAFLAP00002685 Phosphatidylinositol transporter, putative 

AFLA_033400 mns1B Mannosidase MsdS 

AFLA_033620 CADAFLAP00002737 RNA binding protein, putative 

AFLA_033690 CADAFLAP00002744 60S ribosomal protein L31e 

AFLA_034050 CADAFLAP00002780 Mitochondrial aconitate hydratase, putative 

AFLA_034640 CADAFLAP00002839 Aminopeptidase Y, putative 

AFLA_034870 CADAFLAP00002862 Putative uncharacterized protein 

AFLA_035510 CADAFLAP00002926 RNA binding effector protein Scp160, putative 

AFLA_035540 CADAFLAP00002929 Signal transducing adapter molecule, putative 

AFLA_035620 CADAFLAP00002937 Hsp70 chaperone BiP/Kar2, putative 

AFLA_036070 CADAFLAP00002982 Maleylacetoacetate isomerase MaiA 

AFLA_036090 CADAFLAP00002984 Homogentisate 1,2-dioxygenase (HmgA), putative 

AFLA_036110 CADAFLAP00002986 4-hydroxyphenylpyruvate dioxygenase, putative 

AFLA_036440 CADAFLAP00003019 Alanine aminotransferase, putative 

AFLA_036640 CADAFLAP00003039 PH domain protein 

AFLA_036840 CADAFLAP00003058 6-phosphogluconate dehydrogenase, decarboxylating (EC 1.1.1.44)

AFLA_037490 HCR1 Eukaryotic translation initiation factor 3 subunit EifCj, putative 

AFLA_037960 CADAFLAP00003169 Glucosamine-fructose-6-phosphate aminotransferase 

AFLA_014520 CADAFLAP00003337 Multicopper oxidase, putative 

AFLA_014930 CADAFLAP00003378 Cofactor for methionyl-and glutamyl-tRNA synthetase, putative 

AFLA_017100 lacA Beta-galactosidase (EC 3.2.1.23)

AFLA_019230 CADAFLAP00003808 Mismatched base pair and cruciform DNA recognition protein, putative 

AFLA_020380 CADAFLAP00003923 Stomatin family protein 

AFLA_021820 CADAFLAP00004067 Nuclear movement protein NudC 

AFLA_021870 cbhA Cellobiohydrolase celD 

AFLA_022270 CADAFLAP00004112 Putative uncharacterized protein 

AFLA_022380 CADAFLAP00004123 Molecular chaperone Hsp70 

AFLA_022470 CADAFLAP00004132 Adenylate kinase, putative 

AFLA_022480 CADAFLAP00004133 26S proteasome regulatory particle subunit Rpn8, putative 

AFLA_105920 pecA Polygalacturonase A Precursor (EC 3.2.1.15)(Pectinase)(PGL)(P2C)

AFLA_106310 chaperonin Chaperonin, putative 

AFLA_106350 CADAFLAP00004371 ATP citrate lyase subunit (Acl), putatibe 

AFLA_106390 CADAFLAP00004375 Ribose 5-phosphate isomerase A 

AFLA_108100 CADAFLAP00004546 Argininosuccinate synthase (EC 6.3.4.5)

AFLA_108410 CADAFLAP00004576 Dipeptidase, putative 

AFLA_108790 CADAFLAP00004614 Aldehyde dehydrogenase AldA, putative 

AFLA_109320 CADAFLAP00004666 3-hydroxyisobutyrate dehydrogenase 

AFLA_110160 dpp4 Extracellular dipeptidyl-peptidase Dpp4 

AFLA_110260 CADAFLAP00004760 Flavin-binding monooxygenase-like protein 
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AFLA_110600 CADAFLAP00004794 Aminopeptidase 

AFLA_110690 CADAFLAP00004803 Cytochrome c peroxidase Ccp1, putative 

AFLA_111100 CADAFLAP00004844 Mitochondrial peroxiredoxin Prx1, putative 

AFLA_112120 CADAFLAP00004946 Pyruvate carboxylase, putative 

AFLA_112130 CADAFLAP00004947 Clathrin heavy chain 

AFLA_112470 CADAFLAP00004981 Cobalamin-independent methionine synthase MetH/D 

AFLA_112910 CADAFLAP00005025 Putative uncharacterized protein 

AFLA_113000 CADAFLAP00005034 Integral ER membrane protein Scs2, putative 

AFLA_038530 CADAFLAP00005181 Elastinolytic metalloproteinase Mep 

AFLA_038700 CADAFLAP00005198 Putative uncharacterized protein 

AFLA_038790 CADAFLAP00005207 Adenosine deaminase family protein 

AFLA_039410 CADAFLAP00005268 Antigenic cell wall protein MP1 

AFLA_040120 CADAFLAP00005339 Flavohemoprotein 

AFLA_041260 CADAFLAP00005453 Ribosome associated DnaJ chaperone Zuotin, putative 

AFLA_042090 CADAFLAP00005536 Fasciclin domain family protein 

AFLA_042700 CADAFLAP00005597 Pre-mRNA splicing factor (Prp24), putative 

AFLA_043390 CADAFLAP00005666 Hsp70 chaperone (BiP), putative 

AFLA_043730 CADAFLAP00005700 Nuclear protein export protein Yrb2, putative 

AFLA_044090 uaZ Uricase (EC 1.7.3.3)(Urate oxidase)

AFLA_044620 hsp70 Mitochondrial Hsp70 chaperone (Ssc70), putative 

AFLA_044820 CADAFLAP00005809 Glucose-6-phosphate isomerase (EC 5.3.1.9)

AFLA_045330 CADAFLAP00005860 Eukaryotic translation initiation factor subunit eIF-4F, putative 

AFLA_045750 CADAFLAP00005902 Antigenic mitochondrial protein HSP60, putative 

AFLA_045980 dpp5 Secreted dipeptidyl peptidase DppV 

AFLA_046470 CADAFLAP00005974 Putative uncharacterized protein 

AFLA_046730 CADAFLAP00006000 Putative uncharacterized protein 

AFLA_047350 pepP Prolidase pepP, putative 

AFLA_054750 CADAFLAP00006084 Malate dehydrogenase, NAD-dependent 

AFLA_055060 CADAFLAP00006115 NAD-dependent formate dehydrogenase AciA/Fdh 

AFLA_055230 CADAFLAP00006132 Actin Act1 

AFLA_055450 CADAFLAP00006154 Translation elongation factor eEF-1 subunit gamma, putative 

AFLA_056170 CADAFLAP00006226 Catalase (EC 1.11.1.6)

AFLA_056260 CADAFLAP00006235 Nascent polypeptide-associated complex (NAC) subunit, putative 

AFLA_056350 CADAFLAP00006244 2-methylcitrate dehydratase, putative 

AFLA_056850 CADAFLAP00006294 Electron transfer flavoprotein, beta subunit, putative 

AFLA_057240 CADAFLAP00006333 RNP domain protein 

AFLA_057670 CADAFLAP00006376 Neutral protease 2, putative 

AFLA_057770 plyA Pectate lyase A 

AFLA_060110 CADAFLAP00006620 Putative uncharacterized protein 

AFLA_060260 CADAFLAP00006635 Heat shock protein Hsp30/Hsp42, putative 

AFLA_061880 CADAFLAP00006797 Pyridoxine biosynthesis protein 

AFLA_131280 CADAFLAP00007007 Actin cortical patch assembly protein Pan1, putative 

AFLA_132540 trx2 Thioredoxin TrxA 

AFLA_132990 CADAFLAP00007178 Ribosomal protein L34 protein, putative 

AFLA_133150 CADAFLAP00007194 Catechol dioxygenase, putative 
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Table S8.6. Cont.

ID STRING ID Annotation

AFLA_133920 CADAFLAP00007271 Acyl CoA binding protein family 

AFLA_133990 CADAFLAP00007278 Secretory pathway gdp dissociation inhibitor 

AFLA_134120 CADAFLAP00007291 Orotate phosphoribosyltransferase 

AFLA_134340 CADAFLAP00007312 BAR domain protein 

AFLA_135200 CADAFLAP00007398 Putative uncharacterized protein 

AFLA_135540 CADAFLAP00007432 ATP synthase 

AFLA_136570 CADAFLAP00007535 Cytochrome c 

AFLA_136600 CADAFLAP00007538 GrpE protein homolog 

AFLA_136640 CADAFLAP00007542 Translation elongation factor EF-2 subunit, putative 

AFLA_139300 ver1 Ver-1 

AFLA_139470 cpaC FAD dependent oxidoreductase, putative 

AFLA_139480 cpaB Dimethylallyl tryptophan synthase, putative 

AFLA_066270 CADAFLAP00008051 RNA-binding La domain protein 

AFLA_067940 CADAFLAP00008218 Putative uncharacterized protein 

AFLA_068840 CADAFLAP00008308 Glycine cleavage system T protein 

AFLA_069010 CADAFLAP00008325 S-adenosylmethionine synthetase (EC 2.5.1.6)

AFLA_069370 CADAFLAP00008361 Phosphoglycerate kinase (EC 2.7.2.3)

AFLA_069590 CADAFLAP00008383 Adenosylhomocysteinase (EC 3.3.1.1)

AFLA_070490 CADAFLAP00008473 Putative uncharacterized protein 

AFLA_070990 CADAFLAP00008523 UTP-glucose-1-phosphate uridylyltransferase Ugp1, putative 

AFLA_071010 CADAFLAP00008525 Heat shock protein (Sti1), putative 

AFLA_089270 CADAFLAP00008613 BZIP transcription factor HacA 

AFLA_089380 CADAFLAP00008624 Extracellular chitosanase CsnC, putative 

AFLA_090690 CADAFLAP00008754 Mycelial catalase Cat1 

AFLA_091030 CADAFLAP00008788 Putative uncharacterized protein 

AFLA_091060 CADAFLAP00008791 Allergen Asp F3 

AFLA_091270 CADAFLAP00008812 Fumarate hydratase, putative 

AFLA_091990 CADAFLAP00008884 Peptidyl-prolyl cis-trans isomerase (EC 5.2.1.8)

AFLA_092640 CADAFLAP00008949 Alkaline phosphatase (EC 3.1.3.1)

AFLA_093220 CADAFLAP00009007 Ran-specific GTPase-activating protein 1, putative 

AFLA_093280 CADAFLAP00009013 Disulfide isomerase (TigA), putative 

AFLA_093660 CADAFLAP00009051 Solid-state culture expressed protein (Aos23), putative 

AFLA_094630 CADAFLAP00009148 Triosephosphate isomerase (EC 5.3.1.1)

AFLA_095570 CADAFLAP00009242 RNA annealing protein Yra1, putative 

AFLA_095660 CADAFLAP00009251 Immunoglobulin G-binding protein H, putative 

AFLA_124380 CADAFLAP00009496 Putative uncharacterized protein 

AFLA_124500 CADAFLAP00009508 Nitric oxide synthase, putative 

AFLA_125270 CADAFLAP00009585 Tyrosinase 

AFLA_126670 CADAFLAP00009725 Putative uncharacterized protein 

AFLA_126870 CADAFLAP00009745 Putative uncharacterized protein 

AFLA_127390 CADAFLAP00009797 Proteasome regulatory particle subunit Rpt5, putative 

AFLA_128280 CADAFLAP00009886 M protein repeat protein 

AFLA_128530 CADAFLAP00009911 Delta-1-pyrroline-5-carboxylate dehydrogenase PrnC 

AFLA_130150 CADAFLAP00010073 NAD+ dependent glutamate dehydrogenase, putative 

AFLA_130310 CADAFLAP00010089 Protein disulfide isomerase Pdi1, putative 
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Table S8.6. Cont.

ID STRING ID Annotation

AFLA_001890 CADAFLAP00010255 Cellobiose dehydrogenase 

AFLA_002090 CADAFLAP00010275 Extracellular serine carboxypeptidase, putative 

AFLA_002560 CADAFLAP00010322 60S ribosomal protein L37a 

AFLA_002670 CADAFLAP00010333 Curved DNA-binding protein (42 kDa protein) 

AFLA_003440 CADAFLAP00010410 Translation initiation factor 4B 

AFLA_004090 CADAFLAP00010475 Putative uncharacterized protein 

AFLA_004950 CADAFLAP00010561 Cytochrome c oxidase subunit Va, putative 

AFLA_006300 CADAFLAP00010695 Nucleoside diphosphate kinase (EC 2.7.4.6)

AFLA_006520 CADAFLAP00010715 CRAL/TRIO domain protein 

AFLA_006960 CADAFLAP00010759 Molecular chaperone and allergen Mod-E/Hsp90/Hsp1 

AFLA_007000 CADAFLAP00010763 Ubiquinol-cytochrome C reductase complex core protein 2, putative 

AFLA_007020 CADAFLAP00010765 Citrate synthase 

AFLA_048510 CADAFLAP00010843 UV excision repair protein (RadW), putative 

AFLA_048610 CADAFLAP00010853 Succinyl-CoA synthetase alpha subunit, putative 

AFLA_050270 CADAFLAP00011019 Conserved lysine-rich protein, putative 

AFLA_050690 CADAFLAP00011061 Mitochondrial ADP,ATP carrier protein (Ant), putative 

AFLA_051140 bglA Beta-glucosidase, putative 

AFLA_051530 CADAFLAP00011144 Methylmalonate-semialdehyde dehydrogenase, putative 

AFLA_051770 CADAFLAP00011168 Thioredoxin reductase (EC 1.8.1.9)

AFLA_051980 CADAFLAP00011189 G-protein complex beta subunit CpcB 

AFLA_052400 CADAFLAP00011231 Isocitrate lyase AcuD 

AFLA_097190 CADAFLAP00011457 Putative uncharacterized protein 

AFLA_097750 sspA Putative uncharacterized protein 

AFLA_099000 sodC Superoxide dismutase [Cu-Zn] (EC 1.15.1.1)

AFLA_099220 CADAFLAP00011660 Putative uncharacterized protein 

AFLA_099650 CADAFLAP00011702 Woronin body major protein, putative 

AFLA_101160 CADAFLAP00011853 40S ribosomal protein S9 

AFLA_101230 CADAFLAP00011860 Glutaminase GtaA 

AFLA_101930 CADAFLAP00011930 Succinate-semialdehyde dehydrogenase, putative 

AFLA_102010 CADAFLAP00011938 Class V chitinase, putative 

AFLA_103940 CADAFLAP00012129 Glutamate carboxypeptidase, putative 

AFLA_117760 CADAFLAP00012348 Phytase, putative 

AFLA_117850 CADAFLAP00012357 RPEL repeat protein 

AFLA_119040 CADAFLAP00012476 Muramidase, putative 

AFLA_119660 CADAFLAP00012538 ATP synthase subunit beta (EC 3.6.3.14)

AFLA_120630 CADAFLAP00012635 Glyoxylate/hydroxypyruvate reductase, putative 

AFLA_122110 CADAFLAP00012783 Bifunctional catalase-peroxidase Cat2 

AFLA_122180 CADAFLAP00012790 Putative uncharacterized protein 

AFLA_122720 CADAFLAP00012843 Actin binding protein, putative 

AFLA_007700 CADAFLAP00012881 Putative uncharacterized protein 

AFLA_008310 CADAFLAP00012942 Acetyl-CoA-acetyltransferase, putative 

AFLA_008910 CADAFLAP00013001 Putative uncharacterized protein 

AFLA_008990 cpyA Carboxypeptidase CpyA/Prc1, putative 

AFLA_012160 CADAFLAP00013326 Acetyl-CoA acetyltransferase, putative 

AFLA_012200 CADAFLAP00013330 Hsp70 chaperone (HscA), putative 
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Abstract 

The infection of maize and peanut with Aspergillus flavus and subsequent contamination with 

aflatoxin pose a threat to global food safety and human health, and is exacerbated by drought 

stress. Drought stress-responding compounds such as reactive oxygen species (ROS) are 

associated with fungal stress responsive signaling and secondary metabolite production, and can 

stimulate the production of aflatoxin by A. flavus in vitro. These secondary metabolites have 

been shown to possess diverse functions in soil-borne fungi including antibiosis, competitive 

inhibition of other microbes, and abiotic stress alleviation. Previously, we observed that isolates 

of A. flavus showed differences in oxidative stress tolerance which correlated with their aflatoxin 

production capabilities. In order to better understand these isolate-specific oxidative stress 

responses, we examined the transcriptional responses of field isolates of A. flavus with varying 

levels of aflatoxin production (NRRL3357, AF13, and Tox4) to H2O2-induced oxidative stress 

using an RNA sequencing approach. These isolates were cultured in an aflatoxin-production 

conducive medium amended with various levels of H2O2. Whole transcriptomes were sequenced 

using an Illumina HiSeq platform with an average of 40.43 million filtered paired-end reads 

generated for each sample. The obtained transcriptomes were then used for differential 

expression, gene ontology, pathway, and co-expression analyses. Isolates which produced higher 

levels of aflatoxin tended to exhibit fewer differentially expressed genes than isolates with lower 

levels of production. Genes found to be differentially expressed in response to increasing 

oxidative stress included antioxidant enzymes, primary metabolism components, antibiosis-

related genes, and secondary metabolite biosynthetic components specifically for aflatoxin, 

aflatrem, and kojic acid. The expression of fungal development-related genes including 

aminobenzoate degradation genes and conidiation regulators were found to be regulated in 
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response to increasing stress. Aflatoxin biosynthetic genes and antioxidant enzyme genes were 

also found to be co-expressed and highly correlated with fungal biomass under stress. This 

suggests that these secondary metabolites may be produced as part of coordinated oxidative 

stress responses in A. flavus along with antioxidant enzyme gene expression and developmental 

regulation.    

 

Introduction 

The contamination of crops with aflatoxin, a carcinogenic secondary metabolite of the facultative 

plant parasite Aspergillus flavus (Guo et al., 1996), is a threat to human health, global food safety 

and security (Williams et al., 2010; Guo et al., 2012; Andrade and Caldas, 2015). Aflatoxin 

contamination of staple and dietary supplemental crops such as maize and peanut result in both 

losses in crop value in international trade due to restrictions on aflatoxin content (Matumba et al. 

2015; Wu, 2015), and negative impacts in human and animal health (Williams et al. 2004, 2010; 

Kew, 2013). These concerns are the impetus for investigations into the biology of this organism 

and its interactions with host plants related to aflatoxin contamination (Amaike and Keller, 2011; 

Diener et al. 1983, 1987; Guo et al., 2012; Fountain et al., 2014). 

 The aflatoxin biosynthetic pathway has been well characterized in A. flavus and in other 

aflatoxigenic species of Aspergillus such as A. parasiticus, and sterigmatocystin producing 

species such as A. nidulans (Amaike and Keller, 2011). Aflatoxin biosynthesis is encoded by a 

cluster of 25 genes which has been highly conserved among Aspergillus spp. and has been well 

characterized (Yu et al. 2004). While the biosynthetic mechanisms involved in aflatoxin 

production have been well characterized, little is known regarding the biological role of aflatoxin 

in A. flavus or other Aspergillus spp.  Secondary metabolites produced by soil-dwelling fungi 
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exhibit various biological activities including fungivory resistance, stress tolerance, and quorum 

sensing (Reverberi et al. 2008, 2010; Roze et al. 2013).  

Recent studies have shown that reactive oxygen species (ROS) and their reactive 

products such as peroxidized lipids (oxylipins) are required for the production of aflatoxin and 

can stimulate aflatoxin production if applied in vitro (Jayashree and Subramanyam, 2001). 

Induction of oxylipin and ROS accumulation in A. flavus mycelia through peroxisome 

proliferation has also been linked with increased aflatoxin production and antioxidant enzyme 

activity (Reverberi et al. 2012). Similarly, several studies have also been performed examining 

the effects of antioxidants on the growth and aflatoxin production of Aspergilli. For example, 

phenolic compounds such as caffeic acid tannic acid derived from tree nuts have been shown to 

inhibit aflatoxin production in A. flavus (Mahoney et al. 2010). Other synthetic phenolic 

compounds such as butylated hydroxyanisole (BHA) and propyl paraben (PP) have also been 

found to have a similar effect as a function of medium pH and water activity (Nesci et al. 2003; 

Passone et al. 2005). Treatment with BHA as also been shown to inhibit sclerotial differentiation 

in A. flavus. Oxidative stress responsive signaling mechanisms have been found to be involved in 

the regulation of aflatoxin production such as the stress responsive transcription factors AtfB, 

AP-1, and VeA (Baidya et al. 2014; Hong et al. 2013; Reverberi et al. 2008; Roze et al. 2011, 

2013; Sakamoto et al. 2008). Also, VeA along with VelB and LaeA form the Velvet protein 

complex to regulate both secondary metabolite production and reproductive development in A. 

flavus and other Aspergillus spp. (Park et al. 2012). The consumption and/or generation of ROS 

have also been found to co-localize to vesicles known as aflatoxisomes where the final phases of 

aflatoxin production are carried out (Chanda et al. 2009, 2010; Roze et al. 2015).  
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Because of the close association of ROS and aflatoxin production, it has been 

hypothesized that aflatoxin production may serve as a component of oxidative stress alleviation 

mechanisms employed by Aspergillus spp. in addition to antioxidant enzymes, altered carbon 

metabolism, and the production of other secondary metabolites (Fountain et al. 2014, 2016; 

Narasaiah et al. 2006; Roze et al. 2013). The tolerance of A. flavus and A. parasiticus isolates to 

oxidative stress has been shown to be correlated with their levels of aflatoxin production. For 

example, Roze et al. (2015) showed that conidia of isolates with higher levels of aflatoxin 

production also exhibited greater viability when cultured in ROS-amended medium.  

This correlation between ROS and aflatoxin production has also lead to the hypothesis 

that host plant-derived ROS and oxylipins may function in the host-parasite interaction between 

A. flavus or other Aspergilli and their host plants. Host plant resistance to aflatoxin 

contamination have been identified, and this resistance has been found to be heavily influenced 

by environmental stresses, particularly drought stress (Diener et al. 1983, 1987; Fountain et al. 

2014; Guo et al. 2008; Holbrook et al. 2009; Jiang et al. 2012; Kebede et al. 2012; Pandey et al. 

2012; Williams, 2006). Interestingly, these aforementioned ROS and oxylipins have also been 

shown to accumulate in the tissues of host plants during drought stress, and their levels have 

been correlated with aflatoxin contamination resistance (Gao et al. 2009; Yang et al. 2015, 

2016). Host plant tissue antioxidant enzyme activity and capacity has also been found to be 

correlated with reduced A. flavus growth and aflatoxin production in model species such as 

buckwheat (Chitarrini et al. 2014). 

In our previous studies, isolates of A. flavus were found to exhibit different degrees of 

oxidative stress tolerance which appeared to correlate with their aflatoxin production capability 

suggesting that aflatoxin production may contribute to stress tolerance (Fountain et al. 2015). 
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However, the observed stress tolerance of the toxigenic isolates cultured in aflatoxin non-

conducive medium was reduced yet comparable indicating that factors in addition to aflatoxin 

production also contributed to the observed differences. In order to better understand the 

differences in isolate-specific responses to oxidative stress, and to further explore the potential 

role of aflatoxin production in stress alleviation in A. flavus, we examined the global 

transcriptional responses of several isolates of A. flavus to increasing oxidative stress, which has 

been summarized in an overview-type publication (Fountain et al. 2016). Here, we present a 

detailed analysis of changes in the transcriptomes of different toxigenic A. flavus isolates with 

distinguished aflatoxin production capabilities to increasing oxidative stress in an aflatoxin 

conducive culture medium. By examining the oxidative stress responses of A. flavus, the 

biological role of aflatoxin production in stress responses and in competition with other soil-

dwelling organisms may be better understood.  

 

Materials and Methods  

The methodologies presented here are adapted from Fountain et al. (2016) and describe the data 

generation and analysis procedures for the toxigenic isolates examined in this study. 

 

Isolate Culture Conditions 

The A. flavus toxigenic isolates utilized in this study were obtained as previously described 

(Fountain et al. 2015). The isolates AF13, NRRL3357, and Tox4 were initially cultured on V8 

agar (20% V8, 1% CaCO3, 3% agar) at 32°C for 5 days. Conidia were collected from the cultures 

by washing the plates with sterile 0.1% (v/v) Tween 20. This conidial suspension (~4.0 x 106 

conidia/mL) was used to inoculate liquid cultures of yeast extract sucrose (YES; 2% yeast 
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extract, 1% sucrose) medium containing various concentrations of hydrogen peroxide (H2O2, 3% 

stabilized solution). For AF13 and Tox4, the YES medium was supplemented with 0, 10, and 25 

mM H2O2 representing a control, moderately high, and high levels of stress, respectively. For 

NRRL3357, the YES medium was supplemented with 0, 10, and 20 mM H2O2 due to the lower 

concentration of H2O2 the isolate could tolerate (Fountain et al. 2015). The experiment was 

performed in 125 mL Erlenmeyer flasks containing 50 mL H2O2 amended YES medium and 100 

µL conidial suspension plugged with a sterile cotton ball. The cultures were incubated at 32°C 

for 7 days in the dark with two biological replicates for each isolate/treatment combination. 

Mycelia were then harvested from each culture, immediately frozen in liquid nitrogen, and stored 

at -80°C.  

 

RNA Isolation 

The harvested mycelia were homogenized in a chilled mortar and pestle to a fine powder, and 

then used for total RNA isolation. Total RNA was isolates using an RNeasy Plant Mini Kit with 

DNase digestion according to the manufacturer’s instructions (Qiagen, Hilden, Germany). The 

isolated RNA was then quantified using a Nano-Drop ND1000 spectrophotometer (Thermo 

Scientific, Wilmington, DE, USA) and the RNA integrity numbers (RINs) for each sample were 

validated using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). Samples with an 

RIN ≥ 5 were used for RNA sequencing. 

 

Library Construction and Illumina Sequencing 

The cDNA libraries for each sample and biological replicate were generated from 1µg of total 

RNA. A total of 18 libraries were generated for the toxigenic A. flavus isolate samples and used 
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for transcriptome sequencing using an Illumina TruSeq RNA Sequencing Kit according to the 

manufacturer’s instructions (Illumina, San Diego, CA, USA). Following quantitation using a 

Qubit 2.0 fluorometer (Thermo Scientific), and validation using an Agilent 2100 Bioanalyzer 

(Agilent), the libraries were used for cluster generation using a cBot (Illumina), and paired-end 

sequencing using a HiSeq 2500 platform according to the manufacturer’s instructions (Illumina).  

 

Bioinformatics Analysis 

Initial quality checks on raw sequencing reads were performed using FastQC v0.11.2 with low 

quality reads being removed using Trimmomatic v0.32, along with rRNA contamination 

following alignment with the SILVA database. The remaining, high quality reads were used for 

differential expression analysis using the tuxedo protocol. Briefly, alignment of filtered reads to 

the A. flavus NRRL3357 reference genome (GCF_000006275.2) was done using tophat2 v2.0.13 

and bowtie2 v2.2.4. Cufflinks v2.2.1 and cuffdiff were used to assemble the transcripts and 

determine transcript abundance in terms of Fragments Per Kilobase of exon per Million 

fragments mapped (FPKM). A gene was considered significantly differentially expressed when 

|log2(fold change)| ≥ 2 with an adjusted p-value ≤ 0.05. Tophat2 alignments were used to 

perform RABT (reference annotation based transcript) assembly for both genes and isoforms. 

The assemblies were then compared and merged using cuffmerge and used for analysis.  

The assembled transcripts were annotated using a standalone blast 2.2.30+ and analyzed 

through Blast2GO and KEGG for gene ontology (GO) and pathway analysis, respectively. 

Heatmaps of select secondary metabolites biosynthesis genes and principal components analysis 

(PCA) of the gene expression profiles of the isolates was performed with multiple experiment 

viewer (MeV) v4.9.0. For promoter analysis of select genes, upstream gene sequences containing 
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conserved transcription factor binding domains were obtained using FungiDB 

(http://fungidb.org/) followed by sequence analysis using MEME 4.11.2 (Bailey et al. 2009; 

Stajich et al. 2012). Co-expression analysis was performed using the weighted correlation 

network analysis (WGCNA) package in R v3.3.0 (Langfelder and Horvath, 2008)  

 

Quantitative RT-PCR Validation 

In order to validate the RNA sequencing results, we selected several genes for expression 

analysis on a subset of samples using quantitative RT-PCR (qPCR). Using total RNA remaining 

following library construction, we synthesized cDNA using a Taqman reverse transcriptase kit 

(Thermo-Fisher) according to the manufacturer’s instructions. Reverse transcription was carried 

out using a PTC-200 thermal cycler (Bio-Rad, Hercules, CA, USA) with the following cycling 

parameters: 25°C for 10 min, 48°C for 30 min, and 95°C for 5 min. The qPCR was then 

performed using a 20µl reaction volume containing: 1X SYBR Green PCR Master Mix 

(Thermo-Fisher), 0.4µM forward primer, 0.4µM reverse primer, and 25ng cDNA template. In 

this study, β-tubulin was used as a housekeeping control, and primer sequences for this and the 

other genes examined can be found in Table S.D.1. The reactions were carried out using an ABI 

7500 platform (Thermo-Fisher) using the following cycles: 50°C for 2 min, 95°C for 10 min, and 

40 amplification cycles of 95°C for 15 s, and 60°C for 1 min. Dissociation curves were 

performed at the end of each cycle to identify possible primer dimerization or off-target 

amplification. With the obtained threshold cycle (Ct) values, relative gene expression was 

calculated using a modified Livak method where Relative Expression = 2ΔCt and ΔCt = Ct 

Housekeeping Gene (β-tubulin) – CtTarget (Livak and Schmittgen, 2001).  

 

http://fungidb.org/
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Results 

Transcriptome Sequencing 

In order to examine the transcriptional responses of aflatoxigenic isolates of A. flavus to 

oxidative stress, we cultured three isolates (AF13, NRRL3357, and Tox4) in aflatoxin 

production-conducive medium amended with H2O2 at different concentrations. Whole 

transcriptome sequencing of these tissues yielded a total of 1.32 billion raw sequencing reads 

from 18 cDNA libraries with an average of 73.17 million reads per library. Of the 18 libraries 

sequenced, one contained a relatively low number reads and was excluded from the analysis. 

Initial quality filtration resulted in the removal of 9 – 10% of reads followed by further removal 

of rRNA contamination. Following filtration, a total of 687.33 million filtered reads were 

obtained with an average of 40.43 million reads per library. For all the libraries, an average of 

92.64% of filtered reads mapped to the A. flavus NRRL3357 reference genome. For the 

individual isolates, an average of 91.66%, 94.52%, and 91.58% of filtered reads from AF13, 

NRRL3357, and Tox4, respectively, mapped to the reference genome.  

 Of the 13,487 genes annotated in the NRRL3357 genome, 11,144 genes (82.63%) were 

described in the dataset. Among those described genes, 8,210 genes (73.67%) of the genes had 

an FPKM ≥ 2 in at least one isolate and treatment (Supplementary Dataset 1). Of these genes 

with an FPKM ≥ 2, 338 (4.12%), 62 (0.76%), and 73 (0.89%) genes were exclusively expressed 

in NRRL3357, AF13, and Tox4, respectively, across all treatments examined in the study 

(Figure D.1A). For each individual isolate, a relatively low number of genes were exclusively 

expressed with an FPKM ≥ 2 within a specified treatment. For NRRL3357, 73 (0.92%), 187 

(2.35%), and 147 (1.85%) of the 7,941 genes expressed were exclusive to the 0 mM, 10 mM, and 

20 mM H2O2 treatments, respectively (Figure D.1B). For AF13, 104 (1.36%), 45 (0.59%), and 
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130 (1.69%) of the 7,672 genes expressed were exclusive to the 0 mM, 10 mM, and 20 mM 

H2O2 treatments, respectively (Figure D.1C). For Tox4, 75 (0.97%), 91 (1.18%), and 66 (0.85%) 

of the 7,728 genes expressed were exclusive to the 0 mM, 10 mM, and 20 mM H2O2 treatments, 

respectively (Figure D.1D). A full list of the uniquely expressed genes in each isolate or 

treatment can be found in Supplementary Dataset 2.  

 

Differential Expression is correlated with Oxidative Stress Tolerance  

Following transcriptome assembly and alignment, differential expression analyses were 

performed to examine the oxidative stress responses of the isolates. Genes were considered 

significantly differentially expressed if they exhibited a |log2 (fold change)| ≥ 2 and adjusted p ≤ 

0.05. The Tox4 isolate exhibited 4 and 29 DEGs when comparing the control with 10 mM H2O2 

and 25 mM H2O2 treatments, respectively, and 57 when comparing the two treatments (Table 

D.1). The AF13 isolate exhibited 6 and 122 DEGs when comparing the control with 10 mM 

H2O2 and 25 mM H2O2 treatments, respectively, and 85 when comparing the two treatments 

(Table D.1). The NRRL3357 isolate exhibited 53 and 117 DEGs when comparing the control 

with 10 mM H2O2 and 20 mM H2O2 treatments, respectively, and 112 when comparing the two 

treatments (Table D.1).  

 The numbers of significant DEGs for the isolates were then correlated with the 

previously observed maximum H2O2-induced oxidative stress tolerance levels observed for each 

isolate in our previous study (Fountain et al. 2015). The number of DEGs exhibited a strong, 

negative correlation with the previously observed tolerance levels (Figure S.D.1) when 

comparing the control and the 10mM H2O2 treatment (r = -0.979), and when comparing the two 

treatment conditions (r = -0.958). The correlation was not as strong, however, when comparing 
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the control and the 20 or 25 mM H2O2 treatment (r = -0.658). Interestingly, the isolates which 

exhibited the lower numbers of differentially expressed genes, especially under 10 mM H2O2, 

also tended to produce higher levels of aflatoxin (Table D.1; Fountain et al. 2015). However, 

while the isolate with the highest level of H2O2 tolerance, Tox4, did exhibit the fewest number of 

DEGs, it produces similar levels of aflatoxin to AF13 which exhibited slightly lower H2O2 

tolerance and almost four times the number of DEGs at 25 mM H2O2 (Table D.1). In addition, 

comparison of the overall expression profiles shows a clear segregation by isolate indicative of 

the differences in isolate-specific gene expression patterns due to background expression 

differences between isolates and responses to increasing stress (Figure D.2, Table S.D.2).  

 

Secondary Metabolite Gene Expression is regulated in Response to Oxidative Stress 

Genes involved in the biosynthesis of aflatoxin were differentially expressed in the toxigenic 

isolates with distinguished aflatoxin production capabilities in response to increasing levels of 

oxidative stress (Figure D.3A). The most significant changes in expression mainly came in the 

isolate with the least tolerance to high levels of H2O2 than the other isolates included in this 

study, NRRL3357, which also produces only a moderate level of aflatoxin under elevated 

oxidative stress (Fountain et al. 2015). In NRRL3357, the genes encoding O-methyltransferase A 

(omtA), versicolorin B synthase (vbs), and versicolorin dehydrogenase/ketoreductase (ver-1) 

were exhibited log2(fold change) > 3.61 when comparing 0 and 10 mM H2O2 treatments, and > 

4.85 when comparing 0 and 20 mM H2O2 (Supplementary Dataset 3). Additional genes encoding 

polyketide synthase (pksA), norsolorinic acid ketoreductase (nor-1), and a cytochrome p450 

monooxygenase (aflV/cypX) also exhibited log2(fold change) > 2.32 when comparing the 0 and 

20 mM H2O2 treatments (Supplementary Dataset 3). In AF13, the cypX, omtA, and ver-1 genes 
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along with the genes encoding the versicolorin B desaturase p450 monooxygenase (verB), and 

the regulatory transcription factor aflS/aflJ were upregulated when comparing the 0 and 20 mM 

H2O2 treatments (Supplementary Dataset 4). None of these genes were found to be differentially 

expressed when comparing 0 and 10 mM H2O2 (Supplementary Dataset 4).  

Surprisingly, in Tox4, no aflatoxin biosynthesis transcripts were found to be differentially 

expressed in either treatment (Supplementary Dataset 5). Among the aflatoxin biosynthetic 

genes, the averufin p450 monooxygenase (avfA), hypE hypothetical protein, O-methyltransferase 

B (omtB), oxidoreductase A (ordA), and NADH oxidase (nadA) genes were expressed with an 

FPKM ≥ 2 only in NRRL3357 (Supplementary Dataset 2). The aflatoxin genes encoding 

averantin p450 monooxygenase (avnA), vbs, ver-1, omtA, cypX, the p450 monooxygenase 

moxY, oxidoreductase B (ordB), and the hypothetical protein hypA were expressed with an 

FPKM ≥ 2 only in AF13 and NRRL3357 (Supplementary Dataset 2). The remaining aflatoxin 

pathway genes were found to be expressed in AF13, NRRL3357, and Tox4 (Supplementary 

Dataset 2). 

  In addition to aflatoxin biosynthesis genes, genes involved in the biosynthesis of two 

additional secondary metabolites, aflatrem and kojic acid, were found to be differentially 

expressed in response to increasing oxidative stress (Figure D.3B). In NRRL3357, the aflatrem 

biosynthesis genes encoding prenyl transferase (atmC) and geranylgeranyl diphosphate synthase 

(atmG) (Nicholson et al. 2009) were significantly upregulated in when comparing 0 and 10 mM 

H2O2 (Supplementary Dataset 3). The atmG gene was however, not upregulated when comparing 

0 and 20 mM H2O2, though it is significantly reduced when comparing 10 and 20 mM H2O2 

indicating a dose-dependent response (Supplementary Dataset 3). In contrast, in AF13 the 

dimethylallyl tryptophan synthase gene (atmD), atmC, and atmG were downregulated when 
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comparing 0 and 25 mM H2O2 while no aflatrem biosynthesis genes were significantly 

differentially expressed when comparing 0 and 10 mM H2O2 (Supplementary Dataset 4). Tox4, 

however, showed no significant differences in aflatrem biosynthesis gene expression when 

comparing the control with either treatment, though comparing 10 and 25 mM H2O2 did show a 

significant reduction in atmG expression (Supplementary Dataset 5). 

 For kojic acid biosynthetic genes (Terabayashi et al. 2010), the kojA and kojR/T genes 

were constitutively expressed in all the isolates and did not vary significantly in expression in 

response to increasing stress (Figure D.3C). The synaptic vesicle transporter SVOP, which is 

also involved in the biosynthesis of kojic acid (Terabayashi et al. 2010), was found to be 

differentially expressed in the examined isolates. In NRRL3357, the SVOP gene was upregulated 

by a log2(fold change) of 3.63 when comparing 0 and 10 mM H2O2, but was not significantly 

different between 0 and 20 mM (Supplementary Dataset 3). For AF13, the SVOP gene was also 

upregulated by a log2(fold change) of 2.47 when comparing 0 and 25 mM H2O2, but was not 

significantly different between 0 and 10 mM H2O2 (Supplementary Dataset 4).For Tox4, the 

SVOP gene was not significantly different between the control and the treatments, but was found 

to be downregulated when comparing 10 and 25 mM H2O2 indicating a slight reduction in 

response to higher levels of stress (Supplementary Dataset 5). The expression of kojA and SVOP 

along with select aflatoxin and aflatrem genes were further confirmed with qPCR which were 

generally correlated with the FPKM data obtained by RNA sequencing (Figure D.4). 

 

Stress Responsive and Related Biochemical Pathways Regulated by Increasing Stress 

In addition to the production mechanisms regulating secondary metabolite biosynthesis, 

additional stress responsive and associated biochemical pathway genes were also regulated in the 
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isolates in response to increasing stress (Figure D.5). Among the stress responsive genes, 

antioxidant and oxidase enzyme-encoding genes were among the most commonly regulated. In 

the NRRL3357 and AF13, thioredoxin peroxidase and thioredoxin reductase along with several 

cytochrome p450 monooxygenase genes were upregulated in response to increasing levels of 

oxidative stress (Supplementary Dataset 3 and 4). Interestingly, in Tox4 there were no 

antioxidant or oxidase genes regulated by 10 mM H2O2, and only one monooxygenase gene was 

regulated at 20 mM (Supplementary Dataset 5).  

In addition to these antioxidant and oxidase genes, genes related to fungal catabolism and 

antibiosis tolerance were also regulated by stress, particularly in AF13. Comparing 0 and 10 mM 

H2O2, two multiple drug resistance protein-encoding genes were upregulated and expressed at a 

high level (FPKM’s of 1,636.6 and 7,697.7, respectively; Supplementary Dataset 4). These genes 

were further upregulated when comparing 0 and 25 mM H2O2 (FPKMs of 2,627.0 and 15,066.5, 

respectively), along with a third expressed at a lower level (Supplementary Dataset 4). When 

comparing 0 and 25 mM H2O2, AF13 also exhibited the downregulation of a number of catabolic 

enzyme-encoding genes including acetyl xylan esterase, alpha-1,3-glucanase, aspergillopepsin 2 

and F, class III and V chitinases, chitosanase, and penicillolysin/deuterolysin (Supplementary 

Dataset 4). NRRL3357 also exhibited a similar downregulation in the chitin catabolic genes 

encoding beta-N-acetylhexosaminidase (nagA) and beta-N-hexosaminidase when comparing 0 

and 20 mM H2O2 (Supplementary Dataset 3). Iron metabolic genes were also regulated in 

NRRL3357 and AF13 in response to increasing stress. In NRRL3357, the siderophore 

biosynthesis acetylase gene aceI was upregulated when comparing 0 and 20 mM H2O2, and in 

AF13, a putative transferrin receptor gene was downregulated when comparing 0 and 25 mM 

H2O2 (Supplementary Dataset 3 and 4). NRRL3357 also exhibited an upregulation in cinnamoyl-
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CoA reductase gene expression when comparing 0 and 20 mM H2O2 (Supplementary Dataset 3). 

Tox4 exhibited regulation of two phosphate signaling genes in response to increasing stress, but 

none of the aforementioned genes (Supplementary Dataset 5). 

 

Fungal Development-Related Genes are regulated by Oxidative Stress 

Genes involved in the development of A. flavus and other Aspergillus spp. were also 

differentially expressed among the isolates. In NRRL3357, the gene encoding the Cis2His2 

(C2H2) transcription factor flbC was upregulated along with a conidiation-specific family protein 

gene and a duf221 domain protein gene (Supplementary Dataset 3). AF13 also exhibited an 

upregulation of a conidial hydrophobin gene in response to increasing stress (Supplementary 

Dataset 4). In addition, genes involved in benzoate degradation were also regulated in response 

to stress in the isolates. NRRL3357 and AF13 both exhibited the upregulation of genes involved 

in benzoate degradation including a multiple inositol polyphosphate phosphatase and a benzoate 

4-monooxygenase (Supplementary Dataset 3 and 4). Conversely, Tox4 exhibited a 

downregulation of an amidohydrolase family protein gene and a multiple inositol polyphosphate 

phosphatase gene (Supplementary Dataset 5). 

 

bZIP Transcription Factors and Promoter Occurrence among Differentially Expressed 

Genes 

The orthologs of two bZIP transcription factor genes, atfA and atf21, were previously shown to 

regulate the expression of genes involved in both the biosynthesis of aflatoxin and 

sterigmatocystin, and oxidative stress responsive mechanisms (Roze et al. 2011). Here, atf21 and 

atfA exhibited marginal increases in expression in NRRL3357 and AF13 under high levels of 



 

406 

H2O2 stress (Figure S.D.2). The ortholog of atf21 in A. parasiticus, atfB, has been well 

characterized and has been shown to bind a conserved promoter motif, 

AGCC(G/C)T(G/C)(A/G), upstream of several aflatoxin biosynthetic genes (Roze et al. 2011). 

Examination of the 1kb upstream regions of the significant DEGs observed in NRRL3357 

showed that nine genes possess this predicted atf21 binding domain including a putative 

cytochrome p450 monooxygenase gene, aflC, and the siderophore biosynthesis acetylase aceI 

(Figure S.D.2).  

 

Gene Co-Expression is correlated with Mycelial Dry Weight under Oxidative Stress 

In order to identify groups of genes whose expression is directly correlated with isolate oxidative 

stress tolerance, a co-expression analysis was performed for all isolates and treatments and 

correlated with previously obtained fungal dry weights (Figure D.6). Co-expressed genes were 

grouped based on expression profile similarities into color-coded modules, which were further 

separated by hierarchical clustering. Gene network analysis revealed that the largest modules in 

terms of gene content were the turquoise, blue, and brown modules (Figure D.6A).  

 Module-trait association analysis was then performed to correlate fungal dry weights 

under each treatment. The blue, purple, and turquoise modules were found to be associated with 

isolate dry weight under oxidative stress (Figure D.6B). Statistical eigengene expression and 

fungal dry weight were also found to be significantly correlated with the purple (r = 0.83, p = 

0.006) and turquoise (r = 0.73, p = 0.02) module genes showing a strong positive correlation 

with isolate dry weight and the blue module genes showing a strong negative correlation (r = -

0.93, p = 0.0002) with isolate dry weight (Figure D.6C). Gene ontology (GO) enrichment 

analysis of these modules showed that the blue module was enriched for simple sugar 
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metabolism terms, the purple module for regulation of gene expression and metabolic processes, 

and the turquoise module for translational mechanisms and additional metabolic processes 

(Supplementary Dataset 6). The blue and turquoise modules were also found to contain the 

aflatoxin biosynthetic genes while the purple module contained several MFS transporter and 

antioxidant genes (Supplementary Dataset 6). 

 

Discussion  

The production of secondary metabolites in soil dwelling fungi has been shown to be regulated 

by a number of factors, particularly environmental stress (Calvo and Cary, 2015). Aflatoxin 

production by A. flavus has been shown to be stimulated by a number of compounds in vitro, 

with reactive oxygen species (ROS) being of particular interest given their prevalence in host 

plant defense signaling and environmental stress, particularly drought stress, responses 

(Bhattacharjee, 2005; Jayashree and Subramanyam, 2001; Roze et al. 2013; Yang et al. 2015, 

2016). Such ROS have also been shown to be required for the production of aflatoxin with 

treatment with antioxidant compounds resulting in reduced aflatoxin production and fungal 

growth (Mahoney et al. 2010; Nesci et al. 2003; Passone et al. 2005). However, the practical role 

of aflatoxin production in A. flavus biology is still not well understood. In order to better 

understand to biological role of aflatoxin production in A. flavus, and its role in oxidative stress 

responses, we examined the transcriptomes of three aflatoxigenic field isolates exposed to 

increasing levels of H2O2-derived oxidative stress.  

The isolates which had previously exhibited greater levels of H2O2 tolerance and 

aflatoxin production (Fountain et al. 2015), Tox4 and AF13, exhibited a fewer numbers of 

significantly differentially expressed genes in comparison to the isolate with less tolerance, 
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NRRL3357 (Table D.1). This trend also resulted in strong correlations between previously 

observed stress tolerance and the numbers of DEGs (Figure S.D.1). Interestingly, the AF13 

isolate exhibits both a similar number and composition of DEGs at 25mM H2O2 in comparison to 

NRRL3357 at 10mM (Figure S.D.1; Supplementary Datasets 3 and 4). The requirement of 

additional stress to elicit a similar response is commensurate with the observed stress tolerance 

and aflatoxin production capabilities of AF13 and NRRL3357 (Fountain et al. 2015). Tox4, 

however, may possess stress responsive mechanisms which at more vigorously earlier 

accounting for the reduced DEG counts observed in this study. Together these results indicate, as 

has been previously suggested in the literature, that aflatoxin production may contribute to 

oxidative stress tolerance in Aspergillus spp. (Fountain et al. 2014, 2016; Narasaiah et al. 2006; 

Roze et al. 2013, 2015).  

Examining the expression of aflatoxin biosynthetic genes showed that the NRRL3357 

isolate exhibited the up-regulation and expression of a greater number of these genes than the 

other isolates examined in the study (Table D.1, Figure D.3A). An increase in expression, though 

to a lesser extent, was also observed for AF13 under higher levels of stress, but not for Tox4 

(Figure D.3A). This was surprising given that aflatoxin biosynthetic gene expression is typically 

higher with periods in fungal development in vitro that coincide with the highest levels of 

aflatoxin production, approximately two to six days in conducive media (Davis et al. 1966). The 

high level of expression of aflatoxin genes in NRRL3357 at seven days under high levels of 

stress coupled with the reduced fungal biomass and conidiation observed for this isolate and not 

with AF13 or Tox4 in our preliminary study (Fountain et al. 2015), suggests that a delay in 

fungal growth and development may contribute to prolonged aflatoxin gene expression in 

addition to stimulation provided by oxidative stress. In addition, these differential expression 
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patterns of aflatoxin biosynthetic genes may also be indicative of post-transcriptional regulation 

of aflatoxin production and oxidative stress responses at either the RNA or protein level. For 

example, there has been a low degree of correlation observed between gene expression and 

proteomics data for traits such as temperature stress (r = 0.14) suggesting post-transcriptional 

regulation of protein accumulation in A. flavus (Bai et al. 2015). Also, given that aflatoxin 

biosynthetic gene expression can be detected as early as eight hours in culture, there is ample 

opportunity for such regulation to have a significant effect on later responses to stress and 

warrants further investigation (Price et al. 2006). 

However, factors in addition to aflatoxin production have been shown to be at play which 

influence A. flavus tolerance to oxidative stress. For example, Reverberi et al. (2012) examined 

the effects of excessive peroxisome proliferation in a mutant isolate expressing the P33 gene. 

They found that the P33-containing isolate exhibited elevated ROS and oxylipin accumulation 

commensurate with excess peroxisomes, and countered this with increased aflatoxin production 

and higher antioxidant enzyme activity compared to the wildtype isolate. The mutant isolate also 

exhibited similar fungal growth but reduced conidiation compared to the wildtype. Elevated 

expression of antioxidant and aflatoxin genes at the time point examined in our study would 

imply that continued stress is still being experienced by NRRL3357, and not to the same extent 

in AF13 or Tox4. This suggests that NRRL3357 is less able to sequester ROS and remediate its 

damage than the other isolates. Our previous observation that culturing these isolates in an 

aflatoxin production non-conducive medium results only in a slight reduction in stress tolerance 

also suggests that additional oxidative stress remediation mechanisms are at play in all isolates in 

addition to aflatoxin production (Fountain et al. 2015, 2016). 



 

410 

Two bZIP transcription factor genes, atf21 and atfA, whose homologs in other 

Aspergillus spp. have been shown to integrate oxidative stress responses and 

sterigmatocystin/aflatoxin biosynthesis regulation (Hong et al. 2013a, 2013b; Lara-Rojas et al. 

2011; Roze et al. 2011, 2013; Sakamoto et al. 2009, 2010), also displayed some marginally 

significant increases in expression in NRRL3357 and AF13 (Figure S.D.2). Atf21, whose 

ortholog in A. parasiticus, atfB, has been well characterized (Roze et al. 2011), was found to 

bind a conserved motif in the promoter regions of several aflatoxin biosynthetic genes. This 

same motif was found in the upstream promoter regions of nine DEGs in NRRL3357 under high 

levels of stress, and include aflatoxin production, oxidative stress response, and siderophore 

biosynthetic genes (Figure S.D.2). This suggests that these transcription factors may actively 

regulate gene expression following aflatoxin production initiation (Roze et al. 2011, 2013) and 

further supports the case for their involvement in stress tolerance. Also, the co-expression 

analysis identified several modules of genes exhibiting similar expression profiles which were 

closely associated with fungal biomass under oxidative stress, including the blue, purple, and 

turquoise modules (Figure D.6C). These modules contain genes enriched for carbon metabolism 

and gene expression regulation, but also contain antioxidant enzyme-encoding genes and the 

aflatoxin biosynthetic genes (Supplementary Dataset 6). This further supports the observed 

association of aflatoxin production and oxidative stress tolerance in A. flavus. 

The link between aflatoxin production and fungal development has been widely 

documented in the literature to involve G-protein mediated signaling along with numerous 

transcription factors and regulatory proteins (Amaike and Keller, 2011). Here, velvetA (VeA), a 

key developmental regulator influencing sclerotial and conidia formation in response to light 

levels (Bayram et al. 2008), was constitutively expressed regardless of stress levels while 
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conidiation-related genes such as flbC, a conidiation-specific family protein gene, and a duf221 

domain protein gene were also up-regulated under stress conditions (Ben-Ami et al. 2010; Kwon 

et al. 2010). This suggests as has been previously observed (Fountain et al. 2015, Roze et al. 

2015) that oxidative stress can stimulate conidiation in Aspergillus spp. Benzoate and amino 

benzoate degradation genes were also regulated in response to stress (Supplementary Datasets 3-

5). These compounds have been shown to reduce aflatoxin production and slow fungal growth 

and development when applied in vitro providing further indication that fungal development may 

be affected by oxidative stress exposure (Chipley and Uraih, 1980).   

Chitin catabolism-related genes tended to be down-regulated under oxidative stress 

(Supplementary Datasets 3 and 4) which may reduce cell wall degradation and enhance cell well 

integrity  to protect against oxidative stress (Fountain et al. 2016; Fuchs and Mylonakis, 2009; 

Jain et al. 2011). Also, antibiosis-related genes encoding multiple drug resistance proteins were 

also upregulated, particularly in AF13, in response to stress. This may provide additional 

protection for this isolate in competition with other soilborne or plant parasitic microorganisms, 

especially under environmental stress (Daguerre et al. 2014). NRRL3357 also exhibited an 

upregulation in cinnamoyl-CoA reductase gene expression in response to stress (Supplementary 

Dataset 3). This is noteworthy since it was only fairly recently found that phenylpropanoid 

metabolic genes were present in the genomes of fungi including the Aspergilli (Seshime et al. 

2005). Several members of this class of compounds have been found to influence aflatoxin 

production by A. flavus in vitro, and have been shown to function as antioxidants which could 

enhance stress tolerance and competitive capability of the isolates (Chipley and Uraih, 1980). 

This may indicate that phenylpropanoids or flavonoids produced in host plants along with ROS 

during drought stress may also be able to influence the production of aflatoxin by A. flavus and 
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warrants further study (Alvarez et al. 2008; Payton et al. 2009). Genes encoding antioxidant 

enzymes such as thioredoxin peroxidase and thioredoxin reductase were also significantly 

regulated in response to increasing stress. In the co-expression analysis, the purple module, 

which exhibited the highest positive correlation with fungal biomass, also contained antioxidant 

enzyme encoding genes such as glutathione-S-transferase (Supplementary Dataset 6). 

Two additional secondary metabolite biosynthetic gene clusters were also induced by 

oxidative stress, aflatrem and kojic acid. Aflatrem is a tremerogenic mycotoxin which causes 

stagger’s syndrome in cattle and neurological effects in mammals (Nicholson et al. 2009). 

Aflatrem is also proposed to function in fungivory prevention for soilborne fungi (TePaske and 

Gloer, 1992). The biosynthesis of aflatrem is carried out by the indole-diterpenoid (isoprenoid) 

pathway in Aspergillus spp. and shares with aflatoxin biosynthesis the commonality of 

cytochrome p450 monooxygenase activity (Calvo and Cary, 2015; Nicholson et al. 2009). This 

along with the activities of various oxidases has led to the proposition that aflatoxin production 

may function in the alleviation of oxidative stress by promoting antioxidant enzyme production 

and conidial oxidative stress tolerance through secondary ROS production (Fountain et al. 2016; 

Roze et al. 2015). We also propose that this process may result in the fixation of excess 

molecular oxygen (O2) and detoxified ROS into the aflatoxin molecules which are then secreted 

from the cell as an indirect means of relieving oxidative stress (Fountain et al. 2016). Alone or in 

combination, these two proposals would also suggest that isolates which produce higher levels of 

aflatoxin would exhibit greater oxidative stress tolerance, a trend observed here and in our 

preliminary study, but which will require further study to confirm (Fountain et al. 2015, 2016). 

Given the prevalence of cytochrome p450 monooxygenase activity in the aflatrem biosynthetic 
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mechanism, it is possible that a similar phenomenon may occur which is also in need of further 

investigation.  

Kojic acid is a bi- or tri-dentate iron chelating antioxidant compound produced by several 

species of Aspergilli including A. sojae (Chang et al. 2010). The compound and derivatives of it 

are useful for the treatment of iron overload in people with thalassemia who accumulate 

dangerously high levels of iron in their blood stream following multiple transfusions (Nurchi et 

al. 2016). The iron chelating properties of kojic acid may also, as in the case of cyclopiazonic 

acid (CPA), may help soil-borne fungi in the remediation of iron starvation under stress 

conditions by fixing additional iron cations and outcompeting other microbes (Chang et al. 

2009). This may also be affected by oxidative stress in A. flavus since siderophore biosynthetic 

genes were also found to be regulated in AF13 and NRRL3357. Also, the chelation of excess 

iron cations, particularly Fe2+, may prevent Fenton reaction-derived ROS such as hydroxyl 

radicals (OH.-) from forming and resulting in additional cellular damage (Fenton, 1894). 

Therefore, the production of kojic acid may also supplement A. flavus oxidative stress tolerance. 

Also, these same hydroxyl radicals have also been shown to influence aflatoxin production with 

treatment of A. flavus mycelia with DMSO, a hydroxyl radical scavenger, resulting in 

significantly reduced aflatoxin production and sclerotial differentiation (Grintzalis et al. 2014). 

Together, these results provide an insight into a potentially coordinated secondary 

metabolite response to oxidative stress in A. flavus. While the biological function of the aflatoxin 

compound in fungal biology remains unclear, it seems possible that the aflatoxin production 

process may contribute to oxidative stress tolerance. However, in the absence of aflatoxin 

production capability, the production of other secondary metabolites may compensate for any 

reduction in stress tolerance, and may be of interest in the biology of atoxigenic biological 
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control isolates. This role of oxidative stress in stimulating aflatoxin production in A. flavus is 

made all the more interesting by the observed accumulation of ROS in drought stressed host 

plant tissues (Yang et al. 2015, 2016), and the correlation of elevated antioxidant enzyme and 

compound accumulation in hosts resistant to aflatoxin contamination (Chitarrini et al. 2014). 

Together, this may be a contributing factor to the observed correlation between drought stress 

susceptibility and aflatoxin contamination in host plant species such as maize and peanut 

(Holbrook et al. 2009; Kebede et al. 2012). The role of oxidative stress in both secondary 

metabolite production and fungal primary metabolism may also provide a basis for identifying 

host defense attributes which contribute to reduced aflatoxin contamination in the form of 

selectable biomarkers and in the selection and characterization of novel resistance genes and 

genetic markers identified through quantitative trait loci (QTL) studies for marker assisted 

selection (MAS) and cultivar resistance improvement. 
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Table D.1. Numbers of significantly, differentially expressed genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Numbers of significantly, differentially expressed genes.

Isolate Toxin
a

H2O2
a

0 v 10 mM
b

0 v 20/25 mM
b

10 v 20/25 mM
b

Tox4 +++ 40 4 29 57

AF13 +++ 35 6 122 85

NRRL3357 + 20 53 117 112
aAflatoxin production capability (+++, high; +, moderately high) and maximum H2O2 tolerance observed 

  in Fountain et al. 2015.
bNumbers of DEGs described in Fountain et al. 2016.
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Figure D.1. Venn diagrams of genes expressed with an FPKM ≥ 2. Genes exhibiting an FPKM ≥ 

2 in at least one isolates and treatment were considered to be expressed. Genes expressed within 

all isolates and treatments (A), and between treatments within the NRRL3357 (B), AF13 (C), 

and Tox4 (D) isolates were compared using Venn diagrams generated with Venny 2.1.0. 
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Figure D.2. Principal component analysis (PCA) and hierarchical clustering analysis (HCA) of 

the isolate gene expression profiles. A: Principal component analysis (PCA) of the isolate 

expression patterns with PC1 and PC2 contributing 33.57% and 25.98% of overall variance, 

respectively. Similar clusters are indicated by the colored circles. B: Hierarchical clustering 

analysis (HCA) of the isolate expression patterns. Both analyses indicate a similarity in the 

expression profiles of AF13 and highly stressed Tox4 with NRRL3357 exhibiting a more distinct 

profile.  
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Figure D.3. Heatmap of aflatoxin, aflatrem, and kojic acid biosynthetic gene expression with 

increasing oxidative stress. The expression of aflatoxin (A), aflatrem (B), and kojic acid (C) 

biosynthetic genes are plotted with colors corresponding to the level of expression of the genes 

in each condition. Here, FPKM expression values were log10 transformed and plotted based on 

the color key increasing from blue to red using MeV 4.9. Isolate and treatment combinations for 

each column are consistent for each heatmap. 
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Figure D.4. Relative expression and FPKM associations for select secondary metabolite genes. 

Real-time PCR was used to determine the relative expression of six select secondary metabolite 

genes: pksA and vbs (aflatoxin), atmG and atmQ (aflatrem), and kojA and SVOP (kojic acid). 

Relative expression is indicated by the blue bars scaled to the left y-axis. The RNA sequencing-

derived FPKM data is indicated by the red line scaled to the right y-axis. The plots are organized 

into three columns corresponding to data obtained from NRRL3357, AF13, Tox4, respectively, 

with each plot containing data from the 0, 10, and 20/25 mM H2O2 treatments in increasing 

order.  
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Figure D.5. Gene ontology (GO) analysis of genes differentially expressed between 0 and 

20/25mM H2O2. Gene ontology (GO) analysis of significant DEGs between 0 and 20/25mM 

H2O2 were determined using Blast2GO. Bars indicate the number of genes differentially 

expressed within each gene ontology group (biological process). The light blue bar represents 

Tox4, the gray bar AF13, and the dark blue bar NRRL3357.  
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Figure D.6. Weighted gene co-expression network analysis of isolate transcriptional responses 

to oxidative stress. A, Topographical overlap matrix (TOM) of the co-expression network of 500 

randomly selected genes in the dataset. Genes are sorted by hierarchical clustering, and 

represented by the rows and columns with the colors showing the strength of the associations 

between genes increasing from white to red. Genes clustered tightly together are assigned to 

color-coded modules shown below the dendrograms. B, Dendrogram produced by hierarchical 

clustering of the eigengene network showing the relationship of the modules and isolate dry 

weight under oxidative stress. C, Eigengene adjacency heatmap showing the correlation between 

the modules and isolate dry weight. Mutual correlations between corresponding modules is 

higher than most module associations with dry weight, however the purple and turquoise 

modules exhibit a strong positive correlation with dry weight. In contrast, the blue module shows 

a strong negative correlation. Eigengene adjacency, which reflects correlation in the heatmap, 

increases from blue to red in the heatmap. 
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