
ABSTRACT 

MOLO, MEGAN SEXTON. Population Genetics of Biological Control in Aspergillus flavus. 
(Under the direction of Dr. Ignazio Carbone and Dr. Ron Heiniger). 
 

Aflatoxins are carcinogenic mycotoxins produced by Aspergillus flavus, a fungus which 

often contaminates corn worldwide. The dense application of nontoxigenic strains of A. flavus to 

displace and outcompete native toxigenic strains for space and nutrients is the most promising 

management strategy for aflatoxins to date. However, questions about the long-term 

sustainability and the population shifts that occur due to biocontrol application are not fully 

understood nor have biocontrol strategies been optimized to be implemented into Best 

Management Practices (BMPs) for corn growers. The role of the sexual cycle, which was 

recently discovered in A. flavus, in the disease cycle and aflatoxin contamination is unknown. 

Additionally, researchers hypothesize that a native non-toxigenic strain may perform better in the 

field due to being adapted to the area than AF36 or Afla-GuardÒ, which may not be native to the 

area. Field trials were conducted in North Carolina over a three-year period to access ability of 

the two commercially available biocontrol strains, AF36 and Afla-GuardÒ, fungicides, and Bt 

hybrids to reduce mycotoxin contamination in maize to provide growers with BMPs for 

aflatoxin. Eight non-aflatoxigenic A. flavus strains from North Carolina soil isolated before 

biocontrol application were chosen as potential biocontrol agents and applied to maize using the 

BMPs developed, and all of the native strains reduced aflatoxin levels below the levels detected 

in AF36- and Afla-GuardÒ-treated fields. In order to study the population shifts that occur due 

to biocontrol application, field trials were performed in maize fields in North Carolina, Texas, 

Indiana, and Arkansas. Soil and kernel samples were taken at four timepoints: before biocontrol 

application to determine the structure of the native populations, and 3 months, one year, and 

three years after application to address the population shifts that occur due to biocontrol 



application. A total of 888 A. flavus isolates and more than 20,000 SNPs were analyzed in this 

population study using genotyping-by-sequencing. We observed strong genetic structuring 

between lineages IB and IC that transcended state boundaries and higher genetic diversity within 

lineage IC than IB. There was an approximately even distribution of MAT1-1 and MAT1-2 

isolates in native populations, evidence of clonal expansion 3 months after biocontrol application 

which causes a skew in the mating type distribution. One year after applications, evidence of 

recombination between biocontrol strains and the native population were observed as potentially 

new VCGs. We also saw the dominance of lineage IB isolates in corn fields which had 

consistently low levels of aflatoxin contamination, and HPLC analysis revealed that IB strains 

produce low levels of aflatoxin compared to lineage IC. Together, these results suggest that 

native strains outperform non-native strains in reduction of aflatoxin levels and that lineage IB 

harbors better candidates for biocontrol than lineage IC. These insights could be crucial in the 

development of the next generation of biocontrol strategies.  
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CHAPTER 1 

Literature Review 

1.0. Global Importance of Maize 

Maize (Zea mays L.) is a member of the Family Poaceae, a large family composed of five 

subfamilies and includes more than 10,000 plant species (Davis & Soreng 1993). The family is 

nearly ubiquitous and includes many economically important domesticated crops such as maize, 

sugar, barley, and wheat (Heywood et al. 2007). Phylogenetic analyses revealed that maize was 

domesticated from a wild, endemic teosinte (Zea mays spp. parviglumis) in the Balsas River 

Valley 9,000 years ago (Hastorf 2009; Matsuoka et al. 2002; van Heerwaarden et al. 2011).  

Maize is second in production to sugarcane and its production outranks other cereal crops 

like wheat and barley ((FAO) 2016). Maize is an extremely important food staple crop in third 

world countries where people consume more than 240 g of corn per day. In developed countries, 

corn consumption is much lower, less than 50 g per day (Awika 2011). In addition to food and 

animal feed, maize is also used in the production of ethanol fuel, which is used as a biofuel 

additive for gasoline. This has resulted in an increase in maize prices and an increase in the 

demand for acreage of maize production ((HLPE) 2013; Fausti 2015). Thus, maize is an 

economically important crop in both developed countries and developing countries.  

The United States is the world’s largest producer of corn, accounting for more than 50% 

of the corn in the world’s market (USDA-ERS 2014). Despite the development and 

implementation of genetically modified maize, which makes up 85% of maize grown in the US 

(James 2011), estimated crop losses range from 2 to 15% due to diseases (Munkvold & White 

2016). Even at the lowest estimate of 2% crop loss, this translates to the loss of 1 billion bushels 

and $5 billion in lost revenue (Mueller et al. 2016). Ear and stalk rots caused by Aspergillus, 
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Fusarium, and Gibberella species are of particular importance because they produce secondary 

metabolites called mycotoxins that contaminate corn pre- and post-harvest and make corn unsafe 

for human and animal consumption (Bennett & Klich 2003; Wise et al. 2016). Thus, the 

management of maize diseases is vitally important to the US’s agriculture and food economies.  

 

1.1. Aspergillus Ear Rot of Maize 

Aspergillus flavus is a saprophytic, filamentous fungus that is an opportunistic pathogen 

of many economically important oil seed crops, such as maize, peanuts and cottonseed (Amaike 

& Keller 2011; Bennett & Klich 2003; Eaton & Groopman 1994). A. flavus is nearly ubiquitous 

in soils but is most common in warmer climates between 26° and 35°	latitudes (Klich 2002; 

Klich 2007).  

A. flavus is present in the soil as conidia or sclerotia, structures that allow the fungus to 

survive harsh conditions, and produce conidia and, based on recent observations, ascospores 

(Horn et al. 2016; Horn et al. 2009b, c). When conditions become favorable for colonization of 

plant tissue, conidiophores are dispersed aerially to infect intact and injured silks and kernels 

(Horn & Pitt 1997; Payne & Yu 2010; Scheidegger & Payne 2003). Young maize kernels are the 

most susceptible to infection at the late milk and early dough stages of development (Marsh & 

Payne 1984; Rambo et al. 1974). Disease incidence is enhanced in hot, dry weather conditions 

and by increased incidence of insect and bird damage to the plants, which serve as entry points 

for infection by A. flavus spores (Horn & Pitt 1997; Payne 1998).  

In addition to ear rot, A. flavus has the ability to contaminate grain with aflatoxins, 

secondary metabolites with carcinogenic and mutagenic properties, making grain unmarketable 

(Eaton & Groopman 1994; Horn & Pitt 1997; Klich 2007).  Aflatoxins accumulate in maize 
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kernels and are an issue in the field and in post-harvest in improper storage conditions, such as 

high moisture content and insects (Villers 2014). Economic losses associated with A. flavus are 

not primarily due to ear rot symptoms but due to contamination by aflatoxins. Mycotoxins cause 

an estimated $1 billion in economic losses worldwide, with a large portion of this loss being 

attributed to aflatoxins (CAST 2003). Aflatoxins are the only mycotoxin regulated by the FDA; 

aflatoxin levels must be lower than 20 ppb in crops and less than 0.5 ppb in milk for human 

consumption (FDA 2011). 

 

1.2. Taxonomy and History of Aspergillus flavus 

Aspergillus flavus belongs to Phylum Ascomycota and Class Eurotiomycetes and was 

first described by P.A. Micheli, a Florentine priest and mycologist, in 1729. The genus 

Aspergillus was named for the conidiophore’s morphological resemblance to the aspergillum, 

which was used to sprinkle holy water (Amaike & Keller 2011; Bennett & Klich 1992). 

Aspergillus contains over 200 species, including the economically important fungi A. flavus, A. 

parasiticus, and A. oryzae.  

H. F. Link first described Aspergillus flavus in 1801, and until recently, it has been 

studied as an asexual fungus, producing only conidia and sclerotia (Amaike & Keller 2011).  The 

sexual stage of A. flavus was discovered and described and classified as Petromyces flavus (Horn 

et al. 2009a). The role that the sexual (teleomorphic) stage of A. flavus plays in the epidemiology 

and disease is unknown (Horn et al. 2016; Horn et al. 2014). 

A. flavus was not extensively studied until 1962, when an outbreak of Turkey X disease 

led to the discovery of aflatoxins (Forgacs & Carll 1962; Wogan 1966). Aflatoxin contamination 

continues to be a major issue worldwide, especially in developing countries in Asia and Africa 
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(Wild & Gong 2010; Williams et al. 2004). Consuming or inhaling high levels of aflatoxin-

contaminated grain causes aflatoxicosis in humans and animals (Amaike & Keller 2011). There 

have been recent outbreaks of aflatoxicosis in Kenya in 2004, with almost 500 reported acute 

illnesses and 200 deaths ((CDC) 2004; Azziz-Baumgartner et al. 2005b; Lewis et al. 2005), and 

in dog feed in the US in 2005 and 2006, resulting in the death of hundreds of dogs (Dereszynski 

et al. 2008). In addition to aflatoxin, A. flavus is able to produce aflatrem and cyclopiazonic acid 

(CPA); the latter has been shown to target the liver, kidneys, and gastrointestinal tract in animals 

(Burdock & Flamm 2000; Vonberg & Gastmeier 2006; Zhang & Zhang 2004). 

Because of its medical and economic importance, the genome of A. flavus has been 

sequenced. A. flavus NRRL 3357 is the representative A. flavus strain that has been sequenced 

and used in laboratory and field studies (Nierman et al. 2015; Payne et al. 2006). The expected 

size of the A. flavus genome is 36.8 Mb with approximately 12,000 predicted genes (Cleveland et 

al. 2009; Yu et al. 2006). Comparison of the genomes of A. flavus and A. oryzae, an important 

fungus for the food industry, revealed that the two are closely related species (Payne et al. 2006).  

 

1.3. Biology of Aspergillus flavus 

Until the recent discovery and description of its sexual cycle, Aspergillus flavus was 

thought to only undergo asexual reproduction (Horn et al. 2009a). A. flavus is a heterothallic 

fungus and strains contain a MAT1-1 or MAT1-2 allele at the mating type locus (Moore et al. 

2013; Ramirez-Prado et al. 2008).  During sexual reproduction, multiple nonstiolate ascospore-

bearing ascocarps form within the hyphal matrix of the sclerotia. The ascospores of A. flavus are 

oblate, finely tuberculate, and surrounded by an equatorial ridge; sexual reproductive structures 
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of A. flavus cannot be distinguished morphologically from those of Aspergillus parasiticus (Horn 

et al. 2009a; Horn et al. 2009c).  

Strains of A. flavus can also exchange genetic material via its parasexual cycle. This 

occurs when hyphae of individuals that share the same heterokaryon (het) incompatibility alleles 

(Leslie 1993).  Before the discovery of the sexual cycle, it was thought that most morphological 

variation arose due to the parasexual cycle (Horn et al. 1996; Leslie 1993), but the discovery of 

the sexual cycle (Horn et al. 2009a) and evidence of independent assortment and crossover 

events (Olarte et al. 2012; Olarte et al. 2015) point to sexual recombination as being responsible 

for the genetic variation observed in natural populations of A. flavus.  

A. flavus is divided into two clades, L and S strains, characterized by the size of sclerotia 

produced  (Atehnkeng et al. 2008; Chang et al. 2006; Cotty 1989; Horn & Dorner 1999). L (or 

large) strains produce abundant conidia and sclerotia larger than 400 mm; most strains in this 

clade produce B aflatoxins and none produce G aflatoxins. S (or small) strains produce both B 

and G aflatoxins, higher levels of aflatoxin in general, and sclerotia smaller than 400 mm (Geiser 

et al. 2000; Horn 2005b). Phylogenetic analysis reveals deep divergence between S and L strains 

and that each clade is monophyletic (Geiser et al. 2000). Each clade harbors many vegetative 

compatibility groups (VCGs); there is very little genetic variation and aflatoxin concentrations 

among members of the same VCG and more variation between members of different VCGs 

(Donner et al. 2010; Horn & Greene 1995; Horn et al. 1996). Phylogenetic studies by Geiser et 

al. (2000) resolved two groups:  Group I includes S and L strains and have been resolved further 

into lineages IA, IB, and IC and Group II contains only S strains that produce both B and G 

aflatoxins (Geiser et al. 2000).  
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Polymorphisms and deletions in the aflatoxin gene cluster (Moore et al. 2009) separate A. 

flavus into the two distinct lineages, lineage IB and IC. Lineage IB is composed of strains that 

are missing part or the entire aflatoxin cluster as well as strains with full clusters that either 

produce aflatoxin at low levels or do not produce aflatoxin. Strains in lineages IC have full 

aflatoxin clusters and can be aflatoxigenic or nontoxigenic; toxigenic strains in lineage IC tend to 

produce higher concentrations of aflatoxins than strains in lineage IB (Moore et al. 2009).  

 

1.4. Aflatoxin Biosynthesis 

Several species within Aspergillus section Flavi produce aflatoxins, which are secondary 

metabolites with carcinogenic, immunosuppressive, and teratogenic properties (Scheidegger & 

Payne 2003). There are four main aflatoxins that vary based on chemical structures:  B1, B2, G1, 

and G2; of these aflatoxin B1 is the most potent naturally occurring carcinogen (Moore et al. 

2013). Other aflatoxin-producing species are in section Nidulans and section Ochraceorosei 

(Cary et al. 2009). In addition, one strain of Fusarium kyushuense, which causes Fusarium ear 

rot of maize, has been shown to produce aflatoxins B1 and G1 (Schmidt-Heydt et al. 2009). The 

two most agronomically important aflaltoxin producers are A. flavus and A. parasiticus (Klich 

2002). 

The aflatoxin gene cluster, which regulates the production of aflatoxins, is made up of 

approximately 30 genes and is located in the 75-kb subtelomeric region of chromosome 3 in A. 

flavus (Carbone et al. 2007a; Carbone et al. 2007b). Both A. flavus S and L strains produce B 

aflatoxins but only S strains produce G aflatoxins (Geiser et al. 2000).  

Aflatoxin production is a polygenic trait and is influenced by multiple environmental 

factors and is enhanced during drought conditions (Payne 1998). Aflatoxin potential is higher in 
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nitrogen-stressed crops (Anderson et al. 1975; Jones & Duncan 1981; Payne 1989), in soils with 

high pH levels (Ehrlich et al. 2005; Smith et al. 2016), and when there is an available carbon 

source (Fasoyin et al. 2018; Fountain et al. 2016).  

A. flavus populations show high genetic variability in the aflatoxin cluster and across 

their genomes. Strains exist in natural populations with full clusters, with clusters with various 

deletion patterns, and as missing the entire aflatoxin cluster (Chang et al. 2005; Collicott & Cotty 

2014; Faustinelli et al. 2017). In addition to genetic variability with the aflatoxin cluster, strains 

with full aflatoxin clusters may produce high, moderate, low levels of aflatoxin or may not 

produce any aflatoxins (Okoth et al. 2018; Olarte et al. 2012).    

A. flavus populations mainly reproduce asexually and maintain a mixture of toxigenic and 

nontoxigenic strains (Bhatnagar et al. 2006; Chang et al. 2005); however, sexual recombination 

and chromosome crossover events have been shown to influence phenotypes of progeny strains 

(Olarte et al. 2012). Studies in vitro and in vivo suggest that a single round of sexual 

reproduction can influence genetic diversity within a population (Horn et al. 2016; Olarte et al. 

2015).  

Ingesting aflatoxin-contaminated grain has led to many poisoning epidemics, resulting in 

hundreds of human and animal deaths (Azziz-Baumgartner et al. 2005a; Eaton & Groopman 

1994; Gieseker et al. 2004; Krishnamachari et al. 1975). They have been linked with increased 

occurrences of liver cancer and with stunted growth in African, Southeast Asian, and Chinese 

children (Krishnamachari et al. 1975; Normile 2010; Probst et al. 2007). A. flavus is second only 

to A. fumigatus in cases of human invasive aspergillosis, which often leads to death in 

immunocompromised patients (Hedayati et al. 2007; Iwen et al. 1997; Talbot et al. 1991). 
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1.5. Disease Management  

Aflatoxin contaminated grain poses adverse health effects for humans and animals; 

therefore, many countries regulate aflatoxin levels in grain. In the United States, the Food and 

Drug Association (FDA) regulates that grain must yield aflatoxin levels lower than 20 parts per 

billion (ppb) for human consumption (FDA 2011). In the US, aflatoxin contamination results in 

losses of $500 million annually for corn growers through market rejection and adverse health 

impacts on human and animal health (Vardon et al. 2003; Wu et al. 2008). Additionally, US corn 

growers spend $20-50 million on disease management of aflatoxins (Robens & Cardwell 2003). 

In developing countries, the economic impact of aflatoxins is much higher due to the lack of the 

implementation of management strategies and health impacts on humans and livestock 

(Strosnider et al. 2006; Wu 2004).  

Due to the huge economic impacts through yield loss and adverse health effects, it is 

imperative to provide growers with effective control strategies for the prevention and 

management of aflatoxins. Breeding efforts to reduce aflatoxin contamination in maize have 

produced inconsistent results, and there are no genetically modified maize lines registered for 

aflatoxin resistance (Fountain et al. 2016; Warburton & Williams 2014). Transgenic Bt corn 

contains a gene from Bacillus thuringensis that encodes a protein that is toxic to common corn 

pests, and by reducing insect wounding Bt corn indirectly reduces mycotoxin contamination (Wu 

et al. 2007). Although this has been shown to be effective in reducing fumonisin contamination, 

Bt lines provide inconsistent control of aflatoxins (Abbas et al. 2007; Meyers et al. 2015; Molo 

et al. 2018). Recently, an RNAi cassette that targets aflC, a critical gene in the aflatoxin 

biosynthesis pathway, was shown to prevent aflatoxin accumulation in transgenic maize plants in 

the greenhouse, but it is unknown how this would perform in the field (Thakare et al. 2017). 
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Agricultural practices that are implemented to aid in aflatoxin reduction focus on reducing the 

size of A. flavus populations in the soil to indirectly decrease aflatoxin contamination and include 

rotation (Ortiz-Torres 2006),  the use of pesticides (Kabak et al. 2006), and soil amendment with 

calcium and nitrogen (Ortiz-Torres 2006), and irrigation to reduce drought stress (Horn 2005a). 

The most successful management strategy for reducing aflatoxin contamination both pre- and 

postharvest is through biological control. Although species of yeasts and bacteria have been 

shown to be effective at reducing aflatoxin contamination under controlled settings, it is 

unknown how these species would perform in the field (Hua et al. 2013; Wang et al. 2013). 

Instead, biological control of aflatoxin depends on dense applications of nontoxigenic, naturally 

occurring strains of A. flavus that are thought to displace by outcompeting toxigenic strains in the 

field for space and nutrients. Biocontrol application has been shown to reduce aflatoxin 

contamination by 67-99% in the field (Alaniz Zanon et al. 2018; Atehnkeng et al. 2014; Dorner 

2009).  

There are two biocontrol products based on single strain formulations registered for use 

on crops in the United States:  AF36 and Afla-Guard®. AF36 (=NRRL 18543) was approved for 

use on cotton and corn in Texas and Arizona in 2003 (EPA 2003). AF36 harbors a nonsense 

mutation in the pksA gene, early in the aflatoxin cluster, rendering the strain incapable of 

producing aflatoxin but otherwise has a fully functional aflatoxin cluster and produces CPA 

(Ehrlich & Cotty 2004). In 2004, Afla-Guard® was registered with the EPA for use in corn and 

peanuts in the US (EPA 2004). The active ingredient in Afla-Guard®, NRRL 21882, is missing 

the entire aflatoxin and CPA clusters (Chang et al. 2005). Aflasafe is the commercial biocontrol 

product developed for reduction of aflatoxin contamination in African crops. Aflasafe is a 

mixture of four nontoxigenic strains, and there are several different formulations, each with four 
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strains native to the country where they will be deployed in the field (Atehnkeng et al. 2016; 

Bandyopadhyay et al. 2016). Lastly, AF-X1, a biocontrol product based on the atoxigenic strain 

MUCL5491, is currently under review for registration for use in Italy (Mauro et al. 2018).  

Despite the proven success of biocontrols at reducing aflatoxin contamination, there are 

several issues with the current biocontrols and the underlying population genetics of native 

populations and how they change after biocontrol application are poorly understood. Neither 

biocontrol provides sustainable, long-term control over successive growing seasons because 

neither biological control product is sampled at high frequencies in subsequent growing seasons 

and must be reapplied each year (Das et al. 2008). The cost of the biocontrol products ranges 

from $6-15/acre for AF36 and $16-30/acre for Afla-Guard® (Wu et al. 2008). The high cost of 

the biocontrol deters some growers in low to moderate risk areas for aflatoxin contamination 

from applying the products. AF36 produces CPA, and its application has been shown to increase 

CPA contamination in grain (Abbas et al. 2011). Grain infected with A. flavus is often co-

contaminated with other mycotoxin-producing fungi, such as Fusarium verticillioides and 

Ustilago maydis, and it unclear how the application of biological control strains influences these 

populations. 

 

1.6. Rationale and Justification 

The application of nontoxigenic biological control strains to outcompete and displace 

native toxigenic populations is the most successful management strategy for reducing aflatoxin 

contamination in maize (Abbas et al. 2006), there are several issues with the current biocontrols, 

such as sustainability and the effects on native populations of A. flavus as well as other 

mycotoxin producers, that need to be addressed.  
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The main goal of this study was to provide growers with best management practices to 

reduce aflatoxin contamination in corn. The specific objectives of this research were to 1) 

provide maize growers with information to optimize current control strategies for reducing 

aflatoxin contamination, 2) study native populations of A. flavus and the shifts that occur due to 

biocontrol application, 3) gain a better understanding of the role of sexual reproduction in A. 

flavus and how it is influenced by biocontrol application, and 4) develop the next generation of 

biological control strategies to be deployed in the field for reduction of aflatoxin in maize. 
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CHAPTER 2 

Management Practices for Controlling Mycotoxins in Corn:  A Three-Year Summary 
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INTRODUCTION 
 

Aflatoxins (AFs) and fumonisins (FUMs) are mycotoxins produced by Aspergillus flavus 

and Fusarium verticillioides, respectively, that commonly contaminate corn in the southeastern 

United States. These mycotoxins pose significant health risks to both humans and animals, and 

are therefore regulated by the U.S. Food and Drug Administration (FDA). A variety of pre- and 

post-harvest management practices are being explored to reduce mycotoxin contamination in 

corn; more information on these practices can be found at Corntoxins.org and Corn Mycotoxins. 

Aspergillus flavus causes ear rot of maize and contaminates corn and other oilseed crops 

with AFs. AFs were discovered as the causal agent of an outbreak of Turkey X disease in 

London in 1960 (Blount 1961). They are among the most potent naturally occurring carcinogens 

known and have been labeled as Group I carcinogens by the International Agency for Research 

on Cancer (IARC 1987). They have been implicated in the acute aflatoxicosis outbreaks in 

Kenya in 2004 and 2005 that caused more than 150 deaths (Strosnider et al. 2006). Due to the 

adverse health impacts that AFs pose to humans and animals, FDA regulations require grains to 

have AF levels lower than 20 parts per billion (ppb) for human consumption (FDA 2009). The 

consumption of AF-contaminated grain by livestock can lead to decreased weight, 

hemorrhaging, and immunocompromised animals (CAST 2003). FDA regulations require grains 

to have AF levels lower than 100ppb for animal feed (FDA 2009).  

FUMs were described in 1988 after research with F. verticillioides showed that the 

fungus produced mycotoxins that posed health risks to horses, pigs, and rats (Gelderblom et al. 

1988). FUMs cause equine leucoencephalomalacia (ELEM) in horses and pulmonary edema in 

pigs (Kriek et al. 1981). They are associated with an increased risk of esophageal cancer and 

neural tube defects in humans who consume large amounts of mycotoxin-contaminated grain 
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(Sydenham et al. 1990). In 2001, the FDA recommended FUM levels of no more than 4 parts per 

million (ppm) for human consumption (FDA 2001). More information on guidance levels of 

mycotoxins in livestock feed can be found at the National Corn Growers Association website. 

 

Developing Management Strategies 

Because of the health and economic consequences of mycotoxin contamination, we 

examined the efficacy of three management practices: the use of fungicides, biocontrol agents, 

and Bt hybrids, for reducing mycotoxin contamination in corn. In previous tests, the fungicides 

Headline, Quilt Xcel, and Stratego YLD were identified as being effective in controlling 

mycotoxin contamination (Meyers et al. 2015). Therefore, we tested Stratego YLD for its ability 

to effectively reduce mycotoxin contamination in corn. While this fungicide is not specifically 

registered for reducing mycotoxins, it may provide protection from fungal invaders and 

indirectly reduce mycotoxin levels. Stratego YLD, a Bayer Crop Science fungicide, is used to 

control gray leaf spot, rusts, anthracnose, northern and southern corn leaf blight, and brown spot 

of corn (Bayer Crop Science 2014).  

The most effective practice for reducing AF levels in maize has been through the 

application of biological control agents. Two biocontrol strains, AF36 (=NRRL 18543) and Afla-

Guard® (=NRRL 21882), have been registered with the Environmental Protection Agency 

(EPA) for use on corn. Both are naturally-occurring strains of A. flavus that do not produce AFs. 

When applied to growing corn, the biocontrol strains outcompete native toxigenic A. flavus, 

thereby reducing AF contamination (Cotty et al. 2007). In this study, we examined how applying 

biocontrol agents at two different growth stages and at three different application rates impacted 

the efficacies of the biocontrols to reduce mycotoxin contamination in maize. 
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One of the most common genetic modifications made to commercial corn is the 

incorporation of genes from Bacillus thuringiensis, a bacterium that expresses proteins that are 

toxic to insects. Current Bt hybrids are effective in controlling corn borers (Ostrinia nubilalis) 

(Siebert et al. 2012) and corn earworm (Helicoverpa zea) (Buntin et al. 2004; Storer et al. 2001). 

Bt hybrids can also lessen mycotoxin contamination by reducing insect damage to the stalk and 

silk (Meyers et al 2015). We examined the efficacy of two common Bt hybrid corn lines, Yield 

Guard and Viptera, and one non Bt (Syngenta N78S-GT) for reducing FUM and AF levels.  

 

Using Fungicides to Manage Mycotoxins 

Stratego YLD, a triazole fungicide with two modes of action, was applied to corn at R1, when 

silks are visible outside of husks, at the recommended rate of 4 to 5 oz/acre. AF and FUM levels 

were measured and compared to untreated check plots to observe the efficacy of fungicides to 

reduce mycotoxins.  

Did fungicides reduce mycotoxin contamination? 

Over three years, Stratego YLD was compared with an untreated check (UTC) for 

efficacy in reducing mycotoxin contamination in corn (Figure 1 and Figure 2). Results varied 

depending on the season. In 2013, a year with low contamination, no differences were found. In 

2014, the use of a fungicide resulted in an increase in AFs, while in 2015 Stratego YLD 

decreased mycotoxin contamination. These results indicate that factors other than fungicide are 

influencing AF contamination. Based on these tests there is no reliable evidence that a fungicide 

can reduce AF contamination.  
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Did the use of a fungicide increase yield? 

Yield results also varied by season (Figure 3). In 2013, the use of Stratego YLD 

increased yield by 21 bu/acre, whereas in 2015 the use of Stratego YLD did not increase yield. 

These results are similar to those obtained in other studies (Fawcett et al. 2014) examining the 

impact of fungicides on corn, which show that results are highly variable and depend on the 

environment and other factors such as the level of disease in corn. Due to inconsistencies in 

fungicide studies to reduce mycotoxins, there are currently no recommended applications of 

fungicides to reduce AFs and FUMs (CIMMYT, 2008). 

 

Management Using Biocontrol Products 

Afla-Guard® and AF36 were applied at two different stages of corn growth: V5, where 

corn has five fully developed leaves; and VT, where 50% of the tassel has emerged, at rates of 5, 

7.5, or 10 pounds per acre (lb/acre). FUM and AF contamination and yield were measured to 

analyze performance of applied biocontrols. Yield and mycotoxin levels also were taken for non-

treated plots that served as controls.  

Did biocontrol agents reduce mycotoxin contamination? 

Over the three-year period, AF and FUM contamination were lower in plots where the 

biocontrol agents Afla-Guard® and AF36 were applied. There was minimal difference in the 

amount of control that either biocontrol agent provided for FUM. Plots treated with AF36 had 

slightly lower levels of AF contamination than Afla-Guard® treated plots. Due to low levels of 

FUM contamination (< 0.2 ppm), it was not possible to fully evaluate differences between the 

biocontrol products applied in reducing FUM contamination. Plots treated with AF36 had 

slightly higher yields compared to Afla-Guard® treated plots when applied at either V5 or VT. 
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Timing of Biocontrol Application 

Application timing did not affect the efficacy of either AF36 or Afla-Guard® in reducing 

either AF (Figure 4) or FUM (Figure 5) contamination. Despite differences in mycotoxin 

contamination within and across years, there were no significant differences due to timing of 

application. Overall, application timing of either biocontrol had little effect on yield. 

Rate of Biocontrol Application 

The rate at which either AF36 or Afla-Guard® was applied impacted AF contamination 

in each of the three years. In every year, the untreated check had significantly higher AF 

contamination than any of the application rates (Figure 6). None of the application rates differed 

in AF contamination. As expected there were no significant differences in FUM contamination 

across application rates and the untreated control. Likewise, there was no difference in yield 

across application rates or the untreated control. The more biocontrol formulation that was 

applied to the field, the less AF contamination was present. The recommended rate of application 

for both biocontrol agents is 10 lb/acre. The costs of material and application vary for the 

biocontrol products: the cost of AF36 plus the cost of application is $6 to $15 per acre, and the 

cost of Afla-Guard® and its application is $16 to $30 per acre.  

Biocontrol Summary 

The most important consideration when using a biocontrol product is the application rate. 

When applied at 7.5 or 10 lb/acre, both biocontrol products were effective in reducing AF 

contamination while maintaining yield. Applications at V5 were as effective as those at VT, 

which provides growers a wide window of opportunity to apply these products. Neither product 

had a significant impact on FUM contamination; however, the level of FUM contamination in 
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the field was low. Further work is needed to address whether applying biocontrol agents has an 

impact on FUM contamination when levels are high.  

Controlling Mycotoxins with Bt Hybrids 

Three Syngenta hybrids, N74R-3000GT (Yield Guard), N78S-3111 (Viptera), and N78S-

GT (non-Bt), were tested for performance and benefits against mycotoxin contamination in 2013 

and 2014. There were significant differences in AF contamination in 2013. Syngenta N74R 

(Yield Guard) provided the least amount of control against mycotoxin contamination (65 ppb); 

Syngenta N78S-3111 (Viptera) provided the best control against AFs (5 ppb); and Syngenta 

N78S-GT (non Bt) provided moderate control (34 ppb) (Figure 7). In 2014, no significant 

differences were found for any of the hybrids.  

Bt Hybrid Summary 

The Viptera hybrid (N78S-3111) reduced AF and FUM contamination while maintaining 

yield. Therefore, this study suggests that corn producers could use Viptera hybrids for the 

reduction of mycotoxins while obtaining normal yields.  

 
Summary 

The results from our study show that the use of a Bt hybrid, specifically Viptera, and either 

biological control product application are the best ways to reduce mycotoxin contamination in a 

cornfield. Fungicides do not provide control for mycotoxins. Timing of biocontrol application 

played little role in how effective either AF36 or Afla-Guard® was at reducing AF or FUM 

contamination. In general, the higher the rate of biocontrol application, the better control of 

mycotoxins; however, there was no significant difference in the efficacy of the control of 

mycotoxins or grain yield when the biocontrols were applied at 7.5 lb/acre and 10 lb/acre. The 
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recommended application rate for AF36 and Afla-Guard® is 10 lb/acre, so this reduction in rate 

of biocontrol would make applying the biocontrols more cost effective for the grower. The Bt 

hybrid Viptera (N78S-3111) provided control of AF in 2013 and had the greatest reduction of 

FUM levels over the two-year period. A recommended effective control program for AF and 

FUM in corn includes the use of Viptera (N78S-3111) and the application of either AF36 and 

Afla-Guard® at rates of 7.5 lb/acre. 
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Figure 2.1 Average AF contamination for Stratego YLD and an untreated check (UTC) over 
three years. Different letter within the same year denote significance at P < 0.05. 
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Figure 2.2 Average FUM contamination for Stratego YLD and an untreated check (UTC) over 
three years. Different letters within the same year denote significance at P < 0.05. 
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Figure 2.3	Average yield for Stratego YLD and an untreated check (UTC) over three years. 
Different letters within the same year denote significance at P < 0.05. 
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Figure 2.4 AF concentrations in response to timing of biocontrol application. 
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Figure 2.5 FUM concentrations in response to timing of biocontrol application. 
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Figure 2.6 AF concentrations (ppb) in response to biocontrol application rate (lb/acre). In each 
of the three years, the zero-application rate was significantly higher (P<0.05) than the other three 
rates. 
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Figure 2.7 Average AF contamination for Syngenta N74R-3000GT (Yield Guard), N78S-GT 
(non-Bt), and N78S-3111 (Viptera) corn hybrids over two years. Different letters within the 
same year denote significance at P < 0.05. 
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Figure 2.8 Average FUM contamination for Syngenta N74R-3000GT (Yield Guard), N78S-GT 
(non-Bt), and N78S-3111 (Viptera) corn hybrids over two years. Different letters within the 
same year denote significance at P < 0.05. 
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Figure 2.9 Average yield for Syngenta N74R-3000GT (Yield Guard), N78S-GT (non-Bt), and 
N78S-3111 (Viptera) corn hybrids over two years. No significant differences were noted among 
the hybrids. 
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CHAPTER 3 

Trial summary on the comparison of various non-aflatoxigenic strains of Aspergillus flavus 

on mycotoxin levels and yield in maize 
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ABSTRACT 
 
The fungus Aspergillus flavus can contaminate maize (Zea mays L.) by producing aflatoxins 

(AFs), secondary metabolites that have been shown to have adverse health impacts for humans 

and animals when ingested in large quantities or over extended lengths of time. The FDA strictly 

regulates that corn contaminated with more than 20 parts per billion (ppb) AFs cannot be 

marketed for human consumption; therefore, AFs cost US corn growers billions of dollars every 

year. Current methods to curb aflatoxin contamination in fields involve dense applications of 

non-aflatoxigenic biological control (biocontrol) strains, either Afla-Guard® or AF36, that 

outcompete native strains and reduce toxicity levels throughout the field. This fungus is 

heterothallic and sexual reproduction occurs between isolates of opposite mating types, either 

MAT1-1 or MAT1-2. Both biocontrol strains are of a single mating type MAT1-2.  The 

implications of adding a strain of opposite mating type (MAT1-1) to this formulation are 

unknown. Here we examine the ability of native non-aflatoxigenic strains applied singly and in 

combination to reduce AF concentrations in a cornfield in Rocky Mount, NC. We show that 

native, non-aflatoxigenic A. flavus strains reduced aflatoxin levels and increased yield when 

compared with untreated controls. Moreover, the strain formulations that included sexually 

compatible MAT1-1 and MAT1-2 strains showed the greatest reduction in aflatoxin levels. We 

propose that using a combination of native isolates of opposite mating types reduces AF levels 

further than current biocontrol agents of a single mating-type strain and could potentially provide 

a more long-term form of control. 

Abbreviations:  AF, aflatoxin; biocontrol, biological control; CDC, Center for Disease Control; 

CPA, cyclopiazonic acid; FDA, Food and Drug Administration; IARC, International Agency for 

Research on Cancer; ppb, parts per billion; TLC, Thin Layer Chromatography. 
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Core Ideas 

Biocontrol strains are effective at reducing AF levels in maize.  

Native biocontrol strains reduced AF levels more effectively than the commercially available 

biocontrol strains.  

Deploying strains of opposite mating types in combination can lead to the greatest reduction in 

AF contamination. 

INTRODUCTION 

Aspergillus flavus is a common cause of pre-harvest and post-harvest diseases on maize 

(Zea mays L.) and many other economically important crops worldwide. A. flavus produces 

aflatoxin (AF) and cyclopiazonic acid (CPA), secondary metabolites termed mycotoxins, during 

the development and post-harvest storage of corn. Aflatoxins were discovered after an outbreak 

of Turkey X disease led to the screening of turkey feed for toxic compounds (Wogan, 1966). 

There are four major AFs:  B1, B2, G1, and G2; A. flavus produces AFB1, a Group 1 carcinogen 

(IARC, 2002). Consuming grains contaminated with high concentrations of AFs can lead to 

cirrhosis and death (CDC, 2004); long-term exposure to grain contaminated with AFs can lead to 

cancer and immunosuppression and has been linked to growth stunting in children and impaired 

food conversion (Bhat, Vittal, et al., 2010, Chan-Hon-Tong, Charles, et al., 2013, Liu and Wu, 

2010). Due to the risks AFs pose to both human and animal health, the United States Food and 

Drug Association (FDA) regulates that grain for human consumption that is contaminated by any 

more than 20 parts per billion (ppb) AF be rejected (FDA, 2011). A. flavus also produces CPA 

(Moore, Singh, et al., 2009) that has been shown to target the liver, kidneys, and gastrointestinal 

tract in animals (Burdock and Flamm, 2000) and has been linked to symptoms in Turkey X 

disease (Abbas, Zablotowicz, et al., 2011).  More information on FDA action levels for 
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mycotoxins in consumables can be found at the National Corn Growers Association website: 

www.ncga.com.  

Because AFs are strictly regulated in both human food and animal feed by the FDA, AF 

contamination in grain limits the trade of grain causing devastating economic losses. Vardon et 

al. (2003) estimated that maize growers in the United States lose $300 million annually due to 

AF contamination  Providing reliable recommendations to corn growers is complicated by 

unpredictable climate change (Mitchell, Bowers, et al., 2016). High temperatures coupled with 

drought are conditions conducive for AF contamination in corn. In warmer years, aflatoxin-

related yield losses could be as high as $1.68 billion for corn growers in the United States 

(Mitchell, Bowers, et al., 2016). To reduce both economic losses and health risks researchers 

must provide corn growers with the best management practices for AFs.   

Aflatoxins are managed by dense applications of non-aflatoxigenic biocontrol strains, 

which are thought to compete with native strains for nutrients and space in corn ears (Cotty and 

Bayman, 1993). Currently, there are two strains registered with the US Environmental 

Production Agency (EPA) as biological control products for AF mitigation. Afla-Guard® (active 

ingredient =NRRL 21882), which is produced and distributed by Syngenta, is missing the entire 

AF and CPA clusters and is registered for use on peanuts and corn (Dorner, 2004, Dorner and 

Lamb, 2006). AF36 (=NRRL 18543) is produced and distributed by the Arizona Cotton 

Research and Protection Council for use on cotton, maize, and pistachio. AF36 has a nonsense 

mutation in the pksA gene, a gene early in the AF cluster that is necessary for the biosynthesis of 

AF, but otherwise possesses a full and functional CPA cluster (Cotty, 2006, Cotty, Antilla, et al., 

2007, Doster, Cotty, et al., 2014). More information on management of mycotoxin contamination 

in maize can be found at www.corntoxins.org and www.cornmycotoxins.com. 
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Biological control strains are effective in reducing aflatoxin contamination by 

approximately 70-90% (Dorner, 2004, Dorner, 2008, Pitt and Hocking, 2006, Yin, Yan, et al., 

2008); however, biocontrol strategies for the reduction of AFs are not fully understood and 

present several problems. Firstly, neither approved strain is persistent at high levels in soil, and, 

therefore, must be reapplied each growing season (Chen, 2015). The cost of application, $20 per 

acre, and the manual application method deter growers from using biocontrol strains (Wu and 

Khlangwiset, 2010). There is no predictive risk model for AF contamination; growers in areas 

with infrequent contamination may choose not to apply because of the high cost of application. 

Recently there has been interest and advancement in film-coating seeds with biocontrol strains 

(Accinelli, Abbas, et al., 2016) and in developing a sprayable formulation of biocontrols 

(Accinelli, Abbas, et al., 2016) but neither of these is available commercially at this time. As 

stated previously, AF36 produces CPA, which is currently unregulated by the FDA but has been 

linked to adverse health effects in humans and animals (Abbas, Zablotowicz, et al., 2011, 

Burdock and Flamm, 2000). A. flavus is a heterothallic fungus that has been shown to be capable 

of sexual reproduction in vitro (Horn, Moore, et al., 2009) and in nature (Horn, Gell, et al., 

2016), and it is unknown how the sexual stage of the fungus plays into the longevity of the 

biocontrol strains in the field. Lastly, it is unclear how the dense application of non-aflatoxigenic 

A. flavus strains as biocontrols affects the native populations of A. flavus and other common 

mycotoxin-producing maize pathogens, such as Fusarium verticillioides and Ustilago maydis. 

Aspergillus flavus has a clonal and recombining population structure and can be separated 

into two distinct lineages IB and IC based on polymorphisms in amdS12, omt12, and trpC13 

(Geiser, Dorner, et al., 2000) as well as differences in the AF cluster (Moore, Singh, et al., 2009). 

Lineage IB is composed of strains with missing and partial AF clusters as well as strains with 
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full AF clusters (Moore, Singh, et al., 2009). This lineage comprises mostly non-aflatoxigenic 

and low AF-producing strains (Molo et al., unpublished data), whereas lineage IC comprises a 

mixture of aflatoxigenic and non-aflatoxigenic strains with full AF clusters (Moore, Singh, et al., 

2009). Lineage IC isolates generally produce greater concentrations of AFs and have more DNA 

sequence heterogeneity within the AF cluster compared to lineage IB strains (Moore, Singh, et 

al., 2009, Olarte, Horn, et al., 2012). A. flavus has a bipolar mating system with MAT1-1 and 

MAT1-2 mating types (Ramirez-Prado, Moore, et al., 2008). Both intra- and inter-lineage 

matings are possible in the laboratory (Olarte, Horn, et al., 2012) and multiple fertilizations of 

single-strain sclerotia are possible in nature (Horn, Gell, et al., 2016). 

To improve the efficacy of biocontrols and develop a more long-term management 

strategy, we examined the ability of various native non-aflatoxigenic strains of A. flavus to 

reduce AF contamination and improve yield in a cornfield in Rocky Mount, NC. The goal of this 

study was twofold:  1) to assess whether native strains perform better than the current biocontrols 

which may or may not be indigenous to all regions, and 2) to examine whether biocontrol strains 

work best applied singly or in combination with a strain of opposite mating-type. Applying 

strains of opposite mating-types to take advantage of the sexual cycle of A. flavus could 

potentially lower AF levels further and possibly provide a more long-term control strategy.  

 

MATERIALS AND METHODS 

A. flavus strains were chosen based on a previous study in North Carolina that identified 

these strains as being native, non-aflatoxigenic or low AF-producing strains of A. flavus (Molo et 

al. unpublished data). Isolates were deployed singly and in pairs to examine the efficacy of using 

a single mating type verses a combination of both mating types to reduce aflatoxin 
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concentrations. Afla-Guard® and AF36 were applied as treatments to compare the efficacies of 

the native strains to improve yield and reduce aflatoxin contamination. Untreated plots were used 

as a negative control for comparison to all of the treatments. The experiment was conducted at 

the Fountain Farm on the Upper Coastal Plain Research Station near Rocky Mount, NC, in 2015, 

in a Norfolk sandy loam. The NC Rocky Mount field station and surrounding area historically 

has seen above average to high levels of aflatoxin in corn samples from other corn trials and 

growers’ fields (Shotwell, Goulden, et al., 1980). Syngenta N78S was seeded at a density of 83 

900 seeds ha-1 on 12 April in 91.4 cm rows. Plots were fertilized at rates recommended by a soil 

test with 56 kg ha-1 of P2O5 and K2O and 144 kg ha-1 of N applied just prior to planting.  Weeds 

were controlled with a planting application of S-Metolochlor and Atrazine.  The experimental 

design was a randomized complete block with eight treatments applied at VT (tasseling) growth 

stage with three replicates per treatment.  These included 1) Untreated control, 2) Afla-Guard® 

(NRRL 21882) (MAT1-2, lineage IB, no cluster), 3) AF36 (NRRL 18543) (MAT1-2, lineage IC, 

full cluster), 4) IC6510 (MAT1-1, lineage IC, full cluster), 5) IC6511 (MAT1-1, lineage IC, full 

cluster), 6) IC6512 (MAT1-2, lineage IB, full cluster) + IC6542 (MAT1-2, lineage IB, partial 

cluster), 7) IC6510 (MAT1-1, lineage IC, full cluster) + IC6511 (MAT1-1, lineage IC, full 

cluster), and 8) and IC6510 (MAT1-1, lineage IC, full cluster) + IC6512 (MAT1-2, lineage IB, 

full cluster). 

Maize ears were harvested on 24 Sept. 2015, at black layer, using a Gleaner K2 Combine. 

A HarvestMastertm grain gauge attached to the Gleaner K2 Combine recorded grain weight, 

moisture content, and sample weight for yield analysis as corn was being harvested. Samples of 

shelled corn were taken from each plot and sent to the grain-grading laboratory for analysis of 

mycotoxin contamination. Statistical analysis was performed using PROC ANOVA (SAS Inst., 
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Cary, NC). Mean separations were done using Fischer’s protected LSD. We further used 

Duncan’s Multiple Range test to measure specific differences between pairs of means. 

 

RESULTS AND DISCUSSION 

The various native non-aflatoxigenic and low AF-producing strains as well as the EPA-

approved biological controls significantly reduced AF levels compared to the untreated control 

plots (P < 0.1; Figure 1). Although there was a significant difference in the AF levels from 

treated plots, Duncan’s Multiple Range test did not reveal any further difference among 

treatments and the untreated check.  Despite this there was an observed downward trend 

suggesting that many of the native strains and combination of strains might be more effective at 

reducing AF levels than Afla-Guard® or AF36.  The combination of IC6510+IC6512 showed 

the greatest reduction of AF (2.1 ppb). Corn kernels were sampled and tested for aflatoxin levels 

three months after biocontrol agents were applied to field plots.  While a high-density application 

of non-aflatoxigenic strains could displace toxigenic strains via competitive exclusion (Cotty and 

Bayman, 1993), or possibly through a mechanism of touch inhibition that down-regulates 

aflatoxin biosynthesis (Huang, Jha, et al., 2011), these competitive and inhibitory interactions do 

not completely explain why adding a strain of opposite mating type might further decrease 

aflatoxin levels. Since aflatoxin is a highly heritable trait (Olarte, Horn, et al., 2012, Olarte, 

Worthington, et al., 2015) using formulations that include strains of opposite mating type could 

increase opportunities for sexual reproduction of native strains with non-aflatoxigenic parents 

and increase the proportion of atoxigenics in the population. Preliminary data from longitudinal 

sampling of plots treated with biocontrol strains shows increased sexual recombination in treated 

plots three months after biocontrol application compared to untreated plots (Molo et al., 
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unpublished data). Moreover, previous studies showed that detached sclerotia placed on the 

surface of nonsterile soil form mature ascospores after just eight weeks of incubation (Horn, 

Sorensen, et al., 2014). It is therefore plausible that sexual reproduction could give rise to a 

larger proportion of atoxigenics in the populations, even over a relatively short period of time. 

This could drive the greater reduction in aflatoxin levels compared to single-mating-type strains 

which would have fewer encounters with compatible mating partners.   

Along with the differences in AF contamination, there were also significant differences 

observed between treatments for yield. Many different factors including insect pressure (Pereira, 

Picanço, et al., 2000, Silva, Santos, et al., 2018), weather-related stresses (Kucharik and 

Ramankutty, 2005, Rosenzweig and Hillel, 1998) and soil conditions (Ortiz-Torres, 2006, Vyn, 

2010) can influence grain yields. Increased feeding activity by insects creates opportunities for 

fungal infection which can result in rotting of ears and stalks, and decreased yields (Munkvold, 

Hellmich, et al., 1999, Wicklow, 1994). Insect control and other management practices that 

result in increased yields shift the balance in favor of non-aflatoxigenicity, whereas aflatoxin 

producing strains are more fit when insects are present (Drott, Lazzaro, et al., 2017), and yields 

are lower. Aflatoxin biosynthesis is metabolically and energetically costly for the fungus (Calvo, 

Wilson, et al., 2002).  A. flavus needs carbon from simple sugars such as glucose, sucrose, 

fructose, and maltose to synthesize the polyketide backbone (Payne and Brown, 1998) and maize 

kernels provide an abundant source of starch, accounting for 70% of the kernel weight (Wang, 

Wang, et al., 2015). A larger proportion of non-aflatoxigenic or low AF-producing strains in the 

population of maize kernels could preserve starch reserves in kernels because the atoxigenics do 

not need to draw as much energy as their toxigenic relatives. This translates to more starch in 

kernels and a larger kernel weight and yield of maize per acre.  This may explain why the 
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untreated control plots had a significantly lower yield than all of the treatments (P < 0.05), with 

the exception of IC6511 (Figure 2). We analyzed our candidate biocontrol strains via HPLC for 

aflatoxin production and found that IC6511 produces low levels of AFB1 (20 ug/mL) in culture, 

not previously detected with Thin Layer Chromatography (TLC); this could explain why yields 

for this plot treated with IC6511 were lower than plots treated with the other candidate 

biocontrols that were all non-aflatoxigenic. The plots treated with Afla-Guard® had the highest 

grain yields which were significantly higher than the untreated control (P < 0.0001). Rainfall 

data over a five-month period from May-Sept in 2015 ranged from 6 cm in May, 8.4 cm in June, 

5.4 cm in July, 5.3 cm in Aug and 16.7 cm in Sept. These rainfall amounts are close to average 

for the months of May to Aug and the Sept rainfall amount reflects a tropical storm that occurred 

on Sept 2-5. Since all treatments were exposed to the same environments there is no indication 

that rainfall amount influenced these results. This experiment needs to be repeated over several 

years and in different locations to determine if yields are influenced by non-toxigenic treatments.  

The various native, non-aflatoxigenic A. flavus strains reduced aflatoxin levels and 

increased yield when compared with untreated controls. When we examined the influence of 

MAT1-1 or MAT1-2 strains alone in reducing aflatoxin contamination, the formulation that 

included two lineage IC strains (IC6510+IC6511) or two lineage IB strains (IC6512+IC6542) 

were not better in reducing aflatoxin levels than the single MAT1-1 or MAT1-2 strain 

formulations, whereas the MAT1-1/MAT1-2 formulation (IC6510+IC6512) showed the greatest 

reduction in aflatoxin levels. The full impact of formulations comprising a mix of sexually 

compatible MAT1-1/MAT1-2 mating types is expected long term because the mating process 

takes 6-11 months in the laboratory (Horn, Moore, et al., 2009); however, a signature of genetic 

exchange and recombination has been detected just three months after biocontrol application 
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(Molo et al., unpublished data). These results suggest that biological control of AF contamination 

by deploying strains of opposite mating types can be more effective than releasing strains of the 

same mating type or lineage. Additionally, a preliminary experiment in TX showed that paired 

MAT1-1 / MAT1-2 strains resulted in a greater reduction in AF levels compared to the single 

MAT1-2 Afla-guard application and the untreated control, and yields were similar to untreated 

even with no irrigation (Isakeit, unpublished data). Further research will be conducted using 

biocontrol formulations of compatible mating partners to see if they continue to impact aflatoxin 

levels and grain yield.  
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Figure 3.1. Corn samples from each treatment were analyzed for AF contamination. AF levels 
were measured and reported in parts per billion (ppb). The native biocontrol strains and the EPA-
approved biological controls significantly reduced the AF levels verses the untreated plots (** P 
< 0.1). 
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Figure 3.2. Total grain yields for each biocontrol treatment. Yields were significantly lower in 
the untreated than treated plots (* P < 0.05, ** P < 0.010, *** P < 0.001). 
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Chapter 4 
The population genomics of biological control in Aspergillus flavus and aflatoxin production 
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ABSTRACT 
 
Aspergillus flavus causes ear rot of maize and produces aflatoxins (AFs), of which B1 is the most 

potent carcinogen known. In the US, the management of AFs relies on the deployment of non-

aflatoxigenic A. flavus biological controls strains Afla-Guard® and AF36. We used genotyping-

by-sequencing to examine the influence of both biocontrol agents on native populations of A. 

flavus in cornfields in TX, NC, AR, and IN. This study examined more than 20,000 SNPs in a 

total of 888 A. flavus isolates sampled before biocontrol application, three months after 

biocontrol application, and up to three years after initial application. We observed 1) strong 

genetic structuring between A. flavus lineages IB and IC, 2) an approximately equal distribution 

of MAT1-1 and MAT1-2 isolates in native populations and evidence of clonality and 

recombination after biocontrol application, 3) overall higher VCG diversity within lineage IB 

compared to IC three months after biocontrol application and up to one year later, and 4) a 

predominance of lineage IB in cornfields that consistently showed reduced aflatoxin levels. We 

hypothesize that introgression of lineage IB into native populations offers the potential for 

sustained reductions in aflatoxin levels over several years. Both A. flavus lineages IB and IC are 

widely dispersed along a latitude gradient that transcend local genetic structuring and state 

boundaries.  These results have important implications for developing new biocontrol strategies.   
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INTRODUCTION 

Many fungi produce mycotoxins, secondary metabolites with negative or unknown health 

impacts on humans and animals (Pitt 2000; Sweeney & Dobson 1998). An agriculturally 

important mycotoxin producer is Aspergillus flavus, which causes ear rot of maize and produces 

aflatoxins (AFs). A. flavus is a soilborne filamentous fungus that commonly infects many 

economically important crops, such as corn, peanuts, cotton, treenuts, and spices, by 

contaminating them with AFs (Bennett & Klich 2003; Eaton & Groopman 1994; Horn 2007; 

Squire 1981; Wu 2004). In addition to aflatoxins, A. flavus also produces cyclopiazonic acid 

(CPA), an indole-tetramic acid that targets the liver, kidneys, and gastrointestinal tract of animals 

(Burdock & Flamm 2000; Moore et al. 2009; Vonberg & Gastmeier 2006). Because of the 

adverse effects on human and animal health, the US Food and Drug Administration (FDA) 

strictly regulate the levels of AFs in grain. Grains must yield levels of AF below 20 parts per 

billion (ppb) for human consumption and 100 ppb for animal feed (FDA 1979). 

Aflatoxin biosynthesis is controlled by enzymes encoded by approximately 30 genes 

located in the 75-kb subtelomeric region of chromosome 3 (Carbone et al. 2007). Sequence 

polymorphisms and deletions in the aflatoxin gene cluster (Moore et al. 2009) as well as 

genome-wide variation separate A. flavus strains into two distinct lineages, IB and IC. Lineage 

IB is composed of partial and full cluster deletion strains and those with full clusters with many 

fixed polymorphisms. Strains that belong to lineage IB are non-aflatoxigenic (AF-) or producing 

very low AF levels, whereas IC comprises a mix of AF- and aflatoxigenic (AF+) isolates with 

full gene clusters (Moore et al. 2009). Aflatoxin production is a polygenic trait and influenced by 

multiple environmental factors such as soil nitrogen (Anderson et al. 1975; Jones & Duncan 

1981; Payne 1989), pH (Ehrlich et al. 2005) and carbon availability (Lasram et al. 2016). 
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The management of AFs focuses on the application of non-aflatoxigenic biological 

control strains, either Afla-Guard® (active ingredient =NRRL 21882; lineage IB) or AF36 

(=NRRL 18543; lineage IC), that competitively exclude native aflatoxigenic A. flavus strains for 

space and resources in corn ears (Dorner 2005; Moore et al. 2009). Biocontrol strategies have 

been shown to effectively reduce AF levels by ~70-90% (Dorner 2004; Dorner 2008; Pitt & 

Hocking 2006; Yin et al. 2008).  AF36 was registered with the EPA in 2003 for use on cotton 

and corn in Arizona and Texas (EPA 2003). A nonsense mutation in the pksA gene early in the 

AF biosynthetic pathway renders AF36 non-aflatoxigenic; otherwise AF36 has a fully functional 

AF cluster and produces CPA (Ehrlich & Cotty 2004; Moore et al. 2009). Afla-Guard® was 

registered with the EPA in 2004 for reduction of AF contamination in peanuts and corn in the 

United States (EPA 2004). Afla-Guard® is non-aflatoxigenic and missing the entire AF and CPA 

clusters (Chang et al. 2005; Moore et al. 2009).  The lack of predictive models for aflatoxin 

contamination and high cost of application deter growers in moderate to low risk areas from 

applying the biocontrol products. Moreover, AF36 produces CPA and its application has been 

shown to significantly increase CPA contamination in grain (Abbas et al. 2011). While CPA is 

currently unregulated by the FDA, it has been linked to adverse health effects in humans and 

animals (Burdock & Flamm 2000). 

Populations of A. flavus have a clonal and recombining population structure (Moore et al. 

2013), and frequently maintain a mix of aflatoxigenic and non-aflatoxigenic strains (Chang et al. 

2005; Cotty & Bhatnagar 1994). A. flavus is heterothallic and sexual reproduction occurs 

between isolates of opposite mating types belonging to different vegetative compatibility groups 

(VCGs) (Horn et al. 2009; Ramirez-Prado et al. 2008). Genetic exchange is also possible 

between compatible strains via heterokaryon formation within a VCG, a process known as 
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parasexuality. In filamentous fungi, the vegetative compatibility system is a self/non-self 

recognition system controlled by a series of heterokaryon incompatibility (het) loci (Leslie 

1993). Heterokaryon incompatibility is the inability of two strains to undergo fusion of 

vegetative fungal cells. Twelve putative het loci have been identified in A. flavus (Monacell 

2014) and in most cases alleles must be identical at all het loci for stable hyphal fusions to occur. 

Fungal individuals can be grouped into VCGs based on their multilocus genotypes provided 

markers are tightly linked to het loci (Monacell 2014).  

Olarte et. al (2012) provided the first direct evidence of sexual recombination and 

identified chromosome crossover events in parents that influence toxin phenotypes of A. flavus 

progeny strains. Both aflatoxin and CPA clusters show high heritability from parents to progeny 

strains (Olarte et al. 2012). Laboratory and field experiments suggest that a single round of sex 

can significantly increase genetic diversity; however, the impact that sexual reproduction has in 

structuring natural populations of these fungi over time has not been studied. Current 

management practices recommend reapplication of biocontrol agents each growing season 

because presumably their population sizes decline but their influence on the native population 

structure is unknown. Here we adopt a population genomics approach to explore the fate of 

released biocontrol strains in cornfields, for up to three years after initial application. 

 

METHODS 

Sampling and DNA Isolation 

Aspergillus flavus was sampled in 2013 and 2014, from cornfields in Texas, North Carolina, 

Arkansas, and Indiana. Prior to our study, maize fields had no history of biological control 

application. Fields were separated into 12 plots with 8 130’ rows in each plot with three 
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treatments (Fig. S1): untreated (UTC), Afla-Guard®, and AF36 replicated four times. Biocontrol 

agents were applied at VT corn stage at a rate of 20 lb/acre. All treatments and samples were 

applied and taken from the middle of rows 3 and 4 of each plot to allow for a 100’ buffer 

between treatments. Soil and kernel samples were collected, and A. flavus was isolated from each 

at three different time points: before biocontrol application (2013 UTC), three months prior to 

biocontrol application (2013 TRT), and one year after application (2014). A. flavus was isolated 

from soil by dilution plating and from surface-sterilized kernels, as described previously (Horn & 

Greene 1995). To examine more long-term changes in population structure after initial 

biocontrol application we focused on four commercial cornfields in Texas (Fig. S2); fields A and 

C were left untreated, while fields B and D were treated with 20 lb/acre of Afla-Guard in 2011; 

fields A, C, and D were continually planted with corn; corn was rotated with wheat in 2013 in 

field B. Because aflatoxin assays in these fields consistently showed aflatoxin levels well below 

100 ppb over several years, A. flavus was isolated in 2014 from surface-sterilized kernels and 

also included in population genomic analyses. Additionally, a farm near Palacios, in Jackson 

County, TX was included where the farmer never applied an atoxigenic biocontrol agent and did 

not have an aflatoxin problem.   

DNA was isolated from A. flavus spores using MOBIO UltraClean® Microbial DNA 

Isolation Kit (MO BIO Laboratories) with the following modifications. When resuspending the 

cells in MicroBead Solution, RNase A was added to degrade any RNA present. Spores were 

vortexed using the MOBIO Vortex Adapter and Disrupter Genie, incubated at 65°C, and 

vortexed again to ensure that spores were fully ruptured. Finally, DNA was eluted in PCR-

quality water for genotyping by sequencing. 
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Genotyping by Sequencing 

We used double digest Restriction Site-Associated DNA Sequencing (ddRADseq) to identify 

Single Nucleotide Polymorphisms (SNPs) genome-wide (Peterson et al. 2012). These dense SNP 

markers allow us to unambiguously track the applied A. flavus biocontrol agents Afla-Guard® 

and AF36 in the field. Moreover, we can compare chromosomal phylogenies to identify when 

crossover or independent assortment events occurred between the introduced biocontrol agents 

and native strains. To determine optimal restriction enzyme combinations for ddRADseq we 

performed in silico digestions of A. flavus (NRRL 3357) and A. oryzae (RIB40) reference 

genomes to identify pairs of enzymes that yielded approximately 5000 fragments that were 350-

450 bp in size. By targeting this number of fragments, we are were able to estimate the 

maximum number of strains that could be multiplexed on an Illumina NextSeq machine and 

achieve at least 20X coverage per individual. 

Total genomic DNA was isolated and quantified using Quant-iT™ PicoGreen® dsDNA 

Assay Kit (Invitrogen). Two restriction enzymes, MluCI(=Tsp509I) and MspI, were identified 

that would allow us to multiplex 576 strains and sequence 5000 fragments/individual to a depth 

of at least 20X.  DNA (200ng) was digested with both enzymes, a universal adapter was ligated 

to the overhangs produced by MluCI and one of 48 barcoded adapters was ligated to overhangs 

produced by MspI. A second quality check with Quant-iT™ PicoGreen® dsDNA Assay Kit was 

performed to ensure DNA was digested. Size selection was done using a Pippin Prep (Sage 

Science) to keep fragments in the range of 450-550 bp. A universal primer was annealed to the 

barcoded adapter and one of 12 indexed primers was annealed to the universal adapter followed 

by PCR amplification using KAPA HiFi Hotstart Readymix (Kapa BioSystems). This design 

ensured that only DNA sequences with both ligated adapters will be sequenced. All strains in 
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each sublibrary were quantified using Bioanalyzer (Agilent) and then pooled in equimolar ratios. 

Sublibraries were quantified and a final pooling was performed before paired-end sequencing. 

The unique combination of indexed primer and barcoded adapter allowed for demultiplexing first 

by Illumina index and then by barcode. The DNA for all isolates was pooled and sequenced 

using 150 bp paired end reads on the Illumina NextSeq® platform.  

 

Data Processing for Variant Discovery 

All ddRADSeq data was analyzed using workflows implemented in the Mobyle SNAP 

Workbench (Monacell & Carbone 2014). Briefly, the process_radtags script from the Stacks 

package (http://catchenlab.life.illinois.edu/stacks/) was used to demultiplex 48 barcodes for each 

Illumina NextSeq sublibrary. Trimmomatic (Bolger et al. 2014) was used to trim low quality 

bases from the end of reads and crop bases from the ends regardless of quality. Filtered read 

pairs were aligned to the A. oryzae RIB40 reference genome using the MEM algorithm in BWA 

(Li & Durbin 2009). Sequence alignment files generated from BWA were assembled into cohorts 

and genotyped using the HaplotypeCaller variant discovery pipeline in GATK v3.5-2 (McKenna 

et al. 2010). GATK variant calling is designed to maximize sensitivity, so there could be many 

false positives. Subsequent filtering of variants eliminated false positives and negatives and was 

performed according to GATK Best Practices recommendations (DePristo et al. 2011; Van der 

Auwera et al. 2013). Variant Call Format (VCF) files from GATK were subjected to various 

levels of filtering using VCFTOOLS (DePristo et al. 2011)and VCF files were visualized in 

JBrowse (Buels et al. 2016). 
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Phylogenetic Inference and Patristic Distances 

We inferred maximum likelihood (ML) phylogenies of A. flavus at different sampling time 

points: pre-treatment kernel and soil isolates, 3-month post-treatment kernel isolates, and one-

year post-treatment soil and kernel isolates. Additionally, kernel isolates in Texas were examined 

3 years after treatment with Afla-guard. ML analysis was performed using the program 

Randomized Axelerated Maximum Likelihood or RAxML version 8 (Stamatakis 2006), which is 

accessible through the CIPRES RESTful application (CRA) programmer interface (Miller et al. 

2015). The best-scoring ML majority rule consensus tree was based on 1,000 rapid bootstrap 

searches in RAxML using a GTRGAMMA model of rate heterogeneity with empirical base 

frequencies; all phylogenies were rooted with NRRL 29506 (IC277). Trees were visualized using 

the Tree-Based Alignment Selector (T-BAS, version 2.0) toolkit (Carbone et al. 2017; Miller et 

al. 2015). 

The possibility of released biocontrol agents recombining with native strains was first 

examined using pairwise evolutionary distance or patristic distance. A patristic distance is the 

sum of the length of branches that connect any two nodes in a phylogeny. A matrix of patristic 

distances, normalized to a maximum value of one, was generated for all pairs of terminal nodes 

that represent sampled individuals. When calculated separately for phylogenies inferred from 

different chromosomes and compared, such distances can identify incongruences in tree 

topologies that may indicate genetic exchange and recombination, horizontal gene transfer and 

genomic re-assortment. Patristic distances were calculated using DendroPy (Sukumaran & 

Holder 2010) and displayed as a heat map in T-BAS v2.0 using outer rings (one per 

chromosome) that surround the total evidence inner tree that was based on the concatenated 

chromosomal character matrix. In the heat map a blue color across most chromosomes indicates 
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close genetic similarity to the selected biocontrol strain; a red color across one or more 

chromosomes indicates high genetic divergence. Inter-lineage recombination would result in 

strains that have blue, red and intermediate colors indicating a mixed genetic background. 

 

Population Structure and Mating Type Distribution 

Population structure was first examined using principal component analysis (PCA). PCA uses a 

variance–covariance matrix to reduce the dimensionality of the original variables into a smaller 

number of new variables called principal components (Abdi & Williams, 2010). The principal 

components (eigenvectors) are different axes of variation that explain most of the variance in the 

original data. The first eigenvector or PC1 considers the most variation possible with subsequent 

eigenvectors, PC2, PC3, etc., having less variation. Principal components were normalized to 

sum to 1 to reveal which eigenvectors explained more than half of the genetic variation, and the 

number of significant axes of variation was determined using the Tracy–Widom statistic (Tracy 

& Widom 1994). The number of distinct k clusters was determined using the Gap Statistic 

(Tibshirani et al. 2001), which is an unbiased estimate of the number of distinct clusters based on 

the top-3 PCs with the largest eigenvalues. Significant PC’s and PCA clusters were displayed in 

three-dimensional graphs using the SCATTERPLOT3D package in R (Ligges & Machler 2003). 

Tests of association of k cluster with lineage (IA and IB), sampling location (TX, IN, NC, AR), 

treatment (Afla-Guard, AF36, UTC) and substrate (soil and kernel) were performed using 

Fisher's exact test, implemented in R (R Core Team 2016).  Population parameter estimates were 

calculated separately for untreated and treated samples within each lineage using Arlequin 

v.3.5.1.2 (Excoffier & Lischer 2010).  
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The degree of genetic admixture and the optimal number of k clusters was determined 

using ParallelStructure (Besnier & Glover 2013), an R-based implementation of STRUCTURE 

version 2.3.4 (Falush et al. 2003; Pritchard et al. 2000) accessible through the CIPRES RESTful 

application (CRA) programmer interface (Miller et al. 2015). Structure-formatted files were 

generated from genome-wide SNPs using SNAP Map (Aylor et al. 2006). The admixture model 

implemented in STRUCTURE was used to assign individuals to k clusters. Estimates of allele 

frequencies and membership probabilities of individuals in subpopulations were based on a 

Markov Chain Monte Carlo (MCMC) strategy of 100,000 sampling iterations after a burn-in 

period of 50,000 iterations; three independent simulations for possible k values ranging from 1 to 

10 were performed for each subpopulation. To determine the optimal k, probability distributions 

were examined using LnP(D) and delta K methods (Evanno et al. 2005) implemented in 

Structure Harvester v0.6.93 (Earl & vonHoldt 2011). The estimated cluster membership 

coefficient matrices were examined in CLUMPP v1.1.2 (Jakobsson & Rosenberg 2007) to 

determine the optimal number of k clusters across multiple runs. The individual cluster 

membership results from Structure were visualized in T-BAS v2.0 as outer rings surrounding the 

total combined chromosomal ML phylogeny. 

In the presence of strong population structure mating types distributions were examined 

separately for each distinct genetic cluster. Mating types were scored using diagnostic 

ddRADSeq fragments located within the MAT1-1 idiomorph spanning positions 1,581,022 – 

1,581,132 on chromosome 6 of the A. oryzae reference genome. A 1:1 distribution of MAT1-1 

and MAT1-2 is indicative of populations undergoing sexual reproduction and this was tested 

using a binomial test implemented in MS Excel. The test was also performed on clone-corrected 

haplotypes to correct for skewness in mating type distributions due to clonal amplification. 
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Haplotypes were extracted from genome-wide SNPs using SNAP Map (Aylor et al. 2006). 

Clone-correction was performed by counting the total number of unique haplotypes in each 

MAT1-1 and MAT1-2 category; individuals or haplotypes containing both mating types were 

counted twice as a MAT1-1 and a MAT1-2. A representative sample of 47 isolates from each 

MAT idiomorph were selected for PCR validation using MAT1-1 and MAT1-2 specific primers, 

as reported previously (Ramirez-Prado et al. 2008)(Ramirez-Prado et al. 2008). Mating type 

distributions were examined for longitudinal samples from 1) untreated and treated plots in each 

state and 2) lineage IB and IC sampled across all states.  

 

Phylogenetic Congruence and Recombination 

Since populations of A. flavus are reported to have both a clonal and recombining population 

structure (Moore et al. 2013), phylogenetic congruence was used to further examine the 

contributions of clonality and recombination in the evolution of lineages, VCGs and individuals. 

This phylogenetic method implemented in the Hypha package module of Mesquite v3.51 

(Maddison & Maddison 2011; Oliver et al. 2013) displayed the clonal and recombinant history 

of each ancestral node and all of its descendant strains. Specifically, Hypha was used to compare 

the internodal support values harvested from each chromosomal phylogeny on the total evidence 

tree inferred from a concatenated SNP matrix of chromosomes 1-8. Nodal grid support values 

were based on a bootstrap threshold support value of 70% and were output as node annotations 

on the total evidence display tree in Mesquite. Support values were visualized in T-BAS v2.0 

(Carbone et al. 2017) for each chromosome phylogeny using grids on branches of the display 

tree with colors showing node bipartitions that were supported at a bootstrap support value ≥70% 

(black color) or <70% (white color); if the specific node bipartition was not found in the display 
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tree this was reported as missing or inapplicable (grey color). Grids that were filled in with 

mostly black squares indicated that the descendants of that node were predominantly clonal. 

High conflict (red color) was used to indicate a node bipartition in the chromosome tree that 

conflicted with the displayed tree at a bootstrap support value ≥70% most likely due to recent 

recombination (i.e. independent assortment and crossovers) among strains in descendant 

branches at terminal nodes or infrequent recombination at internal nodes. Low conflict (cyan 

color) was used for nodes that were not recovered by the bootstrap analysis because there was 

either insufficient variation or too much confounding variation (i.e. homoplasy) due to extensive 

recombination among strains in descendant branches. We would expect node bipartitions that 

comprise strains that belong to the same VCG to be congruent across all chromosomes; if some 

chromosomes show high conflict this could be the result of parasexual recombination within a 

VCG. 

  

Chromosomal Linkage Disequilibrium 

Genome-wide linkage disequilibrium (LD) between SNP markers distributed across eight 

chromosomes was performed using Haploview 4.2 (Barrett et al. 2005). Both r2 and D’ pairwise 

LD measures were calculated between adjacent SNP markers in all populations for each distinct 

time point: pre-treatment, 3 months, 1 year and 3 years post-treatment. Intra-chromosomal LD 

blocks were estimated using the Solid Spine (SS) method of Haploview using the default 

parameters and a missingCutoff of 0.8. The SS algorithm identifies an LD block if the first and 

last markers in a block are in strong LD with all intermediate markers, but those intermediate 

markers can be in weak LD or no LD with each other. Haploview outlines the edge of the spine 

of strong LD in a triangular matrix of pairwise LD statistics. In the Haploview coloring scheme 
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bright red represents strong LD (LOD ≥ 2, D' = 1), shades of pink/red represent intermediate LD 

(LOD ≥ 2, D' < 1), blue represents weak LD (LOD < 2, D' = 1) and white represents no LD 

(LOD < 2, D’ < 1).  

 

Aflatoxin Production 

A representative sample of isolates were selected for aflatoxin quantitation based on their degree 

of genetic admixture and membership in lineages IB and IC.  Aflatoxin was quantified using the 

high-throughput method described by Gell et al. (manuscript under Review), which allows 

detection of AF B1 production from fungal mycelia in liquid culture. Briefly, isolates were grown 

on PDA plates for a total of 7 days- 5 days in the dark and 2 in light- at 30°C. Glass vials with 

8mL of YES media (Koehler et al. 1975) were inoculated with a loop-full of conidia for each 

isolate, with three replicates grown per isolate. Liquid cultures were incubated in the light at 

30°C for 7 days. For each culture a 1mL aliquot of media was transferred to a new vial, 1mL of 

chloroform was added, samples were vortexed, and then allowed to separate at rest.  A total of 

500µL of the chloroform layer was transferred to a clean vial and evaporated under nitrogen 

stream. Dried aflatoxin samples were resuspended in 1mL of methanol for analysis and purified 

by passing through 1mL polypropylene SPE tubes containing 200µL alumina basic. Aflatoxin 

quantifications were performed by reverse phase HPLC at the Biomanufacturing Training and 

Education Center’s Bioprocess and Analytical Services at North Carolina State University 

following previously published specifications (Huang & Elmashni 2007). 
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RESULTS 

Sampling and Variant Discovery 

A total sample of 888 isolates was examined across all states, treatments and time points for 

DNA isolation and sequencing (Table 1). This included a panel of 26 reference strains for which 

mating type (Ramirez-Prado et al. 2008), toxin profile (Horn et al. 1996), VCGs (Horn & Greene 

1995) and multilocus haplotypes (Moore et al. 2009) were known and used to cross-validate 

genotyping by sequencing results (Table S1). The total number of isolates sampled from each 

commercial cornfield in Texas were as follows: field A (22), filed B (26), field C (58), field D 

(51) and Palacios (4).  The total number of variants discovered from GATK analysis and 

different levels of filtering for max-missing (MM) and minor allele frequency (MAF) is shown in 

Table 2. To ensure that sufficient variation was retained to track biocontrol strains a MAF = 0.0 

and MM = 0.9 was used for phylogenetic inference, calculation of patristic distances, 

phylogenetic congruence, and LD analysis.  More stringent filtering with MM set to 1.0 was used 

for PCA, STRUCTURE, population parameter estimation and clone-correction for mating type 

distributions. 

 

Phylogenetic Inference and Patristic Distances 

The best-scoring ML majority rules consensus trees were inferred across all four populations of 

A. flavus at three different time points: untreated, three months and one year after a one-time 

controlled application of A. flavus biocontrol agents (Fig.1). Several consistent patterns were 

observed across all phylogenies, including 1) strong phylogenetic separation between lineages IB 

and IC, across all eight chromosomes; 2) longer branches for strains within lineages IC than 

within IB, and more variation in patristic distances among strains in lineage IC, indicative of a 
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history of recombination. For example, both clonality and recombination are discernable across 

chromosomes for patristic distances using AF36 as a reference in the untreated plots (Fig. 1B); 3) 

AF36 was sampled less frequently than AG in native soils and also after biocontrol products 

were applied; and 4) both lineages IB and IC were represented in field populations; however, 

their frequencies changes, either transiently (3 months) and after 1 year to favor lineage IB 

(Table 6). This skew in the dominance of lineage IB over IC was also evident in the commercial 

TX cornfield which was sampled 3 years after Afla-guard was applied (Fig. 2).  

Patristic distances between strains in lineage IC were highly variable making it possible 

to distinguish clonality (zero length branches) from putative recombinants (long branches), and 

this clonal and recombining population structure was manifested with patristic distances 

spanning the entire heat map scale. By contrast, patristic distances within IB were very short in 

longitudinally sampled cornfields in TX, NC, AR and IN as well commercial cornfields in TX 

(Figs. 1, 2); limited sequence variation in lineage IB made it difficult to determine the degree of 

similarity between native strains and Afla-Guard (Figs. 1A, 2A) or between native strains and 

AF36 (Figs. 1B, 2B). This was corrected by adjusting the patristic scale so that the maximum 

color value fell within lineage IB, and this revealed heterogeneity in patristic distances and 

potential clonal and recombining lineages in populations (Figs. 1C, 2C). A. flavus lineages IB 

and IC are clearly separated across all phylogenies, which suggests a lower frequency of inter-

lineage genetic exchange and recombination. This genetic isolation between lineages IB and IC 

is further supported by patterns of deletions in the aflatoxin gene cluster. With the exception of 

seven partial cluster strains, all strains that belonged to lineage IC had full clusters. Lineage IB 

strains harbored full, partial or missing AF clusters; however, clonal lineages in IB included 

strains with predominantly missing AF clusters. 
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Population Structure and Mating Type Distribution 

The Gap statistic in PCA analysis revealed two distinct clusters across all sampling times that 

were significantly associated with lineage (P < 0.001; Fig. S3).  There was no significant 

association of cluster with state or treatment. The observed dispersal of points in principal 

component space indicated greater diversity within lineage IC compared to IB in untreated 

fields; this was also supported by nucleotide diversity estimates (Table S2) for untreated fields 

sampled one year, and three years after biocontrol application. This trend was also observed for 

treated fields across sampling times. Moreover, three months after biocontrol applications both 

lineages IB and IC had higher nucleotide diversity estimates than the 2013 UTC fields (Table 

S2). 

STRUCTURE admixture analysis found that the most likely value of k in the 2013 UTC 

and 2013 TRT populations was 3 using the Evanno method and 7 based on STRUCTURE 

LnP(D). The estimate from LnP(D) was more consistent with the distinct clades observed in 

phylogenies for these populations (Fig. S4). Structure LnP(D) and Evanno yielded best cluster 

estimates of 6 and 2, respectively, for populations sampled one year after biocontrol application 

(Fig. 1D). The TX commercial cornfields that were sampled 3 years after Afla-Guard was 

applied comprised at most 3 distinct clusters, as estimated from LnP(D) (Fig. 2D) 

The uncorrected and clone-corrected counts for MAT1-1 versus MAT1-2 for each state 

and field plots (untreated versus treated) are shown in Table 3. Three months after biocontrol 

treatments were applied, uncorrected counts of mating types in AR and IN were significantly 

skewed (P < 0.05) towards MAT1-2, which represents a significant reversal from clone-corrected 

counts in the untreated AR and IN fields which were predominantly MAT1-1 (P < 0.05). One 

year after biocontrol application, the clone-corrected counts of mating types in treated fields in 
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TX, NC, and IN were significantly skewed (P < 0.01) towards MAT1-1. The clone-corrected 

MAT1-1 : MAT1-2 ratio in the untreated commercial cornfields in TX did not deviate 

significantly from 1. The distribution of mating types was also examined within lineages IB and 

IC for each population sampled longitudinally (Table 4). Mating type frequencies, corrected for 

duplicate genotypes, were approximately 1:1 before treatment (2013 UTC), 3 months after 

treatment (2013 POST), and 3 years after treatment (3 years POST); one year after treatment 

mating type frequencies were significantly skewed to MAT1-1 (P < 0.05) for both lineages IB 

and IC. The clone corrected ratio of full AF gene cluster : missing cluster in lineage IB was 2.4, 

1.1, and 1.7 for 1 year POST, 2013 TRT and 2013 UTC, respectively (Table 4).   

 

Phylogenetic Congruence and Recombination 

Examination of phylogenetic congruence across chromosomal phylogenies including the 

mitochondrial genome showed evidence of extensive conflict in deep branches and concordance 

in terminal branches and clades (Fig. S4).  As expected node bipartitions where the descendants 

were isolates that belonged to the same VCG showed ≥70 bootstrap support or low conflict 

across most chromosomes. For example, the Afla-Guard strain (=IC201) which belongs to VCG 

24 was widely distributed across TX, IN, NC, AR and GA (IC201 and IC253 reference strains) 

in the 2013 UTC field plots; two strains out of the 24 within this VCG were MAT1-1 and showed 

conflict in chromosome 1 of their immediate common ancestor (Fig. S4A). By contrast, the 

AF36 (=IC1179) which belong to VCG YV36 was recovered only in AR (IC7716).  

Although VCGs were grouped together in phylogenies reflecting their common ancestry 

and close similarity, they showed both recent and past recombination events in their evolutionary 

histories.  For example, recombination was detected in the immediate common ancestor of VCG 
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17 (IC243, IC244; high conflict in chrs 7, 8) and VCG 6 (IC229, IC230; high conflict in chrs 2, 

3) (Fig. S4A; Table S1).  Other VCGs were more clonal in their immediate common ancestor 

such as VCG 5 (IC225, IC226) but there was evidence of recombination one node back which 

included strain IC7963.  There was high conflict across all chromosomes in the deepest nodes of 

the 2013 UTC and 2013 TRT phylogenies reflecting a history of extensive recombination giving 

rise to the sampled strains; clonality (grid nodes with black, blue and white colors) was more 

distinct in the terminal recently evolved nodes. By contrast, this high conflict in deep nodes was 

not observed in phylogenies that represented fields sampled 1 year (Fig. S4C) and 3 years (Fig. 

S4D) after biocontrol application; these fields showed a strong signature of clonality and 

recombination that was concentrated in terminal nodes. Evidence for the latter was the existence 

of different mating types for closely related strains or high conflict for at least one chromosome 

in the immediate ancestor.  We used these criteria to count VCGs and identify putative new 

VCGs that may have evolved in response to released Afla-Guard (=IC201) and AF36 (=IC1179) 

biocontrol strains (Table 5).  A total of 75 potentially new VCGs that share a recent common 

ancestor with Afla-Guard were counted one-year post treatment compared to only 14 that share a 

common ancestor with AF36. New VCGs were also observed just three months after biocontrol 

agents were applied – at least 12 were counted that were similar to the Afla-Guard strain and 4 

that showed similarity to AF36.  In the untreated plots and cornfields in TX that were sampled 

three years after Afla-Guard was applied, only 2-3 new VCGs had genetic backgrounds that were 

similar to Afla-Guard or AF36. 

Chromosomal Linkage Disequilibrium 

Distinct chromosomal LD blocks were inferred across all chromosomes (Fig. S5). For example, a 

total of 13 LD blocks were observed for chr 1 across treatments; however, the untreated fields 
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showed the strongest LD.  The existence of smaller LD blocks in populations that were sampled 

3 months, 1 year and 3 years after biocontrol application indicates ongoing recombination 

breaking down LD blocks larger; larger LD blocks 1 year after biocontrol application indicates a 

predominantly clonal population structure as observed in mating type distributions for lineages 

IB and IC (Table 4). Clonality is also supported by lower estimates of gamma/bp in lineages IB 

(0.00195) and IC (0.01039) compared to 2013 UTC lineage IB (0.02514) and IC (0.00248) 

(Table S2). 

 

Aflatoxin Production 

Three years after Afla-Guard application, the TX commercial cornfields showed significant 

clonal expansion in lineage IB with many strains having full AF gene clusters (Table 4), whereas 

lineage IC strains were found almost exclusively in the untreated plots (Fig, 2B). Aflatoxin levels 

measured from corn kernels in these TX fields were consistently low (10-33 ppb). Reference 

strains showed that B1 concentrations measured from fungal medium were lower for lineage IB 

strains (0 < µg/mL < 2) compared to lineage IC (0 < µg/mL < 40) (Table 6).  This was also 

reflected in low B1 concentrations (0 < µg/mL < 2) for full cluster strains in lineage IB in the TX 

cornfields when compared to B1 levels for lineage IC full cluster strains (0 < µg/mL < 40) (Table 

6) 

 

 

DISCUSSION 

Previous work has shown that populations with an approximately equal distribution of MAT1-1 

and MAT1-2 mating types have a greater potential for aflatoxin production because of the high 
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heritability of aflatoxin clusters (Olarte et al. 2012); therefore, the relative proportion of MAT1-1 

and MAT1-2 isolates in a population is a useful predictor of the amount of sexual recombination 

within a field, which may directly or indirectly influence aflatoxin production. Currently, the two 

approved A. flavus biocontrol strains are of the same mating type (MAT1-2) but belong to 

different evolutionary lineages; Afla-Guard® is in lineage IB and AF36 belongs to lineage IC. In 

field experiments where the A. flavus Afla-Guard® and AF36 strains were applied separately to 

replicated plots, and compared to untreated plots, both lineages IB and IC were recovered from 

corn kernels three months and one year after initial application. Prior to the application of 

biocontrol agents both lineages were present in untreated plots and clone-corrected MAT1-1 : 

MAT1-2 ratio did not differ significantly from 1 in TX and NC, which indicates regular sexual 

reproduction in these states (Table 3). Mating type ratios within lineages IB and IC were also 

close to 1:1 (Table 4), which shows that sexual reproduction is an important component in the 

biology of A. flavus that transcends state boundaries.  

One year after biocontrol application, treated plots in TX and NC were significantly 

skewed to MAT1-1 (Table 3); MAT distributions in lineages IB and IC were also similarly 

skewed (Table 4).  Because both biocontrols are MAT1-2 successful mating would be 

predominantly between a MAT1-2 biocontrol stain and different MAT1-1 native strains. This 

results in many new VCGs that have a similar genetic background to either Afla-Guard or AF36 

but are MAT1-1 (Table 5).  Similarly, untreated populations in AR and IN had a significant 

clonal component even after clone correction. The skew to MAT1-1 in these populations 

increased opportunities for mating with MAT1-2 biocontrol strains. This is apparent in AR and 

IN in their progression from MAT1-1 in the untreated fields, to MAT1-2 predominating 3 months 

after treatment, and finally MAT1-1 : MAT1-2 ratios not deviating significantly from 1 one year 
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later. Results from the commercial TX cornfields indicate that populations eventually return to 

equilibrium in the ratio of MAT1-1 : MAT1-2 after more generations. So, while non-aflatoxigenic 

biocontrol agents have their initial intended action of reducing aflatoxin levels, one year later the 

populations have recombined and comprise both lineages IB (mostly nontoxigenic) and IC 

(mostly toxigenic), making it necessary to reapply biocontrol products.   

In TX fields where aflatoxin levels were consistently low over several years, there was a 

larger proportion of lineage IB isolates compared to IC and there was clear evidence of 

admixture among lineage IB isolates, both from the approximately 1:1 distribution of MAT1-1 : 

MAT1-2 and from structure analysis showing that lineage IB in TX was one large randomly 

mating population. Mechanistically, the reduction in aflatoxin levels may be driven by clonal 

amplification and genetic admixture. Although both the Afla-Guard® strain and AF36 are 

effective in reducing aflatoxin levels in the short term, their efficacy in the long-term may 

depend on which lineage they belong to. Because lineage IB isolates are predominantly 

atoxigenic, populations with a greater proportion of lineage IB strains relative to lineage IC are 

predicted to have reduced aflatoxin levels.  It follows that biocontrol formulations that include 

strains of opposite mating type that belong to lineage IB could result in a higher frequency of 

mating interactions between lineage IB and native strains.  

The disproportionate mating access of lineage IB strains to female strains of high fertility 

in lineage IC would result in unequal introgression of the lineage IB genetic background in field 

populations that are treated with biocontrol compositions comprising both mating types. This 

then results in a larger proportion of lineage IB strains in the population that are non-

aflatoxigenic or low aflatoxin producers such that the net effect is a lowering of aflatoxin levels 

in field populations. This could explain the lower aflatoxin levels observed in the TX 
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commercial cornfields. Although the TX commercial cornfields are predominantly lineage IB 

genetically, they are functionally a mix of aflatoxin-producing and non-aflatoxin producing 

strains. Any balancing selection acting to maintain aflatoxin producers and non-producers in the 

population (Drott et al. 2017) can continue but the targets of selection are now predominantly 

low aflatoxin producers within lineage IB. In the absence of the low aflatoxin producing full 

cluster strains in lineage IB, we predict selection would be acting predominantly on high toxin 

producing strains in lineage IC and non-producers in IB. This suggests that it might be possible 

to shift A. flavus populations to a state that is functionally and qualitatively similar to the native 

population but quantitatively have a much-reduced aflatoxin footprint than the native population. 

This has significantly implications for reducing aflatoxin contamination worldwide. 

From a biocontrol perspective, the enhanced introgression of sexually compatible lineage 

IB strains into native populations offers the potential for sustained reductions in aflatoxin levels 

over subsequent generations. Preliminary field results of biocontrol formulations containing a 

mix of sexually compatible strains in NC (Molo et al, under review) and TX (Isakeit, 

unpublished data) show that they potentially outperform single strain formations; more sampling 

over several years is necessary to see if mixtures of compatible mating partners continue to lower 

aflatoxin levels and if they also influence corn yields. Both A. flavus evolutionary lineages (IB 

and IC) are widely dispersed along a latitude gradient and transcend state boundaries. Thus, it 

may be possible for a single biocontrol formulation to be effective across different latitudes and 

environmental conditions. For example, the Afla-Guard® strain has been shown to be effective 

in mitigating aflatoxin contamination in Texas (Dorner 2010; Isakeit 2015) and North Carolina 

(Meyers et al. 2015; Molo et al. 2018). Under field conditions, mating success is dependent upon 

genetic diversity in soil populations, thus selecting a mix of strains from lineage IB that are of 
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different mating types and clonal backgrounds may be a useful strategy for mitigating aflatoxin 

contamination. Moreover, the same strain mixtures may be effective for different fields because 

the evolutionary lineage effect may be stronger than strain-specific differences in reducing 

aflatoxin levels. For example, incorporating a complementary MAT1-1 strain from lineage IB 

into the Afla-Guard® formulation may improve the efficacy including long term effectiveness of 

biocontrol product, particularly in fields that harbor highly fertile strains of both mating types. 

Such a genetically based biocontrol strategy has the potential to sustainably reduce the aflatoxin 

producing potential of this agriculturally important fungus.  
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Table 4.1.  Population Samples of A. flavus. 
State 2013 UTC 2013 TRT 2014 

TX 40 20 153 
NC 39 20 141 
AR 39 20 55 
IN  30 9 62 
Total 148 69 411 
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Table 4.2. Number of unfiltered and filtered SNPs for population genomic analysis1  

Population Unfiltered MAF = 0.1 
MM = 0.9  

MAF = 0.0 
MM = 0.9 SNPs2 

2013 UTC 451,283 1,933 27,529 2,724 
2013 TRT 451,283 1,645 29,595 5,095 
2014 447,324 1,783 25,351 5,323 
TX Commercial 271,813 1,366 15,927 3,201 

 
1Minor Allele Frequency = MAF; Max-Missing = MM.    
2Number of SNPs obtained by collapsing multiple DNA sequence alignments after filtering 
(MAF=0.0 and MAF=0.9) using SNAP Map (Aylor et al. 2006) and excluding all sites with 
missing data. 
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Table 4.3. Distribution of mating types in A. flavus across states, treatments and years1 
  3 months 1 year 3 years 
 Untreated  Treated Untreated Treated Untreated Treated (AG) 
State MAT1-

1 
MAT1-

2 
MAT1-

1 
MAT1-2 MAT1-

1 
MAT1-

2 
MAT1-1 MAT1-

2 
MAT1-

1 
MAT1-

2 
MAT1-

1 
MAT1-2 

TX 26(16) 19(12) 13(9) 7(6) 18(18*) 29(9) 61 
(30**) 

43 (11) 48(42) 70*(50) 44(32) 34(25) 

NC 19(14) 20(14) 8(7) 12(3) 29*(13) 17(9) 65 
(30**) 

30 (14)     

AR 20(18*
) 

19(9) 0(0) 20**(6*
) 

6(5) 6(4) 26(11) 17(12)     

IN 29**(7
*) 

2(2) 1(1) 9*(4) 8*(1) 2(1) 39** (6) 13(5)     

 
1Clone corrected number for each mating type is shown in parentheses; 0.01 < *P < 0.05 and **P < 0.01. 
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Table 4.4. Distribution of lineages, mating types and AF cluster type in A. flavus across treatments and years1 
   Mating Type AF Cluster Type 
Treatment Lineage n2 MAT1-1 MAT1-2 Full Partial Missing 
2013 UTC IB 63(29) 17(12) 46**(17) 25(17) 3(2) 35(10) 

IC 109**(67**) 71**(34) 38(33) 108(67) 1(1) 0 
2013 TRT IB 65**(27) 12(10) 53**(16) 18(16) 3(3) 48(14) 

IC 28(23) 11(9) 17(14) 27(22) 2(2) 0 
1 year POST IB 251**(81) 136(50*) 115 (31) 67(51) 12(9) 172(21) 

IC 187(81) 128**(49*) 59(32) 184(78) 3(3) 0 
3 years POST IB 148**(80**) 63(30) 85*(40) 113(68) 3(3) 32(9) 

IC 41(37) 25(21) 16(15) 40(36) 1(1) 0 
 
1Clone corrected number for each mating type is shown in parentheses; 0.01 < *P < 0.05 and **P < 0.01. 
2Significance values tested the null hypothesis of no significant difference in the uncorrected and corrected lineage counts across all 
states. 
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Table 4.5. VCG counts across treatments and putative descendants of biocontrol strains 

Treatment Total VCGs Afla-Guard-like 
VCGs  AF36-like VCGs 

2013 UTC 69 2 2 
2013 TRT 39 12 4 
1 year POST 218 75 14 
3 years POST 57 3 3 
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Table 4.6. Aflatoxin B1 concentrations of representative A. flavus isolates 
 

 
IC 

Number 

 
Lineage 

 
AF B1 Conc. 

(µg/mL) 
 

 
Average AF 

B1 Conc. 
(µg/mL) 

 
Relative 

Standard 
Deviation 

(%)1 
  Reference Isolates   

IC201 IB 
ND 
ND 
ND 

NA NA 

IC218 IB 
0.41 
0.20 
0.28 

0.30 36.26 

IC221 IB 
ND 
ND 
ND 

NA NA 

IC225 IB 
0.15 
0.07 
0.28 

0.17 62.89 

IC229 IC 
1.05 
1.11 
1.16 

1.11 4.72 

IC278 IC 
29.57 
27.35 
29.35 

28.76 4.25 

IC308 IC 
0.35 
0.20 
0.21 

0.26 33.60 

IC310 IC 
ND 
ND 
ND 

NA NA 

IC1179 IC 
ND 
ND 
ND 

NA NA 

  Population Isolates   

IC6512 IB 
0.72 
2.72 
2.54 

1.99 55.45 

IC6542 IB 
0.03 
0.03 
0.03 

0.03 4.33 
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Table 4.6.  (continued). 
 
IC14618 IB 0.05 

0.11 
0.09 

0.23 99.73 

IC14631 IB 0.00 
0.01 
0.08 

0.03 140.70 

IC14638 IB 0.02 
0.01 
0.03 

0.02 43.71 

IC14649 IB 0.02 
0.02 
0.02 

0.02 2.67 

IC14650 IB 0.06 
0.22 
0.03 

0.10 98.05 

IC14658 IB 0.02 
0.02 
0.03 

0.02 5.88 

IC14661 IB ND 
ND 
ND 

NA NA 

IC14664 IB 0.02 
0.02 
0.03 

0.02 6.89 

IC14676 IC ND 
ND 
ND 

NA NA 

IC14684 IB ND 
ND 
ND 

NA NA 

IC14688 IB ND 
ND 
ND 

NA NA 

IC14697 IB 0.00 
0.00 
0.06 

0.02 150.01 

IC14707 IB 0.49 
0.05 
0.09 

0.21 115.17 
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Table 4.6. (continued). 
 

IC14713 IB 
ND 
ND 
ND 

NA NA 

IC14721 IB 
ND 
ND 
ND 

NA NA 

IC14725 IB 
0.09 
0.06 
0.04 

0.06 40.17 

IC14728 IB 
0.22 
0.24 
0.28 

0.31 46.39 

IC14744 IB 
0.23 
0.03 
0.10 

0.12 86.60 

IC14745 IB 
ND 
ND 
ND 

NA NA 

IC14753 IB 
0.44 
0.51 
0.57 

0.51 12.87 

IC14768 IB 
ND 
ND 
ND 

NA NA 

IC14769 IB 
0.13 
0.07 
0.27 

0.16 64.24 

IC6510 IC 
1.70 
0.16 
ND 

0.93 117.60 

IC6511 IC 
33.74 
44.76 
38.88 

39.12 14.09 

IC14609 IC 
1.57 
0.97 
0.73 

1.09 39.70 

IC14611 IC 
0.13 
ND 
0.14 

0.13 5.42 
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Table 4.6. (continued). 
 

IC14613 IC 
0.59 
0.70 
0.68 

0.65 8.88 

IC14645 IC 
ND 
ND 
ND 

NA NA 

IC14651 IC 
ND 
ND 
ND 

NA NA 

IC14674 IC 
0.15 
0.05 
0.23 

0.14 63.35 

IC14677 IC 
0.09 
0.03 
ND 

0.06 64.07 

IC14680 IC 
1.46 
0.60 
2.28 

1.45 58.00 

IC14683 IC 
1.37 
2.47 
4.60 

2.82 58.26 

IC14687 IC 
0.04 
0.14 
0.08 

0.8 56.47 

IC14691 IC 
32.73 
15.10 
25.18 

24.34 36.33 

IC14693 IC 
0.25 
0.58 
0.48 

0.44 38.80 

IC14722 IC 
28.31 
30.06 
22.97 

27.11 13.62 

IC14756 IC 
49.41 
24.80 
25.48 

33.23 42.20 

IC 14657 IC 
10.94 
14.31 
10.96 

12.07 16.10 
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Table 4.6. (continued). 
 

IC14770 IC 
24.78 
15.80 
21.89 

20.82 22.01 

ND, not detected; NA not applicable 
1 Relative standard deviation (%) is reported to allow comparisons of variance between replicates 
across isolates that produce aflatoxin at drastically different magnitudes. It represents the 
standard deviation from measurements of the technical replicates for each isolate proportional to 
the average concentration of those measurements. 
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Figure 4.1  Longitudinal population dynamics of A. flavus across four states. 
A. flavus biocontrol strains Afla-Guard=AG and AF36 were applied to cornfields in TX, NC, AR 

and IN. In parts (A), (B) and (C) the four innermost rings show the overall recovery and 
frequency of A. flavus evolutionary lineage (IB, IC), mating types (MAT1-1, MAT1-2) , aflatoxin 
(AF) cluster configuration (full, partial, missing) and treatment (untreated, Afla-Guard, AF36) 

across field populations. In (D) the treatment ring was replaced with sampling locations for field 
experiments (TX, NC, AR, IN) and reference strains (GA, AZ). The phylogenies displayed in the 

center of the rings are based on maximum likelihood searches using variation across the entire 
genome, with branches scaled to the number of nucleotide substitutions per site; the scale bar is 
shown at bottom of tree in part (B). Patristic distance is shown in the eight outermost rings and 
used to examine variation among all strains as compared to either Afla-Guard=AG (A) or AF36 

(B). The distance of each strain from AG or AF36 as a reference is shown using a heat map, 
where a value of zero (blue) indicates very close genetic similarity of the strain to the reference 
and a value of one (red) is high genetic dissimilarity. In part (C) the patristic scale is adjusted so 

that the maximum color value falls within lineage IB, revealing heterogeneity in patristic 
distances and potential clonality and recombination in lineage IB, not observed in (A).  Part (D) 

shows results from STRUCTURE analysis in the two outermost rings; the inner rings are the best 
clusters inferred from STRUCTURE LnP(D) and the outer rings are distinct clusters inferred 

using Evanno’s method. 
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Figure 4.2  Population structure of A. flavus in commercial TX cornfields. The phylogenies 
displayed in the center of the rings are based on maximum likelihood searches using variation 

across the entire genome, with branches scaled to the number of nucleotide substitutions per site; 
the scale bar is shown at bottom of tree in part (B). The innermost rings include all of the legend 
categories shown in Figure 1. The eight outermost patristic rings show the extent of clonality and 

recombination with respect to Afla-Guard (A) or AF36 (B); AF36 was included in the patristic 
analysis of the TX cornfields, that were treated only with AG, to determine if AF36 occurred 

naturally in untreated plots. In part (C) patristic distances were adjusted to filter out lineage IC 
strains that represent distances greater than one (white). The two outermost STRUCTURE rings 

(D) show the number of distinct genetic clusters and degree of lineage admixture based on 
LnP(D) for the inner ring and Evanno for the outer.
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Table S4.1. Source and mycotoxin production of reference A. flavus isolates 

IC NRRL MAT Origin VCG B1 B2 
Total 

Aflatoxins CPA 

IC201 21882 2 GA 24 0 0 0 0 
IC217 20024 1 GA 1 4.8 (0.8) 0 (0) 4.8 (0.8)  
IC218 20025 1 GA 1 0.4 (0.1) 0 (0) 0.4 (0.1)  
IC219 20041 1 GA 2 1.6 (0.8) 0 (0) 1.6 (0.8)  
IC220 20042 1 GA 2 2.1 (2.9) 0 (0) 2.1 (2.9)  
IC221 20035 2 GA 4 41 (5) 0.2 (0) 41.2 (5)  
IC222 20036 2 GA 4 5.1 (0.7) 0 (0) 5.1 (0.7)  

IC225 20027 1 GA 5 5.5 (3.4) 0.1 
(0.1) 5.6 (3.5)  

IC226 20029 1 GA 5 9.5 (2) 0.1 (0) 9.6 (2)  

IC229 29459 2 GA 6 39.2 (22.4) 0.8 
(0.5) 40 (22.9) 22.5 (3.8) 

IC230 29460 2 GA 6 15.8 (13.3) 0.3 
(0.2) 16.1 (13.5) 26.9 (3.2) 

IC234 29464 2 GA 14 85.6 (5.8) 1.4 
(0.3) 87 (5.7) 60.7 (8.4) 

IC235 29465 2 GA 14 104.2 (16.7) 1.7 
(0.1) 105.9 (16.8) 65.6 (3.1) 

IC243 20050 1 GA 17 101.4 (12.8) 1.1 
(0.2) 102.5 (13)  

IC244 29473 1 GA 17 104.3 (10.3) 1.7 
(0.1) 106 (10.5) 64.9 (4.2) 

IC253 29482 2 GA 24 0 (0) 0 (0) 0 (0) 0 (0) 
IC277 29506 2 GA 32 0 (0) 0 (0) 0 (0) 99.6 (20.7) 

IC278 29507 1 GA 33 99.4 (46.2) 1.8 
(1.1) 101.2 (47) 76.8 (4.8) 

IC301 29530 1 GA 56 16.8 (3.3) 0.1 (0) 17 (3.3) 100.3 
(17.6) 

IC307 29536 2 GA 62 139.8 (5.1) 3.1 
(0.1) 142.9 (5.1) 77.2 (1.5) 

IC308 29537 1 GA 63 39.8 (6.5) 0.6 
(0.1) 40.4 (6.6) 183.5 

(18.3) 
IC310 35736 1 NC  0 0 0 0 
IC311 35737 1 AL  0 0 0 0 
IC313 35739 2 TX 76 0 0 0 0 
IC904 5590 2 JP  0 0 0 0 
IC1179 18543 2 AZ YV36 0 0 0 0 

 
Culture collection designations: IC (I Carbone), NRRL (Agricultural Research Service Culture 
Collection, Peoria, Illinois). Mating-type designations are from Ramirez-Prado et al. (2008) and 
VCG is based on Horn and Greene (1995). Mean mycotoxin concentrations (µg/mL; n=3) are 
shown; standard deviations are indicated in parentheses. Isolates were grown on yeast extract-
sucrose broth in vials at 30°C and cultures were analyzed for mycotoxin production via high-
performance liquid chromatography (Horn et al. 1996).
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Table S4.2. Population parameters estimates in A. flavus across treatments and years. 

 

aNumber of A. flavus isolates from Lineage IB and IC included in the analysis.  
bAverage pairwise differences between nucleotides. 
cPer-site estimate of the average pairwise differences between nucleotides.  
dWatterson’s estimator of the lineage-scaled mutation rate. 
eWatterson’s estimator of the lineage-scaled mutation rate per site.  
fTajima’s D estimates the departure from neutrality. 
gFu and Li D is a measure of the departure of the frequency spectrum from neutral expectations 
hFu and Li D* is a measure of the departure of the frequency spectrum from neutral expectations. 
iNumber of segregating sites. 
jHudson’s 4Nc estimate of recombination 
kPer-site estimate of Hudson’s 4Nc  
lEstimate of gamma population recombination rate per base.  
mHudson’s c/µ estimate 
nWright’s FST measure of genetic differentiation between lineages or treatments. 
  

 Lineag
e 

Treatmen
t na πb π/bpc qd q/bpe Tajima Df Fu & 

Li Dg 
Fu & 
Li D*h si Hud4N

cj 
Hud4Nc/
bpk g/bpl c/um FST

n 

2013 
UTC IB Untreated 51 5.09 0.00171 10.224 0.00343 -1.7184 -3.5956 -3.1179 46 7.21 0.002419 0.02514 0.724 0.324 
 IC Untreated 97 30.75 0.01032 114.247 0.03834 -2.489 -4.3813 -4.3813 588 1.373 0.000461 0.00248 0.6558 
2013 
TRT IB Treated 53 11.16 0.00182 25.562 0.00416 -1.9971 -5.2863 -4.8075 116 NA NA 0.0231 0.5541 

0.422 
 IC Treated 16 73.48 0.01197 74.739 0.01218 -0.0733 -0.5335 -0.0049 248 12.55 0.002045 0.01654 1.3585 
1 year IB Untreated 69 8.05 0.00093 22.481 0.00259 -2.2026 -3.4731 -3.002 108 1.373 0.000158 0.00442 1.7061 0.003 
  Treated 167 6.06 0.0007 28.46 0.00328 -2.5121 -5.9343 -5.9344 162 NA NA 0.00195 0.5939 
 IC Untreated 127 77.48 0.00716 203.97 0.01884 -2.0697 -2.3811 -2.0774 1105 4.234 0.000391 0.01826 0.9694 

0.01 
  Treated 48 54.99 0.00508 133.169 0.0123 -2.1518 -4.5455 -3.721 591 0.038 0.000004 0.01039 0.8451 
3 years IB Untreated 61 9.33 0.00136 32.266 0.00471 -2.4941 -4.6396 -4.0163 151 NA NA 0.01305 2.7721 

0.008   Treated 72 11.94 0.00174 28.472 0.00415 -1.9957 -1.9957 -0.5126 138 4.578 0.000668 0.00564 1.3586 
 IC Untreated 23 346.7 0.04762 490.678 0.06738 -1.1989 -1.3572 -0.9681 1811 6.905 9.48E-05 0.07447 1.1052 

0.15 
  Treated 5 98.8 0.01357 107.04 0.0147 -0.5873 0.9091 -0.5873 223 NA NA 0 0 
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Figure S4.1. Plot layout of cornfields in the longitudinally sampled biocontrol study.  This 
schematic shows the plot layout for the cornfields in Rocky Mount, NC in 2013 and 2014; all 
four states had similar plot layouts. Fields were split into 12 plots with three treatments:  UTC 
(untreated), Afla-Guard®, and AF36 replicated 4 times each throughout the field. Each plot was 
made up of 8 130’ rows of maize; all treatments and samples were taken from the center of rows 
3 and 4 to ensure a 100’ buffer separated treatments.  
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Figure S4.2. Samples from commercial cornfields in Texas. Circled letters indicate the 
locations of sampling sites. Fields A and C were untreated, and fields B and D were treated with 
Afla-Guard® in 2011. Corn was planted continuously from 2011-2014 when samples were taken 
except for field B; corn was planted and rotated with wheat in 2013 in field B.  
 
 
  

 
 
 
 
 
 

 
 
 
 
 

Figure S2 
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Figure S4.3. (continued). Population structure using principal component analysis (PCA).  
For each treatment time point two PCA scatter plots are shown for genome-wide variation in A. 

flavus across TX, NC, AR and IN (reference strains are from GA and AZ).  The PCA cubes 
show the distribution of individuals based on their membership in one of two clusters inferred 

from the Gap statistic and overlaid with lineage (PCA cube on left) or state (PCA cube on right). 
The color scheme and shapes are unique for each PCA cube.  
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Figure S4.4  Phylogenetic congruence using the Hypha module in Mesquite. Phylogenetic 
congruence of each chromosome phylogeny compared to the total evidence display tree for 
different time points is shown using grids on node partitions. In each grid bootstrap support 

values are displayed with each box from left to right representing one of eight chromosomes; the 
box on the bottom right is for the mitochondrial genome.  Colors in grids represent node 

bipartitions that were supported at a bootstrap support value ≥70% (black color), <70% (white 
color), and missing or inapplicable (grey color).  Phylogenetic incongruency was represented as 

high conflict (red color) and low conflict (cyan color).  Additional attributes (lineage, state, 
treatment and mating type) are shown in columns adjacent to the strain names.
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(D)   3 years
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Figure S4.5. Chromosomal LD plots.  LD plots are displayed using Haploview for each 
chromosome across four different time points. In each LD plot, black lines outline the edge of 
the spine of strong LD.  In the coloring scheme, red represents strong LD (LOD ≥ 2, D' = 1), 

shades of pink/red represent intermediate LD (LOD ≥ 2, D' < 1), blue represents weak LD (LOD 
< 2, D' = 1) and white represents no LD (LOD < 2, D’ < 1). 
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CHAPTER 5 

Conclusions and Future Research 

 

The research reported in this dissertation provides valuable insights into population 

dynamics of Aspergillus flavus and how biological control influences and shifts populations. A. 

flavus produces aflatoxins, toxic compounds that cause an array of health disorders, in maize, 

peanuts, cotton, and other many other crops, and the most successful management of aflatoxins 

comes through the application of non-aflatoxigenic biological control strains that outcompete the 

native population to reduce aflatoxin levels in grain. In this research, we addressed several 

hypotheses including combining agricultural practices with biocontrols to reduce aflatoxin 

levels, native strains are possibly provide more sustainable control of aflatoxins, and clonal 

expansion after biocontrol application. These findings provide insights into the underlying 

mechanisms of biocontrol in A. flavus. In addition, this research could aid in the development of 

new biocontrol strategies for long-term reduction of aflatoxin contamination. 

Our field studies revealed that biological control is the best control measure to reduce and 

prevent aflatoxin contamination in the field. We provide data over a three-year period using 

various control measures in order to report the Best Management Practices to maize growers in 

North Carolina.  

It is hypothesized that using native strains to reduce aflatoxin in a region may provide 

reduction of aflatoxin through successive growing seasons due to being better adapted to the 

environment. We employed genotype-by-sequencing data to choose strains native to North 

Carolina to deploy in the field as candidate biocontrols. These strains were applied as single 

isolates and in pairs of opposite mating types. A. flavus is a heterothallic fungus, and sexual 
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recombination has been observed in lab and field. We hypothesize that using native strains of 

opposite mating types could reduce aflatoxin levels further than the current biocontrols and could 

provide a more sustainable control measure by recombining and spreading non-aflatoxicity 

throughout the field. Our candidate biocontrols did perform better than Afla-GuardÒ and AF36, 

and the candidate pair of strains of opposite mating types reduced aflatoxin contamination the 

furthest. These isolates need to be tested in the field over several years and in different locations 

around North Carolina to address whether these findings hold true in subsequent years.  

In our long-term study, we analyzed populations of A. flavus from North Carolina, Texas, 

Arkansas, and Indiana, and found that population structure between lineages IB and IC is strong 

and transcends state boundaries. We report an approximately equal distribution of mating types, 

indicative of sexual recombination, in native populations, followed by clonal expansion, 

especially of lineage IB of which Afla-GuardÒ is a member, three months after biocontrol 

application. We provide the first evidence for recombination between native and biocontrol 

strains of A. flavus by demonstrating the new VCGs within lineage IB and IC one year after 

biocontrol application. This key finding demonstrates a role for sexual recombination in the 

disease cycle of A. flavus and its importance when developing new biocontrol strategies.  

Fusarium verticillioides causes stalk and ear rot of maize and often co-infects maize with 

A. flavus. F. veriticillioides produces fumonisins, which have been linked to various diseases in 

animals and neural tube defects and stunted growth in children. As part of this dissertation 

research, F. verticillioides was also sampled corn kernels from these four states. Future research 

will focus on F. verticillioides populations and their shifts due to the application of biocontrol for 

aflatoxins.  


