
 

 

ABSTRACT 

LEWIS, MARY HUNT. Genetic Structure of Soil Populations of Aspergillus Section Flavi 

and Efficacy of Biocontrol of Aflatoxin Contamination in Corn. (Under the direction of Dr. 

Ignazio Carbone and Dr. Peter S. Ojiambo). 

Corn is contaminated with aflatoxin, a carcinogenic mycotoxin, when aflatoxigenic 

strains within Aspergillus section Flavi infect corn kernels. Biocontrol using non-

aflatoxigenic strains of A. flavus have been shown to have the greatest potential to control 

aflatoxin contamination in corn. However, factors that influence the efficacy of biocontrol 

agents in different locations are not fully understood. One factor affecting the effectiveness 

biocontrol could be the genetic structure of the native soil populations of Aspergillus section 

Flavi. In this study, we investigated how the genetic structure of native soil populations of 

Aspergillus section Flavi could impact the effectiveness of two commercially available 

biological control products in different locations in the southeastern US. Field trials were 

conducted in Alabama, Georgia and North Carolina in the 2012 and 2013 growing seasons. 

Biocontrol products AF36 and Afla-Guard® were applied to the corn at the VT stage. Soil 

samples were collected prior to and 1-week after biocontrol application and at harvest to 

determine the genetic structure of soil populations. In all states, A. flavus (61-100%) was the 

most dominant species within section Flavi, with A. parasiticus (<35%) being the second-

most frequently isolated species. A. nomius, A. caelatus and A. tamarii were detected only in 

Alabama, but at very low frequencies (<5%). Multi-locus sequence typing revealed that prior 

to biocontrol application in North Carolina in 2012, 48% of the  isolates were the same 

haplotype as the biocontrol strain Afla-Guard, which belongs to lineage IB, while only 6%  



 

 

were of the same haplotype as AF36, which belongs to lineage IC. Phylogenetic analyses 

revealed that strains of the Afla-Guard haplotype persisted in the field throughout the study 

better than strains similar to the AF36 haplotype. Similar results were observed in Alabama 

in 2012 and Georgia in 2013, where the percentage of isolates matching Afla-Guard 

increased from 36% to 68% and 12% to 95% from the pre-application sampling period to the 

harvest sampling period in Alabama and Georgia, respectively. Many isolates shared the 

same multi-locus haplotype across all three states, which provides evidence of shared 

patterns of descent. In addition, a two-tailed binomial test of clone-corrected mating-type 

data showed that populations at every sampling period, except for the Alabama pre-

application sampling periods in 2012 and 2013, had a recombining population structure 

consistent with sexual reproduction. Aflatoxin levels in harvested grain were generally low in 

untreated plots (2 to 104 ppb) in all locations and years. However, significant differences in 

aflatoxin contamination of grain between treated and untreated plots were observed in North 

Carolina in 2012. Here, contamination was also significantly lower in grain from plots 

treated with Afla-Guard than from those treated with AF36. These results seem to suggest 

that matching the biocontrol product to the predominant A. flavus haplotype of the native soil 

population can increase efficacy of biocontrol of aflatoxin contamination. The use of 

biocontrol strains that are genetically similar to native soil populations may be important in 

the sustainable use of biological control to mitigate aflatoxin contamination in corn. 
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CHAPTER 1: LITERATURE REVIEW 

1.1. CORN 

Corn (Zea mays L.) is a member of the Family Poaceae in the Kingdom Plantae. 

Poaceae, also known as Gramineae, or true grasses, is a large and nearly ubiquitous family of 

monocotyledonous flowering plants with more than 10,000 domesticated and wild species 

that include economically important crops such as wheat, rice and barley. Poaceae represents 

the fifth-largest plant family. Domesticated corn  is thought to have originated from selection 

of Zea mays ssp. parviglumis, a wild, annual teosinte native to the Balsas River Valley in  

Mexico between 6,000 to 10,000 years ago (Matsuoka et al., 2002; Piperno and Flannery, 

2001).  

Corn is the second most produced cereal crop globally behind sugarcane and outranks 

other economically important crops such as rice and wheat (FAO, 2013). In 2013, the US 

was the largest producer of corn with 350 million metric tons, followed by China with about 

215 million metric tons (FAO, 2013). Nutritionally, corn is composed of about 72% starch, 

10% protein, and 4% fat and also provides many B vitamins and fiber, but is poor in calcium 

and iron (Nuss and Tanumihardjo, 2010). In many developing countries in Africa such as 

Malawi and Zimbabwe, people consume more than 240 g of corn per day while, in the US, 

consumption is less than 50 g per person per day (Ranum et al., 2014). In the US, nearly 40% 

of corn is used for the production of ethanol and 50% is used for the production of animal 

feed (Ranum et al., 2014). Thus, corn is an economically important crop in developed 

countries and an important food staple in many developing countries.  
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Corn is grown mainly in the Midwestern, southeastern, and northeastern regions of 

the US. The Midwestern states of Illinois, Iowa, Minnesota and Nebraska alone produce over 

50% of the total corn produced in the US. Losses due to various diseases account for around 

9% of the yield total yield loss. Mississippi and North Carolina have the largest acreage of 

corn in the southeastern region. In 2012, diseases on corn caused an estimated 11% yield loss 

across the US. In the southern-most states, fungal diseases such as charcoal rot, Fusarium ear 

and stalk rot, and Aspergillus ear rot are responsible for these yield losses (Wise and Mueller, 

2014). Aspergillus ear rot is of particular importance due to accumulation of mycotoxins in 

corn grain following infection of corn ears by members of Aspergillus section Flavi during 

the growing season.  

 

1.2. TAXONOMY AND BIOLOGY OF ASPERGILLUS 

The fungal genus Aspergillus, which belongs to the Phylum Ascomycota and the  

Class Eurotiomycetes, was first described by Pier Antonio Micheli, a Florentine priest, in 

1729 (Etymologia, 2006). The name “aspergillus” is derived from the observation that the 

conidiophore of the fungus is similar in structure to a religious tool used to sprinkle holy 

water in the Roman Catholic Church (Amaike and Keller, 2011). The genus Aspergillus is 

comprised of over 200 species, including A. flavus and A. parasiticus, which are two 

economically and medically important fungi (Klich, 2007). 

The asexual (or anamorphic) stage of A.  flavus was first described by H.F. Link in 

1801 (Amaike and Keller, 2011). Recently, the sexual (or teleomorphic) stage was 
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discovered and described as Petromyces flavus (Horn et al., 2009a). In addition, the sexual 

stage of A.  parasiticus was recently discovered and named Petromyces parasiticus (Horn et 

al., 2009b). The role of the anamorphic stage of the fungus in the disease cycle of these 

pathogens is well described, however, the importance of the sexual stage of these fungi in the 

epidemiology of the disease is yet to be established (Horn et al., 2014). 

Sexual reproduction in Aspergillus section Flavi can only occur between an 

individual with the MAT1-1 gene and another individual with the MAT1-2 gene at the 

mating-type locus. When sexual reproduction occurs in P. flavus, multiple nonostiolate 

ascocarps form within a pseudoparenchymatous matrix. Within the ascocarp are oblate, 

finely tuberculate ascospores that are surrounded by an equatorial ridge. The reproductive 

structures of P. flavus and P. parasiticus are very similar and can only be distinguished when 

the individual species are in their anamorphic states (Horn et al., 2009a).  Aspergillus 

parasiticus colonies tend to be a darker green color and have rough conidial walls (Klich, 

2007). Aspergillus flavus and A. parasiticus as well as A. nomius, A. tamarii, A. caelatus, and 

A. bombycis are members of Aspergillus subgenus section Flavi (Peterson et al., 2001). 

Members within A. flavus have classically been divided into two morphological 

groups based on sclerotial size: L- (or large) strain having sclerotia > 400 mm and S- (or 

small) strain having sclerotia < 400 mm in size (Horn, 2005). Exchange of genetic material 

through the parasexual cycle can occur through a self/non-self recognition system called 

vegetative incompatibility. Parasexual genetic exchange can occur only when hyphae of an 

individual strain come into contact with hyphae of another individual that share the same 
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 heterokaryon (het) incompatibility alleles. Within L- and S-strains are vegetative 

compatibility groups (VCGs) that can limit asexual gene exchange between individuals with 

differing het loci (Leslie, 1993). Phylogenetic analysis by Geiser et al. (2000) showed that L- 

and S-strains are monophyletic. 

Within Aspergillus section Flavi, genetic variation is greater between individuals in 

different VCGs than between individuals within the same VCGs and most morphological 

variation has been attributed to limited genetic exchange via the parasexual cycle (Leslie, 

1993; Horn et al., 1996). More recently though, it was reported that sexual recombination can 

occur between A. flavus strains in different VCGs and that a single sexual reproduction event 

can generate new VCGs and mycotoxin profiles (Olarte et al., 2012). The latter may explain 

in part why some studies report VCG diversity in a given location as being both high and 

very dynamic, even over short periods of time (Scheidegger and Payne, 2003).  

The S-strains of A. flavus can be further classified into SB and SBG phenotypes based 

on their toxin profiles (Egel et al., 1994). These two phenotypes differ in their global 

distribution. Cotty and Cardwell (1999) were unable to detect the SBG phenotype in North 

America where the SB phenotype was predominant, while they did not detect the SB 

phenotype in West Africa where the SBG phenotype was predominant. The phylogenetic 

relationship between SB, SBG and L-strains is complicated, though two phylogenetic groups 

have been resolved. The first group, Group I, is comprised of SB phenotypes that are closely 

related to the L-strains while Group II contains both SBG and some SB strains; group I has 

been further subdivided into lineages IA, IB and IC (Geiser et al., 2000). 
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1.3. PATHOGEN ECOLOGY 

Aspergillus flavus and A. parasiticus, two of the most agronomically important fungi 

in Aspergillus section Flavi (Kwon-Chung and Sugui, 2009), spend a large part of their life 

cycle as saprophytes, obtaining nutrients from decaying matter in the soil or plant debris 

(Amaike and Keller, 2011). These fungi overwinter via the formation of resistant structures, 

known as sclerotia, in the soil or as mycelia. When environmental conditions are favorable, 

sclerotia germinate to produce hyphae or asexual spores known as conidia, which can be 

dispersed over moderate distances (Scheidegger and Payne, 2003). Aerial dispersal of 

conidia appears to be most important for successful infection of aerial crops like corn and 

tree nuts, while dispersal by rain splash or soil movement appears to be most important for 

infection of peanut and cotton (Amaike and Keller, 2011). Recent research suggests that 

some sclerotia that overwinter may produce sexual spores, known as ascospores (Horn et al., 

2009a). Though they are not considered aggressive plant pathogens, A. flavus and A. 

parasiticus can infect crops such as corn, cottonseed, peanuts and tree nuts (Klich, 2007), 

especially when these plants are under drought stress or when infested by insects. 

Aspergillus flavus is the causal agent of Aspergillus ear rot on corn, aflaroot disease 

on peanut, and boll rot or yellow spot disease on cotton (Klich, 2007). This fungus is more 

frequently isolated from all crops while A. parasiticus is mainly associated with peanut 

(Horn, 2005), although A. flavus is still the most frequently isolated species from peanut. The 

differential association with specific crop hosts among these two species is not well 

understood. However, each species prefers a certain range of temperature for optimum 
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growth with A. parasiticus preferring cooler soil conditions compared to A. flavus which is 

more commonly found on aerial crops (Horn, 2005). While both species are equally 

aggressive when inoculated onto corn ears, A. flavus is thought to persist better in plant 

debris and can therefore produce conidia earlier in the season than A. parasiticus (Zummo 

and Scott, 1990). Although Aspergillus exists in diverse ecological niches worldwide, 

members of section Flavi are mainly concentrated between the 16
th

 and 35
th

 latitudes where 

significant damages on corn are observed. A. flavus are most concentrated within the 

latitudes of 26° to 35° with species abundance peaking in the subtropical zones. This 

latitudinal range for Aspergillus species renders aflatoxin contamination a serious threat in 

these regions (Klich, 2002).  

 

1.4. PRODUCTION OF AFLATOXINS BY ASPERGILLUS SECTION FLAVI 

Several members within Aspergillus section Flavi produce different types of 

mycotoxins. These mycotoxins are produced as secondary metabolites and include 

ochratoxin, cyclopiazonic acid (CPA) and aflatoxins. Aflatoxins are polyketide-derived 

secondary metabolites that are carcinogenic, immunosuppressive and teratogenic 

(Scheidegger and Payne, 2003). While the production of aflatoxins was once considered 

unique to the genus Aspergillus, it has recently been discovered that a strain of Fusarium 

kyushuense, a causal agent of Fusarium maize ear rot, also produces aflatoxins B1 and G1 

(Schmidt-Heydt et al., 2009). Members of the genus Aspergillus that produce aflatoxins 

belong to either Aspergillus section Flavi, Aspergillus section Nidulantes or the recently 
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proposed section Ochraceorosei (Cary et al., 2007). Many species in section Flavi also 

produce CPA, a mycotoxin that is linked to neurological disorders (Richard and Payne, 

2003). Cyclopiazonic acid is often found to be present in products contaminated with 

aflatoxin (Burdock and Flamm, 2000).  

Species of interest within section Flavi include Aspergillus flavus and Aspergillus 

parasiticus, which are the most economically important, mycotoxin-producing Aspergillus 

species (Pildan et al., 2008). A. flavus is the second-most important pathogenic species of 

Aspergillus known to cause aspergillosis in humans and animals with A. fumigatus being the 

leading pathogen (Amaike and Keller, 2011). Aspergillosis usually occurs through inhalation 

of conidia which leads to bronchopulmonary allergic symptoms. Some animals are more 

susceptible to infection by A. flavus than others with rabbits, chickens, honeybees, and geese 

being the most sensitive. Recently, A. flavus was also reported to be the leading cause of 

fungal corneal infections, or mycotic keratitis (Amaike and Keller, 2011). Another important 

species within section Flavi is Aspergillus oryzae, an economically important fungus which 

is closely related to A. flavus but does not produce any toxins. This species is important in the 

production of many fermented foods including soy sauce, fish sauce and sake 

(Chancharoonpong et al., 2012). 

Aflatoxins were first described in the 1960s following investigations into the death of 

several thousand young turkeys on a farm in England (Cole, 1986). The disease, called 

Turkey X disease, appeared after poultry ingested contaminated peanut meal imported from 

Brazil. Similar outbreaks were also reported in cattle and livestock in Brazil that were given 
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the contaminated feed (van der Zijden et al., 1962). The toxin-producing fungus was 

identified as Aspergillus flavus in 1961 and the toxin was given the name “aflatoxin” by 

virtue of its origin. A later study found that CPA was present in the peanut samples from the 

feed implicated in the outbreak. This latter observation suggested that CPA may have also 

have played a role in the outbreak of Turkey X disease.  

Aflatoxicosis, a disease in animals caused by aflatoxin poisoning, is distinct from 

aspergillosis, which is caused by infection by certain Aspergillus species. Aflatoxicosis 

occurs chronically through daily intake of low doses of aflatoxins or in an acute manner, with 

just a few exposures of high concentrations of these toxins. Health effects of acute exposure 

to aflatoxins include liver cirrhosis and, ultimately, death. Chronic exposure to low levels of 

aflatoxin, on the other hand, has been associated with liver cancer, stunted growth in children 

and immunosuppression in both humans and domesticated animals (CDC, 2004; Williams et 

al., 2004; Turner et al., 2003). 

Aspergillus parasiticus produces aflatoxins B1, B2, G1 and G2 while A. flavus mainly 

produces aflatoxins B1, B2 and CPA. S-strains of A. flavus that produce both B and G 

aflatoxins are termed SBG strains while S-strains that only produce B toxins are termed SB 

(Egel et al., 1994). Aflatoxin B1 is the most potent, naturally occurring carcinogen known 

and is the only mycotoxin classified as a group 1a human carcinogen by the International 

Agency for Research on Cancer (IARC, 2002; Wogan, 1992; Bhatnagar et al., 2000). The 

two major morphotypes of A. flavus, which are L- and S-strain, differentially produce 

aflatoxin. While S-strains consistently produce high concentrations of aflatoxin (Probst et al.,  
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2010), L-strains vary in their aflatoxin production. Some L-strains produce high amounts of 

aflatoxins while others produce no aflatoxin (Cotty, 1989). Strains that do not produce 

aflatoxins are commonly referred to as non-aflatoxigenic. Although it was first suggested that 

variation in mycotoxin production in a population was due to differences between VCGs 

(Horn et al., 1996), recent evidence suggests that sexual reproduction in Aspergillus may also 

account for the variation in mycotoxin profiles within populations (Olarte et al., 2012). 

Contamination of food crops by aflatoxigenic fungi can result in the accumulation of 

aflatoxins (Cotty, 1994), which can lead to economic losses due to strict regulations on 

aflatoxin levels in grain set by more than 100 developed countries (Liu and Wu, 2010). The 

US Food and Drug Administration has set the limit for the allowable amount of aflatoxin in 

corn destined for use as human food and animal feed at 20 ppb of total aflatoxins while the 

guidelines in the European Union tolerate no more than 4 ppb of total aflatoxins (Van 

Egmond and Jonker, 2004). Any products found to have aflatoxins above the recommended 

limits are usually rejected for subsequent marketing. The US market losses from aflatoxin 

contamination alone are estimated to be in the hundreds of billions (Wu and Guclu, 2012). In 

2012, it is estimated that 25% of harvested US corn was contaminated with mycotoxins 

(Wise and Mueller, 2014). 

 

1.5. MANAGEMENT OF AFLATOXIN CONTAMINATION IN CORN 

Environmental conditions, such as drought stress and high temperatures, may lead to 

more favorable conditions for A. flavus and A. parasiticus infection of peanut and corn (Cole 
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et al., 1982; Payne, 1998). Thus, a greater risk of aflatoxin contamination outbreaks can be 

expected under such conditions. Given that A. flavus grows readily at temperatures between 

25°C to 42°C and temperatures above 30°C cause drought stress on corn, heat stress can also 

lend a great advantage to the invading fungus, while putting the crop at a disadvantage 

(Scheidegger and Payne, 2003). Cultural practices, such as irrigation and adequate 

fertilization, can be used to reduce plant stress (Payne, 1992; Munkvold, 2003) and, thereby, 

reduce the risk of aflatoxin contamination. Nonetheless, these practices have been shown to 

produce inconsistent results and cannot be relied on to control aflatoxin contamination levels 

low during high-stress seasons (Payne, 1998; Klich, 2007). These practices may also be 

impractical in developing countries where growers cannot afford irrigation and fertilizer 

application under subsistence crop production. 

Currently, there are no commercial, high-yielding cultivars with adequate resistance 

to aflatoxin contamination, although genes conferring resistance and susceptibility have been 

identified (Kelley et al., 2012; Warburton and Williams, 2014). The lack of resistant cultivars 

is in part due to the year-to-year variation, the effect of environmental factors on 

contamination and the fact that host susceptibility to A. flavus contamination is controlled by 

multiple genes (Payne, 1992; Kelley et al., 2012; Warburton and Williams, 2014).  

Insect damage has been associated with aflatoxin contamination because it is thought 

to create a mode of entry for the fungus (Diener et al., 1987). The use of Bt, which involves 

the stable transformation of a crop with Cry1Ab, a bacterial insecticidal protein, has been 

used in plant protection for many years now. While the use of transgenic technology using Bt  
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to reduce insect damage has had some success in peanut, no consistent aflatoxin 

contamination control has been observed in corn or cotton with this trait (Cotty and Bock, 

1997; Zipf and Rajasekaran, 2003; Abbas et al., 2013). Studies suggest that the effectiveness 

of Bt, like traditional resistance breeding, is highly dependent on environmental conditions 

(Amaike and Keller, 2011). 

Chemical control, or the use of compounds that inhibit the fungus or the aflatoxin 

pathway, is still under investigation. Recently, respiration inhibiting chemicals, which were 

found to inhibit aflatoxin synthesis in prior screenings, were found to be effective at reducing 

aflatoxin in laboratory tests, though fungal growth was not affected (Sakuda et al., 2014). 

Given that oxidative stress is known to increase aflatoxin production, one option for 

controlling aflatoxin contamination would be the development of chemicals that can reduce 

the fungal stress response (Kim et al., 2006). Another option involving chemical control 

would be to genetically engineer antifungal compounds into the plant (Payne, 1992; 

Rajasekaran et al., 2009). For example, plant proteins such as ribosome-inhibiting protein 

RIP-1 and pathogen-related (PR) protein zeamatin inhibit hyphal tip growth in A. flavus and 

PR protein ZmPR-10 has RNase activity (Rajasekaran et al., 2009). These proteins could be 

valuable in combating infection by this fungus if they can be successfully transformed into 

susceptible crops with agronomically desirable traits.  

Perhaps the most promising control option that has been developed for managing 

aflatoxin contamination is biological control through the application of non-aflatoxigenic A. 

flavus strains during the field season. Although studies have identified many aflatoxin- 
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reducing strains (Atehnkeng et al., 2008; Abbas et al., 2006), the products AF36 and Afla-

Guard® are the only commercially available for use on corn in the US. The biological 

control strain in AF36 was originally isolated from upland cotton seed in Arizona (Cotty, 

1989), while the strain in Afla-Guard was isolated from peanut in Georgia (Dorner et al., 

1992). Afla-Guard, which does not produce CPA or aflatoxins, belongs to lineage IB. 

Lineage IB is composed of L strains of A. flavus that do not produce aflatoxins and strains of 

A. oryzae (Geiser et al., 2000). AF36, which has a full aflatoxin gene cluster and a functional 

CPA cluster, belongs to lineage IC, which is composed of both aflatoxigenic and non-

aflatoxigenic strains (Geiser et al., 2000; Moore et al., 2009). According to two separate 

studies, use of biological control in corn can reduce aflatoxin contamination by as much as 

85% compared to an uninoculated control (Dorner et al., 1999; Abbas et al., 2006). 

 

1.6. RATIONALE AND JUSTIFICATION 

Among the available control options to mitigate aflatoxin contamination, biological 

control has been shown repeatedly to reduce aflatoxin contamination in corn (Abbas et al., 

2006), as well as other crops such as cotton (Cotty, 1994), pistachio (Doster et al., 2014) and 

peanut (Dorner and Horn, 2007). While this method of control is increasingly being adopted 

worldwide on many crops, aspects such as the long-term sustainability of the use of these 

non-aflatoxigenic strains and the effect of these biocontrol products on the native soil 

populations of A. flavus are not well understood (Ehrlich, 2014).  
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Field observations indicate that Afla-Guard is more effective than AF36 in reducing  

aflatoxin contamination on corn in North Carolina. Further, field observations also suggest 

that both AF36 and Afla-Guard can be effective at reducing aflatoxin on corn in Texas 

(Isakeit, 2011). Given that the genetic structure of native population A. flavus in the 

southwestern US is thought to be different from that in the southeastern US, it’s plausible to 

hypothesize that the efficacy of biocontrol can depend on the composition of native A. flavus 

in a given field. If this hypothesis is true, understanding the genetic structure of soil 

populations in the field can allow for the improvements in biocontrol efficacy by matching 

biocontrol strains to specific locations or regions.  

The overall goal of this study was to examine the role of the genetic structure of soil 

populations of Aspergillus section Flavi in the efficacy of biocontrol of aflatoxin 

contamination in corn. The specific objectives of this study were to: 1) establish the 

distribution and dynamics of members of Aspergillus section Flavi following application of 

AF36 and Afla-Guard in the field, 2) determine the dynamics and frequency of haplotypes of 

Aspergillus flavus in soil population treated with AF36 and Afla-Guard, and 3) relate 

aflatoxin contamination in grain to the frequency of haplotypes of Aspergillus flavus in the 

soil. Understanding how well biocontrol strains establish in a field relative to the native 

population at the site of application can also be useful in selecting biocontrol strains that will 

be most effective in a given location or region (Carbone et al., 2007).  The use of regionally 

adapted non-aflatoxigenic strains is important in the sustainable use of biological control in 

reducing aflatoxin contamination in corn and can also alleviate concerns regarding 
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introductions of exotic strains in local populations and the ensuring consequence associated 

with new genetic material in the native microbial environment.  
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CHAPTER 2 

2.1 ABSTRACT 

 Biological control of aflatoxin using non-aflatoxigenic strains of Aspergillus flavus 

has the greatest potential to control aflatoxin in corn, though factors influencing its efficacy 

are not fully understood. In this study, we investigated how the genetic structure of native 

soil population of Aspergillus section Flavi may impact biocontrol effectiveness. Soil 

samples were taken from fields in Alabama, Georgia and North Carolina throughout two 

growing seasons (2012 and 2013) to examine the genetic changes in population structure. A. 

flavus was most frequent (61-100%) while A. parasiticus was second most commonly 

isolated species (<35%). Multi-locus sequence typing (MLST) revealed that all isolates share 

patterns of descent and have a recombining population structure consistent with sexual 

reproduction. Significant reductions in aflatoxin occurred in North Carolina in 2012 and plots 

treated with Afla-guard had lower levels of aflatoxin than plots treated with AF36. Because 

isolates genetically similar to Afla-Guard were present prior to and following biocontrol 

application, matching biocontrol products to the predominant A. flavus haplotype may 

increase biocontrol efficacy. 

 

2.2 INTRODUCTION 

Aspergillus section Flavi contains A. flavus and A. parasiticus, which are considered 

the most economically important mycotoxin-producing Aspergillus species (Kilch, 2007). 

These toxin-producing members of section Flavi contaminate the world’s major food crops,  
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which often leads to food security problems because of aflatoxins production by these fungi  

(Williams et al., 2004). Aflatoxin exposure in humans results in immune suppression, 

teratogenicity, and liver cancer (Bennett and Klich, 2003; Richard and Payne, 2003). 

Aflatoxins can form in grain during crop development, if the crop is stressed by heat or 

drought or has insect damage, and after crop maturation, if the crop is exposed to 

temperatures and moisture conducive to A. flavus infection post-harvest and in storage 

(Payne, 1992). Because of the dangers associated with aflatoxin, more than 99 countries have 

set regulatory levels for aflatoxin in corn, including the US, which has a limit of 20 ppb of 

aflatoxin for imported corn. Monetary losses from market losses in the US from aflatoxin are 

estimated to be in the hundreds of millions (Wu and Guclu, 2012). 

Biological control, the most promising of all aflatoxin control methods, works 

through the application of non-aflatoxigenic strains at high densities in the field. Because of 

competitive exclusion, the biocontrol strains exclude native, aflatoxigenic strains from the 

crop and the amount of aflatoxin contamination is reduced (Dorner, 2005). Currently, there 

are two biological control agents, available for AF management on corn: AF36 and Afla-

Guard
®
. Afla-Guard, which does not produce CPA nor aflatoxins, belongs to lineage IB. 

Lineage IB is composed of A. flavus L strains which do not produce aflatoxins, as well as 

strains of A. oryzae (Geiser et al., 2000). AF36, which has a full aflatoxin gene cluster and a 

functional CPA cluster, belongs to lineage IC, which is composed of both aflatoxigenic and 

non-aflatoxigenic strains (Geiser et al., 2000; Moore et al., 2009). 

Field observations indicate that Afla-Guard is more effective than AF36 in reducing  
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aflatoxin contamination on corn in North Carolina. We hypothesize that biocontrol efficacy  

depends on the composition of native Aspergillus section Flavi in the field. If this hypothesis 

is true, understanding the soil population genetic structure in the field can allow 

improvements in biocontrol efficacy by matching biocontrol strains to specific locations or 

regions. The overall goal of this study was to examine the role of the soil population genetic 

structure of Aspergillus section Flavi in the efficacy of biocontrol of aflatoxin in corn. The 

specific objectives of this study were to examine the distribution and dynamics of members 

of Aspergillus section Flavi following application of AF36 and Afla-Guard in the field, 

determine the dynamics of haplotypes of Aspergillus flavus in soil population treated with 

AF36 and Afla-Guard, and relate aflatoxin contamination in grain to the frequency of 

haplotypes of Aspergillus flavus in the soil. Understanding how well biocontrol strains 

establish in a field relative to the native population at a location will be useful in the future 

when selecting the most effective biocontrol strains (Carbone et al., 2007).   
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2.3 MATERIALS AND METHODS 

2.3.1 DESCRIPTION OF FIELD SITES 

Field experiments were conducted during the growing season in 2012 and 2013 in 

Alabama, Georgia and North Carolina. In 2012, trials were located at the Gulf Coast 

Research and Extension Center in Fairhope, Alabama and in Ben Hill County, Georgia. In 

2013, trials were located at the Prattville Agricultural Research Unit in Prattville, Alabama 

and at the Coastal Plain Experiment Station in Tifton, Georgia. In North Carolina, the 2012 

and 2013 experiments were conducted at the Upper Coastal Plain Research Station in Rocky 

Mount. In Alabama, the corn hybrid Pioneer 31P42 and DKC 67-88 were used in 2012 and 

2013, respectively, while in Georgia, the corn hybrids Pioneer 33M52 and DK 66-94 were 

used in 2012 and 2013, respectively. The corn hybrid DKC 64-69 was used in 2012 and 2013 

in North Carolina. Standard field plots measuring 51 m wide x 69 m long, with 1.5 m borders 

were adopted in all the three states in both years. The northern-most location of field plots in 

Georgia was at 31° 25ʹ 50ʺ N, -83° 32ʹ 10ʺ W, in Alabama at 32° 27ʹ 30ʺ N, -86° 34ʹ 36ʺ W 

and in North Carolina at 35° 53ʹ 59ʺ N, -77° 40ʹ 31ʺ W.    

 

2.3.2 TREATMENTS AND EXPERIMENTAL DESIGN 

In this study, two commercially available biocontrol agents, AF36 (Cotty, 1989) and 

Afla-Guard® (Dorner and Lamb, 2006) were evaluated for their efficacy in reducing 

aflatoxin contamination in corn. The biocontrol AF36 was originally isolated from 

cottonseed in Arizona and the Afla-Guard strain was isolated from a peanut field in Georgia. 
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Both AF36 and Afla-Guard were evaluated in North Carolina in both 2012 and 2013 and in 

Alabama in 2013, while field plots in Alabama in 2012 and Georgia in 2012 and 2013 were 

treated with Afla-Guard only. 

Planting of the corn crop was conducted 21 March 2012 and 2 April 2013 in 

Alabama. In Georgia, planting was done 10 July 2012 and 1 May 2013. In North Carolina, 

planting was done 3 April 2012 and 11 April 2013. Fertilization and weed control practices 

were used at each field site according to standard management practices for corn growers in 

each state. Biological control treatments were applied aerially or manually as per the 

recommended label rates when plants were at the VT stage. Based on the number of 

biocontrol products, three experimental treatments (AF36, Afla-Guard and untreated control) 

were tested in North Carolina in both years and Alabama in 2013. Two experimental 

treatments (Afla-Guard and untreated control) were tested in Alabama in 2012 and Georgia 

in 2012 and 2013. In all states, the experiment was laid out in a randomized block design 

with three to four replications. Weather data at each site during the experimental period were 

obtained from the nearest state weather station or from the national weather database at the 

North Carolina State Climate Office in Raleigh (http://www.nc-climate.ncsu.edu/cronos).  

 

2.3.3 SOIL SAMPLING 

From each field, 20 soil samples (approximately 100 g each) were collected using 

sterile plastic scoops from 20 georeferenced points at approximately equal distances along 

two diagonals of the field. During the study, soil samples were taken at three sampling 
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periods: 1) prior to application of biological control treatments, 2) 1 to 2 weeks after 

application of biological control treatments, and 3) at harvest. In North Carolina, soil samples 

from the three sampling periods were collected on 23 May, 12 July and 17 September 2012, 

respectively, while in 2013 the samples were collected on 26 June, 5 July and 5 September
 

2013. In the 2012 trial in Alabama, soil samples were collected on 24 May, 18 June and 7 

September, while soil samples were collected on 2 July, 23 August and 20 September in 

2013. In Georgia, soil samples were collected on 18 May 2012 and 15 June in 2012 and no 

samples were collected at harvest due to flooding of the field. In the 2013, soil samples were 

collected from two time periods: before application of treatments on 28 May 2013 and after 

harvest on 21 Feb 2014. After sample collection, soils were placed in doubled-layered brown 

paper bags and dried on a laboratory bench for 1 week. Soil samples from Alabama and 

Georgia were shipped to North Carolina State University for subsequent analyses and then 

refrigerated at 4°C.  

 

2.3.4 FUNGAL ISOLATION AND IDENTIFICATION 

Each soil sample was first homogenized manually by shaking the contents in the 

sampling bag by hand for 1 min. A sample of 33 g of soil was then taken from each paper 

bag and the sample of soil was added to 100 mL of 0.2% water agar and then carefully 

shaken for 1 min. Soil-water agar suspension was then plated on modified dichloran Rose 

Bengal (mdRB) medium using a modified version of the methods described by Horn and 

Dorner (1998). Briefly, aliquots of 200 to 400 μl of the soil-agar suspension were spread on  
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the surface of mdRB medium contained in 100 x 15mm diameter Petri dishes. The actual 

volume of soil solution plated on the mdRB plates varied between samples of soil-agar 

suspension, so the appropriate aliquot volume was determined by experimenting with the soil 

to 0.2% water agar ratio (data not shown). After spreading the plates evenly using a sterile 

glass rod, the inoculated plates were incubated at 37°C for 3 days. Aspergillus colonies on 

the soil dilution plates were identified at the species level based on colony morphology, as 

well as color and shape of conidia as previously described elsewhere (Cotty, 1989; Klich and 

Pitt, 1988). For soil collected at each sampling period, 20 isolates of Aspergillus section 

Flavi were randomly picked from each soil dilution plate series and then transferred onto 60 

x 15 mm Petri dishes containing mdRB and incubated for 5 days. This resulted in a total of 

400 isolates from each field in each state and a total of 6,400 isolates across the 2 years of the 

study. Where necessary, colony transfers were done until a single culture was obtained on the 

mdRB medium. Final identification of the species was determined using NCBI Standard 

Nucleotide BLAST search tool on sequenced DNA fragments at the trpC locus (Olarte et al., 

2012). 

 

2.3.5 DETERMINATION OF COLONY FORMING UNITS 

The quantities of members of Aspergillus section Flavi in the soil were calculated as 

the number of colony forming units (CFUs) per gram. CFUs were calculated as previously 

described elsewhere (Horn and Dorner, 1998). The moisture correction factor in the 

calculation of CFUs was determined for each soil sample by determining the moisture loss 
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from 3 g of the soil collected at the first sampling period after drying for 2 days at 65°C. This 

was repeated for each of the 20 soil samples collected in the field and then averaged to 

determine the moisture correction factor for a soil sample at each site.  

 

2.3.6 DNA EXTRACTION AND MULTILOCUS SEQUENCE TYPING  

Spores were harvested directly from the single culture colonies obtained on mdRB 

and DNA was extracted from the spores using the CTAB method (He et al., 2007). Using 

PCR amplification, 80 to 90 isolates of Aspergillus flavus from each sampling period in each 

state in both years were selected for haplotype diversity analysis using multilocus sequence 

typing (MLST). Genome-wide variation was examined using MLSTs based on variation at 

three loci: microsatellite marker AF17 on chromosome 2 (Grubisha and Cotty, 2009), major 

facilitator superfamily mfs on chromosome 3, and tryptophan synthase (trpC) on 

chromosome 4.  MLSTs were used for clone-correcting mating-type (MAT) data as described 

previously (Olarte e al., 2012). Sequences of oligonucleotide primers (trpC, mfs, AF17, 

MAT) and thermalcycler conditions used in this study were also as previously described by 

Carbone et al. (2007) and Olarte et al. (2012). Reactions were run 5 min at 94°C followed by 

40 cycles for 30 s at 60°C for mfs, 58°C for trpC, MAT1-1 and MAT1-2, and 57°C for AF17, 

ending with 1 min at 72°C. Multiplex-PCR was used to determine mating-type using MAT1-

1 and MAT1-2 primers (Ramirez-Prado et al., 2008). All sequencing was performed by the 

North Carolina State University Genomic Sciences Laboratory in Raleigh, North Carolina. 
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DNA sequences were aligned and manually adjusted using Sequencher Version 4.7 

(Gene Codes Corporation, Ann Arbor, MI, USA). Alignments were exported as NEXUS files 

into the Mobyle SNAP Workbench (http://snap.hpc.ncsu.edu/), a web-based analysis portal 

deployed at North Carolina State University (Monacell and Carbone, 2014). SNAP Convert 

(Aylor et al., 2006) was used to convert NEXUS files into PHYLIP format. Alignments for 

each locus were combined using SNAP Combine (Aylor et al., 2006) and the intersect file 

containing only those isolates with data across all the three MLST loci was collapsed into 

haplotypes using SNAP Map (Aylor et al., 2006) with the option of recoding 

insertions/deletions (indels) (Olarte et al., 2012).  

 

2.3.7 POPULATION GENETIC AND PHYLOGENETIC ANALYSES 

Population summary statistics were generated to infer different genetic aspects of 

populations of Aspergillus species collected in this study. These statistics included the 

number of segregating sites (s), the average pairwise difference between sequences, π, based 

on Nei and Li (1979) and Watterson's θ (Watterson, 1975). Tajima's D (Tajima, 1989) and 

Fu’s FS (Fu and Li 1993) were used as tests of neutrality and population size constancy. The 

population recombination rate per base pair was calculated using Hey and Wakeley's γ 

estimator (Hey and Wakeley, 1997) implemented in SITES version 1.1. Wright’s FST for 

across all loci was calculated to evaluate divergence between geographical locality (North 

Carolina, Alabama and Georgia). Input files for calculating statistics were generated using 

SNAP Map excluding indels and assuming an infinite-sites model of DNA sequence 
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evolution. Input files for SITES were generated using the mdiv_to_sites XML implemented 

in the Mobyle SNAP Workbench portal. 

The phylogenetic relationship of 1335 isolates was examined for the combined multi-

locus dataset using maximum likelihood analysis implemented in RAxML (Stamatakis et al., 

2008). Confidence limits on branches were based on 1000 rapid bootstrap replicates. 

Phylogenetic trees were generated using the d3 JavaScript visualization library 

(https://github.com/mbostock/d3).  

 

2.3.8 MATING-TYPE DISTRIBUTION 

Clone correction was performed using MLSTs to eliminate accidental sampling of the 

same individual multiple times (Moore et al., 2013). In this study, the null hypothesis was 

that there is no significant difference between the frequencies of MAT1-1 and MAT1-2 

isolates at each sampling time period in each state and experimental year, which would 

indicate frequency-dependent selection consistent with sexual reproduction (Linde et al., 

2003). This hypothesis was tested using a two-tailed binomial test on uncorrected and clone 

corrected data sets at the MLST loci (trpC, mfs, AF17) using the binomial option in PROC 

FREQ in SAS (version 9.3).  

A significant difference in the frequency of the two mating-types before and after 

clone correction would indicate a primarily asexual population. In contrast, a significant 

difference in the frequency of the two mating-types before clone correction and a lack of no 

significant difference after clone correction or a lack of significant difference for either the  
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uncorrected or corrected population would suggest that the population was predominantly 

sexual (Leslie and Klein, 1996; Linde et al., 2003). 

 

2.3.9 QUANTIFICATION OF AFLATOXIN IN HARVESTED GRAIN 

At each location, a sub-sample of about 2.5 kg of harvested grain dried to 15 to 17% 

moisture content was randomly selected for enumeration of aflatoxin contamination. Due to 

logistic and environmental constraints, harvesting was not conducted in Georgia in 2012 and 

thus no data on the amount of aflatoxin contamination in the field were obtained in 2012. 

Aflatoxins were quantified in harvested grain in Georgia and North Carolina using the 

VICAM column system as described by Truckness et al. (1991) and the detection limit for 

the VICAM method is 5 ppb. The Veratox Aflatoxin kit (Neogen Corporation, Lansing, MI) 

was used according to kit instructions to quantify aflatoxin in harvested grain in Alabama 

(Bowen et al., 2014) and the detection limit for the Veratox kit is 2 ppb.   

 

2.3.10 STATISTICAL ANALYSES OF COLONY FORMING UNITS AND 

AFLATOXIN CONTAMINATION 

Based on preliminary data analyses, data for colony forming units per g of soil (CFU) 

and aflatoxin concentration (ppb) in harvested grain were analyzed separately for each state 

and year. Means of CFU were calculated at each sampling period and range was used to 

determine differences in abundance of strains between sampling periods. Means of aflatoxin 

concentration from each treatment plot were subjected to analysis of variance using the 
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PROC GLM of SAS (version 9.3). Fishers LSD test was used to separate means of aflatoxin 

concentration between different biocontrol treatments. 
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2.4 RESULTS 

2.4.1 WEATHER CONDITIONS 

 In both years of the study, temperatures recorded at the sites in Alabama, Georgia and 

North Carolina followed a typical unimodal pattern (Figure 1) with temperatures being lower 

at the beginning of the season, peaking in July and then decreasing thereafter until the end of 

the season. In 2012, the monthly mean temperatures ranged from 15.6°C to 27.1°C in North 

Carolina (data not shown) while the corresponding range was 19.4°C to 27.2°C in Alabama 

(data not shown) and 19.4°C to 27.7°C in Georgia(Figure 1). Only the monthly mean 

temperatures were available in Georgia. The highest monthly mean maximum temperature in 

2012 was 33.9°C, which was recorded in North Carolina (Figure 1). In 2013, the monthly 

mean maximum temperatures were consistently higher in Alabama than in North Carolina 

throughout the growing season (Figure 1), with the exception of a drop in September. The 

range of temperature followed a similar pattern as observed in 2012, but monthly mean 

maximum temperatures in Alabama with slightly lower than those recorded in North 

Carolina in June, July and August. The highest monthly mean maximum temperature 

recorded in 2013 was 35.5°C in July in Alabama (Figure 1).  

 In general, total monthly rainfall followed a unimodal pattern with rainfall being 

lower during the start of the growing season, reaching a peak in the middle of the season and 

decreasing thereafter (Figure 2). This unimodal pattern was evident in both years across all  

the states except in Alabama in 2012, where considerably low rainfall amounts were recorded 

in July (Figure 2). The actual months of peak rainfall also varied among states and growing 
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seasons. For example, in 2012, peak rainfall amounts in Alabama were recorded in June with 

254.3 mm, while in Georgia and North Carolina peak rainfall was recorded in August, with 

amounts of 323.8 and 206.0 mm, respectively. In 2013, rainfall amounts in Alabama were 

much lower than amounts recorded in Georgia and North Carolina (Figure 2). The highest 

rainfall recorded in Alabama in 2013 was 118.6 mm in May, while the corresponding 

amounts in Georgia and Alabama were recorded in June with 285.4 mm and 253.0 mm, 

respectively. 

The relative humidity (RH) at the experimental sites in Alabama and Georgia 

generally increased during the two growing seasons, except in 2012 in May in North 

Carolina and October in Alabama (Figure 3). The high RH in May in North Carolina in 2012 

was atypical of the linear increase in the RH during the growing observed in 2013. Similarly, 

the lower RH in October in Alabama in 2012 was also slightly atypical of the linear increase 

in RH observed during the growing season in 2013 (Figure 3). No RH data was recorded at 

the experimental sites in Georgia for the two growing seasons. 

  

2.4.2 SOIL POPULATIONS OF ASPERGILLUS SECTION FLAVI 

Populations of members of Aspergillus section Flavi in the soil increased over time 

following the application biocontrol agents in both years across the three states except in 

Georgia in 2012 (Table 1). In Alabama, Georgia (in 2013) and North Carolina, CFU were  

lowest prior to application of the biocontrol treatments and highest at harvest, with the CFU 

at pre-application period being intermediate. For example, the mean soil populations of 
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Aspergillus section Flavi in North Carolina were 38, 237 and 986 CFU/g, respectively, in 

2012 while the corresponding populations in 2013 were 157, 240 and 250 CFU/g,  

respectively. In 2012, the lowest minimum populations (3 CFU/g) were observed in Alabama 

prior to application of biocontrol treatments, while the highest maximum soil populations 

(3,019 CFU/g) were observed at harvest (Table 1).  In 2013, the lowest minimum populations 

(1 CFU/g) were observed in Georgia prior to application of biocontrol treatments, while the 

highest maximum soil populations (1,460 CFU/g) were observed at harvest (Table 1). 

The application of biocontrol treatments also impacted the populations of Aspergillus 

section Flavi in the soil. This impact was much more pronounced in 2012 than in 2013, as 

well as at harvest than at post-inoculation (Table 1). In addition, the impact was also much 

more pronounced in North Carolina in 2012 and Georgia at harvest in 2013. For example, the 

change in soil population following application of biocontrol (i.e., ∆CFU) in North Carolina 

at post-inoculation was about 10-fold higher in 2012 compared to 2013 (Table 1). This 

pattern was observed in all three states in both years except in Georgia, where CFU 

decreased at post-inoculation in 2012. In North Carolina, ∆CFU at harvest compared to post-

inoculation was about 5-fold and 1.5-fold higher in 2012 and 2013, respectively (Table 1). 

This pattern was also consistently observed in Alabama but with much higher values in 2012 

and 2013 (Table 1).  
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2.4.3 INCIDENCE OF MEMBERS WITHIN ASPERGILLUS SECTION FLAVI 

In this study, the Aspergillus section Flavi species A. flavus, A. parasiticus, A. 

caelatus, A. nomius and A. tamarii were observed in soil collected from field plots across the 

three states. However, the incidence of species within Aspergillus section Flavi  

varied between the states, with the observed diversity within section Flavi being higher in 

Alabama compared to Georgia and North Carolina (Table 2).  In addition, the incidence of 

the members within Aspergillus section Flavi in each state was fairly consistent in both years 

of study. 

Across all the states in this study, A. flavus was the most dominant (61-100%) species 

within Aspergillus section Flavi. In addition, all the A. flavus sampled in Alabama, Georgia 

and North Carolina belonged to the L-strain morphotype and no A. flavus belonging to the S-

strain morphotype were observed in this study. The largest proportions of Aspergillus flavus 

at all the sampling periods was observed in Georgia (97.9 to 100%), followed by North 

Carolina (84.9 to 96.8%) and Alabama (61.0 to 98.0%) (Table 2).  

The second most abundant species within Aspergillus section Flavi that was observed 

across all states was A. parasiticus (Table 2). As was the case with A. flavus, A. parasiticus 

was found at all sampling periods in every state, except in Georgia in 2013. In contrast to A. 

flavus, the maximum incidence of A. parasiticus highest in Alabama (35.1%) and lowest in 

Georgia (2.1%), with incidences in North Carolina (15.1%) being intermediate.  The 

incidence of A. parasiticus was always higher prior to application of the biocontrol but 

decreased thereafter after application of the biocontrol treatments with the lowest levels  
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being observed at harvest (Table 2). The only except to this trend was in Alabama in 2012, 

where incidence of A. parasiticus was lower at pre-application (4.3%) than at post-

application (35.1%) of the biocontrol treatments. 

Aspergillus caelatus, A. nomius, and A. tamarii, were the other members within  

Aspergillus section Flavi that were detected in this study besides A. flavus and A. parasiticus 

(Table 2). A. caelatus, A. nomius and A. tamarii were isolated in soils collected only in 

Alabama but not in Georgia or North Carolina (Table 2). The incidence of these three 

species, which ranged from 0 to 4.7%, was considerably lower than those observed for either 

A. flavus or A. parasiticus. The incidence of A. nomius was about 1%, while that of A. 

caelatus was about 5% of the total population of Aspergillus section Flavi across the 

sampling periods (Table 2). A. tamari was detected only in 2013 in Alabama with an 

incidence of 2.1%. None of the three species, A. caelatus, A. nomius or A. tamari, were 

isolated at harvest. 

 

2.4.4 MULTI-LOCUS SEQUENCING OF ASPERGILLUS FLAVUS 

 A total of 115 unique haplotypes were inferred from multi-locus sequencing of trpC, 

mfs and AF17 for 1336 isolates of Aspergillus flavus collected from soils from Alabama, 

Georgia and North Carolina across both years in this study.  The number of unique MLST 

haplotypes also varied between sampling period, states and growing seasons. In general, the 

number of MLST haplotypes was greater before and after the application of the biocontrol 

treatments, but lower at harvest (Table 3). The highest number of haplotypes observed in  
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Alabama in 2013 was 42 haplotypes, while the lowest number was observed at harvest in 

2012 with 20 haplotypes. Further, the number of haplotypes at different sampling periods in 

Alabama in 2013 was similar to the number sampled in the 2012 growing season. In North 

Carolina, the number of haplotypes ranged from 19 in 2013 at harvest to 30 in 2012 at pre- 

application of biocontrol treatments (Table 3). Unique haplotypes were generally fewer in 

Georgia than either Alabama or North Carolina, with haplotype numbers ranging from 4 to 

32 in the 2013 growing season (Table 3).  

The proportion of the inferred individuals that was similar or different to the 

haplotype of either AF36 or Afla-Guard varied across states and the time when soil was 

sampled from individual field plots. For example, the proportions of individuals at different 

sampling periods that belonged to either the Afla-Guard or AF36 haplotype were inconsistent 

across years for soils collected in either Alabama (Figure 4) or Georgia (Figure 5) in 2012 

and 2013. However, proportions of individuals belonging to either the Afla-Guard or AF36 

haplotype before and after application of biocontrol treatments were fairly consistent in soils 

collected in both 2012 and 2013 in North Carolina (Figure 6). 

In Alabama, the proportions of individuals recovered at each sampling period that 

matched either the Afla-Guard or AF36 haplotype varied between growing seasons (Figure 

4). In 2012, individuals matching the Afla-Guard strain increased during the sampling 

periods and ranged from 36% prior to application of the biocontrol treatments to 68% at 

harvest. In contrast, individuals belonging to the AF36 haplotype were fewer in 2012 and 

ranged between 1 to 2% (Figure 4). In 2013, very few individuals (1 to 2%) recovered  
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belonged to either the Afla-Guard or AF36 haplotypes. In addition, no individuals belonging 

to either the Afla-Guard or AF36 haplotype were recovered prior to application of the 

biocontrol treatments in Alabama (Figure 4).  

The recovery of individuals in Georgia belonging to either the Afla-Guard or AF36 

haplotype was very low in 2012 than in 2013 (Figure 5). In 2012, only 2% of the recovered 

individuals matched the AF36 haplotype, while 7% of the individuals were of the Afla-Guard 

haplotype. All of these haplotypes were recovered prior to the application of the biocontrol 

treatments and none were recovered after the application of the biocontrol strains (Figure 5). 

In 2013, no individuals recovered belonged to the AF36 haplotype, while 12% and 95% of 

the individuals recovered before application of the biocontrol treatments and at harvest, 

respectively, were of the Afla-Guard haplotype (Figure 5). 

Recovery of individuals belonging to either Afla-Guard or AF36 haplotype in North 

Carolina was more consistent in the two growing seasons compared to individuals recovered 

in either Alabama or Georgia (Figure 6). Individuals belong to the Afla-Guard and AF36 

haplotypes were recovered in both years and at all sampling periods in North Carolina except 

in 2013 pre- and post- application of the biocontrol treatments. In 2012, most individuals 

recovered from the field belonged to the Afla-Guard haplotype and they ranged from 48% at 

pre-application period to 56% at post-application period (Figure 6). The corresponding 

number of individuals belonging to the AF36 haplotype ranged from 4% at harvest to 10% at 

post-application of the biocontrol strains. A similar pattern in the recovery of individuals that 

were similar to the Afla-Guard strain was observed in 2013 with numbers ranging from 34%  
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at pre-application to 61% at post-application. Individuals belonging to the AF36 haplotype 

were only recovered at harvest in 2013 and they accounted for only 4% of the total number 

of individuals recovered (Figure 6).    

 

2.4.5 POPULATION GENETIC AND PHYLOGENETIC ANALYSES 

 Nucleotide diversity estimates were very similar between states (Table 8), which 

indicates no significant variation in mutation rates for the MLST loci.  Tests of neutrality 

measured using FS (Table 9) and Tajima’s D (Table 10) did not show significant deviations 

from neutrality. An overall FST of 0.0089 (P < 0.0001) revealed very little genetic structure 

among sampling locations in North Carolina, Alabama and Georgia. The population mean 

recombination rate increased nearly five-fold (0.054/0.349) between 2012 and 2013 (Table 

11), which may account for observed increase in mutation rate in 2013. 

The phylogenetic tree (Figure 7) shows extensive homoplasy arising from interlocus 

recombination.  Low bootstrap values were observed for the majority of branches, with no 

branches showing greater than 50% bootstrap support.  In Figure 7 the branches are colored 

according to haplotype (H1 to H115) and the outer band represents the three sampling times 

(pre-application, post-application and harvest).  

A large clade comprising nine haplotypes (H36, H38, H75, H76, H77, H82, H83, 

H90, H91) included the Afla-Guard biocontrol strain and other strains in lineage IB (Figure 

8).  The other major clade, which included the AF36 biocontrol strain, is lineage IC. Both  

clades are significantly skewed in their uncorrected mating-type distribution in favor of  

 



 

 

42 

MAT1-2 (Fig 8, Table 12), though this was not significant after clone correction (P = 0.06).  

Lineage IB is found predominantly in the post-treatment and harvest samples (Figure 8). 

Afla-Guard is in H75 in IB, which has strains that are either MAT1-1 or MAT1-2, which 

suggests sexual reproduction between Afla-Guard and/or members in lineage IB. Lineage IB 

had a significantly higher proportion of MAT1-2 isolates and reduced gene diversity 

compared to lineage IC (Table 12).  

 

2.4.6 FREQUENCY AND DISTRIBUTION OF MAT GENES AMONG 

HAPLOTYPES 

 In Alabama, all populations significantly (P < 0.05) deviated from a 1:1 mating-type 

ratio except the post-application population (P = 0.0003) when uncorrected data were 

analyzed using the exact binomial test (Table 4). Similar results were observed for 

populations in Georgia and North Carolina, where all populations significantly (P < 0.05) 

deviated from a 1:1 mating-type ratio except the pre-application population (P = 0.6609) in 

2013 in Georgia (Table 5) and the 2013 pre-application (P = 1.0000) and post-application (P 

= 0.7407) populations in North Carolina (Table 6). When the exact binomial test was 

conducted based on haplotype corrected data, all populations in Alabama (Table 4), Georgia 

(Table 5) and North Carolina (Table 6) in 2012 and 2013 did not significantly (P > 0.05) 

deviate from the 1:1 mating-type ratio except for pre-application populations in Alabama in 

2012 (P = 0.0025) and 2013 (P = 0.0031). Based on the haplotype corrected data, the pre-

application populations in Alabama in 2012 was skewed towards MAT1-1, while the pre- 
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application population in 2013 was skewed towards MAT1-2 (Table 4). 

 

2.4.7 AFLATOXIN CONTAMINATION IN HARVESTED GRAIN 

 Aflatoxin contamination in grain harvested from treated and untreated plots varied 

across locations and growing seasons (Table 7). In general, aflatoxin contamination was 

higher in 2012 with maximum of 103.8 ppb in untreated plots compared to 2013 where the 

maximum aflatoxin contamination was only 11.4 ppb in the untreated plots (Table 7). In 

addition, aflatoxin contamination was much lower in field plots treated with Afla-Guard 

compare to fields treated with AF36, irrespective of the growing season. For example, 

aflatoxin contamination was 2.75 ppb and 4.75 ppb in plots treated with Afla-Guard and 

AF36, respectively, in North Carolina in 2012. Similar trends were also observed in 2013 in 

North Carolina, where aflatoxin contamination was 1.25 ppb and 5.08 ppb in plots treated 

with Afla-Guard and AF36 (Table 7). However, significant difference (P < 0.05) in aflatoxin 

contamination between treated and untreated plots were only observed in North Carolina in 

2012 when the highest level of contamination was observed. Although aflatoxin levels were 

numerically higher in Afla-Guard treated plots compared to untreated plots in Alabama in 

2012 and Georgia in 2013, no significant difference (P > 0.05) in contamination was 

observed between treated and untreated plots. Levels of aflatoxin contamination in plots in 

Alabama in 2013 were very low and below the minimum detection limit of the aflatoxin 

assay used.    
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2.5 DISCUSSION 

 In this study, the genetic structure of Aspergillus section Flavi populations in corn 

fields in three different states in the southeastern US was examined before and after 

application of biological control agents to establish the impact that native soil populations of 

Aspergillus section Flavi have on the efficacy of biological control in reducing aflatoxin 

contamination in corn. The predominant haplotypes recovered from the soil in this study 

were similar to Afla-Guard, which is also within the IB clade. In addition, Afla-Guard was 

the most effective biological control agent in reducing aflatoxin contamination. Thus, 

matching a biological control strain to the most predominant haplotype in native soil 

population of Aspergillus section Flavi can improve the efficacy of biological control in 

reducing aflatoxin contamination in corn. To our knowledge, this is the first study to examine 

the role of the genetic structure of soil populations of Aspergillus species on the effectiveness 

of biological control in the reduction of aflatoxin contamination.   

 Expression of the resistance in available sources of germplasm tend to be highly 

dependent on the environment in which they are grown and thus a line identified as resistant 

in one location might have been scored as susceptible in different location or growing season 

(Warburton and Williams, 2014). This observation greatly limits the utility of any available 

resistant germplasm in the control of aflatoxin contamination. Currently, biological control 

using non-aflatoxigenics is the most successful method to reduce aflatoxin contamination. 

Strains of A. flavus within a population vary in their ability to production aflatoxins from 

individuals that do not produce the toxin, i.e., non-aflatoxigenic strains, to those that are  
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potent producers of aflatoxins (Horn and Dorner, 1999). Non-aflatoxigenic strains are fairly 

common in A. flavus L and the inability to produce the aflatoxins is the result of various 

deletions in the aflatoxin gene cluster (Chang et al., 2009). Application of non-aflatoxigenic 

strains that are capable of competitively excluding aflatoxigenic strains has been shown to be 

effective in reducing aflatoxin contamination in corn in the US and many other countries 

(Abbas et al., 2006; Atehnkeng et al., 2014; Dorner, 2009). The biological control strains 

AF36 and Afla-Guard are currently registered through the US Environmental Agency for 

field application to reduce aflatoxin contamination in corn (Dorner, 2005). Due to the limited 

number of options available to control and manage aflatoxin contamination, there has been 

increased scientific interest to improve the efficacy of biological control. Understanding the 

how the native soil populations of members of A. flavus section Flavi interacts with 

biological strains is one of the key elements in improving the efficacy of biological control.   

 In this study, different members within A. flavus section Flavi were recovered in 

different states in the southeastern US, albeit at different proportions. Aspergillus flavus was 

the most frequently isolated species before and after application of AF36 and Afla-Guard, 

followed by A. parasiticus. The remaining species, A. caelatus, A. nomius and A. tamari, 

were isolated at very low frequencies in Alabama but were not recovered in field sites in 

North Carolina and Georgia. These results are similar to those reported in earlier studies 

(Jaime-Garcia and Cotty, 2004; Horn and Dorner, 1998) which reported A. flavus to be the 

most predominant member of A. flavus section Flavi isolated in fields in southeastern US, 

with A. parasiticus being the second most recovered member of section Flavi. High  
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frequencies of A. flavus compared to A. parasiticus and other members within section Flavi 

has also been reported in Africa and South America (Atehnkeng et al., 2008; Hell et al., 

2003; Nesci and Etcheverry, 2002). The high levels of A. flavus compared to A. parasiticus 

can be explained by several ecological factors. First, A. flavus is more competitive and has a 

greater ability to survive on crop debris in soil compared to A. parasiticus (Zummo and 

Scott, 1990; Calvert et al., 1978). This observation has also been reported in Argentina 

(Nesci and Etcheverry, 2002) in studies involving the two species in corn fields. In contrast 

to A. flavus, A. parasiticus is usually associated with peanuts and is uncommon in aerial 

crops such as corn (Horn et al., 2009). Secondly, temperature for the optimum growth of A. 

parasiticus (~25°C) are more cooler and lower than for the optimum growth of A. flavus 

(~37°C )(Horn, 2005). In this study, the maximum temperatures during the growing season 

were much higher than 25°C and were thus more favorable for A. flavus than A. parasiticus. 

This niche adaptation can explain why A. parasiticus is more frequently associated with 

peanut pods in the soil compared to above-ground crops such as corn and cotton.  The high 

diversity within Aspergillus section Flavi observed in Alabama is consistent with 

observations in a previous study that found other members of section Flavi besides A. flavus 

and A. parasiticus in fields near the 90 degrees longitude in the southeastern US (Horn and 

Dorner, 1998). The high diversity of members of section Flavi in this region was attributed to 

a combination of crop histories and the response of crops to environmental factors.  

Two members of Aspergillus section Flavi observed in this study, A. flavus and A. 

parasiticus, are heterothallic with individual strains having either a MAT1-1 or MAT1-2  
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mating-type gene (Ramirez-Prado et al., 2008). The proportion of clone-corrected MAT1-1 

and MAT1-2 individuals in a population has been found to be an accurate predictor of 

whether populations tend to reproduce asexually or sexually (Moore et al., 2013). In this 

study, Aspergillus populations in Alabama, Georgia and North Carolina exhibited a mating 

distribution that was indicative of primarily a sexual population before and after the 

application of Afla-Guard or AF36. The only exception to this observation was for two 

populations in Alabama before the application of biological control agents in which 

individuals were significantly skewed towards MAT1-1 and MAT1-2 in 2012 and 2013, 

respectively. The dominance of either MAT1-1 or MAT1-2 may be due to genetic or 

environmental bottlenecks in the population. Nonetheless, the mating-type distribution in 

these two populations in Alabama reverted to 1:1 distribution at the end of the growing 

season. This observation supports the conclusion that A. flavus and A. parasiticus populations 

in the southeastern US are mainly sexual in nature. A similar observation on the sexual 

nature of these two species has also been inferred using populations in Georgia (Ramirez-

Prado et al., 2008). Sexual reproduction can increase diversity of mycotoxin profiles and 

creates new vegetatively compatible groups (Moore et al., 2009). Recently, however, mating-

type ratio close to 1:1 in members within Aspergillus section Flavi was associated with 

higher recombination rates in the aflatoxin cluster but with less pronounced chemotype 

differences in populations. Thus, although sexual recombination can generate new mycotoxin 

chemotypes, it will equalize toxin differences in populations. In this study, toxin production 

by strains isolated in our experiments was not established and we are unable to provide data  



 

 

48 

to support the role of 1:1 mating-type ratio on variability of chemotypes. It has been reported 

that the potential of a biological control strain to recombine with a toxin producer is greater 

when the population has a 1:1 mating-type ratio (Moore et al., 2013). Thus, use of a 

biological strain that is unlikely to recombine with native aflatoxigenic strains will be a key 

component in enhancing the efficacy and sustainability of biological control of aflatoxin 

contamination in corn.  

  The recovery of biocontrol strains following application in the field is an important 

feature in the effectiveness of biocontrol because it provides valuable information on the 

genetic structure of the populations in the field, the survival of the biocontrol and, hence, the 

availability of the biocontrol strain during the growing season. Biocontrol strains that are 

frequently recovered following application are likely to be more effective in reducing 

aflatoxin contamination compared to those are less frequently or unrecovered in the field. 

The recovery of biocontrol strains can be determined based on VCGs (Atehnkeng et al., 

2014) or sequencing based on specific loci to assign fungal strains to haplotypes (Geiser et 

al., 2000). In this study, most of the Aspergillus strains recovered belonged to the same 

haplotype as the biocontrol agent Afla-Guard, while very few strains belonged to the AF36 

haplotype. This was true for populations in North Carolina, where 48% of the native soil 

population matched the Afla-Guard haplotype and <7% of the native population matched the 

AF36 haplotype. A similar pattern, where most of the recovered strains belonged to the Afla-

Guard rather than the AF36 haplotype, was observed in Alabama and Georgia although the 

exact numbers recovered varied between states and growing seasons. These results indicate  
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that the genetic structure of the native soil populations in southeastern US is predominantly 

composed of haplotypes that are similar to the Afla-Guard haplotype. The biocontrol Afla-

Guard, which does not produce CPA and aflatoxins, also belongs to lineage IB (Geiser et al., 

2000). Lineage IB is composed of A. flavus L strains that do not produce aflatoxins and 

strains of A. oryzae (Geiser et al., 2000). AF36, which has a full aflatoxin gene cluster and a 

functional CPA cluster, belongs to lineage IC, which is composed of both aflatoxigenic and 

non-aflatoxigenic strains (Geiser et al., 2000; Moore et al., 2009). The complete haplotype 

data in North Carolina provides a useful framework to examine the competitiveness and 

survival between growing seasons for haplotypes in lineages IB and IC. At the end of 

growing season in 2012, 55% of isolates were identical to the Afla-Guard haplotype, while 

only 4% were identical to the AF36 haplotype. Prior to application of the biocontrols the 

following season in 2013, 34% of the haplotypes were identical to Afla-Guard haplotype but 

none of the strains isolated were identical to the AF36 haplotype. This suggests that members 

of the Afla-Guard haplotype within the IB clade may be more competitive and able to 

survive better than strains of the AF36 haplotype in the IC clade.  However, additional 

studies are need to be conducted to better address this observation since in Alabama, 

although 68% of the haplotypes at the end of the season were identical to Afla-Guard 

haplotype, no isolates of  that haplotype were recovered at the start of the season in 2013.   

Although many isolates shared the same multi-locus haplotype across all three states, 

many haplotypes contain both mating-types, which provides evidence of recombination. 

Further indication of recombination is provided from the lack of evidence of geographic  
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structure between states, suggesting a largely panmictic population. In particular, many 

strains containing the genetic background of Afla-Guard for trpC, mfs and AF17 had either 

one of the two mating-types. This suggests that Afla-Guard is recombining with the 

indigenous population or that the indigenous population is more abundant in lineage IB and 

outcrossing. For haplotype 97, which includes AF36, we see only two strains that are MAT1-

1, which may suggest that AF36 and Afla-Guard have different fertilities with native strains 

in this study. Lineage IC had greater genetic diversity than lineage IB, but this was due to 

haplotypes within IC being separated by single mutations, which created many haplotypes 

with singletons. This is not surprising given that the number of members in section Flavi in 

our study generally increased by several folds over the course of the growing season. 

Lineage IB, which includes Afla-Guard, was skewed in its mating-type distribution in 

favor of MAT1-2.  In addition, this lineage is most prevalent in the post-application and 

harvest samples, which is consistent with the shifts detected by MLST analysis.  This 

suggests that Afla-Guard may persist longer in the soil than AF36. Alternatively, the Afla-

Guard lineage may be more fertile or abundant such that both asexual and sexual 

reproduction results in isolates with multi-locus haplotypes that are similar to Afla-Guard. 

In our study, there were few differences in diversity between pre-application and 

post- application. A previous study on the sexual cycle of A. flavus found that fungal strains 

needed to incubate for 6 to 11 months before ascocarp formation occurred (Horn et al., 

2009a), indicating that the time between the pre-application and post-application sampling 

periods was not enough time for sexual recombination to occur. This can be tested by 
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conducting field experiments in the same location over multiple years and monitoring 

changes in the population genetic structure. 

Under conditions ideal for aflatoxin contamination, levels of aflatoxin contamination 

in grain harvested in plots treated or untreated with biocontrol agents is a good measure of 

the efficacy biocontrol. Similarly, assessing the efficacy of biocontrol will be difficult in 

cases where aflatoxin contamination is very low in untreated plots. In this study, toxin 

production was highest in 2012 across all states with North Carolina having the highest level 

of contamination in untreated plots. Levels of contamination in 2013 were very low with 

aflatoxin content in grain from untreated plots ranging from 2 to 11 ppb. Based on the levels 

of contamination, a significant reduction in aflatoxin contamination in biocontrol treated 

plots compared to the untreated controls was only present in North Carolina in 2012 and was 

>95%. In addition, aflatoxin contamination in plots treated with Afla-Guard was about 60% 

lower compared to plots treated with AF36. This same pattern was observed when the 

experiment was conducted in 2013, where contamination in plots treated with Afla-Guard 

was about 75% lower compared to plots treated with AF36, although there was no significant 

difference in aflatoxin in grain from treated and untreated plots. These results suggest that 

Afla-Guard may be more effective than AF36 in reducing aflatoxin contamination in North 

Carolina. In Alabama, although there were no differences between treated and untreated 

plots, reduction in Afla-Guard treated plots was high and ranged from 63 to 80%. In 2013, 

when both biocontrol agents were tested in Alabama, aflatoxin contamination in Afla-Guard  

treated plots was 58% lower than in AF36 plots. This also suggests that Afla-Guard may be  
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more effective than AF36 in reducing contamination in Alabama, particularly during periods 

of high levels of aflatoxin contamination in the field. The wide variation in aflatoxin 

contamination between growing seasons observed in this study has also been observed in 

other studies done in the southeastern US. For example, in a four-year study which explored 

which non-aflatoxigenic A. flavus strains were most effective at reducing aflatoxin 

contamination of corn in Mississippi, aflatoxin contamination in untreated plots ranged from 

8 ppb to 552 ppb (Abbas et al., 2006). As observed in the present study, no significant 

differences in aflatoxin contamination were also observed between the non-aflatoxigenic 

strains K49 and the untreated control in 2 of the 4 years of study (Abbas et al., 2006).   

Generally, the potential for aflatoxin contamination of corn is enhanced by drought 

stress and high temperatures at or near silking and insect damage. These contributing factors 

can vary considerably from one cropping season to the next. The corn crop requires 500 to 

800 mm of rainfall during the growing period (FAO, 1986) for adequate growth and 

development. In Alabama, corn fields received 680 mm and 171 mm rain after silking in 

2012 and 2013, respectively. This indicates that the corn plants were not likely under drought 

stress during the experimental period.  In North Carolina, corn fields received 537 mm and 

445 mm rain after silking in 2012 and 2013, respectively. At the field site in Georgia in 2012, 

323 mm of rain was recorded in the month of August which resulted in flooding and 

destruction of the field. Thus, this field plot had no yield data and therefore no grain to 

quantify aflatoxin contamination in 2012. In 2013, the recorded amount of rainfall after 

silking in Georgia was 554 mm. In all cases, total rainfall was adequate for normal growth  
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and development of corn, which may partly explain the low levels of aflatoxin observed in 

this study.  In all states, the average monthly high temperatures were highest in July and 

ranged between 31°C and 36°C.  However, the mean monthly temperatures for July were 

much lower and ranged between 26°C and 29°C. Given that the optimal growth temperature 

for A. flavus is 37°C (Payne, 1992), if temperatures in the field were not optimal for fungal 

growth, then the less favorable low temperatures could also explain the low levels of 

aflatoxin which were observed in this study. Temperatures > 30°C tend to be unfavorable for 

corn but given the adequate rainfall and low overall temperatures, conditions were likely less 

favorable for neither fungal infection and growth nor the production of high levels of 

aflatoxin in the grain. 

 One main objective of this study was to establish whether the genetic structure of 

native soil populations of Aspergillus flavus can influence the efficacy of biocontrol and then 

use this information to provide some guidelines in the selection of non-aflatoxigenic strains 

that could be ecologically sustainable and effective at reducing aflatoxin contamination in 

corn. In this study, most of the haplotypes recovered from the soils in the three states in 

southeastern US were genetically similar to Afla-Guard. Afla-Guard, which was also the 

most effective biocontrol agent in reducing aflatoxin contamination, belongs to the IB clade. 

This suggests that selecting a biocontrol agent that genetically matches the native soil 

population could potentially increase the efficacy of the biocontrol. However, more field 

trials are required particular under conditions that favor aflatoxin contamination to support 

this hypothesis.     
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Nonetheless, the use of a non-aflatoxigenic strain with a haplotype similar to that of 

Afla-Guard within lineage IB is expected to be more effective as a biocontrol agent in the 

southeast US. This is because non-aflatoxigenic strains within lineage IB have a useful a 

genetic attribute. The presence of the non-aflatoxigenic lineage IB in the aflW⁄ aflX region 

suggests that selection is acting to maintain this phenotype in the population and that aflC 

(pksA) and aflM (ver-1) would seem to be the ideal candidates to target in the non-

aflatoxigenic strains (Moore et al., 2009). Thus, use of non-aflatoxigenic strains in lineage IB 

should potentially result in more sustainable reduction in aflatoxin contamination. 

Ultimately, this genetic information needs to be combined with data on ecological adaptation 

of the candidate biocontrol strains from different environmental conditions and crop 

production systems. The distribution of the mating-type genes in the population is also an 

important factor in selecting the biocontrol strains for local populations. The existence of the 

two mating-type genes in equal proportion in the eastern US indicates that these populations 

will exhibit higher mean rates of recombination. In such as case, the potential of a biocontrol 

strain to recombine with a toxin producer is greater. Therefore, when selecting a biocontrol 

strain, biological traits such as female sterility should be considered (Moore et al., 2013). 

While increasing the effectiveness of biocontrol of aflatoxin contamination in corn is 

becoming more important, it is apparent that the dynamics and genetics of members with 

Aspergillus section Flavi play a critical role in the stability of biocontrol and, therefore, data 

on the ecology and genetics of the pathogen must be taken into account in an effort to select 

an appropriate biocontrol strain to reduce aflatoxin contamination in corn. 
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TABLE 1. Colony forming units (CFU
a
) of Aspergillus section Flavi per gram of soil and the increase in colony forming units at 

post-application and at harvest following application of biocontrol agents AF36 and/or Afla-Guard 

 2012  2013 

State 

Pre-

application 

Post-

application Harvest 

ΔCFUb 

 

Pre-

application 

Post-

application Harvest 

ΔCFUb 

Post- 

application Harvest 

Post- 

application Harvest 

Alabama   33 (3-189) 151 (7-679) 516 (33-3019)   3.58 14.64  106 (16-212) 111 (42-227) 376 (48-1460) 0.05 2.55 

Georgia 413 (4-1906) 220 (9-888) --c -0.47 -- c    20 (1-103) -- c 173 (16-432) -- c 7.65 

North Carolina   38 (11-113) 237 (6-1786) 986 (21-1005)   5.24 24.95  157 (6-509) 240 (3-1009) 250 (3-926) 0.53 0.59 
a 
Colony forming units are in means per gram of soil based on 20 samples collected from a field plot in each state. Numbers in 

parenthesis represent the range (minimum to maximum) of CFU in a plot. 
b
 ΔCFU refers to change (-/+) in CFU relative to CFU prior to application of biocontrol agents. ΔCFU = (x/y), where x = CFU 

at post-application or harvest, and y = CFU at pre-application of biocontrol agents. In North Carolina, AF36 and Afla-Guard 

were evaluated in both years. In Alabama, Afla-Guard was evaluated in both years but AF36 was evaluated only in 2013. In 

Georgia, only Afla-Guard was evaluated in both years. 
c
 Soil samples were not collected at this time period and no data is available. 
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TABLE 2. Incidence of members within Aspergillus section Flavi isolated from soil collected from single fields at different 

sampling periods before and after application of biocontrol agents AF36 and/or Afla-Guard 
a
 

     Incidence (%) 

 

State 

 

Year 

Sampling  

period 

Number 

evaluated 

  

A. flavus 

 

A. parasiticus 

 

A. caelatus 

 

A. nomius 

 

A. tamarii 

Alabama 2012 Pre-application   94  95.7   4.3 0.0 0.0 0.0 

  Post-application 154  61.0 35.1 3.2 0.7 0.0 

  Harvest 106  82.1 13.2 4.7 0.0 0.0 

 2013 Pre-application 105  82.9 16.2 0.9 0.0 0.0 

  Post-application  97  90.7  7.2 0.0 0.0 2.1 

  Harvest 100  98.0  2.0 0.0 0.0 0.0 

          

Georgia 2012 Pre-application  96   97.9   2.1 0.0 0.0 0.0 

  Post-application  94   97.9   2.1 0.0 0.0 0.0 

  Harvest  --
b
   --

b
   --

b
 0.0 0.0 0.0 

 2013 Pre-application  93       97.8   2.2 0.0 0.0 0.0 

  Post-application --
b
    --

b
   --

b
 0.0 0.0 0.0 

  Harvest  94     100.0   0.0 0.0 0.0 0.0 

          

North Carolina 2012 Pre-application 106  84.9 15.1 0.0 0.0 0.0 

  Post-application  94  96.8   3.2 0.0 0.0 0.0 

  Harvest  94  96.8   3.2 0.0 0.0 0.0 

 2013 Pre-application 105  93.3   6.7 0.0 0.0 0.0 

  Post-application  94  95.7   4.3 0.0 0.0 0.0 

  Harvest  97  94.8   5.2 0.0 0.0 0.0 
a
 In North Carolina, AF36 and Afla-Guard were evaluated in 2012 and 2013. In Alabama, Afla-Guard was evaluated in both years 

but AF36 was evaluated only in 2013. In Georgia, only Afla-Guard was evaluated in both years. 
b
 Soil samples were not collected at this time period and no data is available.
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TABLE 3. Number of unique multi-locus sequence haplotypes inferred from populations of 

Aspergillus flavus in soil from corn fields in three states in the southeastern US in 2012 and 

2013 

z
 Soil samples were not collected at post-harvest and a harvest in 2013 and 2012, 

respectively, and no data is available. In North Carolina, AF36 and Afla-Guard were 

evaluated in 2012 and 2013. In Alabama, Afla-Guard was evaluated in both years but AF36 

was evaluated only in 2013. In Georgia, only Afla-Guard was evaluated in both years. Totals 

are the number of unique haplotypes each year in each state. The number of unique multi-

locus sequence haplotypes were examined within each sampling period of each year at each 

location.  

 

 

  

  Alabama  Georgia
 z
  North Carolina 

Sampling Period  2012 2013  2012 2013  2012 2013 

Pre-application  35 41  25 32  30 26 

Post-application  34 42  24 --  23 29 

Harvest  20 40  -- 4  24 19 

Total  56 98  39 30  48 37 
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TABLE 4. Frequency and distribution of the mating-type (MAT) genes among isolates of 

Aspergillus flavus in soil collected from a field in Alabama in 2012 and 2013 

   Mating-type frequency
 c
  

Year Sampling period
 a
 Genetic scale

 b
 MAT1-1 MAT1-2 P-value

 d
 

2012 Pre-application Uncorrected 36.4 (32) 63.6 (56) 0.0138 

  Haplotype Corrected 80.8 (21) 19.2 (5) 0.0025 

 Post-application Uncorrected 38.8 (33) 61.2 (52) 0.0503 

  Haplotype Corrected 52.8 (19) 47.2 (17) 0.8679 

 Harvest Uncorrected 24.4 (20) 75.6 (62) 0.0001 

  Haplotype Corrected 59.1 (13) 40.9 (9) 0.5235 

      

2013 Pre-application Uncorrected  22.5 (18) 77.5 (62) 0.0001 

  Haplotype Corrected  19.4 (13) 80.6 (54) 0.0031 

 Post-application Uncorrected     27.7 (23) 72.3 (60) 0.0001 

  Haplotype Corrected     53.1 (17) 46.9 (15) 0.8601 

 Harvest Uncorrected  25.9 (21) 74.1 (60) 0.0001 

  Haplotype Corrected     38.6 (17) 61.4 (27) 0.1742 
a 
Denotes when soil samples were collected from the field in relation to the application of the 

biocontrol agents. 
b 

Mating-type designation based on either uncorrected or clone corrected haplotype data. 
c
 Numbers presented in parentheses refer to number of isolates examined. 

d
 Probability from of a two-tailed exact binomial test performed under the null hypothesis of 

no significant difference in the frequency of isolates with MAT1-1 and MAT1-2 genes.  
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TABLE 5. Frequency and distribution of the mating-type (MAT) genes among strains of 

Aspergillus flavus in soil collected from a field in Georgia in 2012 and 2013 

 

 

 

Mating-type  

frequency 
c
  

Year Sampling period
 a
 Genetic scale

 b
 MAT1-1 MAT1-2 P-value

 d
 

2012 Pre-application Uncorrected 75.0 (63) 25.0 (21) 0.0001 

  Haplotype Corrected 55.2 (16) 44.8 (13) 0.7111 

 Post-application Uncorrected 69.8 (60) 30.2 (26) 0.0001 

  Haplotype Corrected 62.1 (18) 37.9 (11) 0.2649 

      

2013 Pre-application Uncorrected 53.0 (44) 47.0 (39) 0.6609 

  Haplotype Corrected 40.5 (15) 59.5 (22) 0.3240 

 Harvest Uncorrected     1.2 (1) 98.8 (85) 0.0001 

  Haplotype Corrected   25.0 (1) 5.0 (3) 0.6250 
a 
Denotes when soil samples were collected from the field before or after application of the 

biocontrol agent, Afla-Guard. Soil samples were not collected at harvest in 2012 and at post-

application of the biocontrol in 2013 and no corresponding mating-type data is presented. 
b 

Mating-type designation based on either uncorrected or clone corrected haplotype data. 
c
 Numbers presented in parentheses refer to number of isolates examined. 

d
 Probability from of a two-tailed exact binomial test performed under the null hypothesis of 

no significant difference in the frequency of isolates with MAT1-1 or MAT1-2 genes.  
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TABLE 6. Frequency and distribution of the mating-type (MAT) genes among strains of 

Aspergillus flavus in soil collected from a field in North Carolina in 2012 and 2013 

   Mating-type frequency
 c
  

Year Sampling period
 a
 Genetic scale

 b
 MAT1-1 MAT1-2 P-value

 d
 

2012 Pre-application Uncorrected 25.6 (21)  74.4 (61) 0.0001 

  Haplotype Corrected 41.9 (13)  58.1 (18) 0.4731 

 Post-application Uncorrected 14.6 (13)  85.4 (76) 0.0001 

  Haplotype Corrected   34.6 (9)  65.4 (17) 0.1686 

 Harvest Uncorrected 23.2 (19)  76.8 (63) 0.0001 

  Haplotype Corrected 39.3 (11)  60.7 (17) 0.3449 

      

2013 Pre-application Uncorrected 50.0 (40) 50.0 (40) 1.0000 

  Haplotype Corrected 56.7 (17) 43.3 (13) 0.5847 

 Post-application Uncorrected    47.6 (39) 52.4 (43) 0.7407 

  Haplotype Corrected    65.7 (23) 34.3 (12) 0.0895 

 Harvest Uncorrected    32.5 (26) 67.5 (54) 0.0023 

  Haplotype Corrected    56.0 (14) 44.0 (11) 0.6900 
a 
Denotes when soil samples were collected from the field before or after application of 

biocontrol agents, AF36 and Afla-Guard. 
b 

Mating-type designation based on either uncorrected or clone corrected haplotype data. 
c
 Numbers presented in parentheses refer to number of isolates examined. 

d
 Probability from of a two-tailed exact binomial test performed under the null hypothesis of 

no significant difference in the frequency of isolates with MAT1-1 and MAT1-2 genes. 
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TABLE 7. Aflatoxin contamination in harvested grain following application of biocontrol agents AF36 and/or Afla-Guard and 

dominant haplotypes of Aspergillus flavus in  soil populations in the 2012 and 2013 growing seasons 

  

Aflatoxin concentration 

(ppb)
 x 

in 2012  

Aflatoxin concentration 

(ppb)
 x 

in 2013  

State Treatment AF36 
y
 Afla-Guard 

Dominant 

haplotype 
z
 AF36 

y
 Afla-Guard 

Dominant 

haplotype 
z
 

North Carolina 
Treated 

Untreated 

    4.75 a 

103.75 b 

    2.75 a 

103.75 b 
Afla-Guard 

  5.08 a 

11.43 a 

  1.25 a 

11.43 a 
 Afla-Guard 

Alabama Treated 

Untreated 

-- 

-- 

     

  5.96 a 

27.85 a 

    Afla-Guard    1.28 a 

   2.04 a 

    2.20 a 

    2.04 a 

Afla-Guard 

  Georgia Treated 

Untreated 

         -- 

         -- 

     -- 

     -- 
Afla-Guard -- 

-- 

  5.00 a 

  9.00 a 
 Afla-Guard 

x 
Aflatoxin concentrations followed by the same letter are not statistically different at α = 0.05. 

y 
AF36 was not evaluated in Alabama in 2012 and in Georgia in 2012 and 2013. 

z
 The Afla-Guard haplotype belongs to lineage IB (AF-/CPA-), where + and - denotes production or lack of production, 

respectively, of aflatoxin (AF) or cyclopiazonic acid (CPA). 
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TABLE 8. Nucleotide diversity estimates for each MLST locus for populations of 

Aspergillus flavus from three states in the southeastern US 

   MLST locus 

 Sampling  trpC  mfs  AF17 

State period/ year  π x Std  π x Std  π x Std 

Alabama Pre-application  0.001109 0.001573  0.005816 0.003624  0.011576 0.008042 

 Post-application  0.001093 0.001557  0.004771 0.003108  0.011398 0.007950 

 Harvest  0.001702 0.002001  0.005357 0.003399  0.009855 0.007159 

 2012  0.000278 0.000752  0.004164 0.002799  0.009225 0.006817 

 2013  0.002011 0.002203  0.005543 0.003484  0.008487 0.006432 

           

Georgia Pre-application  0.001700 0.001785  0.004181 0.002758  0.004947 0.004124 

 Post-application  0.001137 0.001410  0.004113 0.002725  0.004397 0.003816 

 Harvest  0.001018 0.001324  0.003649 0.002492  0.003782 0.003466 

 2012  0.001269 0.001499  0.003267 0.002292  0.005248 0.004280 

 2013  0.001304 0.001523  0.004610 0.002967  0.003450 0.003264 

           

North Pre-application  0.004598 0.003291  0.004232 0.002813  0.010042 0.006590 

Carolina Post-application  0.005663 0.003856  0.001731 0.001513  0.006348 0.004737 

 Harvest  0.000250 0.000590  0.000521 0.000739  0.001190 0.001677 

 2012  0.005949 0.003978  0.002331 0.001834  0.007899 0.005510 

 2013  0.001096 0.001311  0.003310 0.002346  0.004592 0.003773 
x 
Nucleotide diversity is based on Nei and Li (1979) and Std denotes standard deviation of 

the nucleotide diversity. 
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TABLE 9. Fu’s Fs test of neutrality for soil populations of Aspergillus flavus in the 

southeastern US for each MLST locus  

 Sampling period/ MLST locus
 x

 

State year trpC mfs AF17 

Alabama Pre-application -1.07858
 NS

 -1.69170
 NS

 -0.48034
 NS

 

 Post-application -0.98241
 NS

 -2.07348
 NS

  0.96333
 NS

 

 Harvest -1.38300
 NS

 -3.68203
 NS

  2.30228
 NS

 

 2012 -1.13327
 NS

 -3.74059
 NS

  0.22677
 NS

 

 2013 -3.08015
 NS

 -3.33760
 NS

  0.55190
 NS

 

     

Georgia Pre-application -1.83868
 NS

 -1.61750
NS

 -0.08815
 NS

 

 Post-application -1.67379
 NS

 -2.50137
NS

 -0.39847
 NS

 

 Harvest -1.94503
 NS

 -4.05541
NS

  0.14609
 NS

 

 2012 -1.22465
 NS

 -2.35419
 NS

 -0.48908
 NS

 

 2013 -1.17542
 NS

 -2.65249
 NS

  0.12596
 NS

 

     

North Pre-application  1.47682
 NS

 -0.48109
 NS

  2.89167
 NS

 

Carolina Post-application  1.57414
 NS

  0.13457
 NS

  1.47570
 NS

 

 Harvest -0.96911
 NS

 -1.18472
 NS

 -1.16842
 NS

 

 2012  2.52265
 NS

 -2.04054
 NS

  1.84502
 NS

 

 2013 -2.74942
 NS

 -0.72755
 NS

  0.05317
 NS

 
x 
A measure of departure from neutrality based on Fu (1997). Negative values are evidence 

for an excess number of alleles and suggest recent population growth, while positive values 

are evidence for a deficiency of alleles from a recent bottleneck.  
NS 

denotes values that are not statistically significant at P = 0.05. 
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TABLE 10. Tajima’s D test of neutrality for soil populations of Aspergillus flavus in the 

southeastern US for each MLST locus 

 Sampling period/ MLST locus
 x

 

State year trpC mfs AF17 

Alabama Pre-application -0.71796
 NS

 -0.78771
 NS

 -0.59788 
NS 

 Post-application -0.64526
 NS

 -0.90522
 NS

 0.93898 
NS

 

 Harvest -0.72485
 NS

 -0.84084
 NS

 1.07822 
NS

 

 2012 -0.72387
 NS

 -0.97391
NS

 0.52706 
NS

 

 2013 -1.05997
 NS

 -0.72855
NS

 -0.77171 
NS

 

     

Georgia Pre-application -0.81551
 NS

 -0.38103
 NS

 -0.34693
 NS

 

 Post-application -0.82953
 NS

 -0.77431
 NS

 -0.14408
 NS

 

 Harvest -0.91817
 NS

 -1.10485
 NS

 0.08042
 NS

 

 2012 -0.63305
 NS

 -0.98169
 NS

 -0.42989
 NS

 

 2013 -0.61616
 NS

 -0.68767
 NS

 0.04051
 NS

 

     

North Pre-application 0.67581
 NS

 -0.02241
 NS

 1.72396
 NS

 

Carolina Post-application 0.99707
 NS

 -1.0536
 NS

 1.36641
 NS

 

 Harvest -0.78738
 NS

 -1.52185* -1.22947
 NS

 

 2012 1.45056
 NS

 -1.03866
 NS

 0.93993
 NS

 

 2013 -1.32043
 NS

 -0.28408
 NS

 -0.26777
 NS

 
x 
A measure of departure from neutrality based on Tajima (1989). Negative values suggest 

rapid population growth, while positive values indicate population contraction.   
NS 

denotes values that are not statistically significant at P = 0.05 

* denotes values are statistically significant at P = 0.05. 
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TABLE 11. Population recombination rates of Aspergillus flavus in the southeastern US at 

different sampling periods and cropping seasons 

State/sampling period/  Statistic 

year Sample size
 a
 Hey-Wakeley’s γ

 b 
Watterson θ

 c 

Alabama 444 0.610 3.747 

Georgia 497 0.000 2.343 

North Carolina 339 0.032 2.653 

    

Pre-application 442 0.259 3.300 

Post-application 424 0.224 3.169 

Harvest 414 0.000 3.029 

    

2012 623 0.054 2.710 

2013 657 0.349 3.681 
a 
Number of fungal strains used in the analyses.  

b 
Hey and Wakeley’s γ estimator of the population recombination rate per base pair.  

c 
Watterson’s θ estimator of the population-scaled mutation rate. 
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TABLE 12. Frequency and distribution of the mating-type (MAT) genes and gene diversity 

for pooled Aspergillus flavus across the southeastern US in lineages IB and IC 

  Mating-type 

frequency 

  

Gene 

 

Standard 

Lineage x Genetic scale y MAT1-1 MAT1-2 P-value z diversity deviation 

IB Uncorrected    86 950 0.0001 0.0184    0.0081 

 Haplotype corrected     3     8 0.2265   

IC Uncorrected 386 770 0.0001 0.8734    0.0060 

 Haplotype corrected   65   81 0.2143   
x 

Lineage of the strains analyzed defined by Geiser et al. (2000). 
y 
Mating-type designation based on either uncorrected or clone corrected haplotype data.  

z
 Probability from of a two-tailed exact binomial test performed under the null hypothesis of 

no significant difference in the frequency of isolates with MAT1-1 and MAT1-2 genes.  
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FIGURE 1. Monthly (mean) maximum air temperatures recorded at field sites in North Carolina (NC) and Alabama (AL) and 

monthly (mean) maximum air temperatures recorded at field sites in Georgia (GA) during the experimental period in the 2012 and 

2013 growing seasons. The horizontal dashed line (purple) represents the optimum temperature (37°C) for the growth of 

Aspergillus flavus. 
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FIGURE 2. Monthly (total) rainfall recorded at field sites in North Carolina (NC), Alabama (AL) and Georgia (GA), during the 

experimental period in the 2012 and 2013 growing seasons. 
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FIGURE 3. Month (mean) relative humidity recorded at field sites in North Carolina (NC) and Alabama (AL) during the 

experimental period in the 2012 and 2013 growing seasons. 
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FIGURE 4. Frequency of haplotypes recovered at each sampling period in a field in 

Alabama in 2012 and 2013 using combined MLST loci (trpC, AF17, mfs) sequence data. 

Pre- and post- denotes sampling time in relation to the application of the biocontrol agents 

Afla-Guard (in 2012 and 2013) and AF36 (in 2013). Numbers in columns represent the 

percentage of each haplotype recovered from the sampled soil. 
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FIGURE 5. Frequency of haplotypes recovered at each sampling period in a field in Georgia 

in 2012 and 2013 using combined MLST loci (trpC, AF17, mfs) sequence data. Pre- and 

post- denotes sampling time in relation to the application of the biocontrol agent Afla-Guard. 

Numbers in columns represent the percentage of each haplotype recovered from the soil. Soil 

samples were not collected at harvest in 2012 and at post-application of the biocontrol in 

2013 and thus, no corresponding haplotype is presented. 
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FIGURE 6. Frequency of haplotypes recovered at each sampling period in a field in Rocky 

Mount, North Carolina in 2012 and 2013 using combined MLST loci (trpC, AF17, mfs) 

sequence data. Pre- and post- denotes sampling time in relation to the application of the 

biocontrol agents AF36 and Afla-Guard. The numbers in the columns represent the 

percentage of each haplotype recovered from the soil. 
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FIGURE 7. Phylogenetic tree of 1336 isolates used in the study. Black lines inside the 

diagram indicate branches. The inner ring shows the haplotypes with different colors 

indicating each of the 115 haplotypes. The second ring indicates the mating-type (MAT1-1 in 

red, MAT1-2 in blue) and the third ring shows the sampling period (pre-application in purple, 

post-application in yellow and harvest in blue). The location of the biocontrols Afla-Guard 

and AF36 in the tree are indicated by red boxes and arrows. 
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FIGURE 8. Phylogenetic tree highlighting isolates (inner ring) belonging to lineage IB (left 

arc in red) and IC (right arc in red).  The inside ring shows the mating-types (MAT1-1 in red 

and MAT1-2 in blue). The outer ring shows the sampling period (pre-application in purple, 

post-application in yellow and harvest in blue). The Afla-Guard strain (H75) falls into IB 

while the AF36 strain (H97) falls into IC. 

 
 

 

 


