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ABSTRACT  

Aflatoxins are potent hepatotoxic, carcinogenic, genotoxic secondary metabolites 

produced by species in Aspergillus section Flavi that contaminate foods and feeds worldwide. 

Aflatoxin contamination of staple crops is endemic in Mozambique, and the country has one of 

the highest rates of liver cancer in the world. Groundnut exportation has been reduced due to 

contamination above the regulatory limits. However, there are few studies that detail the 

etiological agents of aflatoxin contamination in Mozambique. In addition, both in developed and 

developing countries there is a need for sustainable methods to manage crops already 

contaminated with aflatoxin in the environment of which, the practice of plowing crops under the 

soil to manage large fields with high levels of aflatoxin has raised concerns about the persistence 

in the soil of aflatoxins and the aflatoxin-producing fungi of the crop debris. 

In chapter one, a literature review of aflatoxins, important hosts and taxonomic 

classification of the major aflatoxin producing fungal groups is presented. Furthermore, the role 

of the environment, methods of control and management of aflatoxin is discussed.  

In chapter two, an analysis of fungi of S morphology isolated from maize and groundnuts 

from the northern region of Mozambique is presented. Fungi of the S morphology generally 

produce very high levels of aflatoxin and are important causal agents of contamination. A 

polyphasic approach was taken combining morphological and phylogenetic analysis, comparing 

the Aspergillus section Flavi fungi of Mozambique with previously described species with 

similar morphology. This defined the S morphology isolates of Mozambique as members of 

an A. minisclerotigenes complex. Within the complex, a group of these Mozambique isolates 

with a 30bp aflR deletion, resulting in an internal 10 amino acid deletion, are potentially 

important causal agents of aflatoxin contamination of maize and groundnuts. These isolates 

produce both B and G aflatoxins. These insights provide the basis for understanding the aflatoxin 
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contamination of crops in Mozambique. The findings of this chapter will be submitted for 

publication in the journal Phytopathology. 

In chapter three, a new mechanism by which commercial atoxigenic A. flavus biocontrol 

agents limit aflatoxin levels in crops is presented. We report that these agents are able to degrade 

up to 82% of the aflatoxins in contaminated maize. Degradation by these isolates was 

independent of the presence or absence of aflatoxin biosynthesis cluster genes, in contrast to 

previous data indicating an association of aflatoxin degradation with an isolates’ ability to 

produce aflatoxin. This insight will provide methods for in crop assessment of degradation and 

identifies an additional trait for the selection of optimal atoxigenic biocontrol isolates. The 

results of this chapter has been submitted for publication in the journal Toxins. 

In chapter four, the persistence in soil of aflatoxins and aflatoxin-producing fungi, 

following the incorporation of a contaminated crop into the soil is determined. An in vitro 

analysis suggests that aflatoxins in contaminated crops are significantly degraded and the 

Aspergillus section Flavi population is reduced when incorporated into the soil via both soil 

chemical processes and the presence of soil microbes. The observations of this chapter will be 

submitted as a short communication to the journal Soil Microbiology and Biochemistry. 

The results of these chapters contribute to insights of etiological agents of contamination 

of crops in Mozambique and methods to control and manage aflatoxins of contaminated crops to 

help in the development of rational farming practices that result in improved food safety. 
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CHAPTER 1 

INTRODUCTION (LITERATURE REVIEW) 

PLANTS AND DISEASES 

Plants are important organisms for life on earth as they are the source of oxygen, food, 

wood, medicine, and more (Raven et al., 2005). The plant's ability to convert sunlight, water, and 

carbon dioxide into chemical energy in the form of carbohydrates, proteins, and fats, are the 

major sources of energy that directly or indirectly are used by humans and other animals 

(Blankenship, 2014). However, plants are attacked continuously by disease-causing agents 

(Agrios, 2005). 

There are several definitions for plant disease, with a broad one being a “series of 

invisible and visible responses of plant cells and tissues to a pathogenic organism or 

environmental factor that result in adverse changes in the form, function, or integrity of the plant 

and may lead to partial impairment or death of plant parts or of the entire plant” (Agrios, 2005). 

The disease can be caused by a biotic (living organism) or abiotic (non-living) agent (Bergamin 

Filho et al., 1995). viroid’s, viruses, phytoplasmas, bacteria, fungi, and nematodes may all be 

pathogens that cause disease in plants (Agrios, 2005). All parts of the plants, from the roots to 

fruit can be attacked by pathogens (Fig.1.1).  

The Food and Agriculture Organization (FAO) estimates that annually between 20-40% 

of the world’s crop production is lost to diseases (FAO, 2015). One important result of disease is 

contamination with mycotoxins, fungal toxic metabolites that might not produce visible 

symptoms in the plants but have been estimated to affect 25-60% of the world’s food crops 
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(Eskola et al., 2019). Among the mycotoxins, aflatoxins have the most economic and health 

impacts (Joint et al., 2017). 

THE DISEASE (AFLATOXINS) 

Aflatoxins are toxic, carcinogenic, genotoxic secondary metabolites produced mostly by 

fungi of Aspergillus section Flavi that contaminate a variety of crops (Hesseltine et al., 1970). 

Aflatoxins B1, B2, G1, and G2 are the four naturally produced types commonly found in the 

environment (Wogan, 1966), named for the color (blue or green) that the toxins fluoresce under 

UV light (Wogan, 1966). The most common derivatives of aflatoxins are M1 and M2 aflatoxins 

found in milk (Doyle et al., 1982), these toxins can move on the food chain from the farm to food 

and to mothers’ breast milk (Eaton and Groopman, 1994). 

 

Chemical and physical proprieties of aflatoxins 

Aflatoxins are furanocoumarin compounds, organic chemicals containing carbonyl 

groups that are a product of polyketide synthesis (Fig 1.2). Aflatoxins are highly stable 

compounds with melting points of decomposition ranging from 224-299⁰C and molecular 

formula for B1 (C17H1206), B2 (C17H1406), G1 (C17H1207), G2  (C17H1407), M1 (C17H1207) and 

(C17H1207) for M2  (Wilson and Hayes, 1973) . They are moderately soluble in polar solvents such 

as chloroform, methanol, and acetone (Eaton and Gallagher, 1994). 

Toxicity and carcinogenicity. 

The most carcinogenic natural metabolite is aflatoxin B1, and along with its derivative 

aflatoxin M1, is classified as a group 1a human carcinogen by the International Agency for 

Research on Cancer  (IARC et al., 2002). Median lethal doses LD50 (mg/kg body weight) may vary 
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for the individual organism, for instance, the duckling LD50 is about 0.3-0.6 mg/kg, for dogs 1.0 

mg/kg and chickens 6.3 mg/kg (Ciegler, 1975). For humans, the evidence of carcinogenicity is 

based on the level of dietary aflatoxin intake and the incidence of hepatocellular carcinoma (Eaton 

and Gallagher, 1994). The biochemical mechanism of aflatoxin carcinogenesis pathways varies 

according to the type of aflatoxin (Eaton and Gallagher, 1994). The most carcinogenic aflatoxin 

B1 requires microsomal oxidation to its epoxide derivative AFB1-8-9-epoxide, which forms 

covalent bonds with cellular DNA to exert its hepatocarcinogenic effects (Fig 1.3).  

Aflatoxicosis 

Hepatocellular carcinoma is the most common type of liver cancer (Kew, 2013). It is 

estimated that 29% of liver cancers worldwide are associated with aflatoxins (Liu and Wu, 

2010). Countries with a high risk of dietary aflatoxin intake include Mozambique, Vietnam, 

China, and India. Aflatoxicosis, diseases caused by the consumption of food contaminated with 

aflatoxins, are endemic in several countries in the world (Wu, 2015). The incidence of liver 

cancer in Mozambique is among the highest in the world (Kew, 2013) and it is among the top 

five most frequent cancers in Mozambique, responsible for up to 6% of all cancer deaths in 

males and up to 3.6% in females (Bray et al., 2018). Another African country with severe 

episodes of aflatoxicosis is Kenya. During a 2004 outbreak, there was a 39% fatality rate among 

a total of 317 acute cases (Probst et al., 2007). India has reported several aflatoxicosis outbreaks 

since the 70's (Reddy and Raghavender, 2007) just ten years after the first aflatoxin outbreak in 

Great Britain in 1960 termed Turkey “X” disease, that was associated with feeding turkeys 

contaminated groundnut meal imported from Brazil (Reddy and Raghavender, 2007). Still today, 

both humans and animals face acute and chronic poisoning with serious health consequences, 
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including immunosuppression, stunting in children, genotoxicity resulting in potentially 

congenital disabilities, cancer, and death (Joint et al., 2017).  

 

Regulatory limits 

Aflatoxins are directly ingested via contaminated foods or through the ingestion of 

byproducts of consumed feed contaminated with aflatoxins. Among contaminated byproducts, 

infant milk processed from cows’ milk is strictly regulated in many countries (Wu, 2015). 

Around the world, 99 countries have regulations limiting aflatoxins permitted in foods and feed 

(Wu, 2004). Among the institutes or organizations that regulate maximum aflatoxin levels in 

products, the European Union Commission for the EU countries is the strictest with 4 µg/kg of 

total aflatoxin allowed (European Commission, 2010). The Codex Alimentarius Commission 

(CAC) that  guides about 168 countries, mostly the African countries such as Mozambique, the 

total aflatoxin permitted is 10 µg/kg, and the US Food and Drug Administration (FDA) regulates 

total aflatoxin permitted for animal consumption at 20 µg/kg  (Wu, 2015, Table 1.1 ) 

  

Economic Impacts 

Regulation, mainly from the European Commission, can elevate the cost of production of 

crops susceptible to aflatoxin contamination. European Union regulation of aflatoxins costs the 

African continent ~$670 million each year in exports of cereals, dried fruit, and nuts (Wu, 2004). 

Contaminated crops have a reduced market value or are rejected, preventing access to higher-

value international trade markets. Producers of the affected crops earn less because of product 

rejection (Wu, 2015). Mozambique is the major producer of groundnuts in southern Africa (Van 
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Wyk et al., 1999). The exportation of groundnuts to neighboring countries and the international 

market has been reduced due to the challenges of meeting regulatory limits (RASFF, 2020). 

 

THE HOST 

Aflatoxin producing fungi infect several crops such as, maize, groundnuts, cottonseeds, 

cassava, rice, chilis, and tree nuts (Probst et al., 2012, Kachapulula et al., 2017, Picot et al., 2017, 

Singh and Cotty, 2019). In most host crops, plants are asymptomatic, meaning no visible 

morphological change is observed (Agrios, 2005). However, under some optimal conditions, the 

fungi can sporulate on the substrate. This disease on maize is commonly called Aspergillus ear 

rot (Fig 1.4). Susceptibility of staple crops to aflatoxin contamination increases food insecurity. 

A survey in Austria detected that 24 out of 81 samples of rice in the markets were contaminated 

with aflatoxins (Reiter et al., 2010). In contrast, a survey in India detected 814 of 1,200 local 

samples of rice were contaminated with aflatoxins (Reddy et al., 2009), considering that rice is a 

staple food in India, the susceptibility of this crop in this region has significant socio-economic 

implications. A similar scenario occurs for cassava in African countries (Essono et al., 2009). 

But, worldwide the two most common crops commonly supporting high levels of aflatoxins are 

maize and groundnuts (Cotty et al., 2008). 

 

Characteristics of maize and groundnut primary aflatoxin host 

Maize. Maize (Zea mays L.), also known as corn, is a member of the Gramineae/Poaceae 

family, a monocotyledon plant, annual crop with diverse varieties having life cycles ranging 

from three to six (Scott and emery, 2016). Maize is rich in starch, oil, and proteins with the 

grains as food and grains, leaves, and stalk for livestock feed (Nafziger, 2016). 
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 Groundnuts. Groundnuts (Arachis hypogaea L.), also known as peanuts, is a member of 

Leguminosae/Fabaceae family, a dicotyledon plant, an annual crop with a life cycle ranging from 

three to five months among the varieties (Trivedi et al., 2015). Groundnuts are rich in lipids (fats 

and oil) with the seeds as food and all aerial components for livestock feed (Ingale and 

Shrivastava, 2011). 

Although host genotypes can influence level of contamination, fungi might be adapted to 

their host. A recent comparison of two aflatoxin producing fungal genomes the L morphology vs. 

S morphology, revealed that S morphology A. flavus fungi have genes associated with adaptation 

to soils while the L morphology strains have genes suggesting adaptation for above-ground and 

phyllosphere growth (Ohkura et al., 2018). As maize and groundnuts are commonly 

contaminated with aflatoxins, they have differences that require adaptation by the pathogen to 

infect the different seeds, as groundnut seeds grow in soil, and maize seeds are aerial. The broad 

range of hosts contaminated with aflatoxins are due to these pathogens being ubiquitous and 

diverse (Probst et al., 2014).  

THE PATHOGEN (ASPERGILLUS SECTION FLAVI) 

Aflatoxins are produced by different fungal species and the majority are members of 

Aspergillus section Flavi (Hesseltine, 1970). Aspergillus section Flavi member fungi, are 

characterized by their producing several mycotoxins, but also some members are 

biotechnologically and industrially beneficial species (Varga et al., 2011). Among them, 

Aspergillus flavus, Aspergillus parasiticus, Aspergillus nomius, Aspergillus oryzae, Aspergillus 

sojae and Aspergillus tamarii are the most studied due to their economic impact. The first three 

are aflatoxigenic while the last three are non-aflatoxigenic and are beneficial (Rodrigues et al., 

2011). The species most often reported as associated with aflatoxins are A. flavus, and A. 
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parasiticus (Setamou et al., 1997, Davari et al., 2015, Kachapulula et al., 2017). However, 

species in Aspergillus section Flavi are similar morphologically and phylogenetically, which 

requires a deep understanding of their taxonomy to identify the causal agents of aflatoxin 

contamination correctly.  

Taxonomic classification 

Morphology. Aspergillus section Flavi members are diverse. Species may differ in 

colony color, sclerotium production, and growth rate (Fig. 1.5). The general characteristics of 

section Flavi are yellowish-green to brown pigmented conidia, uniseriate or biseriate conidial 

heads, with the spores typically spherical with smooth or rough texture and the production of 

dark-colored sclerotia of different sizes ranging from 100µm to 700µm (Raper and Fennell, 

1965, Cotty, 1989, Frisvad et al., 2019). The sclerotium size can delineate morphologies within 

and between species. The S stand for small sclerotia (average <400 µm) with few conidia, and L 

for large sclerotia (average >400 µm) with abundant conidial production (Cotty, 1989). Among 

the aflatoxin producing species, A. flavus L morphology isolates produce highly variable 

quantities of aflatoxins, with some isolates (atoxigenics) unable to produce aflatoxins (Cotty and 

Bhatnagar, 1994, Dorner, 2004). On the other hand, A. flavus S morphology isolates almost all 

produce high levels of aflatoxins, although rarely, atoxigenic S morphology strains have been 

isolated in the environment (Sserumaga et al., 2020). The S morphology produces on average 

higher levels of aflatoxins than L strain isolates (Cotty, 1989, Probst et al., 2007). The S 

morphology aflatoxin producing fungi are often divided into two groups, described as SB, those 

that produce only B aflatoxins, and SBG isolates capable of producing both B and G aflatoxins 

(Cardwell and Cotty, 2002). 
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Although there is variability among section Flavi species, they cannot be distinguished 

by morphology and aflatoxin profiles which often leads to misidentification of causal agents. 

Attempts to create guidelines and keys to identify them have been proposed (Varga et al., 2011, 

Samson et al., 2014, Godet and Munaut, 2010). Polyphasic approaches, a combination of 

different methods has shown to be useful for differentiation of species, with phylogenetic 

analysis enabling the identification of new species (Samson et al., 2014). 

 

Phylogeny. There are currently 34 different species members of Aspergillus section Flavi 

published (Singh et al., 2018, Carvajal-Campos et al., 2017, Frisvad et al., 2019). Seventeen 

species from four different clades are aflatoxin producers. The A. coremiformis clade has two 

species, but only A. togoensis can produce aflatoxin B1. All three members of the A. nomius 

clade produce both B and G aflatoxins. Among the A. tamarii clade, A. pseudotamarii and A. 

pseudocaelatus can produce B aflatoxins, while A. tamarii and A. caelatus are atoxigenic. The 

rest of the eleven isolates produced both aflatoxins and are members of A. flavus clade (Frisvad 

et al., 2019). There is variation in the levels of aflatoxin production among species of A. flavus. 

Members can be atoxigenic or aflatoxin B only producers (Amaike and Keller, 2011, Codner et 

al., 1963, Nesbitt et al., 1962, Varga et al., 2009), and recently an isolate was described that 

produces B and G aflatoxins (Frisvad et al., 2019). 

Aflatoxin biosynthesis cluster genes. 

Aflatoxin production is genetically regulated by 25 genes clustered within a 70kb DNA 

chromosomal region (Ehrlich et al., 2005, Brown et al., 1996, Chang et al., 2004, Yu et al., 

1995). Differences within and between species have been reported. Atoxigenic A. flavus and the 

industrial fungi A. sojae and A. oryzae have the aflatoxin biosynthesis cluster genes but do not 
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produce aflatoxins due to SNPs in this region that can be differentiated from closely related 

aflatoxin producing species (Takahashi et al., 2002, Ehrlich et al., 2005, Chang et al., 2005, 

Klich and Pitt, 1988, Godet and Munaut, 2010, Ehrlich et al., 2007). Indels are also very frequent 

in the region, with some fungi missing the entire cluster (Adhikari et al., 2016, Donner et al., 

2010, Chang et al., 2005). Within aflatoxin producers, the lack of production of G aflatoxins by 

certain species is associated with indels in the cypA-norB (aflF-aflU) region, which encodes a 

cytochrome P450 monooxygenase and an aryl alcohol dehydrogenase respectively (Ehrlich et al., 

2004). During the outbreak of lethal aflatoxicosis in Kenya in 2004, the identification of the 

causal agents was based on an aflR phylogenetic tree and the difference in deletion sizes within 

the cypA-norB region. Kenyan fungi have a different deletion from A. flavus isolates with similar 

morphology and aflatoxin profiles (Ehrlich et al., 2004, Probst et al., 2012). Within A. flavus 

isolates, there are variations, with individuals having either a 1.5kb or 0.9 kb deletion (Fig. 1.6). 

The aflatoxin biosynthesis cluster genes have been shown to be useful for a fast screen of 

atoxigenic isolates (Callicott and Cotty, 2015). Since Aspergillus section Flavi includes cryptic 

species and very complex phylogenetic relationships, the aflatoxin biosynthesis cluster genes 

might be a useful region for comparison in identifying pathogenic fungi of aflatoxin 

contamination. 

THE ENVIRONMENT 

Climate 

Environmental conditions are essential for a susceptible host and a virulent pathogen to 

interact, and aflatoxin contamination to occur. The disease triangle is the illustration of what 

happens in the region between latitudes 40o south and 40o north where aflatoxin is a perennial 
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risk (Cotty and Jaime-Garcia, 2007). Regions outside that area still contain the pathogen and the 

hosts but the aflatoxin contamination levels are not dangerous compared to the regions with a 

climate more favorable for growth and aflatoxin production (Fig 1.7).  

The weather conditions prevailing in an area can dictate the contamination of aflatoxin in 

crops. Temperature, and humidity can directly influence important factors in aflatoxin 

contamination (Cotty et al., 2008) with higher temperatures and humidity favoring aflatoxin 

production on hosts (Cotty et al., 2008. Fungal interactions may also be important; Aspergillus 

section Flavi fungi commonly exist in complex communities in which many genetically isolated 

groups co-exist (Cotty et al., 2008). As climate change occurs, the co-existent aflatoxin-

producing fungal communities also change (Cotty and Jaime-Garcia 2007, Bandyopadhyay et al., 

2016). In the field, the most frequent group has the best chance of colonization. However, it must 

be adapted to the environmental conditions of the area (Cotty et al., 2008). With climate change, 

aflatoxin contamination patterns may be unpredictable. With increases in temperature, the 

environment will be more beneficial to the pathogen since members of A. flavus grow well on 

the temperature range of 25-40 degrees (Holmquist et al., 1983). 

Climate also influences the predisposition of hosts to contamination by altering crop 

development and by affecting post-harvest processes, including the contribution of insect 

damage via wounds, which increase colonization by aflatoxin producers (Cotty and Jaime-

Garcia, 2007, Torres et al., 2014). As hosts have their own environmental requirements such as 

nutrients in soil and water, unfavorable conditions can increase the susceptibility for infection 

(Brown et al., 1999). 

Aflatoxin contamination is a perennial concern in warm regions, and fluctuations in 

climate can influence contamination during crop development or post-harvest phase. A dry 
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season with high temperatures contributes to higher contamination during crop development, and 

warm, wet conditions contribute to higher contamination post-harvest (Cotty et al., 2008). 

However, within a region, climate conditions can vary in smaller areas. For example, in Zambia, 

samples from warm agroecologies have higher levels of aflatoxin than agroecologies in cool 

regions of the country (Kachapulula et al., 2017).  

 

Both harvest time and post-harvest conditions can be manipulated and improved with 

factors such as lower temperature, lower moisture, and placement of crops in hermetic bags to 

reduce oxygen availability favoring the reduction of the severity of contamination (Torres et al., 

2014, Walker et al., 2018). By understanding the favorable conditions of each strain, species or 

causal agent, one can monitor environmental conditions and adjust factors with agronomic 

practices to limit contamination. 

 

CONTROL 

Prevention.  

Aflatoxin prevention strategies are centered on agronomic practices, host resistance, and 

biological control (Goldblatt, 2012). Planting dates and harvesting dates are some of the 

agronomic practices that can significantly reduce aflatoxin contamination (Cotty et al., 2008). If 

rain occurs before harvesting and the grain’s humidity percentage is higher than 10%, farmers 

may delay harvesting and, increase drying to limit the growth of fungi in storage (Chiewchan et 

al., 2015). Moreover, the location of drying can also dictate the amount of contamination. In 

countries such as Mozambique after harvest of maize, drying is performed on the ground 
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allowing the population of Aspergillus section Flavi in the soil to contact and infect the crop 

(Ozay et al., 2008).  

For 40 years, researchers have been breeding aflatoxin resistant maize (Warburton and 

Williams., 2014). The strategies are to identify germplasm with either genetic resistance to 

infection and growth of the toxin producer in the grain or the ability to suppress the production 

of aflatoxin following infection (Williams et al., 2014). Transgenic maize with an RNA 

interference (RNAi) gene targeting genes in the aflatoxin biosynthetic cluster was able to reduce 

aflatoxin formation in greenhouse tests (Thakare et al., 2017). Despite this concerted research 

and advances in resistant inbred lines; mapping of genetic resistance genes, and field trials, few 

resistant varieties with desirable agronomic values are available for producers to plant and 

effectively reduce aflatoxin contamination (Warburton and Williams, 2014).  

Biocontrol of aflatoxins is mainly achieved, by using atoxigenic strains of the same 

region to compete with toxin producers and modify the fungal community structure so that 

aflatoxin producers are less common (Bock and Cotty, 1999, Vincent et al., 2007). This strategy 

is the most frequently used strategy to control and has shown great efficacy in reducing 

aflatoxins in crops (Zhou et al., 2015, Senghor et al., 2019, Bandyopadhyay et al., 2016).  

 

Detoxification 

Physical degradation of aflatoxins is not possible due to the stability and high melting 

points of aflatoxins. Additionally, some evidence suggest that the chemical change may be 

reversible and that could occur after consumption (Samarajeewa et al., 1990). Similarly, gamma 

radiation directed at aflatoxins shows only a slight degradation of the toxin (Ghanem et al., 

2008).  
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The most common chemical detoxification method is ammonization. However, the crops 

lose value and are not used for human consumption. Other chemicals used include sodium 

hypochlorite and chlorine dioxide (Mercado et al., 1991). 

Another detoxification method relies on adsorption by binding the toxins to an adsorbent 

compound. Clay, bentonite, montmorillonite, sodium, and calcium aluminum silica are 

commonly added to animal feed for action during digestion in the gastrointestinal tract 

(Tomasevic-Canovic et al., 1994, Jaynes et al., 2007, Si et al., 2009, Phillips et al., 2002).  

The most efficient detoxification method is biological. Several microbes can degrade 

aflatoxins (Jackson and Pryor, 2017, Bhatnagar et al., 1991, Ciegler et al., 1966, Adebo et al., 

2017)  including aflatoxigenic Aspergillus section Flavi fungi that can degrade their own 

aflatoxins (Verheecke et al., 2016, Huynh et al., 1984). However, a biological detoxification 

system does not yet exist. 

 

Sorting and plowing under the soil  

When prevention or decontamination is not an option and crops are already 

contaminated, some crop value may be salvaged by sorting. Sorting can reduce aflatoxin 

contamination levels by removing contaminated grain from the bulk (Dickens and Whitaker, 

1975). Although sorting out of damaged or obviously contaminated seeds can reduce aflatoxins, 

they are often also high in shriveled seed, so sorting is not efficient because of inability to 

visually identify all seeds that are contaminated.  

In developed countries, large agricultural fields that are contaminated are dealt with by 

plowing infected crops into the soil (Goldberg and Angle, 1985, Angle, 1986, Angle and 

Wagner, 1981). The strategy is to save cost and use the debris of the contaminated crops as 
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nutrients. However, studies on the fate of aflatoxins and the implications of contamination in the 

next planting season are unclear.   



27 

Table 1.1. U.S food and Drug Administration guidelines for aflatoxin levels. 

Aflatoxin Level 

(parts per billion) 

Class of Animal Commodities 

20 ppb Dairy animals, animals not 

listed below, or unknown use 

For corn, peanut products, cottonseed meal and 

other animal feeds and feed ingredients 

20 ppb Immature animals For corn, peanut products and other animal 

feeds and feed ingredients, but excluding 

cottonseed meal 

20 ppb Pets (dogs, cats, rabbits, etc.) 

of all ages 

For corn, peanut products, cottonseed meal, and 

other food ingredients and complete pet food 

100 ppb Breeding cattle, breeding 

swine, and mature poultry 

(e.g. laying hens) 

For corn and peanut products 

200 ppb Finishing swine (100 pounds 

or more) 

For corn and peanut products 

300 ppb Beef cattle, swine, poultry 

(Regardless of age or 

breeding status). 

For cottonseed meal 

 

 

 

 
A B C D E 

Figure 1.1. Plant diseases (A) Tomato plant affected with Tomato curly stunt virus disease 

caused by virus tomato curly stunt virus (ToCSV), (B) Fruits and leaves of palm tree in affected 

with Lethal yellowing (LY) caused by Phytoplasma sp., (C) Leaves of rice affected with 

Bacterial blight caused by Xanthomonas oryzea pv oryzea (Xoo) (D) Leaves of sugar cane 

affected with leaf scorch caused by the fungi Staginispora sacchari (E) Maize cob affected with 

smut cause by Ustilagos maydis. 

Pictures credit: Lourena Arone Maxwell 
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Figure 1.2. Aflatoxin chemical structures 

 

 

 

Figure 1.3. Aflatoxin biochemical mechanism of carcinogenesis. Overview of 

biotransformation pathways for aflatoxin B1. CYP450- cytochrome P450, PHS- prostaglandin H-

synthase, GST glutathione 5-transferases, UDP-GT -UDP-glucuronosyltransferases ST- 

sulfotransferases. From: Eaton and Gallagaher, 1994 
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Figure 1.4. Sporulation of aflatoxin producing fungi on Maize. 

Pictures credit: Lourena Arone Maxwell 

 

 
Figure 1.5 Aspergillus section Flavi species colonies. Eight-day old colonies of different 

species of Aspergillus section Flavi growing on Czapek yeast autolysate CYA media at 31ºC. 

Pictures credit: Lourena Arone Maxwell 
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Figure 1.6. Indels in the norB-cypA gene region between different species of Aspergillus 

section Flavi. Difference in the size of the norB-cypA deletion of Aspergillus flavus and fungi 

from Kenya.  A. parasiticus has no deletion.   

From: Probst et al, 2012 

 

 
  

Figure 1.7. Disease triangle of aflatoxin contamination. 

Diagram credit: Lourena Arone Maxwell 
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CHAPTER 2  

DIVERSITY OF ASPERGILLUS SECTION FLAVI S MORPHOLOGY FUNGI IN 

MOZAMBIQUE 

To be submitted as an article to the journal Phytopathology  

 

 

ABSTRACT 

In northern Mozambique, aflatoxins prevent groundnuts from entering export markets 

and cause high rates of liver cancer. High frequencies of Aspergillus isolates with S morphology 

were detected in contaminated crops throughout the primary peanut production region near 

Nampula province, where human exposure to aflatoxins has been historically severe. To 

determine if fungi of the S morphology from northern Mozambique have the potential to be 

important etiologic agents of contamination of the two primary crops associated with aflatoxin 

exposure in the region, a polyphasic approach, including morphological and molecular analysis 

was performed. Preliminary examination of 448 S morphology isolates from Mozambique 

compared DNA sequences of the aflatoxin transcription factor (aflR, 1.8 kb) and aflatoxin 

production potential to identify genotypes with a significant etiological impact factor (EIF). 

Phylogenetic analysis based on aflR identified seven groups. The most common group (72% of 

isolates) produced the highest aflatoxin concentrations (up to 62.5 mg/kg in maize and up to 17.6 

mg/kg in groundnut). Three groups do not produce G aflatoxins, and all have a 2.2 kb deletion 

spanning part of the cytochrome P450 monooxygenase (cypA) and the aryl alcohol 

dehydrogenase (norB) genes of the aflatoxin biosynthesis gene cluster. Analysis of the MAT 

locus of the northern Mozambique isolates revealed a near equal distribution of MAT1-1 and 

MAT1-2 alleles with no strains containing both alleles. A subset of 36 isolates from these groups 
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were selected for species identification, representing different agroecological regions and crops 

from which they were isolated. Phylogenetic analysis of partial β-tubulin (benA, 0.4kb), 

calmodulin (cmdA 1.9kb), and nitrate reductase (niaD, 2.1 kb) sequences revealed that S 

morphology isolates from Mozambique formed a complex assemblage of clades that includes A. 

texensis, A. toxicus, Lethal Aflatoxicosis Fungus (LAF) From Kenya  and A. minisclerotigenes. 

We describe this group as the A. minisclerotigenes complex because A. minisclerotigenes is the 

earliest described species in this complex of isolates. The five supported distinct clades of this 

complex varied in production of aflatoxins, cyclopiazonic acid, and aspergillic acid. The clades 

have similar morphological features with slight variations. The Mozambique isolates that 

clustered with A. toxicus grew slightly slower on CZ at 25⁰C while the isolates belonging to the 

clade that included the A. minisclerotigenes reference isolates had smaller sclerotia (150µm) and 

produced significantly higher numbers of sclerotia on CZ at 31⁰C. Although resolution of the 

Mozambique isolates into the groups form unresolved clades of the A. minisclerotigenes 

complex not strongly supported statistically, aflR was able to distinguish the important 

etiological groups within the complex that have a high capacity to contaminate maize and 

groundnuts with aflatoxins. Aflatoxin management for Mozambique must take into consideration 

these highly toxigenic isolates. 
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INTRODUCTION 

Aflatoxins are toxic carcinogenic fungal metabolites produced by several members 

of Aspergillus section Flavi (Hesseltine et al., 1970). Immunosuppressive and carcinogenic 

properties of these toxins have been associated with acute and chronic risks to health for both 

humans and domesticated animals (Turner et al., 2005, Gong et al., 2002). Consumption of 

aflatoxins at parts per million concentrations can lead to liver necrosis and rapid death(Williams 

et al., 2004). The most common aflatoxins produced in food are aflatoxins B1, B2, G1, and G2 

with major metabolic products M1 and M2 common in contaminated milk (Van Egmond, 

1994). Aflatoxin producing fungi infect several crops, such as maize, groundnuts, cottonseed, 

chilis, and tree nuts (Probst et al., 2007, Kachapulula et al., 2017, Picot et al., 2017, Singh and 

Cotty, 2019). The species most associated with aflatoxin-contaminated crops are members 

of Aspergillus section Flavi (Cotty et al., 2008, Hesseltine et al., 1970, Saito and Tsuruta, 

1993). Aspergillus section Flavi includes cryptic species and species that were previously 

misidentified due to their being very closely related phylogenetically (Geiser et al., 1998a). 

These strains have been separated mostly based on morphology and the types of aflatoxins they 

produced. Primarily, aflatoxin contamination was attributed to A. flavus if only B aflatoxins were 

detected, or A. parasiticus if both B and G aflatoxins were detected (Saito and Tsuruta, 1993, 

Hesseltine et al., 1970, Cotty et al., 1994, Okazaki et al., 1992). Another secondary metabolite 

use to differentiate A. flavus and A. parasiticus is  cyclopiazonic acid (CPA, Pitt et al., 1983).  . 

CPA is  an indole-tetramic acid, that is a neurotoxin  produced by A. flavus but not by A. 

parasiticus and its closely related species such as A. arachidicola  (Klich and Pitt, 1988). 

Another test able to differentiate Aspergillus section Flavi species is aspergillic acid production. 

(Pitt et al., 1983).  On Aspergillus flavus and parasiticus agar (AFPA), A. flavus, A. parasiticus, 
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A. minisclerotigenes, and other closely related species can be distinguished from other 

Aspergillus section Flavi fungi in that their colonies produce a bright orange pigment, observed  

by viewing the underside of the cultures.  This color results from the reaction of aspergillic acid, 

and related compounds produced by these fungi, with ferric citrate ions (in the AFPA). A. 

tamarii produces a brown color or no color change. A. pseudotamarii produces a brown color, 

sometimes with a thin ring of orange color around the colony while A. nomius produce no color 

change (Pitt et al., 1983).  Currently, aflatoxin producing fungi are often screened for the co-

occurrence of CPA, aspergillic acid  and other secondary metabolites for identify of new species 

within Aspergillus section Flavi (Pildain et al., 2008; Carvajal-Campos et al., 2017, Frisvad et 

al., 2019, Singh et al., 2018). 

 Species in section Flavi can have several morphologies, of which the L and S 

morphologies are well described (Cotty, 1989). Morphological characteristics used to describe 

the species include production of sclerotia, conidia, and secondary metabolites (Cotty, 1989). 

Isolates with L morphology produce few, large sclerotia (average >400 µm), abundant conidia, 

and highly variable quantities of aflatoxins, with some isolates (atoxigenics) unable to produce 

aflatoxins (Cotty and Bhatnagar, 1994, Dorner, 2004). In contrast, S morphology isolates 

produce numerous, small sclerotia (average <400 µm), fewer conidia and higher average levels 

of aflatoxins than L strain isolates (Cotty, 1989, Probst et al., 2007). The S morphology aflatoxin 

producing fungi are often divided into two groups, described as SB, those that produce only B 

aflatoxins, and SBG isolates capable of producing both B and G aflatoxins (Cardwell and Cotty, 

2002).  

DNA-based phylogenies showed that S morphology fungi are highly diverse, and several 

new species have been recently been described (Carvajal-Campos et al., 2017, Singh et al., 2018, 
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Frisvad et al., 2019). The most recent phylogenetic tree of Aspergillus section Flavi reported 

eight species with S morphology (Frisvad et al., 2019). These species are all members of the A. 

flavus clade with two main lineages centered on A. parasiticus and A. flavus. There are two S 

morphology species from the A. parasiticus lineages, both of which are SBG types; A. 

mottea detected in Europe (Soares et al., 2012) and A. arachidicola detected in South America 

(Pildain et al., 2008). Among the A. flavus lineage, several SBG species are endemic to West 

Africa including A. aflatoxiformans, (Hesseltine, 1970) A. austiwickii, A. pipericola (Frisvad et 

al., 2019) and A. korhogoensis (Carvajal-Campos et al., 2017), which was recently renamed A. 

cerealis (Frisvad et al., 2019). Another A. flavus SBG species is A. minisclerotigenes (Pildain et 

al. 2008) which is found in South America, Australia, and Africa (Probst et al., 2014). The only 

SB species known in the A. flavus lineage is A. flavus itself, but changes in taxonomic 

classification have added and removed SBG isolates to A. flavus several times (Amaike and 

Keller, 2011, Varga et al., 2009, Codner et al., 1963, Nesbitt et al., 1962). The current 

classification of A. flavus includes both SB and SBG producers (Frisvad et al., 2019). 

Similarly, the delimitation of A. minisclerotigenes as a species is unclear. This species is 

traditionally characterized as containing only SBG producers (Pildain et al. 2008, Varga et al., 

2009, Amaike and Keller, 2011), however, a recent study identified an SB producer as A. 

minisclerotigenes (Okoth et al., 2018). The unnamed S morphology isolates associated with 

episodes of severe aflatoxin exposure in Kenya, referred to as the Lethal Aflatoxicosis Fungus 

(LAF), were described as producing only B aflatoxins (Probst et al., 2012). These SB fungi were 

found to be phylogenetically distinct from A. flavus and closely related to A. minisclerotigenes 

(Probst et al., 2007; Probst et al., 2012). Most recently, A. texensis was described as the first 

identified SBG fungus isolated from North America; this species is also closely related to A. 
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minisclerotigenes (Singh et al., 2018). The identification of LAF and A. texensis as novel taxa 

used genes including nitrate reductase (niaD) and the aflatoxin transcription factor (aflR) instead 

of the nuclear ribosomal internal transcribed spacer (ITS) region, the designated DNA barcode 

for fungi which has not been very useful in identifying species in several genera such as 

Aspergillus and Fusarium due to the complex phylogenetic relationships and the presence of 

cryptic species (Geiser et al., 1998, Raja et al., 2017). Unresolved distinct taxa with very close 

proximity that share significant similarities are commonly grouped as a complex (Feng et al., 

2014, Zheng et al., 2017). The aflR gene and other genes of the aflatoxin biosynthesis cluster 

have been demonstrated to be useful in distinguishing between the aflatoxin-producing fungi and 

the atoxigenic fungi (Callicott and Cotty., 2015). Among aflatoxin producers, indels in the cypA-

norB (aflF-aflU) region, which encodes a cytochrome P450 monooxygenase and an aryl alcohol 

dehydrogenase, have been shown to be associated with the inability to produce G aflatoxins 

production (Ehrlich et al., 2004). This region is useful in distinguishing between A. flavus SB 

strains which have either a 1.5kb or 0.8 kb deletion and the LAF fungi that have a 2.2 kb deletion 

in the cypA/norB region (Probst et al. 2012). For food safety purposes, identification of the 

variety (var.), forma specialis (f. sp), or genotype of a species is crucial for management and 

control of mycotoxins like aflatoxins that have economic and health implications.  In developing 

countries such as Mozambique, maize and groundnuts are among the main staple foods for 

people and livestock, and people are frequently exposed to dangerous concentrations of 

aflatoxins. High prevalence of liver cancer in Mozambique has been linked to the intake of 

aflatoxin-contaminated foods (Van Rensburg et al., 1985, van Wyk et al., 1999, Carreira et al., 

2014). Exposure levels to aflatoxins in the country has been estimated to be between 38.6 and 
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183.7 ng kg−1 d−1 (Hall and Wild, 1994). Aflatoxin contamination has also adversely impacted 

exports of Mozambican groundnuts to the European Union (RASFF, 2020). 

 A recent survey of aflatoxin prevalence in peanut and maize across central and northern 

Mozambique showed that the Nampula province had the highest aflatoxin contamination on both 

crops (Augusto et al., 2014). In addition, this region was found to differ from the rest of 

Mozambique in having high incidences of Aspergillus section Flavi with S morphology 

(Augusto et al., 2017). This is of importance since Aspergillus with S morphology have been 

reported as major etiologic agents of contamination in North America (Cotty, 1989, Cotty and 

Jaime-Garcia, 2007) and West Africa (Hesseltine et al., 1970, Cardwell and Cotty, 2002) and 

linked to episodes of lethal aflatoxicosis in East Africa (Probst et al., 2007, Okoth et al., 2018, 

Probst et al., 2012). The current study sought to determine if fungi with S morphology in 

northern Mozambique have the potential to be important etiologic agents of aflatoxin 

contamination of the two primary crops in the region. S morphology isolates from Mozambique 

were initially characterized based on their aflR gene sequence and aflatoxin production potential.  

Isolates were then assigned to species using a polyphasic approach combining morphological 

characteristics and phylogenetic relationships of these taxa with previously described fungi 

having similar morphology. 

MATERIALS AND METHODS 

Fungal isolates 

Type isolates (Table 2.1) of named species within Aspergillus section Flavi were 

obtained from the National Center for Agricultural Utilization Research- Agriculture Research 

Service Culture Collection (NRRL, Peoria, IL, USA), American Type Culture Collection 

(ATCC, Maryland, USA) or the Westerdijk Fungal Biodiversity Institute (CBS-KNAW, Utrecht, 
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Netherlands). The International Institute for Tropical Agriculture (IITA) collected 448 

Aspergillus section Flavi isolates with S morphology during 2013 and 2014 via surveys of six 

provinces in the north and central regions of Mozambique (Fig 2.1). Fungi were isolated from 

groundnut (N=86) and maize (N=75) samples, and S morphology isolates were identified as 

previously described (Probst et al., 2007). 

 

Molecular analysis 

 Preliminary examination. Initially, 448 Aspergillus section Flavi S morphology 

isolates from Mozambique were characterized based on aflR sequence and aflatoxin producing 

potentials and compared to reference isolates to define the diversity of potential etiological 

agents in northern Mozambique. The mating-type (MAT) alleles of the 448 Mozambique isolates 

were determined as well as the intactness of the norB-cypA region of those isolates that produce 

only B aflatoxins. Based on the results (Arone et al., 2016, Arone et al., 2018) a subset of 36 

isolates were selected as representatives of the populations based on aflR (Table 2.1), 

agroecology region and crop source. The 36 isolates were subject to further sequencing of three 

other loci; β-tubulin (benA, 0.4kb), calmodulin (cmdA, 1.9kb), and nitrate reductase (niaD, 

2.1kb) and were morphologically characterized for species identification.  

 

DNA isolation. DNA was isolated as described previously (Callicott and Cotty, 2015) 

from spores produced on 5-2 agar (5% V-8 vegetable juice, 2% agar, pH 5.2) with 2% NaCl (7 

days, 31 C). DNA was quantified with a spectrophotometer (model ND-1000, NanoDrop) and 

diluted to a final concentration of 10 ng/μl. 
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PCR and sequence analysis of Aspergillus section Flavi loci. Preliminary 

characterization of S morphology isolates used aflR (1.8 kb) to determine the species of the S 

morphology isolates, benA (0.4kb), cmdA (1.9kb), and niaD (2.1kb) gene fragments were 

amplified and sequenced using the primers listed in Table 2.2. PCR reactions were performed 

with 10 ng of fungal DNA and a final primer concentration of 0.25 μM of each primer using 

AccuPower® HotStart PCR premix (Bioneer, Alameda, CA, USA). PCR amplification 

conditions were an initial denaturation of 5 min at 94°C, followed by 38 cycles of 20s 94°C, 30s 

at a locus-specific annealing temperature (Table 2.2), 30 s at 72°C, and a final extension of 5 min 

at 72°C. Amplicons were visualized on 1% agarose gels prior to bidirectional sequencing at the 

University of Arizona Genomics Core. All sequences will be deposited in the NCBI database. 

Mating type allele identifications were performed using the methods of Ramirez-Prado et 

al. (2008). 

Amplicons were generated from the norB-cypA region using primers listed in Table 2.2 to 

determine whether deletions in this area were responsible for the failure of B aflatoxin-producing 

strains to produce G aflatoxins. Amplicons shorter than 3.1kb were sequenced as described 

above and aligned with previously reported norB/cypA sequences from B-only producing S 

morphology fungi (Probst et al., 2012) and with reference SBG isolates for identification of sizes 

and positions of deletions. 

 

Phylogenetic Analysis. Sequences were manually trimmed and assembled with manual 

adjustments using Geneious Pro 9.0.5, to define consensus sequences. Sequences of individual 

markers and concatenated sequences were aligned using the MUSCLE algorithm (Edgar, 2004) 

as implemented in Geneious Pro 9.0.5. Phylogenetic relationships were determined for individual 
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and concatenated sequences using MrBayes version 3.2.6 (Ronquist et al., 2012) using 10 

million generations with a 25% burn-in. A second phylogeny was inferred using Maximum 

likelihood analysis with PhyML 3.1 (Phylogeny.fr; (Dereeper et al., 2008), with the robustness of 

the trees evaluated by 500 bootstrap replicates. Trees were visualized and midpoint rooted using 

TREEVIEW (Page, 1996). Node values with less than 70% bootstrap support (maximum 

likelihood) or 95% posterior probability (Bayesian) were removed from the trees. A. 

pseudotamarii NRRL433 was used as an outgroup.  

 

Morphological analysis 

 

Inoculum Production. To produce spore inoculum, each isolate was grown on 5-2 agar 

with 2% NaCl for 5 days at 31˚C in the dark. Spores were harvested with 0.01% TWEEN-80 

using sterile cotton swabs and transferred to glass vials containing 20 ml sterile, dH2O using 

cotton swabs. Conidial concentrations were measured with a turbidity meter (Model 965-10; 

Orbeco-Hillige, Farmingdale, NY), using the following curve to convert nephelometric turbidity 

units (NTU) to colony forming units (CFU): Y = 49,937X, where X = NTU and Y = conidia/ml. 

The conidial concentration for each isolate was adjusted to 106 conidia/ml with dH2O. 

 

Aflatoxin production and aflatoxin factor quantification. Preliminary experiments 

examined the aflatoxin production potential of isolates of the S morphology groups, defined by 

the aflR sequences, on both maize and groundnuts. Maize kernels (250g) were placed in Nalgene 

bottles. The water content of the kernels was measured with a moisture balance (HB43 Halogen 

Moisture Analyzer, Mettler-Toledo), and dH2O was added to bring the total kernel moisture to 
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30%. Kernels were then autoclaved (121 °C, 20 min) and distributed to 50 ml conical tubes (5 g 

per tube). Each tube was inoculated with 500µl of the inoculum described above with individual 

isolates representative of the different identified groups. Tubes were covered with Tyvek and 

incubated for 5 d at 31°C in the dark. Inoculation on groundnut seeds was conducted as 

described for maize. Isolates were replicated four times for each host. After incubation, samples 

were ground using a Geno/grinder 2010 (SPEX, Metuchen, NJ, USA) with four sterile 6 mm 

stainless steel beads (2157 SPEX, Metuchen, NJ, USA). Aflatoxins were extracted adding 35 ml 

85% acetone to each sample tube. Extracts were separated on thin-layer chromatography plates 

(TLC) (silica gelG, 250 lm) alongside aflatoxin standards (Supelco) with H2O:MeOH:ether 

(1:3:96). Aflatoxins B and G were identified by observing TLC plates under 365-nm UV light. 

Aflatoxins were quantified directly on TLC plates by scanning fluorescence densitometry with a 

TLC Scanner 3 (Camag Scientific Inc., Wilmington, NC).  

After quantification, two factors were used to characterize groups of isolates: aflatoxin 

factor (AF), defined as the percent of the total S morphology aflatoxin producing ability caused 

by each group of isolates, and etiological impact factors (EIF), defined as the product of 

aflatoxin factor of that group and the frequency of that group in Mozambique.   

 

  The AF and EIF were estimated using the following formula: 

Aflatoxin factor = Sum of total aflatoxin produced by isolates of a group/ Sum of total 

aflatoxin concentration produced by all groups 

 

Etiological Impact Factor = Aflatoxin factor X species frequency  
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Cyclopiazonic acid (CPA) production and quantification. For production of 

cyclopiazonic acid, inocula as described above were placed on autoclaved maize (20g) in 50ml 

bottles was inoculated as above and incubated for 7 days at 31°C. Samples were then ground, 

and CPA was extracted as previously described (Lansden, 1986, Singh et al., 2018). Positive 

samples were identified as a purple spot after spraying the Ehrlich’s reagent 

(dimethylaminobenzaldehyde-HCl) onto TLC plates. The toxin was quantified directly on TLC 

plates by scanning fluorescence densitometry at 546 nm (TLC Scanner 3, Camag Scientific Inc., 

Wilmington, NC). 

 

Aspergilic acid production. Aspergillic acid production was visualized using the 

Aspergillus flavus and parasiticus agar (AFPA, Pitt et al., 1983). 

 

Colony growth, macromorphology and micromorphology. For each isolate, 15µl of 

the inoculum as described above was plated on Czapek agar (CZ) and incubated at 25°C and 

31°C, Czapek yeast autolysate (CYA) at 37°C and 42°C, Malt extract agar (MEA) at 31°C, and 

AFPA media at 31°C. Plates were incubated for 7 days in darkness. Each isolate was replicated 

four times at each temperature. Colony growth was determined by measuring the diameter of the 

colony at the end of 7 days. Colony color and sporulation were observed by naked eye, and 

images were captured by photography (Canon EOS 7D). Micromorphological observation of 

conidiophores produced on MEA after 7 days of growth were observed on slides stained with 

lactophenol cotton blue using a compound microscope (Olympus BH2 series), and pictures were 

taken with a OMAX microscope digital camera using the ToupView 3.7 software (Toup Tek, 

Zhejiang, China). 
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Sclerotium size and production. Colonies that grow on CZ after 7 days were used to 

measure sclerotium size using a camera (Canon EOS 7D) and Digital Photo Professional (DPP) 

software using a 1mm stage micrometer in view mode. Sclerotia were measured at three 

randomly selected chosen areas of the same plate for all reference isolates.  Following 

measurement, sclerotia were harvested by washing plates with sterile 0.01% TWEEN-80 until all 

the sclerotia were removed. Sclerotia were placed in 2ml tubes. Tubes were centrifuged at high 

speed for 5 min, and all liquid was removed. Sclerotia in the tubes were dried in an oven for 24hr 

at 60°C. Sclerotial dry weight was measured in a precision balance (A&D FX-300i).  

 

Data analysis 

Aflatoxin concentrations (x) were transformed using the equation y = log10 (x) to meet 

assumptions of homogeneity of variance. Differences in aflatoxin concentrations and sclerotium 

production between isolates were subjected to analysis of variance (ANOVA), and the means 

were compared using Tukey’s-HSD using JMP 11.1.1 (SAS Institute, Cary, NC). The true means 

of the non-transformed data are reported. 

 

 

RESULTS 

Characterization of Aspergillus section Flavi with S morphology based on sequences of 

the aflatoxin transcription factor (aflR) gene. Phylogenies of S morphology of Aspergillus 

section Flavi fungi isolates from Mozambique and previously described aflatoxin-producing 

species, were determined using Bayesian and ML analyses of the aflR gene sequence. These 
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analyses separated Mozambique isolates into seven groups. Group 1 (MOZ-G1), comprised the 

majority (72%), forming a distinct group sister to both A. aflatoxiformans and A. cerealis from 

West Africa (Fig. 2.2). Group 2 (MOZ-G2) consisted of 8% of the isolates and grouped with 

reference isolates of A. minisclerotigenes. The remaining 20% of Mozambique isolates formed a 

complex of five supported distinct groups (groups 3 to 7) with close affiliations to the fungi 

associated with the lethal aflatoxicosis fungus (LAF) from Kenya (Fig. 2.2). None of the 

Mozambique isolates grouped with the A. flavus S morphology fungi from North America (Fig. 

2.2). There were in-frame indel differences in indels among the aflR sequence from different 

groups (Fig.2.3). MOZ-G1, A. aflatoxiformans, and A. cerealis had a 30 bp deletion within the 

321 to 350 nt coding amino acids Histidine (His/H) - Proline(Pro/P) region of aflR, while isolates 

belonging to the complex of groups 3 to 7, and LAF isolates had an overlapping 24bp deletion in 

the same region (Fig 2.3). In contrast, MOZ-G2, A. minisclerotigenes, and A. flavus species had 

no deletions (Fig.2.3). Among the 448 isolates, 172 were isolated from maize and 276 were 

isolated from groundnuts. MOZ-G1 comprised 77% of the isolates, with the remaining 23% of 

isolates belong to the complex of groups 3 to 7. No MOZ-G2 were isolated from maize. 

Meanwhile 69% of groundnut isolates belonged to MOZ-G1, 13% to MOZ-G2, and 18% of the 

isolates to the complex of groups 3 to 7 (Fig 2.2). 

 

Aflatoxin production potential. A subset of three isolates from each group defined by 

aflR phylogenetic analyses were chosen as representatives for aflatoxin identification and 

quantification. On maize and groundnuts, all of these S morphology fungi produced more than 

1.3 mg/kg of total aflatoxins (Table 2.3). Although they all produced high aflatoxin 

concentrations, the MOZ-G1 isolates produced the highest levels of aflatoxins (an average of  

62.5 mg/kg in maize and 17.6 mg/kg in groundnut) of both aflatoxins B and G. Isolates 
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belonging to the complex of groups 3-7, except for group 5 (MOZ-G5), produced only B 

aflatoxin. When combined, members of this complex of groups produced the highest levels of 

aflatoxin B on maize. Isolates from MOZ-G2 produced the lowest concentrations of both B and 

G aflatoxins (an average of  2.4 mg/kg in maize and up to 1.5 mg/kg in groundnut). Total 

aflatoxin potential produced by all groups shows that MOZ-G1 both in maize and groundnut had 

the highest etiological impact factor with percent equivalent of 69% and 68%, respectively 

(Table 2.4). Both MOZ-G2 and the combined isolates of the group 3 to 7 had about the same 

frequencies on groundnut, however, isolates of the complex of groups 3 to 7 had an EIF of 30% 

compared to 1% by the MOZ-G2 (Table 2.4).  

 

Deletions in the cypA gene region associated with loss of G aflatoxin production. 

MUSCLE alignment of cypA-norB sequences of Mozambique B aflatoxin-producers and 

previously described species (A. aflatoxiformans, A. cerealis, A. parasiticus, A. flavus and LAF 

from Kenya) revealed that S morphology isolates of MOZ-G-3, -4, -6 and -7 that lack production 

of G aflatoxins have deletions in the cypA/norB region. All of these groups have 2.2 kb deletions, 

identical to the deletions in previously described isolates of LAF from Kenya (Probst et al., 

2014). Although the deletion breakpoints are identical (Fig 1.6), there were several SNPs in the 

retained regions of the genes. All Mozambique isolates able to produce G aflatoxins had no 

cypA-norB deletion and amplified the full 3.1kb region.  

 

Mating type identification. All Mozambique S morphology isolates (N=448) were found 

to be heterothallic, containing a single MAT gene. The MAT1-1 allele was present in 58% of the 

isolates, with the other 42% containing the MAT1-2 allele. Among groundnut isolates (N=276), 
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the majority (56%) had MAT1-1 alleles while for the maize isolates (N=172), the majority (57%) 

had MAT1-2 alleles. Within MOZ-G1, the most common and etiological significant group (N= 

323 isolates), the ratio of MAT alleles was 1:1 with 51% MAT1-2 and 49% MAT1-1. 

 

Multilocus phylogenetic analysis for species identification. Preliminary results from 

aflR groups and the aflatoxin potential indicated significant diversity among S morphology 

isolates from Mozambique (Fig 2.2, Arone et al., 2016, Arone et al., 2018). To identify the 

species of the different groups, phylogenetic trees using 4.5 kb of sequences from three genes 

(benA, cmdA, and niaD) were inferred for Mozambique S morphology groups and species of 

clade A. flavus described by Frisvad et al. (2019) and Singh et al. (2018). Bayesian and ML 

analyses with both A. pseudotamarii and A. tamarii as outgroups revealed that Mozambique 

isolates form a complex assemblage of clades closely related to A. texensis, A. toxicus, LAF, and 

A. minisclerotigenes, that we are calling the A. minisclerotigenes complex. The complex 

consisted of five main clades with topologies incongruent with groups identified based on the 

aflR tree (Fig. 2.4). Clade A contains some isolates from MOZ-G1 and reference isolates of A. 

texensis. This clade was sister to Clade B which contains isolates from MOZ-G4 and MOZ-G7, 

LAF, and A. toxicus (unpublished, Singh). Clade C contains two divergent supported sister 

subclades of isolates from MOZ-G1 only. This clade is sister to both Clade D and Clade E. Clade 

D consisted of isolates from MOZ-G2, MOZ-G5 and MOZ-G1. Clade E was largely unresolved 

but did contain a few supported subclades and consisted of isolates from MOZ-G1, MOZ-G3, 

MOZ-G6, LAF and reference isolates of A. minisclerotigenes (Fig. 2.4). Individual gene trees 

were also incongruent with the aflR gene tree. However, despite partially contrasting topology of 

inter-group relationships, each single gene tree supported a monophyletic assemblage of the A. 
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minisclerotigenes complex. (Fig 2.5, 2.6, 2.7). Among individual gene trees, the cmdA tree was 

concordant in grouping terminals of the 5 clades of the A. minisclerotigenes complex. For the 

benA and niaD gene trees, these clades were unresolved.  

 

Major secondary metabolite profiles of the A. minisclerotigenes complex. All isolates 

listed on the phylogenetic tree were examined for the ability to produce aspergillic acid, 

cyclopiazonic acid, and aflatoxins. The A. minisclerotigenes complex clades had different 

profiles of mycotoxin production. Clade A, C and D isolates produced both B and G aflatoxins. 

Clade B produced only B aflatoxins, and Clade E contained both isolates producing B-only 

aflatoxins and others that produced both B and G aflatoxins. All clades produced aspergillic acid, 

and all but Clade B produced CPA (Table 2.5). 

 

Macromorphology and colony growth. All isolates listed on the phylogenetic tree were 

examined for their morphology and colony growth, and all resembled A. minisclerotigenes on all 

media used in this study (Fig. 2.8). On CZ and CYA colonies presented a white mycelium and 

sparse sporulation and an abundance of dark brown to black sclerotia (Fig 2.9). On CZ, the 

growth of clades A-E looked similar when grown at 25⁰C or 31⁰C, except for the diameter of 

Clade B colonies at 25⁰C, which were significantly smaller (p = 0.023). Isolates of all the clades 

showed limited growth on CYA 42⁰C. In comparison with other media, there was moderate 

production of yellowish-green conidia on MEA at 31⁰C. All isolates showed a bright orange 

pigment on the reverse side of cultures grown on AFPA, confirming aspergillic acid production. 

On CYA at 37 ⁰C some isolates of Clade C had concentric rings of sclerotia (Fig 2.8). All clades 

produced sclerotia smaller than 400 µm (Fig 2.9), however, isolates produced variable sizes 
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(150-350 µm) of sclerotia, and Clade E (Table 2.6) produced the smallest sclerotia (150 µm). 

There was a statistical difference in the quantity of sclerotia produced, with Clade A and Clade E 

showing a slightly higher average production of sclerotia (p=0.04, Table 2.6).  

 

Micromorphology. All clades displayed similar micromorphology (Fig 2.10), with conidiophores 

mostly biseriate, with rare uniseriate examples. Conidiophores had spherical shaped vesicles. 

The conidia were smooth and spherical at 3-5µm.  

 

DISCUSSION 

This is the first report combining morphological and molecular analysis to characterize 

fungi of Aspergillus section Flavi with S morphology isolated from aflatoxin-contaminated 

maize and groundnuts from Mozambique. Liver cancer is one of the devastating health effects 

linked to the toxic and carcinogenic properties of aflatoxins in humans (Wild and Turner 2002; 

Gong et al. 2004). Despite the acknowledgment that the incidence of liver cancer in Mozambique 

is among the highest in the world (Kew, 2013), and aflatoxin contamination in crops is endemic 

in Northern Mozambique (Van Rensburg et al., 1985, van Wyk et al., 1999, Augusto et al., 2014, 

Sineque et al., 2017) , the major crop-producing region of the country (van Wyk et al., 1999), 

there has been no detailed information about the causal agents of aflatoxin contamination. The 

first comprehensive survey in the hotspot region (Nampula province) found a high frequency of 

S morphology Aspergillus isolates (Augusto et al., 2014, Augusto et al., 2016). The current study 

examined those isolates using the aflR gene, and determined that MOZ-G1, a group containing 

72% of the 448 S morphology isolates (Fig 2.2), produces high levels of aflatoxin in both maize 
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and groundnuts (Table 2.3) and thus is a potentially important etiological agent of contamination 

in Northern Mozambique (Table 2.4).  

This result is of importance since past studies of the etiology of aflatoxin contamination 

in Mozambique only reported the type of aflatoxins detected in the crops (Van Rensburg et al., 

1985, van Wyk et al., 1999, Augusto et al., 2014, Sineque et al., 2017) or the frequencies of 

isolates based on their morphology (Probst et al., 2014, Augusto et al., 2014, Augusto et al., 

2016). However, studies using molecular-phylogenetic analyses show that most species of 

Aspergillus section Flavi and in particular of the A. flavus clade (Frisvad et al., 2019) cannot be 

distinguished based on morphological features alone (Klich and Pitt., 1988, Pildain et al. 2008). 

The aflatoxin producer A. flavus and the industrial beneficial kojic acid producer A. oryzae are 

morphologically similar species (Amaike and Keller, 2011, Chang et al., 2006). Moreover, 

phylogenetic analysis of these species considered them to be in the same clade, only 

distinguishable by slight genomic differences that enable them to be identified for application 

purposes (Chang and Ehrlich, 2010, Chang, 2019). This is also true for A. parasiticus and the 

important industrial fungus A. sojae, that is used for production of soy sauce and other fermented 

foods (Yuan et al., 1995). Among the significant differences, the aflatoxin biosynthesis cluster   

genes are variable enough to differentiate the aflatoxin producers from the beneficial fungi 

(Takahashi et al., 2002, Callicott and Cotty, 2015, Chang and Ehrlich, 2010). Among aflatoxin 

producers, genes of the aflatoxin biosynthesis cluster are useful in identifying the specific 

etiological agent of contamination (Probst et al., 2012). During the 2004 aflatoxicosis outbreak in 

Kenya, it was assumed that the S morphology fungi found in the maize samples were A. flavus S, 

based on the characteristic that both were known for producing only B aflatoxins on Aspergillus 

section Flavi. But molecular analysis using aflR gene showed that the S morphology fungi from 
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Kenya were distinct from A. flavus S and phylogenetically closer to the SBG strains of A. 

minisclerortigenes (Probst et al., 2012). Geographically, Kenya is near Mozambique, and the 

possibility exists that the Kenyan fungi are identical to those in Mozambique. However, the aflR 

data indicated that only 20% of the Mozambique isolates formed distinct groups closely related 

to the Kenya fungi (Fig 2.2). The majority and etiologically significant isolates were distinct, 

having aflR sequences more similar to the S morphology fungi endemic to West Africa by 

having the identical 30 nt deletion (Fig 2.3), not the 24 nt deletion of the LAF fungi. The 

significance of these deletions needs to be investigated further. Protein structure analysis of the 

different aflR alleles might help understand the significance of those indels in the aflR regulatory 

transcription factor necessary for the expression of the genes in the aflatoxin biosynthetic 

pathway (Chang et al., 1995, Liu and Chu, 1998). However, the aflR deletions can be used to 

differentiate the SBG reference isolates of A. minisclerotigenes that have no deletion to the 

isolates of A. aflatoxiformans, A. cerealis, A. austiwickii and A. pipericola and MOZ-G1 that 

have the 30 nt deletion (Fig 2.3). 

Similarly, the cypA-norB region is useful to not only distinguish the SB from the SBG, but 

between two B aflatoxin producers, A. flavus and LAF. Results of this study show that all S-

morphology fungi from Mozambique that produced only B aflatoxins had a 2.2 kb deletion in the 

cypA-norB region characteristic of the LAF from Kenya (Probst et al., 2012). This identical indel 

event might be geographically correlated since both LAF and Mozambique isolates are from the 

African continent while A. flavus SB, which has strains with either a 0.8 or 1.5 kb deletion, has 

not been reported in the region (Probst et al., 2012, Cardwell and Cotty, 2002). Also, cypA-norB 

sequences the LAF and Mozambique isolates had SNPs, but the deletion is identical. In North 

America, A. flavus S strains have one of two different sized deletions supporting the hypothesis 
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that loss of ability to produce G aflatoxins occurred independently multiple times during the 

evolution of Aspergillus species. 

 

The results of aflatoxin production analyses showed that all members of MOZ-G1 were 

SBG and can produce high levels of aflatoxins with an EIF two times greater than the rest of the 

groups (Table 2.4). The production of both B and G aflatoxins by the prevalent contaminants in 

Mozambique are in agreement with previous studies (Van Rensburg et al., 1985, van Wyk et al., 

1999, Augusto et al., 2014, Sineque et al., 2017) and with the presence of B and G aflatoxins 

detected in crops rejected from international markets (RASFF, 2020). In the field, genetically 

distinct aflatoxin-producing isolates co-occur with strains that often vary widely in their toxin-

producing potential (Cotty et al., 2008). As all aflatoxin producers will contribute to 

contamination, an understanding of the major contributors is essential to identify the most 

important etiological agents if one wants to control them.  This study used the EIF as a measure 

to identify the important etiological agent(s) (Table 2.4). The basis for this is in understanding 

that while frequency explains the most common fungi, it doesn't explain entirely which fungi are 

the causative agents of contamination. Thus, one must also understand toxin production 

capability of isolates to determines the level of crop contamination (Probst et al., 2007). 

Although among Mozambique isolates analyzed, the MOZ-G1 had both the highest frequency 

and aflatoxin production potential. Between MOZ-G2 and the combination of groups 3 to 7 with 

the majority B producers. Frequencies in groundnuts were 13% and 18% respectively which is 

almost on the same range. However, the estimation of the ETI allowed determining that MOZ-

G2 isolates only could score a 1% EIF suggesting they are less toxic than the rest of the isolates 

(Table 2.4). These results are similar to a study that found that although A. flavus L morphology 
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strains were isolated in higher frequencies compared to S morphology, because L morphology 

produces lower amounts of toxins, higher aflatoxin contamination in crops was detected when S 

only or S and L strains were present in the field (Cotty, 1989). The EFI may allow effective 

determination of the important causal agents of aflatoxin contamination as it considers frequency 

and aflatoxin production potential of the fungal species. 

  

A recent study on characterization of mating types of A. flavus isolates in Kenya reported 

a few isolates contained both alleles of the MAT locus, suggesting the potential for A. flavus to 

be homothallic (Abigael et al., 2018). However, there are only two species reports with both 

MAT alleles present in Aspergillus section Flavi, A. alliaceus that is a functionally homothallic 

species (Ramirez-Prado et al., 2008) and A. nomius which was shown to be self-sterile but able 

to mate with both MAT1-1 or MAT1-2 isolates (Horn et al., 2011). In the current study, all 448 of 

the S morphology fungi from Mozambique contained only the MAT1-1 or MAT1-2 allele 

indicating heterothallism. Both alleles were present in about equal frequencies when recovered 

from either crop. This implies the potential for sexual reproduction. However, the frequency of 

recombination and the implication on infection and contamination in crops is unknown. A sexual 

stage for A. flavus or closely related species has been reported (Horn et al., 2009, Horn et al., 

2014, Olarte et al., 2012, Moore et al., 2013, Geiser et al., 1998b). But, in natural populations of 

A. flavus, gene flow among vegetative compatibility groups (VCGs) has not been detected even 

using highly variable SSR markers (Grubisha and Cotty, 2010, Grubisha.and Cotty, 2015, Islam 

et al., 2018) The frequency of recombination in the natural population is unknown. However, if 

sexual recombination occurred frequently in the environment, it is expected that the S 

morphology population would be highly variable with several haplotypes due to the 
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recombination and segregation during meiosis (Islam et al., 2018). These results set a basis for 

further analysis to search for signals of sexual recombination among S morphology fungi from 

Mozambique and the potential of sexual recombination affecting aflatoxin production in the 

population.  

 

Although the aflR gene is useful for identifying etiological agents of aflatoxin 

contamination, it is not appropriate for species identification because it is linked to aflatoxin 

production and it may not be present in atoxigenic species (Adhikari et al., 2016). For the 

Aspergillus genus, the ITS region is not variable enough to distinguish some species. In these 

cases, cmdA, benA, or RPB2 sequences are recommended for phylogenetic identification of 

species (Samson et al., 2014). There have been relatively few evaluations of informative loci 

useful to differentiate closely related species such as the aflatoxin producing fungi with very high 

morphological and phylogenetic similarities (Godet and Munaut, 2010). For the recent 

identification of A. texensis, the niaD gene concatenated with cmdA was informative enough to 

distinguish the novel taxon (Singh et al., 2018). For the current study benA, niaD, and cmdA 

were used for phylogenetic identification of species among the Mozambique isolates. Results of 

the concatenated or individual gene trees had some incongruence with the aflR gene tree (Fig 

2.4), with MOZ-G1 not resolving as a monophyletic group with some members grouping with 

isolates from groups 3 to 7 as defined by aflR. The aflR gene is highly variable compared to the 

conserved genes used in the multilocus phylogeny. There are two possible reasons for 

incongruence of aflR with the rest of the loci. The first is that due to the very large population 

sizes seen in Aspergillus section Flavi, there is a very real possibility of incomplete lineage 

sorting, such that multiple variants of the aflR gene were present in the ancestral species and 
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inherited by the descendent groups (Galtier and Vincent, 2008).The second is that  aflR gene is 

under selection such that congruence is seen between phylogenetically unrelated groups 

(Maddison and Wiens, 1997). The aflR gene is involved in regulation of aflatoxin production and 

the results showed that aflR tree assigned Mozambique isolates based of their aflatoxin behavior, 

as high aflatoxin producing SBG isolates grouped together, while those SBG strains that produced 

less aflatoxin grouped with A. minisclerotigenes which has been reported to produce lower level 

of aflatoxin (Probst et al., 2014, Singh et al., 2018). Mozambique SB producers grouped with 

LAF which also only produces B aflatoxins. Incongruence between topologies may be 

challenging to understand, and there is a need to identify other genes that might help define the 

correct evolutionary relationships of these isolates.  

 

The conserved genes concatenated, and individual gene trees all supported the A. 

minisclerotigenes complex, and cmdA supported the five distinct clades. The individual genes 

benA and niaD did not statistically support the individual clades (Fig 2.6, 2.7).  One main reason 

for this is that benA is highly conserved, with less than 10 SNPs even between described species 

such as A. aflatoxiformans and A. austiwickii that are unresolved by benA (Fig. 2.6). In the 

concatenated tree, the genetic distance of clade-A that includes A. texensis and clade-B, which 

includes A. toxicus might be significant enough to support both clades as different species 

(Singh, unpublished). However, the definition of the phylogenetic species concept can be 

unclear, lineages with very close proximity and broad similarities might be difficult to delimit as 

species (Samson and Varga, 2009, Udayanga et al., 2014). Initially, A. minisclerotigenes was 

described as a species that produces B and G toxins (Varga et al., 2009, Amaike and Keller, 

2011), but a recent study identified an SB producer as A. minisclerotigenes (Okoth et al., 2018).  
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This isolate might belong to Clade B that only contains B aflatoxins producers, and this might be 

a characteristic that defines this group as a distinct species. On the other hand, clade D and the 

subclades of clade E with no statistical support on the node include SB isolates very closely 

related to A. minisclerotigenes. Thus, there is a need for better species delimitation in clade A. 

flavus of Aspergillus section Flavi. Phylogenetically, section Flavi is defined as having eight 

clades and a total of 33 species in which about half are members of the A. flavus clade (Frisvad et 

al., 2019).  The clarity of unique features that define a phylogenetic species and the difference 

with intra-species variation is unclear (Samson and Vargas, 2009).  The morphological features 

were similar among the clades of these Mozambique isolates, and they resemble the main 

characters described for A. minisclerotigenes (Fig 2.8, 2.9, 2.10, Table 2.4). However, A. 

minisclerotigenes and all described S morphology species share typical morphological features 

associated with Aspergillus section Flavi centering on the uniseriate or biseriate conidial heads, 

production of dark-colored sclerotia less than 400µm for S morphology and yellowish-green to 

brown shades of the conidia (Raper and Fennell, 1965). 

 

Although species identification remains unresolved, this study identified that S 

morphology Aspergillus section Flavi fungi of Mozambique as belonging to an A. 

minisclerotigenes species complex. Within the complex, genotypes of S morphology isolates 

from Mozambique with a 30bp aflR deletion, representing nucleotides positions 321-350 of the 

aflR ORF, and that produce both B and G aflatoxins are potentially important causal agents of 

aflatoxin contamination of maize and groundnut in Northern Mozambique. The results presented 

here are the first step to provide the basis for understanding the aflatoxin contamination of crops 
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in Mozambique and for the development of methods of control and management of aflatoxin 

contamination to reduce the economic and human health impacts in this country.  
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Table 2.1.  Aspergillus isolates used in this study. 

Species Isolate Crop Country Reference 

A. aflatoxiformans 

 

NRRL A11612 Groundnut Nigeria Hesseltine et al., 1970 

Frisvad et al., 2019 

BN038-G 

=ATCC 

MYA380 

Soil Benin Cotty and Cardwell, 1999  

Frisvad et al., 2019 

A. agricola NRRL66869 Soil USA Unpublish (P. Singh) 

A. austiwickii CBS 143677 Rice  Nigeria Frisvad, 2019 

A. cerealis NRRL66710 Groundnut Ivory Coast Carvajal-campos et al., 2017;    

Frisvad 2019 

NRRL66708 Groundnut Ivory Coast Carvajal-campos et al., 2017; 

Frisvad 2019 

A. flavus AF70 = ATCC 

MYA-384 

Cotton USA Cotty, 1989 

AF42 = ATCC 

MYA-383 

 USA Cotty, 1989 

AF13 = ATCC 

96044 

  Cotty, 1989 

A. minisclerotigenes NRRL A11611 Soil Nigeria Hesseltine et al., 1970 

Piladin et al., 2008 

TAR3N43*   Probst et al., 2012 

A. pipericola CBS143680 Black pepper Denmark Frisvad et al., 2019  

NIG338 Chillies Nigeria Unpublished (P. Singh) 

A. texensis NRRL66855 Soil USA Singh et al., 2019 

NRRL66856 Maize USA Singh et al., 2019 

NRRL66857 Maize USA Singh et al., 2019 

MZG415-8* Groundnut Mozambique This study 

A. toxicus NRRL66898 Soil USA Unpublished (P. Singh) 

K0644K* Maize Kenya Probst et al., 2012 

MZG182-3* Groundnut Mozambique This study 

MZG182-8 Groundnut Mozambique This study 

MZG182-9 Groundnut Mozambique This study 

Unnamed referred as 

LAF 

K04921E* Maize Kenya Probst et al., 2012 

Unnamed MZG207-7* Groundnut Mozambique This study 

MZG315-9 Groundnut Mozambique This study 

MZM118-7* Maize Mozambique This study 

MZM175-1 Maize Mozambique This study 

A. minisclerotigenes 

complex 

MZM73-1* Maize Mozambique This study 

MZG480-3* Groundnut Mozambique This study 

MZM74-2 Maize Mozambique This study 

MZM380-4 Maize Mozambique This study 

MZG11-1 Groundnut Mozambique This study 

MZG477-1* Groundnut Mozambique This study 



58 

MZM377-3* Maize Mozambique This study 

MZM377-9 Maize Mozambique This study 

MZM377-7* Maize Mozambique This study 

MZG1-3* Groundnut Mozambique This study 

MZG1-9 Groundnut Mozambique This study 

MZG318-7 Groundnut Mozambique This study 

MZM 382-7* Maize Mozambique This study 

K06108L* Maize Kenya Probst et al., 2012 

K784D* Maize Kenya Probst et al., 2007 

K805E* Maize Kenya Probst et al., 2007 

A. arachidicola NRRL66856 Arachis 

glabrata  

Argentina Pildain et al., 2008 

A. mottea CBS130016 Maize Portugal Soares et al., 2012 

A. parasiticus NRRL 2999 Unknown Uganda Rambo et al. 1974 

A. pseudotamarii NRRL443 Soil Brazil Ito et al., 2001 

A. tamarii NRRL 20818 Unknown  Peterson, 2007  

A. oryzae RIB40 Broad bean Japan Machida et al., 2005 

Culture Collections: NRRL (Northern Regional Lab, NNCAUR Culture Collection, Peoria, IL, 

USA), ATCC (American Type Culture Collection, Maryland, USA), and CBS (Wesdijkter 

Fungal Biodiversity Institute, Utrecht, Netherlands). * Isolates will be deposited at NRRL and 

CBS. 
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Table 2.2 Primers sequence and annealing temperature. 

Target Gene Primer pair Primer DNA sequence 

Primer 

Annealing 

Temperature 

Reference 

Aflatoxin 

transcription factor 

(aflR) 

 

aflR1F-1R 
F-AGAGAGCCAACTGTCGGACCAA 

R- GGGTGACCAGAGAACTGCGTGAT 
59°C 

Probst et al., 

2012 

AflR2F-2R 
F-GACTTCCGGCGCATAACACGTA 

R-ACGGTGGCGGGACTGTTGCTACA 
59°C 

AflR4F-4R 
F-GGCCTTCTCCCTATTCGTAA 

R-CTCGCGGATCATCTCATC 
59°C This study 

β-tubulin 

(BenA) 
Bt2a-2b 

F-GGTAACCAAATCCGTGCTGCTTTC 

R-ACCCTCAGTGTAGTGACCCTTGGC 
56°C Glass et al., 1995 

Camodilunin 

(CaM) 

cmd42-637 
F-GGCCTTCTCCCTATTCGTAA 

R-CTCGCGGATCATCTCATC 
56°C 

Probst et al. 

2012 

cmd2F-2R 
F-GGCTGGATGTGTGTAAATC 

R-ATTGGTCGCATTTGAAGGG 
48°C 

Cmd3F-3R 
F-GTTAGTGGTTAGTCGCAG 

R-CTTCAGCTCTCTGGAATC 
52°C This study 
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cytochrome P450 

monooxygenase 

(cypA/ aflU) 

CPF-5R 
F-GGGACCCTTTTCCGGTGCGG 

R-GGCGGCCCCTCAGCAAACAT 
62°C 

Probst et al. 

2012 

Mating Type 

(MAT1-1) 
M1F-1R 

F-ATTGCCCATTTGGCCTTGAA 

R-TTGATGACCATGCCACCAGA 
54°C 

Ramirez-Prado et al., 

2008 
Mating Type 

(MAT1-2) 
M2F-2F 

F-GCATTCATCCTTTATCGTCAGC 

R-GCTTCTTTTCGGATGGCTTGCG 
54°C 

Nitrate reductase 

(niaD) 

niaDF-AR 
F-CGGACGATAAGCAACAACAC 

R-GGATGAACACCCGTTAATCTGA 
52°C 

Probst et al., 

2012 

niaDBF-BR 
F-ACGGCCGACAGAAGTGCTGA 

R-TGGGCGAAGAGACTCCCCGT 
57°C 

NiaDCF-CR 
F-GCAGCCCAATGGTCACTACGGC 

R-GGCTGCACGCCCAATGCTTC 
55°C Singh et al., 2019 
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Table 2.3. Aflatoxin production and aflatoxin factor by distinct groups of S morphology fungi from Mozambique  

  Aflatoxin (mg/kg) 

Group Isolate 

MAIZE  Groundnut 

               

AFB1  AFG1  
Total 

Aflatoxin 
 

Aflatoxin 

Factor 
 AFB1  AFG1  

Total 

Aflatoxin 
 

Aflatoxin 

Factor 

MOZ-G1  MZM382-7 32.3 a  42.8 a  75.1 a    4.2 a  8.2 b  12.4 b   

 MZG1-3 22.4 b  41.3 a  63.7 ab    7.7 a  15.9 a  23.6 a   

 MZG315-9 21.6 b  27.1 b  48.7 b    5.4 a  11.4 ab  16.8 ab   

 AVERAGE 25.4 AB  37.1 A  62.5 A  0.39  5.8 AB  11.8 A  17.6 A  0.36 

                 

MOZ-G2 MZG480-3 1.2 a  1.3 a  2.5 a    0.9 a  0.9 a  1.8 a   

 MZG477-1 1.1 a  0.9 b  2.0 a    0.6 a  0.7 a  1.3 a   

 MZG11-1 1.2 a  1.5 a  2.7 a    0.7 a  0.8 a  1.5 a   

 AVERAGE 1.2 C  1.2 C  2.4 D  0.02  0.7 B  0.8 C  1.5 B  0.03 

                 

MOZ-G3 MZM377-3 12.5 a    12.5 a    2.0 b    2.0 b   

 MZM377-7 12.7 a    12.7 a    3.7 a    3.7 a   

 MZM377-9 13.5 a    13.5 a    3.7 a    3.7 a   

 AVERAGE 12.9 BC    12.9 C  0.08  3.1 AB    3.1 B  0.06 
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MOZ-G4 MZM486-7 24.6 a    24.6 a    3.9 b    3.9 b   

 MZM20-1 22.8 a    22.8 a    8.6 a    8.6 a   

 MZM463-5 19.6 a    19.6 a    4.9 ab    4.9 ab   

 AVERAGE 22.4 AB    22.4 B  0.14  5.8 AB    5.8 B  0.12 

                 

MOZ-G5 MZM173-3 1.1 b  2.8 ab  3.9 b    0.87 a  1.1 a  1.97 a   

 MZG380-4 2.0 ab  2.7 ab  4.7 ab    1.0 a  1.0 a  2.0 a   

 MZM74-2 3.0 a  5.8 a  8.8 a    1.1 a  1.1 a  2.2 a   

 AVERAGE 2.1 C  3.7 B  5. 8 CD  0.03  1.0 B  1.1 B  2.1 B  0.04 

                 

MOZ-G6 MZG479-10 9.8 b    9.8 b    9.8 a    9.8 a   

 MZG618-1 24.5 a    24.5 a    9.0 a    9.0 a   

 MZG479-2 15.7 ab    15.7 ab    9.5 a    9.5 a   

 AVERAGE 16.6 AB    16.6 BC  0.10  9 .4 AB    9 .4 AB  0.19 

                 

MOZ-G7 MZG182-3 38.4 ab    38.4 ab    12.0 a    12.0 a   

 MZG182-9 40.3 a    40.3 a    9.9 a    9.9 a   

 MZG182-10 33.6 b    33.6 b    8.3 a    8.3 a   
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 AVERAGE 37.4 A    37.4 B  0.23  10.1 A    10.1 AB  0.20 

                 

 
SUM OF 

AVERAGE 
118  42  160  1  35.9  13.7  49.6  1 

Comparison of total aflatoxin and B and G aflatoxins between and within distinct groups of S morphology fungi based on aflR gene. Each toxin 

concentration is a mean of four replicates and between groups, isolates signify the replication. Means followed by different upper-case letters 

(comparison of the averages among groups) or lower-case letters (comparison within each group) within a column differ significantly according to 

Tukey’s HSD (p < 0.01). The aflatoxin factor is estimated as the average of total aflatoxin by average of aflatoxin production of each group. 

 

 

 

Table. 2.4. Etiological impact factor by distinct groups of S morphology fungi from Mozambique.  
 MAIZE Groundnut 

Group 

Aflatoxin 

factor 

(AF) 

Species frequency 

(SF) 

Etiology Impact 

Factor 

=AF*SF 

Percent equivalent 

=(ETI/Total) *100 

Aflatoxin 

factor 

(AF) 

Species frequency 

(SF) 

Etiology Impact 

Factor 

=AF*SF 

Percent equivalent 

=(ETI/Total) *100 

MOZ-G1 0.39 0.77 0.3 69% 0.36 0.69 0.25 69% 

MOZ-G2 0.02 0 0 0% 0.03 0.13 0.004 1% 

Complex 

MOZ-G (3-7) 
0.58 0.23 0.13 31% 0.61 0.18 0.11 30% 

Total   0.43    0.364  

The AF, SF and ETI of isolated from groups 3 to 7 were combined. Species frequency is the number of isolates of the group by total number of 

isolates in the crop.    
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Table 2.5.  Major secondary metabolites profiles of  A. minisclerotigenes complex clades  

Clade Aflatoxin B1 Aflatoxin B2 Aflatoxin G1 AflatoxinG2 Cyclopiazonic 

acid 

Aspergillic 

acid 

A + + + + + + 

B + + - - - + 

C + + + + + + 

D + + + + + + 

E + + + + + + 

Secondary metabolites was measured to all reference isolates listed on Phylogenetic trees. Clades 

contain isolates that produce (+) , do not produce (-) or both (+) toxin.  

 

 

Table 2.6. Colony diameters and sclerotium size ranges 

CLADE Colony Diamenter 

average (mm) 

Sclerotia size range 

(µm) 

Sclerotia average 

weight 

(g) CZ25°C CZ31°C 

A 58 b 74 a 240–350 0.16b 

B 54 a 73 a 230-350 0.15  a 

C 57 b 73 a 210-330 0.15 a 

D 57 b 73 a 190-340 0.15 a 

E 59 b 76 a 150-300 0.16 b 

Colony diamenters of isolates and sclerotia weight after seven days of incubation. Three isolates 

of each clade were used as replicates. Means followed by different letters within a column differ 

significantly according to Tukey’s HSD (p < 0.05). 
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Figure 2.1. Map of Mozambique indicating the location and type of crop associated with 

the isolates. Isolates were collected in maize and groundnut of farmers’ fields at harvest in 2013 

and 2014. Nampula province with high aflatoxin contamination is highlighted grey. 
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Figure 2.2. Phylogenetic gene tree of aflR. Phylogenetic tree generated by Bayesian inference 

(BI) and maximum likelihood (ML) trees from 1800 characters of aflR gene sequences of 

Mozambique isolates and previously described aflatoxin producing taxa. Numbers on the nodes 

are Bayesian posterior probabilities (PP) and percentages of 500 bootstrap-replications. The tree 

was midpoint rooted. N indicates the number of isolates belonging to that group. MOZ-G means 

Mozambique-Group.
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Figure 2.3 Aflatoxin transcription factor gene sequences deletion region.  Size and position of the sequence deletions determined 

by Muscle alignment of aflatoxin producing fungi from Mozambique and previously described from 321bp to 354bp of the aflR gene 

 

 

.
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Figure 2.4. Concatenated phylogenetic gene tree of benA, cmdA and niaD of S morphology 

isolates from Mozambique. Phylogenetic tree generated by Bayesian inference (BI) and 

maximum likelihood (ML) trees from 4500 characters of combined benA, cmdA and niaD gene 

sequences of Mozambique isolates and recently described aflatoxin producing taxa. Numbers on 

the nodes are Bayesian posterior probabilities (PP) and percentages of 500 bootstrap-replications. 

The tree was midpoint rooted. MOZ-G means Mozambique-Group. 



69 

 

Figure 2.5. Phylogenetic gene tree of cmdA of S morphology isolates from Mozambique. 

Phylogenetic tree generated by Bayesian inference (BI) and maximum likelihood (ML) trees 

from 1900 characters of cmdA gene sequences of Mozambique isolates and recently described 

aflatoxin producing taxa. Numbers on the nodes are Bayesian posterior probabilities (PP) and 

percentages of 500 bootstrap-replications. The tree was midpoint rooted. MOZ-G means 

Mozambique-Group. 
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Figure 2.6. Phylogenetic gene tree of benA of S morphology isolates from Mozambique. 

Phylogenetic tree generated by Bayesian inference (BI) and maximum likelihood (ML) trees 

from 400 characters of benA gene sequences of Mozambique isolates and recently described 

aflatoxin producing taxa. Numbers on the nodes are Bayesian posterior probabilities (PP) and 

percentages of 500 bootstrap-replications. The tree was midpoint rooted. MOZ-G means 

Mozambique-Group. 
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Figure 2.6. Phylogenetic gene tree of niaD of S morphology isolates from Mozambique. 

Phylogenetic tree generated by Bayesian inference (BI) and maximum likelihood (ML) trees 

from 2100 characters of niaD gene sequences of Mozambique isolates and recently described 

aflatoxin producing taxa. Numbers on the nodes are Bayesian posterior probabilities (PP) and 

percentages of 500 bootstrap-replications. The tree was midpoint rooted. MOZ-G means 

Mozambique-Group. 
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Fig 2.8. Colonies of clades of A. minisclerotigenes complex growing on several media. 

Pictures were taken to 8 days old colonies of each clade on different media examined. AFPA 

plates are inverted.  

 

Clade-A Clade-B Clade-C Clade-D Clade-E 

 
Figure 2.9.  Sclerotia size of S different clades of A. minisclerotigenes complex. Comparison 

of sclerotia size of morphology isolates form Mozambique from different clades of A. 

minisclerotigenes. Scale Bar:1mm 
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(A) (B) 

Figure 2.10.  Typical conidiophore and spores of A. minisclerotigenes complex. (A)  

conidiophore with spherical shape of vesicle scale bar: 25 µm, (B) smooth spherical conidia.  
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CHAPTER 3 

 

DEGRADATION: A HIDDEN MECHANISM OF BIOCONTROL BY ATOXIGENIC 

ASPERGILLUS FLAVUS 

 

Submitted as an article to the journal Toxins  

 

 

ABSTRACT 

Aflatoxins are potent Aspergillus mycotoxins that contaminate food and feed, thereby 

impacting health and trade. Atoxigenic genotypes of A. flavus are used to reduce aflatoxin 

contamination in crops. Reductions in aflatoxins by biopesticides containing atoxigenic A. flavus 

active ingredients have been attributed to competitive exclusion and other unknown mechanisms 

of action. Experiments were conducted to test the hypothesis that atoxigenic A. flavus can 

degrade aflatoxins and to characterize the effect of temperature, time, and glucose concentration 

on degradation of aflatoxins. Isolates of atoxigenic A. flavus-based biocontrol products were 

inoculated on maize containing aflatoxins. The atoxigenic A. flavus genotypes were able to 

degrade 12% to 82% of the aflatoxin B1 in maize across a temperature range from 10°C to 35°C 

with rapid degradation of aflatoxins occurring within three days of inoculation in maize kernels. 

In Czapek-Dox broth, aflatoxin was able to serve as a sole source of carbon, and degradation was 

subject to repression by glucose. Degradation of aflatoxins after crop infection may be an 

important mechanism through which atoxigenic A. flavus biocontrol products reduce aflatoxin 

contamination. The selection of optimal atoxigenic biocontrol isolates should include assessment 

of both competitive ability in agricultural fields and their ability to degrade aflatoxins.   
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INTRODUCTION 

Aflatoxins are naturally occurring highly carcinogenic secondary metabolites produced 

by several species in Aspergillus section Flavi (Cotty et al., 1994). Aflatoxin B1, the most 

common and potent aflatoxin is the only mycotoxin classified as a group 1a human carcinogen 

by the International Agency for Research on Cancer (IARC et al., 2002). Aflatoxin 

contamination impacts one-quarter of the world’s population, causing acute and chronic health 

effects, including immune suppression, growth retardation, cancer, and death (Woo et al., 2011, 

Gong et al., 2002, Jewers, 1988). Aflatoxins contaminate many crops, including maize, peanuts, 

cassava, sorghum, cottonseed, rice, wheat, chilies, and tree nuts (Singh and Cotty., 2019, 

Kachapulula et al., 2017, Picot et al., 2017, Essono et al., 2009, Probst et al., 2007) and impact 

crops primarily in countries situated between 35°N and 35°S of the equator (Cotty and Jaime-

Garcia, 2007, Cotty and Mellon, 2006). Aflatoxin prevention strategies begin in the field, by 

combining agronomic practices, host genetics, and biological control. Prevention also requires 

post-harvest practices such as proper drying, handling, and storage to avoid post-harvest 

accumulation of aflatoxins (Hell et al., 2000, Leslie et al., 2008, Singh, 2019, Jewers, 1988). The 

most effective current approach to reducing aflatoxin contamination of crops has been the 

application of A. flavus genotypes that do not produce aflatoxins (atoxigenic), to limit initial 

infection by toxin-producing strains (aflatoxigenic). Atoxigenic A. flavus biocontrol products 

have been commercially available for over two decades (Adhikari et al., 2016, Atehnkeng et al., 

2008, Vincent et al., 2007, Dorner, 2004, Bock and Cotty, 1999, Cole and Cotty, 

1990). Biological control products with these genotypes as active ingredients are cost-effective, 

have a low environmental impact and have shown multi-season influences on fungal 

communities that allow for additive benefits over multiple years (Cotty et al., 1994, Dorner and 
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Lamb, 2006, Atehnkeng et al., 2014). Reduction in aflatoxin content by application of these 

atoxigenic A. flavus biocontrol products has been primarily attributed to competitive exclusion 

(Cotty and Bayman, 1993). Atoxigenic strain applications change the structure of Aspergillus 

communities in the fields so that aflatoxin producers are less common (Mauro et al., 2018). 

Community structure changes are driven by founder effects, competitive superiority of 

atoxigenic active ingredients, advantages instilled by nutrients in the biopesticide formulation, 

and their delivery to the soil surface without incorporation into a trapping soil matrix (Bock and 

Cotty, 1999, Cotty and Bayman, 1993, Ortega-Beltran and Cotty, 2018, Bandyopadhyay et al., 

2016a). However, in some cases, the aflatoxin reductions seen in crops exceeds what would be 

expected from aflatoxigenic strain displacement alone (Mehl and Cotty, 2010). The excess of 

aflatoxin reduction has been attributed to additional mechanisms such as competition for 

nutrients and thigmo-down regulation of aflatoxin biosynthesis (Mehl and Cotty, 2013, Damann 

Jr, 2014, Huang et al., 2011). In addition to reduced aflatoxins at harvest, crops treated with these 

atoxigenic biopesticides do not show the increases in aflatoxin content during post-harvest 

handling and storage usually seen in contaminated crops (Brown et al., 1991, Dorner and Cole, 

2002) .  The post-harvest benefits have been credited to lower levels of the aflatoxin-producers 

present in the crop (Senghor et al., 2019) or the continued superior competitive ability of the 

atoxigenic biocontrol strains on the substrate (Mehl and Cotty, 2010, Mehl and Cotty, 2013). 

The current study tests the hypothesis that in addition to competitive exclusion, 

atoxigenic biocontrol strains impact both pre-harvest and post-harvest reductions in aflatoxin 

contamination via degradation of the aflatoxins. Several bacteria (Ciegler et al., 1966, Sangare et 

al., 2014, Verheecke et al., 2015) and fungi (Mann and Rehm, 1976, Verheecke et al., 2016, 

Jackson and Pryor, 2017, Das et al., 2015, Hackbart et al., 2014) can detoxify aflatoxins. 



77 

 

However, there are no efficient biological detoxification systems currently in use to detoxify 

contaminated crops and recover some of their value. Further, some aflatoxin-producing A. flavus 

and A. parasiticus strains have the capability to degrade their own synthesized aflatoxin (Doyle. 

and Marth, 1978, Huynh et al., 1984, Hamid and Smith, 1987) . The exact adaptive functions for 

the production and degradation of aflatoxins are not well defined. Both atoxigenic and 

aflatoxigenic isolates seem to thrive in a similar environment and effectively infect their hosts 

(Mohale et al., 2013). In vitro, after aflatoxin biosynthesis stops, reductions in aflatoxin 

concentrations have been observed (Huynh and Lloyd, 1984a, Huynh et al., 1984). Aflatoxin 

levels decline when mature cultures are aged in expended media, suggesting possible 

degradation and aflatoxin utilization during the stationary phase (Doyle and Marth, 1978a). 

Mycelial homogenates and filtrates of both A. parasiticus and A. flavus can degrade aflatoxins 

(Doyle and Marth, 1978b, Huynh and Lloyd, 1984b, Hamid and Smith, 1987). It was concluded 

that the ability of these homogenates to degrade aflatoxins was positively correlated with the 

ability of the originating fungus to produce the toxins (Doyle and Marth, 1978). This study 

reported that the only A. flavus strain which failed to produce aflatoxin also did not significantly 

degrade aflatoxin in media (Doyle and Marth, 1978). There is very limited data on the ability of 

atoxigenic A. flavus strains to degrade aflatoxins and those that do exist are old, tested only a 

single strain, and were performed in liquid media (Cotty and Bayman, 1993, Xing et al., 2017, 

Doyle and Marth, 1978). However, degradation of aflatoxins during crop infection by different 

atoxigenic A. flavus genotypes has not been explored. 

To determine whether degradation of aflatoxins by different atoxigenic A. flavus 

commercial biocontrol agents may be crucial in reducing aflatoxin contamination of crops, the 

current study tested (i) the ability of several atoxigenic A. flavus genotypes, used as active 
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ingredients in biopesticides, to decrease aflatoxin levels in both synthetic media and maize 

contaminated with aflatoxin B1 and (ii) if atoxigenic isolates that have either a single nucleotide 

polymorphism (SNP) or are completely lacking the aflatoxin biosynthetic cluster genes differ in 

their ability to degrade aflatoxin. Upon demonstration of this ability we characterized the effect 

of temperature, time, and glucose concentration on the degradation of aflatoxins. The results 

suggest that aflatoxin degradation during crop infection is an important mechanism through 

which atoxigenic genotypes of A. flavus may reduce the aflatoxin content of crops and that the 

capacity to degrade aflatoxins is a useful quantitative trait for selection of superior active 

ingredients for aflatoxin management. 

 

MATERIALS AND METHODS 

Fungal isolates 

  Several commercial biopesticides of atoxigenic A. flavus genotypes are used by farmers 

in the USA and Africa. Five commercially available biopesticides, some of which contain 

multiple atoxigenic genotypes, were selected for assessment: two from Mozambique, two from 

the USA, and one from Nigeria (Table 3.1). The resulting ten atoxigenic A. flavus genotypes of 

the aflatoxin biocontrol products were evaluated for their ability to degrade aflatoxins (Table 

3.1). One toxigenic isolate (A. flavus AF13) was used for aflatoxin B1 production. Isolates were 

obtained from the silica gel storage collection at the USDA-ARS aflatoxin lab in Tucson, AZ. 

Fungal isolates were cultivated on 5/2 agar (5% V8 juice, 2% agar, pH 6.0) for 5 days at 31°C in 

the dark. After growth, six colonized 3 mm agar plugs were added to 2.5 ml sterile dH2O in vials 

and stored at 8˚C. For each isolate, a 15-µl spore suspension from the vials was inoculated onto 

5/2 agar and incubated for five days at 31°C in the dark. Spores were harvested using sterile 
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cotton swabs and transferred into glass vials containing 20 ml of sterile, dH2O with 0.01% 

TWEEN-80. The turbidity of each spore suspension was measured with a turbidity meter (Model 

965-10; Orbeco-Hillige, Farmingdale, NY), and spore concentrations were calculated using a 

nephelometric turbidity unit (NTU) versus CFU curve: Y = 49,937X, where X = NTU and Y = 

spores/ml (Mehl and Cotty, 2010). A spore suspension of each isolate was standardized to 106 

spores/ml before inoculation. 

 

Identification of mutations in the aflatoxin biosynthesis cluster using cluster amplification 

patterns.  

To evaluate if degradation of aflatoxins is related to a specific genotype of atoxigenicity, 

indels in the aflatoxin biosynthesis cluster of atoxigenic isolates were identified using cluster 

amplification patterns (CAPs) as described previously (Callicott and Cotty, 2015).  After 

isolation of DNA from spores, DNA was quantified with a spectrophotometer (model ND-1000, 

NanoDrop) and diluted to a final concentration of 5 ng/μl. After amplification, isolates were 

evaluated for complete deletions, partial deletions, or presence of all aflatoxin biosynthesis 

genes. 

 

Maize inoculation 

 For preparation of aflatoxin-contaminated maize, maize kernels were first autoclaved to 

eliminate any contaminating microorganisms. Maize grain (250 g, Pioneer hybrid N82VGT) was 

placed in 1 L Nalgene bottles and autoclaved for 20 minutes. Grain water content was measured 

with a moisture balance (HB43 Halogen Moisture Analyzer, Mettler-Toledo) and adjusted to 

25% by adding sterile water and inoculum of 106 spores of AF13, an aflatoxin-producing isolate 
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of A. flavus. The bottle mouths were sealed with Tyvek (Roll 1443R, DuPont™ Tyvek®, PA) to 

provide a sterile, water-permeable barrier. Inoculated maize was incubated for 14 days at 31°C in 

the dark. Following incubation, the bottles were autoclaved at 121 °C for 20 minutes to kill the 

toxigenic fungus, after which 5 g of autoclaved contaminated maize was distributed into 50 ml 

tubes. Four of these tubes were randomly selected for extraction and quantification of the initial 

level of aflatoxin B1. The remaining tubes were each inoculated with 2 ml of 106 spores/ml of 

atoxigenic A. flavus isolates, sealed with Tyvek, and incubated in the dark. Uninoculated control 

tubes consisted of autoclaved contaminated maize to which no inoculum was added. The 

moisture content of the controls was adjusted to 25% by adding 2 ml of sterile water. The above 

base protocol was used to conduct the three experiments described below. Two independent 

trials of each experiment were performed. 

 

Aflatoxin degradation by atoxigenic genotypes of A. flavus on maize. To test whether 

the atoxigenic isolates could degrade aflatoxin in maize, 5 g of autoclaved contaminated maize in 

50-ml tubes served as experimental units with 2 ml of spore suspensions of individual atoxigenic 

isolates representing a treatment. The maize inoculated with the aflatoxin producing isolate 

AF13 and uninoculated maize were included as controls. The experiment followed a completely 

randomized design with four replicates. The treatments were incubated for 7 days at 31°C in the 

dark. To evaluate if genes of the aflatoxin biosynthesis cluster affect the ability of atoxigenic 

isolates to degrade aflatoxin in maize, two sets of three isolates each belonging to a different 

biocontrol product and from different countries were compared on the amount of aflatoxin 

degrade relative to the uninoculated control. One set of isolates had a complete deletion of the 
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aflatoxin biosynthesis cluster (NRRL 21882, Og0222, MZM029-7) and the other set had single 

nucleotide polymorphisms (NRRL 18543, Ka16127, MZM594-1) in the cluster.  

Time course of aflatoxin degradation. To evaluate if atoxigenic genotypes with 

different mutations leading to atoxigenicity differ in the rate of aflatoxin degradation over time, 

the experiment followed a factorial arrangement of treatments in a completely randomized 

design with four replicates. The main factors were isolates (three atoxigenic isolates each 

representing a different mutation conferring atoxigenicity and an uninoculated control) and time 

of incubation (3, 7, 10, 14, 17, 21 days). Treatments were incubated at 31°C in the dark. 

Temperature influence on aflatoxin degradation. To evaluate the effect of temperature 

on degradation of aflatoxin, the experiment followed a randomized complete block design with 

four replicates. Each block consisted of an incubator at specific temperatures (10°C, 15°C, 25°C, 

30°C, or 35°C) and treatments consisted of two atoxigenic strains, (NRRL 18543, the active 

ingredient of the biopesticide Aspergillus flavus AF36 Prevail™; and NRRL 21882, the active 

ingredient of the biopesticide Afla-Guard® and the aflatoxin producing isolate (AF13) as well as 

uninoculated controls. Treatments were incubated for 7 days in the dark.  

 

Inoculation in Czapek-Dox (CZ) broth with aflatoxin and varying concentrations of glucose to 

determine the effects on growth and aflatoxin degradation 

To test whether glucose levels influence in vitro growth of A. flavus and its ability to 

degrade aflatoxin, the following experiment was performed. First, aflatoxin produced on maize 

was extracted with 85% acetone. Extracts were separated on thin-layer chromatography plates 

(TLC) plates (Silica gel G with Preadsorbent Zone, UNIPLATETM, ANALTECH, Newark, DE) 

with H₂O: MeOH: Ether (1:3:96). To isolate the separated aflatoxin B1 from other compounds, 
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the TLC plates were visualized under 365-nm UV light, and the area with aflatoxin B1 was 

scraped off. The silica gel contained the purified aflatoxin B1 was further concentrated, as 

described previously (Cardwell and Cotty, 2002). After drying, filtrate aflatoxin was resuspended 

in a volume equivalent to 10% of the original acetone solution. CZ broth (Dox, 1910) was 

modified by substituting glucose as the sole carbon source instead of sucrose. Glucose was added 

to the CZ broth as the C-source at concentrations of 0, 8, 16, 33, 66, and 166 mM. Three ml of 

the above-described aflatoxin solution was added to 30 ml of the modified CZ broths in 250 ml 

Erlenmeyer flasks. Four flasks containing liquid media at the different glucose concentrations 

and aflatoxin were randomly selected for extraction and quantification to determine that the 

initial level of aflatoxin B1 was 2.3 ± 0.24 µg/ml. After recording the amount of aflatoxin B1, the 

remaining flasks were individually inoculated with two ml of spore suspension of 106 spores/ml 

of atoxigenic isolates. The experiment consisted of a factorial arrangement of treatments in a 

randomized complete block design. The blocks consisted of two different shakers (150 rpm), and 

the main factors were the isolate (three atoxigenic isolates each representing a different mutation 

conferring atoxigenicity) and glucose concentration (0, 8, 16, 33, 66 and 166 mM). Controls 

consisted of flasks containing CZ broth and aflatoxin B1 with 2 ml of sterile water added instead 

of spore inocula and flasks containing CZ broth without aflatoxin B1 inoculated with individual 

atoxigenic isolates. The flasks were incubated at 31°C in the dark for 5 days. The experiment 

was conducted twice. 

Fungal mass. Fungal mass was evaluated by measuring the mycelium collected after five 

days of growth. Mycelium was separated from the CZ broth using vacuum filtration onto 

Whatman No. 4 filter paper. The fungal mycelium was dried in an oven at 60°C for 24 hr and 

weighed. The dry weight of the mycelium was calculated using the following formula: 
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Dry weight = (weight of filter paper + mycelium) - (weight of filter paper). 

 

Aflatoxin Extraction and Quantification 

Aflatoxin B1 was extracted from ground maize with 35 ml of 85% acetone and extracted 

from 30ml of CZ broth with 30 ml of 100% acetone. Extracts were separated on TLC plates 

(Silica gel 60, EMD, Darmstadt, Germany) alongside aflatoxin standards (Aflatoxin Mix Kit-M, 

Supelco, Bellefonte, PA) with H₂O: MeOH: Ether (1:3:96). TLC plates were visualized under 

365-nm UV light. Aflatoxin B1 was quantified directly on TLC plates by scanning fluorescence 

densitometry with a TLC Scanner 3 (Camag Scientific). 

The degraded aflatoxin is the difference between the initial and final aflatoxin 

concentrations measured. There is some natural degradation of aflatoxin B1, as indicated by the 

difference between the initial and final aflatoxin B1 concentrations in the controls where no 

fungus was added. The degradation due to the atoxigenic strains was calculated by subtracting 

the degradation in the control flasks from that in the experimental atoxigenic strain treatments. In 

CZ broth aflatoxin B1 degraded per mass of mycelium was calculated by determining the 

degraded aflatoxin in each flask and dividing by the dry weight of mycelium growing in each 

respective flask.  

 

Data analysis 

Aflatoxin concentrations (x) were transformed using the equation y = log10 (x) to meet 

assumptions of homogeneity of variance. Differences in aflatoxin concentrations between 

inoculated and non-inoculated controls subjected to analysis of variance (ANOVA) and the 



84 

 

means were compared using Tukey’s-HSD. A paired Student t-test was conducted to compare 

the complete deletion and single nucleotide polymorphisms isolates. Correlation analysis 

between aflatoxin B1 degraded per mass of mycelium, fungal growth, and glucose concentrations 

was performed. All tests were performed using JMP 11.1.1 (SAS Institute, Cary, NC). The true 

means of the non-transformed data are reported 

 

RESULTS 

Atoxigenic genotypes of A. flavus have the ability to degrade aflatoxin B1 in maize 

Ten atoxigenic isolates of A. flavus that had different mutations conferring atoxigenicity, 

either complete deletion, partial deletion, or SNPs in the aflatoxin biosynthesis cluster (Table 

3.1) were tested for their ability to degrade aflatoxins. When these isolates were grown on 

aflatoxin B1-contaminated maize at 31°C for 7 days, all ten atoxigenic genotypes degraded 

aflatoxin B1, while the aflatoxin-producing strain AF13 increased aflatoxin B1 concentrations up 

to 65% (Fig. 3.1A). Although all atoxigenic genotypes were able to degrade aflatoxin, 

differences among genotypes in the extent of degradation were statistically significant (p < 

0.0001). The fungus NRRL 21882, the active ingredient of the biopesticide Afla-Guard®, 

degraded aflatoxin the least (45%), while Og0222, an active ingredient of the biopesticide 

Aflasafe™, reduced aflatoxin concentrations the most (79%). Although there were individual 

differences in the amount of aflatoxin B1 degraded, a comparison of the atoxigenic biocontrol 

isolates that had full aflatoxin cluster deletions (NRRL 21882, Og0222, and MZM029-7), to 

those that only had point mutations in individual genes (NRRL 18543, Ka16127, MZM594-1) 

shows that there is no significant difference in degradation by mutation type ( p = 0.068) after 7 

days of incubation at 31ºC (Fig. 3.1B). 
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Time course of aflatoxin degradation  

Three A. flavus atoxigenic biocontrol active ingredients (NRRL 18543, NRRL 21882, 

and MZM028-5), with different mutations conferring atoxigenicity (Table 3.1), were compared 

to see if isolates differ in aflatoxin reduction during 21 days of incubation. All atoxigenic 

genotypes caused statistically significant (p < 0.001) reductions in aflatoxin B1 concentrations 

relative to controls at every time point. Aflatoxin B1 was rapidly degraded by all three isolates by 

day three, but degradation differed significantly (p < 0.04) among genotypes at three days after 

inoculation (Fig. 3.2) The most rapid degradation occurred over the first three days, with isolates 

reducing aflatoxin B1 from 60% (MZM028-5, the isolate with a partial deletion of the aflatoxin 

biosynthesis cluster) to 27% (NRRL 18543, the isolate with a SNP in the aflatoxin biosynthesis 

cluster) during this period. After day three, there were no significant differences between 

atoxigenic isolates, and the rate of aflatoxin B1 degradation declined. However, by day 21, the 

three atoxigenic A. flavus had each reduced aflatoxin B1 by over 70% (Fig. 3.2). 

 

Temperature influences aflatoxin degradation 

Aflatoxin B1 was degraded at all temperatures tested, and both NRRL 18543 and NRRL 

21882 degraded significantly more aflatoxin than AF13 (p < 0.00001). However, there were no 

significant differences between atoxigenic isolates overall, although there was a small, 

significant difference in degradation between the strains at 25°C, with NRRL 18543 degrading 

82% of the aflatoxin in the grain in contrast to 62% by NRRL 21882. The optimal temperature 

for aflatoxin degradation was 25°C (Fig. 3.3). Also, at 25°C aflatoxin B1 production on maize by 

AF13 more than doubled compared to the initial aflatoxin content, from 19.3 ± 1.1 µg/g to 42 ± 1 
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µg/g (Fig. 3.3). Degradation of aflatoxins was observed even at 10°C, a temperature that did not 

support significant aflatoxin biosynthesis by AF13. Both aflatoxin degradation and biosynthesis 

significantly increased with increases of temperature from 10°C to 25°C (p < 0.006) but 

significantly decreased from 25°C to 35°C (p < 0.0002). 

 

Glucose represses aflatoxin degradation  

All three atoxigenic isolates were able to degrade aflatoxin B1 in CZ media at all glucose 

concentrations (Table 3.2). In the CZ media with no glucose, fungal growth was significantly 

limited (p < 0.0001) compared to treatments with glucose added to flasks. However, in the CZ 

media lacking glucose but containing aflatoxin, there was significantly higher growth (p < 0.001) 

compared to those flasks lacking both glucose and aflatoxin (Fig. 3.4). In these flasks, aflatoxin 

degradation expressed as µg aflatoxin B1 degraded per gram (g) of mycelium was higher than 

those flasks where glucose was added. Among all isolates, the Afla-Guard® active ingredient 

(NRRL 21882) exhibited the highest degradation of aflatoxin per mycelial mass in media with no 

added glucose. At glucose concentrations of 8 mM to 166 mM, degraded aflatoxin per mycelial 

mass was similar among the three atoxigenic A. flavus isolates representing different 

atoxigenicity mutations. The level of aflatoxin degraded per mycelial mass was moderate at 

glucose concentrations from 8 to 66 mM and low at 166 mM (Table 2). As expected, glucose 

concentration was positively correlated with fungal growth (r = 0.97, p < 0.001). However, both 

increased glucose concentration (r = - 0.53, p < 0.001) and increased fungal growth (r = - 0.63, p 

< 0.001) correlated negatively with aflatoxin degradation per mycelial mass. 
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DISCUSSION 

Previous research has shown that atoxigenic A. flavus biocontrol strains may reduce 

aflatoxin contamination to levels that cannot be explained by competitive exclusion alone (Cotty 

and Bayman, 1993, Mehl and Cotty, 2010), indicating possible additional mechanisms. The 

current study provides evidence that an addition mechanism may be the degradation of aflatoxin 

in crops by atoxigenic biocontrol strains. Ten atoxigenic A. flavus active ingredients of 

commercial biocontrol products (Bock and Cotty, 1999, Dorner and Lamb, 2006, Adhikari et al., 

2016, Bandyopadhyay et al., 2016)  significantly degraded aflatoxin B1 in media and in 

contaminated autoclaved maize grain (Fig. 3.1A). Degradation is independent of genes in the 

aflatoxin biosynthesis cluster as both strains with whole cluster deletions as well as those with 

only a SNP in the aflatoxin biosynthesis cluster equally degrade aflatoxin B1 (Fig. 3.1B). Upon 

introduction of an atoxigenic isolate to contaminated maize, initial degradation is rapid and 

gradually tapers off after three days at 31°C (Fig. 3.2). Temperature influences degradation, with 

25° C being optimal for degrading aflatoxin in maize by the atoxigenic isolates tested (Fig. 3.3). 

In media, high concentrations of glucose repress aflatoxin degradation indicating catabolite 

repression (Table 3.1). Development of optimal atoxigenic biocontrol strains, should take into 

account the toxin degradation capabilities of these strains. 

Naturally-occurring, atoxigenic isolates of A. flavus are successful biocontrol strains 

when applied during the pre-flowering stages to reduce aflatoxin contamination in cottonseed 

(Cotty, 1994) , peanut (Horn and Dorner, 2011) , maize (Atehnkeng et al., 2014) and pistachio 

(Doster et al., 2014), even impacting toxin contamination during improper storage (Senghor et 

al., 2019, Dorner and Cole, 2002). While poor postharvest handling of crops can exacerbate 

contamination (Pitt et al., 2015, Turner et al., 2005, Kachapulula et al., 2019, Walker et al., 
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2018), if biocontrol products are applied during crop development, postharvest increases of toxin 

are dramatically reduced (Atehnkeng et al., 2014, Dorner and Cole, 2002, Bandyopadhyay and 

Cotty, 2013, Bandyopadhyay et al., 2019). It is assumed that the postharvest effects are 

attributable to carryover of the pre-harvest fungal community structure into storage 

(Bandyopadhyay et al., 2019), and superior competitive ability of the atoxigenic active 

ingredients on the maize substrate (Mehl and Cotty, 2013, Mehl and Cotty, 2010). Results from 

the current study demonstrate that ten atoxigenic biocontrol isolates (Fig. 3.1A), currently 

applied in the field to reduce aflatoxin contamination can degrade aflatoxin and thus may be a 

contributing factor to the postharvest benefits of this biocontrol (Dorner and Cole, 2002). The 

atoxigenic isolates showed differences in their ability to degrade aflatoxin (Fig. 3.1A). Similarly, 

aflatoxigenic A. flavus isolates can differ in the production of cyclopiazonic acid, aflatoxins, 

sclerotia, and pectinase (Cleveland and Cotty, 1991, Cotty et al., 1990) due to their high 

intraspecies diversity. The difference observed in the amount of aflatoxin degraded among 

atoxigenic A. flavus isolates might suggest a differential ability to utilize substrates (Mehl and 

Cotty, 2013). 

Mycelial homogenates and enzyme filtrates of the aflatoxin producing fungi A. flavus and 

A. parasiticus can degrade aflatoxins in media (Hamid and Smith, 1987, Huynh and Lloyd, 1984, 

Doyle and Marth, 1978). This ability was associated with the strain’s aflatoxin-producing 

potential as older reports indicated that atoxigenic strains did not degrade aflatoxin in media 

(Doyle and Marth, 1978). It was suggested that enzymes involved in aflatoxin biosynthesis may 

also be involved in degradation (Doyle and Marth, 1978, Doyle et al, 1982). However, the 

current study demonstrates that atoxigenic genotypes degraded aflatoxin B1 (Fig. 3.1B) thus 

uncoupling degradation from aflatoxin synthesis potential. Genotypes responsible for loss of 
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aflatoxin producing ability in this study ranged from point mutations in the aflatoxin  

biosynthesis cluster (Ehrlich et al., 2007, Ehrlich et al., 2005, Donner et al., 2010) to either 

partial  (Donner et al., 2010) or full deletion of the aflatoxin biosynthesis gene cluster (Chang et 

al., 2005, Adhikari et al., 2016). Atoxigenic isolates with a complete cluster deletion had no 

difference in the amount of aflatoxin degraded compared with atoxigenic isolates with only a 

SNP in the aflatoxin biosynthesis cluster (Fig. 3.1B). This indicates that genes of the aflatoxin 

biosynthesis cluster do not affect the degradation process. 

Although previous studies have suggested that atoxigenic A. flavus strains could degrade 

aflatoxins (Cotty and Bayman, 1993, Xing et al., 2017, Doyle and Marth, 1978, Nakazato et al., 

1990). this report demonstrates that current biocontrol products have this capability. The use of 

autoclaved maize kernels as host material is supported by a previous study which showed that A. 

flavus growth and aflatoxin production was similar on autoclaved and unautoclaved kernels 

(Probst and Cotty, 2012). Further, use of autoclaved maize eliminates the potential role other 

microorganisms might play in aflatoxin degradation. This result is strong evidence that atoxigenic 

biocontrol agents may be able to degrade aflatoxin during infection of maize on crops in the field 

or during storage. Previous studies of aflatoxin degradation by atoxigenic isolates were performed 

in defined liquid media(Xing et al., 2017, Doyle and Marth, 1978, Cotty and Bayman, 1993), or 

using mycelial homogenates and filtrates (Doyle and Marth, 1978) or under fermentation 

conditions (Inoue et al., 2013). In one study (Cotty and Bayman, 1993), the atoxigenic NRRL 

18543 was inoculated in NO3 media containing 5% sucrose as well as aflatoxin-containing filtrates 

of the aflatoxigenic isolate AF13, and no significant aflatoxin degradation was reported. In 

contrast, the current study found that NRRL 18543 was able to degrade aflatoxin in both maize 

and CZ media. The maize seed used in this study is a standard hybrid dent maize variety with 
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estimated sucrose content around 3 to 4% (Zilic et al., 2011). . In this study, aflatoxin degradation 

declined when glucose was added to the medium and was inversely correlated with glucose 

concentration up to 3% glucose the maximum concentration tested (166 mM; Table 3.2). This 

suggests the exploitation of aflatoxins as a carbon source occurs only when preferred carbon 

sources are scarce and that there is carbon catabolite repression of degradation (Olutiola and Cole, 

1980). Also, the modified Czapek’s medium containing aflatoxin as the sole carbon source 

supported limited fungal growth (Fig. 4) associated with degradation of aflatoxin B1 (Table 3.2). 

Similarly, catabolite repression in Aspergillus species have been associated with growth, aflatoxin 

biosynthesis, and virulence (Fasoyin et al., 2018, Fountain et al., 2016). However, there is a need 

to understand the role of the substrate in degradation and to detail molecular events in the 

regulation of aflatoxin degradation. This may allow further tests to optimize atoxigenic strain-

based biocontrol technology. 

Most of the microorganisms that degrade aflatoxins use enzymatic pathway-dependent 

processes and involve complete catabolism of aflatoxins, or degradation to less toxic 

intermediates (Verheecke et al., 2016, Adebo et al., 2017). For example, fungal laccases and 

manganese peroxidases from particular fungi are known to degrade aflatoxins (Alberts et al., 

2009). However, specific pathways associated with aflatoxin degradation by both aflatoxigenic 

and atoxigenic A. flavus are not fully understood. Some clues about degradation come from data 

suggesting that some atoxigenic strains convert aflatoxin B1 to aflatoxicol-A and reconvert 

aflatoxicol-A to aflatoxin B1  (Bhatnagar et al., 1991, Nakazato et al., 1990); also, two 

metabolites of aflatoxin B1 were recently identified as the potential degradation products 

resulting from destruction of the furfuran and lactone ring of aflatoxin B1 (Xing et al., 2017). 

Bacteria such as Lactobacillus rhamnosus (Hathout and Aly, 2014)  and yeasts such as 
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Saccharomyces cerevisiae (Shetty et al., 2007)  bind aflatoxin on their cell wall. This binding is 

specific and strain-dependent with some organisms able to bind more than 50% of aflatoxin in 

their medium within 2 hours of exposure (Singh et al., 2016). To better understand the pathway 

of aflatoxin degradation by atoxigenic A. flavus, it is important to isolate and identify the 

enzyme(s) responsible for this degradation. 

Aflatoxin can accumulate within a few days in infected maize, stored under optimal 

conditions, even though the crop was previously free of aflatoxin (Singh, 2019, Kachapulula et 

al., 2017). The rates of production and degradation are important for aflatoxin management. In 

this study degradation was rapid over the first three days post-inoculation, followed by slower 

degradation over the next 18 days at 31ºC (Fig. 2). Several possible explanations might exist. 

Degradation may be concentration-dependent, A. flavus may degrade aflatoxins more effectively 

during germination and early hyphal growth, the fungi might quickly degrade the aflatoxin that is 

more accessible initially while degrading the less accessible aflatoxin at a slower rate, or an 

increase in the hyphal density might reduce the rate of degradation. Strain MZM028-5, 

possessing a partial cluster deletion, had the greatest initial rate over the first three days, with the 

subsequent rate being no different from the control maize samples. By 21 days, all three strains 

had degraded similar amounts of aflatoxins in the contaminated grains. Further studies are 

needed to determine if the initial rate differences are due to genotype, the location of aflatoxins 

in the seeds, fungal growth, or the concentration of aflatoxins in the seeds. 

NRRL 18543 and NRRL 21882, active ingredients of AF36 Prevail™ and Afla-Guard®, 

respectively, degraded aflatoxin from 10° C to 35° C, with the greatest degradation at 25°C (Fig 

3). Thus, A. flavus-based biocontrol products may degrade aflatoxins both under optimal 

conditions for aflatoxin biosynthesis (25°C to 30°C) and under conditions outside those required 
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for aflatoxin production. Environmental management of the storage environment might be 

manipulated to allow degradation without permitting aflatoxin biosynthesis. 

Over two dozen atoxigenic genotypes are in use as active ingredients of aflatoxin 

biocontrol products in various portions of the world (Dorner and Lamb, 2006, Mauro et al., 2018, 

Bandyopadhyay et al., 2016b, Senghor et al., 2019, Doster et al., 2014, Pitt et al., 2015). All 

active ingredients belong to the A. flavus L strain morphotype, which has extremely large and 

highly diverse populations (Islam et al., 2018). These complex L strain populations contain 

significant proportions (10 to 40%) of atoxigenic fungi (Atehnkeng et al., 2008, Probst et al., 

2011), providing resources for selection of superior genotypes for biocontrol. Such selection is a 

continuing objective of several research groups (Mauro et al., 2018, Shenge et al., 2019, Zhou et 

al., 2015, Molo et al., 2019, Ortega-Beltran et al., 2019). The majority of active ingredients are 

selected through a laborious process of population surveys to determine relative adaptation to the 

environment, laboratory challenge studies with aflatoxin producers, field tests to determine both 

dispersal and overwintering during crop production and efficacy in single-season aflatoxin 

management. All of these assessments have in common high variance, requiring a large number 

of replicates and associated labor, to differentiate strains in a statistically meaningful manner. 

The extent to which aflatoxin degradation by the atoxigenic strains is important during 

coinfection of hosts needs to be investigated. Taking into consideration the ability of the 

aflatoxigenic strain to also degrade aflatoxins, it is crucial to conduct studies to understand the 

correlation of aflatoxin degraded by atoxigenic fungi in the presence of aflatoxigenic strains. 

This may depend on the proportion of the aflatoxins readily accessible to the ramifying 

atoxigenic strain hyphae and repression of the catabolism by utilization of other nutrient 

resources released during consumption of the maize. However, the techniques described in the 
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current paper for quantifying aflatoxin degradation by atoxigenic genotypes in sterile maize 

provide a basis for rapid, fully quantified, and readily repeatable assessment of the relative 

ability of genotypes to degrade aflatoxin in relevant substrates. 
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Table 3.1. List of atoxigenic Aspergillus flavus isolates used in the current study. 

Isolate 
Culture 

accession/sourceα 

Type of 

atoxigenicityβ 

Biocontrol 

product 
Citation 

AF36 NRRL 18543 S AF36 Prevail™ Bock and Cotty, 1999 

Aflaguard NRRL 21882 C Afla-Guard® 
Dorner and Lamb, 

2006 

GP5G-8 IITA, Mozambique S 
Aflasafe 

MWMZ01/MZ02 
Current study 

MZM029-7 IITA, Mozambique C Aflasafe MWMZ01 Current study 

MZM028-5 IITA, Mozambique P Aflasafe MZ02 Current study 

MZM594-1 IITA, Mozambique S Aflasafe MWMZ01 Current study 

Og0222 IITA, Nigeria C Aflasafe™ Adhikari et al., 2016 

Ka16127 IITA, Nigeria S Aflasafe™ Adhikari et al., 2016 

La3279 IITA, Nigeria S Aflasafe™ Adhikari et al., 2016 

La3304 IITA, Nigeria S Aflasafe™ Adhikari et al., 2016 

AF13* USDA-ARS, USA N/A N/A Bock and Cotty, 1999 
αNRRL, ARS Culture Collection; IITA, The International Institute of Tropical Agriculture; 

USDA-ARS, Aflatoxin Lab. 

βC = complete deletion, P = partial deletion, S = single nucleotide polymorphism in the aflatoxin 

biosynthesis cluster, N/A = not applicable (aflatoxigenic). 

*AF13 produces aflatoxin B1 
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Table 3.2 Fungal growth and aflatoxin degradation by atoxigenic Aspergillus flavus biocontrol active ingredients in Czapek-Dox (CZ) broth media 

with varying concentrations of glucose as the sole carbon source. 

Glucose concentration 

 
0 mM 8 Mm 16 mM 33 mM 66 mM 166 mM 

 

Isolate (aflatoxin 

treatment) 

Mycβ 

(g) 

AFD/Mycδ 

(µg/g) 

Myc 

(g) 

AFD/Myc 

(µg/g) 

Myc 

(g) 

AFD/Myc  

(µg/g) 

Myc 

(g) 

AFD/Myc  

(µg/g) 

Myc 

(g) 

AFD/Myc  

(µg/g) 

Myc 

(g) 

AFD/Myc  

(µg/g) 

NRRL 21882 

(-AF) 
0.00 Z, z N/A 0.17 Y, x N/A 0.19 Y, xy N/A 0.27 X, y N/A 0.36 W, xy N/A 0.78 V, xy N/A 

NRRL 21882 

(+AF) 
0.03 Z, y 26.24 A, a 0.16 Y, xy 3.05 B, a 0.18 Y, y 2.97 B, a 0.33 X, x 2.61 B, a 0.34 X, xy 2.33 B, a 0.74 W, xyz 0.63 C, a 

NRRL 18543 

(-AF) 
0.00 Z, z N/A 0.15 Y, xyz N/A 0.21 Y, x N/A 0.30 X, xy N/A 0.43 W, x N/A 0.82 V, x N/A 

NRRL 18543 
(+AF) 

0.05 Z, x 13.51 A, b 0.14 Y, xyz 3.35 B, a 0.19 Y, xy 2.67 B, a 0.33 X, x 3.50 B, a 0.41 X, x 1.82 B, b 0.81 W, xy 0.36 C, a 

MZM028-5 

(-AF) 
0.00 Z, z N/A 0.13 Y, yz N/A 0.20 Y, x N/A 0.22 X, z N/A 0.30 W, y N/A 0.71 V, yz N/A 

MZM028-5 

(+AF) 
0.04 Z, x 15.48 A, b 0.12 Y, z 3.96 B, a 0.19 X, xy 3.62 B, a 0.32 W, x 3.50 B, a 0.29 W, y 2.22 B, ab 0.67 V, z 0.26 C, a 

Flasks containing CZ medium and 2.3 ± 0.24 µg/ml of aflatoxin B1 were inoculated and incubated at 31°C for 5 days. Aflatoxin concentration 

degraded relative to the uninoculated control was calculated. Values are means of four replicates; those followed by the same letter are not 

significantly different (p < 0.05) using Tukey’s-HSD. Letters A, B and C indicate treatment differences of Aflatoxin B1 degraded per mycelial mass 

(AFD/Myc) and letters W, X, Y and Z indicate treatment difference of mycelial mass (Myc). Lowercase letters are for comparisons within columns 

(isolates), and uppercase letters are for comparisons within rows (glucose concentrations). NRRL 21882 (active ingredient of Afla-Guard®), 

MZM028-5 (active ingredient of Aflasafe MWMZ01™), and NRRL 18543 (active ingredient of AF36 Prevail™). (-AF) = treatment without 

aflatoxin, (+AF) = treatment with aflatoxin, N/A = not applicable. βmycelial mass (Myc) in grams (g). δAflatoxin B1 degraded (µg) per mycelial mass 

in grams (AFD/Myc). 
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(A) (B) 

Figure 3.1. Aflatoxin B1 remaining after degradation by different atoxigenic genotypes 

of Aspergillus flavus. (A) Maize contaminated with 11.7 ±1.8 µg/g aflatoxin B1 was 

inoculated with different atoxigenic A. flavus biocontrol active ingredient isolates and 

incubated (31°C, 7 days). A positive aflatoxin producing isolate (AF13) and non-inoculated 

control were also included. Means were compared using Tukey’s-HSD at the 95% 

confidence level. Means sharing the same letter do not differ significantly. Each value is the 

average of four replicates. (B) Comparison of isolates with complete deletion or single 

nucleotide polymorphisms (SNPs) in the aflatoxin biosynthesis cluster conferring 

atoxigenicity in the amount of aflatoxin B1 degraded. A paired Student t test between the 

isolates with complete deletion and SNPs yielded P values = 0.068. Error bars indicate the 

standard error. 

 

 

Figure 3.2. Degradation of aflatoxins in maize by atoxigenic Aspergillus flavus 

genotypes over time (31°C). Maize with 5.1 ± 0.7 µg/g aflatoxin B1 was either 

uninoculated (control) or inoculated with atoxigenic isolates NRRL 21882 (complete 
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deletion of aflatoxin biosynthesis cluster), MZM028-5 (partial deletion), or NRRL 18543 

(point mutation). Error bars indicate the standard error. Data points are the average of four 

replicates. 

 

 

 

Figure 3.3. Degradation of aflatoxin B1 at different temperatures by active ingredients 

of commercial biocontrol products. Maize contaminated with 19.3 ± 1.1 µg/g aflatoxin 

B1 (AFB1) was inoculated with NRRL 18543, active ingredient of biopesticide Aspergillus 

flavus AF36 Prevail, and NRRL 21882, active ingredient of the biopesticide Afla-Guard®. 

The treatments were incubated at five different temperatures (10°C, 15°C, 25°C, 30°C and 

35°C) and the aflatoxin B1 remaining after 7 days was measured. A positive control of an 

aflatoxin producing fungus (AF13) was also included. Data points are the average of four 

replicates. 
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CHAPTER 4 

 

  THE PERSISTENCE OF AFLATOXINS ASSOCIATED WITH CONTAMINATED 

CROPS IN SOIL 

Submitted as a short communication to the journal Soil Microbiology and Biochemistry 

 

ABSTRACT 

Aspergillus section Flavi are commonly found in soil and infected crops. Some species 

produce aflatoxins, potent mycotoxins that contaminate food and feed. Consumption of 

aflatoxin-contaminated crops can lead to liver necrosis and rapid death in both humans and 

livestock. Crops with aflatoxin concentrations exceeding regulatory limits have no 

available markets and are frequently incorporated into the soil by plowing under the crops. 

The current study examines the persistence of aflatoxins and aflatoxin-producing fungi 

following the incorporation of a contaminated crop into soil. Cottonseed meal containing 

over 98 mg/kg total aflatoxins was incubated between layers of autoclaved or non-

autoclaved soil. Following seven weeks incubation, aflatoxins and Aspergillus section Flavi 

species were reduced over 70% in both treatments, although the rate of decrease was 

greater for the non-autoclaved soil. In addition, increases in soil bacterial populations over 

time were associated with decreases in aflatoxins and the Aspergillus section Flavi 

population. Results suggest both microbial activity and soil chemical processes contribute 

to degradation of aflatoxins and reduction of Aspergillus section Flavi in soil. However, 

low levels of both aflatoxins and Aspergillus section Flavi persisted in soil at the end of 



99 

 

seven weeks. Thus, farmers need to take into consideration the fallow period when reducing 

contamination in fields. 

 

INTRODUCTION 

Aspergillus section Flavi includes soil-borne fungi that infect and contaminate crops 

with aflatoxins, including aflatoxin B1, which is classified as a group 1a human carcinogen 

(IARC et al., 2002). Consumption of contaminated crops may result in immune system 

suppression, stunting, cancer, and death in humans and domestic animals (Turner et al., 

2005, Gong et al., 2002). Nearly 100 countries worldwide have regulations governing 

aflatoxins in food (Van Egmond and Jonker, 2004, Wu, 2015), and crops with aflatoxin 

concentrations exceeding regulatory limits are considered unsuitable for consumption and 

are rejected from markets (European Commission, 2010). When a crop is known to have 

high concentrations of aflatoxins, farmers may plow under the entire crop which undergoes 

some decomposition while buried in the soil prior to the next planting season (Angle and 

Wagner, 1981, Madden and Stahr, 1994). Concerns have been raised regarding the potential 

for aflatoxins to be taken up by plants growing in contaminated soil and accumulated in 

plant parts that will be consumed as food or feed (Hariprasad et al., 2015, Snigdha et al., 

2015, Snigdha et al., 2013). In addition, aflatoxins may negatively impact soil microbes 

(Angle and Wagner, 1981, Goldberg and Angle, 1985). Furthermore, crop debris may be 

infested with large quantities of aflatoxin-producing fungi that can serve as inoculum for 

subsequent crops. However, the persistence of both aflatoxins and aflatoxin-producing 
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fungi after incorporation of contaminated crops into soil has not been well described. Soil 

microorganisms can degrade several toxic soil contaminants (Kiamarsi et al., 2020), and 

microbial competition in soil can reduce viability of certain organisms (Delgado-Baquerizo 

et al., 2016, Cotty, 1994). Soil chemistry, which involves the chemical reactions and 

processes between soil constituents, is also important in dictating the fate of contaminants 

and nutrients in soils (Tardif et al., 2019, Chang and Lynd, 1970). Adsorption of toxic 

contaminants onto soil constituents has also been shown to act in remediation (Delgado-

Baquerizo et al., 2016). Thus, this study hypothesizes that microbes and chemical 

constituents of agricultural soil may contribute to reductions in aflatoxins and aflatoxin-

producing fungi in fields. The current study quantified changes in aflatoxin concentrations 

and Aspergillus section Flavi populations in contaminated cottonseed following 

incorporation of the crop into agricultural soil over 49 days.  

 

MATERIAL AND METHODS 

 

Soil characteristics 

A very fine sandy loam (pH 8.1) soil with 0.83% organic matter was collected from 

an experimental cotton field (Campus Agriculture Center, University of Arizona, Tucson, 

AZ) to a depth of 15 cm, then oven-dried (42°C, one week), sieved (8 mm), and 

homogenized. Soil was divided equally, and one portion was autoclaved twice (121°C, 60 

min). No aflatoxins were detected in soil, and autoclaved soil showed no microbial growth 

following incubation (25°C and 31°C, 7 days) on modified Rose Bengal agar (CU, Cotty, 
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1994), Malt Extract Agar (MEA, Sigma-Aldrich) and Nutrient Agar (NA, Sigma-Aldrich) 

media. Both autoclaved and non-autoclaved soil were adjusted to 25% moisture.  

 

Experimental design  

Treatments consisted of culture bottles (500 ml) filled with two 10 g layers of 

aflatoxin-contaminated (>98 mg/kg) cottonseed meal alternated with three 25 g layers of 

soil (autoclaved or non-autoclaved). Bottles of contaminated cottonseed meal alone (20 g) 

served as controls. Bottles were incubated at 15°C, which approximates fall soil 

temperatures in Tucson, AZ. Treatments were arranged in a randomized complete block 

design with each of the four replicates in a separate incubator.  

 

Microbial propagules and aflatoxin quantification 

Every seven days, a set of four bottles of each treatment were analyzed for aflatoxin 

level and microbial colony forming units (CFU). 50 ml sterile, de-ionized water containing 

0.1% Tween-80 were added to bottle, and bottles were agitated (150 rpm) for 30 min. Ten 

ml of soil/cottonseed suspension was subjected to a tenfold dilution series and plated onto 

the media described above to quantify CFU of Aspergillus section Flavi (CU), other fungi 

(MEA), and bacteria (NA). Following incubation (3 d, 31°C, dark), microbial colonies were 

counted, and CFU/g were calculated. To extract aflatoxins, 350 mL of 100% acetone was 

added to the culture bottles after the microbial suspension sample was removed and bottles 

were agitated for 60 min. Aflatoxins were quantified as described previously (Singh and 
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Cotty, 2017). The contents of four set of bottles of each treatment were analyzed 

immediately prior to incubation for initial aflatoxin and microbes between cotton only vs 

cotton incorporated in soil. An average of 26% less aflatoxin in both autoclaved and non-

autoclaved soil bottles and 40% more Aspergillus section Flavi propagules on non-

autoclaved soil bottles were recovered. After incubation, to compare aflatoxin and CFUs in 

cottonseed incorporated in soil vs non-incorporated cottonseed meal, the data were adjusted 

by removing the percentage difference of the treatments initial before incubation in order to 

analyze the effect of each treatment taking into consideration the baseline measurements 

(Berry and Ayers, 2006).  

 

 

Data analysis 

Aflatoxin data were expressed as the proportion of aflatoxin on each sampling date 

relative to the initial concentrations in the samples. For each treatment (cottonseed meal, 

non-autoclaved soil, and autoclaved soil) relationships between response variables 

(aflatoxin, CFU/g Aspergillus section Flavi, bacteria, or other fungi) and week of sampling 

were modeled using logistic regression. In addition, for each sampling date, treatment 

effects were tested with an analysis of variance, and means were compared using the 

Tukey-HSD test (α = 0.05). Correlations between aflatoxin and microbial CFU were 

performed. All statistical analyses were performed using JMP 11.1.1 (SAS Institute, Cary, 

NC). The experiment was conducted twice with similar results. 
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RESULTS 

 

Aflatoxin degradation 

Aflatoxin concentrations decreased in all treatments over seven weeks of 

incubation, but the rate of decrease was greater for the soil treatments compared to the 

contaminated cottonseed meal alone (Fig. 4.1A). Aflatoxin reduction over time was fit to a 

two-parameter logistic curve (r2= 0.91), and the rate of aflatoxin decrease was faster for 

cottonseed incorporated into non-autoclaved soil (rate = -0.74) and autoclaved soil (rate = -

0.62) than for non-incorporated cottonseed meal (rate = -0.32, Table 1). The rate of 

decrease was similar for the two soil treatments, but non-autoclaved soil had significantly 

(p < 0.0001) greater reduction in aflatoxin content compared to the autoclaved soil during 

the first three weeks of incubation (Fig. 4.1A). At the end of the seven week incubation 

period, aflatoxin was reduced by over 90% in the soil treatments but only 36% in the 

cottonseed meal that was not incubated in soil (Fig. 4.1A).  

 

Effect of soil incorporation on microbial population 

Aspergillus species decrease after contaminated crops are incorporated into the soil. 

Aspergillus section Flavi propagules decreased at the fastest rate in non-autoclaved soil and 

the slowest rate in cottonseed meal that was not incorporated into soil (Table 4.1). After 

seven weeks, viable propagules decreased by 75% in non-incorporated cottonseed meal but 

over 99% in both soil treatments (Fig. 4.1B). In contrast, viable propagules of other fungi 
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decreased in all treatments at a similar rate with a decrease over 99% at the end of the seven 

week incubation period (Fig. 4.1C). Bacteria increased in all treatments over the seven 

week incubation period (Fig. 4.1D), and CFU/g bacteria were negatively correlated with 

aflatoxin concentration (r = -0.66, P<0.0001), Aspergillus section Flavi CFU/g (r = -0.59, 

P<0.0001), and other fungi CFU/g (r = -0.24, P = 0.0208).  

 

DISCUSSION 

This study demonstrates that rates of aflatoxin degradation and Aspergillus section 

Flavi reduction increase when a contaminated crop is incorporated into the agricultural soil. 

Differences in rates of aflatoxin degradation in non-autoclaved soil, autoclaved soil, and 

non-incorporated cottonseed meal suggest that this process is mediated by soil chemical 

processes and, to a lesser extent, soil microbes (Fig. 4.1A). Overall similar levels of 

aflatoxin reduction in the autoclaved and non-autoclaved soil treatments after seven weeks 

indicate that microbes present in the agricultural soil have little influence on aflatoxin 

degradation and increased rates of aflatoxin degradation following incorporation into the 

soil is primarily associated with soil chemistry. However, the greater reductions in aflatoxin 

in non-autoclaved agricultural soil within the first three weeks of incorporation suggests 

that soil resident microorganisms may initially accelerate the process of degradation (Fig. 

4.1A). Several studies have shown that degradation of the herbicide atrazine is primarily 

dependent on soil chemical processes rather than microbial activity (Chen et al., 2018, 

Skipper et al., 1967). Toxic contaminants of soil can undergo adsorption, transformation, 
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and degradation in soil (Biel-Maeso et al., 2019, Shen et al., 2018). Adsorption to soil 

constituents is often considered the chemical process that regulates degradation of 

compounds in soil; however, correlation between the two processes might depend on many 

factors, such as microbes, soil properties and characteristics of a compound itself (Si et al., 

2009; Xu et al., 2009; Wu et al., 2011). There is evidence that aflatoxin is adsorbed to a 

variety of materials, including clays, charcoal, and purified minerals (Vekiru et al., 2007, 

Jiang et al., 2014, Tomasevic-Canovic et al., 1994, Phillips et al., 2002, Jaynes et al., 2007). 

Aflatoxin has been observed to bind to soil exchange sites and to being modified or quickly 

degraded by soil microbes (Angle, 1986, Angle and Wagner, 1981). The rapid reduction in 

aflatoxins in the soil treatments compared to the cotton only treatment where 26% less 

aflatoxin was lost, prior to incubation, might be due to a reaction with soil constituents and 

then a rapid modification to a degraded compound that was not extracted by the acetone for 

quantification. Studies are needed to understand the interaction of the adsorption process 

with other soil factors such as microbiomes or the type, and characteristics of the soil. 

Furthermore, studies are needed to characterize the relationship between adsorption and 

degradation of aflatoxin in the soil and identification of the degraded compound.  

Aspergillus section Flavi propagules also decreased in all treatments, and the higher 

rates in non-autoclaved soil (Table 4.1) might due to competition with other organisms in 

those treatments. Not only competition can change the structure of the population of 

microbes in soil, but soil contaminants can affect the abundance of soil microbiome 

components. Several soil contaminants have shown to alter the soil bacteria composition, 
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with specific types of bacteria increasing in population (Parajuli et al., 2017). This might 

due to the ability of several bacteria to degrade aflatoxin (Wu et al., 2009). In contrast, 

although fungi also can degrade aflatoxin, there was no correlation with other fungi in the 

soil and a reduction in the quantities of aflatoxin (R= 0.18, p =0.075, Table 4.1). This might 

be due to the small number of propagules of other fungi already present in cotton or the low 

recovery of fungi compared to bacteria after three days of plating for CFU quantification. 

There is a need for detailed studies addressing changes in the microbiome in soil after 

incorporation of contaminated crops with aflatoxins; it might provide insight on the effect 

of aflatoxins on soil microbes.  

 

In conclusion, aflatoxins and Aspergillus section Flavi propagules persist at a low 

level following incorporation of a contaminated crop into soil after a seven-week 

incubation period. These findings may clarify the value of agronomic practices for aflatoxin 

management and aid the development of recommendations for farmers to use to reduce soil 

contamination to safe levels before planting new crops after contaminated crops have been 

plowed under.   
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Table 4.1 Logistic regression curve variables describing the relationship between soil 

incorporation, aflatoxin degradation and microbial populations over seven weeks of 

incubation. 

Variable  

(type of model, r2) Treatment Growth rate (SE) Inflection point (SE) 

Aflatoxin  

(2-parameter logistic, r2 = 

0.91) 

Non-autoclaved soil -0.74 (0.09) 1.49 (0.16) 

Autoclaved soil -0.62 (0.07) 2.15 (0.17) 

Cottonseed meal -0.32 (0.07) 8.58 (0.80) 

    

Aspergillus section Flavi (3-

parameter logistic, r2 = 0.99) 

Non-autoclaved soil -0.62 (0.02) 4.7 (0.06) 

Autoclaved soil -0.61 (0.03) 6.5 (0.05) 

Cottonseed meal -0.38 (0.1) 12 (1.5) 

    

Other fungi (3-parameter 

logistic, r2 = 0.95) 

Non-autoclaved soil -0.6 (0.06) 5.3 (0.2) 

Autoclaved soil -0.5 (0.05) 5.5 (0.2) 

Cottonseed meal -0.6 (0.06) 6.2 (0.2) 
 

   

Bacteria (4-parameter logistic, 

r2 = 0.99) 

Non-autoclaved soil 4.1 (0.53) 4.14 (0.02) 

Autoclaved soil 3.9 (0.46) 4.13 (0.02) 

Cottonseed meal 2.1 (0.15`) 3.93 (0.03) 
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A B 

 
 

C D 

         

Figure 4.1. Effect of soil incorporation on aflatoxin and microbial population over 7 weeks (A) Log10 of Aflatoxins Proportion after 

degradation by incorporation in soil incubated for seven weeks at 15°C. The control consisted of a cotton meal alone. (B) Log10 of A. flavus CFU/g, 

(C) Log 10 of other fungi CFU/g, and (D) Log10 of bacteria CFU/g in the cotton meal or incorporated in the soil for seven weeks. Values are means 

of four replicates. Error bars `represent standard errors.

0.00

0.20

0.40

0.60

0.80

1.00

0 1 2 3 4 5 6 7

A
fl

a
to

x
in

 p
ro

p
o

rt
io

n
 

(f
in

a
l/

in
it

ia
l)

Weeks

0

1

2

3

4

5

6

7

0 1 2 3 4 5 6 7

L
o

g
1
0
 o

f 
A

s
p

e
rg

il
lu

s
 

s
p

e
c
ie

s
 C

F
U

/g

Weeks

Non-Autoclaved soil

Autoclaved soil

Cotton meal

0

1

2

3

4

5

6

7

0 1 2 3 4 5 6 7

L
o

g
1
0
 o

f 
o

th
e
r 

fu
n

g
i 

C
F

U
/g

Weeks

0

1

2

3

4

5

6

7

0 1 2 3 4 5 6 7L
o

g
1
0
 o

f 
B

a
c
te

ri
a
 C

F
U

/g

Weeks



109 

 

 

REFERENCES CHAPTER 1 

1. Raven PH, Evert RF, Eichhorn SE. Biology of plants. Macmillan (2005). 

2. Blankenship RE. Molecular mechanisms of photosynthesis. John Wiley & Sons (2014). 

3. Agrios, G. N. Plant Pathology Acad Press. New York (2005). 

4. Bergamin Filho A, Kimati H, Amorim L. Manual de fitopatologia: princípios e conceitos. 

Ceres. Sao Paulo (1995). 

5. FAO I. WFP (2014) The state of food insecurity in the world 2014: strengthening the enabling 

environment for food security and nutrition. FAO, Rome (2015). 

6. Eskola M, Kos G, Elliott CT, Hajšlová J, Mayar S, Krska R. Worldwide contamination of 

food-crops with mycotoxins: Validity of the widely cited ‘FAO estimate’of 25%. Crit Rev Food 

Sci Nutr (2019):1-17. 

7. Joint F, World Health Organization, WHO Expert Committee on Food Additives. Evaluation 

of certain contaminants in food: eighty-third report of the Joint FAO/WHO Expert Committee on 

Food Additives. World Health Organization (2017). 

8. Hesseltine CW, Sorenson WG, Smith M. Taxonomic studies of the aflatoxin-producing strains 

in the Aspergillus flavus group. Mycologia (1970) 62:123-32. 

9. Wogan GN. Chemical nature and biological effects of the aflatoxins. Bacteriol Rev (1966) 

30:460. 

10. Doyle MP, Applebaum RS, Brackett RE, Marth EH. Physical, chemical and biological 

degradation of mycotoxins in foods and agricultural commodities. J Food Prot (1982) 45:964-

71. 

11. Eaton DL, Groopman JD. The Toxicology of aflatoxins: human health, veterinary, and 

agricultural significance. San Diego: Academic Press (1994). 544 p. 

12. Wilson BJ, Hayes AW. "Microbial toxins". In: Toxicants occurring naturally in foods. 

National Academy of Sciences Washington, DC (1973). p. 372. 

13. Eaton DL, Gallagher EP. Mechanisms of aflatoxin carcinogenesis. Annu Rev Pharmacol 

Toxicol (1994) 34:135-72. 



110 

 

 

14. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans, World Health 

Organization, International Agency for Research on Cancer, ebrary I. Non-ionizing radiation. 

IARC monographs on the evaluation of carcinogenic risks to humans (2002) 80:429. 

15. Ciegler A. Mycotoxins: occurrence, chemistry, biological activity. (1975). 

16. Kew MC. Epidemiology of hepatocellular carcinoma in sub-Saharan Africa. Annals of 

hepatology (2013) 12:173 doi: 10.1016/S1665-2681(19)31354-7. 

17. Wu F. Global impacts of aflatoxin in maize: trade and human health. World Myc J (2015) 

8:137-42. 

18. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer statistics 

2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 

countries. CA: Cancer J cli (2018) 68:394-424. 

19. Probst C, Njapau H, Cotty PJ. Outbreak of an acute aflatoxicosis in Kenya in 2004: 

identification of the causal agent. Appl Environ Microbiol (2007) 73:2762-4 doi: AEM.02370-

06. 

20. Reddy BN, Raghavender CR. Outbreaks of aflatoxicoses in India. African j food, agri, nut 

develop (2007) 7. 

21. Wu F. Mycotoxin risk assessment for the purpose of setting international regulatory 

standards. Environm sci technol (2004) 38:4049-4055 

22. European Commission. RASFF portal. (2020).  RASFF portal. Available from https 

https://ec.europa.eu/food/safety/rasff/implementing_regulation_guidance_en  

23. Van Wyk PS, Van der Merwe P, Subrahmanyam P, Boughton D. Aflatoxin contamination of 

groundnuts in Mozambique. Internal Arachis Newsletter (1999) 19:25-7. 

24. Probst C, Callicott KA, Cotty PJ. Deadly strains of Kenyan Aspergillus are distinct from 

other aflatoxin producers. Eur J Plant Pathol (2012) 132:419-29. 

25. Kachapulula PW, Akello J, Bandyopadhyay R, Cotty PJ. Aflatoxin contamination of 

groundnut and maize in Zambia: observed and potential concentrations. J Appl Microbiol (2017) 

122:1471-82. 

https://ec.europa.eu/food/safety/rasff/implementing_regulation_guidance_en


111 

 

 

26. Picot A, Ortega-Beltran A, Puckett RD, Siegel JP, Michailides TJ. Period of susceptibility of 

almonds to aflatoxin contamination during development in the orchard. Eur J Plant Pathol 

(2017) 148:521-31. 

27. Singh P, Cotty PJ. Characterization of Aspergilli from dried red chilies (Capsicum spp.): 

Insights into the etiology of aflatoxin contamination. Int J Food Microbiol (2019) 289:145-53. 

28. Reiter EV, Vouk F, Böhm J, Razzazi-Fazeli E. Aflatoxins in rice – A limited survey of 

products marketed in Austria. Food Control (2010) 21:988-91 doi: 

10.1016/j.foodcont.2009.12.014. 

29. Reddy K, Reddy CS, Muralidharan K. Detection of Aspergillus spp. and aflatoxin B1 in rice 

in India. Food Microbiol (2009) 26:27-31. 

30. Essono G, Ayodele M, Akoa A, Foko J, Filtenborg O, Olembo S. Aflatoxin-producing 

Aspergillus spp. and aflatoxin levels in stored cassava chips as affected by processing practices. 

Food Control (2009) 20:648-54. 

31. Cotty PJ, Probst C, Jaime-Garcia R. Etiology and management of aflatoxin contamination. 

Mycotoxins: Detection Methods, Management, Public Health and Agricultural Trade.JF Leslie, 

R. Bandyopadhyay, and A.Visconti, eds.CAB International, Oxfordshire, UK (2008):287-99. 

32. Nafziger, E. D. Growth and production of maize: mechanized cultivation. Soils, Plant Crop 

Prod (2010): 331. 

33. Trivedi M, Branton A, Trivedi D, Nayak G, Gangwar M, Jana S. Agronomic characteristics, 

growth analysis, and yield response of biofield treated mustard, cowpea, horse gram, and 

groundnuts. Int J Gen (2015) 6:74-80. 

34. Ingale S, Shrivastava SK. Nutritional study of new variety of groundnut (Arachis hypogaea 

L.) JL-24 seeds. African J Food Sci (2011) 5:490-8. 

35. Ohkura M, Cotty PJ, Orbach MJ. Comparative genomics of Aspergillus flavus S and L 

morphotypes yield insights into niche adaptation. G3: Gen (2018) 8:3915-30. 

36. Probst C, Bandyopadhyay R, Cotty PJ. Diversity of aflatoxin-producing fungi and their 

impact on food safety in sub-Saharan Africa. Int J Food Microbiol (2014) 174:113-22. 

37. Varga J, Frisvad JC, Samson RA. Two new aflatoxin producing species, and an overview of 

Aspergillus section    Flavi. Stud Mycol (2011) 69:57-80. 



112 

 

 

38. Rodrigues P, Santos C, Venâncio A, Lima N. Species identification of Aspergillus section 

Flavi isolates from Portuguese almonds using phenotypic, including MALDI‐TOF ICMS, and 

molecular approaches. J Appl Microbiol (2011) 111:877-92 doi: 10.1111/j.1365-

2672.2011.05116. x. 

39. Setamou M, Cardwell K, Schulthess F, Hell K. Aspergillus flavus infection and aflatoxin 

contamination of preharvest maize in Benin. Plant Dis (1997) 81:1323-7. 

40. Davari E, Mohsenzadeh M, Mohammadi G, Rezaeian-Doloei R. Characterization of 

aflatoxigenic Aspergillus flavus and A. parasiticus strain isolates from animal feedstuffs in 

northeastern Iran. Iran j vet res (2015) 16:150. 

41. Raper, K.B & Fennell, D. I. The genus Aspergillus., Williams & Wilkins eds. Baltimore, 

Maryland (1965).  

42. Cotty PJ. Virulence and cultural characteristics of two Aspergillus flavus strains pathogenic 

on cotton. Phytopathology (1989) 79:808-14. 

43. Frisvad JC, Hubka V, Ezekiel CN, Hong SB, Nováková A, Chen AJ, Arzanlou M, Larsen 

TO, Sklenář F, Mahakarnchanakul W, Samson RA. Taxonomy of Aspergillus section Flavi and 

their production of aflatoxins, ochratoxins and other mycotoxins. Stud Mycol (2019) 93:1-63. 

44. Cotty PJ, Bhatnagar D. Variability among atoxigenic Aspergillus flavus strains in ability to 

prevent aflatoxin contamination and production of aflatoxin biosynthetic pathway enzymes. 

Appl.Environ. Microbiol. (1994) 60:2248-51. 

45. Dorner JW. Biological control of aflatoxin contamination of crops. J Toxicol: Toxin Rev 

(2004) 23:425-50. 

46. Sserumaga JP, Ortega-Beltran A, Wagacha JM, Mutegi CK, Bandyopadhyay R. Aflatoxin-

producing fungi associated with pre-harvest maize contamination in Uganda. Int J Food 

Microbiol (2020) 313:108376. 

47. Samson RA, Visagie C, Houbraken J, Hong S-, Hubka V, Klaassen CHW, et al. Phylogeny, 

identification and nomenclature of the genus Aspergillus. Stud Mycol (2014):141-73. 

48. Godet M, Munaut F. Molecular strategy for identification in Aspergillus section Flavi. FEMS 

Microbiol Lett (2010) 304:157-68. 

49. Singh P, Orbach MJ, Cotty PJ. Aspergillus texensis: a novel aflatoxin producer with S 

morphology from the United States. Toxins (2018) 10:513. 



113 

 

 

50. Carvajal-Campos A, Manizan AL, Tadrist S, Akaki DK, Koffi-Nevry R, Moore GG, et al. 

Aspergillus korhogoensis, a novel aflatoxin producing species from the Côte d’ivoire. Toxins 

(2017) 9:353. 

51. Amaike S, Keller NP. Aspergillus flavus. Annu Rev Phytopathol (2011) 49:107-33. 

52. Codner RC, Sargeant K, Yeo R. Production of aflatoxin by the culture of strains of 

Aspergillus flavus and Aspergillus oryzae on sterilized peanuts. Biotechnol Bioeng (1963) 5:185-

92. 

53. Nesbitt BF, O'kelly J, Sargeant K, Sheridan A. Toxic metabolites of Aspergillus flavus. 

Nature, London (1962) 195. 

54. Varga J, Frisvad J, Samson R. A reappraisal of fungi producing aflatoxins. World Myc J 

(2009) 2:263-77. 

55. Ehrlich KC, Yu J, Cotty PJ. Aflatoxin biosynthesis gene clusters and flanking regions. J Appl 

Microbiol (2005) 99:518-27. 

56. Brown DW, Yu JH, Kelkar HS, Fernandes M, Nesbitt TC, Keller NP, et al. Twenty-five 

coregulated transcripts define a sterigmatocystin gene cluster in Aspergillus nidulans. Proceed 

Nat Acad Sci (1996) 93:1418-22. 

57. Chang P, Yu J, Yu J. aflT, an MFS transporter-encoding gene located in the aflatoxin gene 

cluster, does not have a significant role in aflatoxin secretion. Fungal Gente Biol (2004) 41:911-

20. 

58. Yu J, Chang P, Cary JW, Wright M, Bhatnagar D, Cleveland TE, et al. Comparative mapping 

of aflatoxin pathway gene clusters in Aspergillus parasiticus and Aspergillus flavus. 

Appl.Environ. Microbiol. (1995) 61:2365-71. 

59. Takahashi T, Chang P, Matsushima K, Yu J, Abe K, Bhatnagar D, et al. Nonfunctionality of 

Aspergillus sojae aflR in a Strain of Aspergillus parasiticus with a Disrupted aflR Gene. Appl 

Environ Microbiol (2002) 68:3737 doi: 10.1128/AEM.68.8.3737-3743.2002. 

60. Chang P, Horn BW, Dorner JW. Sequence breakpoints in the aflatoxin biosynthesis gene 

cluster and flanking regions in nonaflatoxigenic Aspergillus flavus isolates. Fungal Genetics and 

Biology (2005) 42:914-23. 



114 

 

 

61. Klich MA, Pitt JI. Differentiation of Aspergillus flavus from A. parasiticus and other closely 

related species. Transactions of the British Mycological Society (1988) 91:99-108 doi: 

10.1016/S0007-1536(88)80010-X. 

62. Ehrlich KC, Montalbano BG, Cotty PJ. Analysis of single nucleotide polymorphisms in three 

genes shows evidence for genetic isolation of certain Aspergillus flavus vegetative compatibility 

groups. FEMS Microbiol Lett (2007) 268:231-6 doi: FML588. 

63. Adhikari BN, Bandyopadhyay R, Cotty PJ. Degeneration of aflatoxin gene clusters in 

Aspergillus flavus from Africa and North America. AMB Express (2016) 6:62. 

64. Donner M, Atehnkeng J, Sikora RA, Bandyopadhyay R, Cotty PJ. Molecular characterization 

of atoxigenic strains for biological control of aflatoxins in Nigeria. Food Addit Contam (2010) 

27:576-90. 

65. Ehrlich K, Yu J, Cotty P. Aflatoxin biosynthesis cluster gene cypA is required for G aflatoxin 

formation. Appl Environ Microbiol (2004) 70:6518-24 doi: 10.1128/AEM.70.11.6518-

6524.2004. 

66. Callicott KA, Cotty PJ. Method for monitoring deletions in the aflatoxin biosynthesis gene 

cluster of Aspergillus flavus with multiplex PCR. Lett Appl Microbiol (2015) 60:60-5. 

67. Cotty PJ, Jaime-Garcia R. Influences of climate on aflatoxin producing fungi and aflatoxin 

contamination. Int J Food Microbiol (2007) 119:109-15 doi: S0168-1605(07)00395-9. 

68. Bandyopadhyay R, Ortega-Beltran A, Akande A, Mutegi C, Atehnkeng J, Kaptoge L, et al. 

Biological control of aflatoxins in Africa: current status and potential challenges in the face of 

climate change. World Myc J (2016) 9:771-89. 

69. Holmquist GU, Walker HW, Stahr HM. Influence of temperature, pH, water activity and 

antifungal agents on growth of Aspergillus flavus and A. parasiticus. J Food Sci (1983) 48:778-

82. 

70. Torres AM, Barros GG, Palacios SA, Chulze SN, Battilani P. Review on pre-and post-

harvest management of peanuts to minimize aflatoxin contamination. Food Res Int (2014) 62:11-

9. 

71. Brown RL, Chen Z, Cleveland TE, Russin JS. Advances in the development of host 

resistance in corn to aflatoxin contamination by Aspergillus flavus. Phytopathology (1999) 

89:113-7. 



115 

 

 

72. Goldblatt L. Aflatoxin: scientific background, control, and implications. Elsevier (2012). 

73. Chiewchan N, Mujumdar AS, Devahastin S. Application of drying technology to control 

aflatoxins in foods and feeds: a review. Drying Technol (2015) 33:1700-7. 

74. Ozay G, Seyhan F, Pembeci C, Saklar S, Yilmaz A. Factors influencing fungal and aflatoxin 

levels in Turkish hazelnuts (Corylus avellana L.) during growth, harvest, drying and storage: A 

3-year study. Food Addit Contam (2008) 25:209-18. 

75. Warburton ML, Williams WP. Aflatoxin resistance in maize: what have we learned lately? 

Advances in Botany (2014) 2014. doi.org/10.1155/2014/352831 

76. Williams WP, Krakowsky MD, Scully BT, Brown RL, Menkir A, Warburton ML, et al. 

Identifying and developing maize germplasm with resistance to accumulation of aflatoxins. 

World Myc J (2014) 8:193-209. 

77. Thakare D, Zhang J, Wing RA, Cotty PJ, Schmidt MA. Aflatoxin-free transgenic maize 

using host-induced gene silencing. Sci adv (2017) 3 doi: 10.1126/sciadv.1602382 

78. Bock CH, Cotty PJ. Wheat seed colonized with atoxigenic Aspergillus flavus: 

characterization and production of a biopesticide for aflatoxin control. Biocontrol Sci Technol 

(1999) 9:529-43. 

79. Vincent C, Goettel MS, Lazarovits G. Biological control: a global perspective: case studies 

from around the world. Wallingford, England; Cambridge, MA: Cabi (2007). 

80. Zhou L, Wei D, Selvaraj JN, Shang B, Zhang C, Xing F, et al. A strain of Aspergillus flavus 

from China shows potential as a biocontrol agent for aflatoxin contamination. Biocontrol Sci 

Technol (2015) 25:583-92. 

81. Senghor LA, Ortega-Beltran A, Atehnkeng J, Callicott K, Cotty P, Bandyopadhyay R. The 

atoxigenic biocontrol product Aflasafe SN01 is a valuable tool to mitigate aflatoxin 

contamination of both maize and groundnut cultivated in Senegal. Plant Dis (2019) 104:510-

520. 

82. Samarajeewa U, Sen AC, Cohen MD, Wei CI. Detoxification of aflatoxins in foods and feeds 

by physical and chemical methods. J Food Prot (1990) 53:489-501. 

83. Ghanem I, Orfi M, Shamma M. Effect of gamma radiation on the inactivation of aflatoxin B1 

in food and feed crops. Brazilian J Microbiol (2008) 39:787-91. 



116 

 

 

84. Mercado CJ, Real M, Rosario Rd. Chemical Detoxification of Aflatoxin‐containing Copra. J 

Food Sci (1991) 56:733-5. 

85. Tomasevic-Canovic M, Dumic M, Vukicevic O, Radosevic P, Rajic I, Palic T. The 

adsorption effects of a mineral adsorber of the clinoptilolite type. Part 1: Adsorption of aflatoxins 

B1 and G2. Acta Vet (Yugoslavia) (1994) 44: 309. 

86. Jaynes WF, Zartman RE, Hudnall WH. Aflatoxin B1 adsorption by clays from water and 

corn meal. Appl Clay Sci (2007) 36:197-205. 

87. Si Y, Takagi K, Iwasaki A, Zhou D. Adsorption, desorption and dissipation of metolachlor in 

surface and subsurface soils. Pest Mgmt Sci (2009) 65:956-62. 

88. Phillips TD, Lemke SL, Grant PG. "Characterization of clay-based enterosorbents for the 

prevention of aflatoxicosis". In: Mycotoxins and food safety. Springer (2002). p. 157-71. 

89. Jackson LW, Pryor BM. Degradation of aflatoxin B 1 from naturally contaminated maize 

using the edible fungus Pleurotus ostreatus. AMB Express (2017) 7:110. 

90. Bhatnagar D, Lillehoj EB, Bennett JW. Biological detoxification of mycotoxins. Mycot ani 

foods (1991):816-26. 

91. Ciegler A, Lillehoj EB, Peterson RE, Hall HH. Microbial detoxification of aflatoxin. 

Appl.Environ. Microbiol. (1966) 14:934-9. 

92. Adebo OA, Njobeh PB, Gbashi S, Nwinyi OC, Mavumengwana V. Review on microbial 

degradation of aflatoxins. Crit Rev Food Sci Nutr (2017) 57:3208-17. 

93. Verheecke C, Liboz T, Mathieu F. Microbial degradation of aflatoxin B1: current status and 

future advances. Int J Food Microbiol (2016) 237:1-9. 

94. Huynh VL, Gerdes RG, Lloyd AB. Synthesis and degradation of aflatoxins by Aspergillus 

parasiticus. II. Comparative toxicity and mutagenicity of aflatoxin B1 and its autolytic 

breakdown products. Aust J Biol Sci (1984) 37:123-30. 

95. Dickens JW, Whitaker TB. Efficacy of electronic color sorting and hand picking to remove 

aflatoxin contaminated kernels from commercial lots of shelled peanuts. Peanut Sci (1975) 2:45-

50. 

96. Goldberg BS, Angle JS. Aflatoxin movement in soil. J Environ Qual (1985) 14:224-8. 



117 

 

 

97. Angle JS. Aflatoxin decomposition in various soils. J Environ Sci & Health (1986) 21:277-

88. 

98. Angle JS, Wagner GH. Aflatoxin B1 effects on soil microorganisms. Soil Biol Biochem 

(1981) 13:381-4. 

 

99. Wiatrak, P. J., D. L. Wright, J. J. Marois, and D. Wilson. "Influence of planting date on 

aflatoxin accumulation in Bt, non-Bt, and tropical non-Bt hybrids." Agronomy j (2005) 97: 440-

445. doi: 10.2134/agronj2005.0440 

 

100. Walker, S., R. Jaime, V. Kagot, and C. Probst. "Comparative effects of hermetic and 

traditional storage devices on maize grain: Mycotoxin development, insect infestation and grain 

quality." J Stored Prod Res (2018) 77: 34-44. 

 

REFERENCES CHAPTER 2 

1. Hesseltine CW, Sorenson WG, Smith M. Taxonomic studies of the aflatoxin-producing strains 

in the Aspergillus flavus group. Mycologia (1970) 62:123-32. 

2. Turner PC, Sylla A, Gong YY, Diallo MS, Sutcliffe AE, Hall AJ, et al. Reduction in exposure 

to carcinogenic aflatoxins by postharvest intervention measures in west Africa: a community-

based intervention study. The Lancet (2005) 365:1950-6. 

3. Gong YY, Cardwell K, Hounsa A, Egal S, Turner PC, Hall AJ, et al. Dietary aflatoxin 

exposure and impaired growth in young children from Benin and Togo: cross sectional study. 

BMJ (2002) 325:20-1. 

4. Williams JH, Phillips TD, Jolly PE, Stiles JK, Jolly CM, Aggarwal D. Human aflatoxicosis in 

developing countries: a review of toxicology, exposure, potential health consequences, and 

interventions. Am J Clin Nutr (2004) 80:1106-22. 

5. Van Egmond HP. Aflatoxins in milk. Academic Press, San Diego, CA (1994). 

6. Probst C, Njapau H, Cotty PJ. Outbreak of an acute aflatoxicosis in Kenya in 2004: 

identification of the causal agent. Appl Environ Microbiol (2007) 73:2762-4 doi: AEM.02370-

06. 



118 

 

 

7. Kachapulula PW, Akello J, Bandyopadhyay R, Cotty PJ. Aflatoxin contamination of 

groundnut and maize in Zambia: observed and potential concentrations. J Appl Microbiol (2017) 

122:1471-82. 

8. Picot A, Ortega-Beltran A, Puckett RD, Siegel JP, Michailides TJ. Period of susceptibility of 

almonds to aflatoxin contamination during development in the orchard. Eur J Plant Pathol 

(2017) 148:521-31. 

9. Singh P, Cotty PJ. Characterization of Aspergilli from dried red chilies (Capsicum spp.): 

Insights into the etiology of aflatoxin contamination. Int J Food Microbiol (2019) 289:145-53. 

10. Cotty PJ, Probst C, Jaime-Garcia R. Etiology and management of aflatoxin contamination. 

Mycotoxins: Detection Methods, Management, Public Health and Agricultural Trade.JF Leslie, 

R. Bandyopadhyay, and A.Visconti, eds.CAB International, Oxfordshire, UK (2008):287-99. 

11. Saito M, Tsuruta O. A new variety of Aspergillus flavus from tropical soil in Thailand and its 

aflatoxin productivity. JSM Mycotoxins (1993) 1993:31-6. 

12. Geiser DM, Pitt JI, Taylor JW. Cryptic speciation and recombination in the aflatoxin-

producing fungus Aspergillus flavus. Proceedings Nat Acad of Scis (1998a) 95:388-93. 

13. Cotty PJ, Bayman P, Egel DS, Elias KS. "Agriculture, aflatoxins and Aspergillus". In: The 

Genus Aspergillus. Springer (1994). p. 1-27. 

14. Okazaki H, Saito M, Tsuruta O. Population levels of Aspergillus flavus and A. parasiticus in 

field soils in two areas of Kyushu district. Japanese J of Phytopath (1992) 58:208-13. 

15. Cotty PJ. Virulence and cultural characteristics of two Aspergillus flavus strains pathogenic 

on cotton. Phytopathology (1989) 79:808-14. 

16. Cotty PJ, Bhatnagar D. Variability among atoxigenic Aspergillus flavus strains in ability to 

prevent aflatoxin contamination and production of aflatoxin biosynthetic pathway enzymes. 

Appl.Environ. Microbiol. (1994) 60:2248-51. 

17. Dorner JW. Biological control of aflatoxin contamination of crops. J Toxicol: Toxin Rev 

(2004) 23:425-50. 

18. Carvajal-Campos A, Manizan AL, Tadrist S, Akaki DK, Koffi-Nevry R, Moore GG, et al. 

Aspergillus korhogoensis, a novel aflatoxin producing species from the Côte d’ivoire. Toxins 

(2017) 9:353. 



119 

 

 

19. Singh P, Orbach MJ, Cotty PJ. Aspergillus texensis: a novel aflatoxin producer with S 

morphology from the United States. Toxins (2018) 10:513. 

20. Frisvad JC, Hubka V, Ezekiel CN, Hong S, Nováková A, Chen AJ, et al. Taxonomy of 

Aspergillus section Flavi and their production of aflatoxins, ochratoxins and other mycotoxins. 

Stud Mycol (2019) 93:1-63. 

21. Soares C, Rodrigues P, Peterson SW, Lima N, Venancio A. Three new species of Aspergillus 

section Flavi isolated from almonds and maize in Portugal. Mycologia (2012) 104:682-97. 

22. Pildain MB, Frisvad JC, Vaamonde G, Cabral D, Varga J, Samson RA. Two novel aflatoxin-

producing Aspergillus species from Argentinean peanuts. Int J Syst Evol Microbiol (2008) 

58:725-35. 

23. Probst C, Bandyopadhyay R, Cotty PJ. Diversity of aflatoxin-producing fungi and their 

impact on food safety in sub-Saharan Africa. Int J Food Microbiol (2014) 174:113-22. 

24. Amaike S, Keller NP. Aspergillus flavus. Annu Rev Phytopathol (2011) 49:107-33. 

25. Varga J, Frisvad J, Samson R. A reappraisal of fungi producing aflatoxins. World Myc J 

(2009) 2:263-77. 

26. Codner RC, Sargeant K, Yeo R. Production of aflatoxin by the culture of strains of 

Aspergillus flavus and Aspergillus oryzae on sterilized peanuts. Biotechnol Bioeng (1963) 5:185-

92. 

27. Nesbitt BF, O'kelly J, Sargeant K, Sheridan A. Toxic metabolites of Aspergillus flavus. 

Nature, London (1962) 195. 

28. Okoth S, De Boevre M, Vidal A, Diana Di Mavungu J, Landschoot S, Kyallo M, et al. 

Genetic and toxigenic variability within Aspergillus flavus population isolated from maize in two 

diverse environments in Kenya. Frontiers in microbiology (2018) 9:57. 

29. Probst C, Callicott KA, Cotty PJ. Deadly strains of Kenyan Aspergillus are distinct from 

other aflatoxin producers. Eur J Plant Pathol (2012) 132:419-29. 

30. Raja HA, Miller AN, Pearce CJ, Oberlies NH. Fungal identification using molecular tools: a 

primer for the natural products research community. J Nat Prod (2017) 80:756-70. 



120 

 

 

31. Feng X, Wu Z, Ling B, Pan S, Liao W, Pan W, et al. Identification and differentiation of 

Candida parapsilosis complex species by use of exon-primed intron-crossing PCR. J Clin 

Microbiol (2014) 52:1758-61. 

32. Zheng H, Fan L, Milne RI, Zhang L, Wang Y, Mao K. Species delimitation and lineage 

separation history of a species complex of Aspens in China. Frontiers in plant Sci (2017) 8:375. 

33. Callicott KA, Cotty PJ. Method for monitoring deletions in the aflatoxin biosynthesis gene 

cluster of Aspergillus flavus with multiplex PCR. Lett Appl Microbiol (2015) 60:60-5. 

34. Ehrlich K, Yu J, Cotty P. Aflatoxin biosynthesis cluster gene cypA is required for G aflatoxin 

formation. Appl Environ Microbiol (2004) 70:6518-24 doi: 10.1128/AEM.70.11.6518-

6524.2004. 

35. Van Rensburg SJ, Cook-Mozaffari P, Van Schalkwyk DJ, Van der Watt, J, Vincent TJ, 

Purchase IF. Hepatocellular carcinoma and dietary aflatoxin in Mozambique and Transkei. Br J 

Cancer (1985) 51:713-26. 

36. van Wyk PS, Van der Merwe P, Subrahmanyam P, Boughton D. Aflatoxin contamination of 

groundnuts in Mozambique. International Arachis Newsletter (1999) 19:25-7. 

37. Carreira H, Lorenzoni C, Carrilho C, Ferro J, Sultane T, Garcia C, et al. Spectrum of 

pediatric cancers in Mozambique: an analysis of hospital and population-based data. Pediatr 

Hematol Oncol (2014) 31:498-508. 

38. Hall AJ, Wild CP. "Epidemiology of aflatoxin-related disease". In: The toxicology of 

aflatoxins. Elsevier (1994). p. 233-58. 

39. Augusto J, Atehnkeng J, Akello J, Cotty P, Bandyopadhyay R. Prevalence and distribution of 

aspergillus section Flavi in maize and groundnut fields and aflatoxin contamination in 

Mozambique. In: 2014 APS Annual Meeting; APSNET (2014). 

40. Augusto J, Atehnkeng J, Akello J, Cotty PJ, Bandyopadhyay R. Ecological diversity of 

Aspergilli community and aflatoxin prevalence in Mozambique. In: 2017 APS Annual Meeting; 

APSNET (2017). 

41. Cotty PJ, Jaime-Garcia R. Influences of climate on aflatoxin producing fungi and aflatoxin 

contamination. Int J Food Microbiol (2007) 119:109-15 doi: S0168-1605(07)00395-9. 



121 

 

 

42. Cardwell KF, Cotty PJ. Distribution of Aspergillus section Flavi among field soils from the 

four agroecological zones of the Republic of Benin, West Africa. Plant Dis (2002) 86:434-9. 

https://doi.org/10.1094/PDIS.2002.86.4.434 

43. Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. 

Nucleic Acids Res (2004) 32:1792 doi: 10.1093/nar/gkh340. 

44. Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Höhna S, et al. MrBayes 

3.2: Efficient Bayesian Phylogenetic Inference and Model Choice Across a Large Model Space. 

Syst Biol (2012) 61:539-42 doi: 10.1093/sysbio/sys029. 

45. Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, et al. Phylogeny. fr: robust 

phylogenetic analysis for the non-specialist. Nucleic Acids Res (2008) 36: W465-9. 

46. Page RD. TreeView: an application to display phylogenetic trees on personal computers. 

Computer appl biosci : CABIOS (1996) 12:357. 

47. Kew MC. Epidemiology of hepatocellular carcinoma in sub-Saharan Africa. Annals of 

hepatology (2013) 12:173 doi: 10.1016/S1665-2681(19)31354-7. 

48. Sineque AR, Macuamule CL, Dos Anjos FR. Aflatoxin b1 contamination in chicken livers 

and gizzards from industrial and small abattoirs, measured by elisa technique in Maputo, 

Mozambique. Int j environm res pub health (2017) 14:951. 

49. Klich MA, Pitt JI. Differentiation of Aspergillus flavus from A. parasiticus and other closely 

related species. Transactions of the British Mycological Society (1988) 91:99-108 doi: 

10.1016/S0007-1536(88)80010-X. 

50. Chang P, Ehrlich KC, Hua ST. Cladal relatedness among Aspergillus oryzae isolates and 

Aspergillus flavus S and L morphotype isolates. Int J Food Microbiol (2006) 108:172-7 doi: 

10.1016/j.ijfoodmicro.2005.11.008. 

51. Chang P, Ehrlich KC. What does genetic diversity of Aspergillus flavus tell us about 

Aspergillus oryzae? Int J Food Microbiol (2010) 138:189-99 doi: 

10.1016/j.ijfoodmicro.2010.01.033. 

52. Chang P‐. Genome‐wide nucleotide variation distinguishes Aspergillus flavus from 

Aspergillus oryzae and helps to reveal origins of atoxigenic A. flavus biocontrol strains. J Appl 

Microbiol (2019) 127:1511-20 doi: 10.1111/jam.14419. 

https://doi.org/10.1094/PDIS.2002.86.4.434


122 

 

 

53. Yuan GF, Liu CS, Chen CC. Differentiation of Aspergillus parasiticus from Aspergillus 

sojae by random amplification of polymorphic DNA. Appl Environ Microbiol (1995) 61:2384. 

54. Takahashi T, Chang P, Matsushima K, Yu J, Abe K, Bhatnagar D, et al. Nonfunctionality of 

Aspergillus sojae aflR in a Strain of Aspergillus parasiticus with a Disrupted aflR Gene. Appl 

Environ Microbiol (2002) 68:3737 doi: 10.1128/AEM.68.8.3737-3743.2002. 

55. Chang PK, Bhatnagar D, Cleveland TE, Bennett JW. Sequence variability in homologs of the 

aflatoxin pathway gene aflR distinguishes species in Aspergillus section Flavi. Appl Environ 

Microbiol (1995) 61:40. 

56. Liu B, Chu FS. Regulation of aflR and Its Product, AflR, Associated with Aflatoxin 

Biosynthesis. Appl Environ Microbiol (1998) 64:3718 doi: 10.1128/AEM.64.10.3718-

3723.1998. 

57. Abigael O, Sheila O, Nelson A, Joutsjoki V. Characterization of Mating Type Genes in 

Aspergillus flavus Populations from Two Locations in Kenya. (Research Article). Advances in 

Agriculture (2018) 2018 doi: 10.1155/2018/3095096. 

58. Ramirez-Prado JH, Moore GG, Horn BW, Carbone I. Characterization and population 

analysis of the mating-type genes in Aspergillus flavus and Aspergillus parasiticus. Fungal 

Genetics and Biology (2008) 45:1292-9. 

59. Horn BW, Moore GG, Carbone I. Sexual reproduction in aflatoxin-producing Aspergillus 

nomius. Mycologia (2011) 103:174-83. 

60. Horn BW, Ramirez-Prado JH, Carbone I. The sexual state of Aspergillus parasiticus. 

Mycologia (2009) 101:275-80. 

61. Horn BW, Sorensen RB, Lamb MC, Sobolev VS, Olarte RA, Worthington CJ, et al. Sexual 

reproduction in Aspergillus flavus sclerotia naturally produced in corn. Phytopathology (2014) 

104:75-85. 

62. Olarte RA, Horn BW, Dorner JW, Monacell JT, Singh R, Stone EA, et al. Effect of sexual 

recombination on population diversity in aflatoxin production by Aspergillus flavus and evidence 

for cryptic heterokaryosis. Mol Ecol (2012) 21:1453-76 doi: 10.1111/j.1365-294X.2011.05398. 

x. 

63. Moore GG, Elliott JL, Singh R, Horn BW, Dorner JW, Stone EA, et al. Sexuality generates 

diversity in the aflatoxin gene cluster: evidence on a global scale. PLoS pathogens (2013) 9: 

e1003574. 



123 

 

 

64. Geiser DM, Pitt JI, Taylor JW. Cryptic speciation and recombination in the aflatoxin-

producing fungus Aspergillus flavus. Procee Nat Acad of Scis (1998b) 95:388-93. 

65. Grubisha LC, Cotty PJ. Evolutionary relationships among Aspergillus flavus vegetative 

compatibility groups. Phytopathology (2010) 100:43. 

66. Grubisha LC, Cotty PJ. Genetic analysis of the Aspergillus flavus vegetative compatibility 

group to which a biological control agent that limits aflatoxin contamination in US crops 

belongs. Appl.Environ. Microbiol. (2015) 81:5889-99. 

67. Islam M, Callicott KA, Mutegi C, Bandyopadhyay R, Cotty PJ. Aspergillus flavus resident in 

Kenya: high genetic diversity in an ancient population primarily shaped by clonal reproduction 

and mutation-driven evolution. Fungal ecology (2018) 35:20-33. 

68. Adhikari BN, Bandyopadhyay R, Cotty PJ. Degeneration of aflatoxin gene clusters in 

Aspergillus flavus from Africa and North America. AMB Express (2016) 6:62. 

69. Samson RA, Visagie CM, Houbraken J, Hong S, Hubka V, Klaassen CH, et al. Phylogeny, 

identification and nomenclature of the genus Aspergillus. Stud Mycol (2014) 78:141-73. 

70. Godet M, Munaut F. Molecular strategy for identification in Aspergillus section Flavi. FEMS 

Microbiol Lett (2010) 304:157-68. 

71. Maddison WP, Wiens JJ. Gene Trees in Species Trees. Syst Biol (1997) 46:523-36 doi: 

10.1093/sysbio/46.3.523. 

72. Samson RA, Varga J. What is a species in Aspergillus? Medical mycol (2009) 47: S13 doi: 

10.1080/13693780802354011. 

73. Udayanga D, Castlebury L, Rossman A, Chukeatirote E, Hyde K. Insights into the genus 

Diaporthe: phylogenetic species delimitation in the D. eres species complex. Fungal Div (2014) 

67:203-29 doi: 10.1007/s13225-014-0297-2. 

74. Raper, K.B, Fennell, D. I. The genus Aspergillus., Williams & Wilkins eds. Baltimore, 

Maryland (1965). 

75. Galtier, N, Vincent D. Dealing with incongruence in phylogenomic analyses. Philosophical 

Transactions of the Royal Society B: Bio Sci (2008) 363: 4023-4029. 

76. Pitt, J. I., Ailsa D. H, Diane R. G. An improved medium for the detection of Aspergillus 

flavus and A. parasiticus." J Applied Bact (1983) 54: 109-114. 



124 

 

 

77. Arone LRL, Augusto J, Bandyopadhyay R, Cotty PJ. Diversity of the Aspergillus section 

Flavi S morphotype in Mozambique. In 2016 APS Annual Meeting; APSNET (2016). 

78. Arone LRL, Augusto J, Bandyopadhyay R, Cotty PJ. Aflatoxin producers in Mozambique 

include a distinct S morphology taxon with high capacity to produce aflatoxins in Maize and 

Groundnut. In 2087 APS Annual Meeting; APSNET (2018). 

 

 

 

REFERENCES CHAPTER 3 

1. Cotty PJ, Bayman P, Egel DS, Elias KS. "Agriculture, aflatoxins and Aspergillus". In: The 

Genus Aspergillus. Springer (1994). p. 1-27. 

2. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans, World Health 

Organization, International Agency for Research on Cancer, ebrary I. Non-ionizing radiation. 

IARC monographs on the evaluation of carcinogenic risks to humans (2002) 80:429. 

3. Woo LL, Egner PA, Belanger CL, Wattanawaraporn R, Trudel LJ, Croy RG, et al. Aflatoxin 

B1-DNA adduct formation and mutagenicity in livers of neonatal male and female B6C3F1 

mice. Toxicol Sci (2011) 122:38-44. doi: 10.1093/toxsci/kfr087 

4. Gong YY, Cardwell K, Hounsa A, Egal S, Turner PC, Hall AJ, et al. Dietary aflatoxin 

exposure and impaired growth in young children from Benin and Togo: cross sectional study. 

BMJ (2002) 325:20-1. 

5. Jewers K. Aflatoxin in foods and feeds. Food Laboratory Newsletter (Sweden) (1988). 

6. Probst C, Njapau H, Cotty PJ. Outbreak of an acute aflatoxicosis in Kenya in 2004: 

identification of the causal agent. Appl Environ Microbiol (2007) 73:2762-4 doi: AEM.02370-

06. 

7. Singh P, Cotty PJ. Characterization of Aspergilli from dried red chilies (Capsicum spp.): 

Insights into the etiology of aflatoxin contamination. Int J Food Microbiol (2019) 289:145-53. 

doi: 10.1016/j.ijfoodmicro.2018.08.025  

https://doi.org/10.1016/j.ijfoodmicro.2018.08.025


125 

 

 

8. Kachapulula PW, Akello J, Bandyopadhyay R, Cotty PJ. Aflatoxin contamination of 

groundnut and maize in Zambia: observed and potential concentrations. J Appl Microbiol (2017) 

122:1471-82. doi: 10.1111/jam.13448 

9. Picot A, Ortega-Beltran A, Puckett RD, Siegel JP, Michailides TJ. Period of susceptibility of 

almonds to aflatoxin contamination during development in the orchard. Eur J Plant Pathol 

(2017) 148:521-31. doi: 10.1007/s10658-016-1108-2 

10. Essono G, Ayodele M, Akoa A, Foko J, Filtenborg O, Olembo S. Aflatoxin-producing 

Aspergillus spp. and aflatoxin levels in stored cassava chips as affected by processing practices. 

Food Control (2009) 20:648-54. https://doi.org/10.1016/j.foodcont.2008.09.018 

11. Cotty PJ, Jaime-Garcia R. Influences of climate on aflatoxin producing fungi and aflatoxin 

contamination. Int J Food Microbiol (2007) 119:109-15 doi: S0168-1605(07)00395-9. 

12. Cotty PJ, Mellon JE. Ecology of aflatoxin producing fungi and biocontrol of aflatoxin 

contamination. Mycotoxin Res (2006) 22:110-7.  doi:  10.1007/BF02956774 

13. Hell K, Cardwell KF, Setamou M, Poehling H. The influence of storage practices on 

aflatoxin contamination in maize in four agroecological zones of Benin, West Africa. J Stored 

Prod Res (2000) 36:365-82. doi: 10.1016/s0022-474x(99)00056-9 

14. Leslie JF, Bandyopadhyay R, Visconti A. Mycotoxins: detection methods, management, 

public health and agricultural trade. CABI (2008). 

15. Singh P. Etiology of aflatoxin contamination of dried red chilies and diversity of toxic 

Aspergilli in the United States. (2019). 

16. Adhikari BN, Bandyopadhyay R, Cotty PJ. Degeneration of aflatoxin gene clusters in 

Aspergillus flavus from Africa and North America. AMB Express (2016) 6:62. doi: 

10.1186/s13568-016-0228-6 

• 17. Dorner JW. Biological control of aflatoxin contamination of crops. J Toxicol : Toxin Rev 

(2004) 23:425-50. https://doi.org/10.1081/TXR-200027877 

18. Vincent C, Goettel MS, Lazarovits G. Biological control: a global perspective: case studies 

from around the world. Wallingford, England ; Cambridge, MA: Cabi (2007). 

19. Atehnkeng J, Ojiambo PS, Ikotun T, Sikora RA, Cotty PJ, Bandyopadhyay R. Evaluation of 

atoxigenic isolates of Aspergillus flavus as potential biocontrol agents for aflatoxin in maize. 

Food Addit Contam (2008) 25:1264-71.doi: 10.1080/02652030802112635 

http://dx.doi.org/10.1007%2Fs10658-016-1108-2
https://doi.org/10.1016/j.foodcont.2008.09.018
https://doi.org/10.1007/BF02956774
https://doi.org/10.1016/s0022-474x(99)00056-9
https://doi.org/10.1186/s13568-016-0228-6
https://doi.org/10.1081/TXR-200027877
https://doi.org/10.1080/02652030802112635


126 

 

 

• 20. Bock CH, Cotty PJ. Wheat seed colonized with atoxigenic Aspergillus flavus: 

characterization and production of a biopesticide for aflatoxin control. Biocontrol Sci Technol 

(1999) 9:529-43. https://doi.org/10.1080/09583159929497 

21. Cole RJ, Cotty PJ. Biocontrol of aflatoxin production by using biocompetitive agents. In: A 

Perspective on Aflatoxin in Field Crops and Animal Food Products in the United States: A 

Symposium; (1990). p. 62-66. 

22. Dorner JW, Lamb MC. Development and commercial use of afla-guard®, an aflatoxin 

biocontrol agent. Mycotoxin Research (2006) 22:33-8. doi: 10.1007/BF02954555 

23. Atehnkeng J, Ojiambo PS, Cotty PJ, Bandyopadhyay R. Field efficacy of a mixture of 

atoxigenic Aspergillus flavus Link: Fr vegetative compatibility groups in preventing aflatoxin 

contamination in maize (Zea mays L.). Biol Control (2014) 72:62-70. 

24. Mauro A, Garcia-Cela E, Pietri A, Cotty PJ, Battilani P. Biological Control Products for 

Aflatoxin Prevention in Italy: Commercial Field Evaluation of Atoxigenic Aspergillus flavus 

Active Ingredients. Toxins (2018) 10:30. 

25. Cotty PJ, Bayman P. Competitive exclusion of a toxigenic strain of Aspergillus flavus by an 

atoxigenic strain. Phytopathology (1993) 83:1283-7. 

26. Ortega-Beltran A, Cotty PJ. Frequent shifts in Aspergillus flavus populations associated with 

maize production in Sonora, Mexico. Phytopathology (2018) 108:412-20. 

27. Bandyopadhyay R, Ortega-Beltran A, Akande A, Mutegi C, Atehnkeng J, Kaptoge L, et al. 

Biological control of aflatoxins in Africa: current status and potential challenges in the face of 

climate change. World Mycotoxin J (2016a) 9:771-89. 

28. Mehl HL, Cotty PJ. Variation in competitive ability among isolates of Aspergillus flavus 

from different vegetative compatibility groups during maize infection. Phytopathology (2010) 

100:150-9. 

29. Mehl HL, Cotty PJ. Influence of plant host species on intraspecific competition during 

infection by Aspergillus flavus. Plant Pathol (2013) 62:1310-8. 

30. Damann Jr KE. Atoxigenic Aspergillus flavus biological control of aflatoxin contamination: 

what is the mechanism? World Mycotoxin J (2014) 8:235-44. 

https://doi.org/10.1080/09583159929497
https://doi.org/10.1007/BF02954555


127 

 

 

31. Huang C, Jha A, Sweany R, DeRobertis C, Damann Jr KE. Intraspecific aflatoxin inhibition 

in Aspergillus flavus is thigmoregulated, independent of vegetative compatibility group and is 

strain dependent. PLoS One (2011) 6:e23470. 

32. Brown RL, Cotty PJ, Cleveland TE. Reduction in aflatoxin content of maize by atoxigenic 

strains of Aspergillus flavus. J Food Prot (1991) 54:623-6. 

33. Dorner JW, Cole RJ. Effect of application of nontoxigenic strains of Aspergillus flavus and 

A. parasiticus on subsequent aflatoxin contamination of peanuts in storage. J Stored Prod Res 

(2002) 38:329-39. 

34. Senghor LA, Ortega-Beltran A, Atehnkeng J, Callicott K, Cotty P, Bandyopadhyay R. The 

atoxigenic biocontrol product Aflasafe SN01 is a valuable tool to mitigate aflatoxin 

contamination of both maize and groundnut cultivated in Senegal. Plant Dis (2019). 

35. Ciegler A, Lillehoj EB, Peterson RE, Hall HH. Microbial detoxification of aflatoxin. 

Appl.Environ.Microbiol. (1966) 14:934-9. 

36. Sangare L, Zhao Y, Folly Y, Chang J, Li J, Selvaraj J, et al. Aflatoxin B1 degradation by a 

Pseudomonas strain. Toxins (2014) 6:3028-40. 

37. Verheecke C, Diaz R, Mathieu F, Anson P, Liboz T. Reduction of aflatoxin production by 

Aspergillus flavus and Aspergillus parasiticus in interaction with Streptomyces. Microbiology 

(2015) 161:967-72. 

38. Mann R, Rehm H. Degradation products from aflatoxin B1 by Corynebacterium rubrum, 

Aspergillus niger, Trichoderma viride and Mucor ambiguus. Eur J Appl Microb Biotechnol 

(1976) 2:297-306. 

39. Verheecke C, Liboz T, Mathieu F. Microbial degradation of aflatoxin B1: current status and 

future advances. Int J Food Microbiol (2016) 237:1-9. 

40. Jackson LW, Pryor BM. Degradation of aflatoxin B 1 from naturally contaminated maize 

using the edible fungus Pleurotus ostreatus. AMB Express (2017) 7:110. 

41. Das A, Bhattacharya S, Palaniswamy M, Angayarkanni J. Aflatoxin B1 degradation during 

co-cultivation of Aspergillus flavus and Pleurotus ostreatus strains on rice straw. 3 Biotech 

(2015) 5:279-84. 

42. Hackbart H, Machado AR, Christ-Ribeiro A, Prietto L, Badiale-Furlong E. Reduction of 

aflatoxins by Rhizopus oryzae and Trichoderma reesei. Mycotoxin res (2014) 30:141-9. 



128 

 

 

43. Doyle MP, Marth EH.  Aflatoxin is degraded by mycelia from toxigenic and nontoxigenic 

strains of Aspergilli grown on different substrates. Zeitschrift für Lebensmittel-Untersuchung 

und Forschung (1978) 166:359-62. 

44. Huynh VL, Gerdes RG, Lloyd AB. Synthesis and degradation of aflatoxins by Aspergillus 

parasiticus. II. Comparative toxicity and mutagenicity of aflatoxin B1 and autolytic breakdown 

products. Aust J Biol Sci (1984) 37:123-30. 

45. Hamid AB, Smith JE. Degradation of aflatoxin by Aspergillus flavus. Microbiology (1987) 

133:2023-9. 

46. Mohale S, Magan N, Medina A. Comparison of growth, nutritional utilization patterns, and 

niche overlap indices of toxigenic and atoxigenic Aspergillus flavus strains. Fungal biol (2013) 

117:650-9. 

47. Huynh VL, Lloyd AB. Synthesis and degradation of aflatoxin by Aspergillus parasiticus. I. 

Synthesis of aflatoxin B1 by young mycelium and its subsequent degradation in aging mycelium. 

Aust J Biol Sci (1984a) 37:37-44. 

48. Doyle MP, Marth EH. Aflatoxin is degraded by fragmented and intact mycelia of Aspergillus 

parasiticus grown 5 to 18 days with and without agitation. J Food Prot (1978a) 41:549-55. 

49. Doyle MP, Marth EH. Aflatoxin is degraded at different temperatures and pH values by 

mycella of Aspergillus parasiticus. Eur J Appl Microb Biotechnol (1978b) 6:95-100. 

50. Huynh VL, Lloyd AB. Synthesis and Degradation of Aflatoxin by Aspergillus parasiticus. I. 

Synthesis of Aflatoxin B1 by Young Mycelium and Its Subsequent Degradation in Aging 

Mycelium. Aust J Biol Sci (1984b) 37:37-44. 

51. Xing F, Wang L, Liu X, Selvaraj JN, Wang Y, Zhao Y, et al. Aflatoxin B1 inhibition in 

Aspergillus flavus by Aspergillus niger through down-regulating expression of major 

biosynthetic genes and AFB1 degradation by atoxigenic A. flavus. Int J Food Microbiol (2017) 

256:1-10. 

52. Cotty PJ. Influence of field application of an atoxigenic strain of Aspergillus flavus on the 

populations of A. flavus infecting cotton bolls and on the aflatoxin content of cottonseed. 

Phytopathology (1994) 84:1270-7. 

53. Horn BW, Dorner JW. Evaluation of different genotypes of nontoxigenic Aspergillus flavus 

for their ability to reduce aflatoxin contamination in peanuts. Biocontrol Sci Technol (2011) 

21:865-76. 



129 

 

 

54. Doster MA, Cotty PJ, Michailides TJ. Evaluation of the atoxigenic Aspergillus flavus strain 

AF36 in pistachio orchards. Plant Dis (2014) 98:948-56. 

55. Pitt JI, Manthong C, Siriacha P, Chotechaunmanirat S, Markwell PJ. Studies on the 

biocontrol of aflatoxin in maize in Thailand. Biocontrol Sci Technol (2015) 25:1070-91. 

56. Turner PC, Sylla A, Gong YY, Diallo MS, Sutcliffe AE, Hall AJ, et al. Reduction in 

exposure to carcinogenic aflatoxins by postharvest intervention measures in west Africa: a 

community-based intervention study. The Lancet (2005) 365:1950-6. 

57. Kachapulula PW, Bandyopadhyay R, Cotty PJ. Aflatoxin contamination of non-cultivated 

fruits in Zambia. Frontiers in Microbiology (2019) 10:1840. 

58. Walker S, Jaime R, Kagot V, Probst C. Comparative effects of hermetic and traditional 

storage devices on maize grain: Mycotoxin development, insect infestation and grain quality. J 

Stored Prod Res (2018) 77:34-44. 

59. Bandyopadhyay R, Cotty PJ. "Biological controls for aflatoxin reduction". In: International 

Food Policy Research Institute (2013). 

60. Bandyopadhyay R, Atehnkeng J, Ortega-Beltran A, Akande A, Falade T, Cotty PJ. “Ground-

truthing” efficacy of biological control for aflatoxin mitigation in farmers’ fields in Nigeria: from 

field trials to commercial usage, a 10-year study. Frontiers in Microbiology (2019) 10:2528. 

61. Cleveland TE, Cotty PJ. Invasiveness of Aspergillus flavus isolates in wounded cotton bolls 

is associated with production of a specific fungal polygalacturonase. Phytopathology (1991) 

81:155-8. 

62. Cotty PJ, Cleveland TE, Brown RL, Mellon JE. Variation in polygalacturonase production 

among Aspergillus flavus isolates. Appl.Environ.Microbiol. (1990) 56:3885-7. 

63. Doyle MP, Applebaum RS, Brackett RE, Marth EH. Physical, chemical and biological 

degradation of mycotoxins in foods and agricultural commodities. J Food Prot (1982) 45:964-

71. 

64. Ehrlich KC, Montalbano BG, Cotty PJ. Analysis of single nucleotide polymorphisms in three 

genes shows evidence for genetic isolation of certain Aspergillus flavus vegetative compatibility 

groups. FEMS Microbiol Lett (2007) 268:231-6 doi: FML588. 

65. Ehrlich KC, Yu J, Cotty PJ. Aflatoxin biosynthesis gene clusters and flanking regions. J Appl 

Microbiol (2005) 99:518-27. 



130 

 

 

66. Donner M, Atehnkeng J, Sikora RA, Bandyopadhyay R, Cotty PJ. Molecular characterization 

of atoxigenic strains for biological control of aflatoxins in Nigeria. Food Addit Contam (2010) 

27:576-90. 

67. Chang P, Horn BW, Dorner JW. Sequence breakpoints in the aflatoxin biosynthesis gene 

cluster and flanking regions in nonaflatoxigenic Aspergillus flavus isolates. Fungal Genet. Biol 

(2005) 42:914-23. 

68. Nakazato M, Morozumi S, Saito K, Fujinuma K, Nishima T, Kasai N. Interconversion of 

aflatoxin B1 and aflatoxicol by several fungi. Appl.Environ.Microbiol. (1990) 56:1465-70. 

69. Probst C, Cotty PJ. Relationships between in vivo and in vitro aflatoxin production: reliable 

prediction of fungal ability to contaminate maize with aflatoxins. Fungal biol (2012) 116:503-10. 

doi: 10.1016/j.funbio.2012.02.001 

70. Inoue T, Nagatomi Y, Uyama A, Mochizuki N. Degradation of aflatoxin B1 during the 

fermentation of alcoholic beverages. Toxins (2013) 5:1219-29. doi: 10.3390/toxins5071219 

71. Zilic S, Milasinovic M, Terzic D, Barac M, Ignjatovic-Micic D. Grain characteristics and 

composition of maize specialty hybrids. Spanish J Agric Res (2011) 9:230-41. 

72. Olutiola PO, Cole OO. Extracellular invertase from Aspergillus flavus. Physiol Plantarum 

(1980) 50:26-31. 

73. Fasoyin OE, Wang B, Qiu M, Han X, Chung K, Wang S. Carbon catabolite repression gene 

creA regulates morphology, aflatoxin biosynthesis and virulence in Aspergillus flavus. Fungal 

Genet Biol (2018) 115:41-51. doi:10.1016/j.fgb.2018.04.008 

74. Fountain JC, Bajaj P, Pandey M, Nayak SN, Yang L, Kumar V, et al. Oxidative stress and 

carbon metabolism influence Aspergillus flavus transcriptome composition and secondary 

metabolite production. Scientific reports (2016) 6:38747. doi: 101038/srep38747. 

75. Adebo OA, Njobeh PB, Gbashi S, Nwinyi OC, Mavumengwana V. Review on microbial 

degradation of aflatoxins. Crit Rev Food Sci Nutr (2017) 57:3208-17. doi: 

10.1080/10408398.2015.1106440 

76. Alberts JF, Gelderblom W, Botha A, Van Zyl WH. Degradation of aflatoxin B1 by fungal 

laccase enzymes. Int J Food Microbiol (2009) 135:47-52. doi: 

10.1016/j.ijfoodmicro.2009.07.022 

https://doi.org/10.1016/j.funbio.2012.02.001
https://doi.org/10.3390/toxins5071219
https://doi.org/10.1016/j.fgb.2018.04.008
https://doi.org/10.1080/10408398.2015.1106440
https://doi.org/10.1016/j.ijfoodmicro.2009.07.022


131 

 

 

77. Bhatnagar D, Lillehoj EB, Bennett JW. Biological detoxification of mycotoxins. Mycotoxins 

and ani foods (1991):816-26. 

78. Hathout AS, Aly SE. Biological detoxification of mycotoxins: a review. Annals of 

microbiology (2014) 64:905-19. 

79. Shetty PH, Hald B, Jespersen L. Surface binding of aflatoxin B1 by Saccharomyces 

cerevisiae strains with potential decontaminating abilities in indigenous fermented foods. Int J 

Food Microbiol (2007) 113:41-6. doi:  10.1016/j.ijfoodmicro.2006.07.013 

80. Singh SP, Sundar K, Shetty PH. Aflatoxin B1 binding by microflora isolated from fermented 

foods. J of Pure and Appl Microbiol (2016) 10:625-31. 

81. Bandyopadhyay R, Ortega-Beltran A, Akande A, Mutegi C, Atehnkeng J, Kaptoge L, et al. 

Biological control of aflatoxins in Africa: current status and potential challenges in the face of 

climate change. World Mycotoxin J (2016b) 9:771-89.  https://doi.org/10.3920/wmj2016.2130 

82. Islam MS, Callicott KA, Mutegi C, Bandyopadhyay R, Cotty PJ. Aspergillus flavus resident 

in Kenya: high genetic diversity in an ancient population primarily shaped by clonal 

reproduction and mutation-driven evolution. Fungal ecol (2018) 35:20-33. 

https://doi.org/10.1016/j.funeco.2018.05.012 

83. Probst C, Bandyopadhyay R, Price LE, Cotty PJ. Identification of atoxigenic Aspergillus 

flavus isolates to reduce aflatoxin contamination of maize in Kenya. Plant Dis (2011) 95:212-8. 

doi: 10.1094/PDIS-06-10-0438 

84. Shenge KC, Adhikari BN, Akande A, Callicott KA, Atehnkeng J, Ortega-Beltran A, et al. 

Monitoring Aspergillus flavus genotypes in a multi-genotype aflatoxin biocontrol product with 

quantitative Pyrosequencing. Front. Microbiol(2019) 10. 

https://doi.org/10.3389/fmicb.2019.02529 

• 85. Zhou L, Wei D, Selvaraj JN, Shang B, Zhang C, Xing F, et al. A strain of Aspergillus flavus 

from China shows potential as a biocontrol agent for aflatoxin contamination. Biocontrol Sci 

Technol (2015) 25:583-92. https://doi.org/10.1080/09583157.2014.998990 

86. Molo MS, Heiniger RW, Boerema L, Carbone I. Trial summary on the comparison of various 

non-aflatoxigenic strains of Aspergillus flavus on mycotoxin levels and yield in maize. Agron J 

(2019) 111:942-6. 

87. Ortega-Beltran A, Moral J, Picot A, Puckett RD, Cotty PJ, Michailides TJ. Atoxigenic 

Aspergillus flavus isolates endemic to almond, fig, and pistachio orchards in California with 

https://doi.org/10.1016/j.ijfoodmicro.2006.07.013
https://doi.org/10.3920/wmj2016.2130
https://doi.org/10.1016/j.funeco.2018.05.012
https://doi.org/10.1094/PDIS-06-10-0438
https://doi.org/10.3389/fmicb.2019.02529
https://doi.org/10.1080/09583157.2014.998990


132 

 

 

potential to reduce aflatoxin contamination in these crops. Plant Dis (2019) 103:905-12.doi: 

10.1094/PDIS-08-18-1333-RE 

88. Callicott KA, Cotty PJ. Method for monitoring deletions in the aflatoxin biosynthesis gene 

cluster of Aspergillus flavus with multiplex PCR. Lett Appl Microbiol (2015) 60:60-5. doi: 

10.1111/lam.12337 

89. Cardwell KF, Cotty PJ. Distribution of Aspergillus section Flavi among field soils from the 

four agroecological zones of the Republic of Benin, West Africa. Plant Dis (2002) 86:434-9. 

https://doi.org/10.1094/PDIS.2002.86.4.434 

90. Dox AW. The intracellular enzyms of penicillium and aspergillus: with special reference to 

those of Penicillium camemberti. US Dept. of Agriculture, Bureau of Animal Industry (1910). 

 

 

 

REFERENCES CHAPTER 4 

1. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans, World Health 

Organization, International Agency for Research on Cancer, ebrary I. Non-ionizing radiation. 

IARC monographs on the evaluation of carcinogenic risks to humans (2002) 80:429. 

2. Turner PC, Sylla A, Gong YY, Diallo MS, Sutcliffe AE, Hall AJ, et al. Reduction in exposure 

to carcinogenic aflatoxins by postharvest intervention measures in west Africa: a community-

based intervention study. The Lancet (2005) 365:1950-6. 

3. Gong YY, Cardwell K, Hounsa A, Egal S, Turner PC, Hall AJ, et al. Dietary aflatoxin 

exposure and impaired growth in young children from Benin and Togo: cross sectional study. 

BMJ (2002) 325:20-1. 

4. Van Egmond HP, Jonker MA. Worldwide regulations on aflatoxins—The situation in 2002. J 

Toxicol : Toxin Rev (2004) 23:273-93. 

5. Wu F. Global impacts of aflatoxin in maize: trade and human health. World Mycotoxin J 

(2015) 8:137-42. 

https://doi.org/10.1094/PDIS-08-18-1333-RE
https://doi.org/10.1111/lam.12337
https://doi.org/10.1094/PDIS.2002.86.4.434


133 

 

 

6. European Commission. Commission Regulation (EC) No 165/2010 of 26 February 2010 

amending Regulation (EC) No 1881/2006 setting maximum levels for certain contaminants in 

foodstuffs as regards aflatoxins. Off.J.Eur.Union (2010) 50:8-12. 

7. Angle JS, Wagner GH. Aflatoxin B1 effects on soil microorganisms. Soil Biol Biochem (1981) 

13:381-4. 

8. Madden UA, Stahr HM. "The Effects of Soil and Poplar Trees on Aflatoxin B 1". In: 

Mycotoxins, Wood Decay, Plant Stress, Biocorrosion, and General Biodeterioration. Springer 

(1994). p. 189-96. 

9. Hariprasad P, Vipin AV, Karuna S, Raksha RK, Venkateswaran G. Natural aflatoxin uptake 

by sugarcane (Saccharum officinaurum L.) and its persistence in jaggery. Environ Sci Pollution 

Res (2015) 22:6246-53. 

10. Snigdha M, Hariprasad P, Venkateswaran G. Transport via xylem and accumulation of 

aflatoxin in seeds of groundnut plant. Chemosphere (2015) 119:524-9. 

11. Snigdha M, Hariprasad P, Venkateswaran G. Mechanism of aflatoxin uptake in roots of 

intact groundnut (Arachis hypogaea L.) seedlings. Environ Sci and Pollution Res (2013) 

20:8502-10. 

12. Goldberg BS, Angle JS. Aflatoxin movement in soil. J Environ Qual (1985) 14:224-8. 

13. Kiamarsi Z, Kafi M, Soleimani M, Nezami A, Lutts S. Conjunction of Vetiveria zizanioides 

L. and oil-degrading bacteria as a promising technique for remediation of crude oil-contaminated 

soils. J Clean Prod (2020) 253:119719. 

14. Delgado-Baquerizo M, Maestre FT, Reich PB, Jeffries TC, Gaitan JJ, Encinar D, et al. 

Microbial diversity drives multifunctionality in terrestrial ecosystems. Nat commun (2016) 

7:10541. 

15. Cotty PJ. Influence of field application of an atoxigenic strain of Aspergillus flavus on the 

populations of A. flavus infecting cotton bolls and on the aflatoxin content of cottonseed. 

Phytopathology (1994) 84:1270-7. 

16. Tardif S, Cipullo S, Sø HU, Wragg J, Holm PE, Coulon F, et al. Factors governing the solid 

phase distribution of Cr, Cu and as in contaminated soil after 40 years of ageing. Sci Total 

Environ (2019) 652:744-54. 



134 

 

 

17. Chang C, Lynd JQ. Soil Microfloral Interactions with Aflatoxin Synthesis and Degradation. 

Mycol (1970) 62:978-86 doi: 10.2307/3757610. 

18. Singh P, Cotty PJ. Aflatoxin contamination of dried red chilies: Contrasts between the United 

States and Nigeria, two markets differing in regulation enforcement. Food control (2017) 

80:374-9. 

19. Berry DA, Ayers GD. Symmetrized percent change for treatment comparisons. The 

American Statistician (2006) 60:27-31. 

20. Cotty PJ, Bayman P. Competitive exclusion of a toxigenic strain of Aspergillus flavus by an 

atoxigenic strain. Phytopathology (1993) 83:1283-7. 

21. Mehl HL, Cotty PJ. Influence of plant host species on intraspecific competition during 

infection by Aspergillus flavus. Plant Pathol (2013) 62:1310-8. 

22. Lors C, Ryngaert A, Périé F, Diels L, Damidot D. Evolution of bacterial community during 

bioremediation of PAHs in a coal tar contaminated soil. Chemosphere (2010) 81:1263-71. 

https://doi.org/10.1016/j.chemosphere.2010.09.021. 

23. Parajuli A, Grönroos M, Kauppi S, Płociniczak T, Roslund MI, Galitskaya P, et al. The 

abundance of health-associated bacteria is altered in PAH polluted soils—Implications for health 

in urban areas? PLoS One (2017) 12. 

24. Wu Q, Jezkova A, Yuan Z, Pavlikova L, Dohnal V, Kuca K. Biological degradation of 

aflatoxins. Drug Metab Rev (2009) 41:1-7. 

25. Chen L, Hu X, Yang Y, Jiang C, Bian C, Liu C, et al. Degradation of atrazine and 

structurally related s-triazine herbicides in soils by ferrous-activated persulfate: Kinetics, 

mechanisms and soil-types effects. Chem Eng J (2018) 351:523-31. 

26. Skipper HD, Gilmour CM, Furtick WR. Microbial Versus Chemical Degradation of Atrazine 

in Soils 1. Soil Sci Soc Am J (1967) 31:653-6. 

27. Biel-Maeso M, González-González C, Lara-Martín PA, Corada-Fernández C. Sorption and 

degradation of contaminants of emerging concern in soils under aerobic and anaerobic 

conditions. Sci Total Environ (2019) 666:662-71. 

28. Shen G, Zhang Y, Hu S, Zhang H, Yuan Z, Zhang W. Adsorption and degradation of 

sulfadiazine and sulfamethoxazole in an agricultural soil system under an anaerobic condition: 

Kinetics and environmental risks. Chemosphere (2018) 194:266-74. 

https://doi.org/10.1016/j.chemosphere.2010.09.021


135 

 

 

29. Vekiru E, Fruhauf S, Sahin M, Ottner F, Schatzmayr G, Krska R. Investigation of various 

adsorbents for their ability to bind aflatoxin B 1. Mycotoxin res (2007) 23:27-33. 

30. Jiang Y, Wang P, Yang H, Chen Y. The efficacy of bamboo charcoal in comparison with 

smectite to reduce the detrimental effect of aflatoxin B1 on in vitro rumen fermentation of a hay-

rich feed mixture. Toxins (2014) 6:2008-23. 

31. Tomasevic-Canovic M, Dumic M, Vukicevic O, Radosevic P, Rajic I, Palic T. The 

adsorption effects of a mineral adsorber of the clinoptilolite type. Part 1: Adsorption of aflatoxins 

B1 and G2. Acta Veterinaria (Yugoslavia) (1994). 

32. Phillips TD, Lemke SL, Grant PG. "Characterization of clay-based enterosorbents for the 

prevention of aflatoxicosis". In: Mycotoxins and food safety. Springer (2002). p. 157-71. 

33. Jaynes WF, Zartman RE, Hudnall WH. Aflatoxin B1 adsorption by clays from water and 

corn meal. Appl Clay Sci (2007) 36:197-205. 

34. Angle JS. Aflatoxin decomposition in various soils. J Environl Sci Health (1986) 21:277-

88 




