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Abstract: Aflatoxins (AFs) contamination of cereals is considered one of the greatest food safety concerns worldwide. Occurrence of 

AFs in maize, wheat, rice and sorghum is highly prevalent with each commodity accounting for more than 10% of world’s AF expo-

sure. Their occurrence as food contaminants is also associated with huge economic losses. AFs are highly stable compounds that 

cannot be eliminated by regular processing of grains. Hence, prevention of AFs in food and feed is now considered more important 

than the subsequent interventions to mitigate the deleterious health effects of AFs in human and animals. However, the development 

of an effective preventive strategy hinges on a clear understanding of the underlying factors influencing AFs production. Therefore, 

the present review aims to highlight the most significant factors influencing AFs contamination of cereals at pre-and post-harvest 

stages. This is crucial for effective monitoring of critical control points and optimisation of preventive strategies in food and feed 

supply chains. Several intrinsic and extrinsic factors have been reported of which nutritional composition, environmental factors 

(temperature, water activity and relative humidity) and climate change have been identified as primary factors, while pH of the 

substrate, carbon dioxide (CO2) levels in the gaseous environment, and agronomic and socioeconomic status are the main secondary 

factors promoting AFs biosynthesis in cereals. Additionally, an overview of global occurrence of AFs in cereals, with their health 

impacts and various preventive measures have also been highlighted. 
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1. Introduction 

Contamination of agricultural commodities by mycotoxins has been prevalent from time immemorial, but due to their 

increased occurrence due to a range of factors in various food commodities, especially cereals, they have been consid-

ered as one of the greatest food safety concerns worldwide. Cereal grains, key staples of the human diet, are highly 

susceptible to mycotoxin contamination [1-2]. Eskola et al. [3] reported that the world’s food crop contamination with 

mycotoxins has now increased to 60-80%, which was earlier estimated at 25% by the FAO. Several filamentous fungi 

produce mycotoxins as their secondary metabolites [4]. These metabolites are extracellular materials and do not play 

any specific role in their growth [5]. Species of Aspergillus, Penicillium and Fusarium are mainly responsible for myco-

toxin production in cereal crops [6]; antibiotics and toxins produced by mushrooms and yeasts are excluded from this 

group [4-5]. Nearly 400 toxic                      fungal metabolites have been identified and reported to be frequent 

contaminant of food and feed [6]. However, AFs, ochratoxins, deoxynivalenol or vomitoxin, zearalenone, patulin, 

fumonisins, citrinin, T-2 and HT-2 toxins, and Ergot alkaloids (EAs) are of the greatest importance with respect to food 

and feed safety [3]. Human and animals are exposed to mycotoxins via consumption of contaminated food and feed. 

Such exposures, whether acute or chronic, may exert toxic effects (known as mycotoxicosis) that maybe mild or severe, 

depending on exposure levels, time course, age, sex, and health status [7-10]. 

From all the above-mentioned metabolites, AFs are the most toxic and frequent contaminant of agricultural commodi-

ties, especially in areas with hot and humid climates [11]. Currently, more than 20 types of AFs analogues have been 
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identified. However, aflatoxin B1 (AFB1), B2 (AFB2), G1 (AFG1) and G2 (AFG2) are the most prevalent in food and feed 

[18]. Their occurrence in maize, wheat, rice and sorghum is highly prevalent with each commodity accounting for more 

than 10% of world’s AFs exposure [3]. Strains of A. flavus and A. parasiticus are known to be the major producers of AFs 

in cereals. Other less dominant species of Aspergillus including A. niger, A. nomius, A. pseudotamari, A. fumigates, A. 

ochraceoroseus and A. bombycids have also been reported to produce AFs [12-13]. Aflatoxicosis, a severe health condition, 

is a consequence of direct exposure to AFs via ingestion of contaminated grains. The toxicity of AFs can range from 

immune suppression to the induction of teratogenic, mutagenic, and carcinogenic activities [9,14]. Exposure of livestock 

animals to AFs-contaminated feed can lead to reduction in body weight due to reduced feed conversion or feed refusal, 

increased incidences of diseases, low quality of eggshell and carcass, impairment of reproductive health and contami-

nation of dairy milk with aflatoxin M1 (AFM1) [9]. Consequently, the International Agency for Research on Cancer 

(IARC) has classified all four AFs and AFM1 as human carcinogens belonging to Group 1 and Group 2B, respectively 

[15]. Furthermore, most countries have established regulatory limits for either AFB1 or total aflatoxins (i.e., sum of 

AFB1, AFB2, AFG1, and AFG2) as well as AFM1 [9]. Their frequent occurrence in agricultural commodities not only 

jeopardises human health but also result in large economic losses arising from pre- and post-harvest losses of contami-

nated crops, increased cost of healthcare and testing facilities, investment in R&D and the cost associated with regula-

tory framework to develop and implement effective risk assessment and management practices [16]. AFs contamination 

of cereals is a major problem in tropical and sub-tropical areas where the harsh and humid climate favour the growth 

of AFs-producing fungal species [14]. Fungal infection and its subsequent propagation may initiate at any time during 

pre-harvest (in-field), harvest and post-harvest (storage, transportation, and processing) of cereals [16]. Surveys con-

ducted to evaluate the levels of AFs in cereal crops showed that maize is the most susceptible commodity to AFs, with 

rice being the least affected [4].  

Mycotoxins, including AFs, are highly stable and difficult to be eliminated during regular processing of grains [7]. 

Hence, prevention of AFs in grains is now considered more important than the subsequent interventions to reduce 

health risks posed by these toxic metabolites. Several preventive measures including the development of resistant cul-

tivars, implementation of Good Agricultural Practices (GAP), adoption of chemical and bio-control methods and ade-

quate management of storage conditions have been proposed by several researchers to mitigate AFs contamination 

before and after harvest [14]. However, the development of an effective preventive strategy is highly dependent on 

accurate knowledge of the underlying factors influencing AFs production. In view of the above, the present review 

article has been written with the aim of highlighting the most significant factors responsible for AFs contamination of 

cereal crops at pre- and post-harvest levels. This is vital for effective monitoring of the critical control points and opti-

misation of preventive strategies in food and feed supply chains. Additionally, an overview of global occurrence of AFs 

in cereals along with their health impacts and preventive measures that could be applied at various stages of supply 

chain have been highlighted. 

2. Global occurrence of aflatoxins in cereal grains 

Cereals, edible grains of Gramineae family, are a rich source of essential macro and micronutrients. Due to their high 

nutritional value, they constitute a substantial portion of the human diet in developed as well as in developing countries 

and are cultivated widely throughout the globe [17]. Global cereal consumption and production rates are expected to 

rise by 1.2% annually until 2028, with maize, wheat and rice the major contributors, and coarse cereals such as sorghum 

and barley as the minor contributors [18]. Despite the continuous efforts to prevent fungal infection and mycotoxin 

contamination, AFs are still widely prevalent in cereals harvested in different countries. A three-year mycotoxin survey 

revealed that majority of the studies on mycotoxin occurrence in commodities have been conducted in corn, wheat and 

rice, with AFB1 being the most prevalent mycotoxin often at levels exceeding regulatory limits [19]. Ismail et al. [20] 

summarised the data on global prevalence of AFs in different cereals (maize, rice, wheat, barley) and found that 33.54% 

samples were contaminated with AFs. A similar study evaluating data published on AFB1 contamination across the 

globe over a period of ten years i.e., 2008-2018, highlighted that 44.8% wheat, 55.4% rice, 46.1% maize and 67.3% sor-

ghum samples were found positive for AFB1 [21]. Results of the meta-analysis (1983-2017) carried out by Khaneghah et 

al. [9] also revealed that 30% of cereal-based food products were contaminated with AFs. An incidence rate of 55% was 

also recorded for total AFs in in cereals grown in Africa, America, Asia and Europe between 2006 and 2016 [9]. Overall, 

these studies indicate that cereal grains, especially corn, wheat and rice are frequently contaminated by AFs, with inci-

dences and concentrations largely dependent on geographical location and agronomic factors. A summary of recent 

studies (2016–2021) on prevalence and concentrations of AFs in cereals is shown in Table 1. 
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Table 1. Recent studies (2016 -2021) on occurrence of aflatoxin B1 (AFB1) and sum of aflatoxins (AFs) in different types of cereals 

nd: Not detected;   

—: Not investigated/stated 

 

 

3.  Human health impacts of aflatoxins  

Since their discovery in 1960 following the “Turkey-X” disease that killed 100,000 turkeys in England, AFs have been 

considered as a major health risk worldwide [4, 14]. Aflatoxicosis is a serious health problem that results from the 

consumption of infected grains [12]. Depending upon the level and duration of exposure, AFs can cause acute to chronic 

toxicity in humans [4, 11]. Acute toxicity is a major problem in developing countries [4, 32]. Approximately 4 billion 

people residing in these countries are exposed to AFs, accounting for more than 40% of public health burden [12]. 

Symptoms are generally characterised by nausea, ataxia, loss of appetite, lethargy, liver inflammation, abdominal pain, 

jaundice, edema, coma, haemorrhage and even death in humans [4, 9, 32]. Chronic aflatoxicoisis is a global health con-

cern that is associated with liver cancer, stunted growth, liver cirrhosis, hepatotoxicity, and immunosuppression [3, 9, 

11, 32]. A positive correlation between AFs and other health problems such as HIV [9], infertility in males, anaemia in 

pregnant women [33] hepatitis B, hepatitis C [34], hepatocellular carcinoma (HCC) and malnutrition [21] has been es-

tablished. 

HCC is a major consequence of AFs toxicity responsible for more than 320,000 incidences each year, making it the 3rd 

leading cause of cancer deaths reported globally, and the 7th and 9th major type of cancer in men and women, respec-

tively [11, 16, 32]. Moreover, AFB1, the most toxic of all AFs, accounts for around 25% of the global HCC incidences 

annually [14, 21, 35]. Due to frequent occurrence of AFs in cereals and their detrimental effects on human and animal 

health, AFs have been closely monitored and regulated by United States Food and Drug Administration (US-FDA) since 

1969 [4]. Furthermore, more than 120 countries have now established Maximum Limits (MLs) for AFs to safeguard 

human and animal health [32]. For example, within the EU, MLs of 4 μg/kg and 2 μg/kg have been set for sum of AFs 

(B1+B2+G1+G2) and AFB1, respectively, in cereals and all products derived from cereals, including processed cereal 

products. Also, the US-FDA has established a limit of 20 μg/kg for AFB1 in all types of food [36]. Similarly, the Food 

Safety and Standards Authority of India (FSSAI) has imposed a maximum limit of 15 μg/kg for total AFs and 10 μg/kg 

for AFB1 in cereal and cereal products [37].  

4. Factors responsible for accumulation of Aflatoxins 

Region Year Commodity Number of 

samples 

Positive samples (%) Range (µg/kg) Reference 

     AFB1 Total AFs  

Pakistan 2016 Wheat 

Corn 

18 

18 

12 (67) 

9 (50) 

0.04—6.7 

0.04 —7.3 

0.04—6.9 

0.04 —8.1 

[22] 

Lebanon — Wheat 59 21 (36) 0.2 —0.44 — [23] 

Pakistan 2012—2013 Rice 208 73 (35) 0.1—21.3 0.1—32.2 [24] 

Kenya — Maize 338 320 (95) 1.69—403 2.1—411 [25] 

Somalia 2014—2015 Maize 

Sorghum 

Wheat 

42 

40 

58 

42 (100) 

17 (40) 

nd 

25.5—908.0 

0.6 —105.1 

nd 

28.3—1080.0 

0.6—105.0 

nd 

[26] 

Spain 2015 – 2019 Maize 98 47 (48) 0.9—124.1  0.31—133.0  [27] 

Ethiopia 2016 Wheat  179 105 (60) — 2.5—16.7  [28] 

Tunisia 2011—2012 Sorghum  64 38 (59) 0.03—31.7 — [29] 

China 2016 Wheat 32 7 (22) 0.04—0.12 — [30] 

Vietnam 2016 Maize  378 204 (54) 0.05—417.0  — [31] 
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Several factors (intrinsic and extrinsic) promoting fungal growth and AFs production in cereals have been identified, as 

illustrated in Figure 1. Amongst these, temperature, relative humidity (RH), moisture or water activity (aw), soil char-

acteristics, pH, nutrient availability, and insect damage are the major factors shown to be responsible for AFs contami-

nation of cereals [3, 7, 9, 12, 16, 32-33, 38-41]. Two or more intrinsic or extrinsic factors as well as interactions among 

these factors can promote fungi growth and AFs production at any stage of the cereal supply chain [33]. The most 

important factors promoting Aspergillus growth and AFs biosynthesis are discussed below. 

4.1 Nutritional composition 

Nutrient availability is one of the most important intrinsic factors influencing the amount and rate of AFs production 

in cereals [33]. AFs synthesis is largely regulated by varying concentrations of carbon, nitrogen and trace elements pre-

sent in grains. Simple sugars such as glucose, sucrose, fructose and maltose favour AFs production, whereas peptone, 

sorbose and lactose do not [33, 41]. Also, several amino acids such as asparagine, aspartate, alanine, glutamate, and 

proline promote AFs biosynthesis, while it is suppressed by sodium nitrate and nitrite [34]. Liu et al. [42] analysed the 

effects of sugars, amino acids, lipids and trace elements on AFB1 synthesis in fat and defatted substrates (soybean, 

peanut, corn, wheat, corn endosperm and corn germ). Their results revealed that full fat substrates promoted higher 

biosynthesis of AFB1 compared to defatted substrates. Also, addition of corn oil to defatted substrates resulted in ele-

vated production of AFB1. Additionally, while AFB1 production was also increased on increasing the concentrations of 

soluble sugars (glucose, maltose, sucrose, fructose, raffinose and stachyose) and trace elements (Cu, Fe, Zn and Mn), 

AFs production was significantly reduced by high levels of amino acids [42]. A similar study by Ahmad et al. [43] also 

showed that high concentrations of carbon and nitrogen sources positively influenced AFs production. Overall, these 

studies show that substrates with high concentrations of nutrients such as lipids, sucrose, stachyose, glutamic acid and 

trace elements can highly influence AFs production; thus, can be altered especially during storage, processing, and 

transportation, to reduce the risk of fungal growth and AFs contamination. 

 

 

Figure 1. Key intrinsic and extrinsic factors promoting the growth of Aspergillus species and aflatoxins production in 

cereals. 

4.2 Environmental and climatic factors 
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Environmental factors such as temperature, moisture content or aw and RH are majorly responsible for AFs contamina-

tion in stored grains. Amongst them, temperature and aw have a direct impact on the storability of the grains [16]. 

Extensive research has been conducted to evaluate the effects of their interactions on Aspergillus growth and subse-

quent AFs production in cereal crops. Jaibangyang et al. [44] studied the effects of storage conditions i.e., temperature 

(25, 30 and 35℃) and RH (12%, 44%, 76% and 98%) on AFB1 synthesis in inoculated corn grains and recorded maximum 

concentration of 244.36 ± 54.32 ng/g at 25℃ and 98% RH. Similarly, Muga et al. [45] examined the impact of different 

temperature (20℃ and 30℃), moisture (14%, 15%, 16%, 18% and 20%) and RH (60% and 90%) levels on AFs formation 

by A. flavus in inoculated stored maize kernels. They showed that temperature, RH and their interactions significantly 

(p ≤ 0.05) affected AFs production, with higher levels of AFs detected at 30℃ and 90% RH. In another study, Bernáldezet 

al. [46] analysed the impact of aw and temperature interactions on the growth and AFB1 synthesis by A. flavus on a 

maize-based nutrient medium. The optimal conditions for growth of A. flavus were 0.99 aw and 30℃ and the highest 

production of AFB1 was recorded at 0.99 aw and 25-30℃. In addition to the above-mentioned factors, other parameters 

such as pH and CO2 can also influence the production of AFs by A. flavus. Regarding pH, Kosegartenet al. [47] studied 

the growth response of A. flavus in a food model system under different pH levels (3.5, 5.0 and 6.5) and observed that 

increasing pH level from 3.5 to 6.5 resulted in rapid fungal growth rate. Also, Vijaylakshmiet al. [48] investigated the 

influence of different pH levels (4-10) as an important independent variable of Pulse Electric Process — a non-thermal 

method of food preservation that uses short pulses of electricity for microbial inactivation. Whilst maximum production 

of AFs was recorded at pH 10 and 12, AFs content was significantly reduced at an acidic pH ≤ 4. Moreover, at pH 7, no 

significant change was observed in AFs content [48]. 

CO2 levels in the gaseous environment can also have a significant impact on AFs accumulation, particularly in stored 

commodities. Mousa et al. [10] studied the influence of different CO2 concentrations (20-80%) on A. flavus growth and 

AFs production in paddy rice. Maximum concentration of CO2 investigated (80%) significantly reduced fungal growth. 

Moreover, combined effect of water activity 0.98 aw and CO2 (20% and 80%) significantly reduced A. flavus growth and 

toxin production. Conversely, Gilbert et al. [49] showed that exposure of A. flavus to the forecasted CO2 concentration 

(650-1000 ppm), with high temperature (37°C) and water stress, resulted in a relatively high expression of AFs regula-

tory (aflR) and structural (aflD) genes, which also positively correlated with high accumulation of AFB1. Similarly, in-

teracting climatic factors — 37°C/0.92 & 0.95 aw /650 &1000 ppm also favoured elevated production of AFB1 [50]. Taken 

together, results of these studies reveal that temperature, moisture, pH, RH and CO2 exert significant influence on As-

pergillus growth and AFs biosynthesis. Also, the impact of their interaction varies with the type of cereal grain. There-

fore, the development of models predicting optimum conditions for fungal growth and AFs production in different 

types of cereals can help to control AFs-producing fungal species, especially during storage and transportation. This 

would represent an early warning system or important preventive strategy to manage post-harvest contamination of 

grains. A summary of studies on optimum conditions for AFs production in various commodities is outlined in Table 

2. 

Table 2. Optimum conditions for production of aflatoxins in cereals under different interacting climatic factors 

(water activity - aw, temperature - ToC, and carbon dioxide- CO2). 
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—: Not investigated/stated 

4.3 Climate change 

Major climatic changes such as the global rise in temperature and changes in precipitation patterns due to increased 

emission of green-house gases have been shown to have profound effects on fungal growth, distribution, and severity 

of mycotoxins occurrence in cereal crops [56]. Based on climate change projection of IPCC, average annual temperatures 

will rise at an increased rate of 4℃ by 2100, while an approximate increase of 200 ppm is expected in the atmospheric 

CO2 levels. Also, precipitation is projected to result in longer rainfall periods and drought stresses in the coming years 

[57]. These changes have been shown to have a direct influence on the geographic distribution of fungal species infecting 

cereal crops and mycotoxin patterns. For instance, Aspergillus species confined mostly to tropical and subtropical cli-

matic areas have been reported in areas with temperate climates such as Europe [56]. Various climatic models have been 

developed to predict the impact of climate change on the prevalence of AFs in cereals. Warnatzschet al. [59] predicted 

an increase of 1-2.5℃ in temperature and 0-4% reduction in annual rainfall in Northern, Central and Southern regions 

of Malawi from periods between 2020-2049 and 2040-2069. It was anticipated that these changes will further result in 

the increased risk of AFB1 contaminations of maize crops in Malawi. It was further predicted that AFs levels in cereal 

crops grown in Southern and Central regions of Malawi will exceed the EU ML of 5 µg AFB1 per kg. Similarly, an 

increased risk of AFB1 contamination of maize and wheat crops under the +2°C climate change scenario is expected in 

Europe (central and southern Spain, the south of Italy, Greece, northern and south-eastern Portugal, Bulgaria, Albania, 

Cyprus and European Turkey) within the next 100 years [60]. A more recent model developed by Van der Fels-Klerxet 

al. [61] also suggested an overall increase in mean concentrations of AFB1occurring in maize imported from Eastern 

Europe (Ukraine) to the Netherlands. Overall, climate change is expected to favour increasing AFs contamination of 

cereal crops. Therefore, development of climatic models to predict the emerging risk of AFs contamination in cereals 

will play an important role in the development of preventive and mitigation strategies at pre-harvest and harvest levels. 

Moreover, probabilistic models are needed to evaluate the impact of climate change on international trade and feed and 

food safety. 

4.4 Socioeconomic and agronomic factors 

Socioeconomic (farmer’s knowledge and age) and agronomic factors (crop rotation, tillage, use of fertilisers, and storage 

conditions) are also important determinants of AFs contamination of crops. A study conducted by Njeruet al. [62] re-

vealed that 48% farmers in the age range of 46-60 years were significantly (p<0.05) more aware of AFs contamination of 

food compared to the younger age groups. Additionally, AFs levels were also positively correlated with the use of 

Commodity/ 

Substrate 

Aspergillus specie/ 

strain 

Aflatoxin type       Optimum conditions for aflatoxins production References 

   Water activity  

(aw) 

Temperature 

(oC) 

Carbon dioxide   

Maize A. flavus NRRL 3357 Aflatoxin B1 

 

0.99 25-30 - [51] 

Rice A. flavus (DISF15 and 

DISF10) 

Aflatoxin B1 & B2 

 

0.98 30 20% [10] 

Maize A. flavus NRRL 3357 

 

Aflatoxin B1 

 

0.99 

 

30 

 

650 ppm 

 

[49] 

 

Rice A. flavus YC-15 Aflatoxin B1 

 

0.96 28 - [52] 

Rice A. flavus Aflatoxin B1 & B2 0.98 30 - [53] 

Wheat A. flavus Aflatoxin B1 0.98 30 - [54] 

Sorghum A. flavus Aflatoxin B1 0.97-0.99 37 - [55] 
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diammonium phosphate (DAP) fertiliser. AFs levels in crops grown in Kenya were 3.9 times higher than Kenyan regu-

latory limits (10µg/kg) where DAP was used for crop cultivation. Recently, Mbaawuaga et al. [63] also studied the effects 

of drying methods on AFs contamination of maize in Nigeria and reported that about 50% of the maize samples under 

sun drying contained AFs levels exceeding the EU ML(4μg/kg). Thus, farmer’s knowledge and the agricultural practices 

they employ can play a crucial role in the pre-and post-harvest management of AFs levels in cereal crops. Hence, train-

ing and awareness programmes, particularly for smallholder farmers in developing countries can help to prevent and 

mitigate risks of AFs contamination. 

5. Prevention and detoxification of aflatoxins 

AFs contamination of cereal grains is ubiquitous and unavoidable [9, 64]. They not only pose risk to human and animal 

health but also result in huge economic losses. Therefore, it is important to manage their occurrence either by preventing 

them from getting into the supply chains or, at least, by reducing their levels to acceptable limits. Significant control of 

pre- and post-harvest AFs contamination is highly dependent on deep understanding of previously discussed intrinsic 

and extrinsic factors. Moreover, as contamination of agricultural commodities by AFs can occur at any stage of the food 

supply chain, a wide range of preventive and mitigation strategies have been proposed to reduce the level of contami-

nation. Due to the complexity of AFs contamination, a single strategy has been shown to be ineffective to eliminate AFs; 

combination of different strategies is required to successfully control or prevent AFs in commodities [65]. The preven-

tion of AFs contamination is generally divided into two: pre-harvest and post-harvest management. Pre-harvest control 

mainly focuses on in-field prevention of fungal infection, while post-harvest management prevents AFs production 

during storage and transportation. 

5.1 Pre-harvest control 

Management practices based on Good Agricultural Practice (GAP) and Good Manufacturing Practice (GMP) such as 

crop rotation, tillage, and proper planting and harvesting time have been shown to reduce infestation of toxigenic As-

pergillus and AFs contamination in the field [5, 7, 9, 34, 65-68]. Besides the chemical fungicides and insecticides fre-

quently used to prevent and control fungi growth, several antagonist agents including vanillin and its derivatives— o-

vanillin (3-methoxysalicylaldehyde), and HMB (2-hydroxy-4-methoxybenzaldehyde) have been reported to inhibit 

fungi growth and subsequent biosynthesis of mycotoxins [69-70]. These antagonists are “Generally Recognized as Safe” 

(GRAS) and are widely used to inhibit foodborne pathogens in food chains including Aspergillus, Penicillium, and Cryp-

tococcus species. They inhibit aflatoxigenic mold growth by damaging the integrity of cell membrane [70] and prevent 

AFs production [71-72]. Biocontrol is another pre-harvest approach for preventing AFs contamination. This strategy 

involves the use of biocontrol agents (BCAs) – mainly microbes, to reduce mycotoxin contamination of crops or suppress 

the growth of plant pathogens. The main mode of actions of BCAs include competition (competitively exclude myco-

toxin producers in-field), mycoparasitism (direct attack on pathogenic fungi), antibiosis (production of metabolites such 

as lytic enzymes or antibiotics with capacity to suppress growth of plant pathogen) and colonization of plant by bene-

ficial microbes to trigger a local or primary defense mechanism against pathogenic microorganisms [73]. Reductions in 

AFs contamination ranging from 67% to 99% have been reported following the incorporation of non-toxigenic strains 

of Aspergillus species into fields or seeds [74]. Various bacterial and yeast species have been investigated, but most of 

the success in the biological control of AFs have been achieved using competitive atoxigenic strains of A. flavus or A. 

parasiticus [74]. Several formulations of these bio-control agents are now widely used and generally considered envi-

ronmentally friendly and sustainable alternative to the chemical control agents. For instance, Afla-Guard and AF36 are 

formulations containing atoxigenic strain of A. flavus marketed in USA, to control AFs in peanut, maize and cottonseed 

[75]. Aflasafe is another commercial product containing four non-toxigenic strains of A. flavus of Nigerian origin. This 

product has gained approval to be commercialised in Africa [76]. AF-X1, a commercial bio-control product with non-

toxigenic MUCL54911 strain of A. flavus is under registration to be used in maize in Italy [77]. 

Planting of resistant varieties is another prominent approach for preventing fungal invasion and mycotoxin contami-

nation. Research advances in microarrays, fungal expressed sequence tags (EST), and whole genome sequencing have 

led to the identification of resistance-related genes involved in defence response against Aspergillus infection and AFs 

contamination [78]. These genes have been used to develop germplasm and cultivars with improved resistance [79]. For 

instance, a genetically modified maize expressing a high degree of anti-insecticidal gene significantly reduced AFs levels 

in maize [80]. However, most transgenic plants developed to date for increased resistance against pathogenic fungi and 

mycotoxin contamination only showed great efficiency under controlled laboratory or greenhouse environments, with 

little success in-field. Moreover, there are currently no commercially acceptable AFs resistant cultivars [81].  
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5.2 Post-harvest control 

When control or prevention is not achievable at field level or during harvest, decontamination measures based on phys-

ical, chemical, and biological treatment of contaminated grains can be used post-harvest. Physical processes involve 

washing, polishing, density segregation, dehulling, milling, mechanical sorting and floating as well as irradiation, heat 

and cold plasma treatment [70]. Hand sorting is one of the most prominent and efficient process of decontamination in 

cereal grains, especially in developing countries [16]. Optical sorting using Bühler Lumovision™ is a new technology 

able to identify contaminated grains based on certain indicators of AFs contamination, while simultaneously using real-

time cloud-based data to monitor and analyse contamination risk. This technology analyses the colour of each kernel 

fluoresces as it passes under UV lighting in the sorter. Contaminated kernels with bright green fluorescent are automat-

ically removed from the product stream [70].  

Mycotoxin-adsorbing agents has not much been utilised so far for AFs decontamination in food chains, but widely used 

as feed additives by feed processors and farmers for reducing AFs levels in feed. Adsorbents aim to prevent the absorp-

tion of mycotoxins from the gastro-intestinal tract of livestock animals by adsorbing the toxins to their surface to form 

a mycotoxin-binder complexes [82-83]. The bound mycotoxins are then excreted with the animal faeces. The efficiency 

of adsorbents to bind mycotoxins in feed is dependent on the origin and physicochemical properties [82]. The mecha-

nism of action for sequestering mycotoxins includes hydrophobic binding, hydrogen bonds, electrostatic attraction or 

repulsion and coordination bonds [84]. The use of thermal process, such as roasting and extrusion has also been shown 

to be effective in eliminating AFs in corn, peanut, and coffee beans [85-86]. Microwave heating was found to be slightly 

more effective (5–8%) than conventional heating to eliminate AFB1 [87] Radiation treatments including ultraviolet rays, 

gamma rays, electron beam irradiation and solar radiation have also been shown to be efficient for reducing AFs [87-

90]. Chemical detoxification involves treatment with hydrolases (acids or alkalis), oxidizing agents such as hydrogen 

peroxide and gases including ammonia and ozone. Among these, ozone plays an important role in mycotoxin degra-

dation in food chains. It is approved by Food and Drug Administration and Food and Agriculture Organization as an 

antimicrobial agent for food treatment [91]. Application of ozone for AFs decontamination has been investigated in a 

variety of food products [92-94]. Ozonolysis reduces AFs in food through an electrophilic attack on C8-C9 double bond 

of the furan ring in AFs molecules, resulting in the formation of aldehydes, ketones, and organic acids [95]. Neverthe-

less, only a limited number of the physical and chemical measures are effective for reducing the levels of AFs without 

diminishing the feed nutritional value or palatability. Furthermore, the partial knowledge about degradation products 

and organoleptic changes limits their applications [96]. 

Biological detoxification of mycotoxins has been shown to be the most promising method due to its environmentally 

friendly nature. It can be achieved by using microorganisms or their enzymes to degrade or detoxify mycotoxins [5, 7, 

11, 13, 21]. Several Aspergillus species, such as A. parasiticus, A. flavus and A. niger, have the potential to convert AFs 

(particularly AFB1) into a less toxic substance [97]. Also, several strains of Bacillus species have been extensively inves-

tigated for the detoxification of AFs [7, 98-99]. B. subtilis ANSB060 isolated from fish gut was demonstrated to rapidly 

degrade AFs [101-102]. Similarly, Petchkongkaew et al. [103] also showed that B. subtilis isolated from Thai fermented 

foods had a strong capability to degrade AFB1 when compared with other strains. Extracellular fraction of B. licheni-

formis CFR1 was also found to reduce AFB1 and contributed to the loss of AFB1 mutagenicity [21]. A strain of marine 

B. megaterium isolated from the Yellow Sea of East China was evaluated as an antagonist to prevent postharvest decay 

of peanut kernels caused by A. flavus. The isolate significantly inhibited AFs biosynthesis and the expression of aflR and 

aflS genes [104]. Nevertheless, degradation times of microorganism-mediated processes are very long, usually requiring 

several days to perform. Thus, use of purified enzymes isolated from biological sources are preferred for AFs degrada-

tion. Numerous enzymes such as laccases [105], manganese peroxidase [106-108], and aflatoxin oxidase [105], have been 

shown to detoxify AFs in food products. Laccases and peroxidases bio-transform AFs to less-toxic products by cleavage 

of the lactone ring, while aflatoxin oxidase detoxifies by opening up the difuran ring [105-108]. Current pre-and post-

harvest methods for AFs control and prevention are summarized in Figure 2. 
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Figure 2. Pre-and post-harvest methods for prevention and control of aflatoxins in cereals 

6. Conclusion 

To recapitulate, AFs contamination of cereals is ubiquitous and unavoidable. These toxic metabolites cannot be elimi-

nated by regular processing and therefore preventive strategies are needed to control their occurrence. Several intrinsic 

and extrinsic factors can favour AFs biosynthesis at pre- and post-harvest level. Amongst all favouring factors, nutri-

tional composition, environmental factors (temperature, aw and RH) and climate change have been identified as the 

primary factors, while pH of the substrate, CO2 levels in the gaseous environment, socioeconomic and agronomic de-

terminants are the main secondary factors influencing AFs production in cereals. Further field studies are needed to 

fully comprehend the impact of each factor as well as their interactions on Aspergillus growth and production of AFs. 

This would improve our current understanding and enable the development of an effective preventive and control 

measures. 
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