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Abstract: Aflatoxin being a serious threat to public health and international trade, necessitates a
comprehensive understanding and calculated response with effective intervention strategies. This
review methodically looks at several aspects of aflatoxin, starting with how it affects international
trade laws through feed and feed ingredient regulations. Aflatoxin contamination poses serious
challenges to world health and the economy, especially in areas that are already at risk. Examining
the variables affecting aflatoxin toxicity, the paper clarifies aflatoxin toxicity's complex metabolism
and the resulting health effects of exposure. The serious repercussions of aflatoxicosis outbreaks and
their connections to illnesses like Aspergillosis and cancer are highlighted by a detailed exploration
of prospective decontamination techniques as well as strategies for detecting and capturing
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aflatoxin. A thorough knowledge of the factors that contribute to aflatoxin contamination
demonstrates the intricate interactions between environmental variables, farming methods, storage
circumstances, and different physical, biological, and nutritional components. Strong detection
strategies are required due to aflatoxins’ significant effects on animal and human health. The paper
describes complete preventative tactics that encompass manipulation in management strategies.
global trade and public health from this pervasive threat.

Keywords: aflatoxin; human health; animal health; aflatoxicoses; fungi; Feed contamination;
aflatoxin toxicity; aflatoxin detection; aflatoxin management

1. Introduction

Aflatoxins are highly toxic secondary metabolites produced primarily by certain species of fungi,
particularly Aspergillus flavus and Aspergillus parasiticus. These fungi commonly contaminate
agricultural commodities such as maize, peanuts, cottonseed, and tree nuts, especially under
conditions of high temperature and humidity. Aflatoxins alone contaminateone-fourth of the world’s
food grain (Chatterjee et al., 2023). There are several types of aflatoxins, with aflatoxin B1 being the
most potent carcinogen. Consumption of aflatoxin-contaminated food and feed poses significant
health risks, including hepatotoxicity, carcinogenicity, immunosuppression, and growth impairment
in humans and animals (Bennett and Klich, 2003) due to this, aflatoxin contamination is a significant
concern in global trade. In agricultural settings, aflatoxin contamination can lead to economic losses
due to rejected crops, reduced market value, and trade restrictions. Therefore, research efforts in
molecular biology and plant biotechnology often focus on understanding the mechanisms of
aflatoxin biosynthesis, developing strategies for aflatoxin management, and enhancing crop
resistance to fungal contamination through breeding or biotechnological approaches.

The Food and Agriculture Organization (FAO) of the United Nations has reported that
approximately 25% of crops worldwide are impacted by mycotoxins (FAO, 2017). Aflatoxins,
produced by the food-borne fungi Aspergillus flavus and A. parasiticus, primarily contaminate food
crops like maize, peanuts, and tree nuts in tropical and subtropical regions across the globe
(Bandyopadhyay et al., 2007). These crops often face unfavourable storage conditions, leading to the
accumulation of aflatoxins (Strosnider et al.,, 2006; Williams et al., 2004). Exposure to dietary
aflatoxins is a concern for over 5 billion people worldwide (Strosnider et al., 2006). These naturally
occurring mixes of aflatoxins, including aflatoxins B1, B2, G1, and G2, are known to be highly potent
liver carcinogens. The International Agency for Research on Cancer has classified them as a Group 1
human carcinogen (IARC, 2002).In individuals exposed to chronic hepatitis B virus (HBV) infection
and aflatoxin, the risk of developing liver cancer is significantly higher than in those exposed to either
risk factor alone (Groopmanet al., 2008). The risk can be up to 30 times greater in individuals exposed
to both factors and it also shows a multiplicative relationship between aflatoxin and HBV in the
induction of liver cancer. As per the report of Food and Agriculture Organization (FAO, 2004) of the
United Nations, more than 120 countries worldwide have established regulations regarding
aflatoxins in food. This represents a 30% increase from 1995 (FAQO, 1997) in terms of the number of
countries with aflatoxin maximum levels (MLs). These regulations aim to safeguard human health
by reducing dietary exposure to aflatoxin (FAO, 2004; Wu and Guclu, 2012). While these measures
are crucial for protecting human and animal health, they can also significantly influence global food
trade activities (Wu, 2004).

Mycotoxins in general or aflatoxins specifically offerdetrimental effects in two different ways.
The first one iseconomic losses by virtue of production of contaminated food products while the other
in the form of health implications upon consuming such contaminated foods. Such implications may
arise during the course of ingestion of infected foods like food grains, milk, meat etc. The toxicity
principle behind such health issues lies not only due to the parent toxin molecule i.e. aflatoxin but
mainly due to its toxic metabolites such as its epoxides or diols, damaging the liver in majority of the


https://doi.org/10.20944/preprints202405.1618.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 May 2024 doi:10.20944/preprints202405.1618.v1

cases but often damagingthe kidney or adrenal too. Further, such chronic exposure may lead to liver
cancer, convulsions and death in severe cases (Leeson et al., 1995; Eaton and Groopman, 1994;
Heathcote and Hibbert, 1978; Goldbatt, 1969).

Aflatoxins (AF) along with other mycotoxins are commonly suspected to play a crucial role in
the development of oedema in malnourished people as well as in the pathogenesis of kwashiorkor in
malnourished kids (Coulter et al., 1986). More than this, AF contamination negatively affects crop
and animal production leading not only to natural resource waste but also decreased market value
that may cause significant economic losses. Due to these impacts, several countries and some
international organizations have established strict rules and regulations to manage AF contamination
in food and feeds and also to prohibit the trade of contaminated products (Juan et al., 2012). The
regulations on “acceptable health risk” usually depend on a country’s economic level and
development, the amount of consumption of high-risk crops, and the susceptibility to contamination
of crops that have to be regulated (Kendra and Dyer, 2007). The established safe limit of AFs for
human consumption ranges from 4 to 30pg/kg (Mahato et al., 2019). The EU has set very strict
standards, which establish that any product for direct human consumption cannot be marketed with
a concentration of AF-B1 and total AFs greater than 2 ug/kg and 4 ug/kg, respectively. Likewise, US
regulations have also specified the maximum acceptable limit for AFs at 20 pg/kg (Wu, 2006).

However, if the EU aflatoxin standard is adopted worldwide, developing countries of Asia and
Sub-Saharan Africa will face both economic losses and additional costs related to meeting those
standards. This situation requires alternative technologies at pre- and post-harvest levels that will
help to minimize contamination of commercial foods and feeds, at least to ensure that AF levels
remain below safe limits (Prietto et al., 2015). Implementation of innovative technologies is invaluable
to address the challenges related to AFs and their effects. Reduction of AF contamination through
knowledge of pre- and post-harvest management is one of the first and most important steps toward
an appropriate strategy to improve agricultural production and productivity in a sustainable way.
This has a direct positive effect on improving the quality and nutritional value of foods, conserving
natural resources, as well as improving local and international trade by increasing competitiveness.
It is important to identify and document available technologies that can effectively control and
minimize aflatoxin contamination to sustain healthy living and socioeconomic development. There
exists ample literature on tools for AF control and their benefits. Therefore, this review compiles data
on innovative pre- and post-harvest technologies developed that can manage AF contamination in
foods. The benefits of these technologies are also discussed in terms of food security, human health,
and economic value. Most importantly, implications for research and management policies
addressing AF issues are emphasized.

2. Global Trade Hindered by Aflatoxin

To address this issue, international organizations like the Codex Alimentarius Commission,
jointly established by the Food and Agriculture Organization (FAO) and the World Health
Organization (WHO), develop standards and guidelines for food safety. These standards include
maximum allowable limits for aflatoxin levels in various foods and feed products, ensuring that they
are safe for consumption. Additionally, the World Trade Organization (WTO) oversees trade
agreements and regulations among its member countries. Aflatoxin regulations may be included in
trade agreements or enforced through sanitary and phytosanitary measures to protect human,
animal, or plant health. Overall, global trade regulations regarding aflatoxin aim to safeguard public
health while facilitating the movement of safe agricultural products across borders (Table 1).
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Table 1. Summarizing the maximum allowable limits for aflatoxin levels in various foods and feed

products in different countries.

Maximum Allowable Aflatoxin

SN Country Food/Product Levels. Parts per billion (ppb)
Peanut products 20
United States Milk and milk products 0.5 for milk; 0.5 for dairy
products
Tree nuts, peanuts 2-10, depending on the specific
) nut or product
2. European Union - s
2-4, depending on the specific
Cereals and cereal products
product
Groundnuts 30
3. Indi 15- i h ifi
ndia Processed nut products 5-30, depending on the specific
product
" China Edible oils 5
Peanut products 15
Groundnuts 20
5. Brazil - i ifi
razi Processed peanut products 10-20, depending on the specific
product
Groundnuts 4-20, depending on the specific
6 Nigeria product
Maize 4-20, depending on the specific

product

a. Regulation and global trade

Mycotoxins are a significant category of food contaminants that are closely monitored in
international trade. Aflatoxins, which have been identified as carcinogenic and immunosuppressive
(Dash et al., 2007; Wild and Hall, 1999; Williams et al., 2004), are a prominent example of mycotoxins.
The detrimental health effects associated with mycotoxins are the main driving force behind the
increasing concerns regarding food safety among researchers and policymakers. To address the
health risks posed by aflatoxins, the World Trade Organization's (WTO) Sanitary and Phytosanitary
Standards (SPS) agreement empowers member countries to establish their own food standards for
the protection of consumers (Yue et al., 2006). The precautionary principle, also known as the SPS
policy, is the term used by the WTO to describe this approach. Over the years, food standards in
developed countries have undergone changes. For instance, the European Commission has recently
introduced new regulations regarding aflatoxin in imported food items (Otsuki et al., 2001a; Otsuki
et al.,, 2001b). In the United States, the US Food and Drug Administration (US FDA) has issued a
Compliance Policy Guide for Aflatoxins in Peanuts and Peanut Products, Sec. 570.375 (FDA, 1980).
Similarly, in Canada, the Canadian Food Inspection Agency (CFIA) has established regulations
concerning aflatoxin levels in food and feeds (CFIA, 2017). In Australia and New Zealand, the
regulation of maximum levels (MLs) for aflatoxins in peanuts falls under the jurisdiction of Food
Standards Australia New Zealand (FSANZ) through Schedule 19: Maximum levels of contaminants
and natural toxicants (FSANZ, 2017). On the other hand, the Food Safety and Standards Authority of
India (FSSAI) introduced the Food Safety and Standards (Contaminants, toxins and Residues)
Regulations (F. No. 3/15015/30/2011) in 2011, which specifies MLs for aflatoxins in all foods (FSSAI,
2011).The National Health and Family Planning Commission (NHFPC) and the China Food and Drug
Administration (CFDA) in China have released the National Food Safety Standard of Maximum
Levels of Mycotoxin in Foods, outlining a specific limit for AFB1 in peanuts and their derivatives
(USDA, 2018). Meanwhile, Japan's Food and Agricultural Materials Inspection Centre (FAMIC) has
set regulatory thresholds for AFB1 in all food categories (FAMIC, 2011). Furthermore, MERCOSUR,
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a trade agreement comprising Argentina, Brazil, Paraguay, Uruguay, and Venezuela, has adopted
uniform maximum levels for aflatoxins in peanuts and peanut products (FAO/WHO 2004).

Numerous countries have responded by implementing stringent legal limits on Aflatoxin in
various food products. In 2006, the European Commission established the maximum allowable level
of Aflatoxin B1 (AFB1) at 2.0 mg/kg for grain and grain products, and at 0.1 mg/kg for processed
cereal-based baby foods (European Commission, 2006). Conversely, the Food and Drug
Administration (FDA) in the United States of America (USA) tolerates higher levels of AFB1, allowing
up to 20 mg/kg. Additionally, the FDA has set the maximum level of Aflatoxin M1 (AFM1) in milk at
0.5 mg/kg (FDA, 2000). The implementation of strict regulations on trading practices, food
monitoring, and storage methods in industrialized nations has proven successful in reducing the
health risks associated with Aflatoxin (Brown et al., 1999).

b. Legislation in feed and feed ingredients

Mycotoxins are estimated to affect approximately 25% of the world's food crops (Kumar et al.,
2008). Aflatoxin, a major contaminant, has been found in maize, wheat, rice, barley, and oilseeds such
as peanut, sunflower, soybeans, mustard, cottonseed, and their products in many countries across
Asia, Latin America, and sub-Saharan Africa (Filazi and Sireli, 2013; Lee et al., 2015). The impact of
this contamination can result in significant economic losses for developing nations, particularly due
to the lack of drying equipment and high humidity conditions. Aflatoxin B1, among various types of
aflatoxins, is considered the most dangerous toxin, with the upper safe limit regulated by BIS at a
narrow margin of 20 ppb in most animal feedstuffs (BIS, 2021). Aflatoxin-M1, a type of aflatoxin, can
be transmitted from the feed consumed by ruminant animals to their milk, posing a significant risk
to human health (FSSAI, 2020). The presence of aflatoxin is not limited to milk alone; it has also been
found in other dairy products, eggs, and edible animal products. This has led to the development of
regulations aimed at minimizing aflatoxin exposure in food animals. Surprisingly, aflatoxin has even
been detected in pasteurized ultra-high temperature milk, broiler chicken meat, eggs, and sausage
(Siddappa et al., 2012; Shaltout et al., 2014). Although the financial impact of aflatoxin contamination
in animal feeds is not specifically determined in India, the U.S. corn industry in the southern region
experiences considerable annual losses estimated at US$ 1.68 billion due to climatic conditions
(Mitchell et al., 2016). The presence of aflatoxin and ochratoxin, natural contaminants commonly
found in animal feeds, can have a significant negative impact on animal production, leading to
substantial economic losses (Battacone et al., 2010). Among these contaminants, aflatoxin poses the
greatest risk to human health when it enters the food or feed chain. The exposure to mycotoxins can
vary significantly depending on various factors, including the source of contamination, the type of
food, storage conditions, and climatic factors (Sanders et al., 1984). It is crucial to carefully evaluate
the consumption of maize, cereals, peanuts, and milk through the feed-food carryover, as these
commodities are widely consumed globally and contribute to elevated levels of aflatoxin exposure in
humans (Wild & Gong, 2010).A significant concern has arisen in Africa's dairy sector regarding the
contamination of milk with Aflatoxin M1 (AFM1) through animal feeds that are contaminated with
Aflatoxin B1 (Abebe et al.,, 2020; Mulunda et al., 2013; Voth-Gaeddert et al., 2019). AFM1 is a
metabolite of Aflatoxin B1 (AFB1), which is a potent hepatocarcinogen produced by Aspergillus fungi
found in certain dairy animal feed ingredients. While the consumption of high-quality dairy products
could potentially address Africa's malnutrition problems, the presence of contaminated milk may
undermine these benefits and even have more severe consequences on child morbidity or mortality
(Grace et al., 2020; SahaTurna et al., 2023; SahaTurna and Wu, 2022).

The U.S. Food and Drug Administration (FDA, 2019) has established the acceptable threshold
for aflatoxin M1 (AFM1) in milk and other dairy products at 0.50 ug/L. Additionally, the maximum
level of total aflatoxins (AFB1+AFB2+AFG1+AFG2) in feed ingredients provided to dairy animals and
foods intended for human consumption is set at 20 ug/kg (FDA, 2019). On the other hand, the
European Commission has implemented strict regulations, setting an action level of 0.05 ug/L for
AFM1 in liquid milk. Furthermore, the limits for AFB1 are 20 pg/kg in all feedstuffs, 10 ug/kg in
complete feeds, and 5 pg/kg in complete feeds for dairy animals (European Commission, 2006). In
India, the Bureau of Indian Standards (BIS) has established a maximum permissible level of 20 ug/kg
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or 20 ppb for aflatoxin B1 in all animal feeds. However, the Food Safety and Standards Authority of
India (FSSAL 2020) recommends a maximum permissible limit of 10 pg/kg for aflatoxin B1 in ready-
to-eat oilseeds and oils and 0.5 ug/kg for aflatoxin M1 in milk intended for human consumption.

Iran and the United States dominate the global pistachio market, with a combined contribution
of over 70% to the world's pistachio exports. According to FAOSTAT (2011), Iran accounts for 47% of
the exports, while the US contributes 25%. However, pistachios also pose a significant risk in terms
of dietary aflatoxin exposure. They are responsible for 7-45% of the total aflatoxin exposure from all
sources for humans, as stated by JECFA (2007). This has led to several instances of aflatoxin
contamination in pistachios, causing trade disruptions. In 1997, the European Union imposed a ban
on pistachio imports from Iran due to high aflatoxin levels ranging from 11-400 ng/g in consignments
intended for European import. The United Kingdom also called for a reinstatement of the ban in 2002,
as over 10% of sampled consignments were found to be contaminated. More recently, in 2010, the US
implemented a ban on all Iranian pistachios, as reported by JECFA (2007).

Aflatoxin, known for its hepatotoxic and immunosuppressive properties, is classified as a group-
1 carcinogen, leading to strict regulations on both agricultural goods and animal products. The levels
of aflatoxin M1 in dairy items and aflatoxin B1 in eggs and meat are influenced by the contamination
levels in animal feed. Aflatoxin M1 has been found in human breast milk and animals exposed to
contaminated feed. The transfer rate of aflatoxin M1 ranges from 0.8-6.5% based on species, milk
production, and lactation stage (Churchill, 2017). High levels of aflatoxins have also been detected in
sausages and various meat products worldwide (Aziz and Youssef, 1991; Shaltout et al., 2014).

c¢.  Regulation and control

Governments and international organizations establish regulations and guidelines to safeguard
public health by limiting the levels of aflatoxin in food and feed. These regulations often include
maximum allowable limits (MRLs) for different aflatoxins in various foods and feed commodities.
For example, the European Union has established strict MRLs for aflatoxins in foods such as nuts,
dried fruits, and cereals. Prevention is a key aspect of aflatoxin control. Agricultural practices such
as crop rotation, proper storage facilities, timely harvesting, and use of resistant crop varieties can
help reduce fungal contamination and aflatoxin production in the field. Regular monitoring and
surveillance programs are conducted to assess the levels of aflatoxin contamination in food and feed.
Sampling and analysis are carried out using validated methods to ensure accurate detection and
quantification of aflatoxin. If aflatoxin contamination is detected above regulatory limits, various
control measures may be implemented. These can include sorting and cleaning of contaminated
grains, use of chemical and biological agents to inhibit fungal growth, and application of physical
methods such as irradiation or thermal treatments to reduce aflatoxin levels. Educating farmers, food
producers, and consumers about the risks associated with aflatoxin contamination is crucial for
effective control. Training programs, informational campaigns, and dissemination of best practices
can help stakeholders understand how to prevent, detect, and manage contamination throughout the
food supply chain.

d. Risk assessment

Understanding the framework used for aflatoxin risk assessment is equally important, which
involves hazard identification, exposure assessment, dose-response assessment, and risk
characterization. Recognizing the various pathways through which humans and animals are exposed
to aflatoxin, including ingestion of contaminated food and feed, inhalation of fungal spores, and
dermal exposure are the keys to assessing the risk. Gaining insights into the adverse health effects
associated with aflatoxin exposure, including acute toxicity, carcinogenicity, immunosuppression,
reproductive disorders, and developmental abnormalities may give an idea of the potentiality of the
risk emanating from consumption of the aflatoxin. Vulnerability of different population groups to
aflatoxin exposure, such as infants, children, pregnant women, immunocompromised individuals,
and livestock species may also be taken into consideration. Learning about the international
regulatory standards and guidelines established by organizations such as the Codex Alimentarius
Commission, the World Health Organization (WHO), and the Food and Agriculture Organization
(FAO) to ensure food safety and protect public health is necessary. One has to understand the sources
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of uncertainty and variability in aflatoxin risk assessment, including variability in toxin levels,
exposure patterns, susceptibility factors, and data limitations. Risk management options available for
mitigating aflatoxin contamination in food and feed, including good agricultural practices (GAPs),
hazard analysis and critical control points (HACCP), maximum allowable limits (MRLs), and post-
harvest interventions may be explored. Developing a comprehensive understanding of aflatoxin risk
assessment and its role in setting international regulatory standards to safeguard food safety and
public health is, therefore, crucial.

e. Legislative framework

The legislative framework for food safety has evolved over centuries, with scientific
advancements leading to formal regulations aimed at protecting consumers from chemical and
microbiological hazards. Natural toxins, especially mycotoxins like aflatoxins, are among the most
regulated contaminants globally. Initially, only a few developed countries had such regulations, but
by 2003, around 100 countries had adopted specific guidelines, covering about 85% of the world's
population (Van Egmond and Jonker, 2004). The international trade in food and feed has driven the
need for consistent global standards to ensure consumer safety and fair trade, with the food industry
valued at approximately 2000 billion dollars annually.

The Codex Alimentarius Commission (CAC), a joint effort of the FAO and WHO, develops
international food standards, including for contaminants in food and feed (Eskola et al., 2020). The
Codex Committee for Contaminants in Foods (CCCF) manages risk by setting maximum permitted
levels (MLs), prioritizing risk assessments, and creating sampling and analysis methods. The Joint
FAO/WHO Expert Committee on Food Additives (JECFA) conducts scientific evaluations to inform
these decisions. The Codex General Standard for Contaminants and Toxins in Food and Feed outlines
principles for setting MLs to protect consumers without creating trade barriers. These standards are
integrated into the WTO’s Agreement on Sanitary and Phytosanitary Measures, aiding in trade
dispute resolution. Specific limits for aflatoxins in various commodities, including peanuts, are
provided, along with sampling plans.

In the European Union, the legislation for food safety, including contaminant limits, follows
principles defined in Council Regulation (EEC) No 315/93. The European Commission (EC) sets
maximum limits for contaminants and specifies detection and sampling methods. Risk management
is handled by the Directorate-General for Health and Food Safety (DG SANTE). The European Food
Safety Authority (EFSA) now conducts risk assessments, a role previously held by the Scientific
Committee on Food. EFSA's various panels, like the CONTAM Panel, evaluate toxicological data and
methods for contaminants in food and feed. Initial regulations, such as Commission Regulation (EC)
No 1525/98, were updated by Regulation (EC) No 466/2001 and later by Regulation (EC) No 1881/2006
to align with new developments and Codex guidelines (Eskola et al., 2018).

f.  Global health impact, economic risks and vulnerable regions

Governments and international organizations establish regulatory standards and quality control
measures to limit aflatoxin contamination in food and feed. Maximum allowable limits (MRLs) are
set for aflatoxin levels in agricultural commodities, and food safety regulations are enforced to ensure
compliance throughout the supply chain. These regulatory interventions aim to safeguard public
health and maintain consumer confidence in food safety. Aflatoxin exposure poses significant health
risks to both humans and animals. Acute toxicity can lead to symptoms such as vomiting, abdominal
pain, and liver damage, while chronic exposure is associated with serious health conditions like liver
cancer, immune suppression, and stunted growth in children. Recognizing these health impacts
underscores the importance of stringent food safety regulations and public health interventions.
Researchers employ various methodologies to quantify the social costs associated with fungi and
aflatoxins in maize and peanuts. This involves estimating both direct costs, such as losses incurred
from contaminated crops and medical expenses related to aflatoxin poisoning, and indirect costs,
which encompass broader economic impacts like reduced agricultural productivity and trade
disruptions due to contaminated exports.

Aflatoxins are widely recognized as the most crucial mycotoxins in terms of safeguarding
human and animal health (Marshall et al., 2020). Discovered in the 1960s, aflatoxin was the first
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mycotoxin to be identified and remains the most extensively researched (Bennett and Klich, 2003;
Richard, 2008). These toxins are known to be carcinogenic, immunogenic, and teratogenic to both
humans and animals (Marshall et al., 2020), with potential impacts on immunity, fertility, and child
growth (IARC, 2012a). The prevalence of chronic undernourishment affecting 821 million individuals
globally (United Nations, 2019), coupled with reports linking aflatoxins to child stunting in Africa
(IARC, 2015; Matacic, 2016), highlights the significant food and feed losses resulting from mycotoxin
contamination, particularly in developing countries and Sub-Saharan Africa. Aflatoxins present a
significant challenge when crops are stored in unfavourable conditions that promote the growth of
moulds (Bennett and Klich, 2003; CAST, 2003). In farm animals, the consumption of Aflatoxin affects
both growth and the immune system, leading to a strain on local meat production, the national
economy, and the global food supply (Wild and Gong, 2010). The IARC (International Agency for
Research on Cancer) has classified these fungal metabolites as class-1 agents due to their carcinogenic
properties. Aflatoxins are known to cause cancer, especially when combined with a chronic Hepatitis
B virus (HBV) infection. Although the causal relationship with Hepatitis C virus is likely, it lacks
strong evidence (Wild and Montesano, 2009). Aflatoxins are statistically associated with a significant
risk of developing Hepatocellular Carcinoma (HCC) (Qian et al., 1994; Ross et al., 1992). The WHO's
2017 report revealed 788,000 global deaths from HCC in 2015, making it the second leading cause of
cancer-related deaths worldwide after lung cancer. In developing nations, HBV and Aflatoxin e are
common risk factors for HCC (Liu and Wu, 2010). Dietary exposure to aflatoxins has a significant
human health consequence, leading to hepatocellular carcinoma (HCC). This disease causes the death
of about 250,000 people annually in Sub-Saharan Africa, with the high intake of aflatoxins in food
and the presence of the Hepatitis B virus (HBV) being identified as key factors (Ladeira et al. 2017).A
massive outbreak of hepatitis with an estimated 106 deaths of tribal people due to consumption of
aflatoxin-contaminated maize was reported in 1974 in the Indian states (Gujarat and Rajasthan)
(Krishnamachari et al., 1975). Most recently, aflatoxicosis outbreaks occurred in Kenya in 2004 and
2005, following the consumption of mouldy maize that had been harvested early and stored
improperly (Strosnider et al., 2006). In the 2004 outbreak, the largest ever recorded, 317 people
became ill and 125 died (Azziz-Baumgartner et al., 2005). Two additional human diseases have also
been associated with the ingestion of food contaminated with aflatoxin. These include Kwashiorkor,
a form of malnutrition commonly seen in children, and Reye's syndrome, which is characterized by
encephalopathy and fatty degeneration of the organs in children. The exact cause of Reye's syndrome
remains unknown (CAST 2003; et and Klich 2003).

Various symptoms of chronic aflatoxicoses have been documented in livestock, including
decreased rate of weight gain in cattle, pigs, and poultry, as well as reduced feed intake and
conversion in pigs and poultry. Additionally, cows may experience reduced milk yields, while
poultry may suffer from immunosuppression and decreased egg production (CAST 2003; Diaz 2005;
EC 1994). On the other hand, acute exposure to aflatoxins can result in liver necrosis and eventual
fatality (EC 1994; CAST 2003). Nevertheless, it is the long-term exposure to these toxins in animals
that poses the most significant economic impact, surpassing the consequences of acute animal
mortality (CAST 2003).

Aflatoxin contamination in agricultural products has far-reaching consequences that extend
beyond public health concerns. It also impacts trade and economic aspects for both developed and
developing nations. For instance, maize farmers in the United States face a yearly loss of $160 million
due to aflatoxin issues (Wu, 2015). In developing countries, particularly in sub-Saharan Africa, the
losses are even more significant, totalling $450 million, which accounts for 38% of global agricultural
losses caused by aflatoxin (Gbashi et al., 2018). Moreover, aflatoxins play a crucial role in causing a
significant drop in agricultural trade between developed and developing countries (Wu, 2015). The
direct economic consequences of aflatoxin pollution in crops primarily stem from a decline in
marketable products due to rejection in the global market, as well as losses incurred from livestock
diseases, resulting in morbidity and mortality, leading to reduced volume and value in national
markets, ultimately causing substantial economic harm (Wagacha and Muthomi, 2008).
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The socio-economic consequences of aflatoxin contamination extend beyond individual health
impacts to affect entire communities and livelihoods, particularly in regions where maize and
peanuts are staple crops. Smallholder farmers, in particular, face reduced income and food insecurity
when their crops are contaminated, while trade disruptions limit market access and economic
opportunities. Fungal contamination and aflatoxin presence in maize and peanuts are influenced by
a range of factors including environmental conditions (such as temperature and humidity),
agricultural practices (such as crop rotation and pesticide usage), and post-harvest handling and
storage techniques. Understanding the dynamics of contamination is crucial for implementing
effective control measures. Effective risk management strategies encompass both pre-harvest and
post-harvest interventions.

3. Factors Influencing Toxicity for Aflatoxin Affecting Health

Aflatoxins are the mycotoxins that pose the most threat to food safety because of their high
toxicity and widespread presence in foods and feeds. Geographically, aflatoxins are most prevalent
in tropical and subtropical areas. They are contaminants of food and feed like peanuts, maize, and
their derivatives Aflatoxin-related health issues have been linked since its discovery; it significantly
increases the risk of certain chronic diseases that can be fatal, including aflatoxicosis outbreaks.It is
now widely documented that aflatoxins induce a variety of different acute and chronic disorders,
most of which are severe, even though they have been primarily linked to cancer-related illnesses.
Aflatoxin carcinogenicity has long been linked to the liver, where the metabolization process releases
reactive intermediate metabolites (Benkerroum, 2020). Nevertheless, later animal and
epidemiological research showed that they could cause cancer in organs other than the liver, such as
the kidney, pancreas, bladder, bone, viscera, central nervous system, etc.

a. Chemistry of aflatoxin toxicity and degradation mechanism

Aflatoxin is a group of 20 fungal metabolites, viz., B1, B2, G1, G2, M1 and M2 etc. Of them,
Aflatoxin B1 (AFB1) and aflatoxin B2 (AFB2) are produced by both A. flavus and A. parasiticus; AFB1
is believed to be the most potent and common food contaminants among all aflatoxins.Aflatoxin G1
(AFGI1) and aflatoxin G2 (AFG2) are also produced by A. parasiticus, found in the foodstuff
(Vankayalapati, 2018). Whereas, Aflatoxin M1 (AFM1) is produced in the fermentation broth ofA.
parasiticus; AFM1 and AFM2 also metabolized from AFB1 and AFB2 in the infected liver cell
(OwuorLalah et al., 2020) and are found in human and animal milk (Kamkar et al., 2014).

Aflatoxins are crystalline, colourless to pale yellow compounds that are easily soluble in solvents
that are somewhat polar, such as methanol, chloroform, and dimethyl sulfoxide, and they have a
water solubility of 10-20 pg/mL (Sarmento Amoras and Pena Costa, 2020). Aflatoxin molecules
become unstable when exposed to certain conditions, such as oxygen-rich ultraviolet light, extreme
pH values (pH < 3 or > 10), oxidizing agents, and high temperatures that cause ammonization (Dhakal
et al., 2023). This irreversible reaction leads to the opening of the lactone ring and the decarboxylation
of the aflatoxin molecule. These poisons belong to a special class of naturally occurring heterocyclic
chemicals that are highly oxygenated.

The most studied aflatoxin, AFB1-exo 8,9-epoxide, is produced by the microsomal cytochrome
enzyme (CYP450) at the beginning of AFB1 metabolism (Guengerich et al., 1998). In the instance of
aflatoxin B1, it has been established that this aflatoxin is ultimately responsible for genotoxicity
(Benkerroum, 2020). There is mounting evidence that the oxidative stress caused by AFBL1 is equally,
if not more, responsible for the genotoxicity of aflatoxin (Ma et al., 2021). The mechanisms underlying
aflatoxin immunotoxicity, which is likely the second most well-studied toxicological impact, are
becoming understood. Other aflatoxin-induced acute and chronic health issues, such as malnutrition
diseases, delayed physical and mental maturity, reproduction, nervous system diseases, etc., have
been demonstrated in humans or animals in addition to these major toxicological effects (Peles et al.,
2019); however, more clarification is needed regarding their mechanisms of action. Although reports
of its immunostimulatory effects have also been produced, aflatoxin is most recognized for its
immunosuppressive characteristics.

b. Toxicity and health implications of aflatoxin exposure
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Numerous toxicological effects of aflatoxin processes are produced, many of which are yet not
well known. Numerous investigations have been carried out to investigate the mechanisms behind
the toxicity of aflatoxins, providing a scientific basis for the creation of control and prevention
measures. Food safety authorities can also utilize their expertise as a scientific tool to create
regulations. The mutagenesis effects of aflatoxin AFB1 have been extensively studied since its
discovery, and these effects have primarily been linked to the intermediate metabolite AFB1-ex0-8,9
epoxide (AFBO) (Bedard and Massey, 2006). When AFBO combines with cellular macromolecules
including proteins, phospholipids, and nucleic acids (Zhuang et al., 2016), it can alter genetic,
metabolic, signalling, and cell structural aspects of the cell because of its severe instability. However,
an increasing amount of evidence is being gathered that demonstrates how AFB1 causes oxidative
stress (OS), which has effects on cell integrity and function that are at least as substantial if not more
so (Kovesi et al., 2021). AFB1's several toxicity pathways produce genotoxicity, immunotoxicity, and
acute poisoning when they interact with genomic DNA, other functional macromolecules, and
immunocompetent cells (Dabuo et al., 2022). OS and AFBO are involved in these mechanisms. The
refractory nature of AFB1-FAPy lesions to NER repair may not be the only explanation for their
enhanced mutagenicity, since these lesions can also be repaired through the less sensitive to helix
distortion mechanism of base excision repair (BER) (McCullough and Lloyd, 2019). Glycosylases in
BER identify the damaged bases on a site-specific basis, allowing them to be eliminated and replaced
with the correct base (Dianov and Hiibscher, 2013). However, it is now well established that exposure
to aflatoxins alters repair genes in a variety of ways, including through epigenetic alterations that
stop the BER pathway.

For example, it has recently been shown that transcriptional inhibition of the gene caused by
hypermethylation of the promoter of the NEIL1 (Nei Like 1) gene, which codes for a DNA glycosylase
(NEIL1) crucial for BER, lowers the excision efficacy in AFB1-FAPy adducts (Hildrestrand et al,,
2021). The prevalent polymorphisms that result in catalytically inactive NEIL1 enzyme may also
make it more difficult for people's AFB1-FAPYy lesions to repair (Zuckerman et al., 2023). Aflatoxin-
induced HCC in high-exposure scenarios has also been demonstrated to be associated with
polymorphism in multiple human DNA repair genes, such as XPC, XPD, XRCC1, XRCC3, XRCC4,
XPD, and XRCC7 (Long et al., 2013).

This risk is exacerbated with concurrent polymorphism of repair genes and phase II-enzyme
detoxification genes, as was demonstrated for the combined polymorphisms of XRCC1 (involved in
BER repair) with GSTM1 and HYL1*2 (coding for GST and microsomal epoxide hydrolase,
respectively) (Tiemersma et al., 2001). However, the effect of the AFBl-detoxifying gene
polymorphism alone on the increased risk of HCC remains a matter of continuous controversy.

c.  Aflatoxicosis outbreaks

Aflatoxicosis is a global mycotoxicosis that produces strong hepatotoxins on animal feed during
hot weather (drought) and in storage. It frequently happens at the same time as agricultural pest
damage. Usually invading peanuts, almonds, corn (maize), and cottonseed, Aspergillus flavus and
A. parasiticus can swiftly produce significant amounts of aflatoxins, with aflatoxin B being the most
dangerous (Kumar et al., 2017). In the liver, aflatoxins are broken down into an epoxide that attaches
to macromolecules, such as nucleic acids. Mutagenesis, cancer, teratogenesis, immunosuppression,
and liver damage with decreased protein synthesis are a few examples of the harmful effects. Patients
may exhibit poor growth, bleeding, icterus, sadness, unthriftiness, and inappetence to food.
Aspergillus flavus and A.parasiticus infestation of corn (maize), peanuts, almonds, rice, cottonseed,
and other crops can lead to aflatoxicosis, a global health concern (Sarma et al., 2017).

Aflatoxin severely affects fish, humans, animals, birds, dogs, cats, and rodents; the young are
especially vulnerable. Aflatoxin targets the liver, kidney, spleen, brain, gut, skin, testis, and cardiac
tissue and is mutagenic, carcinogenic, teratogenic, and immunosuppressive (Dai et al., 2022). Adverse
consequences can result in low production, food residues, and even death. They are associated with
liver damage. Aflatoxin contamination in feed should be avoided by nursing animals due to aflatoxin
M1 residual in milk, and most countries have regulatory limitations on the amount of aflatoxin in
animal feeds, human food, and milk (Akbar et al., 2020). The feed should be chemically evaluated
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before use. The hydrated sodium calcium aluminosilicates can function as aflatoxin binders in feed
and minimize harmful effects and milk aflatoxin M1 residue. The treatment is supportive.

Around the world, aflatoxicosis affects growing fowl, particularly ducklings and turkey poults,
as well as young pigs, pregnant sows, calves, and canines (Dalvi et al., 1986). Though they are
susceptible if toxic diets are fed for extended periods, adult cattle, sheep, and goats are rather resistant
to the acute phase of the disease. All examined animal species have demonstrated some degree of
vulnerability in experiments (Allah Ditta et al.,, 2019). Aflatoxin dietary quantities that are often
tolerated in animals include dogs, cats, cattle, and weaner pigs, 100 ppb in calves, <50 ppb in dogs, <
100 ppb in calves, and < 300 ppb in cattle (Jallow et al., 2021).

Clinical illness, including some mortality, is anticipated to occur at about double the specified
acceptable levels. Aflatoxin M1 and M2, two detectable metabolites, are excreted in the milk of
nursing animals at dietary levels as low as 10-20 ppb (Zentai et al., 2023); dairy cows, goats, or sheep
should not be fed feedstuffs containing aflatoxin. Different nations have varying acceptable legal
limits for milk, which can range from 0.05 ppb to 0.5 ppb (Aslam et al., 2015). When contamination
happens, state or federal regulatory organizations should be consulted. In the liver, aflatoxins are
broken down into an epoxide that attaches itself to macromolecules, particularly nucleic acids and
nucleoproteins. Their harmful consequences include immunosuppression, decreased protein
synthesis, teratogenesis, carcinogenesis, and mutagenesis brought on by the alkylation of nuclear
DNA (Bou Zerdan et al., 2021). Decreased synthesis of proteins leads to a decrease in vital metabolic
enzymes and growth-promoting structural proteins. The primary organ impacted is the liver.
Aflatoxin dosages that are too high cause hepatic necrosis, while doses that are too low over time
cause immunosuppression, decreased growth rate, and enlarged liver.

d. Aspergillosis and cancer

Species of Aspergillus, a fungus or mould, can lead to the development of aspergillosis in
individuals. The symptoms and severity of aspergillosis-related infections can vary widely, but they
generally affect the respiratory system. Aspergillus, can grow both indoors and outdoors. While the
majority of these mould strains are harmless to breathe in, a small number can pose a significant risk
to individuals with compromised immune systems, underlying lung conditions, or asthma
(Vanfleteren et al., 2018). The symptoms and signs of aspergillosis differ based on the type of
infection. Some individuals with cystic fibrosis or asthma may have allergic reactions to Aspergillus
mould. This condition, also known as allergic bronchopulmonary aspergillosis, is characterized by
fever, a cough that may produce mucus plugs or blood, as well as exacerbation of chronic lung
diseases such as severe sarcoidosis, emphysema, and tuberculosis (Chen et al., 2022). In individuals
with aspergillus infections, fungus fibres may enter lung cavities and form tangled masses (fungus
balls) known as aspergillomas. Initially, aspergillomas may cause a mild cough or no symptoms at
all (Dib et al., 2019). However, over time and without treatment, aspergillomas have the potential to
worsen underlying chronic lung conditions and lead to a cough that frequently produces blood
(hemoptysis), as well as symptoms such as sighing, breathing difficulty, and unintentional weight
loss.

4. Aflatoxin Contamination Contributors

Mycotoxins, which are fungal toxins naturally present, pose a threat to food staples during their
production and storage, resulting in health concerns for humans and animals alike (Diao et al., 2014;
Villers, 2014). The contamination of food items by mycotoxins occurs throughout the pre-harvest and
postharvest stages, particularly when they are exposed to moisture or stored under conditions of
high temperature or humidity (Villers,2014). Aflatoxins (AFs) are particularly noteworthy among
mycotoxins due to their prevalence, toxicity, and economic consequences. Aflatoxin B1 (AFB1) is the
most commonly found AF in contaminated agricultural products, alongside approximately 20 other
identified AFs. These toxins, including AFB2, AFG1, and AFG2, are primarily produced by toxigenic
strains of Aspergillus fungi, notably Aspergillus flavus, Aspergillus parasiticus, and Aspergillus nomius.
Additionally, aflatoxin M1 (AFM1), a metabolite of AFB1, holds significance within the AFs group,
particularly for its occurrence in human and animal milk when contaminated food or feed contains
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AFB1.For decades, aflatoxin contamination in peanuts has remained a persistent global concern,
garnering widespread attention since the 1960s. These fungal byproducts pose substantial health
risks to both humans and animals, thereby imposing significant economic burdens on stakeholders
across the production, handling, processing, and distribution chains of contaminated peanuts. The
inevitability of aflatoxin contamination is rooted in the diverse array of factors influencing peanuts
at various stages, from pre-harvest conditions to harvesting and postharvest practices (Diao et al.,
2014).

g. Environmental factors

As climatic conditions undergo significant shifts, ecosystems experience alterations in
temperature, precipitation, and humidity, all of which create conducive environments for fungal
proliferation and subsequent mycotoxin synthesis (Achaglinkame et al., 2017; Nleya et al., 2020).
Fungi inhabit numerous crops and exhibit adaptability to diverse environmental conditions,
occupying distinct ecological niches that may overlap (Perrone et al., 2020). The proliferation of fungi
and the production of aflatoxins in cereals are contingent upon factors such as temperature, moisture
levels, soil composition, and storage conditions (Achaglinkame et al., 2017). Various abiotic factors
(temperature, water activity, pH levels, carbon availability, and nitrogen content) significantly impact
the pathway of aflatoxin biosynthesis (Liu et al, 2017). However, aflatoxin contamination is
particularly influenced by temperature and water activity. These factors not only stimulate the
growth of aflatoxin-producing fungi, primarily A. flavus, but also significantly impact the activation
of the gene cluster responsible for aflatoxin production (Abdel-Hadi et al., 2011; Bernaldez et al., 2017;
Tejero et al., 2021). Increased water activity promotes enhanced fungal growth and the synthesis of
toxins (Bhatnagar et al., 2006). It's been determined that a water activity of approximately 0.99 aw
and temperatures ranging from 29 to 30°C are conducive to aflatoxin production (Tejero et al., 2021).
These two factors, namely temperature and water activity (aw), are pivotal in regulating the
transcription of two significant genes (afIR and aflS) in the pathway of aflatoxin biosynthesis (Liu et
al., 2017). Medina et al. (2014) explored how key environmental factors affect the molecular ecology,
growth, and aflatoxin production by Aspergillus flavus, both in vitro and in maize grains. Recent
studies on water activity x temperature interactions and aflatoxin biosynthesis are examined,
revealing a direct correlation between gene expression levels and aflatoxin B1 production. A model
integrating the expression of 10 biosynthetic genes, growth, and AFB1 production was validated
under elevated temperature and water stress conditions. The impact of water activity x temperature
x elevated CO2 levels is detailed for the first time, showing significant effects on aflatoxin biosynthetic
gene expression (including structural aflD and regulatory afIR genes) and AFB1 production. Baazeem
et al. (2021) demonstrated that A. flavus strains isolated from pistachio nuts exhibited optimal growth
at approximately 35 °C on both pistachio nut-based media and raw pistachio nuts. AFB1 production,
however, peaked at around 30 °C. Under climate change conditions with elevated temperatures (35
vs. 37 °C) and CO2 levels (400 vs. 1000 ppm), growth of A. flavus strains showed minimal variation,
regardless of water availability. Notably, AFB1 production was stimulated under these conditions
both in vitro and on raw pistachio nuts (Baazeem et al.,2021), accompanied by changes in the
expression of the structural and regulatory genes (aflD and afIR) involved in toxin biosynthesis, with
some strain variability observed. This integrative approach provides crucial insights into the effects
of climate change on mycotoxigenicity. Temperatures outside the range of 25 to 37°Care unsuitable
for the growth and synthesis of aflatoxins, while moisture levels below 0.85 aw hinder growth and
toxin production, ceasing completely at 0.70-0.75 aw (Bhatnagar et al.,2006). Elevated temperatures,
higher levels of carbon dioxide (CO2), drought, and rainfall directly influence maize crops, altering
the prevalence of Aspergillus flavus. These environmental factors stimulate fungal growth,
conidiation, and spore dispersal, while also hindering the growth and maturation of maize
(Ojiamboet al., 2018; Nleya et al., 2018). Extended periods of frequent droughts stimulate mycotoxin
production both before and after harvest (Ojiambo et al., 2018; Nleya et al., 2018; Kachapulula et al.,
2017; Medina et al., 2017; Dovényi-Nagy et al,, 2020). The impact of climate change on maize
production is multifaceted, with factors such as rainfall distribution, prevalence of pests and diseases,
and temperature fluctuations playing significant roles (Mapfumo et al.,2020). According to research
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by Zuma-Netshiukhwi et al. (2021), even a modest temperature rise of 1°C to 2°C can lead to a
substantial decrease in grain yield, estimated at around 20-25%. Other studies suggest even higher
reductions in yield, possibly up to 50%, contingent upon the plant's reproductive stage (Adisa et al.,
2019; Jain et al., 2019).

As projected, a reduction of approximately 15% in rainfall is anticipated by the close of the 21st
century (Jury et al., 2013). Boko et al. (2007) envisage a 5% to 8% augmentation in aridity and semi-
aridity throughout Africa, positing potential implications such as heightened drought occurrences
and ensuing crop stress. These circumstances may contribute to an elevation in mycotoxin
contamination levels (Kachapulula et al., 2017; Hajnal et al., 2017). Climate projections suggest that
atmospheric CO: levels are expected to increase two to threefold (from 350-400 ppm to 800-1200 ppm)
over the next 25 to 50 years. This escalation in CO2, along with rising temperatures and frequent
drought episodes, is likely to have significant impacts on pest dynamics, disease prevalence, and crop
yields across various regions. Climate projections indicate that atmospheric CO2 levels are
anticipated to rise two to threefold (from 350-400 ppm to 800-1200 ppm) within the next 25 to 50
years. This increase, coupled with higher temperatures and more frequent droughts, is expected to
significantly affect pest dynamics, disease incidence, and crop yields in various regions. Baazeem et
al. (2021) found that acclimatizing A. flavus for five generations in elevated CO: on raw pistachio nuts
caused different strains to exhibit varied growth and AFB1 production. Both the original and
acclimatized AB3 and B10 strains showed similar colonization under different climate-related
conditions of temperature, CO2, and water availability. The effect of these abiotic factors on AFB1
production varied by strain. For AB3, the acclimatized strain produced more AFB1 than the original
at 37°C, 1000 ppm CO2, and 0.98 aw. For AB10, AFB1 production increased at 0.93 aw after 5 and 10
days at 37°C and 1000 ppm CO2.Storage conditions of 20.90 aw, especially at temperatures 225-30 °C,
significantly increase the risk of AFB1 contamination to levels that could lead to product rejection,
even after just 10-20 days of storage. This underscores the need for optimal storage conditions to
minimize aflatoxin contamination in chillies (Al-Jaza et al.,2022). Aflatoxin-producing moulds can
grow in a pH range of 1.7 to 9.3, with an optimal range of 3 to 7 (Yoshinari et al. 2010). Lower pH
levels (1 to 3) reduce fungal growth, while a slightly higher pH (3 to 6) promotes both fungal growth
and aflatoxin production (Eshelli et al. 2015). An initial pH of 5 enhances AFB production, while a
pH of 7 favours AFG production. The media composition also affects the pH (Dalié et al. 2010).

h. Nutritional factors

Aflatoxin production is significantly influenced by the substrate and various nutritional factors,
including carbon, amino acids, nitrogen, lipids, and trace elements. Carbohydrate-rich substrates
enhance aflatoxin production more than oil-rich substrates because carbohydrates readily supply the
carbon necessary for optimal fungal growth (Ma et al.,2014). According to Liu et al. (2016), glucose,
ribose, sucrose, xylose, and glycerol are effective substrates for aflatoxin production. In contrast,
peptone, lactose, and sorbose do not promote aflatoxin production. Most previous research has
focused on controlling AFB1 production in crops, with few studies examining the factors responsible
for different levels of AFB1 contamination in various grains. While some studies have suggested a
connection between lipids and AFB1 production in crops, the complex composition of grains means
that AFB1 production is also influenced by other nutrients, including starch, proteins, saccharides,
and trace elements (Liu et al.,,2016). Nitrogen, when provided as nitrite and nitrate, significantly
enhances aflatoxin production by A. flavus through various mechanisms (Wang et al.,2017). Lipids
play a significant role in the production of aflatoxins. The biosynthesis of aflatoxins in toxigenic fungi
is initiated by lipophilic epoxy fatty acids and fungal growth, as well as aflatoxin production, is
triggered by ergosterol oxidation (Reverberi et al., 2014). Consequently, lipids serve both as a
substrate for obtaining an acyl-CoA starter and as a signalling molecule. Aflatoxin production and
accumulation are higher in full-fat substrates compared to low-fat ones. Adding corn oil to defatted
wheat infected with A. flavus promotes more aflatoxin production than in media without corn oil (Liu
et al., 2016). Vitamins, amino acids, and metal ions collectively enhance aflatoxin production. Amino
acids such as glycine, glutamate, and alanine, along with bivalent metals like zinc and magnesium,
are known to promote aflatoxin production (Bolu et al., 2014). Liu et al. (2016, 2016a) worked on


https://doi.org/10.20944/preprints202405.1618.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 May 2024 doi:10.20944/preprints202405.1618.v1

14

maize and other grains and reported aflatoxin production increased by 4, 5, and 19 times with zinc
concentrations of 20, 50, and 100 mg/L, respectively (Liu et al., 2016). Amino acids like tyrosine
promote aflatoxin production, whereas tryptophan inhibits it (Chang et al., 2015). AFB1 production
is supported by arginine, glycine, glutamic acid, and aspartic acid at a concentration of 0.5%.

i.  Biological factors

Biological factors such as fungal species, weeds, and insect damage affect aflatoxin production.
Weeds compete with crops and cause stress, increasing aflatoxin levels. The amount of aflatoxin
produced depends largely on the fungal species involved. Insect wounds create stress and entry
points for aflatoxigenic fungi, leading to contamination (Kinyungu et al., 2019). Aflatoxin production
varies by strain, with A. flavus producing fewer aflatoxins than A. parasiticus (Manjunatha et al., 2018).
Despite various factors, A. flavus is the primary species responsible for aflatoxin contamination due
to its abundance in soil and its ability to thrive on diverse organic substrates such as compost, plant
debris, cotton, dead insects, stored grains, field crops, animal corpses, and fodder (Kakde, 2012). Pre-
harvest contamination of crops is common due to presence of A. flavus in soil, while post-harvest
contamination occurs during storage as it spoils food grains. A. flavus lacks host specificity,
contaminating both monocot and dicot seeds (St. Leger et al. 2000).

j- Agricultural practices

Conventional methods are ineffective in preventing mycotoxin formation during the pre-harvest
stages of crop production; however, several non-conventional techniques and good agricultural
practices have demonstrated efficacy. These pre-harvest strategies encompass crop rotation,
intercropping, residue management, optimal sowing times, early harvesting, and the judicious use
of fertilizers, insecticides, and herbicides. By disrupting the infectious cycle, crop rotation and
intercropping significantly reduce mycotoxin contamination. Therefore, identifying appropriate crop
combinations is essential for effective mycotoxin management. For instance, rotating legume crops
such as cowpea and soybean with maize can disrupt pest and disease cycles and enhance soil fertility
(Logrieco et al., 2021; Abbas et al., 2012). Mutiga et al. (2014) observed that intercropping cowpea,
beans, and maize lowers aflatoxin levels in maize compared to growing maize as a sole crop, owing
to enhanced soil nitrogen content. Moreover, residues or debris from prior harvests can carry fungal
spores that remain dormant in the soil between crop cycles. Therefore, effective management of
residues from previous harvests, either by removal or burial, can significantly reduce fungal
infections in the field (Blandino et al., 2008). Additionally, adjusting sowing times or selecting
cultivars suited to lower temperatures and reduced water stress can help mitigate mycotoxin
contamination. This strategy also helps to avoid wet periods during early flowering. Early harvesting
is also strongly recommended in high-risk areas as it reduces the time fungal pathogens have to
develop and produce aflatoxins (Dovényi-Nagy et al., 2020; Mondaet al., 2020).

5. Aflatoxin: Impact on Human and Animal Health

Effects on Human Health

The major source of aflatoxin exposure in the human body is through ingestion of aflatoxin-
contaminated food products such as meat, eggs, milk, milk products contaminated grains etc.
(Tchana et al., 2010). Agricultural harvests including cotton seeds, coffee and spices along with major
food crops such as rice and wheat are the major sources of aflatoxin contamination in the human
body (Refai, 1988). These crops can be infected prior to harvesting or post-harvesting during storage.
Warm and humid environments in the storage area result in enhanced concentrations of aflatoxins in
food grains (Awuchi et al., 2020; Jajic et al., 2018).

Post consumption human body particularly the liver metabolizes the aflatoxin present in
bloodstream manifolds. Cytochrome P-450 enzyme present in the human liver bioactivates the
aflatoxin and metabolizes into its toxic, unstable and reactive epoxides, responsible for its toxicity
principle (Usha et al., 2017). Post activation and metabolism the resulting aflatoxin epoxides form
adduct with the DNA, RNA and proteins resulting in its inhibition leading to acute toxicity,
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genotoxicity and immunotoxicity (Smith et al., 2018; Smela et al., 2001; Gouas et al., 2009). The
generalized toxicity mechanism of aflatoxin in the human body has been depicted in Figure 1. Often
high exposure of aflatoxin in human body leads to acute aflatoxicosis which ultimately leads to liver
cirrhosis or liver cancer. Frequent and chronic exposure leads to increased concentrations of its
epoxide moieties resulting in DNA intercalation causing p53 gene mutation, a vital enzyme
responsible for cell cycle progression. Such metabolism often leads to signalling apoptosis resulting
in programmed cell death (Bedard and Massey, 2006). Although dietary consumption of aflatoxin-
contaminated foods results in severe liver cancer but other organs such as the pancreas, bladder,
gastrointestinal tract and kidney have also been reported to develop such tumours upon prolonged
exposure (Fouad et al., 2019; Williams et al., 2004). In fact, there are several reports claiming symptoms
of teratogenicity, immunosuppression, cytotoxicity and mutagenicity in humans due to chronic
exposure to aflatoxin. The mechanism behind every form of aflatoxin toxicity in human body lies in
the chemistry of aflatoxin metabolites. Covalent bonding of aflatoxin epoxide to DNA leads to
alkylation at N7 of guanine residues to form 8,9-dihydro-8-(N7-guanyl)- 9-hydroxy-AFB1 (a
stereoselective alkylated aflatoxin adduct (Perri et al., 2016; Coskun et al., 2019). The adduct
developed is highly unstable and during stabilization releases itself leaving behind an apurinic DNA
molecule. Further imidazole ring opening of the toxic metabolite in the alkaline medium of liver cells
results in the development of AFBl-formamidopyrimidine in the body responsible for every
proliferation mechanism in any cell of the human body (Chawanthayatham et al., 2017; Croy and
Wogan, 1981). Table 2 enlists the toxic metabolites and symptoms of aflatoxin toxicity in the human

body.
/ Sources of aflatoxin exposure \
Agricultural harvCsts Dairy products Poultry products /_ AFB ™
(Infected grains) (Milk & Milk products) (Eggs & Meat) :
\ } 1 CYT-P,y,
Dierary consumption AFB] 3.9-cpoxidc
Transportation via blood stream
1 DNA
. Bioactivation & Metabolism
Human liver — — Unstable AFB, N’-guanine
DNA adduct
Toxiciand stable metabolites 8,9-Dihydro-8-(N-5-Formyl-2,5,6-triamino-
4-0x0-N-5-pyrimidyl)-9-hydroxy-AFB,
k (Stable AFB, DNA adduct) _/
Acute toxicity Immunotoxicity Genotoxicity
* Loss of cell integrity * Cellular proliferation * Genomic instability
+ Tissue necrosis * Down/up-regulation of = Impaired gene expression
+ Organ failure & death gene expression * Inhibition of DNA repair
* Dysregulation of innate

\ and adaptive immunity /J

Figure 1. Figure depicting toxicity mechanism of aflatoxin in the human body post-bioactivation and
metabolism in liver cells.
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Table 2. Toxicity symptoms and health implications of aflatoxin exposure to humans.
S.No. Human organs/ systems Metabolites Symptoms References
1. Liver AFB:1-8,9-epoxides; - Degranulation of endoplasmic reticulum Williams et al., 2019;
8,9-dihydro-8-(N7-guanyl)- 9- - Inhibition of DNA, RNA and protein synthesis Henry et al., 2002;
hydroxy-AFB1 (AFB1-N7-guanine)- ~ Hepatic encephalopathy Gibb et al., 2015
- Inhibition of enzymes such as aspartate aminotransferase, glutamate
dehydrogenase, alkaline phosphatase, serum enzymes, gamma glutamyl
transferase, lactate dehydrogenase etc.
2. Kidney Hydroxylated aflatoxin - Ketonuria Bbosa et al., 2013;
- Hematuria Fouad et al., 2019
- Glycosuria
- Proteinuria
3. Nervous system AFBI1 dihydrodiol - Defective oxidative phosphorylation in brain cells Wild et al., 2004;
- Neurotransmitter deficiencies Verma, 2004;
- Neurocognitive decline Alsayyah et al., 2019
- Alteration in the sleep cycle
- Memory loss
- Idiocy
- Restlessness
- Convulsions
4. Gastro intestine Aflatoxin B1 - Gastrointestinal tumors Agag, 2004;
- Intestinal haemorrhage Ammann, 2003
- Fibrosis
- Necrosis
- Vomiting
- Diarrhoea
5. Reproductive system - - Reduced production of sex hormones Gupta, 2011;
- Loss of lysozymes Verma, 2004:
- Lysis of sperm cell membranes El-Azab, 2009
- Decrease in shape and size of growing follicles
- Infantjaundice
- Coagulative necrosis
6. Excretory system - - Nephrotoxicity Hatem et al., 2005;

Reduced p-amino Hippurate tubular transport
Reduced tubular glucose reabsorption

Coulter et al., 1986
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- Decreased glomerular filtration rate
7. Immune system Aflatoxin epoxides - Reduced cell-mediated immunity response Corrier, 1991;
- Immunosuppression Valtchev et al., 2015;
- Weakening of CDs proteins Bianco et al., 2012

- Increased risk of tuberculosis
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Effects on Animal Health

Animals are fed with crops that are usually unfit for human consumption due to the presence of
some insects, moulds or rotten feeds etc. The feed that is usually served to animals in developing
nations are cotton seeds, groundnuts, maize and copra. Such crop leftovers or feeds are a major source
of aflatoxin contamination in animals (FAO, 2008). There are several reports which establish the fact
that most of the feed materials meant for animals are usually contaminated with high concentrations
of aflatoxin, even more than 52% of the feed materials used in Europe, the Mediterranean region and
African nations were reported to be contaminated with aflatoxin (Binder et al., 2007; Rodrigues and
Naehrer, 2012). Such contaminations have been reported to possess several health implications for
animal health. Susceptibility doses of aflatoxin have been reported to vary as per the difference in
animal body weight. Rabbits, ducks, and cats have been reported to be highly susceptible to aflatoxin
exposure having LC50 values as low as less than 1 mg/kg body weight while some animals such are
dogs, horses, pigs and sheep are moderately susceptible with relatively high concentrations of
aflatoxin such as 1-2 mg/kg body weight (Grace, 2013; Hamilton, 1986).

Many experimental studies suggest possible health implications in poultry animals. Some report
suggests broiler chicken to be more susceptible than that of layer chicken. Chicken health has been
reported to be severely deteriorated upon aflatoxin exposure up to 1000 ppb. Several symptoms have
been diagnosed post-aflatoxin exposure such as reduced egg weight, frequency of egg laying, egg
shell thinning, yolk weight and color etc. Sometimes impaired immune responses have been
diagnosed upon heavy exposure to aflatoxin through contaminated feed with more than 200 ppb
concentration (Dersjant-Li et al., 2003; Gabal and Azzam, 1998; Otim et al., 2005). Sheep and goats,
moderately susceptible animals have been reported to show symptoms like decreased body weight,
liver and nasal tumours and often mortality upon exposure at concentration levels up to 1750 ppb for
a period of up to 3.5 years (Lewis ef al., 1967; Ewuola et al., 2013). Susceptibility towards aflatoxin in
fishes varies from species to species. In the majority of the cases, most usual symptoms involve weight
loss, anorexia, liver malfunction, hepatic injury etc. Susceptible species like rainbow trout develop
such symptoms at a very low concentration of 0.4 ppb while most resistant fish species like catfish
are deprived of such symptoms at very high concentrations of 10,000 ppb. Chances of liver damage
and tumour development are most common in the case of susceptible ones while mere weight
reduction was observed in the case of resistant species (Jantrarotai and Lovell, 1990; Tuan ef al., 2002).

Overall Impact of Aflatoxin on Human and Animal Health

Aspergillus flavus and Aspergillus parasiticus can contaminate crops like maize, peanuts,
cottonseed and various spices. The toxins produced are strong carcinogens that endanger both
human as well as animal health (Shabeer et al., 2022). Aspergillosis is a fungal infection caused by the
genus Aspergillus, namely A. fumigatus, A. flavus, and A. niger (Garbino, 2004). Aspergillosis is one of
the top four diseases that lead to death in immune-compromised persons worldwide (Winters et al.,
2012). This illness frequently affects the respiratory system, particularly in people with impaired
immune systems or underlying lung disorders such as asthma or cystic fibrosis. Aspergillosis affects
rabbits, chickens, turkeys, and geese also. In addition, A. flavus produces stone brood sickness in
honeybees (Shabeer et al.,, 2022). Inhaling Aspergillus spores can cause a wide range of clinical
symptoms, from moderate allergic reactions to severe invasive illness. The second leading cause of
infection is the spread of spores through infected wounds and the smoking of contaminated tobacco
or marijuana plants. Aspergillosis manifests clinically in a variety of ways, including extrinsic
asthma, allergic bronchopulmonary aspergillosis, extrinsic allergic alveolitis, saprophytic pulmonary
and extra-pulmonary colonization (Amaike and Keller, 2011). Allergic bronchopulmonary
aspergillosis (ABPA) and allergic fungal sinusitis (AFS) are two of the less severe Aspergillosis,
affecting 1- 15% of the world's population and characterized by respiratory symptoms such as
coughing, wheezing and nasal congestion. In contrast, invasive aspergillosis is a serious hazard to
immunocompromised people, causing pneumonia with symptoms such as fever, chest pain, and
difficulty breathing, and it can spread to other organs if not treated.
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Aflatoxicosis is another serious health condition resulting from the ingestion of the toxic
metabolites produced by Aspergillus flavus and Aspergillus parasiticus. The occurrence of various
Aflatoxins is common in wide varieties of food and feed (Table 3). Aflatoxicoses can manifest in both
acute and chronic forms, with symptoms ranging from mild gastrointestinal disturbances to severe
liver damage and even death. A few studies suggest that 1000 pg/kg of aflatoxin in food can cause
toxicity in humans (WHO, 2018), while the acceptable level for animals is 50-300 pg/kg (Grace et al.,
2015). Acute aflatoxicosis typically occurs after consuming high levels of aflatoxin-contaminated
food, leading to symptoms such as nausea, vomiting, abdominal pain, and liver failure. Chronic
exposure to lower levels of aflatoxins can result in long-term health effects, including an increased
risk of liver cancer, immune system suppression, growth impairment, and developmental delays
(Dhanasekaran et al., 2011). Prevention strategies focus on minimizing aflatoxin contamination in
food and feed through proper storage, handling, and agricultural practices, alongside regulatory
measures and routine monitoring to ensure food safety and protect public health.

Table 3. Occurrence of Aflatoxins in various food.

Food Aflatoxin Range (ug/kg) Reference
Almond B1 1-13 Gurses (2006)
Butter M1 <0.001-0.100 Aycicek et al. (2005)
Cashew nuts Total AFs 0.60-31.5 Milhome et al. (2014)
Chilly B1 <2 Singh and Cotty (2017)
Corn Total AFs 24 Granados-Chinchilla et al. (2017)
Figs Total AFs 0.1-28.20 Kabak (2016)
Ginger Total AFs 0.11-9.52 Lippolis et al. (2017)
Groundnuts Total AFs 15-11,900 Chala et al. (2013)
Lentil B1 0.57-1.74 Baydan et al. (2016)
Maize Bl 0.041-1.12 Kara et al. (2015)
Rice Bl 0.04-21.30 Igbal et al. (2016)
Sorghum B1 0.4-25.1 Ghali et al. (2010)
Wheat B1 0.12-18 Ghali et al. (2010)

6. Detection of Aflatoxin

Aflatoxin contamination is the primary problem with food safety in both developed and
developing countries. Accurate and effective detection is essential to reducing the risk of mycotoxin
contamination in food and feed before it affects human and animal health. Although the discovery
of aflatoxins dates back to the early 1960s (Pickova et al., 2021), concomitant technological
advancements increased the efficiency and precision of aflatoxin detection. While culture-based
approaches were employed in the past, many developing nations now frequently employ assays
based on high-performance liquid chromatography (HPLC) and enzyme-linked immunosorbent
assay (ELISA). A range of technologies have been developed to date for the detection of aflatoxins,
such as fluorescence spectroscopy (FS) (Bertania et al. 2020; Wu and Xu 2020), immunology-based
enzyme-linked immunosorbent assay (Nardo et al., 2020), lateral flow immunoassay (Di Nardo et al.,
2019), etc. These technologies can be grouped into different forms of aflatoxin detection strategies.

k.  Culture-based techniques

Traditionally, different culture-dependent techniques have been used to detect aflatoxins in
foods and feeds. This approach includes (1) fluorescence test and (2) ammonium hydroxide vapour
test to detect aflatoxigenic isolates of Aspergillus spp. In the fluorescence test, the detection of blue
fluorescence of aflatoxin B1 is done under UV light (365 nm) particularly when the culture medium
is supplemented with (3-cyclodextrin (Ordaz, 2003). The presence of a blue fluorescent zone around
the growing fungal colony visualized on the reverse side indicates the aflatoxin-producing ability of
the fungal isolates. Further, yellow pigment (anthraquinones) production on the reverse side of
colonies is used for the rapid identification of aflatoxigenic strains of A. flavus, as the yellow pigment
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was associated with the aflatoxin biosynthetic pathway (Shier et al., 2005). The ammonium hydroxide
vapour test can also be employed to detect the aflatoxin-producing ability of A. flavus isolates based
on the intensity of colour changing from yellow to red (Saito and Machida, 1999). These culture-based
processes can be easily performed as these are visualization-based detection approaches, but very
labour-intensive, time-consuming, and less accurate; sometimes yield false-positive or false-negative
results.

1. Molecular techniques

Different molecular approaches, viz., Polymerase chain reaction (PCR), loop-mediated
isothermal amplification (LAMP), and other DNA-based techniques can be used to detect genes
involved in aflatoxin production in mould samples. These methods can provide rapid screening for
aflatoxin-producing moulds in food and feed samples. For the conventional PCR and multiplex PCR-
based detection, different housekeeping genes coding for ribosomal RNA and or genes, viz., afIM,
aflP, afIR, and aflOinvolved in the aflatoxins biosynthesis (Adetunji et al., 2019) can be amplified to
detect the contamination of Aspergillus flavus in food grains (Reddy et al., 2009; Mangal et al., 2016);
whereas for the quantitative estimation using real-time PCR (qPCR) the Aspergillus norsolorinic acid
reductase gene (NOR1) can be selected (Sardifias et al., 2011; Kumsiri and Kanchanaphum, 2020).
Similarly, LAMP-based strategy was developed to amplify the Norsolorinic Acid gene (norl) to
distinguish aflatoxigenic and non-aflatoxigenic fungal strains in rice grain (Douksouna et al., 2020).
Further, a norl gene-specific single LAMP assay was developed for rapid and sensitive detection of
several aflatoxin-producing species within Aspergillus section Flavi in food raw materials, spices, and
dried fruit (Niessen et al., 2018). For the rapid evaluation of mycotoxin synthesis by fungi, PCR-based
methods are generally used because of their simplicity, speed, cost-effectiveness, and reliability.

m. Chromatography and spectroscopy

Spectrophotometry and chromatography are two efficient techniques that are widely used for
aflatoxin detection in food and agricultural items because of their sensitivity and accuracy.
Chromatography uses features like size, charge, and polarity to distinguish aflatoxin molecules from
other chemicals in a sample (Abbas, 2022), while spectroscopy uses electromagnetic spectra to
identify individual atoms and molecules (Dadi and Yasir, 2022).

Chromatography techniques

Thin-Layer Chromatography (TLC): A chromatographic technique called TLC can be used to
identify, isolate, and assess the purity of aflatoxin (Wacoo et al., 2014). The components are then
separated based on how effectively they bind to the stationary phase after the sample is spotted onto
a thin film of adsorbent material. Mycotoxins were easily separated by TLC using a range of solvents
(Odhav and Naicker, 2002), such as acetic acid, acetone, acetonitrile, chloroform, ether peroxide free,
ethyl alcohol, hexane, isopropanol, toluene, etc.

High-Performance Liquid Chromatography(HPLC): Aflatoxin can be precisely quantified using
HPLC, a technology that is frequently used (Yazdanpanah et al., 2013). In HPLC methods, you can
alter the elution mixes and gradients, detectors, and column types (normal or reverse phase, different
packing, particle size, etc.) (Kizis et al., 2021). Most HPLC processes use an acidic mobile phase, such
as C18 columns, acetonitrile, methanol, water, or mixtures of these that have been acidified with
phosphoric or acetic acid, and are performed in reversed-phase (Afsah-Hejri et al.,, 2011). When
components of a sample are arranged based on their affinities for a stationary phase and a mobile
phase, aflatoxin separation takes place.

Gas Chromatography (GC): GC distinguishes volatile compounds because their retention times
vary. Mycotoxin detection in food products can also be achieved through mycotoxin conversion into
volatile compounds. GC is not frequently employed for mycotoxin analysis since most mycotoxin
components are extremely polar and non-volatile. Detectors for electron capture (ECD), flame
ionization (FID), or mass spectrometry (MS) are frequently used with gas chromatography (GC) to
identify volatile mycotoxins, including patulin and trichothecenes (Yang et al.,, 2020). Aflatoxin
analysis can also be done using GC-MS, or gas chromatography coupled with mass spectrometry
(Janik et al., 2021) and MS locates and categorizes the chemicals based on their mass-to-charge ratios.
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Spectroscopy Techniques

Spectroscopy is a useful tool for studying the interaction between matter and electromagnetic
radiation. Its basic concepts are derived from the properties of matter and light. Spectroscopy studies
a wide range of electromagnetic spectrum wavelengths, from radio waves to gamma rays. Different
parts of this spectrum are the focus of different spectroscopic techniques. When matter interacts with
electromagnetic radiation, it can either emit or absorb photons. Absorption spectroscopy measures
the light that a sample absorbs, as opposed to emission spectroscopy, which measures the light that
a material emits. This technique quantifies aflatoxins, which are toxic metabolites produced by certain
moulds, primarily A. flavus and A. parasiticus.

Mass spectrometry: Mass spectrometry (MS) techniques, offer high sensitivity and selectivity for
aflatoxin detection. These methods can identify and quantify aflatoxins in complex samples with high
accuracy (Ahuja et al., 2023). The process typically involves several steps:

(1) Sample preparation through solvent extraction, solid-phase extraction (SPE), and QuEChERS
(Quick, Easy, Cheap, Effective, Rugged, and Safe) can be used depending on the sample type and the
desired sensitivity.

(2) Chromatographic separation of aflatoxins from other components present in the sample
using High-performance liquid chromatography (HPLC), ultra-high-performance liquid
chromatography (UHPLC) or liquid chromatography-mass spectrometry (LC-MS).

(3) Ionization of aflatoxins to generate charged species via electrospray ionization (ESI) and
atmospheric pressure chemical ionization (APCI).

(4) Mass analysis of the ionized aflatoxin molecules in the mass spectrometer, where they are
separated based on their mass-to-charge ratio (m/z). The mass spectrometer detects these ions and
generates mass spectra, which provide information about the molecular weight and fragmentation
pattern of the aflatoxins.

(5) Analysis of acquired mass spectra using specialized software to compare the observed mass
spectra with reference spectra of known aflatoxin standards and identify and quantify the aflatoxins
present in the sample.

Mass spectrometry offers several advantages for aflatoxin detection, including high sensitivity,
selectivity, and the ability to analyze multiple aflatoxin types simultaneously (Liu et al., 2024).
Additionally, mass spectrometry can be coupled with various chromatographic techniques to
enhance separation and detection capabilities, making it a versatile tool for food safety testing and
regulatory compliance.

Nuclear magnetic resonance (NMR) spectroscopy: Nuclear Magnetic Resonance (NMR)
spectroscopy is another analytical technique used in the detection and characterization of aflatoxins,
complementing mass spectrometry approaches (Kluczkovski et al., 2022). While mass spectrometry
relies on the mass-to-charge ratio of ions, NMR spectroscopy exploits the magnetic properties of
certain atomic nuclei, such as hydrogen (*1H) and carbon-13 (*13C), to provide information about
the molecular structure of compounds. NMR spectroscopy can be used to detect aflatoxins based on
their characteristic chemical shifts in the NMR spectrum. This method provides structural
information about aflatoxin molecules, aiding in their identification. In aflatoxin analysis, NMR
spectroscopy can be employed in several ways:

Structural Identification: NMR spectroscopy can provide detailed structural information about
aflatoxins, including the connectivity of atoms within the molecule, the types of functional groups
present, and the configuration of stereocenters (Xu et al., 2023). By comparing the NMR spectra of
unknown samples with reference spectra of known aflatoxins, analysts can confirm the presence of
aflatoxins and determine their chemical structure.

Metabolite Profiling: NMR spectroscopy is valuable for studying the metabolic fate of aflatoxins
in biological systems. By analyzing the NMR spectra of biological samples, researchers can identify
and quantify aflatoxin metabolites formed during detoxification or biotransformation processes in
organisms (Ogunade et al., 2018).

Quality Control: NMR spectroscopy can be used for quality control purposes in food safety
testing and regulatory compliance. By establishing NMR-based methods for aflatoxin analysis,
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laboratories can ensure the accuracy, reliability, and reproducibility of their analytical results
(Sobolev et al., 2022).

NMR spectroscopy offers several advantages for aflatoxin analysis, including non-destructive
analysis, high structural specificity, and the ability to analyze complex mixtures without the need for
extensive sample preparation. However, NMR spectroscopy generally has lower sensitivity
compared to mass spectrometry, which may limit its utility for trace-level detection of aflatoxins in
highly contaminated samples. Nonetheless, when combined with other analytical techniques, such
as mass spectrometry and chromatography, NMR spectroscopy can provide comprehensive
information about aflatoxin contamination in food and feed samples.

Fluorescence Spectroscopy: Aflatoxins exhibit natural fluorescence under certain conditions.
Fluorescence spectroscopy can exploit this property for detection. Aflatoxins can be excited by a
specific wavelength of light, and the emitted fluorescence can be measured to quantify their presence
(Bartoli¢ et al., 2022).

The process typically involves several steps:

1. Sample preparation for the extraction of aflatoxins from the sample matrix and purifying the
extract to remove any interfering substances that could affect the fluorescence signal.

2. Excitation of aflatoxin at the specific wavelength of light to excite the molecules in the sample
and to move to higher energy states.

3. Emission of light (fluorescence signal) from the aflatoxin at a longer wavelength.

4. Detection of the emitted fluorescence signal and its intensity and wavelength.

5. Quantitative measurement of the concentration of aflatoxins in the sample based on the
intensity of the fluorescence signal using calibration curves.

Fluorescence spectroscopy is rapid, highly sensitive and specific, allowing for the detection of
aflatoxins even at very low concentrations (Chen et al., 2021). Additionally, it can distinguish between
different types of aflatoxins, providing valuable information for food safety and quality control.

Infrared Spectroscopy (IR): IR spectroscopy is another analytical technique that can be utilized
for aflatoxin detection (Freitag et al., 2022). IR spectroscopy involves the interaction of infrared
radiation with molecules. When infrared light is passed through a sample, certain wavelengths of the
light are absorbed by the sample's molecules, causing them to vibrate. Different functional groups
within molecules absorb infrared radiation at characteristic frequencies, leading to the generation of
an infrared spectrum. Aflatoxins have specific functional groups, such as carbonyl, alkene, and
aromatic groups that can be detected using IR spectroscopy (Tao et al., 2019). By analyzing the
infrared spectrum of a sample containing aflatoxins, characteristic peaks corresponding to these
functional groups can be identified. It involves the following steps: (1) Preparation of a solid
homogeneous sample as a thin film or mixing the sample with a suitable matrix to avoid interfering
substances, (2) Detection of specific peaks of aflatoxin samples in the infrared spectrum (3)
Quantification of aflatoxins by correlating the intensity of infrared absorption peaks with the
calibration curves (Wang et al., 2015). IR spectroscopy offers a label-free and non-destructive method
for aflatoxin detection, based on the characteristic absorption of infrared radiation by functional
groups within the aflatoxin molecules. While it may not be as sensitive as fluorescence spectroscopy,
it can still be a valuable tool for aflatoxin analysis, particularly in research and laboratory settings
(Yao et al,, 2022). These techniques can be used individually or in combination to achieve better
sensitivity and selectivity in aflatoxin detection. They are essential tools in ensuring food safety and
regulatory compliance in the agricultural and food industries.

n. Immunochemical methods

The specific antigen-antibody reaction-based immunochemical methods are extensively used for
the detection of mycotoxins. One of the most important steps in developing immunoassay techniques
is the production of high-quality antibodies. Because aflatoxins are tiny chemicals that do not elicit
an immune response, they cannot, through any method, directly induce the antibodies production
within the body. Therefore, to create artificial antigens with a high level of immunogenicity, they
must be combined with macromolecular protein carriers. Thus, highly specific antibodies are
required for their employment in different diagnostic systems, viz., enzyme-linked immunosorbent
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assay (ELISA), lateral flow immunoassay (LFA), etc which are frequently employed to quickly detect
aflatoxins in food samples (Kuntalee et al., 2021). These qualitative or semi-quantitative tests rely on
specific antibodies that bind to aflatoxin molecules, producing a detectable signal. In ELISAs, samples
are immobilised in microtiter plates and the presence of aflatoxins is detected based on the specificity
and sensitivity of the antibody. To identify mycotoxins, different ELISA formats are utilized; among
these, traditional competitive and competitive inhibition formats work better for identifying low
molecular weight compounds, such as mycotoxins with restricted epitope site display (Xu et al., 2018;
Han et al., 2019).ELISA offers several advantages for mycotoxin detection, including high sensitivity,
specificity, and the ability to analyze multiple samples simultaneously (Oplatowska-Stachowiak et
al., 2016). However, ELISA requires specialized equipment (e.g., microplate reader) reagents and
skill, along with a time-consuming assay procedure; but onsite rapid monitoring is not possible.
Nonetheless, its accuracy and reliability make it a valuable tool for mycotoxin analysis in food safety
laboratories and quality control processes.

For rapid and on-site detection of mycotoxins, lateral flow immunoassays (LFAs) can be
employed. LFAs operate on the principle of immunochromatography using specific labelled
antibodies to capture target analytes (mycotoxins) present in the sample and to produce signals
(Tripathi, et al.,, 2017). It offers several advantages like rapid results (typically within minutes),
simplicity of operation, portability, and cost-effectiveness (Li et al., 2019; Liu et al., 2020). However,
they may have limitations in terms of sensitivity and specificity compared to laboratory-based
methods like ELISA (Enzyme-Linked Immunosorbent Assay). Nonetheless, LFAs are valuable tools,
especially for preliminary screening and field testing of the contaminants in food and feed.

To avoid the shortcomings of ‘onsite’ detection, immunosensors are now in use (Moon et al,
2018). These are analytical devices that combine the specificity of immunoassays with the sensitivity
of modern sensor technologies to detect and quantify target analytes, such as aflatoxins.
Immunosensors offer several advantages for aflatoxin detection, including high sensitivity,
specificity, rapid analysis times, and potential for miniaturization and portability (Kinnamon et al.,
2022; Viola et al, 2024). They are suitable for on-site and real-time monitoring of aflatoxin
contamination in food and feed samples (Janik-Karpinska et al., 2022). Additionally, immunosensors
can be integrated into automated systems for high-throughput analysis (Kinnamon et al., 2022).
However, challenges such as stability, reproducibility, and interference from matrix components
need to be addressed for widespread adoption in practical applications.

o. Nanotechnological interventions

Nanotechnology offers innovative solutions for the detection of aflatoxins, toxic compounds
produced by certain moulds that can contaminate food products (Mohammad et al., 2022). To detect
aflatoxin, nanotechnology has produced a wide variety of nanoparticles/materials, including AuNPs,
CBNs, MNPs, QDs, and UCNPs, as well as their mixtures (Xue et al., 2019). Functional nanomaterials
and conventional detection techniques can be combined to create innovative detection strategies with
increased sensitivity, high throughput, and quick detection times. These strategies have garnered a
lot of interest in the detection of aflatoxin (Yan et al., 2020). The development of sensitive alternative
techniques for the quick identification of mycotoxins would be nanobiosensors. The focus of this
study is on the use of nanomaterials in the creation of nanobiosensors and their use in the
identification of mycotoxins in food and feed. In order to weave nanobiosensors for aflatoxin
detection, scientists have inventoried nano-scale materials (Hu et al., 2023) such as carbon nanotubes,
nanowires, nanoparticles, quantum dots, nanorods, and nanofibers.

Colourimetric Assays: Gold and nano nanoparticles are used as probes in colourimetric assays
where the presence of aflatoxins causes a colour change visible to the naked eye. These assays are
simple and do not require sophisticated instruments (Majdinasab et al., 2020).

Fluorescent Probes: Quantum dot-based fluorescent probes can detect aflatoxins with high
sensitivity. The fluorescence intensity changes in the presence of aflatoxins, providing a quantitative
measurement (Liao et al., 2023).

Electrochemical Sensors: Carbon nanotube-based electrochemical sensors detect aflatoxins by
measuring changes in electrical conductivity when aflatoxins bind to the nanotubes (Le et al., 2020).
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Nanoparticle-based biosensors: These are analytical devices that combine a biological
recognition element (such as antibodies or enzymes) with a transducer to detect target molecules,
including aflatoxins, in real time (Wang et al., 2016). Biosensors offer advantages such as portability,
rapid analysis, and low sample volume requirements.

7. Postharvest Management of Aflatoxins

Postharvest peanut seed storage is a critical aspect of ensuring grain quality and preventing
aflatoxin contamination. Proper storage conditions, including clean and dry environments with low
kernel moisture content and protection from insect infestation, are recommended to minimize the
risk of moulding and aflatoxin accumulation (Mutiga et al., 2015. Additionally, early detection of
grain and mould respiration can help anticipate and prevent mycotoxigenic fungi spoilage.
Furthermore, the use of drying systems and equipment, such as solar energy-based systems, can
contribute to maintaining grain quality and reducing the growth of mycotoxigenic fungi. Proper
storage practices, including the use of protectants and monitoring of temperature and relative
humidity, can significantly impact mycotoxin incidences in stored peanuts and other grains (Lavkor
and Var, 2017). In addition to these preventive measures, the use of hermetic storage technologies
has shown promise in inhibiting mould development and preventing significant increases in
aflatoxin levels (Villers, 2014).

Although the prevention of pre-harvest infection in peanuts is the best control strategy, aflatoxin
also accumulates during harvesting and postharvest processing. Pre-harvest peanut seeds contain
mycelia and spores of aflatoxigenic fungi, which can result in a significant decrease in grain quality
when they are stored. If the storage conditions are not good, these seeds may cause serious damage
and aflatoxin accumulation at higher than internationallyaccepted levels. Waliyar et al. (2008)
reported that in West Africa aflatoxin accumulates, especially in susceptible cultivars, when pod
removal from lifted plants is delayed. According to them the toxin content in peanut kernels
increased from 4 ng/g when tested immediately after lifting the plants to 6.8 ng/g two weeks after
cropharvesting in resistant cultivars 55-437 and J11. In the susceptible cultivars JL24 and Fleur 11,
aflatoxin levels were 105 ng/g immediately after harvesting and 270 ng/g two weeks after harvesting.
Farmers conventionally dry harvested plants in heaps, which increases humidity due to poor
ventilation and favours fungal proliferation and toxin accumulation. These problems create
conditions conducive to the accumulation of aflatoxin even in products that were uncontaminated
when harvested.To lessen these problems, postharvest recommendations include the removal of
pods soon after harvesting of plants. Replacing farmers’ conventional practice of drying in heaps
with a “batch” drying process (where pods are kept facing the sun for rapid drying and easing good
aeration) gradually reduces aflatoxin buildup.

i Segregation of contaminated seeds: Kaaya and Warren (2005) demonstrated that uprooting
groundnuts with hand hoes causes significant damage to the shells and kernels, making them
susceptible to fungal infection during storage. Products contaminated with visible moulds,
such as Aspergillus flavus or Aspergillus parasiticus, must be stored separately and not consumed.
Sorting of kernels should be the initial step in postharvest management for small, shrivelled
seeds (Davidson et al., 1982a), mouldy, discoloured seeds (Turner et al., 2005), and damaged
seeds (Hamid, 1997), which account for around 80% of aflatoxin contamination (Afolabi et al.
2006). Following lot segregation, off-coloured, infected kernels are screened out by manual
sorting, seed size and density separation, or electronic colour sorting. Floating and density
segregation also reduce aflatoxins in storage units; kernels that are floating in water contain
95% of aflatoxins (Phillips et al., 1994). Electronic colour sorting has been reported to reduce
70% aflatoxin content in commercial shelling plants (Cole et al., 1995; Dorner, 2008), but this
method has an inherent disadvantage because all the altered kernels are not contaminated, so
this technology is never 100% effective in aflatoxin removal (Waliyar et al., 2008). The best
method to effectively reduce aflatoxin contamination is blanching followed by photoelectric
colour sorting and hand-picking (Dorner, 2008), but this comes with increased cost, weight loss
during blanching, and the loss of kernels by sorting (Dorner and Lamb, 2006). Aflatoxin-
contaminated product inspection may now be done on a broad scale thanks to advancements


https://doi.org/10.20944/preprints202405.1618.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 May 2024 doi:10.20944/preprints202405.1618.v1

25

in sorting methods, such as infrared and UV sorting combined with color-detection technology
(Womack et al., 2014).

The first step of correct postharvest management is lot segregation, which means that lots with
visible moulds, confirming the presence of A. flavus or A. parasiticus, or with aflatoxin contamination
above the legal limit must be stored separately and not used for edible purposes. When aflatoxin
contamination occurs, there are usually only a few highly contaminated seeds irregularly distributed
in the peanut lots while most of the harvested seeds are free of contamination. Kernels that differ
substantially in colour (i.e., are darker, lighter or moulded) from the standard for the particular
cultivar or cultivars being examined, should be discarded. Applicable methods include manual
sorting, seed size and density separation, or electronic colour sorting. The most effective technique
for managing aflatoxin contamination in commercial shelling plants is electronic colour sorting
(Dorner, 2008), reported to produce a 70% reduction for aflatoxin, reported to produce a 70%
reduction for aflatoxin (Cole et al., 1995). This approach has a disadvantage: the altered kernels are
linked to aflatoxin contamination, but they are not necessarily contaminated. This means that yield
losses due to different sorting approaches are not always justified by aflatoxin reduction (Waliyaret
al., 2008). In recent years, continued advances in electronic colour sorting technology have improved
sorter efficiency; however, not all aflatoxin-contaminated kernels are discoloured, so this technology
is never 100% effective in aflatoxin removal. Finally, to reduce effectively the aflatoxin concentration
in shelled peanut lots the best method is blanching followed by photoelectric color sorting and hand-
picking (Dorner, 2008). The major disadvantage to this form of aflatoxin reduction is the cost,
including direct charges, weight loss during blanching, and the loss of kernels by sorting (Dorner and
Lamb, 2006).

ii. Moisture management in harvested seeds: Heathcote and Hibbert (1978) found that excessive
grain moisture enhances postharvest moulding and aflatoxin contamination. Proper grain
drying after harvest to <7% moisture levels is optimum to limit fungus growth, particularly
aflatoxigenic strains (Dick, 1987). Moisture content, sanitary conditions and temperature in the
environment are the key parameters for aflatoxin contamination in both storage and transit
(Abramson, 1998). It is also well known that stockpiling peanuts can lead to heat buildup and
moisture accumulation, resulting in mould growth and aflatoxin contamination. The relative
humidity and moisture content are mainly associated with aflatoxin production; at relative
humidity levels above 82% and moisture contents of 10% or higher, aflatoxin is produced in
elevated amounts. (Diener and Davis, 1970). On the other hand, peanuts can be stored for
almost a year at a temperature of 25 to 27 °C and a relative humidity of 70% (Odogola, 1994;
Waliyar et al., 2008). It is safe to use these moisture levels on both shelled and unshelled
groundnuts. When storing unshelled groundnuts, the maximum moisture content is 9%,
which is higher than when storing shelled groundnuts (7%). After harvest, inverted
windrowing increased air circulation, which sped up the drying of the pods and kernels while
reducing the growth of mould and aflatoxin contamination. Similar results were obtained after
4 to 6 days of field drying the pods. Both strategies are financially effective for managing
aflatoxin contamination (A’Brook, 1963; Devi and Hall, 2000).

According to the guide of Codex, to prevent an increase in aflatoxin contamination occurring
during storage and transportation, it is important to control the moisture content, the temperature in
the environment, and the hygienic conditions. Postharvest aflatoxin contamination is most
attributable to improper storage of the pods and seeds. It is well established that mould invasion is
facilitated because of increased moisture levels of stored commodities (Abramson, 1998).
Inappropriate kernel moisture during storage can proceed from leaky roofs, condensation because of
improper ventilation in the warehouse, high-moisture foreign material associated with stored
peanuts, and high-moisture peanuts initially going into storage (Davidson et al., 1982). The minimum
moisture content for A. flavus growth on peanut is 8-10% at around 82% relative humidity, and
aflatoxin production is generally correlated with kernel moisture contents of 10% or higher (Diener
and Davis, 1970). It is well known also that stockpilingpeanuts can cause heat build-up and moisture
accumulation, resulting in mould growth and aflatoxin contamination. Other studies reported that
the maximum moisture content for storage of groundnuts (unshelled) is 9% while that for shelled
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peanut is 7%. At these moisture contents, if the environment's relative humidity is maintained at 70%

and temperature at 25-27 °C, safe storage of nuts is guaranteed for approximately one year (Waliyaret

al., 2008).

1ii. Cleaning and disinfecting of storage house and handling equipment: All handling equipment
and the warehouse system as a whole need to be thoroughly cleaned using compressed air
and water. The groundnut must be completely cleaned of all dust, dirt, and residue before the
farmer's stock may enter the shelling mechanism, because this sanitation results in reduced
aflatoxin levels in kernels (Hell et al., 2000). According to Rahmianna et al. (2007), storing dry
pods in airy, dry, and clean rooms can help decrease aflatoxin accumulation. Loose-shelled
kernels, high-moisture components, and dirt should be removed with extra care during
cleaning since these materials will probably increase the danger of insect damage and mould
contamination, which could result in the development of aflatoxin during storage. Regular
inspections are crucial to prevent the growth of mould. If Aspergillus growth is visible right
away, corrective action must be taken. The mold-affected kernels must be removed for
consumption. Paramawati et al. (2006) showed postharvest machines such as threshers,
dryers, and shellers improve yield and reduce processing and drying time. As a result, they
are often linked to lower aflatoxin contamination in groundnuts.

During the postharvest stage, thorough drying, prompt storage and transport using clean, dry
containers are the basic elements of aflatoxin prevention and control. Timely harvest is also critical
for aflatoxin prevention. Clean, dry, insect and rodent-free storage conditions are critical to prevent
aflatoxin growth as noted by the USAID desk review. Making storage options inexpensive and
accessible is of paramount importance for consistent, long-term utilization. The USAID synthesis
outlines broadly the various pre-harvest and postharvest methods (USAID and Danya International,
2012). A study on low-technology postharvest handling options for groundnut in an aflatoxin-
pronearea in Guinea was successfully achieved. The package of interventions investigated included:
hand sorting, storage in jute bags, education on improved sun drying, wooden pallets for drying,
locally-made natural fibre mats and insecticides.

iv. Modification of air-gas composition: Hell and Mutegi (2011) showed that smoking pods and
kernels during storage reduces moisture content and prevents mould infestation. As most
Aspergillus species are obligate aerobes, mould growth and aflatoxin production can be
controlled by modifying atmospheric gases such as carbon dioxide, nitrogen, and sulphur
dioxide in storage godowns and transportation (Kabak et al., 2006). Heathcote and Hibbert
(1978) found that increasing the concentration of CO: in storage godowns resulted in
significant reductions in aflatoxin production. Chemical fumigants such as ethylene oxide and
methyl bromide have been shown to effectively reduce toxic mould and aflatoxin production,
but due to health concerns and non-target effects, these fumigants are slowly phased out of
agriculture (Bankole et al., 1996).

Since mycotoxin-producing moulds are obligate aerobes, it seems likely that mycotoxin
production could be prevented or at least reduced by modification of atmospheric gasses in storage
silos; such as by using carbon dioxide, nitrogen, carbon monoxide, and sulfur dioxide (Kabak et al.,
2006).Torlaket al. (2016)suggested that significant (P < 0.05) reductions in the AFBI1 level and
microbial population can be achieved in poultry feed by ozonation with an acceptable change in lipid
oxidation.According to Shi et al.(2017), ozone applications have demonstrated great potential for the
detoxification of aflatoxins in some foods.It was found that ClO:z gas could inhibit mycelium growth,
spore germination, and AFBi-producing ability of Aspergillus flavus.

v. Application of biocontrol agents:The most effective strategy for managing aflatoxin in the field
and storage is to use naturally occurring atoxigenic strains through competitive exclusion.
Dorner and Cole (2002) demonstrated that field application of non-aflatoxin-forming
biocontrol strains of A. flavus had long-term field protection with a carryover effect in reducing
mould growth of Aspergillus and aflatoxin contamination in storage. The study results of Kong
Q et al. (2010) showed that the antagonist of marine Bacillus megaterium had a significant effect
on biocontrol effectiveness in vivo, significantly reducing the biosynthesis of aflatoxins and
the expression of the afIR gene and aflS gene. Aflasafe™ (www.aflasafe.com) is an indigenous
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aflatoxin biocontrol product that uses nontoxigenic strains of A. flavus to out-compete
aflatoxin-producing strains in the field (Atehnkeng et al.,, 2008). According to Grace et al.
(2015), Aflasafe™ effectively reduced aflatoxin contamination in maize and groundnut by 80-
99% across various stages of crop growth and the value chain in several African countries. The
authors reported case studies on aflatoxins and investigated the aflatoxin standards for feed
(Grace et al., 2015, 2015a).

Using non-aflatoxigenic strains of A. flavus (AF-) as biocontrol agents is the most promising
method to control AFs’ contamination in cereal crops. AF- strains cannot produce AFs due to the
absence of polyketide synthase genes or genetic mutation. AF- strains competitively exclude the AF*
strains in the field, giving an extra advantage to the stored grains. Several microbiological, molecular,
and field-based approaches have been used to select a suitable biocontrol agent. The effectiveness of
biocontrol agents in controlling AF contamination could reach up to 99.3% (Khan et al., 2021). Dorner
(2009, 2009a) working on biological control strategy of aflatoxin contamination reported a reduction
of AFs concentrations between 74.3% and 99.8% in peanut crops when they applied the AF- strains
with non-aflatoxigenic strains of A. parasiticus. Peanuts produce fruiting bodies below the soil and
hence increase the chances of biological control of AFs.Kong et al. (2010) examined the potential
antifungal activity of B. megaterium against the growth of A. flavus in groundnut kernels in vitro and
in vivo. However, it has been found that biological control of AFs using AF- strains is more
productive compared to bacterial strains (Khan et al., 2021).

vi. Detoxification of peanuts: Despite improved handling, processing, and storage, aflatoxin
contamination is still a major problem in the groundnut industry. Though a lot of physical
methods such as cooking, roasting, frying, spray drying, and baking can effectively deactivate
aflatoxins, new methods of detoxifying contaminated products are required to mitigate
economic and health consequences while also adding value to the groundnut industry. Proctor
et al. (2004) studiedthe effectiveness of ozonation and mild heat in breaking down aflatoxins
in peanut kernels and flour and showed that ozonation efficiency increased with higher
temperatures and longer treatment times. Regardless of treatment combinations, aflatoxins B1
(reduced in groundnuts by 77% with 10 min of ozonation at 75 °C) and G1 had the highest
degradation rates, with a more efficient degradation achieved in peanut kernels than in flour.
The temperature effect decreased as the exposure time increased, implying that ozonation at
room temperature for 10-15 minutes could yield degradation levels comparable to those
achieved at higher temperatures with a shorter exposure time while being more economical.
The aflatoxin contamination can be reduced to a great extent when the produce is exposed to
ammonia at a high temperature and pressure (Gomaaet al., 1997). Sodium chloride (Scott,
1984), sodium bisulphite (Doyle and Marth, 1978), and potassium bisulphite (Doyle et al., 1982)
are also reported as chemical detoxifiers.

H20: treatment fulfils the requirement of environmentally friendly and safety concerns since it
can be easily removed or decomposed into water and oxygen. Even though the high efficiency in
detoxifying aflatoxins (AF) in foods by H20: was reported by some studies, the information to utilize
this reagent for practical application is very limited (Shen and Singh, 2022). They reported that
immersing peanuts in 30 g/hg H202 at 50 °C for 24 h successfully reduced the AF from about 2.8 ug/g
to less than 100 ng/g in severely contaminated peanuts.Liu et al. (2018)reported that electron beam
irradiation (EBI) treatment EBI treatment is a potentially applicable method to effectively and safely
degrade the AFB1 in the peanut meal.

vii. Chemical control: Spraying chemicals onto freshly harvested groundnut pods in the field
reduces A. flavus invasion and aflatoxin contamination in kernels during storage (Bell and
Doupnik Junior, 1972). Spraying natural antifungals and chemical preservatives can prevent
postharvest aflatoxin contamination in groundnuts (Haciseferogullaryet al., 2005;
Onyeagbaet al., 2004). The US Food and Drug Administration (FDA) allowed the use of
formulations containing antioxidants such as butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), and propylparaben (PP) for the effective control of moulds such as
Aspergillus flavus in natural and inoculated stored peanuts by preventing the oxidation of
groundnut and delaying their oxidative rancidity. Passone et al. (2009) showed that when
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stored groundnut was treated with a ternary mixture of food-grade antioxidants, mould
growth was inhibited with no trace of aflatoxin. Aside from that, plant-based phytochemicals
are being developed to manage aflatoxin contamination in response to consumer and food
industry demands (Etcheverry et al., 2011). Natural products based on cinnamon and clove
oil have shown great results in reducing mould growth, as has aflatoxin, but they are very
expensive. However, the alternatives to these, such as methyl eugenol (which is less
expensive), when sprayed in 0.5% concentration, show protection to groundnut pods and
kernels from aflatoxin contamination (Sudhakar et al., 2009).

Several chemicals such as acids, alkalis, oxidizing agents, aldehydes, and several gasses are also
proved to mitigate the aflatoxigenic fungal growth and aflatoxin production when used in
appropriate quantities (Udomkun et al., 2017). In peanut and maize, AFB1 production was also
inhibited by the treatment of sodium chloride (10%), acetic acid (5%), and propionic acid (5%)
(Brozkovaet al. 2015). Even under favourable conditions for the growth of A. flavus, several salts of
propionic acid-like calcium, and sodium propionates were able to reduce the aflatoxin formation in
maize (Hassan et al. 2015). Azole fungicides are also used as a tool to control fungus growth and
aflatoxin production with prochloraz being more effective than tebuconazole (Mateo et al. 2017).

8. Aflatoxin Management and Future Strategies

Widespread occurrence of aflatoxin is reported in groundnut, rice and nuts (pistachios,
hazelnuts, and almonds), spices, and dried figs, with concentrations up to 1000 pg/kg (Shabeer et al.,
2022) necessitating management of aflatoxins imperative for maintaining nutritional security. This is
aggravated due to insufficient knowledge among farmers about aflatoxins and dependency on
laboratory techniques for their detection (Udomkun et al., 2017a). Further, there is a need to educate
all the stakeholders about the role of good agricultural practices (GAPs), good manufacturing
practices (GMPs) and good storage practices (GSPs) in mitigation of mycotoxin contamination.Major
factors affecting colonization and toxin production by A. flavus are temperature, humidity,
environmental stress, injury caused by insects or birds on the host, and post-harvest practices like
improper handling and storage conditions (Amaike and Keller, 2011; Callicott etal., 2018). Due to
adverse climatic conditions and climate change scenarios aflatoxin contamination is being reported
from the countries previously not affected by the problem. Due to the determinantal effects of
aflatoxins on human and animal health, it is necessary to develop strategies for the economical and
sustainable management of these toxins. These strategies include biological, chemical, and physical
management practices (Figure 2).
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Figure 2. Schematic diagram for various methods for aflatoxin management in food commodities.

a. Biological management


https://doi.org/10.20944/preprints202405.1618.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 May 2024 doi:10.20944/preprints202405.1618.v1

29

i Utilizing atoxigenic strains of Aspergillus spp.: This is the most potential method for the
management of aflatoxins and is commercially viable in many countries (Ortega-Beltran
and Bandyopadhyay, 2021). Atoxigenic strains do not produce aflatoxins and compete with
the aflatoxin-producing strains, thereby negatively affecting the multiplication of toxigenic
fungi and reducing aflatoxin accumulation in the target crops/ produce. The atoxigenic
nature of these strains is attributed to deletion in the gene or of genes that are involved in
the aflatoxin biosynthesis pathway or SNP (single nucleotide polymorphism) that initiates
a stop codon in the aflC (pksA) gene that plays a role in the polyketide pathway of aflatoxin
(Atehnkengetal., 2016; Grubishaetal., 2015). Isolate of A. flavus, AF36, is registered with the
US Environmental Protection Agency (USEPA) for the management of aflatoxins in maize
and nuts etc.,, Another biocontrol product—with a different active ingredient registered
with USEPA is Afla-Guard®, for use in maize and groundnut in the US (Ortega-Beltran and
Bandyopadhyay, 2021).

ii. Biological management by other microorganisms is at the experimental stage and no
commercial product is available for the management of aflatoxins. Further, it is reported
that these microorganisms may reduce conidial production along with aflatoxin control.
Antagonistic strains of Pseudomonas, bacillus, and Trichodermaspp. (Mahato etal., 2019,
Shabeer et al., 2022) and yeast (Shabeer et al., 2022) may be applied in preharvest conditions
for reducing infection by Aspergillus spp. and reduction in aflatoxins.

b. Chemical management

Chemicals are used for the treatment of the crop produce for reducing post-harvest
contamination of aflatoxins (Table 4). In addition to these chemicals adsorbents synthetic polymers
including polyvinyl pyrrolidione, cholestyramine, complex polysaccharides etc. are used for
removing aflatoxins from the diet (Shabeer et al., 2022).

Ozone can be produced from UV irradiation, electrical discharge in oxygen and electrolysis of
water and is granted “Generally Recognised as Safe” (GRAS) status for use in food and water.
Aflatoxins are degraded by electrophilic attack on the double-bonded carbons in the furan ring by
ozone resulting in the formation of primary ozonides followed by rearrangement into monozonide
derivatives like aldehydes, ketones and organic acids (Jalili, 2016). The efficiency of ozone in
degrading aflatoxins depends upon exposure time and moisture content of the produce. Also, though
found effective at the laboratory scale, scaling up ozone for aflatoxin management requires further
development of equipment of high capacity for commercial facilities.

Table 4. Chemicals used for Aflatoxin Management (Compiled from Shabeer et al., 2022).

S.No.Chemical Inhibition
Rates (%)
1.  Organic and inorganic acids (citric acid, lactic acid, tartaric acid, propionic acid, 67-92
hydrochloric acid)

2. Sodium bisulfite 28-65

3. Ammonium persulfate 31-51

4. Sodium hydrosulfate 96-100

5. Chloride acid, phosphoric acid, sodium, potassium, calcium hydroxide, sodium 18-51

carbonate, sodium chloride, sodium sulfate

c.  Physical management

i Heat treatment: Aflatoxins are generally stable at high temperatures but inactivation is
reported for a few aflatoxins (Shabeer et al., 2022).
ii. Irradiation: Irradiation can be classified into two forms: ionizing (e.g. X-rays, ultraviolet

rays, gamma rays, and electron beams) and non-ionizing irradiation (e.g. radio waves,
microwaves, infrared waves, and visible light waves). Gamma rays and electron beams are
ionizing radiation employed for aflatoxin degradation. Gamma rays are emitted from
decaying unstable radioactive isotopes and are highly reactive and penetrating. These rays
may cause lipid peroxidation and hence are not suitable for food with high lipid and
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vitamin content. The aflatoxin degradation capacity of gamma rays may range up to 95%
and is dependent on radiation dose, aflatoxin concentration, water content and matrix
composition. Other types of irradiation are electronic beams and UV irradiation. Among
the two, UV irradiation is more preferred method as it is non-thermal food decontamination
technology, and is cost-effective and ecofriendly with no toxic effects and waste generation
(Shabeer et al., 2021; Guo et al., 2020). Other methodologies viz. Pulsed light treatment and
visible light treatment for aflatoxin are also found effective and reviewed recently by (Guo
et al., 2020; Kutasi et al., 2021)

d. Integrated Aflatoxin Management (IAM)

Integrated aflatoxin management includes pre-harvest prevention of aflatoxin production and
post-harvest aflatoxin elimination. This can be achieved through following GAPs i.e. use of resistant
varieties, balanced use of fertilisers, pest management, harvesting at the optimum time and
maintaining optimum temperature and moisture during storage, these practices may reduce the
growth of aflatoxin-producing fungi and aflatoxin contamination in food and feed (Guo etal., 2020).
Further, awareness creation about the aflatoxin contamination may reduce the harmful effects on
animal and human health. Also, the development of sensitive detection assays for aflatoxins in feed
and food followed by treatment procedures will facilitate safer food availability. One such initiative
is the ‘Aflasafe Initiative’ operating in Sub-Saharan Africa (SSA). The initiative is facilitated by the
International Institute of Tropical Agriculture (IITA), along with USDA-ARS, and national and
international institutions in maize, groundnut, sorghum, sesame, millet, and sunflower in SSA
countries (Figure 3). The description of the initiative is summarized by Ortega-Beltran and
Bandyopadhyay (2021), and it is evident that each strategy synergises the complete process of
producing aflatoxin-safe produce in targeted crops.

Biological Control
* Atoxigenic Aspergillus spp.
* Other fungal and bacterial
biocontrol agents

Awareness and
sensitization campaigns

Following GAPs, GMPs
“ih Integrated ’
n in food g and GSPS

Aflatoxin
management

Accurate detection
(testing) of
Aflatoxin in food
commodities

Policies and market
development for Aflatoxin
safe food

Figure 3. Integrated aflatoxin management for synergizing the effects of tailored interventions for
minimizing aflatoxin contamination and deleterious effects (Ortega-Beltran and Bandyopadhyay,
2021).

9. Conclusion

During this phase of One Health, the relationship between human, animal and environmental
health is acknowledged. The Wildlife Conservation Society (WCS) has introduced the term “One
World-One Health,” which when combined with twelve proposals known as the Manhattan
Principles, focuses on developing a more comprehensive strategy for averting epidemic disease and
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pre serving ecosystem integrity.The existence of aflatoxin in food and animal feed has far-reaching
implications for human and animal health, as well as trade-related concerns that lead to substantial
economic losses. It is of utmost importance to enforce stringent regulatory measures to address
aflatoxin contamination and to educate the public about the toxicity of aflatoxins. These measures are
essential in order to protect individuals from the detrimental impacts caused by aflatoxins.
Furthermore, extensive research is needed to develop advanced techniques or kits capable of
detecting trace amounts of aflatoxin in food and food products.

Pre-harvest measures include implementing good agricultural practices (GAPs) to minimize
fungal contamination in the field, while postharvest technologies such as proper drying, storage, and
sorting techniques help prevent further aflatoxin production during storage and processing. Public
awareness campaigns educate stakeholders about the risks of aflatoxin contamination and promote
the adoption of best practices throughout the agricultural and food industries. By addressing each of
these aspects comprehensively, stakeholders can develop holistic strategies to mitigate the social and
economic impacts of fungi and aflatoxins in maize and peanuts, ultimately promoting food security,
economic stability, and public health.

Advanced technology offers powerful tools for the detection of aflatoxins, improving food safety
through enhanced sensitivity, specificity, and rapid response. Different molecular, serological, and
the combination of chromatography-spectroscopy-based tools can detect aflatoxins at very low
concentrations, ensuring food safety. Further, nanotechnology-based tools often provide faster
results compared to traditional methods. Many nanosensors can be integrated into portable devices,
allowing for on-site testing. Some nanotechnology-based methods can be more cost-effective than
conventional laboratory techniques. The ongoing research and development in this field are likely to
yield even more advanced and accessible detection methods in the future.

Postharvest management is a critical step in ensuring food safety and minimizing aflatoxin
contamination (Cheli et al., 2017). By implementing proper storage and handling practices, as well as
employing strategies such as drying, sorting, cleaning, detoxification, and biological and chemical
control, producers can significantly reduce the risk of aflatoxin contamination and protect the health
of consumers (Miller, 2008). Therefore, a comprehensive approach that combines effective
postharvest management practices with government regulations and monitoring is essential in the
fight against aflatoxin contamination. Aflatoxin contamination in food crops and their derived
products has become a serious threat to human and animal lives.Aflatoxin-producingmoulds,
including A. flavus, contaminate these commodities at different stages within the food web.Research
efforts in the prevention and management of aflatoxin contamination in peanuts are much required.
Looking into the seriousness of the matter postharvest practices should be followed by farmers and
food industries to minimize and degrade the aflatoxin content in food crops and their derived
products.

It could be concluded that aflatoxins are toxic compounds produced by certain moulds
(Aspergillus species) that commonly contaminate crops such as maize, peanuts, and tree nuts. The
toxicity and health implications of aflatoxin exposure are significant and multifaceted, encompassing
acute and chronic health effects.The chemistry of aflatoxin toxicity involves bioactivation to reactive
intermediates that damage DNA and proteins, leading to severe health effects, including cancer and
immune suppression. The toxicity and health implications of aflatoxin are profound, affecting both
individual health and broader socio-economic conditions. Managing aflatoxin exposure through
regulatory and agricultural practices is crucial to mitigate these risks.Addressing aflatoxin
contamination requires a comprehensive approach involving regulatory oversight, public health
initiatives, and ongoing research to develop better detection, prevention, and mitigation strategies.
Ensuring food safety and reducing exposure to aflatoxins remain critical to protecting public health,
particularly in vulnerable populations.

Aflatoxins are a serious threat to food and nutritional security globally. The problem is
multifaceted in developing and underdeveloped countries, due to lack of information about aflatoxin
contamination and its deleterious impacts on health. Integrated aflatoxin management is the most
suited strategy currently for aflatoxin management as this will facilitate synergizing individual
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intervention to effective management. Aflatoxin and the related food-borne diseases pose a
significant global health issue. It is imperative to enhance the awareness levels of food producers,
food processors, consumers, and public authorities to effectively minimize Aflatoxin exposure,
especially in developing countries. It is crucial to adapt national and international regulatory policies
to guarantee consumer safety.
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