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Preface

Food and feed contamination by toxigenic fungi accompanied by the production of various
mycotoxins is a serious concern worldwide because it seriously compromises health and the
economy. This is more devastating in Africa due to climate change dynamics, food habits,
poor perception, and the lack of public awareness and educational programs. Mycotoxins
are the most important chronic dietary risk factor, ahead of synthetic contaminants, plant
toxins, and pesticide residues, with aflatoxin B1 being the most potent naturally occurring
carcinogen. As such, their presence in food and feed seriously compromises food and feed
safety; thus, there is a need for their regulation and control.

Aflatoxin contamination of food and feed affects a wide variety of industries, including nu-
trition, agriculture, health, and trade. From a historical viewpoint, one can notice that over
the past decades the interest of research, development cooperation agencies, or international
health bodies to the problem of aflatoxin has received an unequal attention. Resurfacing in
the international news in the 1990s, it faded away to once again reemerge due to increased
attention from research funders and development actors to food safety issues and nutrition.
In 2019 there is a crucial need for high-level discussion on food safety, including aflatoxin
contamination. The Food and Agriculture Organization (FAO), World Health Organization
(WHO), and World Trade Organization (WTO) organized an International Forum on Food
Safety and Trade (23-24 April 2019. Geneva). This conference continued the discussions
from the Addis Conference (12-13 February 2019. Addis Ababa) to address specifically the
trade-related aspects and challenges of food safety.

However, collaboration between different actors is still challenging, not least because of the
complexity of the contamination sources that occur at pre-harvest and post-harvest levels.
Many initiatives and surveys have focused on how bad the situation is in some African coun-
tries and for some value chains. Less attention has been paid to understanding the reasons
why it is so difficult to devise possible solutions that mitigate aflatoxin contamination to scale.

This book offers an opportunity for African scientists to present their current research re-
sults and demonstrates the great diversity of research topics. Section 1 covers the socioeco-
nomic impact of mycotoxins, Section 2 looks into prevention and control of aflatoxins, and
Section 3 discusses aflatoxicosis and control in poultry. The book contributes to the ambi-
tious objectives of MYTOX-SOUTH, which was launched in 2017. This initiative intends to
support the capacity of (mainly) African partners in their research on mycotoxin contamina-
tion and how it affects not only food safety but also food security. The well-structured mul-
tidisciplinary partnership of MYTOX-SOUTH deals with all known aspects of mycotoxins
and toxigenic mold issues. The final goal is to contribute to formulating adequate strategies
and solutions for different stakeholders who are affected by mycotoxin contamination.
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Preface

It is hoped that the information contained in this book will be valuable to all and serve as an
aid to students, researchers, and professionals involved in the field of mycotoxicology, as
well as policy makers and regulatory bodies. Reports that try to model and forecast the im-
pact of climate change on the African continent predict that many African regions will un-
dergo periods of drought. For instance, East Africa will experience a hotter but also a more
humid climate. This will exacerbate the situation in Africa, where the occurrence of aflatoxin
is already more persistent than anywhere else across the globe.

Hence it is important to give more visibility to recent research on mycotoxins from an Afri-
can perspective. The book is also an answer to the 2018 recommendations of the Joint
FAO/WHO Expert Committee on Food Additives (JECFA). JEFCA recommended that ef-
forts to reduce aflatoxin exposure using valid intervention strategies continue, including the
development of effective, sustainable, and universally applicable pre-harvest prevention
strategies. Rice, wheat, and sorghum need to be considered in future risk management activ-
ities for aflatoxins. JEFCA recommended further research and efforts to alleviate stunting,
taking aflatoxin exposure into consideration as a possible contributing factor. It recommend-
ed that if additional epidemiological studies are conducted, they should be prospective
studies that are performed in high-exposure areas (e.g., in Africa). It advises on the develop-
ment of surveillance programs for regions for which little information on the occurrence of
aflatoxins currently exists, carefully considering the impact of these programs on food secur-
ity. I would like to sincerely thank my colleague Mr. Francois Stepman for his valuable con-
tribution as co-editor and also Prof. Gabriel Adegoke of the University of Ibadan, Prof.
Hussaini Makun of the Federal University of Technology Minna, Nigeria, and lastly Dr. Fru
Felix of the University of Johannesburg for reviewing some of the chapters published herein.
Finally, my profound gratitude goes to all authors who contributed to the book.

Patrick Berka Njobeh

Department of Biotechnology and Food Technology
Faculty of Science

University of Johannesburg, South Africa

Francois Stepman
The European Alliance on Agricultural Knowledge for Development/KEYSTEP bvba
Paris, France
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The Socio-Economic Impact of Mycotoxin
Contamination in Africa
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Abstract

The proliferated contamination of agricultural commodities by mycotoxins and their
attendant toxic effects on humans and animals which consume such commodities con-
stitutes a major concern to food safety and security. These highly toxic food contami-
nants are produced by various filamentous fungi species that are ubiquitous in nature,
however, favourable climatic conditions in the tropics favour their proliferation in these
regions. Africa, by virtue of its location along the equator makes it highly accommodative
to proliferation of mycotoxigenic fungi species, as such, it is the most affected of all the
continents. Other factors such as poverty, and climate change further complicates the
mycotoxin situation on the continent. Economic impact due to mycotoxin contamination
in Africa is thus alarming. The effects of mycotoxins can in fact be felt in the overall health
of humans and animals, sustainable development, food security and safety, damage to
the African agricultural export brand, negatively impacting Africa’s self-sustainability
and increased dependence on foreign aid, not excluding high cost of research, mitigation
and regulation of the prevalence of these toxins in African countries. This book chapter
presents an exhaustive appraisal of the socio-economic impact of mycotoxins on Africa.
Our observations herein are expected to stimulate policy makers, as well as, all stakehold-
ers along the food supply chain to identify critical areas of collaboration and strengthen
alliances in order to ameliorate the effects of these toxicants on the continent of Africa,
and the world at large.

Keywords: mycotoxins, socio-economic impact, Africa, fungi, immunosuppression,
hepatotoxic, socio-economic impact, health impact
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1. Introduction

Globally, the consumption of contaminated foods accentuates a clear food security threat,
and the central elements leading to contamination are microorganisms, specifically, fungi,
which produce low-molecular weight toxic secondary metabolites known as mycotoxins.
About 25% of the global food and feed output is contaminated by mycotoxins, which
negatively affects human and animal health, productivity, livelihood, household security,
income and causes significant economic losses [1]. Very often, contamination of agricul-
tural commodities by mycotoxins results from a cumulative process, which begins from
pre-harvest through post-harvest stage and continues throughout the entire food produc-
tion chain [2]. Some factors that drive mycotoxin contamination along the African food and
feed chain are the mid and hot tropical climates that are favourable growth conditions for
fungi, food shortages, ignorance of the cause and implications of mycotoxins, food dump-
ing and adulteration of foods with mouldy agricultural products as well as inadequate
regulatory mechanisms [3, 4].

A recent investigation on the mycotoxin issue across the entire continent of Africa led
by Professor Sheila Okoth of the University of Nairobi (Kenya) and commissioned by
the Technical Centre for Agricultural and Rural Cooperation (CTA) in conjunction with
Partnership for Aflatoxin Control in Africa (PACA), confirmed and re-affirmed the
seriousness of the mycotoxin issue [5, 6]. Economic losses arising from mycotoxicosis
in Africa are alarming; losses incurred by developed nations are usually trade-related,
whereas Africa tends to incur both economic losses and additional costs related to health
challenges. This immense socio-economic impact of mycotoxins threatens the UN’s sus-
tainable development goal of improving nutrition, achieving food security and attain-
ing a healthy agro-economic growth [6]. Often, socio-economic impact of mycotoxin
contamination in Africa can be measured through reduced food availability, specifically
amongst the rural poor, regulatory rejections of goods mainly at ports of exit, reduced
market value of contaminated produce in domestic markets, decreased marketability of
crops, forced alternative uses, increased livestock and human diseases, as well as mortal-
ity. Moreover, this impact should not exclude the high cost of research and regulatory
activities aimed at reducing health risks because of the existence of causal relationships
between mycotoxins and their impact on health. It is also overwhelming that in Africa,
an annual cost of over USD 750 million is been accrued to aflatoxin (AF) contamina-
tion of crops, while the European Union (EU) regulation of AFs reportedly costs food
exporters an estimated USD 670 million yearly [7]. Misdiagnosis, poor infrastructures,
undependable and inconsistent data amongst other factors make it difficult to account
for the additional and indirect costs associated with mycotoxin exposure in Africa. If the
scale of economic and health impact of mycotoxin contamination is well understood, it
will hasten policy makers towards imposing regulations and supporting affected popula-
tions. This chapter discusses on some pertinent socio-economic impacts of mycotoxin
contamination in Africa.
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2. Common mycotoxins in Africa and associated factors that
facilitate their prevalence

Mycotoxins are secondary metabolites produced by filamentous fungi, especially those mem-
bers within the Aspergillus, Penicillium, Fusarium and Alternaria genera, and notable for their
toxigenicity and disease-causing effects amongst humans and animals. Different studies on
mycotoxins since the discovery of AF in early 1960s have led to the identification of over 300
mycotoxins, few of which have received significant attention due to their health and economic
importance.

2.1. Common mycotoxins in Africa

From an African context, the major mycotoxins of significance in terms of health and the
economy are the AFs, fumonisins (FBs), ochratoxins (OTs), trichothecenes (THs) and the
zearalenones (ZEAs). This is equally relative to their widespread occurrence in major food
and feed commodities, aggravated by favourable climatic conditions in the continent. Of all
the several occurring mycotoxins, the AFs are considered the most important. This is par-
ticularly associated with its prevalence in commodities and potency of aflatoxin B, (AFB,),
an AF form known to be the most noxious naturally occurring carcinogen. They have thus
received substantial attention as compared to other mycotoxins as they frequently con-
taminate food and feed commodities in Africa [8]. Though there are about 20 different
identified forms of these AFs [9], those of significant and economic importance are AFB,,
aflatoxin B, (AFB,), aflatoxin G, (AFG,) and aflatoxin G, (AFG,). Equally important are
also aflatoxins M, (AFM,) and M, (AFM,), which are hydroxylated metabolites of AFB,
and AFB,, respectively [10]. FBs, particularly fumonisin B, (FB,), have been classified as a
group 2B carcinogen by the International Agency for Research on Cancer (IARC) [11], and
is highly prevalent in African staples such as maize, millet and sorghum [12]. The OTs are
isocoumarin derivatives, occurring as ochratoxin A (OTA), B (OTB), C (OTC), D (OTD) and
their methyl and ethyl esters [13]. Similar to FB,, OTA is a prevalent toxin, classified as a
Group 2B potential carcinogen to human [11]. The THs, which are tetracyclic sesquiter-
penes with an epoxy-ring [12, 14], are divided into type A consisting of T-2 and HT-2 toxins
and type B with deoxynivalenol (DON) and nivalenol (NIV), the most important repre-
sentatives [12]. Zearalenone (ZEA) and its hydroxylated derivatives a- and - zearalenone
(a-ZEA and -ZEA) are lactone derivatives commonly found in food commodities [15]. It
has been reported that ZEA usually co-occurs with one or more of the THs, because of the
ability of its producing fungi to synthesize more than one mycotoxin [16]. The occurrence
of modified and emerging forms of these mycotoxins including 3-acetyldeoxynivalenol
(3-ADON), 15-acetyldeoxynivalenol (15-ADON), beauvericin (BEA), the enniatins (ENNs)
and moniliformin (MON) have also been reported in African commodities [12]. The preva-
lence of these mycotoxins in African food crops have been reviewed extensively in litera-
ture [17-20], and can be strongly associated with a number of factors which are discussed
in the next section.
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2.2. Factors that facilitate the prevalence of mycotoxins in Africa

The prevalence of mycotoxins in African food and feed commodities have been well docu-
mented in literature, and major factors that contribute to this have been identified as climate
change, poverty, limited/lack of awareness, pro-regulation and legislation, poor agricultural
practices, amongst others. Climate change has in fact been proposed as probably the most seri-
ous environmental issue facing our planet [21], and Africa has been the most affected. In fact,
2016 was identified as the hottest year in about a century, and accordingly, a manifestation of
this was the 2016 El-nino drought episode of Southern Africa, which resulted in agricultural
losses amounting to millions of US dollars (US$). Such imbalances, drastic changes in rainfall,
temperature and CO, patterns could increase the risk of pathogen migration and influence
colonization of crops by mycotoxigenic fungal genera [22]. Since mycotoxin production is
climate dependent, changes in climatic conditions have been suggested and proven to lead to
possible drastic modifications in fungal population and attendant mycotoxin production [23,
24]. These would not only favour the emergence of new mycotoxigenic fungal strains, but also
attendant mycotoxin production in agricultural commodities.

Africa is the poorest continent in the world [25]. Nearly one in five people living in Africa is
undernourished and/or go hungry, the highest prevalence of such in the world [26]. This can
have a huge significance on the quality of food commodities consumed in Africa. There are
limited resources to adopt relevant technologies/systems to control mycotoxins proliferation,
and in dire need for food and “quenching” hunger, the quality and safety of food ingested is
totally irrelevant (even though visibly contaminated). Under such circumstances, having food
is much more vital and subsequently prioritized. Further to this, limited public awareness
on the mycotoxins issue has been identified as a critical factor on the prevalence of mycotox-
ins in Africa. Knowledge is power. The available information on the incidence, public health
importance, prevention and control of mycotoxins in many African countries is still grossly
lacking, with no indication that such will be addressed anytime soon. Equally important is the
lack of appropriate mechanisms to promote and educate consumers on the harmful effects of
mycotoxins, good agricultural practices and post-harvest handling of commodities. Due to all
these factors, the issue of mycotoxins on the continent has remained infamously persistent,
with attendant grave implications. The next section of this chapter discusses in detail the
socio-economic impact of these fungal pollutants on the African continent.

3. Socio-economic impact of mycotoxin contamination in Africa

Mycotoxin contamination have contributed significantly to the elusive sustainable develop-
ment in Africa. The ever daunting and manifest challenges to food safety and security, good
health and economic empowerment are all undisputable evidences to this fact.

3.1. Impact of mycotoxins on human and animal health in Africa
3.1.1. Impact of mycotoxins on human health in Africa

The most significant impact of mycotoxin contamination in Africa has been shown to be on
human health. A World Bank report in 1993 observed that the various health problems
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modulated by exposure to mycotoxins accounted for up to 40% of lost disability-adjusted life
years (DALYs) [27], and it is no doubt that Africa is the most affected. In 2004, an outbreak
caused by food poisoning with AFs occurred in Kenya, where 317 cases of illness were reported
and 68 of the persons were children below the age of 5 and 90 were from 5 to 15 years. In
this incidence, at least 123 deaths were recorded [28-30]. In sub-Saharan Africa, about 250,000
deaths are caused by hepatocellular carcinoma annually and this can be linked to risk factors
such as AFs and high prevalence of hepatitis B [31]. AF contamination in groundnuts and maize
in Nigeria contributed to 7761 liver cancer cases, which results in a total burden of 100,965
DALYs [32]. In 2014, due to AF contamination, about 3334 cases of hepatocellular carcinoma was
calculated in Tanzania, 95% of which ended as deaths resulting to a loss of 96,686 DALYs [33].

Based on several studies in Southern Africa, AFs contamination have been strongly linked with
child undernutrition, increased mortality and morbidity due to their negative effect on micro-
nutrient absorption and immune function [34]. In addition to these, immune disruption by AFs
may aggravate health impacts of principal diseases plaguing Africa such as malaria, kwashiorkor
and HIV/AIDS [35]. In Nigeria, posthumous autopsy of infants who suffered from kwashiorkor
showed a significant level of AFs in their brains, because of consumption of contaminated maize
based gruel [36]. According to Jolly et al. [37], high levels of AFB, and acute aflatoxicosis symptoms
were found within Ghanaian population that also had abnormal liver function and high level of
HBYV infections. Turner et al. [38] reported decreased levels of secretory immunoglobulin A (IgA)
in Gambian children exposed to AFs. In Kenya, the mean birthweight of the children of women
exposed to AFs prenatally was lesser than that of those who had not been similarly exposed [39].

In the Gambia, maternal dietary intake was indicated to be an important factor in carcino-
genic-induced damage in the unborn baby, due to a highly significant correlation between
AF-albumin adduct levels in the mothers venous and respective cord sera [40]. In the same
country, children with reduced level of salivary Secretory Immunoglobulin A (sIgA) have
been linked with exposure to AFs [38]. The consumption of FBs contaminated maize have
been correlated to the high incidence of oesophageal cancer in parts of South Africa [41] and
Malawi [42]. According to Ferlay et al. [42], Malawi has the highest prevalence rate (24.2 per
100,000 persons) of oesophageal cancer in the world. ZEA as a naturally occurring endocrine-
disrupting chemical has been implicated in the manifestations of gynecomastia with testicu-
lar atrophy in rural males in Southern Africa [43]. In 1977 to 1978 an outbreak of ergotism
occurred in Wollo, Ethiopia where 140 persons were affected, four children lost both or at
least one leg and the mortality as high as 34% [44]. In North Africa, particularly Tunisia and
Egypt, cases of human nephropathies have been strongly associated with elevated exposure
to OTA and outbreaks of ochratoxicosis, i.e., illness due to ochratoxin exposure [45-47].
Alpha-ZEA has been implicated as a potential risk factor for breast cancer in Tunisia [48].
Likewise, high levels of OTA in Moroccan foods and other agricultural commodities have
been linked to some chronic illnesses [49, 50]. Table 1 shows some other mycotoxins and the
toxic effects they provoke on human health. Further studies are required to establish the asso-
ciation between other poorly investigated diseases and dietary exposure to other mycotoxins
(emerging, modified and multiple mycotoxins).

Though tremendously difficult to estimate in Africa, the net monetarized impact of mycotox-
ins on human health in Africa [including physical pain, death (in severe cases), temporary
or permanent impairment, loss of productivity, costs of diagnosis, treatment, hospitalization
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Mycotoxins Toxic effects Reference
Ergot alkaloids Ergotism: central nervous system disorder, gastrointestinal symptoms, &  [51]
gangrene
Citrinin Hepatonephrotoxic [51]
Cyclopiazonic acid Weight loss, diarrhoea, nausea, necrosis, & convulsion [51]
Patulin Genotoxic, teratogenic, carcinogenic, & acute toxicity to kidney [51]
Sterigmatocystin Carcinogenic, & hepatotoxic [51]
Rubratoxin Liver damage, nephrotoxic, & haemorrhage [51]
Gliotoxin Neurological syndrome, & immunosuppressive [51]
Moniliformin Acutely toxic, & cardiac impairment [51]
Fumitremorgen Tremors, & convulsion [51]
AFs Carcinogenic, & immunosuppressive [52]
OTs Mutagenic, carcinogenic, & nephrotoxic [53-56]
FBs Carcinogenic, nephrotoxic, hepatotoxic, immunosuppressive, atherogenic, [57, 58]
& embryotoxic
DON Immunosuppressive, immunostimulative, & causes fertility problems [59-62]
ZEAs Infertility, reduced milk production, vaginal secretions, & vaginitis [63, 64]
T2-toxin Cardiovascular defects, gastroenteritis, & alimentary toxic aleukia [65, 66]

Table 1. Mycotoxins and their toxic effects on human health (adapted from Capriotti et al.) [51].

and health care (morbidity), cost of anxiety, pain, misdiagnosis, suffering and reduced life
quality etc.] could be enormous, and demanding on national budget. A case in point, a study
conducted in Gambia observed that diseases consistent with mycotoxin exposure (in particu-
lar Hepatitis B and its associated medical complications) results in a total monetized DALY
worth over 94 million US$ of GDP, which equals 9.4% of the nation’s GDP. This is a huge loss
to the health of the populace and country [67]. Similarly, in Senegal, the cumulative cost in
terms of health due to AFs is estimated at no less than 92 million US$ of the nation’s GDP [67].
In 2014 in Tanzania, the economic impact (in monetary terms) of AFs was estimated between
6 million and 264 million US$ due to the resultant health impact [33].

3.1.2. Impact of mycotoxins on animal health in Africa

Very little work has been done on the health impact of mycotoxins on animals in Africa. This
is understandable as the health effects and losses in animals (such as feeding efficiency, infer-
tility, meat, milk and egg quality losses, susceptibility to diseases etc.) are subtler to decipher.
Moreover, in Africa, people have limited resources and may prioritize the care of humans
above the ‘waste of resources’ on animals. To this effect, when mouldy cereals are too bad to
be consumed, they are usually not disposed, but blended with non-mouldy ones and used as
animal feed, or in some cases fed directly to the animals. However, monogastric farm animals
such as poultry, swine and dogs are at particular high risk, because their basal diet (feed) is
made up of cereals [68]. These animals also lack reservoir that harbours microorganisms that
can break down secondary metabolites of fungi before they are absorbed into the intestine.
In South Africa, there have been two episodes of aflatoxicosis (illness resulting from AFs)
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amongst dogs through the consumption of contaminated dog food. The first occurred in 1987
where 10 cases of fatality were reported, and histopathological evaluation revealed chronic
symptoms of necrosis, bile duct proliferation, hepatocellular fatty degeneration, fibroplasia
etc. were observed [69]. The second episode occurred in 2011, where over 220 dogs died
and several others were affected in the Gauteng province. Subsequent clinical examinations
revealed that the dogs were exposed to highly contaminated feed (with levels of AFs ranging
from 5 pg/kg and 4946 pg/kg), which is well above regulatory limits [70]. In addition to AFs,
other mycotoxins such as FB,, ZEA, and OTA were all later implicated in this outbreak [71].
Mwanza ef al. [72] evaluated the productivity and general health of domesticated animals
in Limpopo Province of South Africa in relation to fungi and mycotoxin contamination, the
results revealed that these animals were at risk to mycotoxin contamination which possibly
plays an important role in abortions, low productivity, chronic and acute diseases, as well as
reduced immunity in these animals, which are similar effects often seen in other rural com-
munities in the country, as well as other parts of Africa, however, no clinical investigation is
usually conducted to determine the possible causes of such illness/effects [72].

3.2. Impact of mycotoxins on food security in Africa

The CTA has clearly alarmed that mycotoxins significantly threatens achieving food security
and safety in Africa, which is one of the UN’s sustainable development goals [5]. Food supplies
are limited and often of poor quality, with mycotoxins proliferation frequently implicated as
the culprit. About 35% of global food and feed produce is contaminated by mycotoxins. The
attendant food losses/wastages is in the ranks of 1 billion metric tons annually [73-75], and
there is little doubt that majority of these losses come from Africa. In a continent where about
60% of the populace are farmers (mainly at a subsistence level), and majority of households
relay on their homegrown food for survival, these statistics on mycotoxins are disturbing. The
eminent reality of global warming further complicates the situation as Africa is the continent
that is most affected due to its position at the equator. A recent study predicts that fungal
pathogens and pests are proliferating at a rate of 5-6 km annually from the equator to polar
regions of the earth [76]. Drought and plant stress makes crops more susceptible to diseases
and fungal attack, and consequently increases mycotoxin contamination, which reduces crop
quality and yield, as well as decreases in livestock productivity, disease tolerance and fertility.
Moreover, adaptation of known mycotoxigenic fungal species to climate change conditions
could result in a more aggressive and invasive behaviour of the fungi leading to colonization
of new territories, increased production of mycotoxins, and perhaps the potential of produc-
ing entirely new mycotoxins, which poses a significant threat to food security, safety and
health in Africa and other developing countries [76-78].

3.3. Impact of mycotoxins on trade and damage to the African agricultural export
market brand

Mycotoxins affect trade in Africa majorly by reducing the value of commodities offered for sale.
Reduced value can manifest at different trade levels through the lowering of prices, inspection
cost, disposal, rejection of lots or treatment of lots at additional cost prior to sale, compensation
in case of claims and cost of sampling and analysis along the value chain. Not less than 2.3 mil-
lion bags of maize were found unsuitable for marketing (as well as consumption) during the
outbreak of aflatoxicosis in Kenya from 2004 to 2006 [79]. Following another AF alert in Kitui,
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Kenya in 2009, it was reported that maize prices dropped by half from 1800 to 900 Kenyan
shillings [79]. The enforcement of regulatory standards primarily by developed nations which
are the main destinations of African agricultural export commodities have resulted in a more
critical situation for the African agricultural trade [52, 80]. EU regulation of mycotoxins was
expected to reduce African export of nuts, cereals, oil seeds and dried fruits by 64%, reportedly
costing 670 million US$ yearly [81]. Between 2000 and 2014, the cumulative economic loss on
domestic and international trade in Gambia was about 23 million US$, which amounts to a
yearly loss of about 1.52 million US$ [67]. The International Institute of Tropical Agriculture
(IITA) [82] reported an annual loss of 1.2 billion US$ on a global scale due to AF contamination
and established that 38% of this loss (450 million US$) is incurred by African nations.

Another major socio-economic impact of mycotoxins on Africa is the damage to the African
agricultural tradename. Brand in general terms can be described as an intangible and invalu-
able feature that distinguishes an entity from its competitors, and comprises expectations,
imaginations, emotions and loyalty by the customers [83]. As a matter of fact, in the field of
accounting, it is regarded as the most valuable asset on the balance sheet [84, 85]. Damage to
brand can have a significant and enduring (and in some cases irredeemable) impact on subse-
quent business performance, productivity, reputation, financial gains and business prospects.
Unfortunately, the mycotoxin issue has caused significant damage to African food and agricul-
tural trade brand, particularly in the export market. Some of the consequences can be observed
in the lack of trust for African food/feed commodities, ‘redundant scrutiny” (which may result
in transaction delays and perhaps more food spoilage), rejections, etc. A case in point was the
significant levels of AFs in groundnuts exported from Africa to Europe in 2007 [86], leading
to the serious concern about the future of such and other exports from the African continent.

In 2000, 57 cases of border refusal of African exports to the EU were recorded but these cases
have increased over the years and as at 2012, 525 cases were recorded [87]. More specifically,
from 2002 to 2008, 130 export rejections from Egypt, 90 from Nigeria, 91 from Ghana, 5 from
Morocco and 1 from Tunisia were recorded due to mycotoxin contamination [88]. Also in
2008, Rwanda suffered border rejections of sorghum, maize, soybean flour, destined to United
Kingdom due to AFs contamination [89]. Between 2007 and 2012, 13 consignments of ground-
nut and groundnut related products from Nigeria were also rejected by the EU [90]. The
National Agency for Food and Drug Administration (NAFDAC) of Nigeria reported that up
to 42 semi-processed and processed food products of Nigeria origin destined for the European
Union where rejected in 2015 and 2016 for failing to meet standards [91]. Twenty-eight of these
items were destroyed, 6 subjected to official detention, 6 withdrawn from consumers and from
the market, and 9 were re-dispatched [91]. Based on data from European Commission Rapid
Alert System (RASFF), 35% of food/feed commodities rejections by the EU borders in 2014
were due to mycotoxin contamination at levels above the EU legislative limits [76]. It should
be noted that the cost of a rejected food shipment is significant (about 10,000 US$ per lot in
demurrage fees) even if the lot can be returned to the country attempting to export [92].

3.4. Impact of mycotoxins on national budget due to mitigation costs

Some African countries have started to set up interventions to reduce the prevalence of myco-
toxins in their jurisdiction, however, most of these interventions have high cost implication
with regards to their design and implementation. In 2014, the Economic Community for
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West African States (ECOWAS) in collaboration with the African Union’s PACA and other
stakeholders developed the “ECOWAS Aflatoxin Control Action Plan (ECOACAP)” which
identified key actionable strategic interventions in order to combat the prevalence of AFs
across ECOWAS member States. Policy 4.3 SO3 of this plan recommended that ECOWAS
member states increase budgetary allocations and investments to at least 1% of national GDP
for the development and enforcement of AFs control efforts [67]. An annual cost of 7.5 mil-
lion US$ was calculated by member states of the African Groundnut Council (Mali, Nigeria,
Gambia, Sudan, Niger and Senegal) for the implementation of an AF contamination reduction
program [90]. The Maize Trust, an initiative principally funded by the government of South
Africa, spends over 4 million US$ per annum on funding projects directly targeted at improv-
ing the South African maize industry, and one of the outlined key objectives is to combat
mycotoxins in South African maize [93]. Details of other interventions sponsored by other
African governments can be found in the PACA report [94].

3.5. Impact of mycotoxins on Africa’s self-sustainability and increased dependence
on foreign aid

Africa has been caught in a vicious circle of the cause and effects of mycotoxin contamination
and poverty. Mycotoxins aggravates poverty, and due to poverty, many African countries
lack the resources to sponsor effective mycotoxin research and mitigation interventions,
which further worsens the situation on the continent. As such, majority of the mycotoxin proj-
ects conducted on the continent are sponsored by external sources, hence, increasing Africa’s
dependence of foreign aid. For instance, the US government via the Feed the Future (FTF) ini-
tiative of the United States Agency for International Development (USAID) Bureau for Food
Security budgeted 2-5 million US$ per year in 2010, and 15-20 million US$ per year in 2014,
for AF-specific researches in African countries and developing countries in other continents
[95]. Ghent University, Belgium sponsored an international thematic network ‘Mytox-South’
established in 2017, with an initial approved funding of 600,000 EUR. This intends to build/
strengthen the human capacity of researchers from the Southern Hemisphere, leveraging on
infrastructure and expertise at Ghent University in order to combat the mycotoxin problem
and associated food security and safety issues at global level [96]. The Standards and trade
development facility (STDF) sponsored a six month project on strengthening AF control in
the Republic of Malawi through the Malawi Programme for Aflatoxin Control (MAPAC) with
a budget of 46,265 thousand US$ [97]. Details on other foreign mycotoxin interventions in
Africa worth millions of US$ can be found from these sources [94, 98, 99].

Interestingly, even the private sector has not been left out. Recently, the spotlight has turned
on strengthening coalitions with the private sector, while leveraging on the efforts of dif-
ferent actors for effective management of mycotoxins in Africa. In October 2016, PACA and
CTA convened a roundtable event in Entebbe, Uganda to identify concrete areas of collabora-
tion and evaluate avenues for effective public-private sector partnership and engagement
in the common agenda for tackling mycotoxin prevalence. CEOs and other representatives
from various private establishments such as Cereal Millers’ Association—Kenya, AFRI-
Nut—Malawi, CTA, Meds For Kids—Haiti, GrainPro—East Africa, PACA, USAID, Nestlé —
West Africa, various Women'’s organisations in Zimbabwe and Uganda, were in attendance,
amongst others [5, 6].
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4. Commitment to research and awareness as effective tools in
mitigating the impact of mycotoxins in Africa

Mycotoxicology research is an important component of mycotoxin management. Particularly
in Africa, more research needs to be done in order to establish safe limits and guard against
potential health hazards. Availability of stringent scientific data provides the basis for govern-
ment regulatory bodies to assess the risk of exposure, as well as, establish/enforce or reassess
regulatory limits for mycotoxins [52, 100]. For example, from central African countries, there
is hardly any information on mycotoxins. This may be due to ignorance on the mycotoxin
issue, poverty, lack of research facilities and skills/manpower in these countries [17]. In a
recent study by Adekoya et al. [101], the perceived understanding, practices and health risks
related to fungal and mycotoxin contamination amongst fermented food sellers was evalu-
ated. It was observed that up to 98% of respondents were unaware of mycotoxin contamina-
tion [101]. Elsewhere, findings by Changwa [102] in South Africa indicated that there are
several knowledge gaps on the mycotoxin issue, such as causes of mycotoxins, health implica-
tions, prevention and control of mycotoxins, which corroborates the observation of Adekoya
et al. [101]. In a recent round-table discussion on future directions in research facilitated by the
European Horizon2020 project, MycoKey, it was agreed that forging partnerships between
scientists and appropriately-placed communication experts constitutes a critical avenue for
creating awareness and communicating risks, while maintaining overall confidence in the
quality and safety along the food supply chain [103].

Despite all said, it must be acknowledged that mycotoxin research in Africa has yielded fruit-
ful and positive results. While some of these studies were funded by governments in the conti-
nent, many are equally funded by research organizations and governments of other developed
nations. For example, researchers at IITA and the University of Ibadan, in partnership with the
Agriculture Research Service (ARS) of the United States Department of Agriculture developed
a natural, safe and affordable solution to the problem of AF called “Aflasafe™"”, intended for
use by groundnut and maize farmers. The product which contains non-toxigenic strains of A.
flavus, is reported to be able to reduce AF levels in maize by 80-100%, and together with other
good agricultural practices will increase the crop value by at least 25%, as well as improve the
health of children and women [104, 105]. Due to the immense success of Aflasafe™, expan-
sion of the biocontrol research reached Ghana, Tanzania, Burkina Faso, Senegal, Kenya, Mali,
and Zambia [105]. AflaSTOP is another project which started in 2012, aimed at identifying
the most effective, efficient, low-cost, innovative storage and drying technology to combat
AF contamination, and other post-harvest losses in Kenya, Tanzania and Rwanda [106]. The
Aflasafe™ and Aflastop projects together with other mycotoxin projects described herein
[95, 105] cost about 1520 million US$ in 2014 and 2-5 million US$ in 2010, sponsored by the
US Government under the Feed the Future (FTF)—USAID Bureau for Food Security [95, 105].

Last year 2017, Ethiopia farmers/researchers supported by Ethiopia’s Agricultural
Transformation Agency, was able to produce and market much of the 27 tons of new, disease-
resistant wheat seed, in direct response to an annual attack of rapidly-evolving fungal diseases
that can infect their locally grown crops worth as much as 200 million US$ [107]. Elsewhere,
several African scientists are working on a project aimed at reduction of AF contamination
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via RNA interference (RNAi) in peanut plants. Three peanut varieties endemic to Africa are
currently been genetically transformed at Kenyatta University in Nairobi, Kenya, by means of
RNAi molecular constructs. Many of the African scientists involved in the project have been
trained hands-on at the National Peanut Research Laboratory (NPRL) in Dawson, Georgia
[99]. At the University of Johannesburg and Stellenbosch University both in South Africa,
microbial means of degrading and detoxifying mycotoxins have also been proposed as a pos-
sible way of reducing/eliminating mycotoxins in food [108-110].

Previously, much of research was focused on producing enough food to meet the teaming
population of the world, however, it is becoming more obvious that reducing food spoilage/
loss and contamination could be a more efficient approach towards addressing issues of food
security particularly in Africa. As a way forward, research objectives should be prioritized
to ensure a positive impact for public health, food safety and security and economic devel-
opment. Recently, a global initiative has been launched, The Mycotox Charter, which pro-
vides a global platform for the various players along the food supply chain to commit to the
mycotoxin cause, by means of a globally applicable statement and clearly outlined principles
and practices targeted at reducing mycotoxin contamination in food and feed and associated
health problems [111]. It is hoped that such an initiative will achieve its objectives in address-
ing these problems linked to mycotoxins.

5. Conclusion

The impact of mycotoxins on Africa has been and is still illustrious. Limited knowledge/
awareness, poverty, bad governance and climatic conditions have further aggravated this
unfortunate situation. Africa is the largest continent in the world and the most plagued by the
mycotoxin menace. Despite the notoriously incessant occurrence and exceptionally high levels
of mycotoxins reported in dietary food for humans and animals, and the associated lethal
consequences, regulation for their control and management is significantly limited in this part
of the world. It has been projected that between 2015 and 2050, the population of Africa will
increase by 1.3 billion people. In fact, according to the UN, the population of Nigeria alone
is projected to surpass that of the entire US by 2050. This teaming population puts immense
pressure on the already scarce food resources on the continent. More compelling is the fact
that Africa’s population is comprised mainly of the younger age (with two-fifths between the
ages of 0-14 years, and one-fifth in the age bracket to 15-24 years), where good food and health
plays a critical role in the overall development of individuals. As such, the proliferation and
widespread effect of mycotoxins in Africa is of great concern. The eminent reality of climate
change is also looming steadily with Africa at the epicentre. Biodiversification of fungi due to
adaptation to climate change leads to threats of newer mycotoxins or more of existing ones.
In order to stay aligned with the UN’s sustainable development goals (particularly goal No. 2:
end hunger, achieve food security and improved nutrition and promote sustainable agricul-
ture), a concerted effort is needed to adequately address the issue of mycotoxin in Africa and
other developing countries of the world. Critical areas to concentrate efforts include develop-
ment of efficient and cost-effective intervention strategies, public awareness, strengthening
research and human capacity development as well as harmonizing and enforcing regulations.
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Abstract

The production and utilization of groundnut have increased tremendously across all prov-
inces of Mozambique. However, the presence of aflatoxins has remained a critical food con-
cern in the human diet. In this study, the effect of harvesting time and drying methods on
aflatoxin contamination was examined in Northern Mozambique. A randomized complete
block design in a split-split plot arrangement with four replications was used with ground-
nut varieties as the main plot and harvesting dates and drying methods as the subplots.
Groundnut samples were analyzed for aflatoxin using the Mreader. In both locations, field
observations indicated that on average, aflatoxin contamination levels were lower at physi-
ological maturity (<10 ppb) compared to harvesting 10 days before (<15 ppb) and 10 days
after physiological maturity (>20 ppb). It was also observed that the two drying methods
were effective in prevention of aflatoxin contamination on groundnut kernels to levels
lower than 20 ppb. Aflatoxin contamination levels were significantly lower (<12 ppb) as
a result of the A-Frame than the tarpaulin method. The results of this study, therefore,
have indicated that proper postharvest management of groundnuts, such as harvesting at
physiological maturity and improved drying, gave lowest aflatoxin contamination levels.

Keywords: groundnut, harvesting time, aflatoxin contamination, drying methods

1. Introduction

Groundnut (Arachis hypogaea L.) is the third most important crop in Mozambique after maize
(Zea mays) and cassava (Manihot esculenta) [1, 2]. It is a major cash crop and the main source of

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN



26 Mycotoxins - Impact and Management Strategies

cooking oil for many Mozambican families [1, 3]. In terms of production, groundnut occupies
the largest area among the grain legumes in the country [1, 4] with the largest concentration
in Nampula, Zambezia, and Cabo Delgado provinces.

Despite its importance as food, the presence of mycotoxins, especially aflatoxins, has the
potential to limit its use in both the human and livestock diet [5]. Furthermore, aflatoxin
contamination of agricultural crops, such as groundnut and cereals, causes annual losses of
more than US $750 million in Africa and more than US $100 million per year in USA [6]. Poor
management practices by farmers and adverse climatic conditions at harvest and posthar-
vest are some of the prompting factors for postharvest aflatoxin contamination. The timing
of harvesting greatly influences mold production at harvest [7]. In [8], it is highlighted that
farmers tend to delay in harvesting their crops which results in over maturity leading to mold
infections and subsequent aflatoxin contamination.

Correct and proper drying of harvested groundnuts is very essential in prevention of fun-
gal infection of the crop. Additionally, proper drying is critical for maintaining seed quality
for consumption and safe storage. However, the traditional groundnut drying techniques
in Mozambique involve field and bare ground drying, which rather promote fungal growth
and consequent aflatoxin contamination [9]. Moreover, these are slow, time-consuming, and
labor-intensive, involving lots of crop handling, and due to rains that normally persist at
harvesting and drying times, it is difficult to achieve the recommended moisture content for
safe storage (which is 6-8%). In addition, the crop is persistently exposed to the soil, which is
a major source of contamination by fungi [10, 11].

Ideally, pods should be dried with sufficient air circulation and in the shade [10]. This
is because excessive exposure to the sun can affect the quality of the seed. Two princi-
pal methods are used elsewhere in Africa, both of which can produce good quality seed
with reduced levels of fungal infection [12]. These drying methods are namely Corks and
A-Frame methods. However, the traditional drying techniques in Mozambique involve
bare ground drying and are a major source of fungal contamination. Furthermore, some
farmers do not dry groundnuts immediately after harvest, due to labor constraints needed
for plucking [9]. Thus, they heap the nuts either in the field or in houses. These practices,
coupled with inefficient and slow drying process under the humid conditions, enhance afla-
toxin contamination greatly.

Although research on the effect of harvesting time and drying method of groundnut on
aflatoxin development has received increasing consideration worldwide, in Mozambique,
research on this matter is still very scarce [13]. However, there is evidence to suggest that afla-
toxin contamination is a major food-safety concern in Mozambique where the environmental
conditions and socio-economic problems are conducive due to poor postharvest and storage
management and subsequent food spoilage and aflatoxin contamination. This is evident by
the levels of certain types of cancer and the negative correlations between aflatoxin in the
diet and development in children and the declining of groundnut exports from Mozambique
since 1998 [13, 14].
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By assessing different harvesting times and different drying methods, it was hoped that the
results would enhance the use of good postharvest handling practices (drying and harvesting
time) that would minimize aflatoxin contamination of groundnuts at the farmer level.

2. Materials and methods

2.1. Description of the study area

The study was conducted during the 2015/2016 growing season in two locations, namely
Nampula Research Station (PAN) and Mapupulo Agricultural Research Center (CIAM), located in
Nampula and Cabo Delgado Provinces, respectively. Nampula Research Station (PAN) is located
about 7 km east of Nampula city in Northern Mozambique (15° 09’ S, 39° 30" E) and is elevated at
432 m above sea level. The soil type is sandy loam, and the vegetation is predominantly grassland.
The average rainfall is slightly over 1000 mm which starts around November/December up to
April/May, with its peak in January. The maximum temperature in the region is about 39°C and
the minimum temperature is 19°C [1]. Mapupulo Agricultural Research Center (CIAM) is located
about 18 km south of Montepuez town about 200 km west of Pemba the capital of the province,
which lies at (13° 12’ S, 38° 53’ E) and is elevated at 476.7 m above sea level. The soils are clay loam
and deep brown loam. It receives annual precipitation of 1200 mm on average from November/
December to April/May, and the average temperature is between 20 and 25°C [1].

2.2. Field establishment

The study was carried out during the 2015/2016 growing season at PAN and CIAM. The test
materials were evaluated using a randomized complete block design in a split-split plot arrange-
ment with four replications. The main plot was the variety, while harvesting time and drying
method were subplots. The net plots were six rows by 6-m long with one seed per planting sta-
tion which were spaced at 50 cm apart, and the planting stations were spaced at 10 cm. Spanish
groundnut varieties (take 90 days to mature) were used for the study, namely ICGV-SM-99568,
JL-24, and ICGV-SM-01514. The experiments were established on 23rd and 24th December at
CIAM and PAN, respectively, at the onset of the rains. No fertilizer, pesticides, or supplemen-
tary water were applied, and no seed treatment before planting was applied.

The assessment of the effect of harvesting time and drying method on aflatoxin contamination
among the varieties involved dividing the net plots into three harvesting time treatments: (i)
10 days before physiological maturity indicated as H1; (ii) at physiological maturity indicated as
H2, and (iii) 10 days after physiological maturity indicated as H3. The following drying treatments
were imposed on the plants from each of the plots: (1) pulling and inverted windrowing of plants
for 3 days, followed by further drying of the plants with the pods on constructed “A-Frames” for
4 weeks and (2) pulling and inverted windrowing of plants for 3 days, followed by stripping of
the pods and further drying on interlaced tarpaulins mats for 4 weeks. The samples were later
subjected to aflatoxin testing using the immune-chromatographic method mreader.
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2.3. Weather data

Air temperature, relative humidity, and rainfall data were collected using weather stations on
the research stations.

2.4. Determination of moisture content

The moisture content of groundnut samples was measured using the Mini GAC moisture
meters. These were calibrated to ensure the accuracy. To determine the moisture content,
groundnut samples were initially shelled. Later, a total of 50 g was filled in the moisture meter
loader, after which the loader was emptied into the analyzer. The results were read using the
display window on the moisture meters.

2.5. Aflatoxin analysis
2.5.1. Validation of the MReader

To determine the precision and recovery of the immune-chromatographic assay analysis,
antigenic standards were used. For high calibration standard procedure, 100 pl of pink anti-
genic standard was added to 500 pl of sample buffer diluent. Then 100 pl was aliquoted in a
separate vial. A reveal Q+ test strip was placed in the vial and was left to develop for 6 min.
After 6 min, the strip was placed in the mreader strip holder, and the aflatoxin levels were
read using the mreader. For the low calibration standard procedure, 35 ml of 65% ethanol
solution was added to a 10 g control groundnut sample which was free of aflatoxins. Then, a
100 pl of the pink antigenic standard solution was added to the 30 ml extracts and mixed for
2 min. Later, a 100 pl of the mixture was added to 500 pl of the sample buffer diluent. A mix-
ture of 100 pl was later aliquoted to a separate vial. Finally, the total aflatoxin in the sample
was measured by placing the reveal Q+ test strip in the vial and was left to develop for 6 min,
and aflatoxin reading was done using the mreader.

2.5.2. Sample preparation and aflatoxin determination

Aflatoxin analysis was carried out using immune-chromatographic assay Reveal Q+ mreader
according to the manufacturer’s recommendation. Prepared groundnut samples (500 g each)
were ground finely using the Agri-Grind grinder until fine particles and homogeneity were
obtained. Then, a subsample of 10 g was obtained from each of the composite samples. The
subsample was aliquoting in 35 ml of 65% ethanol, and the contents were mixed gently by
shaking the holding tube manually. After filtration of the blended subsample, 100 pl of the fil-
trate was mixed with 500 pl diluent solution in a dilution vial. After obtaining a fine mixture,
a 100 pl extract of the aliquoted mixture was collected and added to a separate vial. Finally,
a reveal Q+ test strip was placed in the vial containing the aliquoted mixture and was left to
develop for 6 min. The test strip was later placed in the mreader holder, and the aflatoxin
contamination levels of the sample were determined using the mreader based on the chro-
matographic characteristics of the sample in the strip. The data were statistically analyzed
using GenStat Discovery 4. An independent Tukey’s test was used to compare the means of
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the aflatoxin results. The tests for relationships were carried out using the Pearson Correlation
Index, and the interpretation was performed at two-sided 95% confidence limit.

3. Results

3.1. Weather data at CIAM and PAN during 2015-2016 growing season

A summary of mean air temperature, relative humidity, and rainfall during the 2015-2016
growing season at Mapupulo Agricultural Research Center is presented in Table 1.

The mean daily air temperature during the pod-filling period was about 26.3°C up until HI.

Although the mean daily temperature declined to around 24.5°C by H3, the site received a
total rainfall of 684.6 by H1 and 830 mm between H2 and H3, respectively, of which 50-65%
fell during the pod-filling period. Additionally, there was also some postharvest rainfall
during the drying period, with 37.2 mm falling between H2 and H3. The average relative
humidity was between 80 and 85% during the groundnut harvesting and drying periods.
However, overall there were generally high temperatures and heavy rainfall during the pod-
filling till H2.

Nampula Research Station received lower rainfall during the 2015-2016 growing season com-
pared to CIAM (Table 2). The site received rainfall of 299.8 mm (for only 11 days) during
pod-filling, and the location experienced a mid-season drought (February).

Month December January February March April
Average max temperature (°C) 34.1 30.5 314 319 30.8
Average min temperature (°C) 21.8 21.6 21.3 22.0 20.3
Cumulative rainfall (mm) 516.6 1300.6 568.7 800.4 859.7
Total number of rainy days 10 20 18 16 22
Relative humidity (%) 68 83 80 81 79

Table 1. Weather data during the 2015-2016 growing season at CIAM.

Month December January  February March April
Average max temperature (°C) 35.3 34.8 36.3 352 32
Average min temperature (°C) 33.2 29.6 321 32.3 29.7
Cumulative rainfall (mm) 232.9 469.6 299.8 799.1 439
Total number of rainy days 6 12 11 18 4
Relative humidity (%) 83 87.7 76.3 83 85

Table 2. Weather data during the 2015-2016 growing season at PAN.
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However, significant higher rainfall fell during H1, while H2 and H3 experienced a prolonged
end of season drought. The mean daily air temperatures during the pod-filling period at PAN
were higher ranging from 30 to 35°C by H1 to H3. Additionally, the location experienced very
high relative humidity ranging from 75 to 85%.

3.2. Postharvest pod handling and kernel moisture content

Moisture content of groundnut kernels greatly influences the growth of toxigenic fungi and
subsequent aflatoxin contamination. The study has shown that different drying methods had
different influences on the total kernel moisture losses at different experimental sites at dif-
ferent harvesting times. Moisture content of kernels from the A-Frame at both sites decreased
from an average of 38-7%, within a 4-week period (Figure 1). These moisture contents were
significantly different at (P < 0.05) from each other. It was observed that kernel moisture loss
was rapid just after harvesting compared to the other following weeks. This was attributed
to the high water activity in the seeds just after harvesting than the following weeks, which
resulted into increased diffusion rate of water from the seeds to the environment through
evapotranspiration and thus leading to rapid loss of water.

Significant differences (P < 0.05) were also recorded in kernel moisture loss of tarpaulin dried
pods. The moisture content decreased from an average of 38-7%, within a 2-week period
(Figure 2). It has been established that, using the tarpaulin drying method, kernel moisture loss
was more rapid compared to using the A-Frame drying method. The reason behind this was that,
with tarpaulin drying, pods were exposed to direct sunlight which resulted into rapid losses of
kernel moisture within a short period of time, while for the A-Frame method, the kernels took
a longer time to dry because the pods were facing inwards and away from the sunlight and soil
and were covered by leaves. This ensured a good air circulation and slow but effective drying.

The study also revealed that the variety JL-24 took a shorter period of time to dry compared to
the other two varieties irrespective of the drying method. This could be attributed to the lower
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Figure 1. Kernel moisture loss when using the A-Frame.
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moisture content of the variety and the thinner layer of the shell. The variety ICGV-SM-01514
took the longest time to dry irrespective of the drying method and this could be attributed to
the thicker shell of the variety which led to slower moisture loss.

3.3. Effect of harvesting time on groundnut aflatoxin contamination

Aflatoxin contamination levels among groundnut varieties at different harvesting times are
presented in Figure 3. Significant differences (P < 0.01) were observed in the mean aflatoxin
contamination levels with physiological maturity (H2) having the lowest aflatoxin con-
tamination levels (<10 ppb). The highest aflatoxin contamination levels were recorded when

GROUNDNUT KERNEL MOISTURE USING TARPAULIN
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Figure 2. Kernel moisture loss when using tarpaulins.
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Figure 3. Aflatoxin levels in groundnuts as affected by harvesting time.
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harvesting was executed 10 days after physiological maturity (H3) (>20 ppb) compared to
when harvesting was executed 10 days before physiological maturity (H1) (<15), which had
considerably lower aflatoxin levels.

The study also revealed significant differences in aflatoxin levels among the three groundnut
varieties. The variety [L-24 had the lowest mean aflatoxin contamination levels compared to
the other two varieties. This could be attributed to the lower moisture content of the JL-24 and
the thin shell of the variety which led to rapid drying and minimized fungal invasion and
subsequent aflatoxin contamination.

The study also revealed significant differences in aflatoxin levels among the three groundnut
varieties. The variety JL-24 had the lowest mean aflatoxin contamination levels compared to
the other two varieties. This could be attributed to the lower moisture content of the JL-24 and
the thin shell of the variety which led to rapid drying and minimized fungal invasion and
subsequent aflatoxin contamination. Furthermore, it was observed that at CIAM, the mean
aflatoxin contamination levels of ICGV-SM-99568 (14.5 ppb) were significantly lower com-
pared to that of ICGV-SM-01514 (17.9 ppb). A similar trend of results was observed at PAN;
however, at this location, ICGV-SM-01514 had the lowest mean aflatoxin contamination levels
(12.3 ppb) compared to (14.3 ppb) for the variety ICGV-SM-99568.

3.4. Effect of drying method on groundnut aflatoxin contamination

Significant differences were observed in aflatoxin contamination levels among the groundnut
varieties as a result of drying method. Lower levels of aflatoxin were recorded by the use of
A-Frame compared to the tarpaulin drying method (Figure 4). However, except for the vari-
ety ICGV-SM-01514 (26 ppb) at CIAM, the aflatoxin contamination levels for the groundnut
varieties were lower than 20 ppb as a result of both drying methods, and thereby, showing the
effectiveness of the two drying methods in prevention of aflatoxin contamination.

Significant differences in aflatoxin contamination levels were also observed among the
groundnut varieties as a result of the interaction between harvesting time and drying methods

EFFECT OF DRYING METHOD ON GROUNDNUT AFLATONIN
CONTAMINATION
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Figure 4. Effect of drying method on groundnut aflatoxin contamination.



Effect of Harvesting Time and Drying Methods on Aflatoxin Contamination in Groundnut in Mozambique
http://dx.doi.org/10.5772/intechopen.77300

at the two study locations (Tables 3 and 4). The results showed that aflatoxin contamination of
the nuts started at H1 and significantly increased with delayed harvesting time (H3).

At Mapupulo Agricultural Research Center, the lowest aflatoxin contamination levels were
found to be 3 and 4 ppb for the A-Frame and tarpaulin drying methods, respectively, harvested
at physiological maturity. For Nampula Research Station, the lowest levels of aflatoxin contam-
ination were found to be 2 ppb for both drying methods harvested at physiological maturity.

Higher aflatoxin levels (>25 ppb) were recorded when harvesting was executed 10 days
after physiological maturity (H3) with respect to the drying methods. In summary, it has
been established that the interaction of delayed harvesting and tarpaulin drying method
resulted in higher aflatoxin contamination among the groundnut varieties than the interaction
of delayed harvesting and A-Frame drying method. Overall, the interaction of harvesting time
and A-Frame drying method resulted into lower aflatoxin contamination levels than the inter-
action of harvesting time and tarpaulin drying method.

Drying method Variety Harvest timing
Hi1 H2 H3
A-Frame ICGV-SM-99568 3 70 17°
ICGV-SM-01514 100 3¢ 25°
JL-24 4 4¢ 19®
Tarpaulin ICGV-SM-99568 16" 44 40*®
ICGV-SM-01514 170 10 42
JL-24 9ed 13¢ 25°

Mean + SE A-Frame 10 + 3.77 Tarpaulin 21 +5.17

Means within a column followed by the same letter are not significantly different based on Tukey’s test (P < 0.01).

Table 3. Groundnut aflatoxin levels as affected by the interaction of harvesting time and drying method at CIAM.
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Drying method Variety Harvest timing
H1 H2 H3
A-Frame ICGV-SM-99568 3¢ 2¢ 27
ICGV-SM-01514 2¢ 2¢ 21
JL-24 100 1 12°
Tarpaulin ICGV-SM-99568 18 4 32
ICGV-SM-01514 8be 8be 33
JL-24 19° 2¢ 22
Mean + SE A-Frame 9 + 4.03 Tarpaulin 16.5 + 5.6

Means within a column followed by the same letter are not significantly different based on Tukey’s test (P < 0.01).

Table 4. Groundnut aflatoxin levels as affected by the interaction of harvesting time and drying method at PAN.
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4, Discussion

A number of studies have shown that weather directly influences host susceptibility to afla-
toxin contamination [15]. The differences in the intensity of aflatoxin contamination between
CIAM and PAN could be attributed to the variability in intensity and duration of rainfall,
temperature, and relative humidity between the two locations. In general, CIAM had sig-
nificantly higher aflatoxin contamination levels compared to PAN. This was attributed to
higher than normal temperatures (>30°C) and late season rainfall which created warm, moist
conditions suitable for fungal growth, and subsequent higher aflatoxin contamination levels
on the kernels. These outcomes are similar to earlier accounts that wetter and more humid
conditions tend to aggravate aflatoxin levels as it enhances the growth of Aspergillus species
and production of aflatoxins in groundnuts compared to drier climatic conditions [16]. In
addition, studies have shown that the optimal temperature range for production of aflatoxin
is approximately 25-30°C agreeing with the current study [17].

The study also recorded higher aflatoxin contamination levels in the groundnut kernels
above the recommended 20 ppb (US standards) at both CIAM and PAN. This could be as a
result higher air temperatures (>30°C) along with elevated relative humidity (>70%) which
provided optimum conditions for fungal invasion especially for the Aspergillus section
Flavi and later production of aflatoxins. This was consistent with the findings of Hell and
Mutegi [18] who reported that environmental conditions that favor Aspergillus group of
fungi included high soil or air temperature (25-30°C), high relative humidity (70-85%), and
drought stress.

Field observations have shown that on average, aflatoxin contamination levels were lower at
physiological maturity (H2) compared to harvesting at 10 days after physiological maturity
(H3). Furthermore, harvesting the crop at H1 had significantly higher aflatoxin contamination
levels than harvesting at H2, with some exceptions. The high aflatoxin levels at H1 were attrib-
uted to immaturity of pods, higher pod and kernel moisture content, and adverse conditions
of wet and humid weather, which provided conducive conditions for fungal invasion and
consequently aflatoxin production. Additionally, most of the pods were small and shriveled,
which provided direct access to the entry of microorganisms including fungi into the pods
and consequently attacking the kernels and later contaminating the crop with aflatoxins. This
confirmed the findings of Okello et al. [1] who reported that harvesting groundnuts too early
or when the pods are immature result in high aflatoxin levels in the kernels. The findings were
also consistent with the findings by Hell et al. [19] who found that aflatoxin contamination
was positively correlated with wet weather during harvest (rainfall). It has also been shown
that as a result of early harvesting, drying coincided with some postharvest rainfall which led
into high aflatoxin contamination of the crop since there was excess moisture which provided
suitable conditions for fungal growth and development and production of aflatoxins.

Harvesting 10 days after physiological maturity (H3) resulted into highest levels of aflatoxin
contamination compared to H1 and H2 among the groundnut varieties in both study loca-
tions. Confirming the study findings by Mphande et al. [20] who reported that postharvest
contamination with aflatoxin in groundnut increased when harvesting was executed 5 days
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after physiological maturity. Additionally, the study has shown that delayed harvesting
resulted into higher aflatoxin contamination levels greater than the FDA/WHO regulatory
levels of 20 ppb [21]. The high aflatoxin contamination levels at H3 were as a result of heavy
damage of pods by insects especially termites (Odontotermes badius and Odontotermes latericus)
which provided the ready entry of fungi including Aspergillus species and consequently afla-
toxin contamination. Kombiok et al. [22] reported that insects influence the levels of aflatoxin
contamination in commodities such as maize and groundnut by carrying fungal inoculum
and causing damage that provide the ready entry of the fungus, and thereby increasing the
chances of aflatoxin contamination. Furthermore, insects such as termites cause scarification
of pods, which weakens the shells and makes them liable to crack during harvesting leading
to further insect, microbial, and disease infestations [23].

High aflatoxin contamination levels at H3 could also be attributed to physical damage of pods
as a result of digging using hoes. Harvesting groundnut 10 days after physiological maturity
coincided with dry weather making it difficult to harvest the groundnuts by hand pulling
which led to digging the nuts out of the soil using hand hoes. Similar to the effect of insect
damage to pods, physical damage to pods tended to increase with delay in harvesting perhaps
due to the dryness of the soil which made pulling and digging out of pods very difficult. As
a result, many pods of the groundnut varieties got damaged which favored the entry and
invasion of the nuts by Aspergillus Section Flavi that later produced aflatoxins as a result of
respiration. These findings are concurrent with the findings of Hell et al. [18] who indicated
that some factors that influence the incidence of fungal infection and subsequent toxin devel-
opment include invertebrate vectors (insects), grain damage, inoculum load, substrate compo-
sition, fungal infection levels, prevalence of toxigenic strains, and microbiological interactions.
Moreover, the highest levels of A. flavus and A. parasiticus infection and aflatoxin contamina-
tion are associated with seed damage caused by either insects or physical damage of pods [24].

It has also been observed that delayed harvesting coincided with high relative humidity
(>75%) and higher air/soil temperatures (30-35°C) which provided hot and moist conditions
for fungal growth and subsequent aflatoxin contamination. This phenomenal confirmed the
findings of Cotty and Jaime-Garcia [15] who stated that influences of delayed harvesting
on aflatoxin contamination are most severe when crops are caught by higher than normal
temperatures (25-30°C) and high relative humidity just prior to or during harvest (>70%).
Additionally, harvesting groundnut 10 days after physiological maturity coincided with high
populations of Aspergillus species in the soil which led to high aflatoxin contamination.

The correct drying of harvested groundnuts is very important, as inappropriate drying can
help induce fungal growth and reduce kernel quality for consumption and germination for
the following season. At harvest, groundnut fruits have a higher moisture content (38-40%)
and must be dried to (7-8%) to prevent growth of fungi [25]. This agrees with the current
study and furthermore, the drying method greatly influences the resistance of groundnuts to
fungal attack. It has been established from the results of this study that both the A-Frame and
tarpaulin drying methods were effective in reducing the moisture content of groundnut to the
recommended level of <7%, and thereby reduced the chances of heavy aflatoxin contamina-
tion on the kernels. However, the tarpaulin drying method was more rapid in reducing kernel
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moisture levels compared to the A-Frame dying method. This was attributed to the direct expo-
sure of the pods to sunlight compared to the shading of pods with leaves when on the A-Frame.

Nevertheless, significant differences were observed in aflatoxin contamination levels between
A-Frame and tarpaulin drying methods. Lower aflatoxin contamination levels were observed
when using the A-Frame (<10 ppb) compared to tarpaulin drying (<20 ppb) which had to
some extent higher aflatoxin contamination levels. The high aflatoxin contamination levels
when using the tarpaulin method were attributed to alterations of the pod and seed coat as
a result of direct exposure to sunlight which resulted into creation of microscopic poles and
cracks that provided the ready entry of fungi and later aflatoxin production. The advantage
of the A-Frame drying method over tarpaulin drying was that it prevented direct exposure of
the pods to sunlight and provided increased air circulation as a result of the pods being on a
raised platform which led to efficient and effective drying resulting into lower fungal invasion.
This confirmed the findings that if drying is too rapid, there are alterations in the seed coat that
favor fungal infection [26].

High aflatoxin contamination levels with the tarpaulin drying method could also be as a result of
weather conditions. Postharvest abrupt rainfall during the drying period resulted into wetting
of pods and prevented drying of the pods to the open sun on some days when it rained all day
which resulted into creation of moist conditions conducive for aflatoxin production by the fungi.
This was not the case with the A-frame since the pods were covered with leaves and thereby
preventing water from reaching the pods and ensuring exposure to air circulation all the time.
One of the disadvantages of drying groundnuts on tarpaulins is the time and effort required to
gather the pods together and cover them during rain showers and respreading the pods as soon
as possible in order to continue drying; this is difficult and the adverse moist conditions as a
result of rain provided optimum conditions for fungal invasion and aflatoxin production.

However, in general, it has been observed that both the A-frame and the tarpaulin drying
methods were effective in prevention of aflatoxin contamination of the groundnut crop
than would traditional methods of drying which involve field and bare ground drying.
Furthermore, the A-frame and tarpaulin drying methods ensured that the groundnut crop
attained the recommended moisture content (<7%) and ensured that the crop was not in
direct contact with the soil, thereby preventing easy access of fungi to the pods and thus
ensuring minimum fungal invasion.

5. Conclusions and recommendations

The results of the assessment of different harvesting times and different drying methods are
rather obvious (and confirm previous studies), namely (a) harvesting 10 days after physi-
ological maturity (H3) results into the highest levels of aflatoxin, (b) harvesting groundnuts
too early or when the pods are immature results in high aflatoxin levels in the kernels, (c)
physical damage of pods as a result of digging using hoes (there is not much of an alterna-
tive when harvesting during dry weather), (d) insects influence the levels of aflatoxin con-
tamination, and (e) A-frame and the tarpaulin drying are more effective in reducing aflatoxin
contamination of groundnuts. However, the implementation of those good postharvest han-
dling practices (drying and harvesting time) requires a close monitoring at the farmer level.
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It may be interesting to research the constraints by adopting such practices (when farmers
are knowledgeable about the problem). Besides, it is difficult to avoid in the studied areas of
Mozambique the ideal situation of an optimal temperature range for production of aflatoxin
(between 25 and 30°C). Wet and more humid conditions quite evidently aggravate aflatoxin
levels. Scenarios may be useful to better understand the necessary trade-offs to be made by
the farmer to optimize harvesting times and drying method depending on the local context
(availability of tarpaulin, A-frames, or Mandela Cork dying methods) and weather forecasts.
An assessment of the conditions under which [waiting for] physiological maturity is dif-
ficult to respect would have been useful and the reasons why damage to the pods cannot be
avoided.
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Abstract

Mycotoxigenic fungi that contaminate grain crops can lead to reduced grain quality, crop
yield reduction and mycotoxicosis among humans and livestock. Preharvest management
of fungi and mycotoxin contamination is considered among the most important mitigating
strategies. Approaches include the breeding of resistant cultivars, use of microorganisms
chemical control, production practises and the management of plant stressors. Resistant
plants provide an effective and environmentally sound strategy to control mycotoxigenic
fungi and mycotoxins; and have been documented. Their incorporation into commercial
cultivars is, however, slow and complex. Therefore, emphasis should be placed on deter-
mining the resistance of cultivars and landraces currently used by producers. Chemical
control has been successfully used for wheat; yet little to no research has been done on
other important crops. Biological control strategies have focussed on Aspergillus flavus that
produces aflatoxins and infects commercially important crops like maize and groundnuts.
Commercial biological control products have been developed and field-tested in several
African countries with promising results. The impacts of production practises are unclear
under variable environmental conditions; but subsequent disease manifestation and myco-
toxin contamination can be reduced. Each preharvest approaches contribute to managing
mycotoxigenic fungi and their mycotoxins but integrating approaches may provide more
effective management of fungal and mycotoxin contamination in crops.

Keywords: preharvest management, mycotoxins, tolerance, cereals, cultural practices

1. Introduction

The contamination of food and feed crops with mycotoxigenic fungi is a persistent problem con-
tributing to food safety and security worldwide. The infection of crops by these fungal pathogens
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affects crop yield and quality but of greater concern are the secondary metabolites they produce,
collectively known as mycotoxins. Ingestion of mycotoxin-contaminated products has been asso-
ciated with a wide range of noxious effects on humans and livestock. The major food and feed
crops affected by mycotoxigenic fungi and mycotoxins include rice, maize, wheat, soybean, sor-
ghum and groundnut, although several other crops are also affected. The association of these
crops with mycotoxigenic fungi is ubiquitous, and crops are affected wherever they are pro-
duced. Three major groups of mycotoxigenic fungi are associated with mycotoxin contamination
namely Aspergillus, Fusarium and Penicillium. They each produce a number of mycotoxins, but six
mycotoxins have been studied extensively and are considered among the most important and
they include the aflatoxins (AF), fumonisins (FUM), trichothecenes (TCT), zearalenone (ZEA),
ochratoxin (OT) and patulin (PAT). Mycotoxin contamination levels in food and feed crops have
therefore elicited numerous countries to institute regulations regarding the maximum permis-
sible levels of these mycotoxins in unprocessed and processed products.

More than 100 countries have established mycotoxin regulations, including 15 African coun-
tries [1-3]. The European Union and United States Food and Drug Administration estab-
lished maximum allowable levels for certain food contaminants, including mycotoxins, with
the aim to reduce their presence in foodstuffs to the lowest levels reasonably achievable
by means of good manufacturing or agricultural practices [4]. Most of the countries have
mycotoxin regulations for at least AFB1, produced predominantly by Aspergillus spp., to aid
in minimising food safety concerns. Although fewer countries regulate Fusarium mycotox-
ins, a marked increase in the regulation of this mycotoxin has been observed recently. These
regulations have globally significant implications for the importation and exportation of
products. Regulatory infrastructure, however, does not enable inspection and enforcement
[5], making the regulatory control of mycotoxins in Africa largely ineffective [6].

The management of mycotoxigenic fungi and their subsequent mycotoxins is therefore vital
towards ensuring sustainable, safe food and feed production. Integrated management prac-
tises that reduce the incidence of mycotoxigenic fungi as well as the management of abiotic
factors that contribute to mycotoxin contamination are required before and following har-
vest. However, preharvest management is considered the most important in limiting the
overall contamination of crops. Therefore, the use of tolerant varieties is deemed the most
proficient and environmentally sound approach to manage fungi and their toxins. In addi-
tion, several other management approaches such as optimal plant production, cultural prac-
tises, chemical control and the management of mycotoxigenic fungi by atoxigenic strains or
bacteria could further reduce fungal incidence and subsequent mycotoxin contamination.

2. Management of mycotoxigenic fungi and their mycotoxins

Managing mycotoxigenic fungi and their mycotoxins in crop plants requires a proper under-
standing of the biology, epidemiology and genetics/genomics of the fungus and host plant.
Major crops vary significantly in susceptibility to mycotoxigenic fungi and subsequent myco-
toxin contamination. Maize is widely considered to be among the most susceptible of major
crops to mycotoxins, while rice is considered among the least susceptible crop [7-9].
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2.1. Tolerance to mycotoxigenic fungi

Crops with resistance to numerous mycotoxigenic fungi have been documented [10-12],
but none of these are immune. Resistance to mycotoxigenic fungi therefore appears to be
quantitative rather than qualitative. Breeding programmes at both public and private insti-
tutions are initiating and expanding their efforts to develop disease-resistant inbred and
hybrid materials [13]. A number of international institutions such as the International Maize
and Wheat Improvement Centre (CIMMYT) and the International Institute of Tropical
Agriculture (IITA) in African countries including Kenya and Nigeria have established
breeding programmes with the primary focus on producing inbred lines with improved
resistance to A. flavus and AF. The development of tolerant cultivars, however, has been
slow due to the polygenic, quantitative nature of resistance to mycotoxigenic fungi [14-17],
the unavailability of immune germplasm [11, 15] and the effect of the environment on dis-
ease development and mycotoxin production [18-20]. The development of tolerant variet-
ies, therefore, may be a long (8-10 years) and costly process that needs to be conducted as
effectively as possible. Little to no commercial plant crop, completely resistant to mycotoxi-
genic fungi and mycotoxins, has been produced by conventional breeding, with the excep-
tion of wheat [21-23].

2.2. Conventional breeding strategies

Diallel analysis to determine the general combinability (GC) and specific combinability (5C)
of resistant genotypes has been reported for Aspergillus and Fusarium, mostly performed on
maize [24-27] and wheat [28-30]. The response of an inbred line to F. verticillioides and FUM,
and the corresponding GC in hybrids, was significantly correlated. This indicates that an effi-
cient way to improve resistance to F. verticillioides and FUM in maize hybrids, specifically, is
to first evaluate and select resistant inbred lines that can be used to develop resistant hybrids
[24]. This was also demonstrated for breeding resistance to Fusarium head blight (FHB) of
wheat [30]. Maize hybrid performance for resistance to F. graminearum could, however, not be
predicted based on the GC of inbred line parents [27]. Therefore, this relationship needs to be
determined for each crop and fungal pathogen, respectively.

Inbred lines with resistance to aflatoxin contamination were evaluated for GCA and SCA for
resistance to fumonisin accumulation, and two lines with resistance to FUM and AF were
registered [25]. That research demonstrated the ability to breed resistance to multiple myco-
toxigenic fungi and/or their mycotoxins. Furthermore, improved resistance to F. verticillioides
and FUM in inbred lines derived from cross-pollination of resistant and elite maize lines has
been demonstrated [31]. The subsequent hybrids produced from the crossing of improved
lines with elite lines, however, did not demonstrate an improved activity against Fusarium
ear rot (FER) and FUM accumulation, although some improved lines performed well as an
inbred line and as a component of a hybrid [31]. To date, little to no research is reported on the
development of tolerant varieties using recurrent selection breeding methods. Considering
that resistance to mycotoxigenic fungi is polygenic and quantitative, recurrent selection pres-
ents a feasible breeding strategy; however, time and cost involved in this breeding strategy
may be strong deterrent factors.
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Quantitative trait loci (QTL) associated with resistance to mycotoxigenic fungi has been
mapped in maize and wheat and can be used for marker-assisted selection [15, 16, 32-36].
Some QTLs, however, displayed pleiotropic effects, sometimes resulting in resistance to both
traits [15, 32, 37]. QTL analyses have also demonstrated pleiotropic effects for resistance to
other mycotoxigenic fungi and/or their associated mycotoxins. In QTL studies involving mul-
tiple ear rot pathogens, maize resistant to FER and FUM accumulation was also resistant to
F. graminearum and/or A. flavus, with common loci for ear rots and FUM, respectively [15, 37,
38]. Research revealed that some of the genes involved in resistance to FER and Aspergillus
ear rot (AER) of maize caused by A. flavus, as well as their associated mycotoxins (FUM and
AF, respectively), were identical or genetically linked [38]. These studies highlighted com-
mon genes and/or resistance mechanisms to multiple mycotoxigenic fungi, demonstrating the
potential for breeding resistance to one type of mycotoxigenic fungus, and its mycotoxin may
lead to similar responses among other mycotoxigenic fungi and associated mycotoxin. The
value of marker-assisted selection for improving Fusarium head blight resistance in wheat
has been confirmed by numerous researchers and success stories from breeding programmes
implementing MAS [39-47].

2.3. Unconventional breeding strategies

2.3.1. Genetic modification

Genetically modified crops are plants of which the DNA has been altered through the intro-
duction of a foreign gene to express a trait not inherent to the modified plant. Three trans-
gene-mediated strategies have been proposed for the management of mycotoxigenic fungi and
mycotoxins in maize [48]. These include (1) the reduction of fungal infection, (2) the degrada-
tion of mycotoxins and (3) interfering with the mycotoxin biosynthetic pathway. To reduce
infection by the fungus, the incorporation of antifungal and/or resistance genes, as well as the
overexpression of defence-related genes, is required. Catabolic enzymes from microbes have
been used to detoxify certain mycotoxins both in vitro and in situ, before they accumulate in the
plant [49-51]. Fumonisin esterase and amine oxidase genes encoding FUM-degrading enzymes
have been identified in Exophiala spinifera de Hoog and Hasse [48]. None of these genes have,
however, been successfully introduced into maize. Maize plants have, however, been geneti-
cally engineered to interfere with the biosynthesis of AF and TCT [52, 53]. The best-known
example of using genetically modified maize for reducing FER and FUM contamination of
grain is Bt maize [54, 55]. This is due to the close association between kernel damage by insects
and infection by F. verticillioides [56]. Bt maize plants that prevent insect damage, therefore, also
reduce FUM contamination of maize grain. Genetically modified maize is not authorised in all
countries and, consequently, conventional breeding efforts are still commonly used.

2.3.2. Mutation breeding

Exposure of seeds or other heritable materials to chemicals or radiation with the purpose to
induce DNA changes (mutations) is known as mutation breeding. Nuclear technology for
crop improvement makes use of ionising radiation, which causes induced mutations with a
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high mutation frequency in plants [57]. These mutations might be beneficial and alter physi-
ological characters of plants, including plant height, ear height and improved root architec-
ture [58, 59]. The radiation of seeds may also cause genetic variability that enables breeders to
select new genotypes with improved grain yield and quality [60]. Mutation breeding has been
successfully used to generate genetic variation in cereal crops, including maize, for a number
of aspects including enhanced yield and productivity, altered ear length, drought tolerance
and enhanced stem structure [61-63]. It can thus potentially provide an attractive means for
generating tolerance to mycotoxigenic fungi and their mycotoxins.

2.4. Host-plant resistance

The planting of disease-resistant plants is an effective, affordable and environmentally sound
strategy to control ear rot diseases and mycotoxin accumulation [64]. Commercial hybrids
differ in their ability to accumulate mycotoxins [64], while hybrids grown outside of their
adapted range are more susceptible to mycotoxins than those grown within their adapted
range [18]. Determining host-plant resistance to mycotoxigenic fungi and mycotoxin accu-
mulation is a fundamental step towards developing commercially tolerant plant varieties.
Several factors require careful consideration when screening materials for resistance to myco-
toxigenic fungi and their mycotoxins. Inoculation technique significantly contributes to the
efficacy of the screening protocol and should, therefore, be appropriate, produce consistent
results and consider the disease cycle of the pathogen. Numerous studies relating to differ-
ent crops report on the importance of screening for resistance under variable environmental
conditions since genotype by environment interactions (GEI) plays such a vital role in disease
development and mycotoxin contamination. Furthermore, GEI and stability indicators pro-
vide for the selection of material tolerant across a broad range of environments or alterna-
tively exhibiting tolerance in specific environments.

Various countries have reported on the tolerance levels of maize and wheat cultivars to
mycotoxigenic fungi and associated mycotoxins [65-67]. However, focus has been placed
on the characterisation of inbred lines for the identification of appropriate breeding mate-
rial towards resistance to mycotoxigenic fungi and their toxins [68-74]. Genetically modified
maize, expressing Bacillus thuringiensis genes (BT maize), has been found to accumulate less
FUM than its non-modified isolines [54].

2.5. Cultural preharvest management strategies
2.5.1. Planting recommendations

Adhering to planting dates and planting plants at lower or optimal densities reduces myco-
toxin accumulation during production [75-77]. Plants should be planted at recommended
row widths and densities to specifically reduce water stress [78] and ensure optimal nutrient
availability. Maize ears should be harvested from the field as soon as possible because favour-
able conditions for ear rot and/or mycotoxin accumulation may occur if harvest is delayed,
thus leading to elevated mycotoxin levels [79, 80].
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2.5.2. Crop rotation

The primary objective of cultural control of mycotoxigenic fungi is to minimise factors that
result in plant stress. Inoculum build-up on plant residues can be reduced by crop rotation prac-
tices, such as the rotation of maize with non-host crops [75, 81, 82]. Crop rotation with legumes,
brassicas and potato could also significantly reduce F. graminearum contamination levels [83].

2.5.3. Tillage practises

Field preparation and cultivation practices play a central role in the management of Fusarium
diseases and associated mycotoxins [84]. The burial of plant residues from a previous planting
season by deep ploughing can reduce the primary inoculum that causes infections [85]. This
is especially important when crops are affected by the same Fusarium species, such as F. gra-
minearum on maize, wheat and sorghum grown in rotation [4]. While minimum tillage has signif-
icantly decreased stalk rot and increased grain yield of sorghum in South Africa [86], it has also
increased inoculum build-up of mycotoxigenic fungi in maize cropping systems [84]. Alternate
tillage practices, however, have had little effect on the incidence of FER in maize [87, 88].

2.5.4. Managing plant stressors

Limiting plant stress to increase plant vigour by adhering to optimum plant dates, preventing
drought stress and the optimal use of fertilisers have reduced Fusarium infection in a number
of grain crops [76, 89-91]. However, maize cultivated by means of organic agriculture does
not accumulate less FUM than maize cultivated conventionally [92, 93]. Extended periods
of heat and drought stress that lead to increased FUM levels could be managed with proper
irrigation schedules [77, 94]. Managing plant stress conditions is also important as this is
considered key in the symptomless endophytic relationship converting to a disease- and/or
mycotoxin-producing interaction [95].

2.5.5. Chemical control

Fungicides have been shown to significantly reduce FHB and DON contamination of wheat
grain. Triazole fungicides such as metconazole and tebuconazole have been shown to con-
trol FHB and DON contamination in wheat [96]. However, fungicides are neither effective in
reducing F. verticillioides infection/FUM accumulation, nor A. flavus infection/AF accumulation
in maize [97]. This may be due to the husks that cover maize kernels. FUM were, however,
reduced by 95% in vitro when four fungicides and a biocontrol bacterium (Serenade, B. subtilis)
were evaluated for the control of F. verticillioides and A. flavus [98]. No registered fungicides are
available for the control of either F. verticillioides or A. flavus in any African country [98]. The
use of insecticides can prevent insect wounds that contribute to fungal infection and myco-
toxin accumulation in maize kernels [91].

Reduced FHB severity and mycotoxin contamination of wheat under field conditions using
tannic acid and the botanicals, Chinese galls and buckthorn, have been shown [100]. These
researchers also reported disease and mycotoxin reduction efficacy close to that observed
with a synthetic fungicide, thereby demonstrating the potential use of natural compounds
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in managing mycotoxigenic fungi and their toxins. Furthermore, several studies report on
a reduced fungal growth and mycotoxin contamination for Aspergillus and Fusarium using
natural oils and phenolic compounds in vitro; however, the commercial value of such prod-
ucts has not been explored and may not be feasible [101, 102].

2.5.6. Managing mycotoxigenic fungi with other microorganisms

The use of biological control agents to manage mycotoxigenic fungi has been reported. Atoxigenic
E. verticillioides strains competitively excluded FUM-producing strains and prevented them from
producing FUM [103]. When these strains were applied by themselves through the silk channel,
however, they resulted in high levels of FER. The effective control of toxigenic F. verticillioides and
F. proliferatum by non-toxigenic Fusarium species in maize residues has also been observed [104].
Most success, however, has been achieved with the use of atoxigenic strains of A. flavus to con-
trol toxigenic A. flavus and A. parasiticus. When introduced into the soil, these atoxigenic strains
reduced AF contamination of peanuts in the USA by 74.3-99.9% [105]. Atoxigenic A. flavus strains
are now widely used to control AF in maize in several African countries (www.aflatoxinpartner-
ship.org). Endophytic bacteria have been reported to control FUM-producing fungi by competi-
tive exclusion [106], while Trichoderma strains controlled them through competition for nutrients
and space, fungistasis, antibiosis, rhizosphere modification, mycoparasitism, biofertilisation and
the stimulation of plant-defence mechanisms [107].

2.5.7. Prediction systems

An epidemic can be described as a ‘change in disease intensity in a host population over time and
space’ [108]. Mathematical modelling of crop disease is a rapidly expanding discipline within
plant pathology [109] with the first models developed by Van der Plank [110, 111]. In epidemiol-
ogy, modelling aims to understand the main determinants of epidemic development in order to
address disease management in a sustainable and efficient manner. It can, therefore, serve as an
instrument to monitor and assess the risk of mycotoxin contamination in crops that would drive
agronomic decisions during cultivation, in order to enhance management strategies [112].

Most research regarding disease forecasting of mycotoxigenic fungi has focussed on FHB of wheat.
This disease is considered well suited for risk assessment modelling because of the severity of
epidemics, compound losses resulting from mycotoxin contamination and relatively narrow time
periods of pathogen sporulation, inoculum dispersal and host infection [113]. This can be seen
from the online forecasting model FusaProg [114], which is a threshold-based tool to control F.
graminearum with the optimised timing of fungicide applications and forecasts of DON content
during flowering. DONCast is a prediction model from Canada that has been extensively vali-
dated and commercialised for wheat [112], while an adaption of this model has been proposed for
maize. This model predicts the variation in mycotoxin levels associated with the year and agro-
nomic effects from simple linear models using wheat samples from farmers. The DONCast model
accounts for up to 80% of the variation in DON and is commercially employed for the past 10 years.

Field-based models to predict FUM Bl contamination in maize grain have been elusive, most
probably due to the complexity of interactions between numerous abiotic and biotic disease
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factors [115]. The concentration and severity of FUM produced by Fusarium spp. varies with
meteorological conditions, genotype and location [19]. In general, favourable conditions for F.
verticillioides infection include high temperatures [56], drought stress [56, 116] and insect damage
stress [56]. A mathematical simulation of the growth of F. graminearum and F. verticillioides in
maize ears was developed; however, the model only simulates fungal growth and not mycotoxin
accumulation [117]. A preliminary model developed in the Philippines and Argentina identified
four weather periods near silking as critical to FUM accumulation at harvest [19]. This model
accounted for 82% of the variability of total FUM across all locations in 2 years of study, but did
not consider meteorological conditions during grain maturation when FUM are synthesised.

A risk assessment model (FUMAgrain) developed for FUM contamination of maize grain
in Italy gives an initial risk alert at the end of flowering based on meteorological conditions
[118]. A second alert follows at kernel maturation following assessments of grain moisture,
European corn borer damage and FUM synthesis risk. FUMAgrain could simulate FUM syn-
thesis in maize accounting for 70% of the variation for calibration and 71% for validation. The
importance of meteorological conditions at flowering and the growth of F. verticillioides and
FUM synthesis during grain maturation was emphasised as the most important factors con-
tributing to FUM contamination [118]. Another model consistently identified mean maximum
temperature and minimum humidity as driving variables in the colonisation of maize kernels
by fumonisin-producing Fusarium spp [99]. Furthermore, Fusarium colonisation of grain and
fumonisins were related to prevailing weather conditions during early post-flowering and
dough stage of grain development, respectively [99]. A prediction model using variables such
as cultivar, climate, management practice, soil type, phenological stages of the host plant and
pathogen variation would be advantages in identifying areas with potentially dangerous lev-
els of fungal contamination and associated mycotoxin production, enabling them to imple-
ment mycotoxin management strategies.

3. Conclusion

Food and feed crops are consistently threatened by mycotoxigenic fungi and compound their
infection by depositing toxic metabolites, including mycotoxins. Preharvest management of
mycotoxin contamination is vital to maintaining contamination levels below economically fea-
sible and legislated thresholds. Planting genotypes with enhanced host resistance is considered
the most practical, affordable and environmentally sound method of controlling mycotoxi-
genic fungi and their mycotoxins. However, integrating resistant varieties with good agri-
cultural practises such as crop rotation, chemical/biological control and other strategies that
optimise plant production by minimising stressors may further reduce the risks associated with
mycotoxin contamination. Resistance to mycotoxigenic fungi exists and has been identified
in appropriate breeding materials but such resistance needs to be introduced in high-yielding
and locally adapted hybrids. To date, conventional breeding has not been able to introgress
disease and/or mycotoxin resistance into important staple crops like maize. Therefore, further
research is required into factors with a greater efficacy to reduce mycotoxigenic fungi and
mycotoxins preharvest as resistant varieties are being developed.
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Abstract

Over recent decades, laboratory and field trial experiments have generated a considerable
amount of data regarding the promising use of beneficial microorganisms to control plant
diseases. Special attention has been paid to diseases caused by mycotoxigenic fungi owing
to their direct destructive effect on crop yield and the potential production of mycotoxins,
which poses a danger to animal and human health. New legislative initiatives to restrict
the use of the existing commercial chemical pesticides have been an incentive for devel-
oping and registering new bio-pesticides. In this book chapter, we discuss up to-date pre-
harvest biological control agents against mycotoxigenic fungi and their respective toxins.
We will focus on the different modes of action of the most frequently studied biological
control agents. Furthermore, a comprehensive overview on their ability to suppress myco-
toxin biosynthesis will be discussed.

Keywords: biological control, mycotoxigenic fungi, mycotoxins, pre-harvest

1. State of the art

Cereals are a major source of calories consumed by people worldwide on a daily basis. With
increasing global population, food production needs to increase by 50 to 70% in the next
30 years to avoid global food insecurity [1]. The danger of food insecurity is particularly serious
for the developing countries especially sub-Saharan Africa where more people are suffering
from hunger and this situation is expected to deteriorate in the future [2]. The challenge of
safely and securely feeding these people, has to be faced in a world with a shrinking arable
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land, with less and more expensive fossil fuels, increasingly limited supplies of water, social
unrest, economic uncertainty and within a scenario of a rapidly changing climate. Moreover
the impact of plant diseases cannot be overestimated. The impact of fungal diseases and new
variants of existing pathogens on agriculturally important crops is considered to be one of the
main threats to worldwide food availability and safety. It was figured that diseases on our most
important agricultural crops resulted in damages that were enough to feed 8.5% of the world’s
population [3]. The mission of providing food to the growing world population can therefore
not be accomplished without a good control of these plant diseases. An important group of
plant pathogens are toxigenic plant pathogens which produce mycotoxins, secondary metabo-
lites of unrelated chemical structures and biological properties with a very broad toxic effects
to humans and livestock, so in addition to posing a threat for food security, these pathogens
also pose a threat to food safety [4-6].

Management of plant diseases can be done by adopting several strategies such as the cultiva-
tion of resistant cultivars, the use of sound crop rotation schemes and the use of chemical
control. The harmful impact of plant protection products on the environment and human and
animal health have prompted the European Union (EU Directive 2009/128/EC) to encourage
research on alternative and ecofriendly solutions such as integrated pest management and the
use of biological control agents (BCAs). Biological control, henceforth called biocontrol, in
plant pathology, aims at utilizing microorganisms to prevent the colonization and/or suppress
the spread of harmful plant pathogens [7]. BCAs in this chapter are defined as beneficial
microorganisms that are able to antagonize plant pathogens and protect the plant [8-11].
Although the definition includes both pre-harvest and post-harvest strategies, this chapter will
focus on pre-harvest biocontrol measures [12, 13].

The most studied mycotoxin producing plant pathogenic genera are Fusarium, Alternaria,
Claviceps, Stachybotrys and Aspergillus spp. [4, 14-16]. These genera infect a wide array of
commodities including cereals, nuts, beans, sugarcane, and sugar beet in the field (e.g. Fusar-
ium, Alternaria and Claviceps spp.) and/or during storage (e.g. Aspergillus spp.). Figure 1 illus-
trates, in term of biological control, the most studied mycotoxigenic fungi in pre-harvest in
different crops. Fusarium graminearum is a predominant pathogen in wheat and maize, Fusar-
ium verticillioides contaminates maize while Aspergillus flavus infects groundnuts and maize.
Other mycotoxigenic plant pathogens such Alternaria alternata, Claviceps purpurea, and other
members of the genera Fusarium (e.g. F. avenaceum, F. acuminatum, and F. proliferatum) and
Aspergillus (e.g. A. carbonarius, A. niget, and A. parasiticus) received less attention in research
to date.

Mycotoxins are ubiquitous in agricultural crops and their production occurs under certain
environmental conditions during and/or after plant colonization [4, 17]. Exposure to myco-
toxins either in a short and/or long term can lead to diverse toxic effects on a wide range of
organisms [5, 6, 14, 17, 18]. Often, these fungal toxins are not only harmful for vertebrates
and invertebrates (mycotoxins) but also for plants (phytotoxins). Economically, these natu-
ral contaminants hamper the international trade and significantly affect the world economy
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Figure 1. Overview of the number of papers published between 1989 and 2017 which use biological control strategies
against, mycotoxigenic plant pathogenic fungi in different crops.

due to borders rejection when mycotoxin concentrations exceed the maximum permissible
levels. Although the production of mycotoxins by these toxigenic plant pathogens is of
economic importance, many research groups do not take them into account when studying
biological control strategies. These studies are then limited to the fungicidal or fungistatic
effects of the BCAs while the effect of the BCAs on mycotoxin production is often over-
looked. Figure 2A subscribes this issue and shows the number of papers on mycotoxigenic
fungi with and without considering mycotoxins under in vitro, greenhouse and field condi-
tions over the last 30 years. The figures presented in Figure 2A are even an underestima-
tion, as they comprise research on A. flavus (Figure 2B). Many of these papers deal with
“Aflasafe” and all include aflatoxin measurements. Omitting these A. flavus data provides a
more correct view on the lack of studies investigating the effects of BCAs on mycotoxin
production (Figure 2C).

In view of the importance of mycotoxins for animal and human health, this review will focus
on the effect of BCAs on the mycotoxin production by toxigenic plant pathogenic fungi. In a
first part, we will provide an overview on the diverse modes of action BCAs can have.
Secondly, a more in depth insight into the effect of BCAs on production of the major myco-
toxins is provided. Finally, we end by providing some perspectives for future research and
hurdles that might have to be taken.
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Figure 2. Number of published papers between the period of 1988-2017 addressing biocontrol of mycotoxigenic fungi
with and without considering the effect on mycotoxins.



Biological Control of Mycotoxigenic Fungi and Their Toxins: An Update for the Pre-Harvest Approach
http://dx.doi.org/10.5772/intechopen.76342

2. Modes of action of BACs

The main modes of action of BCAs are antibiosis, competition, mycoparasitism, and stimu-
lation or enhancement of plant defense [7]. BCAs usually relay on more than one mode of
action to antagonize the pathogen i.e. presence of one dominant mode of action does not
exclude the others. Table 1 summarizes the reported modes of action used against mycotoxi-
genic fungi in each crop.

(i) Antibiosis encompasses the production of secondary metabolites such as antibiotics [19-21],
lytic enzymes [22] and other proteins [23] that are able to suppress the growth, weaken the
virulence or kill the pathogenic fungi.

(ii) Competition occurs when two or more fungi compete for the same essential nutrients
required for their growth and development [24, 25]. Another type of competition is exclusion
by occupying the same niche [26, 27].

(iii) Mycoparasitism or hyperparasitism is a direct parasitic attack of one fungus by another
one which eventually causes death of the host pathogen [28-30].

(iv) Colonization of the plant, by beneficial micro-organisms can trigger local or systemic
defense responses, thus enhancing resistance against plant pathogens [31, 32].

2.1. Antibiosis

Production of a wide range of antibiotics, enzymes and other antifungal compounds which
contribute to adverse impacts on plant pathogen are characteristic features of different fungal
BCAs such as Trichoderma spp. and Clonostachys spp. [8, 11, 24, 33]; bacterial BCAs such as
Bacillus spp., Pseudomonas spp., Streptomyces spp. and Lactobacillus spp. [19, 20, 34, 35]; and
yeast BCAs such as Cryptococcus spp., Kluyveromyces spp. and Saccharomyces spp. [10, 36]. All
these BCAs have an arsenal of metabolites targeting different structures of the pathogen which
thereafter curtails the growth or kills the pathogen.

A. Enzymes hydrolyzing fungal cell wall

The fungal cell wall is a complex structure containing mainly glucan polymers and chitin.
For several BCAs, molecules which interfere with this cell wall have been described.
Peptaibols, linear oligopeptides produced by Trichoderma spp., inhibit beta-glucan synthase
which prevents the pathogen from reconstructing its cell wall [37]. Culture filtrates of a T.
harzianum isolate changed the colony color of A. flavus and had a clear effect on the growth.
A microscope study showed alterations in the morphology of A. flavus represented by
abnormal vesicle formation and various aberrant conidial heads reflecting cell wall defor-
mity [38]. Production of some extracellular enzymes (amylolytic, cellulolytic, pectinolytic,
lipolytic and proteolytic) were also demonstrated, however the inhibition was directly asso-
ciated with source of carbon (glucose or sucrose) or nitrogen (L-alanine or other) available in
the medium [38].
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B. Production of metabolites that affect fungal membrane

Production of antifungal metabolites interfering with membrane structures have been
described in several BCAs. The most important class is the lipopeptides which interfere with
the membrane and the sterols in the membrane [39]. These lipopeptides have been proven to
be effective against several genera of toxigenic fungi such as Aspergillus and Fusarium spp.

The presence of two antibiotic lipopeptides, iturin and surfactin, revealed the potent anti-
fungal activity [20] of two Bacillus spp. (P1 and P11) against A. flavus [40]. Similarly, B. subtilis
BS119m was able to completely inhibit A. flavus growth which was associated to its ability to
produce a high amount of surfactin [41]. Crane et al. monitored iturins produced by
B. amyloliquefaciens in wheat under greenhouse and the field conditions and found an inverse
relationship between iturins levels and Fusarium disease incidence [42]. Fengycin, another
lipopeptide purified from Bacillus subtilis IB culture showed an inhibitory effect against
F. graminearum [19].

C. Production of antifungal compounds having antibiotic effects not related to membrane
and cell wall effects

Where antibiotics have been described as powerful allies in the battle against bacterial contam-
inants, several molecules have been described which are fungicidal. The polyketide compound
2,4-diacetylphloroglucinol (DAPG) produced by P. fluorescens has received a particular consid-
eration due to the broad spectrum activity against various fungal pathogens [43—46]. The
molecule was isolated from Pseudomonas spp. strain F113 present in the rhizosphere of sugar
beets [46] and has later been isolated from the rhizosphere of different crops [47]. DAPG has
been shown to have antifungal effects against Fusarium and Alternaria spp. [48].

Although antibiosis has been proven to be a major weapon against plant pathogenic, fungal
resistance might arise. One example is known for F. verticillioides in which a Lactamase
encoding gene (FVEG_08291) has been identified which enables the pathogen to resist
benzoxazinoid phytoanticipins produced in plant but also possibly microbial xenobiotic
lactam compounds [49]. This information therefore raises an important question about the
ability of mycotoxigenic plant pathogens to cope with the antifungal compounds produced
by BCAs. In case that reported fungal resistance may be present against BCAs, this may
necessitate the continuous exploration of new antibiotics.

2.2. Competition for niche and nutrition

Competition for niche or competitive exclusion is a restriction of access to the habitat of a
pathogen on the plant or seeds by another microorganism while competition for nutrients
happens when two or more microorganisms compete for the same source of macro- and
micro-nutrients required for growth and secondary metabolites production [7].

One of the most famous and promising examples on competition for ecological niche and
nutrition is found in A. flavus control [26]. However, competition of other mycotoxigenic
pathogens such as F. pseudograminearum through nutrient competition [50] and F. culmorum
and F. graminearum [51] were also reported. It has been demonstrated that atoxigenic A. flavus
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strains are powerful BCAs to control the toxigenic strains of A. flavus in cottonseed [52-54],
maize [27, 55-57] and various types of nuts [58-61]. Currently, different strains of atoxigenic
A. flavus are being used depending on the endemic area and sometimes a mixture of strains is
used in the field. This competitive exclusion theory has been recently confirmed in situ by co-
inoculating corn kernels with GFP-labeled AF70 and wild-type AF36. The study showed that
there is a population difference (up to 82% reduction) between the co-inoculated kernels with
both fungi and the control one inoculated only with GFP-labeled AF70 after visualizing under
UV. Furthermore, aflatoxins (AFs) analysis showed a 73% reduction compared to the control [62].

However, AFs are not the only toxic compounds produced by A. flavus. Cyclopiazonic acid
(CPA) is another mycotoxin produced by certain strains of A. flavus, including the atoxigenic
strains, affecting mainly the liver and muscles of livestock [63, 64]. As an example, the com-
mercially registered BCAs AF36, while it is effective against toxigenic A. flavus, it has been
confirmed for its CPA production in cottonseeds. Therefore, researchers screened and tested
new strains lacking the production of both toxins for the same previously mentioned crops
[65-67]. Testing atoxigenic strains of A. flavus against other AFs producing fungi such as
A. parasiticus was less common because A. parasiticus is less virulent and not predominantly
occurs in the soil as A. flavus [59].

Competition for nutrient and niche can also be seen in Trichoderma and Clonostachys spp. when
they are applied before pathogen occurrence [11, 68]. Trichoderma spp., especially T. harzianum,
produce siderophores, low-molecular-mass ferric-iron-specific chelators, when the available
iron in the environment is low [23]. Siderophores chelate the oxidized ferric ions (Fe + 3)
making it available as an iron source [24, 37, 69] and this enables Trichoderma spp. to compete
for iron which is an essential element for the development of many plant pathogens [24, 68].

2.3. Mycoparasitism

Mycoparasitism is a direct parasitic relationship between one fungus and another fungal host
[24]. The mycoparasitic interaction is mediated through certain gene involved in synthesis of
some metabolites (mainly chitinases, glucanases, and proteases) allowing the parasitic fungi to
degrade and invade the host cells [24, 29, 70]. A wide array of BCAs employ this strategy to
compete against several mycotoxigenic pathogens especially against Fusarium spp. Among
these, Trichoderma spp., are a widespread mycoparasitic BCA naturally present in the soil and
the plant [11, 70, 71]. The fungi are mainly biotrophic, perform mycoparasitic interaction with
living fungi, although the species also compete for niche and nutrients, enhance the plant
systemic and localized resistance and secrete secondary antifungal metabolites [29, 68]. Upregu-
lation of some chitinase-encoding genes occurred upon mycoparasitic contact of Trichoderma
spp. with Fusarium [71, 72]. T. viride showed a potent antagonisms of F. verticillioides in an in vitro
assay which was proven by the suppression of radial extension of the fungus by 46% after
6 days and by 90% after 14 days [73].

On rice, T. harzianum performed very well against F. verticillioides through mycoparasitism and
showed a mutual antagonism by contact [74]. Some metabolites such as cell wall-degrading
enzymes, chitinases and £5-1,3 glucanases were suggested by the author to be involved in the
mechanism as the evidence of mycoparasitism in this study was supported by cryo scanning
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electron microscopic observations. The same experimental setup was previously done using
the same BCA on rice but against Alternaria alternata and similar results and conclusions were
reported [75]. Upon fungal cell wall degradation by chitinases produced by Trichoderma spp.,
another type of enzymes called exochitinases are secreted and the attack starts to kill the
pathogen [24].

Trichoderma spp. have mostly been tested as a BCA against F. graminearum in wheat [38, 51, 76-78].
In a field trial, T-22 strain, reduced formation of perithecia of F. graminearum by 70% [77].

Clonostachys is another genus famous for mycoparasitism and demonstrates a promising BCA
against a wide range of plant pathogens including F. graminearum, F. verticillioides, F. poae, and
F. culmorum. However, compared to Trichoderma, Clonostachys spp. are poorly studied. Within
Clonostachys spp., C. rosea is the most researched and has been associated with multiple modes
of action such as antibiosis [33], induction of plant resistance, [79], and niche and nutrient
competition [80]. The fungus C. rosea secretes a number of antibiotics such as peptaibols,
gliotoxin, trichoth as well as cell wall degrading enzymes such as chitinases, glucanases.
C. Rosa ACM941 was reported to produce chitin-hydrolysing enzymes capable of degrading
cell wall of F. culmorum [81].

Recently, Sphaerodes spp. have been discovered as a potential biocontrol agent against Fusarium
spp. relying on mycoparasitism tactics with promising results. Among these species Sphaerodes
mycoparasitica was isolated in association with Fusarium spp. from wheat and asparagus fields [82]
and has shown its ability to limit Fusarium infection in both 3-ADON and 15-ADON chemotypes
and limit DON synthesis both in vivo and in planta [82, 83]. For bacterial BCAs, Palumbo et al.
[84] reported the production of antifungal metabolites and chitinase by P. fluorescens (strains
JP2034 and JP2175) which had negative effects on the growth of A. flavus and F. verticillioides.

2.4. Indirect through the plant

Enhancement of systemic plant resistance using plant growth-promoting rhizobacteria, which
results an effective protection against a broad spectrum of pathogens, has been well described
[85-87]. P. fluorescens is known to produce various plant growth regulators such as indole
acetic acid, gibberellins and cytokinins which interfere with plant signaling [88]. In addition,
it also produces antibiotics, volatile compounds, enzymes [21, 89]. The production of indole-3-
acetic acid by P. fluorescens MPp4 is triggered by the presence of some pathogens such as
E. verticillioides M1 which in turn contributes into its antagonistic activity [90]. P. fluorescens
CHAO prevented the carbon diversion and plant biomass reduction due to F. graminearum
infection in barley [91]. The antagonistic activity of P. fluorescens MKB158 against F. culmorum
was documented by Khan et al., however, the author mentioned that an indirect effect through
enhancement of the plant systemic resistant is involved in the antagonistic activity [92].
Lysobacter enzymogenes strain C3 exerts also its biocontrol effect though induction of resistance
in wheat against F. graminearum beside the production of lytic enzymes [93]. Effective reduction
of the pathogen after heat treatment of C3 broth cultures to inactivate the bacterial cells and
lytic enzymes was a confirmation for the presence of some fungal elicitors.

Besides rhizobacteria, the fungus T. harzianum, while, has also been shown to promote plant
growth, increase nutrient availability and enhance the resistance against fungal diseases through
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colonization of plant roots [24, 37, 70]. Extensive research has been done to use Trichoderma spp.,
against F. verticillioides [94], F. graminearum [78] and A. flavus [95]. T. harzianum was reported to
limit F. verticillioides in maize through the induction of systemic resistance by inducing ethylene
and jasmonate signaling pathways [96]. Recently, novel species of Trichoderma (T. stromaticum, T.
amazonicum, T. evansii, T. martiale, T. taxi and T. theobromicola) are classified as true endophytes as
they have been reported to invade the plant tissue away from the root and induce transcriptomic
changes in plants and protect the plants from diseases and abiotic stresses [97].

Another approach to enhance the plant resistance is through colonization. Extensive research
is being done to discover endophytic microorganisms which colonize plant (tissue) without
harming the plant [98] to reduce the plant diseases and mycotoxins in crops [99-103]. Endo-
phytes can enhance plant growth and fitness, and offer protection against biotic and abiotic
stresses by inducing plant defense responses. However, it should be noted that some of them
are pathogenic to the plant in some phases of their lifecycle or under certain environmental
conditions [98]. Some endophytes exert its role to enhance the host immune system against
several fungal pathogens through the improvement of the nutrient uptake from the soil such as
Piriformospora indica, a cultivable root fungal endophyte belonging to the order Sebacinales in
Basidiomycota [104, 105]. The ability of Piriformospora indica to protect barley from root rot
caused by F. graminearum was confirmed [103]. This was supported by a positive correlation
between the relative amount of fungal DNA and disease symptoms and the absence of an
inhibition on the growth of F. graminearum when co-inoculated with Piriformospora indica in an
in vitro assay. Another endophyte such as Epicoccum nigrum has also proven its biocontrol
activity against several plant pathogens [106], however it is ability to control diseases caused
by mycotoxin producing fungi were scarcely studied [107, 108].

Mode of action of BCAs
Pathogen Host Mycoparasitism Antibiosis Competition Indirect References
for niche / through
nutrients the plant
Alternaria  alternata Wheat v v v [48, 107]
Rice v v v [75,109]
Aspergillus  terreusHAP1 Apple v v v [110]
carbonarius Grape v v [111, 112]
flavus Cottonseed v [52-54]
Pistachio v v [113, 114]
nuts
Peanuts v v 4 [58-61, 66, 115-119]
Maize v v v 4 [27, 55, 56, 65, 67, 84, 95, 118,
120-124]
niger Peanuts v [125]
Grape v v [111]
parasiticus Peanuts v [59, 60]
Fusarium Maize v [121]
acuminatum Maize v [126]

Sorghum v [126]
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Mode of action of BCAs
Pathogen Host Mycoparasitism Antibiosis Competition Indirect References
for niche / through
nutrients the plant

Wheat v [126]
avenaceuim Maize v [126]

Sorghum v [126]

Wheat 4 v 4 [126, 127]
culmorum Barley v v [92,102]

Maize 4 [72,127-129]

Wheat v v v [48, 51, 130-132]

Rice v v v [133]
equiseti Maize v [126]

Sorghum v [126]

Wheat v [126]
graminearum  Barley v [103]

Maize v v v [99, 128, 129, 134]

Sorghum v [126]

Wheat v v v v [35, 48, 51, 72, 76-78, 89, 93,

100, 101, 107, 108, 126, 127,
129-131, 135-144]

Soybean v v v [145]
langsethiae Wheat v v [127]
nivale Maize [126]

Sorghum [126]

Wheat v [126]
poae Maize [126]

Sorghum [126]

Wheat v v v [107, 126, 127]
proliferatum Maize [129, 146]

Wheat [129]
sambucinum Maize v [126]

Sorghum v [126]

Wheat v [126]
sporotrichioides Maize v [126]

Sorghum v [126]

Wheat v v/ v/ [126, 127]
verticillioides Rice v v [74]

Maize v v v v [73, 84, 90, 94-96, 146-158]

Wheat v v [127]
crookwellense ~ Maize [126]

Sorghum [126]

Wheat v v/ v (78, 126]

Table 1. Different modes of action used by BCAs against mycotoxigenic fungi.
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3. Biocontrol and mycotoxins

3.1. Trichothecenes toxins

Fusarium head blight (FHB) and Fusarium ear rot (FER) are two of the most serious diseases
affecting wheat and maize respectively throughout the world [130, 131, 139]. Over the last few
years, FHB was predominantly caused by three species of Fusarium: F. graminearum, F. avenaceum
and F. culmorum [108, 159] while FER is mainly caused by F. verticillioides, F. proliferatum, F.
subglutinans, and F. graminearum [154, 156]. However FHB mostly occurs as a complex of several
species [14, 160]. Each disease has multi-destructive effects on the crop through reducing the
yield and grain quality. Over 180 types of trichothecenes are produced by Fusarium spp. contam-
inating mainly agricultural staples such as maize, wheat, and barley [14, 15]. The most promi-
nent members are deoxynivalenol (DON), nivalenol (NIV) and T-2 Toxin. The biochemical
importance of DON for fungal growth and development is not fully clear yet; however, it may
have an important role during fungal infection and colonization and act as a virulence factor
[160]. In animals, DON interferes with the cellular protein synthesis and clinically causing animal
feed refusal and vomiting while NIV may induce genotoxic effect and leucopenia on long term
exposure [4, 5, 17]. T-2 toxin triggers apoptosis to immune cells [161]. Due to the complexity of
the life cycle of Fusarium spp., researchers mostly tried two application strategies to biologically
control the disease, treatment of the crop residue with the antagonist or treatment of wheat ears
at anthesis [162]. Most of the performed experiments used bacterial BCAs rely on antibiosis
mainly to control the diseases and DON level. Less research discussed the effect of BCAs on
NIV [51] and T-2 toxin [107].

An isolate of Trichoderma, T. gamsii 6085, was selected as a potential antagonist against
F. culmorum and F. graminearum. The strain exhibited the capacity to negatively affect DON
production by both pathogens up to 92% [72]. A field experiment on winter wheat for two
seasons was conducted to evaluate the efficacy of different BCAs against ear blight and
associated DON presence. Two strains of F. equiseti were the best performing strains and
decreased the mycotoxins level produced by F. culmorum and F. graminearum by 70 and 94%,
respectively. However, low levels of NIV in the cereals treated with F. equiseti were detected
[51]. Recently, Piriformospora indica has proven its promising ability to reduce the severity the
disease caused by F. graminearum and mycotoxin DON contamination in wheat by 70-80% and
increase the total grain weight of F. graminearum-inoculated samples by 54% [100]. Novel
bacterial endophytes predicted to be Paenibacillus polymyxa and Citrobacter were able to detox-
ify DON in vitro, but the performance of some of these isolated strains under field condition or
in green house has not been reported yet [99].

Three stains of the yeast Cryptococcus spp. (Cryptococcus nodaensis OH182.9, Cryptococcus spp.
OH 71.4, and Cryptococcus spp. OH 181.1) were tested in several field experiments and they
could control the disease by 50-60% on susceptible winter wheat. However DON content was
the same as control [137]. Later, the same group cultivated another strain, Cryptococcus
flavescens OH 182.9, and applied it at early anthesis but found no effects on DON level [142].

Besides fungal and yeast BCAs, bacteria have also been used to control DON produced by
E. graminearum in wheat [35, 139, 144, 163] and in maize [99]. A complete reduction in DON
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content was achieved when B. subtilis RC 218 and Brevibacillus spp. RC 263 were applied at
anthesis for two seasons [144] which was consistent with previous findings under greenhouse
conditions by the same authors [163], although there was no constant reduction in the disease
incidence. Opposite to that, Khan and Doohan tested three strains of Pseudomonas spp., two
strains of fluorescens and one strain of frederiksbergensis, against F. culmorum and DON produc-
tion in wheat and barley in a small scale field experiment. The results showed that DON was
reduced in wheat and barley by 12 and 21%, respectively [164].

Other types of trichothecenes were not well researched as the previously mentioned toxins due
to their low incidence in crops. Variable results for T-2 toxin after spraying the ears of suscep-
tible and resistant wheat cultivars with Trichoderma spp. under greenhouse conditions were
documented. The author used four fungi, Epicoccum spp., Trichoderma spp., Penicillium spp.
and Alternaria spp. however the last one is known for production of Alternaria toxins [107].

3.2. Zearalenone

Although zearalenone (ZEN) is an important mycotoxin in many cereals, less attention has
been paid to control this toxin. ZEN is a potent mycoestrogen which competitively binds to
estrogen receptors causing reproductive disorders in farm animals and human [5]. Other
forms of ZEN include a and 3 zearalenol, zearalanone and, o and {3 —zearalanol which are
often detected at variable concentration usually lower than ZEN.

Trichoderma isolates have recently been reported to detoxify ZEN by transforming ZEN into
reduced and sulfated forms [165]. This was in accordance with previous results by Gromadzka
et al. who tested two isolates of Trichoderma and several isolates of Clonostachys in vitro against
two isolates of F. graminearum and two isolates of F. culmorum. Despite the high rate of ZEN
reduction (over 96%), the performance of these isolates under greenhouse or field experiments
was not confirmed [128].

C. rosea converts ZEN into less toxic compounds through an enzymatic alkaline hydrolysis by
lactonohydrolase in vitro [23, 166]. This has been proved after cloning the coding region of the
responsible gene, zhd 101, and expressing in Schizosaccharomyces pombe [167] and Escherichia
coli, but not with Saccharomyces cerevisize which exhibited weak detoxification activity against
ZEN [168]. Through this approach which involves the direct interaction between BCAs and
pathogen toxin, resistance of BCAs to mycotoxin itself is an important feature to ensure the
efficacy and durability. Also, it was proven that C. rosea is tolerant to ZEN exposure due to the
presence of high numbers of ATP-binding cassette transporters [169].

3.3. Fumonisins

Fumonisin B1 (FB1), the main member of fumonisins, is produced by F. verticillioides and
F. proliferatum which usually infect maize [14]. The mycotoxin suppresses ceramide synthase
and causes neurological toxicities in horses, pulmonary edema in pigs, and may pose hepato-
toxicity and esophageal cancer in human [18]. Therefore, several trials have been conducted to
effectively control the mycotoxin in maize using different strategies. Most of the field studies
were done using bacterial BCAs [147, 148, 150, 158] while other types of BCAs, and fungi, were
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restricted to in vitro testing [73, 154-156]. Maize rhizobacterial isolates belonging to Pseudomonas
and Bacillus genera significantly reduced the mycotoxin production by 70 to 100% [157]. How-
ever, in another study, a mixture of P. Solanacearum and B. subtilis was not able to affect FB1
concentration [151]. Seed treatment with B. amyloliquefaciens Ba-S13 was sufficient to reduce
fumonisins B1 concentration in maize field tests [148]. That has been confirmed in a 2-year field
study with the same bacteria, B. amyloliquefaciens, after application of two different treatments:
inoculating seeds during pre-sowing and maize ears at flowering [150].

P. fluorescens isolated from maize rhizosphere by Nayaka et al. had a clear reduction of FB1
content and the disease incidence after challenge with F. verticillioides during a 3-years study
[147]. Seed treatment followed by spray treatment with a pure culture of P. fluorescens reduced
the incidence of fumonisins by 88% [147]. Bacon et al. suggested the use of the endophytic
bacterium, B. subtilis to control FB1 production as a convenient approach to prevent the vertical
transmission of the fungi. Under greenhouse conditions, FB1 was reduced by 50% [154].

When T. viride was co-inoculated in corn kernels with F. verticillioides, a reduction of FB1 by
72-85% was obtained depending on the time of inoculation [73]. The fungus was also pro-
posed as a postharvest agent to prevent the accumulation of the toxins during storage [73, 154].
It was proven that C. rosea can inhibit the synthesis of fumonisins by F. verticillioides but does
not degrade it [170]. Constant reduction of FB1 by 60-70% depending on the temperature
when a 50:50 mixture of the pathogen and C. rosea 016 applied at different ripening stage of
maize cobs. These investigations were done as F. verticillioides may attack maize at ripening
under suitable environmental conditions [156]. Previously, similar results at the same concen-
tration (50:50/ pathogen: C. rosea 016) in milled maize agar were also reported [155]. It could be
concluded that using bacterial BCAs rely on antibiosis was more effective to control FB1
in vitro and in field trials.

3.4. Aflatoxins

AFs are the most natural carcinogenic substance in the history targeting mainly liver and are
classified as Group 1 according to the International Agency for Research on Cancer [4, 6, 16, 171].
A. flavus and A. parasiticus infect mostly groundnuts, maize, cottonseed, soybean and tree nuts in
the field and/or during storage producing a wide range of secondary toxic metabolites including
AFs [60, 172]. Researchers have mostly been focusing on A. flavus as the fungus is highly
invasive and more widespread in nature compared to A. parasiticus. Regarding their ability to
synthetize mycotoxins, toxigenic A. flavus strains produce aflatoxin B1 (AFB1) and B2 (AFB2)
while A. parasiticus produces four types of AFs (AFB1, AFB2, AFG1 and AFG2). CPA is only
produced by A. flavus including strains which lack the potential to produce AFs [173].

In general, reduction of AFs in different crops has mostly been performed with non-
toxigenic A. flavus strains [27, 52, 54, 60, 65, 114, 120, 123]. Some of these strains (AF36 as
an example) are commercially available in the market [53, 65]. Two theories are suggested
on the mode of action for the reduction of AFs by non-toxigenic A. flavus BCAs; (i) reduc-
tion due to competitive exclusion on toxigenic wild A. flavus population and (ii) inhibition
of biosynthetic pathways involved in aflatoxin production, however the exact mechanism is
still obscure [62].
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Doster et al. used A. flavus strain AF36 as a BCA to control AFs in pistachio orchards for four
consecutive seasons (2008-2011) and he could diminish AFs level by 20-45% [114]. In ground-
nuts, more trials in vitro [61, 66] and in the field [58-60] have been done. Zhou et al. 2015 found
a positive correlation between AFs reduction rate and inoculum dose while Hulikunte
Mallikarjunaiah et al. 2017 measured total AFs in rhizospheric and geocarpospheric soil and
groundnut seeds after he treated them with two strains isolated from India. A significant
reduction of mycotoxin concentration below the maximum permissible levels for ground nuts
was obtained [61]. Field trials in Argentina were designed to control AFs in groundnut.
However, the author reported a high level of AFs reduction, and the results were inconsistent
between the two seasons [58, 59].

High levels of AFs and CPA control in maize field were achieved after challenging two
strains of A. flavus with atoxigenic strains K49 and NRRL 21882 [65]. Mauro et al. could
obtain similar results in vitro after screening for local atoxigenic strains from Italy [67]. In
Nigeria, a successful maize field trial exhibited the promising use of two locally isolated
strains, La3279 and La3303, in controlling AFB1 and AFB2 up to 99.9% [120]. When these
two strains mixed with other two strains to make a mixture applied to the soil before
flowering, a similar conclusion was obtained [55] with the advantage of persistence of the
biocontrol effect during storage.

Researchers have also tested different species of Trichoderma such as T. viride, T. harzianum and
T. asperellum [38, 95, 115, 116]; bacteria [84, 121, 124]; yeast [36, 174]; and algae [118] as a
potential alternative BCAs to control Aspergillus spp., although not all have looked into myco-
toxins (Figure 2B). Production of two volatile compounds, dimethyl trisulfide and 2,4-bis(1,1-
dimethylethyl)-phenol, by Shewanella algae strain YM8 showed a 100% inhibition on aflatoxin
synthesis in maize and peanuts stored at different water activities [118]. Previously, B. subtilis
RCB 90 in vitro was also reported to completely inhibit AFB1 [121]. The yeast, Candida
parapsilosis IP1698 was also able to inhibit aflatoxin production (90-99%) at different pH and
temperatures [174]. This was also in line with the same reduction percentage obtained but with
Bacillus spp. P1 and Bacillus spp. P11 [40]. Aiyaz et al. tested in the field, four BCAs and all the
formulations, by maize seeds treatment application, had a significant reduction in AFs level [95].

4, From lab bench to field trials

Hundreds of BCAs have been tested against different types and strains of mycotoxigenic fungi
in vitro. However, not all of them were effective against mycotoxigenic fungi under field
conditions. For instance, Johansson et al. selected 164 bacterial isolates out of 600 for a field
experiment to control F. culmorum infection in wheat and three strains of Fluorescent pseudomo-
nads and a species of Pantoea gave a high level of control and consistent results [159].

In general, the difference in BCAs performance from in vivo condition to field conditions might
be related to the influence of other factors present in the field such as meteorological parame-
ters, soil characteristics, nutrient availability, microbial community which may affect the effi-
cacy of the screened BCAs. Other important parameters which are not present in in vivo studies
include the way of delivery of the BCAs to the host (spray or direct inoculation), form of
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delivery (conidial or spore suspension/with or without carrier), application time (during
seeding or flowering) and application route (to the soil or directly to the seed) to ensure the
interaction of BCAs against the pathogen. Examples for the available BCAs in the market
include AF36 and Afla-Guard® which are commercial BCAs for pre-harvest application to
control aflatoxin contamination in the United States [62], Polyversum®, a recent authorized
commercial product in France (Pythium oligandrum strain ATCC 38472) to be used against
Alternaria spp., Fusarium spp., and other plant pathogens, and Plant ShieldTM which is the
registered product for T. harzianum 22.

It is crucial to test all the application related parameters in the field as these parameters may
give significantly variable results which are not usually followed in many of the performed
field trials against mycotoxigenic caused diseases. For example, point inoculation of Strepto-
myces sp. BN1 was not effective to control FHB in wheat while spraying of bacterial spores
during wheat flowering gives better results [175]. Successful formulation of C. rosea ACM941
guaranteed its efficacy to control FHB in corn, soybean and wheat under filed conditions [176],
while most of the field trials used a conidial or spore suspension of the BCAs which may give
variable and inconsistent results. Ear inoculation with B. amyloliquefaciens and Enterobacter
hormaechei exhibit highly changeable results while treatment of seeds showed more stable
results for managing F. verticillioides infection and toxin content in maize [150]. On the other
hand, B. subtilis strains SB01, SB04, SB23, and SB24 were performing better to control root rot
disease when they were applied to soil than treatment of soybean seeds [145]. Omitting one or
more of the above parameters may lead to misevaluation of the selected BCAs.

In some cases, a mixture of two more BCAs maybe advisable in the field for a better disease
control in case they have a synergistic effect. For example, mixture of L. plantarum SLG17 and
B. amyloliquefaciens FLN13 showed more efficacy in controlling FHB in wheat durum [131].

Although the field trials are exhausting and time consuming, it should consider the application
way, application time, effective dose and the best formula in order to precisely evaluate the
performance of the selected BCAs and thereafter ensure an effective control of the mycotoxi-
genic fungal infection and their mycotoxins.

An important obstacle in the commercialization of BCAs is legislation. Current legislations in
Europe classify BCAs as Plant Protection Products/Pesticides and hence they must follow the
according regulations of the pesticides. This entails that for each BCA the mode of action must
be documented and their use should be rational [177].

5. Conclusions and future perspectives

Despite the considerable amount of research that have been done to screen and select effective
BCAs to control mycotoxigenic pathogens and their mycotoxins, still there are several pitfalls
for using BCAs. For instance, the broad spectrum antagonistic activity of some BCAs such as
Trichoderma spp., against several pathogenic fungi may also affect other beneficial organisms
present in rhizosphere [178] and this may require more research for target specific BCAs. Even
though implementation of a biological control strategy is strongly recommended to replace the
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use of synthetic pesticides, there are several concerns regarding the biological and environ-
mental stability of BCAs. For example, the population of A. flavus including atoxigenic strains
is highly diverse. This entails that there is a risk under certain environmental conditions that
atoxigenic strains outcross with toxigenic A. flavus and thereafter produce mycotoxins [26, 62].
In addition, it is not guaranteed whether the atoxigenic strains can survive for a long time and
what is the short term and long term effect on the soil microenvironment.

Care should be taken that besides successful control of plant pathogens, and BCAs themselves
do not produce toxic substances. For instance, C. rosea secretes gliotoxin which is toxic metab-
olite to human. Also, it was reported that some Trichoderma strains harbor trichothecenes (Tri)
genes that translate into proteins similar to Fusarium Tri proteins [179, 180]. This entails that
Trichoderma spp. share the production of trichothecenes toxins (such as T-2 toxin) with Fusarium
spp. In addition, gliotoxin and viridian produced by T. harzianum, T. viride and T. virens showed
their phytotoxic effect by reducing seed germination rate in wheat and human toxicity [28].
Therefore, spreading such a microorganism into the environment may impose an extra burden
to food safety and public health. Additionally, from the economical point of view, it is necessary
to estimate the total cost of application and the need for seasonal reapplication of the BCAs, so
it does not exceed costs of current practices.

Controlling mycotoxins is an important aspect in the management of mycotoxigenic patho-
gens, which adds an extra challenge to find an effective biocontrol agent to control the fungal
growth and toxin production simultaneously. It is very well known that one fungal pathogen
can produce simultaneously several unrelated mycotoxins, as an example F. graminearum pro-
duces DON and ZEN which both have two different biosynthetic pathways. The scientific
research has mostly been focusing to control one type of mycotoxin. Consequently, it will be
more valuable to select a single biocontrol agent able to simultaneously suppress the produc-
tion of both toxins. It is crucial that the selected BCAs are tolerant to mycotoxins [169] which
will guarantee the long term efficiency in the field.

Some mycotoxins can be modified by the plant through alteration of their chemical structure
“i.e. conjugation to a glucose moiety and hence called plant metabolites of mycotoxins or
modified or masked mycotoxins” [181]. For example, DON is transformed to deoxynivalenol-
3-glucoside (DON3G) in the plant as a part of the plant defense mechanism. These masked
forms of mycotoxins can be hydrolyzed back into their parent forms “DON” inside human
and animal body. Therefore, it is of paramount importance to take into account the effect of
biocontrol agents on the production of (masked) mycotoxins and to deeply investigate
whether the efficacy of the selected BCAs is due to an actual reduction of mycotoxin content
based on a direct inhibition of their production by the pathogen or due to enhancing the plant
immunity which may increase the plant ability to form more DON3G as in this case the total
mycotoxin content in the plant will remain unchanged. Furthermore, the underlying mecha-
nism between the parent mycotoxin, host and BCAs remains obscure and should be further
investigated. In addition, other categories of mycotoxins, however they pose health risks, are
underexplored such as enniatins, emerging mycotoxins produced by Fusarium spp., [14, 182]
have not been tested with BCAs and this necessitates the need for further investigation.

Different BCAs with different modes of action, formulation, treatments, application time were
tested showing that it may be difficult to have a single BCA able to diminish all the regulated
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mycotoxins “one fits for all may not be the case here” [183, 184]. To tackle this problem, maybe
a combination of multiple BCAs or with fungicides could be considered. Application dose
should be deeply investigated to achieve the desirable control. As in previous research, it has
been shown that a suboptimal or sublethal treatment with fungicides [185] may lead to
induction of mycotoxins production by the pathogen as a stress response. Searching for new
BCAs with novel modes of action can assist to effectively control mycotoxigenic plant patho-
gens. Recently, Enterobacter spp., a root-inhabiting bacterial endophyte, was reported to have a
different mode of action than those previously described through formation of physicochem-
ical barrier that blocks the invasion of F. graminearum. However it is unclear whether this mode
of action can be applied to maize and wheat [186]. Finally, the sound implantation of pre-
harvest strategies can help in saving crop loss but does not fully ensure the safety of food as the
fungal attack can also happen during storage or during processing which necessitate a post-
harvest control.
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Abstract

The contamination of foods and feeds by mycotoxins is significant problem worldwide
that pose serious health hazardous effects in humans and animals. Risk arises from the
fact that fungal species grow naturally in food and are difficult to eliminate. The presence
of multiple mycotoxins (co-occurrence) in food products increases day by day and their
natural co-occurrence is an increasing health concern due to the exposure of multiple
fungal growth, which might exert greater toxicity than exposure of single mycotoxins.
The presence of mycotoxins in food and feed are associated with health and reproductive
issues, lower performance, and higher medical costs. Survey on co-occurrence of myco-
toxins indicated that over 50% contaminated samples contained more than one mycotox-
ins and Asia faces a heightened risk of mycotoxins overall. There is a lack of information
regarding co-occurrence of mycotoxins in food and animal feed. Face to this situation, the
current chapter will be very informative to explore the incidence of multiple mycotoxins,
their co-occurrence and the detoxification of mycotoxins using different techniques.

Keywords: mycotoxins, detoxification, food, feed, mitigation strategies

1. Introduction

Agricultural and Food commodities are highly susceptible to fungal growth in pre and post-
harvest conditions as well as during storage. Different types of fungi especially belonging to
the genus Aspergillus, Penicillium, Fusarium and Claviceps grow in crops, food and feed items
throughout the world in favorable environmental conditions that ultimately produce a variety
of toxins known as “Mycotoxins”. The existence of more than one mycotoxin in food com-
modities is referred to as “Co-occurrence”. Prominent mycotoxins occurring in agricultural
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commodities, include: aflatoxins (AFLA), ochratoxin A (OTA), zearalenone (ZEN), deoxyniva-
lenol (DON), fumonisins (FUM) and T-toxin (T-2).

Foodstuffs are very prone to contaminants like bacteria and fungi in the pre-harvest and post-
harvest stages especially, during storage when executed in poor conditions. These facts could
be a cause of mycotoxins contamination in feeds and foods that pose serious health threat to
animals and humans. Exposure of mycotoxins is a worldwide concern due to the globaliza-
tion of food trade and its toxic nature. Some of these mycotoxins have hepatotoxic, nephro-
toxic, immunosuppressive, genotoxic, teratogenic, and/or carcinogenic effects in human and
animals. Consequently, mycotoxins have been a major concern of food regulatory authori-
ties in all over the world about its exposure and hazardous nature in human and animals.
Occurrence of multiple mycotoxins (co-occurrence) now gains much attention worldwide
owing to its more toxic capacity (synergistic) as compared to single mycotoxin. According
to the Biomin mycotoxins survey of 2015, more than 50% contaminated samples contained
multiple mycotoxins in food and feed. Furthermore, co-occurrence of multiple mycotoxins
increased from 2015 to 2016 and risk of mycotoxins is more heightened in Asia comparatively
to other continents because of the favorable environmental conditions [1]. Frequency of myco-
toxins produced by Fusarium fungal species comprising DON, FUM, ZEN are more frequent
and co-occurrence of these mycotoxins can result severe detrimental impacts. The prevalence
of mycotoxins in animal feed are associated with lower performance, poor growth, health and
reproductive issues and higher medical costs for both animals and humans. Foods of animal
origin are essential part of normal diet of everybody therefore; there is a need to assess co-
occurrence of mycotoxins in animal feed and its counteracting strategies.

The worldwide contamination of agricultural commodities (crops, foods and feeds) with
mycotoxins is a global concern that poses huge threat to animals and humans health.
Contamination of foods by multiple mycotoxins not only has negative impact on health but
also for global food security. Animal ingestion of contaminated feed with a variety of myco-
toxins can result extensive damage to the liver, kidney and even induce cancer.

Mycotoxin contamination occurs widely in feedstuffs of plant origin, especially in cereals,
seeds, fruits, fodder, agricultural feed or food intended for animal or human consumption
[2-6]. Human beings are exposed by the effects of these toxins when used the foods of animal
origin like milk, meat and eggs [7]. Furthermore, mycotoxins lead to massive economic losses,
including loss of livestock production, loss of forage crops and feeds, and loss of human and
animal life [8]. At the moment, different mycotoxins have been identified globally, and food
regulatory authorities focused mainly on the potent and frequently present mycotoxins that
have proven lethal. In continent Asia, ZEA, DON and FUM mycotoxins produced by fungal
specie Fusarium are frequently present in animal feed elicit great health concerns to animals
and humans due to their toxic effects [9, 10].

2. Co-occurrence of mycotoxins

Contamination of food commodities with fungus is commonly seen in every part of the world
and it diverge from region to region depending upon the food products and environmental
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conditions like temperature & humidity. The diversity of fungi species grown on food products
under various ecological conditions were observed that produce particular mycotoxins but it
can occur singly or in multiple (co-occurrence). The co-occurrence of mycotoxins can affect
both the production of mycotoxin and the toxicity of the contaminated material. Mycotoxins
risk not only threatens the people living in tropical climate countries but it also be hazardous
for people of temperate climates countries like United States of America and Europe.

During the last 10 years, incidence of multiple mycotoxins (AFLA, OTA, ZEN, DON and
FUM) produced by different fungal species particularly Fusarium and Aspergillus genus have
been reported in cereals from different countries [11-19]. Natural co-occurrence of mycotox-
ins in cereal-based infant products was also observed from Tunisia, where 32% samples were
detected contaminated with multiple mycotoxins [20]. It was noticed that Fusarium fungal
species can produce different mycotoxins simultaneously, and their co-occurrence became an
important issue in the past years for risk assessment [21-23], these multiple toxins can have
additive, antagonist or synergic effects [24, 25].

Global occurrence of mycotoxins in cereals and processed food products indicated that five
major mycotoxins namely AFLA, OTA, ZEN, DON, FUM are mostly found during the past 10
years in these food stuffs. FUM mycotoxins were maximally detected (61%) in these cereals
and processed foods, DON were identified in 58% samples and AFLA were noticed in 55%
samples. However, contamination of ZEN and OTA in these food items were 46% and 29%,
respectively [26]. It was also noticed that contamination of mycotoxins in processed food prod-
ucts were relatively less than the cereal grains. More than one mycotoxin can be produced by
single of numerous fungal species and it may found in different combinations in food stuffs
which may exert additive, antagonistic and synergistic effect in animals and humans.

Multiple occurrence (co-occurrence) of mycotoxins in European region revealed that AFLA and
OTA mycotoxins were mostly found (24%) whereas the prevalence of other mycotoxins was com-
paratively less (Approx. 10%). Similarly, the co-occurrence of AFLA and OTA was highly detected
(35%) in African countries and the occurrence of other combinations was comparatively fewer
(29%). Conversely, in Asia FUM and AFLA combination was highly noticed (78%) and the preva-
lence of similar combination (FUM + AFLA) was found (50%) in South America, while FUM + ZEA
was second most observed combination (25%) among other mycotoxins. In short, co-occurrence of
AFLA and FUM mycotoxins was highly observed in Asia, Africa and South America [1, 15, 27-44].

Co-occurrence of different mycotoxins was noted in Solvak and observed the highest correla-
tion between DON and Nivalenol toxins. On the other hand, no correlation between ZEA and
DON was noticed [45].

According to the latest Biomin mycotoxin Survey (2016), DON and FUM are the most com-
monly found mycotoxins in feedstuffs, analyzed in 4027 animal feed samples and feed ingre-
dients collected from >50 countries. The major food items collected in this survey include
corn, wheat, barley, rice, soybean meal, corn gluten meal, dried distillers grains (DDGS) and
silage, that are used in feed among others [46].

Out of all samples, DON were detected in 73%, FUM were found 64 and 53% samples were
contaminated by ZEN. Whereas, contamination of AFLA were detected in 25%, T-2 toxins in
18 and 12% samples were found contaminated with OTA, shown in Figure 1.

93



94  Mycotoxins - Impact and Management Strategies

All regions - Occurrence of mycotoxins detected on
all samples

30%%
73%%

. 0% %
E 60%
o 53%
=
£ s0%
E
= 40%
g
B 30% 5%
-y
£ 20% - i
£ 12%
| .

0% - T T T T T

Afla OTA ZEN FUM DON T-2

Commonly found mycotoxins
Figure 1. Worldwide occurrence of mycotoxins in food and feed surveyed in 2016.

According to the Biomin (An animal nutrition company) survey of 2017, 96% of all samples
contaminated with at least one mycotoxins however, 75% samples contained two or more
mycotoxins (Figure 2). However, survey of mycotoxins in poultry feed depicted that two-
thirds (66%) poultry feed samples contained two or more mycotoxins and noted the highest
mycotoxins risk (80%) in Asia comparatively to other continents [47].
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Figure 2. Co-occurrence of mycotoxins in food and feed commodities worldwide in 2017.
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Worldwide contamination of mycotoxins in food commodities are represented in Table 1
(BIOMIN World Mycotoxin survey, January to September, 2017).

It observed that, 84% of animal feed samples contaminated with single mycotoxins however
more than 50% samples contaminated with several mycotoxins [1].

Multiple mycotoxin contamination may responsible of additional problems, like synergistic
effects that exaggerate the more deleterious consequences for animals. The combination of
DON and ZEN is reported synergistic pairing as stated by Dr. Timothy Jenkins who is prod-
uct manager mycotoxins at animal nutrition company Biomin: “The effect of ZEN on repro-
ductive systems can sometimes be worsened by the presence of DON.”

2.1. Occurrence of mycotoxins in plant meals
2.1.1. Risk to aquaculture

The tendency and the economic need to replace the expensive fishmeal (an animal-derived
proteins) with the cost-effective plant-based protein sources, has increased the impact of
mycotoxins contamination in aquaculture feeds [48]. Mycotoxins have negative impact not
only on the performance and health of terrestrial livestock species but it can also be lethal for
aquaculture species [49, 50]. Mycotoxins effects even become more important in aquaculture
sector due to the escalating cost of fishmeal and the necessity to pinpoint and use more cost-
effective protein sources such as plant protein or other plant based products. Toxic fungal
metabolites that probably affect the aquaculture species are produced mainly by Fusarium,
Aspergillus and Penicillium species. Toxins produce by these fungal species are known to
be carcinogenic (e.g., AFLA, OTA, FUM), hepatotoxic (e.g., AFLA), nephrotoxic (e.g., OTA),
estrogenic (e.g., ZEN), dermatotoxic (e.g., trichothecenes) and immunosuppressive (e.g.,
AFLA, OTA and T-2 toxin).

According to the latest Biomin survey of 2107, it was found that Fusarium mycotoxins were
the most prevalent mycotoxin worldwide among the other mycotoxins (AFLA, OTA, ZEN,
DON, FUM and T-2 toxins) followed by AFLA. Analysis were performed in 8345 plant meal
samples including corn, corn DDGS, corn gluten meal, wheat, wheat bran, rice, rice bran and
soybean meal for detection of mycotoxins collected from different regions all over the world
[47, 51, 52]. Corn gluten meal and corn DDGS which are commonly used in aquaculture feed
were found highly contaminated with DON and FUM.

Some marine species (especially rainbow trout and Litopenaeus vannamei) are known to be
sensitive for FUM that may cause variation in sphingolipid metabolism and inducing cancer
[53-55]. FUM obstruct the sphinganine (sphingosine) N-acyl transferase (ceramide synthase),
a key enzyme in lipid metabolism, resulting in the disruption of this pathway. DON, was
particularly found most prevalent mycotoxins in rainbow trout (Oncorhynchus mykiss) respon-
sible for decreases in growth, feed intake, feed efficiency and energy utilization [56].

Co-occurrence of mycotoxin was also noted in plant meals commonly used in aquaculture
potentially leading to synergistic or additive effects. Approximately, 74% samples were con-
taminated with two or more mycotoxins as depicted by latest Biomin survey (2017) that can
lead to significant economic impacts in the aquaculture sector [47].
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2.2. Mycotoxin’s effect in poultry

Prevalence of coccidiosis is common disease in broilers responsible for big loss (US$5-6 bil-
lion) globally each year. Coccidiosis is a renowned influencing factor for necrotic enteritis and
predicted to cost poultry sector US$3 billion per annum. Existence of mycotoxins in poultry
feeds aggravates coccidiosis in poultry; even its small amount can increase Eimeria infection
and disease sternness in Poultry. Stakeholders in poultry sector always looking to minimize
the effect of coccidiosis on their flocks.

Factors responsible for mycotoxins’ intensification of coccidiosis include mycotoxin contami-
nation in feed, higher immunosuppressive effects on broilers, and the possible synergistic
effects between mycotoxins.

Aftereffects of FUM and DON toxins can be worse even if present in small concentration
allowed by US and European guidelines. Permissible levels set by US FDA for FUM and
DON are 30 and 10 ppm for poultry feed, respectively. However, allowed limits adapted
by European regulations for FUM (20 ppm) and DON (5 ppm) toxins in poultry feeds are
somewhat more stringent relatively to American regulations. FUM and DON may have some
synergistic effects known to inhibit some vital functions of cells, interrupt intestinal cells that
work as a barrier between pathogen and bodies of bird [57].

2.3. Impact of mycotoxins in livestock

Mycotoxins residues in food of animal origin like milk, meat (tissues) and eggs are frequently
reported in every region. AFLA not only evidenced as hepato-toxic but it also have some
other toxic effects like carcinogenic, mutagenic and teratogenic properties for humans as well
as animals. Evidence of AFLA residues has been found so far in milk, meat tissue and eggs.
Most importantly AFLA residues frequently found in milk as AFLA M1 and M2, which are
the metabolites of AFLA B1 and B2. These toxic metabolites are produced when dairy animals
fed on AFLA contaminated feed. It was noticed that concentrated animal feed (e.g., cotton
seed cake, maize oil cake) was mostly found contaminated with huge level of mycotoxins.
Conversion of AFLA B1 and B2 into the AFLA M1 and M2 in dairy animals are linearly depen-
dent on the intake of contaminated feed and the toxin elimination totally from animal body
usually finished 3 days after withdrawal of contaminated feed. The ratio between ingested
and excreted AFLA is usually 1-3%, but it can be 6% presuming worst case scenarios [58-60].
Carry-over (or residues) of mycotoxins especially AFLA in milk is highly focused as it’s rou-
tinely used by everyone in every part of the world especially children’s and infants [61].

According to the latest mycotoxin survey it was noted that the risk levels are certainly elevated in
many regions of the world. Globally, the average risk level was 62%, ranged from 46% (in Middle
East) to 80% (in Asia). In light of the latest mycotoxin results, Dr. Timothy Jenkins, Mycotoxin
Risk Management Product Manager at Biomin states that “livestock producers and stakeholders
should be vigilant in monitoring their feed and feed ingredients for mycotoxins,” [62].

Approximately, two-thirds contaminated samples contained more than one mycotoxins in
animal feed and it observed that particular type of mycotoxins and its concentration vary due
to climate, weather patterns and seasonal shifts, etc.”
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2.4. Climate change and its impact on mycotoxins

Temperature and humidity are two main factors that boost up the fungal growth and produc-
tion of mycotoxins. As the world climate fluctuating, the pattern of mycotoxins contamina-
tion also vicissitudes, accordingly. The Intergovernmental Panel on Climate Change (IPCC)
reported (2014) the different global warming projections and predict that global temperatures
may increase by up to 4.8°C in the year 2100. Climate change will definitely affect the agricul-
ture sector, variations in temperature and humidity may affect the efficacy of pesticide and
fungicide applications, life-cycle of insects that promote fungal infections of crops may alter
as well. On the other hand, fungal species may displace by other more aggressive or virulent
fungi due to change in climate. If temperature begins to rise in upcoming years then the highest
mycotoxin risks will be observed not only in countries with tropical climates but also in coun-
tries with temperate climates, such as parts of Europe and the United States of America [63-65].

3. Counteracting strategies

Dr. Timothy Jenkins stated that “Avoidance of contaminated food & feed and attention to stor-
age conditions are logical approaches to reducing the mycotoxin risk.”

Prevention and detection is the reliable approach with regular application of mycotoxin
absorbents to minimize its lethal effects [62].

3.1. Decontamination or detoxification of mycotoxins

To minimize the level of mycotoxins in food and feed, several efforts have been made both In-vitro
(in raw material and processed food) and In-vivo (within animal body). Generally, mycotoxin
removal strategies can be divided in two phases, pre-harvest treatment to control or inhibit the
growth of fungus and post-harvest remediation of contaminated commodities. However, pre-
ventive approaches such as plant disease management, good agricultural practices and adequate
storage conditions might control the mycotoxin levels in food commodities but are not always suf-
ficient to eradicate mycotoxins completely. Therefore, economically suitable and practically appli-
cable approaches are required to decontaminate or detoxify the mycotoxins in food chain [66-68].

Ideally, the detoxification strategy should have the following properties: (1) inactivate, destroy
or remove mycotoxin, (2) non-toxic, (3) easy or handy, (4) economical, (5) retain the nutritive
value. In addition to these properties, the process should be field oriented and inexpensive.

Degradation or detoxification of toxic fungal metabolites may be an ideal approach to remove
or decontaminate the toxins form food and feed products if the process not alters its nutri-
tional composition. As most mycotoxins exhibit a high chemical stability, development of
degradation or decontamination methods compatible with food quality standards is a chal-
lenging task and researchers still working to optimize the more efficient and appropriate pro-
cess. Over the last decades biological, chemical and physical strategies for the degradation
and decontamination of mycotoxins were investigated extensively [67, 69, 70]. Physical tactics
mainly include washing, heating and irradiation were studied. Different mycotoxin binders
(organic and mineral) were tried for the removal of toxic metabolites and considered the more
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effective removal process of mycotoxins from foodstuffs. More recently biological, enzymatic
and chemical degradation procedures were also investigated and found effective. Chemical
degradation processes comprise, application of acids, bases, chlorinating agents, oxidizing
agents, formaldehyde and ammoniation were studied in food commodities [67, 70].

3.2. Physical methods of degradation

Removal of mycotoxins by physical approaches comprised sorting, dehulling, cleaning, mill-
ing, heating and irradiation or combinatorial methods. Organic, inorganic or mineral binders
are also being tried for the decontamination of mycotoxins, although these adsorbing bind-
ers have some promising features, some may have adverse nutritional effects due to binding
capacity of minerals and vitamins [71-82].

Technical plasma is a latest and innovative physical approach for the removal of mycotox-
ins from food and feed. Latest application of cold atmospheric pressure plasma (CAPP) in
demolition of plant pathogens indicated that the process is appropriate for sensitive biologi-
cal stuffs. Different types of plasma were used effectively for inhibition of fungal growth and
for the decontamination of mycotoxins [83-88]. Recently, studies indicated that CAPP capable
to degrade the mycotoxins in cereals and grains very efficiently [89].

3.3. Chemical methods of degradation

Degradation of mycotoxins can also be attained via chemical reactions. Different chemicals
processes like hydrolysis, ammoniation, ozonation, peroxidation, and the use of hydrochloric
acid, ascorbic acid, sodium bisulfite, hydrogen peroxide, formaldehyde, ammonia, ammonium
hydroxide and are reported in different studies to decontaminate the mycotoxins in food [90].
However, chemical degradation does not fulfill the recommended criteria of FAO because some
chemicals produce toxic metabolites and reduce the nutritional values of foodstuffs [91-93].

3.4. Biological degradation

Physical and chemical degradation methods have some confines such as losses in the nutritional
value, limited efficacy and safety issues, in addition of these shortcomings costly equipment
required to accomplish these techniques. Biological degradations are considered superb as it works
under environment friendly conditions. Microbial degradations of mycotoxins are also preferred,
since it can be a specific, efficient, environment friendly, irreversible and non-toxic. Degradation
of mycotoxins using fungi are not considered a best choice because of its complicated procedures
and long incubation time. However, bacterial degradation of mycotoxins has promising applica-
tions due to the high degradation rate and wide reaction conditions. Detoxification process using
probiotic bacteria is also trying, which can be directly applied in the foodstuffs. Furthermore, the
use of enzymes appears to be an auspicious choice for detoxification of mycotoxins [94, 95].

4. Conclusions

The current chapter contributes to increase the knowledge concerning the co-occurrence of
mycotoxins in food commodities. It was noticed that co-occurrence of mycotoxins were exist
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in food and feed items of almost every country however, the occurrence vary from region
to region. Prevalence and frequency of the mycotoxins are correlated with the locality and
weather parameters (rainfall, humidity and temperatures). It would be more important that
legislation of respective countries should be more stringent to protect the consumers from the
lethal effects of mycotoxins.
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Abstract

Aflatoxins are natural poisons produced by some members of the Aspergillus section Flavi
group. Their control is critical in sub-Saharan Africa as in other parts of the world because
of the health and economic dangers that aflatoxins cause. Aflatoxin management requires
a pipeline approach (from production to consumption) that addresses the pre-disposing
factors to aflatoxin contamination. These strategies will involve strategies at the pre-har-
vest, peri-harvest and post-harvest stages to prevent contamination. Post-contamination
practices are also relevant in situations where avoidance of contamination is not possible.
Strategies that inform producers, handlers, consumers of what aflatoxins are, how they can
be prevented from contaminating produce or managed are important for aflatoxin manage-
ment. Additionally, the engagement public and private sectors, regional bodies and com-
munity associations are critical for effective aflatoxin management as they have the capacity
to influence behavior changes and modulate practices that predispose food and feed to
aflatoxin contamination. Furthermore, the role of research and academic institutions to pro-
vide factual information and effectively communicate technical information for aflatoxin
management is crucial to avoid misinformation and application of improper practices.

Keywords: aflatoxin, management, Africa, Aspergillus, mycotoxins

1. Introduction

1.1. Aflatoxins and their impact on sub-Saharan Africa

Most parts of sub-Saharan Africa fall within the region of high perennial risk to mycotoxin
contamination. This region is within 40°N and 40°S of the equator with warm and humid
environmental conditions [1]. Under these favorable conditions of humidity and temperature,
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fungal prevalence is rife. Unfortunately, some fungi, as part of their metabolic processes, syn-
thesize mycotoxins (fungal toxins), that contaminate crops intended for human and animal
consumption [2]. Ingestion of contaminated crops results in morbidity and mortality where
tolerable levels are exceeded in food and feed [3, 4]. Associated health dysfunctions caused by
aflatoxin ingestion include liver carcinoma and other hepatic dysfunctions, stunting in chil-
dren and associated cognitive deficiencies, reduced immunity, and ailments associated with
nutrient malabsorption due to disruption to villi architecture [5-7]. Acute aflatoxin ingestion
can result in death. In livestock, including poultry, swine and fishes, listlessness, poor feed
conversion ratio, reduced productivity are additional signs of aflatoxin ingestion [8, 9].

In addition to the negative health impacts caused by aflatoxins, aflatoxins also limit income
generation. This is because the import of aflatoxin-contaminated produce above regulatory
limits of importing countries is prohibited. Therefore, aflatoxin contamination has been
responsible for depriving the sub-Saharan region of trade opportunities. Also, trading rela-
tionships have been marred by notifications of consistent aflatoxin contamination such as
through the rapid alert system of the European Union (https://ec.europa.eu/food/safety/
rasff_en). Moreover, economies of households within the sub-Saharan region are negatively
affected because household income is diverted in addressing morbidity caused by aflatoxico-
sis (illness caused by ingestion of aflatoxins) termed disability adjusted life years (DALYs) [10].
This reduces availability of income for more economically advantageous ventures. Therefore,
aflatoxin management is critical for the health and economy of sub-Saharan Africa However,
it is reported that countries build social networks of trading relationships based on achiev-
able mycotoxin limits [11]. For example, France is a trading partner with the UK, Spain and
Netherlands (among others) which have similar total aflatoxin standards of 4 ng/g. Similarly,
the USA is a trading partner with Mexico, Colombia, Dominican Republic (and others) which
have similar total aflatoxin standards of 20 ng/g in maize.

Aflatoxin management is critical also because in addition to environmental reasons for afla-
toxin exposure, infrastructural deficits, informal market structures and improper cultural hab-
its can introduce additional aflatoxin-exposure risks [12]. Management strategies therefore, of
necessity requires multi-dimensional approaches that mitigate risks from multiple sources
such as contamination risks during crop development, during harvesting and post-harvest.
This chapter discusses the approaches that are necessary for aflatoxin mitigation, and those
that have been used for the management of aflatoxins in sub-Saharan Africa and progress
made so far. Brief mention is also made of emerging strategies for aflatoxin management.

1.2. Incidences of aflatoxicosis in sub-Saharan Africa

Aflatoxicosis may be broadly classified into acute and chronic aflatoxicosis. Acute aflatoxi-
cosis refers to aflatoxin poisoning caused by ingestion of large doses of dietary aflatoxins.
Chronic aflatoxicosis refers to aflatoxin poisoning caused by the ingestion of smaller amounts
over extensive periods of time. Acute aflatoxicosis is severe often results in immediate fatali-
ties. However, with chronic exposure the effects of exposure are cumulative, so exposure
may be undetected in early stages because of its subsymptomatic nature. In sub-Saharan
Africa, aflatoxin contamination has been reported by technical experts in academic journal
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and reports and by some news media outlets. Technical research has disclosed the prevalence
and exposure levels in crops (e.g. maize, groundnuts, melon seeds (egusi), chillies, dried fish,
local spices) [13-15]; in addition to biomarkers (e.g. those present in breastmilk of nursing
mothers, blood serum and urine) [16, 17]. A comprehensive report of incidences have been
reviewed [18]. These have revealed the presence of aflatoxins in food crops as an indicator of
dietary exposure. These scientific studies have been conducted as part of academic programs,
and developmental efforts in collaboration with national systems to establish exposure lev-
els. They have majorly been for chronic exposures, and to provide empirical evidence for
outbreaks caused by acute exposure. Incidences of chronic exposure are not as momentous
as those for acute exposure, but they could be lifelong starting early in life. This is especially
because exposure can precede birth, from foetal exposure through umbilical cord, to aflatoxin
exposure very early in life (from the first 1000 days of life), via mothers’ breastmilk (where the
nursing mother has had dietary aflatoxin exposure), and through weaning foods made using
contaminated food products [19]. Furthermore, in many parts of sub-Saharan Africa, staple
food consumption is frequent and forms a constant source of dietary exposure to consum-
ers. Limited diversity in the meals consumed increases exposure risk, especially if the food
consumed is contaminated by these harmful toxins. Aside from the consumption of foods for
dietary needs, recreational consumption of locally brewed beers is another risk factor con-
taminated cereals could form the stock material from which the brews are made from [20].

Converse to reports majorly on chronic exposure by technical experts, news media/communi-
cation expert reports are often based on acute exposure. Acute outbreaks have caused national
alarm (such as those recorded in 1980, 2004 and 2012 in Kenya; and 2016 in Tanzania). These
outbreaks of acute aflatoxicosis occurred due to the ingestion of unsuspectingly high levels of
aflatoxins in maize consumed as a staple food Outbreaks were first reported as ‘mysterious ill-
ness’ or caused by “toxic” or ‘poisonous’ food. This is due to the clandestine nature of aflatoxins.
This bears similarity to the foremost global report of aflatoxicosis in 1960 called the “Turkey X’
disease, where "X’ was the mysterious unknown [21]. The covert nature of aflatoxins is primar-
ily because sensual perception of aflatoxins is nearly impossible since the toxins are invisible,
tasteless and odorless when present in food crops. Management of aflatoxins during these
times have called for crisis response actions that immediately forestall continued exposure.

2. Aflatoxin management strategies

Aflatoxin management requires multiple strategies including the following which are fur-
ther discussed in details hereafter: Awareness of aflatoxins, Pre-harvest aflatoxin prevention/
reduction, Peri-harvest aflatoxin prevention/reduction, Post-harvest aflatoxin prevention/
reduction and Post-contamination aflatoxin management.

2.1. Awareness of aflatoxins

Awareness of aflatoxins is critical to its management because information is the basis for
initiating and sustaining measures to control aflatoxin exposure and associated health and
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economic implications. Awareness is a result of access to available information. This knowl-
edge helps to inform the general public, health care practitioners, social workers, policy
makers and other stakeholders on the risks of mycotoxins and control strategies necessary
for prevention of aflatoxicosis and post-contamination management of contaminated crops,
where prevention of contamination is not possible. There are different schools of thought
regarding the way awareness creation is most effective [22, 23]. One school of thought sug-
gests that the focus should be a top-bottom approach in terms of awareness creation about
the problems of and solutions to aflatoxins without a bottom-up approach. The argument for
this is that all that is required by the general public is to understand that there are differences
in food quality, rather than the technical details of aflatoxins. This system will require that a
food grading system is in place that enables the lay buyer to make financial decisions based on
product differentiation. Furthermore, this may be more effective in a more organized market
system where product differentiation on price and quality attributes are easily discernable.
Another school of thought suggests that awareness creation should be a combination of top-
down and bottom-up approaches. The argument for this is that education of the lay person
on the risks associated with aflatoxicosis is necessary for behavioral changes towards crop
management practices. This is important given the informal systems of trading that occur
at the rural levels. Furthermore, as the systems of crop management are varied and so may
require specific changes in practices suited to the customs of the regions.

2.1.1. Multi-faceted aflatoxin-management strategies

Current efforts made on aflatoxin awareness have been via multiple channels including pol-
icy briefs, regional reports, traditional media and social media reports, and word-of-mouth
by various bodies such as regional government bodies and government institutions, private-
sector and commercial organizations, extension services and farmers groups/community
societies, and academic and research institutions among others.

2.1.1.1. Regional governments and government institutions awareness

The most notable regional bodies in sub-Saharan Africa regarding aflatoxin management is
the Partnership for Aflatoxin Control in Africa (PACA), established under the Africa Union
at the 7th Comprehensive Africa Agriculture Development Program (CAADP). PACA has
raised awareness at regional and national levels through programs such as Pan-African
workshops (these workshops have brought together scientific experts, lay people, policy
makers, farmers and industries), policy briefs, coordination of sensitization and surveillance
exercises at regional and national levels (http://aflatoxinpartnership.org). Through PACA’s
efforts, which are often in partnership with key organizations involved in aflatoxin man-
agement/mitigation, policies requiring the control of aflatoxins in foods is becoming main-
stream. In recent years (from 2014), PACA has implemented the Africa Aflatoxin Information
Management System) (AfricaAIMS) in pilot countries (including Senegal, The Gambia,
Malawi, Nigeria, Tanzania and Uganda) to collate and harmonize data on aflatoxins [24].
This has been useful for assisting countries to make definitive and coordinated efforts in
aflatoxin surveillance and discussions for aflatoxin management.
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So far, technical reports form many of the reports on aflatoxins and aflatoxin management.
There are concerns that these reports are too technical and so the dire messages of aflatoxin
exposure, and beneficial information on relevant interventions for aflatoxin management may
not reach all stakeholders. Infographics and short documentations via policy briefs such as
those by PACA and the International Food Policy Research Institute (IFPRI) are being devel-
oped. These are deliberate measures that that have been taken for technical information to be
readily grasped by lay readers/audiences and policy makers.

Other regionals communities involved with raising awareness on aflatoxin management in
the sub-Saharan African region include Permanent Interstate Committee for Drought Control
in the Sahel/Comité permanent inter-Etat de lutte contre la sécheresse au Sahel (CILSS),
Common Market for Eastern and Southern Africa (COMESA) and Economic Community
of West African States (ECOWAS). Regional governments and government institutions
communities assist with the development of regulatory schemes and their enforcement,
aflatoxin testing, development of infrastructure and trade relationships, coordinating the
access to appropriate technologies and infrastructure and establishment of trade relation-
ships. Awareness within the communities is also important for proper decision-making. This
is done through workshops and meetings wherein technical experts can communicate the
technical details in simpler terms and respond to queries to clear doubts.

2.1.1.2. Private-sector/commercial organizations

Private sector participation is key for aflatoxin management in the sub-Saharan Africa. This
is particularly important because the private sector through demand-driven approach can
influence the behaviors of growers, aggregators and important stakeholders towards adop-
tion of aflatoxin management techniques. However, where there is no financial incentive or
social incentive to change, growers’ inertia to change can be high. The positive influence of the
private sector in changing behaviors that promote aflatoxin accumulation have been demon-
strated. A few examples are discussed here.

Example 1 - The World Food Program (WFP).

Through a scheme, Pay for Performance (P4P), the WFP provided food relief in danger and
conflict prone-regions of the world and aided those economies in improving crop quality and
reducing aflatoxin contamination [25]. P4P requires grains for food relief. Due to the need to
procure high quality food materials for disaster relief and a desire to promote crop produc-
tion and so aid the economies within such regions, WFP influenced growers’ behaviors for
reduced aflatoxin contamination. This improved grain quality in the market and introduced
grading systems. Examples of countries where this project covered include Zambia, Tanzania,
Ghana, Burkina Faso, Democratic Republic of Congo, Ethiopia. The project was implemented
between 2008 and 2013 [25].

P4P operated via grassroot and growers’ education on aflatoxin mitigation and measurement.
Aflatoxin measurement in crops was done by using the blue box that contained aflatoxin test
kits, moisture meter, sieves, in addition to other items. Due to the P4P scheme/initiative, WFP
rejections of grains in market outlets decreased. WFP also paid a premium price above the
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prevailing market price to farmers who invested in behavior change as part of P4P. This per-
centage reduction demonstrated the power of influence that the private sector or those with
high purchasing power can have on the market. A more detailed information on this program
can be found at http://wwwl.wfp.org/purchase-for-progress. As part of the program under
P4P, producers were trained on crop management practices at post-harvest such as rapid
drying of grains to below 14% moisture content, grain sorting, proper sampling techniques
for aflatoxin measurement, aflatoxin testing and sample grading. WFP purchased products
from the farmers were possible and linked the farmers to markets for grains that they were
unable to take up.

Example 2 — Nestlé Foods.

Mycotoxin screening, including screening for aflatoxins forms a critical component of
Nestlé’s quality assessment of raw materials. Like WFP, Nestlé has embarked on capacity
development initiatives from farmers in out-grower schemes that they work with. This was
the Grains Quality Improvement Project. Through training on crop management practices,
including post-harvest management, Nestlé markedly reduced their rejection rate from 96 to
4% (between 2007 and 2017) in sub-Saharan countries such as Ghana where this concept has
been applied [26]. The Grain Quality Improvement Project (2009) was conducted with the
International Institute of Tropical Agriculture in Ghana, Nigeria and Cote D’Ivoire [27, 28].
This kind of initiative was imperative for an International Food Brand Nestlé. Additionally, it
helped the company to continue to buy locally and at the desired quality. The social impact
of this project was perhaps important for Nestle’s cooperate social responsibility goals and
for the brand to retain its competitive advantage while not reneging on the strict quality stan-
dards for its food grains.

Example 3 — AgResults Nigeria Aflasafe™ Pilot Program.

The private sector involvement via the AgResults Nigeria Aflasafe™ Pilot program was
designed to incentivize the use of technologies and implement practices that reduce afla-
toxin incidence in crop (http://agresults.org/en/283/). Aflasafe™ is a biological control tech-
nology that favors the proliferation of naturally occurring populations of non-aflatoxigenic
Aspergillus strains through competitive exclusion of toxin-producing aflatoxigenic Aspergilli
[29]. The AgResults Nigeria Aflasafe™ Pilot Program introduced in Nigeria in 2013 encour-
ages private businesses, called (Aflasafe) Implementers, involved in coordinating farmers and
aggregating farmers’ produce to reduce aflatoxin prevalence in crops by providing the neces-
sary skills and technical information for Implementers to do so via training workshops and
linking them to markets seeking premium quality grains (via Innovation Platforms) [30]. The
AgResults program operates in Nigeria and is specifically targeted at promoting the use of
Aflasafe™ as an inclusion to the good agricultural practices provided in the training package.

The private sector’s involvement via this pilot program is two-fold. (1) The farmers’ grain
purchase coordination through Implementers (private businesses that coordinate the train-
ing of aflatoxin management including the use of Aflasafe™) ensures that demand for high
quality grains are accessible; and (2) Purchase of high quality grains by the food and feed
industries (especially the poultry industry) drive the demand for high quality grains. These
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food and feed industries pay a premium price for the high-quality grains. Additionally, the
implementers gain a premium for proper implementation of the aflatoxin-management prac-
tice [31]. Due to the sustained demand for high quality grain by the food and feed industries,
the implementers maintain the demand for the use of Aflasafe as part of aflatoxin manage-
ment practices. As such, with the modulation of Aspergillus populations through repeated use
of Aflasafe demand for maize with safe levels of aflatoxins in maize grains where the market
demands are met with a price incentive as a driver in a pull-mechanism for the implementa-
tion of aflatoxin management techniques and technologies.

2.1.1.3. Extension services and farmers groups/community societies

In many parts of sub-Saharan Africa, farmers rely on and trust extension officers as accurate
and reliable sources of agricultural advice. Therefore, extension agents are a powerful source
of knowledge dissemination and awareness creation. However, due to the limitations in bud-
getary allocations, extension officers do not always have the financial power to reach out to
many farmers in the farming communities with up-to-date knowledge on skills and tech-
nologies. Additionally, budgetary constraint also limits the ability of the extension officers to
regularly receive training required to update their knowledge, skills and practices.

Farming communities have started organizing themselves into community groups with
leadership structures that help in information dissemination [32]. When training is received
by leaders in these groups within a central location, they are then able to disseminate the
information in their local chapters. Information about aflatoxin management in many occa-
sions has reached farmers this way. Through these organizational structures, groups are
also able to organize field days or famers field schools. Field days where demonstration
plots are displayed to farmers also constitute a form of training regularly done. However,
this is difficult for aflatoxin control demonstrations, since the chemical toxin is not percep-
tible with the senses.

2.1.1.4. Academic and research institutions

Academic and research institutions play a key role in creating awareness of the control strat-
egies for aflatoxin and aflatoxicosis prevalence. It is important for them to share accurate
information about the management of aflatoxins. Distorted or inaccurate information about
aflatoxin management is detrimental to awareness creation efforts made towards aflatoxin
mitigation. Academic and research institutions have contributed to raising awareness through
the publication of technical reports, discussions at technical meetings and contributions to
non-technical writings and reports. They also contribute by organizing training meetings for
important stakeholder groups such as extension practitioners, farmers groups, the private
sector, regulatory organizations, and other important stakeholders to attend. It is also impor-
tant for educational institutions and research organizations to partner in training students on
aflatoxin management and other phytopathology concerns. This may ensure continuity in
capacity development for the management of aflatoxigenic fungi, their toxins and other food
security and food safety threats.
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2.1.1.5. Other awareness platforms

Online documentation (e.g. websites, blogs, social networks), field extension services, com-
mercial organizations and word of mouth are also important avenues of awareness cre-
ation. Dissemination of information via traditional media such as newspaper publications,
radio broadcasts and discussions are also important for ensuring that the population gets
the required information and to gauge the level of awareness/responses to the sensitization
efforts. It is important that these efforts continue where already in place and make-up con-
certed efforts that are contributory to awareness creation as an important aflatoxin manage-
ment strategy.

2.2. Aflatoxin management
2.2.1. Pre-harvest aflatoxin prevention/reduction

Although pre-, peri, and post-harvest aflatoxin management strategies; have been itemized
as different from awareness creation, knowledge of these strategies is important for aware-
ness. For pre-harvest aflatoxin management to receive contextual appreciation it is impor-
tant to understand how aflatoxin contamination occurs. Natural contamination of food by
aflatoxins requires contamination by aflatoxigenic strains of Aspergilli. Aflatoxin-producing
strains of the Aspergillus section Flavi group such as Aspergillus flavus, A. parasiticus, A. nomi-
nus and S strains are responsible for contamination. Recently, a novel aflatoxin producer
called A. korhogoensis (defined as a “a novel cryptic species within the A. flavus clade” was identi-
fied in Cote d’Ivoire [33]. Route of contamination is typically one by which the spores of these
strains can enter the grains. Fungal spores reside on crop debris, in soils and can be air-borne
when dispersed by wind. Spores can also be carried by insects and birds directly to the grains
and thereby contaminate them [34-36].

To this end, methods that serve as barriers in preventing aflatoxigenic fungi from gaining
entrance into the crop are critical for the control of aflatoxin contamination. For the maize dur-
ing crop development, spores can enter grains via the silk channel (each silk thread leads to a
kernel of maize), through cracks in the kernel because of abiotic stress such as heat or drought,
and biotic stresses such as insects or birds [34, 37]. Furthermore, reducing the populations of
the aflatoxin-producers in the environment can also reduce the risk of human exposure to
aflatoxin. Pre-harvest management of aflatoxin contamination therefore comprises:

¢ Breeding efforts that increase the barriers to aflatoxigenic fungi [38]. These have been
explored through increased tightness of husk cover and increased hardness of grains. These
reduce the possibility of fungal entry into the grain and therefore aflatoxin contamination.
However, flint grains (very hard grains) are difficult to process and because of that, farm-
ers are not always willing to grow these varieties. Gene silencing as a method for aflatoxin
management was recently developed by the International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT) [39]. However, acceptance of genetic modification of foods in
and for sub-Saharan Africa has not received wide acceptance.
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¢ Insect and pest control reduces the populations of pests that pre-dispose the crop to afla-
toxin contamination. Insect control is particularly very important because of the strong
correlation between mycotoxin contamination and insect damage. Using pest control can
significantly reduce the risk of associated mycotoxins. With the growing inclinations for
organic farming globally, the use of non-synthetic pesticides is preferable. Bird scare to
prevent damage to the crop is also important. These practices do not only address the risk
of contamination but are also important for maintaining optimum yields.

* Biological control of aflatoxin is another pre-harvest control strategy that is being adopted
in sub-Saharan Africa. Aflasafe as reviewed earlier is a biocontrol measure. It involves the
use of non-toxin producing strains to compete with aflatoxin-producing strains on the field
as a naturally occurring displacement strategy implemented about a fortnight before crop
flowering. Native strains are isolated from regions where the product is to be applied to
the most suited/adapted non-toxin producing strains to that environment through rigorous
research efforts for isolate selection. The technology has been commercialized under the
trade name Aflasafe in a few African countries with continuing research efforts [29].

While mold contamination is known in many parts of sub-Saharan Africa because of their
visual presentation and bitter taste, the aflatoxins that they produce are frequently unknown
because they lack sensory attributes. Therefore, moldy grains would attract lesser value,
while grains without visible mold, are not necessarily without aflatoxin contamination.
Therefore, it is not uncommon for these grains to be used in the processing of food or feed
material in which mold appearance is masked. This is for instance, in the processing of
peanut butter, groundnut cake, poultry feed and fermentation for beers [40-43]. However,
this is not a good management technique for aflatoxins as these poor-quality grains enter the
food chain as alternative food products and the processing techniques may either minimally
reduce the aflatoxins or concentrate the aflatoxins. However, visual signs of mold are not
the only indicators of fungal infestation. It is possible for strains that produce high levels of
aflatoxins to mildly infected grains, resulting in high aflatoxin levels. Also, grains contami-
nated with aflatoxins that have been washed and dried after infection, may no longer have
visible mold growth but still contain the aflatoxins. This is because aflatoxins are only very
mildly soluble in water at 10 mg/ml and are heat stable up to 150°C, after which they are
only mildly detoxified [44].

2.2.2. Peri-harvest aflatoxin prevention/reduction

During harvest, exposure to aflatoxin contamination can occur due to practices that expose
the crop to aflatoxigenic fungi as it is harvested. These could include harvesting during the
rains or during high moisture conditions that encourage fungal proliferation; harvesting into
recycled or contaminated containers such as bags, and carts that harbor the toxigenic mold or
insects, or directly onto uncovered ground surfaces, threshing during harvest in a way that
damages the grains. Preventing these would therefore involve the use of clean surfaces or
containers for placement of harvested grains and rapid drying after harvest to avoid incuba-
tion of the fungus and subsequent accumulation of the toxin.
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2.2.3. Post-harvest aflatoxin prevention/reduction

Post-harvest practices occur immediately after harvesting grain produce. These practices
are inclusive of practices undertaken such as transportation, storage and processing of the
harvested agricultural produce. As with peri-harvest practices, it is important to prevent pre-
disposing factors such as pest infestation, re-contamination from re-used bags or improperly
sanitized vessels or vehicles. It is therefore critical to ensure proper pest control, good aeration
by placing stored grains in dry and well aerated storehouses. The use of wooden pallets, and
away from walls, rather than placing bags in direct contact with floor surfaces and walls lim-
its aflatoxin accumulation in hot spots. Other important post-harvest practices for reducing
contamination include winnowing and sorting of grains to remove low density materials and
grains that tend to harbor high proportions of the contaminated material [45].

2.2.4. Post-contamination aflatoxin management

Post-contamination management strategies are implemented when all attempts of reducing
aflatoxin levels to permissible limits have failed. It is not recommended as a strategy without
attempts to prevent contamination. There are controversies surrounding the implementation
of some of these practices for the management of aflatoxins. Some of the practices include dilu-
tion with non-contaminated grains to reduce bulk contamination, ammoniation [46], binding
of aflatoxins using adsorbents or aflatoxin-binders used for animal feed [47], nixtamalization
[48], grain fermentation, radiation (including solar radiation) [49], grading to allow higher
levels for non-dairy ruminants up to permissible levels, or use as alternative non-food uses
such as production of bio-ethanol.

2.3. Conclusion

Aflatoxin management, including continuous public awareness and monitoring is required
both on-farm and off-farm. Awareness is a critical stage of management and covers pre-
harvest, peri-harvest, post-harvest stages of crop production. Post-contamination options
are the last alternative to aflatoxin management and is the least preferred method for afla-
toxin management in food and feed grains due to other associated risks of contaminant
fate. The most preferred method is to prevent entry of aflatoxin-producing fungal strains,
then limiting the ability of contaminating aflatoxin-producing strains from synthesizing
and accumulating the harmful toxins in food grains. With proper aflatoxin-management,
health and income improvement will increase in sub-Saharan Africa — a region with a
high perennial risk of aflatoxin exposure, thus boosting the health of the people within
the region.
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Abstract

About 25% of total agriculture products are contaminated with aflatoxins (AFs) and other
mycotoxins in the world especially in Africa, Asia and Latin America, completely losing
about 2-3% of food values and thus causing economic losses to farmers. The mycotoxin
contaminations of food supply chain impact on human and animal health primarily,
whereas production is the second major concern especially in developing countries. Afla-
toxins (colorless to pale yellow colored crystals) are the most studied (>5000 research
articles) group of mycotoxins. AFs impose major problems regarding health, growth,
FCR (feed conversion ratio), etc. in the subtropical zone. In the agricultural commodities,
the prevention of fungal contamination during plant growth, harvesting and storage
seems to be the most effective and rational precautionary measures to avoid mycotoxins.
Activated charcoal; aluminosilicates; polymers, such as polyvinyl pyrrolidones and chole-
styramine; and yeast, yeast-based products, and humic acid have been studied extensively
with promising but variable results. A live yeast, named Saccharomyces cerevisiae (S.
cerevisiae), has also been observed to lighten the adverse effects of aflatoxicosis in poultry.
These beneficial effects were later attributed to glucomannan, being derived from the cell
wall of S. cerevisiae.

Keywords: aflatoxins, poultry, toxin binders

1. Background

Mycotoxins are known to affect human and animal health since 1370s BC. Ergotism or St.
Anthony’s fire is one of the oldest known mycotoxins. The mysterious deaths of archeologists
are also considered due to the prevalence of ochratoxin A (OTA) in certain Egyptian tombs [1].
In 1673, the disease was linked to consumption of grains infected with ergot (sclerotia of
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Claviceps purpurea) in France. An epidemic resulted in first ergotism control measures in 1770.
In 1952, an outbreak of “moldy corn toxicosis” was caused by the consumption of mold
contaminated corn-based feed for swine in southern USA [2]. In the early 1960s, over 100,000
turkey poults and 20,000 ducklings, pheasants and partridges poults in England died with
clinical signs of liver necrosis and biliary hyperplasia. This incidence brought together world
renowned scientists under the umbrella to resolve the puzzle related to turkey “X” disease
[3, 4]. Brazilian peanuts used in formulating feeds for these domesticated animals were found
to be heavily infected with aflatoxin B; (AFB,) were found to be the main reason for this huge
fatality after a series of analyses in England [3] and was named after Aspergillus flavus in 1962.
A year later (in 1963), its complete structure was characterized by Prof. Buchi’s team [1] and
subsequently, aflatoxins (AFs) were further categorized as AFB and AFG because of blue and
green fluorescence under UV light, respectively [3]. The most extensively publicized case came
under the spotlight with an outbreak in humans in western India in October 1974 [5].
Unseasonal rainfall resulted in extensive mold production of extremely high AFs (6.3-
15.6 mg/kg) in corn crops [6]. In 2004, several hundreds of Kenyans became severely ill and
almost 125 casualties were reported during an acute aflatoxicosis outbreak [7]. Since the
identification of Aflatoxins (AFs) in 1965, the momentum of scientific paper publication
toward mycotoxin is an increasing trend where 16,821 papers are recorded in Scopus and is
an indicative of its importance [8].

2. Mycotoxins

Mycotoxins (MW ~ 700 Da) are secondary metabolites produced by mycelial filamentous
structures, specifically called molds [4, 9, 10]. Aspergillus, Penicillium and Fusarium species
are responsible for the production of most prevalent mycotoxins, i.e. AFs, ochratoxin,
zearalenone, deoxynivalenole, trichothecene-2, etc. [11]. Cereals are more prone to mycotoxins
contamination by fungal growth on plants in fields or fungi growing saprophytically during
storage. Not all fungal growth results in mycotoxins production (e.g. penicillin, is widely used
an antibiotic) or the detection of fungi implies necessarily the presence of mycotoxins [12, 13].
All the secondary metabolites from molds do not impose toxic effects [4].

In response to the environment, five different mechanisms are involved in the production of
mycotoxins viz. secondary fungal metabolism, bioconversion of plant compounds (dicouma-
rol), defense mechanism of plants to fungal aggression and plant-fungus associations [9].
Among the environmental conditions, agronomic practices including harvesting technology
as well as the health status of the plant are the most approachable factors for fungal contami-
nation in plants and ultimately mycotoxin production. Humans and animals can be exposed to
mycotoxins by various routes like ingestion, aerosol and placental routes [14], which may lead
to different fatal consequences as these toxins can be carcinogenic, neurotoxic and immun-
otoxic, mutagenic, teratogenic, esterogenic and/or hepatotoxic [15]. The severity of health
effects posed by mycotoxins depends on species, sex, age, nutritional status, etc. [16]. AFs,
OTA and possibly fumonisin B; (FB;) have been classified as being carcinogenic [9]. All



Aflatoxins: Their Toxic Effect on Poultry and Recent Advances in Their Treatment
http://dx.doi.org/10.5772/intechopen.80363

countries with mycotoxins regulations should have at least regulatory limits for AFB; or the
sum of AFB;, AFB,, AFG;, and AFG; in foods and/or feeds [11]. Mycotoxins exposure includes
both pure mycotoxins and also masked mycotoxins which are formed when plants protect
themselves by conjugating mycotoxins to biopolymers [8].

3. Factors affecting mycotoxin production

Cereals and their products are susceptible to fungal invasion that may be accompanied by
mycotoxin production [17]. Approximately 25-40% of cereals produced worldwide are
directly or indirectly contaminated with mycotoxins especially AFs with annual losses of
around 1 billion MT of food products [9, 18]. A. flavus and A. parasiticus are responsible for
producing AF during storage particularly in hot and humid countries in the tropics as com-
pared to those in the temperate regions of the world [9, 19].

A. flavus is commonly found in energy rich concentrates (corn, rice etc.) and protein rich
concentrates (peanuts, cottonseed etc.) but are not commonly found in tree nuts. A. parasiticus
occurrence in South East Asia is rare and has the same hosts as those of A. flavus [20]. A. flavus
is generally responsible for AFB; and AFB, production, whereas A. parasiticus produces AFB,,
By, G; and G; [3]. AFB; ranges 77% of total AFs as major contaminant in cereals [21]. In the
grains, the germ is the main site for Aspergillus sp. development which leads to greater
potential of AF accumulation [22].

The on-going global warming is going to be an alarming condition for the aflatoxins contam-
ination [8]. Williams et al. [23] observed that improperly dried stored food is commonly
invaded by fungus (Aspergillus sp.) in areas within latitude 40 N and 40'S of the equator with
temperatures that range between 24 and 35°C and moisture content >7% (10% with ventila-
tion). About 4.5 billion people are chronically exposed to AFs in developing countries. Tropical
and sub-tropical regions have favorable environment for AFs production as compared to
temperate region [19, 24].

4. Mycotoxin occurrence

Binder et al. [11] found low concentrations of Deoxynivalenol, T-2 toxin and Zearalenone as
major contaminants in European (temperate areas) feed samples while AFs, DON, FUM and
ZON tended to be dominant in Asia and Pacific (tropical areas) significantly. Elzupir et al. [25]
found a total of 64.29% animal feed (130.63 ug/kg) and 87.50% manufactured animal rations
(54.41-579.87 pg/kg) followed by 69.32% groundnut samples (4.07-79.85 ug/kg) contaminated
with AFs in Khartoum State of Sudan. Summer was found to be the most favorable for AFs
growth (78.95% samples) followed by autumn (66.67% samples) and winter season (43.37%
samples). AFB; was found the most common contaminant followed by AFG;, AFB, and AFG,.

127



128 Mpycotoxins - Impact and Management Strategies

Shareef [26] found AFs to be most prevalent mycotoxins group (91.1%) with average concen-
tration of 179.1 ug/kg followed by ochratoxins (127 ug/kg) during a two-year survey
(2005-2007) on different poultry feed samples in Pakistan. Anjum et al. [27] found AFB,
(10.80 £ 2.16 to 39.20 + 3.67 ug/kg) in layer and broiler starter rations from ten different
commercial feed mills in Punjab, Pakistan. Among them, 40% of samples were contained
AFB, at levels above 20 pg/kg (maximum tolerable levels for poultry). Bokhari [29] found
26.1% samples (seeds, oilseeds, spices, milk and milk products) contaminated with AFs prin-
cipally poultry feed, cereal grains and oil seeds with AFB, found as the most frequent contam-
inant especially in corn grains.

Luttfullah and Hussain [29] found maximum incidence rate of AFs in walnuts with shell (40%),
walnuts without shell (70%) and in peanuts with shell (40%) during a survey in Khyber Pakhtun
and northern areas of Pakistan. Lutfullah and Arshad [30] found highest AFs incidence rate in
corn (40%), sorghum (30%) and rice (25%) from different retail shops and local markets of
different location in Pakistan. In Pakistan, A. flavus contamination occurs at the highest incidence
rate, being responsible for the production of AFB, in the corn in Swat valley [31].

Borutova et al. [32] found a positive correlation between AFB; and AFB, prevalence on
different feedstuffs i.e. corn, wheat, soybean meal, corn gluten meal, dried distiller grains, etc.
in Asian-Oceania region in 2010 and concluded that the occurrence of single mycotoxins in any
of the feedstuffs is rare. Mardani et al. [33] did not find via High Performance Liquid Chroma-
tography (HPLC) any of the AFs at detectable levels in food samples from Kaskinen in Iran
except for one sample that contained AFB, (0.64 pg/kg). Basaran and Ozcan (2009) concluded
AFB; to be the most abundant in concentration (0.2-36.81 pg/kg) followed by four samples
containing AFG; (0.6-20.2 ug/kg) among 217 samples of hazelnuts, pistachio nuts and peanuts
in the Turkey. About 87.09% of total samples were very low in AFB,;.

5. Chemical nature and structural illustration

Due to recent advances in technology, modern methods and budding interests, more than 300
500 mycotoxins have been discovered and characterized. Mycotoxins have very special chem-
ical configurations [11, 18, 34]. However, only a relatively small number of toxins are of
relevance in feed milling [11]. The AFs are difurocoumaro-lactones (difurocoumarin deriva-
tives) in structure. These chemical structures comprise of a difuran ring with complex couma-
rin nucleus with a pentenone ring (in AFB and AFM)/a six membered lactone ring (AFG). The
four compounds viz. AFB;, By, G; and G, (Figure 1) can be differentiated by fluorescence
under ultraviolet illumination (B = blue, G = green) [3]. AFs are indistinctly soluble in H,O and
hydrocarbons, soluble in methanol, acetone and chloroform and insoluble in non-polar sol-
vents. They appear to be unstable in air and light. These toxins are decomposed at their
respective melting points which range between 237°C (G) and 299°C (M;) but not destroyed
under normal cooking conditions. Rather these can be completely denatured by autoclaving in
the presence of NH; or by treatment with bleach [35].
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Figure 1. The chemical structure of aflatoxins [19].

6. Levels of toxin production

According to Wayne [43], the amount of toxins produced depends on different factors that can
be physical, chemical or biological. Physical factors include moisture, relative humidity, tem-
perature and mechanical damage, while chemical factors include CO,, O,, substrate composi-
tion, pesticide and fungicide. Plant variety, stress (harsh weather), insects, and spore
concentration collectively are biological factors that may affect toxin production.
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Temperature, water activity (a), oxygen and pH [1, 27, 36-39] play vital role in the production
of mycotoxins by fungi. The a,, range should be between 0.61 and 0.91 as most of storage fungi
grow at aw <0.75. The ideal temperature for AFs production by A. flavus and A. parasiticus
ranges between 12 and 41°C with optimum production occurring at 25-32°C. But the AF
synthesis increases by temperature >27°C, humidity >62% and moisture >14% [3]. Relative to
AFG;,, AFB; production is stimulated by higher temperature [40]. Optimal production of AFB;
occurs between 24 and 28°C, whereas 23°C is optimal for AFG; production. Low temperature
(8-10°C) induces the production of equal amounts of AFB and AFG. However, total AFs
production is suppressed with more time is required [3]. At higher a,, fungi compete with
bacteria as food spoilers [17]. Moreover, Aspergillus can tolerate lower aw than Fusarium [41].
Initially, fungal growth in grains produces adequate metabolic water for further expansion and
mycotoxins production [42]. Oxygen is an essential factor for the fungal growth and its growth
is restricted at less than 1% oxygen [17].

The broken grains (by insects and birds) are often more susceptible to mycotoxins production.
The grains with “musty” odor should be suspected and analyzed for mycotoxins [42]. Afla-
toxins contamination is directly influenced by insects’ attack to plants and is probably domi-
nated by drought and high temperature [43]. These predisposing conditions allow “hot spots”
to occur in stored grains. In severely affected crop of corn, the individual kernel may contain
AFs as high as 400,000 pg/kg AFs [42].

The accrual of mycotoxins in the grains before and after harvest largely reflects the prevailing
climatic conditions. For example, Fusarium toxins are produced in cereals with high moisture
content during harvest, whereas pre-harvest AF contamination of crops like peanuts and
maize is linked with high temperatures, insect damage and prolonged drought conditions [43].

Fungal geneticists have unraveled the pathways and genes for the synthesis and regulation
of mycotoxins production, especially AFs and trichothecenes [37, 44], which assist in the
breeding of plants resistant to toxin accumulation [45]. The transgenic Bt corn contains a
gene isolated from the soil bacterium Bacillus thuringiensis, which encodes for a protein,
being toxic to common lepidopteran corn pests. These hybrids offer a new tool for myco-
toxins management as insect damage is often a major factor in facilitating toxigenic fungal
infection of crops [46].

7. Toxicity of aflatoxins

AF (AFB,, Gy, B; and G;) concentration, duration of dietary exposure, species, sex, breed, age
and health status of animals are different factors that affect toxicity [42, 47]. Young animals are
less resistant than older one presumably due to the lack of well-developed hepatic enzymatic
systems required to degrade the toxins depending upon the specie [48]. Guinea-pig, duckling
and rabbit represent a “fast metabolizing group” actually capable of handling LD50 dose in
<12 minutes. Sheep, pig, mouse and chick fall into “intermediate group” metabolizing LD50
dose in few hours [49]. Currently, rat is the only example of a “slow metabolizing group” in
which LD50 dose would probably disappear from the liver over a period of days (Hu et al,,
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2011). AFB; is classified by IARC [35], as a highly toxic compound (LD50, 1-50 mg/kg body
weight) among most species, although it is extremely toxic (LD50 < 1 mg/kg) for some species
such as cats, ducklings and rainbow trouts [3].

Ducklings followed by turkey poults, broilers and laying hens are the most sensitive species to
AFs as these showed 100% mortality at 1 mg/kg AFB;. Moreover, 0.11-0.2 mg/kg AFB;
decreased 230 and 163 g/bird feed intake and weight, approximately from 0 to 14 days of age,
respectively [50]. Goslings, quails and pheasants are ranked at intermediate position regarding
sensitivity while chickens appear to be the highly resistant. Ducklings are 5-15 times more
sensitive than laying hens, but among layers, certain strains may be as much as 3 times more
sensitive than others [38]. Broilers are more susceptible to AF than layers [36, 51]. Aflatoxin-
contaminated feed affect almost all systems in the body are affected, i.e. interference in bone
metabolism resulting decreased bone strength, reduction in bone diameter, decrease in dressed
weight and breast yield etc. [52].

8. Mode of action of aflatoxins

AFs are toxic to poultry at <1 mg/kg with liver as main target organ as the relative liver
weight is altered by low levels of AFs [53, 54]. Respiratory exposure to AFB; contaminated
dust has been allied with increased incidence levels of tumor along the respiratory tract of
animals and humans [3]. The AFs molecules are subjected through complex metabolic
processes of different cytochrome P450 dependent pathways (bio-activation or detoxification
processes) [55].

The carcinogenic and mutagenic effects of AFB, [4], AFG; and AFM; occur after metabolic
activation by microsomal mixed function oxidase system [3, 56]. AFs bind to both RNA and
DNA and blocks transcription [17]. In the liver, cytochrome P450 activates AFB; (pro-
carcinogens) to form AFB;-8, 9-exo-epoxide (catalyzed by CYP3A4 leading to the formation
of AFQ;) and endo-epoxide (catalyzed by CYP1A2) at 8, 9 position of the terminal furan ring
and its subsequent covalent binding to nucleic acid but only exo-epoxide that is highly unsta-
ble binds with DNA resulting in the formation of 8,9-dihydro-8-(N7-guanyl)-9-hydro-AFB;
(AFB1-N7-Gua) adduct [18, 56, 57]. Toxin interaction with DNA and some enzymes to alter p53
gene results in GC to TA transversion, which results in mutagenic properties. This transversion
is capable of binding to lysine in serum albumin [58] and also inhibits different activities on
biological molecules e.g. synthesis of DNA adducts and conjugation with glutathione, and
blocks of ribosomal translocase and RNA polymerase (inhibiting protein synthesis) and essen-
tial enzymes [59]. The RNA and DNA syntheses were inhibited in rats fed feed contaminated
with 5 mg/kg AFs of over six weeks period [4]. AFB1-epoxide can covalently bind to different
proteins which in turn, may affect structural and enzymatic protein function [3]. The structure
of interaction between base pairs in DNA helix is determined by binding of exo-epoxide with
guanine [60, 61]. The metabolites (AFQ;, AFM; and AFP;) of AFB, and other naturally occur-
ring AFs such as AFG;, B, and G,, are weaker for epoxide formation, thus they have less
carcinogenic and toxic properties than AFB;.
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In liver cells, cytoplasmic reductase and microsomal mixed-function oxidase system metabo-
lize AFB; to aflatoxicol and aflatoxins M;, Qy, P; and B;-epoxide (the most toxic and carcino-
genic derivative), which are less toxic than AFB1. These are further conjugate with other
molecules and rapidly eliminated from the body [3]. The metabolites (AFQ,, AFM; and AFP;)
being formed from AFB; and other naturally occurring AFs e.g. G4, B, and G, are weaker for
epoxidation, thus possess less carcinogenic and toxic properties than AFB;. The AFM,, AFQ,
and AFP; are secreted as metabolites of AFB; in the urine and can be used as biomarkers [62].

9. Absorption of aflatoxins in small intestine

Aflatoxins are liposoluble compounds that are readily absorbed at the site of exposure
(usually gastrointestinal tract) into the blood stream to liver where they are metabolized in
the microsomal system to active or detoxified metabolites [63]. AFB; may occur as free or
unconjugated forms of primary metabolites. Water soluble conjugate metabolites bound
covalently with cellular macromolecules and degradation/metabolic products of AFB;
adducts. These conjugates of AFB; metabolites are excreted in the bile and consequently
eliminated through feces. Water soluble conjugates and degradation or metabolic products
of AFB; macromolecule adducts and unconjugated AFB; metabolites are excreted into gen-
eral circulatory blood system. This results the systemic distribution of AFB; to eggs or milk
and body tissues [3].

AFs are known to alter the synthesis, absorption, and transport of lipids to extra-hepatic tissues.
Liver fatty acid composition is drastically altered among birds with aflatoxicosis [43]. AFB1-8, 9-
epoxide (formed by action of cytochrome P450 on AFB;) may cause significant increase in
hepatic lipid peroxide level. Lipid peroxidation initiates to affect membrane integrity negatively;
membrane bound enzyme activities which lead to cell lysis. The oxidative damage of cell/tissue
occurs when the concentration of reactive oxygen species (O,-, H,O,, and OH-) predominates the
antioxidant capability of cells. This may be the consequence of significant decrease in non-
enzymatic antioxidants (e.g. glutathione, vitamin E, and vitamin C) and enzymatic antioxidants
(e.g. catalase, glutathione peroxidase, superoxide dismutase). Superoxide dismutase shields cells
from oxidative damage by metabolizing free radical superoxide (O,-) to HyO, and O,-. The
metabolically produced H,O, can then be decomposed enzymatically with glutathione peroxi-
dase (GSH-Px) and catalase. Glutathione peroxidase not only decomposes H,O, but also can
interact with lipid peroxidation. Reduced protein biosynthesis may be responsible for the decline
in enzyme activities. Significantly lower glutathione peroxidase levels further intensify the toxic
effects of AFs [24]. AFs promote free radical formation thus causing liver peroxidation which in
turn results in antioxidant depletion, oxidative stress and apoptosis. All of these contribute to the
development of malabsorption [64].

The metabolites such as AFB;-N7-Gua, AFM;, AFB;-mercapturic acid and serum AFs-albumin
are also considered as AF biomarkers [65]. AFs show specific selection for guanine bases with a
guanine or cytosine at the 5’ base causing G — T transversion [66]. Puisieux et al. [67] showed
that the guanine at the third position of codon 249 of the p53 gene (a known mutational
hotspot in HCC (hepatocellular carcinoma) was the site of modification by AFB; (in human
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hepatocytes, about three folds mutations at the third base of codon 249) but neighboring
guanines (247, 248 and 250) were also modified. About 20% of total AFB; ingested remain in
the body after a period of one week with a half-life in the plasma of 36.5 minutes, whereas M;
is almost excreted via urine within 48 hours [68]. Because there is a half-life of 20 days in serum
albumin, the AFB;-albumin adduct can be used as an AF biomarker to check the chronic
exposure within 1-2 months and is considered as an independent factor for advanced liver
diseases in HCV-infected patients. The adduction levels of AFs with albumin by covalent
bonding in the peripheral blood reflect AF exposure 2-3 months earlier depending on albumin
half-life [66].

10. Effect of aflatoxins on enzymes

A marked decrease in digestive enzymes (pancreatic ribonuclease, amylase, trypsin and
lipase), hypocarotenoidaemia, steatorrhea and bile salts can be observed during aflatoxicosis
in poultry. Protein requirements for growth were increased during aflatoxicosis which can be
alleviated by dietary methionine fortification [43]. Fernandez et al. [69] conducted trials to
investigate the hematological and serological changes on broilers from 21 to 42 days of age
with oral administration of 2500 ug/kg AFB;. It was found that hematological (red blood cell,
hemoglobin, leucocytes, eosinophils and basophils) and serological (serum protein, aspartate
aminotransferase, alanine aminotransferase, urea, creatinine) parameters remained unchanged
but caused hepatic and renal lesions which matches the findings of Bianchi et al. [39]. AFs are
known to reduce protein synthesis that may lead to decreased blood protein levels. The AFs
intoxications have been reported to decrease total protein, cholesterol, triglyceride and glucose
levels significantly [70].

11. “Carry-over” of aflatoxins

Mycotoxins including Aflatoxins are metabolized in the gastrointestinal tract, liver or kidneys
according to their chemical structure. Their transfer to poultry meat and eggs leads to undesir-
able effects on human health [18]. Agag [3] examined the “carry-over” of AFB; from layer feed
to eggs was examined in laying hens at dietary levels of 100-400 pg/kg AFB1. This resulted in
0.2 to 3.3 pg/kg in eggs, and AFs ratios in feeds and tissues found to be are very low ranging
from 500:1 to 14,000:1 excluding the liver, particularly when compared with milk (70:1). On the
other hand, Zaghini et al. [55] showed no measurable residual AFB; or its metabolites in eggs.
These contrasting findings may be ascribed to mannan oligosaccharides in naturally AFs
contaminated feeds at different levels of toxicity [55].

In broilers and layer birds, the AFB; residues have been reported to vary from no detection to
3.0 pg/kg in liver in birds fed 250-3310 pg/kg AFB; over certain periods [71]. Fowler et al. [72]
found no significant increase in AFs residues in liver until the 1800 pg/kg AF contaminated
feed was fortified with AF at a concentration of 1200 ug/kg with no clay used as a binding
agent. Younger birds were found to have significant increase in liver residues than those in
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non-exposed birds. Moreover, birds 3rd weeks of age that received 1800 ug/kg AFs were found
to have detectable levels of AFB; in the liver.

12. Immunosuppression

Aflatoxins intoxications suppress immunoglobulins (IgM, IgG and IgA) and enhance suscep-
tibility of birds to parasitic, viral and bacterial infections. At 0.5 to 1 mg/kg Aflatoxins, these
interfere with B and T-lymphocytes functioning [73], apparent alteration of splenic function-
ing, atrophy of bursa of Fabricius [74], suppresses cell mediated immune response, phagocy-
tosis, and complement system as well as interferon production. Moreover, hematopoietic
suppression and anemia have been observed by decrease in RBCs, packed cell volume and
hemoglobin [75-78].

AFs decrease total serum proteins due to a reduction in o,  and y globulins, with IgG being
more sensitive than IgM [79] which may cause substantial suppression of acquired immunity
from vaccination programs in some disease models. The Low levels of AFB,; appears to affect
the vaccinal immunity negatively and may enhance the occurrence of diseases such as Marek’s
disease, IBD virus, congenitally acquired salmonellosis and duodenal and cecal coccidiosis,
etc. even in properly vaccinated flocks [80]. The failure of vaccines is correlated to the immun-
otoxic effect of toxins which compromise for immune function of birds by decreasing cell-
mediated immunity and inducing an inflammatory response [81]. Decrease chemotactic ability
of leucocytes, impaired heterophils phagocytosis [3] and cellular and serum factors required
for optimal phagocytosis can be observed in aflatoxicated chickens. Although dietary AFs
depress thrombocyte counts, no effect on their phagocytic activity has been observed [82].

13. Safe level of aflatoxins and detoxification

Due to synergistic effect of Aflatoxin B; and hepatitis B exposure, there are no specific safe
levels for aflatoxin regarding resistance/tolerance to AFs. Ideally, there should be zero level for
AFs in feed [83]. The Food and Drug Administration and European Union have established
20 pg/kg and 10 ug/kg AFs as maximum level for poultry, respectively. Based on feeds
available, AF contaminated feeds should be fed at lowest possible level and for the shortest
period of time [84]. The production of AFs can be controlled by maintaining physical integrity
of cereal grains, drying and use of anti-fungal especially propionic acid to inhibits molds
growth by decreasing pH and ATP formation through electron transport pathway. UV, X-rays
or microwave irradiation and dilution of contaminated feed with AF free feed is also one of the
methods to dilute the concentration of AFs [9]. However, AFB; contamination of feed is
practically unavoidable universally [85]. Mycotoxins decontamination refers to methods by
which these metabolites are removed or neutralized in contaminated feed, while mycotoxins
detoxification refers to methods by which the toxic properties of the mycotoxins are eliminated
[86]. Since early 1990s, studies on mycotoxin adsorbents have yielded success but high
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inclusion rates and potential interactions with dietary nutrients are causes for concern [87].
Numerous strategies for the detoxification and inactivation of mycotoxins in feed have been
tested but most of these are ineffective or impractical [22]. Dietary fortification with methio-
nine, selenium, vitamins, plant and herbal formulations, etc. may detoxify the adverse effects
of AFs by glutathione systems which contain cysteine (derivatives of methionine) in broilers
[43, 86]. Approaches to detoxify contaminated grain and finished feed can be physical, chem-
ical and biological treatments [88].

14. Physical and chemical methods

Thermal inactivation, cleaning of the kernel surface, and hence the removal of highly contam-
inated particulate matter, have proven effective in reducing moderate mycotoxins contamina-
tion of feed [43, 89]. However, it seems quite laborious to remove highly contaminated
feedstuffs. On the other hand, a lot of chemicals e.g. acids (sulfuric acid, hydrochloric acid,
phosphoric acid, benzoic acid, citric acid, acetic acid), alkaline compounds (ammonia, sodium
bicarbonate, sodium hydroxide, potassium hydroxide, calcium hydroxide, caustic soda), salts
(acetate ammonium, sodium bisulfite, sodium hydrosulfite, sodium chloride, sodium sulfate),
oxidants (H,O,, sodium hypochlorite, ozone), reducing agents (bisulfites), chlorinated agents
and formaldehyde, etc., are being used for the degradation of mycotoxins in feed [90]. These
methods are inefficient but comparatively expensive. Ammoniation has been demonstrated to
reduce AFs levels but not accepted in the United States [91].

High level dosages of methyl bromide, ethylene dibromide, propane/propene ethylene oxide,
sulfur dioxide, phosphine propionic, acetic and isobutyric acids show fungicidal activity. How-
ever, these chemicals lower nutritional quality and are corrosive on human and animal tissues
[92]. Therefore, the use of these chemicals is discouraged. Several related patents involving the
use of ozone in agricultural products decontamination are found. This decontamination method
involves placing the agricultural products in a treatment chamber, generating ozone in the
vicinity of chamber, supplying ozone to the product through continuous flow and exposing the
agricultural product to ozone, which then reacts with the toxins and/or microorganisms.

There are different types of adsorbents, which can be used for the detoxification of AFs in the
feed. The use of activated carbon for the detoxification of mycotoxins can also be another
option but different activated charcoals have less/no effect against mycotoxins, which show
their unspecified adsorbent nature. Moreover, certain essential nutrients are also adsorbed
when at higher concentration in as compared to mycotoxins [93].

The most applied method for protecting animals against mycotoxicoses is the utilization of
adsorbents in the feed, aimed at binding mycotoxins efficiently in the gastrointestinal tract, thus
limiting or at best preventing the toxins from being absorbed by the body thereby, preventing
their toxic effects and “carry over” of the toxins to animal products [89]. Selected adsorbents
added to AFs-contaminated feeds as feed additives can sequester AFs during the digestive
process, allowing the mycotoxins to pass harmlessly through the gastrointestinal tract of animal
[94]. This is one of the more effective and practical approaches to address the problem of AFs.
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The degree of adsorption capacities may vary (0-87%) among various mineral clay materials
[95], and very few are actually used commercially. These considered as good absorbents include
bentonites, zeolites and aluminosilicates. Studies have shown that sodium aluminosilicates,
HSCAS (hydrated sodium calcium aluminosilicates) and sodium bentonites adsorb AFs [96]
with adsorption potential of bentonites varying from 17 to 36%. A major advantage of these
adsorbents is that they are relatively inexpensive and safe and can be easily incorporated in
animal feeds [97].

Mineral adsorbents based on zeolites, silicates and phyllosilicates show different abilities to bind
AFs. These possess active sites within interlayer channels at the basal planes on the surfaces or
within pores, and at the edges of particles [98]. Bentonites are white, light weight and originate
from volcanic ash comprising mainly of montmorillonite, the main constituent of bentonites.
These are composed mostly of salts of Na, K, Ca of hydrated aluminosilicates and occasionally
Fe, Mg, Zn, Ni, etc. but the composition varies from one deposit to another because of interchang-
eable mono and divalent ions e.g. Na*, K*, Ca*?, and Mg"?. So they can be classified as Ca, Mg, K
or Na bentonites [86]. They have a layered microstructure, which allows AFs to bind at multiple
sites including edges and basal surfaces especially at the interlayer region for adsorption [99, 100].

Zeolites possess strong colloidal properties to absorb water rapidly resulting in swelling and
manifold increase in volume, giving rise to a thixotropic gelatinous substance [101, 102].
Hydration of the exchangeable cations creates a hydrophilic environment in the interlayer of
montmorillonite, which influence the adsorption of different organic molecules, including
mycotoxins on zeolite and montmorillonite particles [103]. The surfaces of zeolites derived
HSCAS, attract polar functional groups of AFs, thus inhibit their absorption [93, 104] but is less
effective against other mycotoxins. Zeolites selectively retain or release calcium during its
passage through digestive system. Zeolites can absorb nitrogen of some amino acids and
reduce the energy required for meat production. Zeolites suppress phosphorus utilization by
forming indigestible compound with phosphorus through its aluminosilicate component
[105]. Supplementation of HSCAS at the rate of 1.0% seems to diminish significantly, the
adverse effects of AFs in young animals [93] as these have a high negative charge and are
balanced by cations of such metals as magnesium, potassium and sodium located in the
cavities, and therefore do not react with food/feed ingredients and act as inert material due to
their neutral pH or slightly alkaline nature [106].

Aluminosilicates are also used at a level up to 2% as “anti-caking” agents but a several disad-
vantages have been observed including the impairment of minerals utilization and having a
narrow range of binding efficacy [93]. Bentonites minerals can influence Ca-metabolism and
bind nitrogenous cations such as NH,". These are found to be effective for the adsorption of
AFB; and T-2 toxin but not for zearalenone. Kececi et al. [107] determined decrease in calcium
and phosphorus levels by AFs (2.5 mg/kg) for 21 days. Southern et al. [108] did not find any
adverse effect on the growth and tibial mineral concentrations in chicks fed nutrient-deficient
diets. Mineral clays reduce utilization of minerals including manganese, zinc, magnesium [109],
chloride [95], copper and sodium [110]. Solis-Cruz et al. [111] conducted an in vitro study to
evaluate the adsorption capacity of Chitosan (CHI), and three cellulosic polymers (Hydroxy
propyl methyl cellulose, Sodium Carboxy methyl cellulose, and Microcrystalline Cellulose), on
six mycotoxins (AFB,; FUB;; OTA; T-2; DON; and, ZEA) for poultry. All four cellulosic polymers
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showed significant (p < 0.05) binding activity against mycotoxins as compared to control with
non-treated group. However Hydroxy propyl methyl cellulose, Sodium Carboxy methyl cellu-
lose, and Microcrystalline Cellulose showed better adsorbent capacity for all mycotoxins when
compared with Cholistan.

15. Biological methods

Various bacterial, yeast and fungal species are able to degrade/remove mycotoxins and also
can restrict fungal growth. This includes the use of Bacillus subtilis, NK-330 and NK-C-3 that
effectively inhibit the fungus growth and AFs production [92]. The application of micro-
organisms e.g. Corynebacterium rubrum for bio-transformation of mycotoxins into less toxic
metabolites is another option [9]. These micro-organisms act in intestinal tract of animals prior
to absorption of mycotoxins but the concerned toxicity of products by enzymatic degradation
and undesired effects of fermentation with non-native micro-organisms on food quality is yet
to be investigated completely.

Saccharomyces cerevisige and lactic acid bacteria (LAB) i.e. propionibacteria, bifidobacteria and
lactobacillus rhamnosus strongly bind to their cell wall constituents mycotoxins without deleterious
effects on animal health [9, 85, 93, 112]. Most yeast strains bind more than 15% (w/w) AFB;,
which is highly strain specific by S. cerevisiae [112] and LAB for mycotoxins detoxification [113].
Generally, S. cerevisine shows very low adhesion to the intestines [114], as opposed to LAB that
show considerable adhesion to intestinal cells [115]. Coallier-Ascah and Idziak [116] and
Thyagaraja and Hosono [117] found LAB to be inefficient binders of AFB; due to the strains used,
which may also depend on initial concentration of AFs [118]. Haskard et al. [119] showed that cell
wall of L. rhamnosus has the ability to bind AFs predominantly to carbohydrates and to some
extent, protein components that which is unaffected by pH of GI tract. The outer part of cell wall
(26-32%) of S. cerevisiae contains a structure called glucomannan, which binds against mycotoxins
[9]. The yeast cell wall comprises of 30-60% polysaccharides ((3-glucan and mannan sugar poly-
mers), 15-30% protein, 5-20% lipids and a small amount of chitin. Mainly, it contains 15-30%
B-glucan and 15-30% MOS. Lahtinen et al. [120] found that peptidoglycans might be the most
likely carbohydrate involved in the AFB; binding process [121]. Kusumaningtyas et al. [122] used
S. cerevisiae, Rhizopus oligosporus and their combination for detoxifying AFB; in the chicken feed.

The supplementation of whole yeast and only yeast cell wall rather [53, 112, 123] have shown a
reduction in mycotoxins toxicities, indicating possible stability of the yeast-mycotoxins complex
along the gastrointestinal tract. The cell wall represents about 30% of total weight of yeast cell
[112]. Glucomannan is a bi-layered structure that consists of a network of 3-1,3 glucan with $-1,6
glucan side chains. This network is in turn attached to highly glycosylated mannoproteins. The
proteins and glucans provide numerous easily accessible binding sites with different binding
mechanisms such as Van Der Waals bonds, hydrogen bonding, ionic or hydrophobic interactions
[93, 112, 124, 125]. Yeast glucomannan showed markedly high binding ability with AFs in vitro
(75-90%) and in vivo [126, 127]. The carbohydrate fractions of cell wall may represent 90% of
mannoproteins. MOS constitute approximately 50% of total carbohydrates [112]. The effect of
500 g of glucomannan is comparable with that of 8 Kg of clay for mycotoxins bindings [9].
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16. Conclusion

Feed contamination by fungi can be a predicament for feed security. Under the current condi-
tion of temperature, humidity and global warming, the occurrence of mycotoxins including
aflatoxins has become overbearing. There is a need for more research on multiple effects of
mycotoxins, their trans-conversions and masked mycotoxins. New insights on the develop-
ment of mycotoxins resistant seed varieties are need which could decrease the damage to
grains in fields and during storage and thus could decrease the health risks and financial
losses. The advances in Activated charcoal, aluminosilicates; polymers, such as polyvinyl
pyrrolidones and cholestyramine, yeast, yeast based products and enzymatic deactivation
have been quite successful to decrease the harmful effects of mycotoxins.
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Abstract

An important approach to prevent aflatoxicosis in poultry is the addition of non-nutritional
adsorbents in the diet to bind aflatoxin B1 (AFB1) in the gastrointestinal tract. These adsor-
bents are large molecular weight compounds that are able to bind the mycotoxin, forming a
stable complex adsorbent-mycotoxin, which can pass through the gastrointestinal tract. In
this chapter, we evaluate the use of polymers and probiotics to reduce AFBI toxic effects in
poultry. Our results on the efficacy of polymers and probiotics in sequestering mycotoxins
are highly promising, although this field is still in its infancy and further research is needed.
Furthermore, in vivo studies are needed to confirm the effectiveness of these materials
against AFB1 toxic effects, since results in the past have indicated that there is great variabil-
ity in the efficacy of adsorbing materials in vivo, even though the compounds may show
potential adsorption capacity of the mycotoxin in vitro.

Keywords: aflatoxins, chickens, polymers, adsorption, probiotics

1. Introduction

Mycotoxins are low molecular weight compounds produced as secondary metabolites by
filamentous fungi contaminating crops in the field or warehouses when environmental condi-
tions of temperature and humidity are adequate. These metabolites have no biochemical
relevance to fungal growth or development, and they constitute a chemically and toxicologi-
cally heterogeneous group, which are together only because they can cause diseases, including
death, to human beings and other animals even at low concentrations [1].
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Currently, more than 400 different mycotoxins are known, but only six are currently consid-
ered to be of worldwide importance, and aflatoxins are the most toxigenic and investigated
mycotoxins worldwide because their natural occurrence can cause serious economic losses and
health problems [2, 3]. In terms of toxicity and occurrence, aflatoxin B1 (AFB1) is the most
important mycotoxin due to its hepatotoxic and hepatocarcinogenic effects, which can result in
immunosuppression, anorexia with reduced growth rate, decreased egg production, reduced
reproductivity, poor feed utilization, anemia, hemorrhage, and increased mortality [4, 5].
Furthermore, intoxication with AFB1 has been linked to other severe effects such as teratogen-
esis, carcinogenesis, and mutagenesis [6].

Due to the severe and harmful effects of AFB1, many methods to reduce its toxic effects have
been proposed. The first and best attempt to prevent the effects of AFB1 is to minimize its
production through good agricultural practices (GAP), including cultivating practices in fields
as well as harvest, transport, and storage conditions [7, 8], all these steps are under GAP.
However, since prevention is not always possible, decontaminating and/or detoxifying
methods have been gaining attention as an alternative to reducing AFB1 contamination of feed
and grains. Methods of detoxification can be physical, chemical, or biological treatments of
contaminated feed or grains, and they can be as simple as the physical separation through
screening, classification, and selection of damaged grains or as complex as gamma irradiation
or chemical methods using ammonia, ozone, hydrogen peroxide, or some acids and alkalis [9-
14]. Nevertheless, many of these methods to detoxify aflatoxin-contaminated feed are not
currently available because they cannot be applied on a large scale and in a cost-effective
manner or because many of them are impractical, ineffective, or potentially unsafe.

Another approach to prevent aflatoxicosis in animals is the addition of adsorbents in the diet
for binding aflatoxin in the gastrointestinal tract so that these compounds impede its adsorp-
tion in the intestine [15]. Adsorbents have been recurrently used because of their economic
feasibility and suitability for nutritional perspective [16]. Many studies have demonstrated that
aluminosilicates, mainly zeolites, hydrated sodium calcium aluminosilicate (HSCAS), and
aluminosilicate-containing clays, can effectively reduce aflatoxins toxicity to animals; being
these inorganic materials, the most thoroughly studied adsorbents [17-21]. Alternatively, both
carbon-based organic polymers and synthetic polymers have been tested, and some of them
are currently on the market [17, 22]. Even though the cost of these polymers could be the
limiting factor for practical applications, their use can help to solve the problems related with
the use of aluminosilicates and clay adsorbents, such as binding preferly just to aflatoxins, the
possibility to adsorb important micronutrients, and the risk of natural clays to be contami-
nated with dioxins [7, 23]. Nowadays, there are some highly promising research on the
effectiveness of synthetic and organic polymers in adsorbing aflatoxins, although this field is
still under developing and it needs more in vitro and in vivo research [24].

On the other hand, biological methods to prevent aflatoxicosis have also been evaluated showing
promising results [25-28]. Many microorganisms, including bacteria, yeasts, molds, actinomy-
cetes, and algae, have been tested for their ability in the control of aflatoxin contamination,
mainly through adsorption and degradation [29, 30]. Among the bacteria tested, probiotics have
been identified as a good option to reduce the availability of aflatoxins in vitro. Additionally,
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probiotic bacteria have shown numerous beneficial health effects, which make them even more
suitable additives to food and feed [25, 31-33].

2. Biological importance of AFB1 in poultry

Poultry species are probably the most sensitive food-producing animals to AFB1 toxic effects,
and small amounts of it severely damage animal health and the profitability of the productive
system, which results in substantial annual economic losses to producers [6, 34-39].

However, there are also differences in terms of susceptibility to AFB1 among poultry species,
which could be due to differences in hepatic metabolism of AFB1 in these species. According to
comparative toxicological studies, ducklings and turkey poults are the most sensitive species
to AFB1, followed by goslings and young pheasants with intermediate sensitivity, and finally,
the chicks showed to have relative resistance to AFB1 injury [40]. Toxicity and carcinogenicity
of AFB1 occur after its bioactivation by the cytochrome P450 (CYP450) mixed function oxidase
system, resulting in a highly reactive AFB1 8,9-epoxide (AFBO), which forms covalent adducts
with cellular macromolecules such as DNA, RNA, protein constituents, and some enzymes
[41-44]. Since metabolic activation of AFB1 to AFBO by CYP450 is especially efficient in
poultry species [45], they are extreme sensitivity to the toxic effects of AFB1. Another possible
reason which may also explain the differences in susceptibility of poultry species is the varia-
tion in phase II biotransformation enzymes, such as glutathione S-transferase (GST), that
catalyze a conjugation reaction of AFBO with endogenous glutathione (GSH). Although avian
species are highly efficient in producing AFBO, they are not able to conjugate it effectively with
GSH, which indicates that they have low GST activity [46, 47].

The most noticeable effect of AFB1 on poultry is the impair of all important productive
parameters, including body weight gain, feed intake, feed conversion efficiency, pigmentation,
processing yield, egg production, male and female reproductive performance, and an
increased mortality [35, 48, 49]. These alterations in the productive parameters are the result
of the physiological effects of AFB1 consumption, of which liver damage is the most notorious,
characterized by its enlargement, pale yellow coloration, petechial hemorrhages and hemato-
mas on the surface, usually accompanied with proliferation of biliary ducts and depletion of
lymphoid organs [50-52]. However, for poultry industry AFB1 contamination and consump-
tion are important because of its ability to decrease resistance to common infectious diseases,
including parasitic, bacterial, and viral infections, due to depression of the humoral and
cellular immune responses [53-57].

3. Microbiological control of AFB1

To date, many physical and chemical methods have been used to detoxify AFB1; however,
only a few of these methods are in practical use, probably due to difficulties in complying with
the FAO requirements: reduction of AFB1 without residual toxicity, guarantee of nutritional
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values, and no modification of food or feed properties [58, 59]. Since cost-effective methods to
detoxify mycotoxin-contaminated grains and foods are urgently needed to minimize potential
losses to the farmer and toxicological hazards to the consumer [60], finding of new and suitable
methods for AFB1 decontamination has become a primary need.

In this sense, microbiological control approach has taken strength in the field of research to
control AFB1. Researchers have focused on biological treatments for detoxification mainly
through two mechanisms: adsorption and degradation, both of which can be achieved by
biological systems such as bacteria, yeasts, molds, actinomycetes, and algae [61].

Biological adsorption can occur either by attaching the AFB1 to the cell wall components of the
microorganisms or by active internalization and accumulation. Also, dead microorganisms can
absorb AFBI, and this phenomenon can be exploited in the creation of biofilters for fluid
decontamination or probiotics to bind and remove the AFB1 from the intestine [62]. However,
biological adsorption mechanism is naturally reversible, and AFB1 may be easily released, so
that it is necessary to search for novel approaches to overcome these drawbacks, as for example
the combination of mineral and biological adsorbents to improve their effectiveness [63].

On the other hand, microbiological biodegradation is performed by either extracellular or
intracellular enzymes, so the degradation is generally permanent and irreversible which can
alter, reduce, or completely eradicate AFB1 toxicity [30]. Nevertheless, modification of AFB1
structure can result in other molecules, such as aflatoxicol (AFL), also with potential toxic
effects [64]. Thus, further knowledge is needed on the identification, quantity, and toxicity of
degradation metabolites prior to the potential applications of biological treatments [59].

Microbiological control seems to be becoming one of the most promising approaches for AFB1
control; since the last four decades, the use of microorganisms is one of the well-known
strategies for the management of AFB1 in foods and feeds. These methods of bioadsorption
and biodegradation are being actively studied and can be a highly promising choice because
they are efficient, specific, and environmentally friendly [65-68].

4. Use of probiotics to prevent AFB1 toxic effects in poultry

Microbiological control of AFB1 is still considered as a promising area in research; so recently,
these methods have attracted researcher’s attention due to their easy usage and affordable
processes [69]. However, since the use of microorganisms is expected to be safe both for animal
health and for the production of innocuous livestock products, there are still many microor-
ganisms that cannot be directly employed in the food or feed directly. In the last decades,
research to find microorganisms for AFB1 control has focused on testing, screening, and
choosing those strains that have demonstrated their effectiveness not only to reduce or even
suppress AFB1 toxicity but also to be Generally Regarded as Safe (GRAS) [70, 71].

There are several microorganisms that have been shown to be effective in preventing and
controlling the toxic effects of AFB1; among them, probiotic bacterial strains are some of the
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most studied, due largely to their GRAS character and because they have shown to have
several potential applications against AFB1 both in vitro and in vivo [72-75]. Probiotics are
living microorganisms that when administered in adequate amounts confer a health benefit to
the host directly or indirectly through the maintenance of the microbial balance in their
digestive tract [65, 76]. Several bacterial genera have been used as probiotics in livestock,
including many species of Bacillus, Bifidobacterium, Enterococcus, E. coli, Lactobacillus, Lactococcus,
and Streptococcus, although some species of molds and yeasts, such as Aspergillus, Candida, and
Saccharomyces, have also been used [77, 78].

In poultry industry, probiotics have been reported to have a beneficial effect on performance,
modulation of intestinal microflora and pathogen inhibition, intestinal histological changes,
immunomodulation, certain hematobiochemical parameters, improving sensory characteris-
tics of dressed meat, and promoting microbiological meat quality [79, 80]. In addition, probi-
otic bacteria may possess antimutagenic and anticarcinogenic activity. The mechanisms of
these activities remain unclear; however, alteration of fecal bacterial enzyme activities associ-
ated with conversion of promutagens and procarcinogens to ultimate carcinogens and binding
of dietary mutagens and carcinogens has been proposed [81].

Three possible mechanisms have been proposed by which probiotics can counteract the toxic
effects of AFB1: (1) competing with aflatoxigenic mold strains for space, occupying the same
ecological niche or using nutrients, and thus reducing AFB1 biosynthesis; (2) encouraging
AFB1 metabolic degradation by enzymes, or (3) impeding its intestinal absorption by AFB1
binding onto the cell walls of the probiotics strains.

It has been suggested by in vitro studies that probiotics can inhibit AFB1 production through
releasing metabolites to the media, such as organic acids, bacteriocins, and even hydrogen
peroxide, which may interfere with AFB1 biosynthesis [82, 83]. Other alternative could be the
reduction or inhibition in the growth of aflatoxigenic mold strains caused by a decrease in pH
of the media and/or a nutrient competition of the culture media, which could also have
contributed to the removal of AFB1 [84-87]. In Figure 1, it is shown how some probiotics from
the lactobacilli strains can decrease both AFB1 production and the growth rate of an
aflatoxigenic mold strain.

Although several bacterial strains have been used as biocompetitive agents of aflatoxigenic
mold strains, some of them become inactive under extreme conditions of humidity and tem-
perature, so that not all probiotic strains are ideal for this application. In this sense, studies on
the prevention of AFB1 contamination using highly competitive non-toxigenic strains of A.
parasiticus and A. flavus have shown certain advantages, which implies that these mold strains
may be potentially useful as agents directed at competitively excluding toxigenic strains [88].

The other mechanism that the probiotics have to counteract the toxic effects of AFB1 is through
its metabolic degradation or biodegradation, which can be defined as the degradation or enzy-
matic transformation of the mycotoxin to less or non-toxic compounds. Biodegradation using
microorganisms or their enzymes is one of the most studied strategies for AFB1 management;
this method has been actively studied and can be a highly promising choice, since it is efficient,
specific, and environmentally friendly to reduce or eliminate the possible contaminations of
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Figure 1. Effect of lactobacilli strains on: (a) the production of AFB1 and (b) the rate growth by Aspergillus section Flavi.
Mean values based on quadruplicate data. * Mean with a letter in common is not significantly different according to
Tukey’s test (p < 0.05) (modified from [83]).

AFB1 under mild conditions, without using harmful chemicals and without significant impair-
ment of the nutritive value or palatability of the detoxified food or feed [68].

Studies on microbial degradation of AFB1 involve the use of microbial catabolic pathways,
which act on one of the two key sites influencing its toxicity and potency, shown in Figure 2.
The first site is the double bond in position 1,2 of the furofuran ring [41], and the second
reactive group is the lactone ring in the coumarin moiety [89]. AFB1 is usually detoxified to a
less toxic compound by opening the lactone ring, altering the coumarin structure, but it can
also occur by removing the double bond from furan ring when there is a scission on it [2, 90,
91]. It is known that opening the lactone ring abolishes or decreases the fluorescence spectrum
of AFB1; however, the cleavage of the furofuran ring does not change its fluorescence proper-
ties [92].

For AFB1 metabolic degradation, several microbial isolates have been studied and reported
with different levels of degradation capacities, including bacteria and fungi strains [94-101];
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Figure 2. Chemical molecular structure of AFB1, showing the two key sites responsible of its toxicity (taken from [93]).

however, for the fungi species, limitations such as long degradation time, non-adaptability to
typical food fermentations, and culture pigmentation reduced their potential application in
AFB1 detoxification [97], besides the use of fungi species is not economical because of the
extraction process and lengthy incubation time [102]. Moreover, some of these fungi strains
with degradation potential may also produce AFB1 under varying conditions [103].

One of the first studies in this area was carried out in the 1960s, when it was evaluated the
ability of about 1000 types of microorganisms to degrade aflatoxins [61]. Since then, many
other studies have been done with several bacterial genera and strains; being the lactic acid
bacteria (LAB), the most studied to detoxify AFB1; nevertheless, the ability of LABs to detoxify
AFB1 has been attributed to their strong affinity and capacity to adsorb the toxin rather than
for their degradation abilities [75, 81, 104-106].

AFB1 degrading activity has been found in other bacteria genera, such as Mycobacterium
fluoranthenivoran, Nocardia corynebacterioides (formerly Flavobacterium aurantiacum), Rhodococcus
erythropolis, Stenotrophomonas maltophilia, Pseudomonas, as well as Bacillus licheniformis and B.
subtilis [70, 71, 97, 107-110], which have demonstrated that their biodegradation activity is
from enzymatic nature. For example, B. subtilis [SW-1, a bacterium isolated from soil samples,
is able to degrade almost 70% of AFB1 within 72 h, as shown in Figure 3, and its degradation
activity was likely due to the extracellular enzymes [26]. In other study, biological degradation
of AFB1 by Rhodococcus erythropolis was evaluated in liquid cultures, in which dramatic reduc-
tion of AFB1 was observed after 48 and 72 h of incubation with just 17 and 3-6% of residual
AFBI, respectively [97]. The ability to effectively biotransform AFB1 by Myxococcus fulvus has
also been demonstrated. This bacterial isolate from deer feces was able to biotransform AFB1
by 80.7% after 72 h [111].

Although probiotic bacterial strains are more desirable for AFB1 degradation, the use of whole
cultures has less potential for large-scale utilization in the industry, so the use of fractions (cells
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Figure 3. Time course of in vitro AFB1 degradation by B. subtilis JSW-1 at 30°C for 12, 24, 48, 72, and 96 h in the dark. The
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or lysates) may be convenient, since they are substrate specific, effective, environmentally
friendly, and possess better utilization in the food and feed industry [112].

In literature, there are many studies of AFB1 biodegradation carried out in laboratory condi-
tions with many probiotic strains; however, the information in livestock and poultry about the
effect of probiotics on AFB1 detoxification is very limited, especially in poultry science. This is
important because in vitro studies are not always good indicators of the in vivo responses, since
there are physiological parameters, such as pH, peristaltic movements, and gastric and intes-
tinal secretions affecting their in vivo behavior. This can be observed in studies carried out with
the genus Bacillus spp., of which some strains have been identified as GRAS organisms with
probiotic properties in humans and animals as direct fed microbials (DFM). In the in vitro
study, 3 of 69 Bacillus spp. candidates, which were evaluated, showed ability to biodegrade
AFB1, based on growth as well as reduction of fluorescence and area of clearance around each
colony [70]. However, when the biodegradation potential of these selected Bacillus spp. was
tested in broiler chickens, no beneficial performance effects were showed. In addition, no
significant performance differences were observed when compared with their respective con-
trol diets [113]. Therefore, there is still missing research to evaluate the effect of AFBI
degrading probiotics on growth performance, digestibility, immune function, and toxic resi-
dues in tissues and excreta in livestock production animals.

The other mechanism that the probiotics have to counteract the toxic effects of AFB1 is through
its physical adsorption, which is in fact the most commonly used technique for reducing
exposure to AFB1 [114]. It has been demonstrated that AFB1 is absorbed into the enterocytes
by passive diffusion so, after its oral ingestion, AFB1 is efficiently absorbed in the intestinal
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tract, being the duodenum the major site of absorption [115]. If the AFB1 is physically linked to
the probiotic microorganism, its bioavailability is decreased, and therefore AFB1 uptake and
its access to systemic circulation are also diminished. Adsorption is a physical process, in
which the cell wall of microorganism binds the toxin by non-covalent weak bonds and some
electrostatic attraction. This interaction appears to occur predominantly with polysaccharides,
peptidoglycan, and teichoic or lipoteichoic acids in the cell wall [116-118].

In vitro adsorption of AFB1 by probiotics has been described as a fast and reversible process,
which is affected for many factors such as strain, toxin dose, temperature, pH, and microor-
ganism concentration [72, 104, 118-120]. It has also been demonstrated that viability of some
probiotic strain does not affect their absorption ability; thus, viable, heat-killed, and acid-killed
cells respond in a similar manner [118, 121].

Several studies have been done in optimal laboratory conditions with several strains of probi-
otic microorganisms tested for their capacity to adsorb AFB1 and have been reported a wide
range of genus, species, and strain-specific binding capacities [75, 81, 104, 116, 122-125], being
the LABs and yeasts such as Saccharomyces cerevisiae those that have demonstrated the greatest
ability to remove AFB1 by its adsorption [126]. Such is the case of Lactobacillus rhamnosus GG
and Lb. rhamnosus LC-705, which have demonstrated to be very effective for removing AFB1,
being able to remove up to 80% of the toxin instantly [104, 127]. On the other hand, yeasts have
been reported to have similar mechanism as LAB in binding to AFB1 as a means of detoxifica-
tion [68, 126], with studies that have shown that some strains of S. cerevisiae can adsorb up to
90% of AFB1 [123, 128].

There is strong evidence in literature that some specific probiotics can adsorb AFB1 in vitro, but
only limited information is available on adsorption in poultry in vivo. These in vivo studies are
really important since in vitro studies have shown that there are relevant physiological condi-
tions that the microorganisms encounter during their passage through the gastrointestinal
tract, such as pH, intestinal mucus, and presence of bile, which modify the AFB1 adsorption
and the stability of the AFB1-microorganism complex, either positively or negatively [122].
Although not many probiotic strains have been tested in vivo, the studies that have been
conducted in poultry showed good results, such as in the in vivo study using the chicken
duodenum loop technique, in which probiotic strain GG of L. rhamnosus removed as high as
54% of the added AFB1 and reduced its intestinal adsorption by 73% [73]. In this study, there
was a difference in adsorption capacity when these strains were incubated in vitro, being the
reduction of AFB1 even higher in vivo when compared to its adsorption in wvitro. Bacillus
probiotics have also been proved to remove or reduce AFB1 adsorption in the gastrointestinal
tract at in vivo and in vitro conditions, showing the positive impact of these bacteria in
preventing the harmful effects of aflatoxin in poultry with regard to performance, serum
biochemistry, and immune responses [69]. However, when the capacity of Bacillus and
Lactobacilli strains to control the stressful effects caused for AFB1 on chickens was compared,
the Lactobacilli abilities resulted to be higher. This study shows that these probiotics can control
the toxicity of AFB on poultry by improving humoral and cellular immune function, serum
biochemical parameters, the process of protein synthesis, and reducing the anti-nutritional
effects of AFB1 [65]. In a recent study, the effect of lactic acid bacteria and HSCAS on
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detoxification of AFB was evaluated in broiler chickens. The results showed that LAB or
HSCAS supplementation improved the growth performance, digestibility, and immune func-
tion of birds, reducing deleterious effects and tissue residues of AFB1; however, the effect of
LAB resulted to be more effective than HSCAS, which indicates a possible mechanism of
biodegradation of the toxin by the probiotics [129].

5. Use of polymers to prevent AFB1 toxic effects in poultry

As it was mentioned in Section 1, an important approach to prevent aflatoxicosis in livestock
and poultry is the addition of non-nutritional adsorbents in the diet to bind AFB1 in the
gastrointestinal tract, reducing its bioavailability, which leads to a reduction of mycotoxin
uptake as well as distribution to the blood and the target organs. These adsorbents are large
molecular weight compounds that are able to bind the mycotoxin, forming a stable complex
adsorbent-mycotoxin, which can pass through the gastrointestinal tract of the animals without
dissociating the AFB1, to be eliminated via the feces [22].

The efficacy of adsorption appears to depend on the chemical structure of both the adsorbent,
the mycotoxin, and the feed components. The physicochemical properties of the adsorbents
such as total charge, charge distribution, size of the pores on the surface, surface area, iodine
number, methylene blue index, and pH take on an important function in binding effectively.
On the other hand, the properties of the adsorbed mycotoxins, like polarity, solubility, size,
shape, charge distribution, and dissociation constants, also play a significant role. It has also
been mentioned that the high fiber content of the feed substrate increased the mycotoxin
affinity to adsorbent [17, 18].

Even though clay minerals and aluminosilicate materials have been tested and recognized for
their ability to bind AFB1 successfully [130, 131], the main risk of using them in animal feed is
that they can also adsorb some feed vitamins and minerals, decreasing their utilization by
animals [132, 133]. Another risk is that clays can release toxic components or elements bound
to them, as heavy metals or dioxins, which can be released in the intestine of animals and
accumulated in animal organs [134, 135].

Facing the problems of the use of clay and aluminosilicate adsorbents, other types of binders
have been investigated in the search for new adsorbent materials such as organic binders or
biopolymers and synthetic polymers [17, 112]. Both kind of polymers are large molecules that
are composed of many monomers, whose large molecular mass relative to a small molecule
produces unique physical properties playing important roles in our society [24]. Just a few
synthetic polymers have been evaluated and demonstrated to bind mycotoxins in vitro and
in vivo, such as cholestyramine, divinylbenzene-styrene, polyvinylpyrrolidone (PVP), and its
modification polyvinylpolypyrrolidone (PVPP) [7, 17, 18, 112]; nevertheless, from these poly-
mers, only PVP and PVPP have been tested against AFB1 in poultry. In vitro studies indicate
that PVPP can bind up to 50 mg/kg of AFB1 from feed. On the other hand, in vivo studies
carried out in broiler chickens demonstrated that PVPP could have ameliorated some serum
biochemical and hematological parameters, it might have meliorated the detrimental effects of
AFB1 on the immune system, and that the pathological changes were markedly inhibited by
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the administration of PVPP in the diet [136-139]. However, the cost of those polymers would
be a limiting factor for practical applications.

Biopolymers are generally complex indigestible carbohydrates, non-toxic, biocompatible, and
biodegradable, such as cellulose, cellulose, lignin, hemicellulose, glucomannans, peptidogly-
cans, and chitosan. They have been widely used as a promising biosorbents for the removal of
various heavy metal ions and dyes [140], but recently cellulosic polymers and chitosan have
been demonstrated to have ability to adsorb AFB1 [24, 141]. According to the in vitro results,
both cellulosic polymers and chitosan were able to bind other important mycotoxins for
poultry industry besides AFB1, which is a clear advantage over inorganic adsorbents since
they are very effective in preventing aflatoxicosis, but their efficacy against mycotoxins such as
zearalenone, ochratoxin, and trichothecenes is limited [17]. These biopolymers also pose mul-
tilayer porous structure filled with openings and channels that provide huge volume per
sorbent surface unit, which is favorable in the adsorption process. Concerning to chitosan,
different molecular weights, deacetylation degree, and cross-linked degree have to be tested
for their AFB1 adsorption properties, because these characteristics might show different
adsorptive capacity against this mycotoxin [24].

The results on the efficacy of polymers in sequestering mycotoxins are highly promising,
although this field is still in its infancy and further research is needed. Furthermore, in vivo
studies are needed to confirm the effectiveness of these materials against AFB1 toxic effects,
since results in the past have indicated that there is great variability in the efficacy of adsorbing
materials in vivo, even though the compounds may show potential adsorption capacity of the
mycotoxin in vitro [22].
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