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Abstract
Mycotoxins are toxic secondary metabolites produced by fungus kingdom.
Fungi (molds) under aerobic and optimum conditions of humidity and
temperature consume nutrients for proliferation and mycotoxin production
(secretion). There are seven major groups of mycotoxins produced by different species of toxigenic fungal genus. Mycotoxins production from these
toxigenic fungi depends on the surrounding intrinsic and extrinsic environments. These seven mycotoxins groups that contaminate grains, foods and
animal feeds are: Aflatoxins, Trichothecene, Ochratoxins, Ergot alkaloid
(Ergolin), Fumonisins, Patulin, and Zearalenone. These mycotoxins are capable of causing health hazards and death for both human and animals by
effecting mammalian cells, causing a number of problems in normal cell
function and a wide variety of clinical symptoms of diseases. These mycotoxins are varied in their toxicity depending on the infected host (human or
animal) and the host susceptibility (immunity). The major concern of food
and feed industries is the contamination of food products and animal feed
supplies by these mycotoxins. Worldwide Health Organization (WHO), and
Food and Agriculture Organization (FAO) are responsible to regulate the
acceptable (tolerable) levels of these mycotoxins in grains, food and feed
supplies to ensure the safety and health for both human and animals. Understanding fungal ecology and factors that affect fungal proliferation and
mycotoxins production by these toxigenic fungi in agriculture crops as raw
materials for both human food and animal feed products, plus understanding the chemistry and property of these mycotoxins, methods of detection,
illness symptoms, and comply with regulatory guidance established by

Feb. 19, 2019

33

Journal of Agricultural Chemistry and Environment

O. O. Ibrahim, M. Menkovska

World Health Organization (WHO)/Food and Agriculture Organization
(FAO) are key factors to prevent or minimize foods/feeds contamination
and the toxicity of these mycotoxins for both human and animals health,
plus reducing economical loss.
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1. Introduction
Mycotoxins are natural toxic chemical compounds produced as secondary metabolites by certain types of toxigenic fungi (molds) that proliferate (grow) on
agriculture crops such as, grains, cereals, dried fruits, nuts, and spices. Foods and
animal feeds produced from these mycotoxins contaminated agriculture crops
are health hazard for both human and animals. These types of toxigenic fungi
[1] can proliferate under optimum conditions of temperature and humidity either before or after crops harvesting, during crops storage, and in processed
food/feed products. Mycotoxins produced by these toxigenic fungi are mostly
chemically stable compounds and toxic at very low concentration in grains,
foods, and animal feeds.
These types of fungi producing mycotoxins have been identified, and ecology
factors that enhance proliferation and production (secretion) of mycotoxins
have been studies [2]. These studies assist in protecting human and animals
from the toxicity of contaminated foods or feeds by these mycotoxins. There are
hundreds of mycotoxins produced by fungal kingdom and the major concern is
from mycotoxins group of Aflatoxins, Trichothecenes, Ochratoxins, Ergot alkaloid (Ergolin), Fumonisins, Patulin, and Zearalenone. These seven groups of
mycotoxins are capable of causing health hazard for both human and animals, in
addition to the economic loss.
General symptoms [3] after direct ingestion (intake) of mycotoxins contaminated foods or indirectly from the ingestion of meats or drinking milk from
animals that are fed contaminated animal feeds are fatigue, weakness, headache, light sensitivity, poor memory, difficult word finding, difficulty concentration, morning stiffness, joint pain, unusual skin sensations, tingling, numbness, shortness of breath, sinus congestion, chronic cough, increase urinary
frequency, increase thirst, red eyes, blurred vision, sweats, mood swings, abdominal pain, diarrhea, and bloating. These symptoms are in addition, to serious health such as kidney toxicity, immune suppression, autism, neurotoxicity, depression, chronic fatigue syndrome, cancer, acute pulmonary hemorrhage, aplastic anemia, and birth defects. These toxicity symptoms are dependDOI: 10.4236/jacen.2019.81004
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ing on the infected host (human or animal) and the host susceptibility (immunity) [4].
Toxigenic fungi that infect agriculture crops and produce mycotoxins are being classified into two groups. These two groups are: Field (plant) pathogen fungi that infect crops before harvesting, and Storage fungi that infect crops after
harvesting [5].
Most common fungal genus of concern that is capable to produce these seven
mycotoxins groups are Aspergillus, Fusarium, penicillium, and Claviceps.
These mycotoxins contaminate grains, cereals, cereals-based products, oilseeds,
milk, milk products, fruits, vegetables, dried fruits, herbs, and spices. Cereal
and cereals-based are products of corn, corn gluten meal, wheat, wheat bran,
soy bean meal, rice and rice bran. The presence of these mycotoxins in food and
feed supplies are major concern, similar to the concern from foodborne pathogens.
Mycotoxins not only causing health hazard or even death to human and animals, but also impact food security and nutrition by reducing the access to safety
and healthy foods/animal feeds for both human and animals [6].
Due to the high toxicity of mycotoxins, the level of mycotoxins in grains,
foods and feeds must be kept as low as possible, and maximum acceptable (tolerable) of mycotoxins in grains, foods and feeds were established and regulated
[7] by the collaboration of World Health Organization (WHO) and Food and
Agriculture Organization (FAO). These maximum acceptable level of mycotoxins in grains, foods and feeds are very low in the range of microgram (ug) or part
per million (ppm). The main responsibility in comply with mycotoxins regulations to minimize the risk of mycotoxins contamination in food and feed supplies are agriculture crops growers, food processors, retails, and consumers. Following Good Agriculture Practices (GAPs), Good Manufacturing Practices
(GMPs), and proper storage protocols for grains, foods, animal feeds, or any
other susceptible edible product for mycotoxins contamination are key factors
for foods and feeds safety.

2. Nature and Toxicity of Mycotoxins
Several hundred of different mycotoxins have been identified, but the main concern is from mycotoxins that are observed to cause severe health hazard for both
human and animals. These mycotoxins are: Aflatoxins, Trichothecenes, Ochratoxins, Ergot alkaloid (Ergolin), Fumonisins, Patulin, and Zearalenone (Figure
1).

2.1. Aflatoxins
Aflatoxins are the major group of mycotoxins due to their wide spread in food
and feed supply chains. Aflatoxins are toxic and Carcinogenic chemicals [8] that
are produced by the fungal genus Aspergillus especially from the two species of

A. flavus and A. parasiticus. These two species of Aspergillus are not plant paDOI: 10.4236/jacen.2019.81004
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thogens, but are present in soil, contaminating grains and other agriculture
crops such, wheat, corn, sorghum, rice, millet, peanut, cotton seed, sesame seed,
sunflower seed, and tree nuts that are stored improperly. It is important to highlight that organic crops that are not treated with fungicides are more susceptible
to aflatoxins contamination. When these agriculture crops are used as raw materials in foods and animal feeds processing, it contaminates end products causing
health hazard for both human and animals.
Farm animals and poultry consumed contaminated feeds with aflatoxins produce contaminated meat, milk, milk products, and eggs with aflatoxin. Human
ingestion (intake) of these contaminated food products with aflatoxins may
cause, liver damage, cancer, and effecting children growth development. Children are more susceptible to aflatoxins contaminated foods than adult. Adults are
susceptible at higher dose [9].
There are more than fourteen chemical structures of aflatoxins that are produced as secondary metabolites by the fungal genus Aspergillus, and the major
aflatoxins of concern are Aflatoxin B1, B2, G1, G2, M1, and M2 (Figure 2).
From these aflatoxins, the aflatoxin B1 is considered to be the most toxic and
potent carcinogen, correlated to liver cancer (liver is the most organ that is susceptible to the toxicity of aflatoxins). In addition, aflatoxin B1 is capable to permeate through skin causing major health risk [10].
Aflatoxins are most commonly ingested fugal metabolites in foods and
feeds. To protect the health of human and animals from the toxicity of high
dose of aflatoxins, accepted (tolerable) levels of aflatoxins in foods and feeds
are in the range of 20 to 300 ppm depends on the product and the host (children, adult, or animals) [11]. These acceptable levels of aflatoxins in foods and
feeds are recommended by Food and Drug Administration (FDA) in United
States (Figure 3). FDA in United States has the authority to recall any food or
animal feed that contains higher level of aflatoxins than the established acceptable limits.

Figure 1. The most mycotoxigenic fungal genera are Apsergillus, Penicillium Fusarium,
and Calviceps. Producing Aflatoxins, Trichothecenes, Ochratoxins, Ergot alkaloids, Fumononisins, Patulin, and Zearalenone.
DOI: 10.4236/jacen.2019.81004
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Figure 2. Chemical structure of aflatoxins B1, B2, G1, G2, M1, M2, the most common
one in nature is Aflatoxin B1.

Figure 3. FDA action levels for Aflatoxins present in foods, animal feeds, and
food/feed ingredients. FDA Regulatory Guidance for mycotoxins.

2.2. Trichothecenes
Trichothecenes family is classified into four types, Type A, B, C, and D. Chemical structure for these four types are belong to sesquiterpene having epoxide
ring, and side chains of methyl, and hydroxyl or acetyl group at appropriate positions on the trichothecenes nucleus (Figure 4). These four types of trichothecenes are very stable during food processing such as milling or cooking, and
during the storage of contaminated finish products [12].
Trichothecenes family contaminates grains such as wheat, corn, and oat produced from agriculture crops infected with the fungal genus Fusarium, specially
DOI: 10.4236/jacen.2019.81004
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from the species of F. graminearum, F. sporotrichioides, F. poae, and F. equiseti.
In addition to, others species from fungal genus of Trichoderma, Myrothecium,

Trichothecium, Cephalosporium, Verticomonosporium, and Stachybotrys that
are also, capable to produce trichothecenes. Some of these toxigenic fungi species such as Stachybotrys chartarum is capable to proliferate in damp indoor environment causing environmental health hazard for building occupants [13].
Type A & B of trichothecenes are the two types with special interest for human and animal health, and type A is more toxic than type B [14].
Type A trichothecene is subclassified into: Don, 3-ADon, 15-ADon, Niv, T-2,
HT-2, and 4, 15 Das. All these subclasses have the same trichothecene nucleus
but are variable in R1, R2, R3, R4, and R5 side chains (Figure 5). From these
Type A subclasses T-2 trichothecene (Figure 6) is highly toxic by inhibiting
protein synthesis for both human and animal cells leading into death at toxicity
LD50 value about 1mg/kg body weight [15]. In addition, dermal exposer to subclass T-2 trichothecene lead to skin burning pain, redness, and blisters. In the
case of T-2 trichothecene oral ingestion lead to vomiting, diarrhea and might
result in blurred vision, nasal irritation, and cough [16]. Because of the high toxicity of T-2 trichothecene it is manufactured by fermentation from industrial
strain of Fusarium sp. for the use in biological warfare [17].
Subclass HT-2 trichothecene (Figure 6) is also, strong protein synthesis inhibition, and the host could suffer from acute toxicity, gastrointestinal irritation,
and high incidence of para-esophageal and stomach ulcers [18]. The estimated
toxicity LD50 value about 12 - 34 ng/kg body weight for both T-2 and HT-2 trichothecenes as established by the European Food Safety Authorities.
Type B trichothecene is subclassified into Deoxynivalenol (Don), Nivalenol,
Trichothecin, and Fusrenon-x. All have the same trichothecenes nucleus but are
variable in R1, R2, R3, and R4 side chains (Figure 7). The most common one
from Type B trichothecene is the deoxynivalenol that is also known by the name
vomitoxin (Figure 8). Deoxynivalenol is primary produced from F. graminea-

rum, and F. culmorusis that contaminate wheat, barley, oats, rye, and corn.
These two Fusarium species, are plant pathogens causing plant diseases such as
fusarium head blight in wheat, and fusarium ear blight in corn [19].

Figure 4. Trichothecenes are very large family of Type A, Type B, and Type, C. All
with chemical structure belong to sesquiterpene chemical structure. Trichothecenes
family is produced by various species of Fusarium and by other fungal genera.
DOI: 10.4236/jacen.2019.81004

38

Journal of Agricultural Chemistry and Environment

O. O. Ibrahim, M. Menkovska

Figure 5. Trichothecenes Type A are DON, 3-ADON. 15-ADON, NIV, T-2,
HT-2, and 4,15-DAS. All trichothecenes type A have the same trichothecene
nucleus but are vary in R1, R2, R3, R4, and R5 side chains.

Figure 6. Mycotoxin T-2 and HT-2 are belong to trichothecenes Type A, have
the same chemical structure, but variable in the OR side chain.

Figure 7. Trichothecenes Type B are Deoxynivalenol, Nivalenol, Trichothecin,
and Fusorenon-X. All have the same trichothecene nucleus but variable in R1,
R2, R3, and R4, side chains.
DOI: 10.4236/jacen.2019.81004
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Figure 8. Chemical structure of the mycotoxin Deoxynivalenol (Don) also
known by the name Vomitoxin. It is belonging to trichothecenes Type B.

Food and Drug Administration (FDA) in United States established acceptable
daily intake (ADI) of all trichothecenes family to the maximum level of 1 ppm
for human, 10 ppm for cattle, and 2 ppm for dairy cow. It is observed that animals fed grains contaminated with trichothecenes above the acceptable level
showed refusal to fed and weight loss.

2.3. Ochratoxins
Ochratoxins family is classified into three Types A, B, and C. These three types
have the same ochratoxin nucleus but vary in R side chains (Figure 9). Ochratoxin A (OTA) is commonly detected and the most toxic one comparing to other
ochratoxins types [20].
Ochratoxins family is produced by different species from the two fungal genuses of Aspergillus and Penicillium, especially from the species of A. ochran-

ceus, A. niger, A. carbonarium, and P. verrucous. The fungi A. ochranceus is
commonly proliferate and produce ochratoxins on wine grapes and grain crops
that can be detected in wine and beer manufactured from these contaminated
wine grapes, and grains respectively [21].
The common ochratoxin A (Figure 10) is moderately stable and mainly
presence in grains (wheat, barley, and rye), cereals, coffee, dried grapes, wine,
beer and meat products [22]. In addition, ochratoxin A is frequently contaminate water and house heating ducts [23] causing environmental health hazard
for both human and animals.
Ochratoxin A can be detected in host tissues, organs, blood, and breast milk
from human and animals ingested contaminated food or feed with this ochratoxin, plus causing nephrotoxicity and renal tumors for both human and animals [24].
Ochratoxin A estimated acceptable daily intake is in the range of 5 ng/kg body
weight. Codex Committee of Food additives and Contaminants (CCFAC) set the
maximum acceptable level of Ochratoxin A in foods and animal feeds to a level
that should not exceed 5 µg/kg food or feed [25]. In general, laboratory analysis
for the detection and quantification of Ochratoxin A in food and feed products
demonstrated that majority of marketed products contains below the standard
acceptable level of 5 ug/kg food or feed.
DOI: 10.4236/jacen.2019.81004
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Figure 9. Ochratoxin A (OT-A), Ochratoxin B (OT-B), and Ochratoxin C (OT-C)
are phenylalanine derivatives with the chemical structure: C20H18ClNO6 for (OT-A),
C20H19ClNO6 for (OT-B), and C22H22ClNO6 for (OT-C).

Figure 10. Ochratoxin A (OT-A) is a phenylalanine derivative structurally consist
of a para-chlorophenol group containing a dihydroisocoumarin moiety that is
amide-linked to L-phenylalanine.

2.4. Ergot Alkaloids
Ergot alkaloids are large family of chemical compounds that are produced by
fungal plant pathogen effecting a wide variety of grass species, and grain crops.
This fungal plant pathogen is from the genus Claviceps that are capable to produce sclerotia in several grass species. Sclerotia (Figure 11) is multicellular fungi
structure with regular morphology as reproductive bodied that are able to survive in the time of fungi dormant stage [26]. The major species from this fungal
DOI: 10.4236/jacen.2019.81004
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genus Claviceps that infect grain crops and produce the mycotoxin ergot alkaloids in grains are C. purpurea, C. fusiformis, and C. paspali.
Chemical structure of ergot alkaloids produced by Claviceps species are indole
derivatives (Figure 12), with severe toxic effect for both human and animals.
The toxic effect of ergot alkaloids is known by the name ergotism [27], and there
are two types of ergotism symptoms. These two symptoms are; Gangrenous that
effects vascular system, and Convulsive that effects central nervous system causing hallucinations. Modern technology in grains mechanical cleaning successfully reduced human ergotism disease, but these ergotism diseases are still veterinary concern [28].

Figure 11. Mature Sclerotia of Claviceps ergot in infected grain crops or grasses germinate in the spring, prior the flowering and give rise to a stroma (stromata plural), where
sexual reproduction is occurred for the production of Ascospores. Ergot of Rye, 2019 The
American Phytopathological Society. By: Gail L. Schumann and Sai SreeUppala.

Figure 12. Chemical structure of ergot alkaloids C14 H18 N2 is classified among
the indole alkaloids and is derived from the tetracycline ergoline.
DOI: 10.4236/jacen.2019.81004
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Ergotism is a worldwide farm animals’ disease for cattle, pigs, and sheep resulted mainly from the ingestion of sclerotia of the fungus C. purpurea and from
other Claviceps species, in replacement to mycotoxin contaminated grains.
Sclerotia from the fungus C. purpurea contains the highest concentration of the
mycotoxin ergot alkaloids comparing to other Claviceps species.
Ergotism symptoms in farm animals can be observed after animals grazed infected seed heads, or after fed contaminated grains. The concentration of 200
ppm of ergot alkaloids in grains is enough to cause clinical symptoms in farm
animals, and farm animal with ergotism symptoms can cause sporadic outbreaks
to other animal species that are susceptible to this mycotoxin of ergot alkaloids
[29]. The simple diagnosis of ergotism in farm animals is based on just observing the ergotism symptoms on the animal, or by the detection of ergot sclerotia
(reproductive body of fungus genus Claviceps) in grains or hays.
Acceptable limits of ergot alkaloids in cereals, and grains have been established by Food and Agriculture Organization (FAO) to 0 - 0.05 ppm in cereal or
grains for human consumption, and less than 0.3 ppm in grains for animal feeds
[30]. These established standard acceptable limits of ergot alkaloids in grains
used for foods and animal feeds production are being applied in European Union, and United States. It is important to highlight that grains contaminated with
above these established limits are banned from entering food or feed chains.
Finally, there are some pharmaceutical benefits from the mycotoxin ergot alkaloids. There are numerous semisynthetic derivatives of the ergot alkaloids that
are used as therapeutic pharmaceutical drugs and marketed by pharmaceutical
industries [31]. These marketed pharmaceutical drugs of semisynthetic derivatives from the ergot alkaloids are Dihydroergotamine and ergotamine used for
the treatment and the alleviation of migraines. Other semisynthetic derivatives
from ergot alkaloids are Lisuride used for managing Parkinson’s disease, and
Methylergometrine used for the prevention and control excessive bleeding following vaginal childbirth. Ergot alkaloids are manufactured as a precursor for
the production of these semisynthetic derivatives of pharmaceutical drugs by
fermentation using industrial strains of C. purpurea [32].

2.5. Fumonisins
Fumonisins family is group of mycotoxins mainly produced by two species from
the fungal genus Fusarium. These species are F. verticilloides, and F. prolifera-

tum, both are fungal plant pathogens infect corn in the field, and in storage
stage. These two Fusarium species causing corn disease known by the name fusarium ear rot [33].
There are more than ten types of the mycotoxin fumonisins that have been
identified and characterized. The common ones are fumonisin B1 (FB1), fumonisin B2 (FB2), fumonisin B3 (FB3), fumonisin C1 (FC1), fumonisin C3 (FC3), and
fumonisin C4 (FC4) (Figure 13). From these mycotoxins, fumonisin B1 (FB1) is
the major one that invades corn, causing economical losses [34].
DOI: 10.4236/jacen.2019.81004
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Figure 13. Fumonisin analog of FB1, FB2, FB3, FB4, FC1, FC3, and FC4. are
chemical structurally related mycotoxins with variable R1, R2, R3 side chains.

The detected levels of FB1 in contaminated corn is varies based on geographic
location and field environmental conditions such as, temperature, humidity,
drought, and susceptibility of planted corn to insect’s damage. In addition, storage practice of corn, and corn products plays an important factor in the Fusa-

rium species invasion, and the production of mycotoxin FB1.
Fumonisins family was discovered in the late 1980, as a result of epidemiology
studies regarding the causes of esophageal cancer in Africa [35]. In these studies,
it was discovered that mycotoxin fumonisins produced by the fungal genus Fu-

sarium, especially from the two species of F. verticilloides, and F. proliferatum
are responsible in causing esophageal cancer to human.
Fumonisins family is highly toxic to animals, especially for horses and swine
causing a variety of adverse effects. Horses ingested contaminated corn with fumonisins may develop a fatal disease known by the name equine leukoencephalomalacia with symptoms including drowsiness, blindness staggering, and liquification of brain tissue [36]. Swine ingested contaminated corn with fumonisins
experiences loss apatite’s, weight loss, liver damage, and may develop a pulmonary edema. Pulmonary edema is fatal disease to swine due to the accumulation
of fluid in the lung [37].
The accepted daily intake of FB1, FB2, FB3, alone or in combination in contaminated foods or feeds is in the range of 2 ug/kg body weight. Food and Drug
Administration (FDA) in Unites States recommended that maximum acceptable
levels of fumonisins in human foods should not exceed 4 ppm/kg, and in animal
feeds should not exceed 5 - 100 ppm/kg [38]. These wide ranges of acceptable
levels of fumonisins in the range from 5 - 100 ppm/kg animal feeds are depending on the type of farm animal. As an example, the recommend acceptable limit
of fumonisins in horses feed is 5 ppm/kg, for pigs feed is 10 ppm/kg, and for
poultry feed is 100 ppm/kg. These established acceptable limits of fumonisins for
DOI: 10.4236/jacen.2019.81004
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both human foods and animals’ feeds can be achieved by the application of
Good Agriculture Practices (AGPs), and Good Manufacture practices (GMPs).

2.6. Patulin
Patulin is a mycotoxin produced by a variety of fungi, mainly from fungal genus
of Aspergillus, Penicillium, and Paecilomyces. From these patulin producing
fungi, the fungal species of Penicillium expansum is commonly occurs in rotten
apples. This fungus of Penicillium expansum is a plant pathogen that invades
apple, pear, cherry, and other fruits, causing a disease known by the name blue
mold [39]. Analytical assay of Patulin in apples are commonly used to measure
the quality of apples used for the production of apple cider juice. Patulin is
commonly non-detectable in fermented apple juice by yeast strains of Saccha-

romyces cerevisiae used for the production of alcohol beverage, this is due to the
degradation (detoxification) of patulin by yeast strains in fermentation process
[40]. It is important to highlight that Patulin is also detectable in rotten vegetables.
Patulin is an organic chemical compound has a lactone structure and is classified as polyketide (Figure 14). Its chemical structure of 4-hydroxyly-4H-furo
[3,2-clypran-2 (6H)-one], is carcinogenic when injected intradermally into mice,
and some research data suggested that is non-carcinogenic when administered
orally.
Several clinical studies demonstrated that the ingestion of patulin in fresh
fruits or juices is associated with symptoms such as gastrointestinal, immunological, and neurological disease for human [41]. The only know symptom in
farm animals from the ingestion of contaminated animal feeds with patulin is
hemorrhaging in digestive tract for cattle. In addition, some research studies
suggested that patulin is carcinogenic for farm animals as well [42].
This potential carcinogenic property of Patulin, causing concern to food processors and public health authorities, due to the detection of patulin in commercial apple, apple products and apple juice. This concern, leads many countries to
regulate the acceptable limits of patulin, into 50 µg/kg in all fruit juice, 25 µg/kg
for direct consumption of solid apples, and 10 µg/kg for children’s apple products including apple juices [43].

Figure 14. Mycotoxin Patulin C7H6O4 is organic chemical compound has a
lactone structure and is classified as polyketide with chemical structure of
4-hydroxyly-4H-furo [3,2-clypran-2 (6H)-one].
DOI: 10.4236/jacen.2019.81004
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2.7. Zearalenone
Zearalenone is a mycotoxin produced by the fungal genus Fusarium, from the
same species of F. graminearum that produce the mycotoxin deoxynivalenol
(trichothecenes type-B subclass). High humidity and low temperature are the
optimum conditions that accelerating the proliferation of F. graminearum, for
the production of zearalenone in corn and other grains crops. Due to the heat
stability of Zearalenone, it can be detected in cereals produced from contaminated grain crops such as corn, barely, wheat, rice, oats, and sorghum.
Zearalenone chemicals structure (Figure 15) is a macrocyclic β-resorcyclic
acid lactone, mimicking the productive hormone estrogen [44]. This similarity
to estrogen chemical structure is a health risk for both females and males. Zearalenone has been implicated as the cause of female reproductive changes due to
its powerful estrogenic activity [45]. In the case of males, estrogenic effects of
Zearalenone are causing reduction of libido. Zearalenone may cause other symptoms such as immunosuppression [46]. In the case of animals, hyper estrogenic
symptoms of zearalenone have been reported in both laboratory and domestic
animals. It is reported that pigs, cattle, sheep, and poultry are susceptible to contaminated feeds with zearalenone, and pigs are the most commonly effected
farm animal by zearalenone [47].
Clinical research studies demonstrated effects of zearalenone or its metabolites (Figure 16) on both human and animals including symptoms such as an
enlarge uterus, swelling of vulva and vagina (a symptom known by the name
vulvovaginitis), enlarged mammary glands, anestrus in the period of fertility,
and abortion. In addition, there is clinical evidence demonstrated that zearalenone and its metabolites in contaminated animal feeds could passes these symptoms into nursing piglets through the mother’s milk. In general, animal feeds
contaminated with zearalenone or its metabolites, frequently causing reproduction disorder to farm animals causing agriculture economical losses [48].
Zearalenone is a stable mycotoxin during grains storage, and in food
processing such milling and cooking. Health concern from zearalenone stability
and estrogenic activity, resulted in establishing the maximum accepted level of
zearalenone to 20 µg/kg in food intended for babies and infants. Plus, joint expert committee on Food Additives of FDA/WHO organizations established the
maximum acceptable daily intake of zearalenone in foods or animal feeds to a
limit that should not exceed 0.5 µg/kg body weight [49].

Figure 15. Mycotoxin zearalenone C18H22O5 has similar structure to estradiol, it is macrocyclic β-resorcyclic acid lactone, mimicking the productive hormone estrogen.
DOI: 10.4236/jacen.2019.81004
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Figure 16. Mycotoxin Zearalenone (ZEN) is rapidly metabolized in the intestine into
α-Zearalenol (α-ZOL), β-Zearalenol (β-ZOL), Zearalenone (ZAN), α-zearalanol (α-ZAL),
and β-Zearalanol (β-ZAL). All these metabolites have mycotoxin activity.

Due to agriculture economic concern for potential infection of grains crops
with Fusarium species and the contamination of harvested grains with zearalenone, several protocols in agriculture fields have been developed to protect grain
crops from the infection by the plant pathogen of Fusarium species [50].

3. Detection Methods of Mycotoxins
Fungal plant pathogens are spore former microorganisms, at the optimum humidity and temperature conditions fungal spores germinate into vegetative state
(mycelium). These mycelia consume nutrient from plant cells to proliferate and
produce (secrete) extremely small quantities of secondary metabolites (mycotoxins) that are harmful for both human and animals after the ingestion of contaminated, grains, foods, and animal feeds contaminated with mycotoxins.
The first aim in testing grains, foods or feeds is microscopic examination for
the detection of toxigenic fungi (fungi producing mycotoxins). The absence of
these toxigenic fungi in test samples is more likely that mycotoxins are not
presence in this preliminary testing [51]. Quantitative detection of mycotoxins
in grains, foods, or feeds require sophisticated sampling preparation, extraction,
cleanup, and quantitative mycotoxins assay with sensitive analytical methods
using laboratory instruments.
Extraction from solid samples like grains or cereals can be performed with
polar solvents including water. These solvents are also efficient for liquid sample
extraction. For quantitative mycotoxins assay, the extract must go through
cleanup step to remove co-extracted materials (impurities) that might interfere
in mycotoxins assay.
Immune affinity column kits are widely validated and used for extracted samples cleanup especially for mycotoxins assay methods of aflatoxin, ochratoxin A,
and fumonisins [52]. The column that contain antibodies specific for given mycotoxin is activated by buffer solution, extracted sample is added into column,
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the mycotoxin if present in the extract will bind to the specific antibodies, unbound (free) impurities can be removed by water or aqueous solution, and the
mycotoxin that is bound to its specific antibodies is eluted from the column by a
solvent such as methanol.
High performance Liquid Chromatography (HPLC), and Gas Chromatography/Mass spectrometry (GC/MS) are the two wildly used for mycotoxins detection and quantitative assay. High performance Liquid Chromatography (HPLC)
separates a mixture of chemical compounds on a stationary column by using
carrier solvent such as methanol, or acetonitrile. Separated mycotoxins can be
detected and quantified in cleaned extracted sample as passing through a specific
detector [53]. Gas Chromatography/Mass spectrometry (GC/MS) separates a
mixture of chemical compounds on a stationary column by using a carrier gas
such as helium. Separated mycotoxins are detected and quantified in cleaned extracted samples using a mass spectrometer.
These two HPLC and GC/MS assay methods required expensive instruments
and technical support, but are very precise and offer a detection limit of less than
0.05 ppm.
Currently, a new method of Enzyme-Linked Immuno-Sorbent Assay (ELISA)
are developed and commonly used for mycotoxins detection and quantitative
assay. A number of commercially available ELISA test kits methods are available
for the assay of aflatoxins, deoxynivalenol, fumonisins, ochratoxins, and zearalenone [54]. ELISA methods are plate-based assay method of 96 well that are designed for the detection and quantifying substances such as mycotoxins.
Several ELLISA test methods are available, and one of these methods is a
competitive assay method, which a mycotoxin in a sample is competing with
known concentration of the same mycotoxin labeled with conjugated enzyme for
a limited number of the specific antibody-binding site in the well. The presence
of mycotoxin in the test sample is usually measured by the presence or the absence of color. The high mycotoxin (unlabeled) present in the test sample the
less color measured. These available ELISA methods are affordable and are rapid
in mycotoxins detection. Detection limits of mycotoxins by these ELISA methods are in the range of 0.2 ppm, and confirmatory test by HPLC, or GC/MS
might be required in the case if lower mycotoxin acceptable limits in grains,
foods or feeds are below ELISA detection limit of 0.2 ppm.

4. Prevention and Control Mycotoxins in Foods and Feeds
Mycotoxins producing fungi might infect (invade) agriculture crops at
pre-harvesting time, during harvesting time, and storage. The presence of fungi
spores in these agriculture processes are the main cause of fungal proliferation
and mycotoxins production. Prevention of fungal invasion, proliferation, and
mycotoxins production in pre or post agriculture cops harvesting, and storage
are a big task that required understating optimum conditions that enhance the
proliferation of fungal infection, and understanding agriculture crops environDOI: 10.4236/jacen.2019.81004
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mental conditions, plus developing treatment methods to inhibit fungal proliferation and mycotoxins production in agriculture crops and grains storage for the
use in foods/animal feeds products.
The inhibition of fungal proliferation in agriculture crops in the
pre-harvesting time can be achieved by developing fungal resistant varieties for
susceptible agriculture crops [55], developing field management protocols (plant
protection) by periodically field inspection, and using approved fungicides or
biological control methods if necessary [56].
Inhibition of fungal proliferation in post-harvest grains can be achieved by
grains storage in dry conditions (fungi can’t proliferate or produce mycotoxins
in dried grain at water activity below 0.7), and by avoiding grains damage or insects’ infestation to protect grains from fungal invasion. Using proper grains
storage conditions such as well-designed dry floor storage structure impermeable to moisture is very effective. The most effective grains storage structure but
highly costly system is to control insect infestation and fungal proliferation in a
sealed storage under modified atmosphere [57].

5. Decontamination and Detoxification of Mycotoxins
Grains, foods and animal feeds sometimes required decontamination and chemical detoxification in the case if preventive measures are not able to avoid contamination by mycotoxins to the target acceptable limits. Developing successful
decontamination and detoxification are depends on the degree of contamination
and the concentration of mycotoxins in grains, foods, or feeds. Physical methods
for mycotoxins decontamination such as mechanical separation, cleaning,
washing, dehulling, polishing, and heat treatment are acceptable methods, and
are currently used with successful results depending on the initial degree of contamination [58].
Different chemical extraction methods have been evaluated on bench scale for
detoxification of mycotoxins contaminated grains, foods and animal feeds. Only
ammonia treatment for the detoxification of aflatoxin from contaminated grains
has been accepted [59]. Biological treatments by using free enzymes or microbial
producing enzymes for mycotoxins degradation or bioconversion into nontoxic
without losing nutritional value of grains, foods or animal feeds were evaluated
on bench scale [60]. These biological methods for mycotoxins detoxification
from grains, foods and animals feed showed promising results, but none of these
biological treatments have been approved for large scale operations by world
health organization.

6. Regulatory Guidance for Mycotoxins
The discovery of Aflatoxins in the early 1960s and understanding health hazards
of mycotoxins to human and animals, was the driving force for worldwide health
organizations to became active in establishing mycotoxins regulations to protect
human and animals from harmful effects of mycotoxins that might contaminate
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grains. cereals, foods and animal feeds [61]. There are multiple factors played
important decisions in establishing mycotoxins regulations and acceptable (tolerable) limits in grains, foods, and animal feeds. These factors include the toxicity for each mycotoxin, and the accuracy in assay methods, in addition to political reasons for each country such as economic and commercial interest.
As an example, regulatory and enforcement framework that was issued in
United Stated by Food and Drugs Administration (FDA) for aflatoxin, deoxynivalenol, and fumonisins in raw grains, foods and animal feeds, were established
in the following forms:
• Advisory levels: Provide guidance concerning level for each mycotoxin
present in grains, foods or animal feeds that the agency believed to provide
food safety and protection for both human and animals.
• Action level: Develop standard level for each mycotoxin contamination in
grains, foods, and animal feeds at which the agency is prepared to take regulatory action.
• Regulatory limit: Issues regulatory limits for each mycotoxin presence in
grains, foods, and animal feeds that are acceptable by the agency.
It is important to highlight that the policy and guidance that was set by Food
and drugs Administration (FDA) in United States does not permit blending
foods or animal feeds containing unacceptable limit of mycotoxins with uncontaminated foods or animal feeds as a way to reduce mycotoxin content to the
acceptable limit. In addition, FDA reserve the right to take enforcement action
including seizer any grains, food or animal feed that exceed the acceptable limit
established by the agency for each mycotoxin.
World Food and Nutrition Division in the United Nation Food and Agriculture Organization (FAO), reported that there are at least 77 countries have been
developed specific regulations for mycotoxins in grains, foods, and animal feeds,
but the developed specific regulations for each country showed diversity specially in mycotoxins acceptable limits. These diversities were the reason for the need
in developing a worldwide harmonization for mycotoxins regulations and acceptable limits. Codex Alimentarius Commissions (CAC), with the support of
Food and Agriculture Organization (FAO), and World Health Organization
(WHO) carried the responsibility for mycotoxins acceptable limits worldwide
harmonization. The current developed harmonization of mycotoxins regulations
and acceptable limits will improve international trades, and the safety of imported foods and animal feeds products for both human and animals’ consumption, plus, it will have positive impacts on the world economy.
International regulations of mycotoxins in grains, foods and animal feeds
were published in years from 1980s to 1990s. These published international regulations covered sampling protocols, standard mycotoxins assay methods, acceptable limits of each mycotoxin in grains, foods, and animal feed, acceptable
(tolerable) daily intake of each mycotoxin for both human and animals, and
governments authorities in enforcing these established mycotoxins regulations,
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and accepted limits.

7. Discussion
Mycotoxin is a term that was introduced in 1960s after the discovery in United
Kingdom (UK) a toxin in animal feed containing peanuts causing turkey’s death.
The toxin was isolated and identified to be aflatoxin B1 produced by the fungi

Aspergillus flavus. Other mycotoxins were identified later.
Mycotoxins are secondary metabolites produced by the kingdom of fungi, and
was identified by Bennett [62] as “natural products produced by fungi that evoke
a toxic response when introduces in lower concentrations to higher vertebrates
and other animals by a natural route”. Mycotoxins are not essential for fungal
proliferation (growth), and the reason for the production of mycotoxins by these
toxigenic fungi as secondary metabolites is still scientifically unknown. Most
mycotoxins of concerns are produced by five fungus genera of Aspergillus, Peni-

cillium, Fusarium, Claviceps, and Paecilomyces. These five fungus genera and
species infect and contaminate agriculture crops, foods and animal feeds, and
under optimum conditions of humidity and temperature proliferate and produce mycotoxins.
Mycotoxins produced by these fungus genera species are Aflatoxins, Trichothesenese, Ochratoxins, Ergot alkaloid (Ergolin), Fumonisin, Patulin, and Zearalenone. Health effects from these mycotoxins depend on the nature of mycotoxin, concentration, length of exposure, age, sex, and the host defense mechanism. General symptoms of illnesses after the ingestion of mycotoxins are associated with both acute (single exposure) or chronic (multiple exposure) causing
severe neurological, immunological, and gastrointestinal illness, plus, could induce cancer and immune deficiency.
Toxigenic fungi that produce mycotoxins may infect or contaminate agriculture crops at pre-harvest, harvesting time, post-harvest, and during storage
causing a significant economic impact on agriculture economy, especially for
agriculture commodities of corn, wheat, peanuts, other nuts, cottonseed, and
coffee, with estimated annual losses about one billion tons [63]. This agriculture
economic loss from mycotoxins is in addition to the health risk for both human
and animals.
Traditionally, these toxigenic fungi that contaminate agriculture crops are divided into two classes: 1) Field fungi such as plant pathogens of Fusarium spe-

cies that infect grain seed crops during plant growth. 2) Storage fungi such as
non-plant pathogens of Aspergillus species, and Penicillium species that proliferate during grains storage. There are too many factors that are involved for these
toxigenic fungi to proliferate and produce mycotoxins. These factors are agriculture crops susceptibility to fungi infection, optimum conditions of temperature climate, optimum moisture content in infected grains, and physical grains
damage due to insect’s infestation.
Prevention of fungal infection and proliferation in agriculture crops is very
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important factor in preventing mycotoxins production that contaminates grains,
foods and animal feeds. The first step in prevention is the inhibition of fungal
proliferation for the production of mycotoxins. This first stage of prevention can
be achieved by the application of several technologies and practices such as developing fungal resistant crops varieties, control fungal infection or contamination via the application of proper Good Agriculture Practices (GAPs) in the
field, lowering moisture content and temperature of post harvested grains during storage, applied fungicides to inhibit fungal proliferation, applied insecticides to control insects infestation, and the proper application of Good Manufacture Practices (GMPs) in foods/animal feeds manufacturing.
Mycotoxins regulations have been established in many countries after the
discovery of the mycotoxin aflatoxins B1 in 1960s. The aim of mycotoxins regulations, and establishing acceptable limits of mycotoxins in grains, foods, and
animal feeds is to protect human and animals from the harmful effects of mycotoxins. Accepted limits of mycotoxins that was established by each country
showed variabilities, these variabilities in mycotoxins acceptable limits demanded international harmonization of mycotoxins regulations and acceptable
limits for international trades.
World Health Organization (WHO) in collaboration with Food and Agriculture Organization (FAO) have responsibilities in assessing the health risk of
contaminated grains, foods and animal feeds with mycotoxins on human and
animals. The outcome from their risk assessments resulted in developing mycotoxins regulations for each mycotoxin in grains, foods and animal feeds. Harmonization of mycotoxins acceptable limits is the responsibility of Codex Alimentarius Commissions (CAC). The aim of Codex Alimentarius Commissions
in harmonization of mycotoxins acceptable limits with the support of both
WHO, and FAO is to facilitate world trades of agriculture commodities and to
protect human and animals’ health risk from foods or feeds contaminated with
non-acceptable limits of mycotoxins.
Currently there are over 168 countries that are members of Codex Alimentarius, following developed rules and methods published in the Codex procedural
Manual for mycotoxins regulations and acceptable limits in grains, foods, and
animal feeds.

8. Conclusions
Mycotoxins do not only pose health risk to human and animals, but also impact
worldwide economy, and food safety. WHO/FAO are responsible to encourage
all countries worldwide to monitor mycotoxins levels in their marketed grains,
foods and animals’ feeds.
Codex Alimentarius, the intergovernmental standard-setting body is responsible for worldwide harmonization of regulations and the accepted limits of mycotoxins in national grains, foods and animal feeds for domestic use and international trades. These worldwide harmonization regulations and standard acDOI: 10.4236/jacen.2019.81004
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ceptable limits of mycotoxins will improve international trade and give consumers the confidence that marketed grains, foods, and animal feeds have the same
safety standards, no matter where it is produced.
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